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FNR is an Escherichia coli transcription factor that regulates the transcription of many genes in response to
anaerobiosis. We have constructed a series of artificial FNR-dependent promoters, based on the melR pro-
moter, in which a consensus FNR binding site was centered at position —41.5 relative to the transcription start
site. A second consensus FNR binding site was introduced at different upstream locations, and promoter ac-
tivity was assayed in vivo. FNR can activate transcription from these promoters when the upstream FNR
binding site is located at many different positions. However, sharp repression is observed when the upstream-
bound FNR is located near positions —85 or —95. This repression is relieved by the FNR G74C substitution
mutant, previously identified as being defective in transcription repression at the yfiD promoter. A parallel
series of artificial FNR-dependent promoters, carrying a consensus FNR binding site at position —61.5 and a
second upstream DNA site for FNR, was also constructed. Again, promoter activity was repressed by FNR when
the upstream-bound FNR was located at particular positions.

The regulator of fumarate and nitrate reduction (FNR) and
the cyclic AMP receptor protein (CRP) are related transcrip-
tion activators which control the expression of networks of
Escherichia coli genes in response to oxygen starvation and
glucose starvation, respectively. Both FNR and CRP bind as
dimers to specific 22-bp sequences located at target promoters,
and the specificity of DNA recognition and the mechanisms by
which FNR and CRP activate transcription have been exten-
sively studied (reviewed in references 8 and 13). Both FNR and
CRP can activate transcription by recruiting holo RNA poly-
merase (RNAP) to target promoters via direct interactions
with the C-terminal domain of the RNAP « subunit (a«CTD)
(reviewed in reference 7). Many target promoters contain just
one DNA site for FNR or CRP, and they can be grouped into
two classes according to the location of this site. At Class I
promoters the activator binds to a site located upstream from
the promoter —35 element and makes direct contact with one
oCTD, which binds immediately downstream of the bound
FNR or CRP dimer. At Class II promoters the activator binds
to a site that overlaps the —35 element and makes direct
contact with the «CTD that binds immediately upstream of the
bound FNR or CRP. Interestingly, although RNAP contains
two « subunits and hence two «CTDs, activation at these
promoters requires contact with only one aCTD (18).

Many FNR- and CRP-regulated promoters contain two
DNA sites for FNR or CRP (8, 13). At some of the CRP-
regulated promoters, optimal expression depends on the bind-
ing of CRP to both target sites. To account for this, Busby and
Ebright (7) proposed that each bound CRP contacts one of the
two aCTDs. Systematic studies of promoters carrying tandem
DNA sites for CRP were performed by Belyaeva et al. (3) and
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Tebbutt et al. (24). Belyaeva et al. (3) started with a Class II
CRP-dependent promoter carrying a single DNA site for CRP
(centered at position —41.5) and introduced a second site at
different upstream locations. Activation by the tandem-bound
CRP was increased when the upstream-bound CRP was lo-
cated at certain positions. Similarly, Tebbutt et al. (24) studied
a Class I promoter carrying a single DNA site for CRP (cen-
tered at position —61.5) and observed increased activation
when a second DNA site for CRP was located at certain up-
stream positions.

The many similarities between FNR and CRP suggest that
tandem-bound FNR molecules should also be able to cooper-
ate at a target promoter to activate transcription synergisti-
cally. However, present evidence suggests that this is not the
case. For example, the E. coli yfiD promoter is activated by
FNR binding to a target site centered at position —40.5, but
this activation is suppressed rather than enhanced by FNR
binding to an additional upstream site, located at position
—93.5 (12). Green and collaborators have presented evidence
that this down-regulation results from specific interactions be-
tween the two tandem-bound FNR molecules and that these
interactions are dependent on the spacing between the bound
FNR molecules (11, 20). The main purpose of this study was to
make a systematic investigation of promoters with tandem
DNA sites for FNR. One aim was to search for promoter
architectures where tandem-bound FNR molecules would co-
operate to activate transcription. Thus, starting with the Class
IT CRP-dependent promoters described by Belyaeva et al. (3)
that carry a second DNA site for CRP at different upstream
locations, we generated a related set of promoters with two
DNA sites for FNR. Studies with these promoters show that
upstream-bound FNR suppresses rather than enhances tran-
scription. Similarly, starting with the Class I CRP-dependent
promoters described by Tebbutt et al. (24), which carry a sec-
ond upstream DNA site for CRP, we generated a second set of
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TABLE 1. Bacterial strains and plasmids

Strains and plasmids Description Source or reference
Strains
M182 E. coli K-12 Alac far* 9
M182 fnrAl E. coli K12 Alac, fnr::Tnl0 cured using fusaric acid, tetracycline sensitive A. Bell
RLG221 E. coli recA56 araD139 (ara-leu)7697 lacX74 galU galK hsdR strA R. Gourse
XL1-Blue E. coli recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacI‘ZAM15 Tnl0 (Tet")] 6
Plasmids
pAA121 pBR322-based cloning vector for EcoRI-HindIII promoter fragments; confers resistance to ampicillin 14
pRW50 Broad-host-range low-copy-number lac expression vector for cloning EcoRI-HindIII promoter fragments; 19
confers resistance to tetracycline
pFNR for gene cloned in pBR322 derivative; confers resistance to ampicillin 1
pFNR G74C for derivative encoding FNR G74C substitution mutant cloned in pBR322 derivative; confers resistance 11
to ampicillin
pSR pBR322 derivative for cloning EcoRI-HindIII promoter fragments, with an oop terminator sequence 15
downstream of the HindIII site; also encodes a control RNA and RNA1 and confers resistance to
ampicillin
pQE60 FNR D154A  Overexpression plasmid encoding C-terminally His-tagged FNR D154A; confers resistance to ampicillin 26

promoters with two DNA sites for FNR. Studies with these
promoters show that upstream-bound FNR can either sup-
press or enhance transcription according to its location.

MATERIALS AND METHODS

Strains, plasmids, and materials. The bacterial strains and plasmids used in
this study are listed in Table 1. Cultures of E. coli were grown in Luria Bertani
medium (LB) (20 g of tryptone, 10 g of NaCl, 10 g of yeast extract per liter)
supplemented with appropriate antibiotics (ampicillin, 100 g ml™"; tetracycline,
35 pg ml™Y). For agar plates, 16 g of agar per liter was added or MacConkey
Agar (Difco) was used. DNA was isolated and manipulated by using standard
methods. All of the new promoter constructs were checked by using the auto-
mated DNA sequencing facility at the Birmingham Functional Genomics Lab-
oratory. Synthetic oligonucleotides for PCR and DNA sequencing were pur-
chased from Alta Bioscience, University of Birmingham, or from Sigma.

Promoter constructions. All the promoters used in this study were cloned on
EcoRI-HindIII fragments and were shuttled between pAA121 (for construction),
pRWS30 (for assay), and pSR (for in vitro studies). The starting point was the
CC(—41.5) promoter and the series of derivatives described by Belyaeva et al. (3)
carrying a second upstream DNA site for CRP. CC(—41.5) is a derivative of the
E. coli melR promoter carrying a consensus DNA site for CRP centered at
position —41.5; expression is completely dependent on CRP. In the first set of
experiments, the DNA sites for CRP in these promoters were changed to DNA
sites for FNR to give FF(—41.5) and a series of promoter derivatives carrying
tandem DNA sites for FNR (Fig. 1a). To do this, oligo-directed mutagenesis was
used to change the two TGTGA motifs in each 22-bp DNA site for CRP to
TTTGA to create 22-bp DNA sites for FNR. These base changes are sufficient
to switch binding specificity from CRP to FNR (2).

Oligos used in the constructions are listed in Table 2, and the PCRs used to
make the different promoters are described in Table 3. The FF(—41.5) promoter
(Fig. 1a) was created from CC(—41.5) by PCR with primer AB1 (which covers
the upstream EcoRI site and converts the DNA site for CRP into a site for FNR)
and primer D2591 (which covers the downstream HindIII site). The PCR prod-
uct was digested with EcoRI and HindIIl, and the FF(—41.5) EcoRI-HindIII
fragment was cloned into pAA121.

The FF(—71.5)FF(—41.5), FF(—74.5)FF(—41.5), FF(—77.5)FF(—41.5), FF
(~79.5)FF(—41.5), FF(—81.5)FF(—41.5), FF(—82.5)FF(—41.5), FF(—83.5)FF
(—41.5), FF(—85.5)FF(—41.5), FF(—90.5)FF(—41.5), and FF(—102.5)FF(—41.5)
promoters were derived from the corresponding CC(—n)CC(—41.5) promoters
described by Belyaeva et al. (3). To do this, first the upstream DNA site for CRP
was changed to a site for FNR by PCR, using primers AB1 and D2591 as
described above. The PCR products were digested with EcoRI and HindIIl, and
the resulting fragments were cloned into pAA121. These FF(—n)CC(—41.5)
constructs were then used as templates in a second PCR amplification using
primers AB4 (which anneals to pAA121 vector sequence just upstream of the
EcoRlI site) and AB5 (which changes the downstream DNA site for CRP to a site
for FNR and introduces a Bg/II restriction site immediately downstream of the
new FNR binding site). The resulting fragments were digested with EcoRI and
Bg/Il and were ligated to the EcoRI-BamHI vector fragment from pAA121

carrying the FF(—41.5) promoter. This created a set of pAA121 derivatives
carrying different promoters with tandem DNA sites for FNR and a Bg/II-BamHI
hybrid sequence located immediately downstream of the FF site at position
—41.5 (Fig. 1a).

Additional promoters were made from pAA121 derivatives carrying the FF
(—90.5)FF(—41.5) or FF(—102.5)FF(—41.5) promoters by exploiting the single
BamHI site located between the two DNA sites for FNR. PCRs were performed
with different upstream primers designed to increase or decrease the spacing
between the two FF sites and primer D2591. The resulting DNA fragments were
digested with BamHI and HindIII and were ligated to the BamHI-HindIII vector
fragment made from the pAA121 derivative carrying the FF(—90.5)FF(—41.5)
promoter.

The control EE(—85.5)FF(—41.5) and EE(—90.5)FF(—41.5) promoters were
derived from FF(—85.5)FF(—41.5) and FF(—90.5)FF(—41.5), respectively, by
PCR using primers AB2 and D2591. The products were digested with EcoRI and
HindIII and were cloned into pAA121. The EE sequence is a derivative of the
consensus DNA site for FNR, to which FNR is unable to bind (each TTTGA
motif is replaced by TTTCA).

In a second series of constructions, the starting point was the CC(—61.5)
promoter and the derivatives described by Tebbutt et al. (24) carrying a second
upstream DNA site for CRP. CC(—61.5) is a derivative of the E. coli melR
promoter carrying a consensus DNA site for CRP centered at position —61.5.
The DNA sites for CRP in these promoters were changed to DNA sites for FNR
to give FF(—61.5) and a series of promoter derivatives carrying tandem DNA
sites for FNR (Fig. 1b). Oligos used in the constructions are listed in Table 2, and
the PCRs used to make the different promoters are described in Table 3. The FF
(—61.5) promoter (Fig. 1b) was created from CC(—61.5) by PCR using primer
AB1 and primer D2591. The PCR product was digested with EcoRI and HindIII,
and the FF(—61.5) EcoRI-HindIII fragment was cloned into pAA121.

The different FF(—n)FF(—61.5) promoters were derived from the correspond-
ing CC(—n)CC(—61.5) promoters described by Tebbutt et al. (24). To do this,
first the upstream DNA site for CRP was changed to a site for FNR by PCR
using primers AB1 and D2591 as described above. The PCR products were
digested with EcoRI and HindlIIl, and the resulting fragments were cloned into
PAAI121. These FF(—n)CC(61.5) constructs were then used as templates in a
second PCR amplification using primers AB4 and AB6 (which changes the
downstream DNA site for CRP to a site for FNR and introduces a BglII restric-
tion site immediately downstream of the new FNR binding site). The resulting
fragments were digested with EcoRI and Bg/II and were ligated to the EcoRI-
BamHI vector fragment from pAA121 carrying the FF(—61.5) promoter. This
created a set of pAA121 derivatives carrying different promoters with tandem
DNA sites for FNR with the downstream site at position —61.5 (Fig. 1b).

Assay of promoter activity in vivo. To measure promoter activities in vivo,
promoters were cloned into the lac expression vector, pRWS50, as previously
described (19), and the constructs were used to transform Alac E. coli strains.
B-Galactosidase activities of the transformants were assayed according to Miller
(22) as follows: 10-ml cultures were grown overnight in 25-ml conical flasks in a
shaking water bath at 37°C. The growth medium was LB supplemented with
0.2% fructose and appropriate antibiotics. The following morning 100 I of the
overnight cultures was used to inoculate 10 ml of fresh medium contained in
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a)

FF(-41.5)

-80 -70 -60 -50

GAATTCGAGCTCGGTACCCGGGGATCAGGTAAR

-150 -140 -130 -120 -110

FF(-41.5)
FF(-71.5}FF(-41.5}
FF(-74.5)FF(-41.5}
FF(-77.5)FF(-41.5)
FF(-79.5)FF(-41.5)
FF(-81.5)FF(-41.5)
FF{-82.5)FF(-41.5)
FF(-83.5)FF(-41.5)
FF(-84.5)FF(-41.5)
FF(-85.5)FF(-41.5)
FF(-86.5)FF(-41.5)
FF(-87.5)FF(-41.5)
FF(-88.5)FF(-41.5)
FF(-89.5)FF(-41.5)
FF(-90.5)FF(-41.5)
FF(-91.5)FF(-41.5)
FF(-92.5)FF(-41.5)
FF(-93.5)FF(-41.5)
FF(-94.5)FF(-41.5)
FF(-95.5)FF(-41.5)
FF(-96.5)FF(-41.5)
FF(-97.5)FF(-41.5)
FF(-98.5)FF(-41.5)
FF(-99.5)FF(-41.5)
FF(-100.5)FF(-41.5)
FF(-101.5)FF(-41.5)

GAATTCGAGCTCGGTACCCGGGGATCAGGTARA
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAAT:
GAATTCGAGCTCGGTACCCGGGGATCAGGTARA
GAATTCGAGCTCGGTACCCGGGGATCAGGTARAT:
GAATTCGAGCTCGGTACCCGGGGATCAGGTARA'

b
) -100 ~90 -80 -70 -60 -50 -40
FF(-61.5) GAATTCGAGCTCéGTACCCGGGéATCAGGTAAAT

-150 -140 -130 -120 -110
FF(-61.5) ) ’

FF(-91.5)FF(-61.5)
FF(-92.5)FF(-61.5)
FF(-93.5})FF(-61.5)}
FF(-94.5)FF(-61.5}
FF(-99.5)FF(-61.5)
FF{-101.5)FF(-61.5)
FF{-102.5)FF(-61.5) GAATTCGAGCTCGGTACCCGGGGATCAGGTARA'
FF(-103.5)FF(-61.5) GAATTCGAGCTCGGTACCCGCGGATCAGGTAAAT!
FF(-104.5)FF(-61.5) GAATTCGAGCTCGGTACCCGGGGATCAGGTARA'
FF(-105.5}FF(-61.5) GAATTCGAGCTCGGTACCCGGGGATCAGGTARATY

TACﬁTCﬁBATGQAIQQCCCCTCACTCCTGCCATAATTCTGATATTCCA A AGAGCCATCCAT!

GAATTCGAGCTCGGTACCCGGGGATCAGGTAAR
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAA'
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAAT
GAATTCGAGCTCGGTACCCGGGGATCAGGTARA'
GRATTCGAGCTCGGTACCCGGGGATCAGGTAAA
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAR
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAAT
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAAT:
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAAT!
GAATTCGAGCTCGGTACCCGGGGATCAGGTARA
GAATTCGAGCTCGGTACCCGGGGATCAGGTARA"
GARTTCGAGCTCGGTACCCGGGGATCAGGTAAA'
GRATTCGAGCTCGGTACCCGGGGATCAGGTAAA"
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAAT:
GAATTCGAGCTCGGTACCCGGGGATCAGGTARATY

GAATTCGAGCTCGGTACCCGGGGATCAGGTAAR'
GAATTCGAGCTCGGTACCCGGGGATCAGGTAAR
GAATTCGAGCTCGGTACCCGGGGATCAGGTARAT!
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-30 -2¢ -10 +1 +10 +20 +30 +40

TACAGATARAGCTT

-100 -%0 -80 -70 -60 -50¢ -4Q -30

GGGGATCAGGTAAA'
YATGGATCTAGGTAAA
'‘GGATCTAGARGGTAARAT:
GATCCAGGATCAGGTAAAT!
\AATGGATCCAGGGGATCAGGTAAA'
AATGGATCCAGGGGGGATCAGGTARA
TGGATCCAGTGGGGGATCAGGTAAA
TGGATCCAGATCAGATTCGCAGTAAA'
'TGGATCCGATTCGGGGGATCAGGTARA'
TGGATCCAGATCTGGGGGATCAGGTAAA
AATGGATCCCAGATTCGGGGGATCAGGTARA!
TGGATCCTCAGATTCGGGGGATCAGGTAAATE
TGGATCCATCAGATTCGGGGGATCAGGTAAA
TGGATCCGATCAGATTCGGGGGATCAGGTARA
TGGATCCAGATCAGATTCGGGGGATCAGGTAAA'
TGGATCCTAGATCAGATTCGGGGGATCAGGTAAA’
TGGATCCATAGATCAGATTCGGGGGATCAGGTAAA'
TGGATCCGATAGATCAGATTCGGGGGATCAGGTARA'
TGGATCCGGATAGATCAGATTCGGGGGATCAGGTARA'
TGGATCCTGGATAGATCAGATTCGGGGGATCAGGTAAA'
\TGGATCCGATTCGCAGATCGATCTGGGGGATCAGGTAARA'
TGGATCCAGATTCGCAGATCGATCTGGGGGATCAGGTAAN
\TGGATCCCAGATTCGCAGATCGATCTGGGGGATCAGGTAAA'
TGGATCCTCAGATTCGCAGATCCGATCTGGGGGATCAGGTAAR
AATGGATCCATCAGATTCGCAGATCGATCTGGGGGATCAGGTARA
TGGATCCGATCAGATTCCCAGATCGATCTGGGGGATCAGGTARA'

-30 -20 -10 +1 +10 +20 +30 +40

ﬁxATGGATCCAGATCGATGTTTAAAGATCCCCCCTCACTCCTGCQQZ_VITCTGATATTCCAGGAAAGAGAGCCATCCATGAATACAGATAAAGCTT

-100 -90 -80 -70 -60 -50 -40 -30

TGGATCCAGATCGATGTTTAAAGATCC. .
TAGATCCAGATCGATGTTTAAAGATCC. .
TAGATCCAGATCGATGTTTARAGATCC. .
TAGATCCAGATCGATGTTTARAGATCC. .
"TAGATCCAGATCGATGTTTAAAGATCC. .
TAGATCCAGATCGATGTTTAARGATCC. .
TAGATCCAGATCGATGTTTARAGATCC.

TAGATCCAGATCGATGTTTAARAGATCC. .
TAGATCCAGATCGATGTTTARAGATCC. .
TAGATCCAGATCGATGTTTAAAGATCC. .
TAGATCCAGATCGATGTTTAAAGATCC. .

CCCGGGGATCAGGTAAAT
L AATGGATCTAGGTAAAT

AATGGATCCAGGGGATCAGGTAAAT!
\TGGATCCAGGGGGGATCAGGTAAAT!
TGGATCCAGTGGGGCGATCAGGTAAAT!
\TGGATCCAGATCAGATTCGCAGTAAAT;
GGATCCAGATCTAGATTCGCAGTAARAT!
TGGATCCAGATCAGGGGGATCAGGTAAA

FIG. 1. Nucleotide sequences of the FF(—n)FF(—41.5) and FF(—n)FF(—61.5) promoter series. (a) The FF(—n)FF(—41.5) promoter series.
The upper part of the figure shows the complete sequence of the FF(—41.5) promoter from the EcoRI site (GAATTC) to the HindIII site
(AAGCTT) located at position +36 relative to the transcription start point (+1, in boldface). The FNR consensus binding site (FF; TTGAT-
n,-ATCAA) is shaded. The —10 sequence (CATAAT) is underlined, and the BamHI site (GGATCC) located immediately downstream of the
FNR binding site is underlined twice. The lower part of the panel shows the sequences of the FF(—n)FF(—41.5) promoter series, aligned at the
FF site centered around position —41.5. The name of each promoter reflects the location of the upstream FF site. The full sequences between the
EcoRlI site (GAATTC) and position —27, showing the Bgl/ll/BamHI hybrid site (AGATCC), are shown. The promoter sequences are identical to
the FF(—41.5) sequence between position —27 and the HindIII site. (b) The FF(—n)FF(—61.5) promoter series. The upper part of the panel shows
the complete sequence of the FF(—61.5) promoter from the EcoRI site to the HindIII site located at position +36 relative to the transcription start
point (+1, in boldface). The FNR consensus binding site is shaded, the —10 sequence is underlined, and the BamHI site is underlined twice. The
lower part of the panel shows the sequences of the FF(—n)FF(—61.5) promoter series, aligned at the FF site centered around position —61.5. The
name of each promoter reflects the location of the upstream FF site. The full sequences between the EcoRI site and position —27, showing the
Bgl11/BamHI hybrid site, are shown. The promoter sequences are identical to the FF(—61.5) sequence between position —27 and the HindIII site.

narrow capped tubes. The cultures were grown anaerobically, without shaking, at
37°C for 4 to 5 h to an optical density at 650 nm of 0.3 to 0.4 and was lysed with
a mixture of toluene and 1% sodium deoxycholate prior to the assay. B-Galac-
tosidase activities are reported relative to the activity obtained using the FF
(—41.5) or FF(—61.5) promoters (approximately 10,000 and 500 Miller units,
respectively). Each activity is the average of at least three independent determi-
nations. Error bars represent one standard deviation from the mean.
Purification of FNR D154A. The aerobically active FNR* derivative, FNR
D154A (16), was purified as a C-terminally His-tagged fusion protein by using
a method adapted from that described by Wing et al. (26) for use with the
AKTAprime protein purification system (Amersham Biosciences). E. coli XL1-
Blue cells were transformed with a pQE60 derivative encoding the C-terminally
His-tagged FNR D154A fusion protein. Transformants were grown at 37°C in
100 ml of LB supplemented with 100 pg of ampicillin ml~" to an optical density
at 650 nm of 0.4. Overexpression of the His-tagged protein was then induced by
the addition of 0.1 M isopropyl-1-thio-p-galactopyranoside (IPTG) for 1 h. Cells
were harvested, and pellets were sonicated in 10 ml of lysis buffer at 4°C (1 mg
of lysozyme m1~"', 50 mM NaH,PO,~Na,HPO, [pH 8.0], 0.75 M NaNO;, 10 mM
imidazole, 10 mM benzamidine). Sonicates were centrifuged at 10,000 X g and
were passed through a 0.2-pm-pore-size filter before being applied to a 1-ml
HiTrap Chelating HP column (Amersham Biosciences), which had been equil-

ibrated with 1 M NiSO, followed by FNR wash buffer (50 mM NaH,PO,—
Na,HPO, [pH 8.0], 0.75 M NaNO,). His-tagged FNR D154A was eluted from
the column by applying FNR elution buffer with a gradient of imidazole (50 mM
NaH,PO,-Na,HPO, [pH 8.0], 0.75 M NaNO;, to 250 mM imidazole over 30
min). The purity of the protein fractions was estimated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Fractions containing His-tagged FNR
D154A were pooled and concentrated by using a Vivaspin 50,000-molecular-
weight cutoff concentrator (Vivascience) before the addition of glycerol to a final
concentration of 50% (vol/vol). Protein concentration was estimated by the
Bradford method (4).

In vitro transcription assays. Derivatives of pSR carrying different FNR-
regulated promoters cloned upstream of the lambda oop transcription terminator
were used as templates for in vitro transcription. Plasmid DNA (8 nM) was
incubated at 37°C for 20 min with various concentrations of FNR D154A (0 to
5 wM). The reaction mixture contained 40 mM Tris-Cl (pH 7.9), 10 mM MgCl,,
50 mM KCI, 0.1 mM dithiothreitol (DTT), 0.2 pg of bovine serum albumin
(BSA) pl™', 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.05 mM UTP, and 5 pCi
of [«-*?P]UTP in a final volume of 20 1. Following the incubation, E. coli RNAP
(Epicentre) was added to a final concentration of 50 nM, and the mixture was
incubated at 37°C for a further 20 min. Reactions were stopped by the addition
of 25 ul of formamide buffer (95% [vol/vol] deionized formamide, 20 mM
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TABLE 2. Oligonucleotide primers

J. BACTERIOL.

Primers Description Source or
reference
Mutagenic primers used to
convert CC sites to FF or EE
ABI1 GGA ATT CGA GCT CGG TAC CCG GGG ATC AGG TAA ATT TGA TGT ACA TCA This work
AAT GGA TC; converts upstream CC site to FF, in bold; the EcoRI site is underlined
AB2 GGA ATT CGA GCT CGG TAC CCG GGG ATC AGG TAA ATT TCA TGT ACA TGA This work
AAT GGA TC; converts upstream CC site to EE, in bold; the EcoRI site is underlined
AB5 GAA TTA TGG CAG GAG TGA GGG GAG ATC TAT TTG ATG TAC ATC AAA TTT This work
CCC T; converts CC at position —41.5 to FF, in bold; the Bg/II site is underlined
AB6 GGG GGG ATC TTT AAA CAT CGA TCT AGA TCT ATT TGA TGT ACA TCA AAT This work
TTA CCT; converts CC at position —61.5 to FF, in bold; the Bg/II site is underlined
General primers annealing to
pAAI121 or pRW50
AB4 GGC GTA TCA CGA GGC CCT TTC G; used to amplify promoter fragments from This work
PAAI21, anneals 5" of EcoRI site
D2591 AGC AAG CTT TAT CTG TAT TCA TGG; used to amplify promoter fragments from 24
pAAI121 or pRW50; the Hindlll site is underlined
Primers used to decrease or in-
crease spacing between FF
sites
FFA6 ATG GAT CCG ATT CGG GGG ATC AGG TA; deletes 6 bases after the highlighted C in This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—84.5)FF(—41.5)
FFA4 ATG GAT CCC AGA TTC GGG GGA TCA GG; deletes 4 bases after the highlighted C in This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—86.5)FF(—41.5)
FFA3 ATG GAT CCT CAG ATT CGG GGG ATC AG:; deletes 3 bases after the highlighted C in This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—87.5)FF(—41.5)
FFA2 ATG GAT CCA TCA GAT TCG GGG GAT CA; deletes 2 bases after the highlighted C in This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—88.5)FF(—41.5)
FFA1 ATG GAT CCG ATC AGA TTC GGG GGA TC; deletes 1 bases after the highlighted C in This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—89.5)FF(—41.5)
FF+1 ATG GAT CCT AGA TCA GAT TCG GGG GAT; inserts 1 base shown in bold into the This work
spacer of FF(—90.5)FF(—41.5); used to make FF(—91.5)FF(—41.5)
FF+2 ATG GAT CCA TAG ATC AGA TTC GGG GGA T; inserts 2 bases shown in bold into This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—92.5)FF(—41.5)
FF+3 ATG GAT CCG ATA GAT CAG ATT CGG GGG AT; inserts 3 bases shown in bold into This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—93.5)FF(—41.5)
FF+4 ATG GAT CCG GAT AGA TCA GAT TCG GGG GAT; inserts 4 bases shown in bold into This work
the spacer of FF(—90.5)FF(—41.5); used to make FF(—94.5)FF(—41.5)
FF+5 ATG GAT CCT GGA TAG ATC AGA TTC GGG GGA T; inserts 5 bases shown in bold This work
into the spacer of FF(—90.5)FF(—41.5); used to make FF(—95.5)FF(—41.5)
FF(—-96) ATG GAT CCG ATT CGC AGA TCG ATC TG; deletes 6 bases after the highlighted C in This work
the spacer of FF(—102.5)FF(—41.5); used to make FF(—96.5)FF(—41.5)
FF(-97) ATG GAT CCA GAT TCG CAG ATC GAT CT; deletes 5 bases after the highlighted C in This work
the spacer of FF(—102.5)FF(—41.5); used to make FF(—97.5)FF(—41.5)
FF(—98) ATG GAT CCC AGA TTC GCA GAT CGA TGC; deletes 4 bases after the highlighted C in This work
the spacer of FF(—102.5)FF(—41.5); used to make FF(—98.5)FF(—41.5)
FF(—99) ATG GAT CCT CAG ATT CGC AGA TCG ATC; deletes 3 bases after the highlighted C This work
in the spacer of FF(—102.5)FF(—41.5); used to make FF(—99.5)FF(—41.5)
FF(—100) ATG GAT CCA TCA GAT TCG CAG ATC GAT C; deletes 2 bases after the highlighted This work
C in the spacer of FF(—102.5)FF(—41.5); used to make FF(—100.5)FF(—41.5)
FF(-101) ATG GAT CCG ATC AGA TTC GCA GAT CG; deletes 1 base after the highlighted C in This work

the spacer of FF(—102.5)FF(—41.5); used to make FF(—101.5)FF(—41.5)

EDTA, 0.05% [wt/vol] bromophenol blue, 0.05% [wt/vol] xylene cyanol FF).
Samples were run in 1X Tris-borate-EDTA (TBE) on a 5.5% denaturing poly-
acrylamide gel at 12 V cm ™! and were analyzed by using a phosphorimager and
Bio-Rad Quantity One software. FNR-dependent transcripts were quantified
with reference to the FNR-independent RNA1 transcript, encoded by the pSR
vector.

DNasel footprint analysis. DNasel footprinting was performed essentially as
described by Savery et al. (23). The reaction mixtures contained AatII-HindIII
promoter fragments that had been labeled at the HindIII site with [y->*P]JATP
and 0 to 3 pM purified FNR D154A. The reaction buffer consisted of 20 mM
HEPES (pH 8.0), 5 mM MgCl,, 50 mM potassium glutamate, 1 mM DTT, 0.5 mg
of BSA ml™!, and 0.1 mg of herring sperm DNA ml~'. After treatment with
DNasel (approximately 0.5 ng pul~! for 30 to 60 s), the reactions were stopped by
the addition of DNasel Stop buffer (10 mM EDTA, 0.3 M sodium acetate).
Footprinting reactions were resuspended in formamide buffer and were analyzed
on 6% polyacrylamide sequencing gels calibrated with Maxam-Gilbert G+A

sequencing ladders and visualized by using a phosphorimager and Bio-Rad
Quantity One software.

Electromobility shift assays. Purified EcoRI-HindIII promoter fragments were
prepared from cesium chloride preparations of DNA. These fragments were
end-labeled with [y-*P]ATP, and 0.5 to 2.5 ng of each fragment was incubated
with 0 to 5.6 uM concentrations of purified FNR D154A. The sample buffer
contained 0.1 M potassium glutamate, 1 mM EDTA, 10 mM potassium phos-
phate buffer (pH 7.5), 50 uM DTT, 5% glycerol, 0.5 pg of BSA ml™!, and 25 ng
of herring sperm DNA (Gibco) ml™! in a 10-ul final reaction volume. Following
incubation at 37°C for 20 min, samples were run in 0.25X TBE on a 6%
polyacrylamide gel at 12 V cm ™! and were analyzed by using a phosphorimager
and Bio-Rad Quantity One software.

Permanganate footprint analysis. Reaction mixtures contained AatI1-HindIIl
promoter fragments that had been labeled at the HindIII site with [y->*P]ATP,
0 to 1 uM purified FNR D154A, and 0 to 50 nM RNAP. The reaction buffer
consisted of 20 mM HEPES (pH 8.0), 5 mM MgCl,, 50 mM potassium gluta-
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TABLE 3. Promoters used in this work
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Promoter construction

Promoter
Starting promoter Primers used in first PCR Primers used in second PCR

FF(—41.5) CC(—41.5)" ABI, D2591
FF(—71.5)FF(—41.5) CC(—71.5)CC(—41.5)" ABI, D2591 AB4, ABS
FF(—74.5)FF(—41.5) CC(—74.5)CC(—41.5)" ABI, D2591 AB4, AB5
FF(—77.5)FF(—41.5) CC(—77.5)CC(—41.5)" ABI, D2591 AB4, ABS
FF(—=79.5)FF(—41.5) CC(—79.5)CC(—41.5)" ABI, D2591 AB4, AB5
FF(—81.5)FF(—41.5) CC(—81.5)CC(—41.5)" ABI, D2591 AB4, ABS
FF(—82.5)FF(—41.5) CC(—82.5)CC(—41.5)" ABI, D2591 AB4, AB5
FF(—83.5)FF(—41.5) CC(—83.5)CC(—41.5)" ABI, D2591 AB4, ABS
FF(—84.5)FF(—41.5) FF(—90.5)FF(—41.5)° FFA6, D2591
FF(—85.5)FF(—41.5) CC(—85.5)CC(—41.5)" ABI, D2591 AB4, ABS
FF(—86.5)FF(—41.5) FF(—90.5)FF(—41.5)° FFA4, D2591
FF(—87.5)FF(—41.5) FF(—90.5)FF(—41.5)° FFA3, D2591
FF(—88.5)FF(—41.5) FF(—90.5)FF(—41.5)° FFA2, D2591
FF(—89.5)FF(—41.5) FF(—90.5)FF(—41.5)° FFA1, D2591
FF(—90.5)FF(—41.5) CC(—90.5)CC(—41.5)" ABI, D2591 AB4, AB5
FF(—91.5)FF(—41.5) FF(—90.5)FF(—41.5)° FF+1, D2591
FF(—92.5)FF(—41.5) FF(—90.5)FF(—41.5)° FF+2, D2591
FF(—93.5)FF(—41.5) FF(—90.5)FF(—41.5)° FF+3, D2591
FF(—94.5)FF(—41.5) FF(—90.5)FF(—41.5)° FF+4, D2591
FF(—95.5)FF(—41.5) FF(—90.5)FF(—41.5)° FF+5, D2591
FF(—96.5)FF(—41.5) FF(—102.5)FF(—41.5)° FF(-96), D2591
FF(—97.5)FF(—41.5) FF(—102.5)FF(—41.5)° FF(—97), D2591
FF(—98.5)FF(—41.5) FF(—102.5)FF(—41.5)° FF(-98), D2591
FF(—99.5)FF(—41.5) FF(—102.5)FF(—41.5)° FF(—99), D2591
FF(—100.5)FF(—41.5) FF(—102.5)FF(—41.5)° FF(-100), D2591
FF(—101.5)FF(—41.5) FF(—102.5)FF(—41.5)° FF(—101), D2591
FF(—102.5)FF(—41.5) CC(—102.5)CC(—41.5)" ABI, D2591 AB4, AB5
EE(—85.5)FF(—41.5) FF(—85.5)FF(—41.5) AB2, D2591
EE(—90.5)FF(—41.5) FF(—90.5)FF(—41.5)° AB2, D2591
FF(—61.5) CC(—61.5)° ABI, D2591
FF(—91.5)FF(—61.5) CC(—9].5)CC(—61.5)b ABI, D2591 AB4, AB6
FF(—92.5)FF(—61.5) CC(—92‘5)CC(—61.5)” ABI, D2591 AB4, AB6
FF(—93.5)FF(—61.5) CC(—93.5)CC(—61.5)b ABI, D2591 AB4, AB6
FF(—94.5)FF(—61.5) CC(—94‘5)CC(—61.5)” ABI, D2591 AB4, AB6
FF(—99.5)FF(—61.5) CC(—99.5)CC(—61.5)b ABI, D2591 AB4, AB6
FF(—101.5)FF(—61.5) CC(—ZOZ.S)CC(—61‘5)b ABI, D2591 AB4, AB6
FF(—102.5)FF(—061.5) CC(—102.5)CC(—61.5)b ABI, D2591 AB4, AB6
FF(—103.5)FF(—61.5) CC(—103.5)CC(—6I‘5)b ABI, D2591 AB4, AB6
FF(—104.5)FF(—061.5) CC(—104.5)CC(—61.5)b ABI, D2591 AB4, AB6
FF(—105.5)FF(—61.5) CC(—105.5)CC(—6I‘5)b ABI, D2591 AB4, AB6

“ Source, reference 3.
? Source, reference 24.
¢ Source, this work.

mate, 1 mM DTT, and 0.5 mg of BSA ml~'. After treatment with potassium
permanganate (10 mM final concentration for 4 min) to modify single stranded
T residues, reactions were quenched by the addition of 2.5 volumes of stop
solution (3 M ammonium acetate, 0.1 mM EDTA, and 1.5 M B-mercaptoetha-
nol). Following phenol-chloroform extraction, ethanol precipitation, and treat-
ment with 1 M piperidine (90°C for 30 min), samples were resuspended in
formamide buffer. Permanganate cleavage patterns were analyzed by using 6%
polyacrylamide sequencing gels and were visualized with a phosphorimager and
Bio-Rad Quantity One software.

RESULTS

Activity of promoters with tandem sites for FNR: the FF
(—n)FF(—41.5) series. We constructed a series of related pro-
moters carrying one consensus DNA site for FNR centered at
position —41.5 and a second consensus DNA site for FNR
located further upstream [the FF(—n)FF(—41.5) series] (Fig.
la). The starting point for these constructions was the
CC(—n)CC(—41.5) promoter series described in a previous
study (Table 3) (3). Each new FF(—n)FF(—41.5) promoter was

transferred into the low-copy lac expression vector pRWS50.
Measurements of B-galactosidase activities showed that ex-
pression from each promoter is anaerobically induced and is
totally dependent on FNR (data not shown). Figure 2a illus-
trates the expression from each promoter in an fnr* back-
ground during anaerobic growth. The results show that expres-
sion is dependent upon the spacing between the two DNA sites
for FNR.

For comparison, Fig. 2b illustrates expression from the pre-
viously constructed promoters carrying tandem DNA sites for
CRP [the CC(—n)CC(—41.5) series] (3). As described before,
in many cases the upstream DNA site for CRP hardly affects
expression, but when located at certain positions, expression is
increased two- to fourfold. Thus, when the upstream DNA site
for CRP is located near positions —74.5, —84.5, —90.5, —93.5,
and —101.5, the upstream-bound CRP activates transcription
synergistically with the downstream-bound CRP at position
—41.5. At intermediate locations, the upstream-bound CRP
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FIG. 2. Transcription activation by FF(—n)FF(—41.5) and CC(—n)CC(—41.5) promoters. (a) The anaerobic B-galactosidase activities of M182
(Alac) cells transformed with each of the FF(—n)FF(—41.5) promoters cloned in pRWS50, displayed as a percentage of the activity achieved using
the FF(—41.5) promoter. The relative activities are the means of three independent determinations, and error bars depict one standard deviation
from the mean. The x axis indicates the location of the center of the upstream 22-bp FF binding site. (b) For comparison, the activities of M182
cells transformed with the CC(—n)CC(—41.5) promoter series reported by Belyaeva et al. (3) are also shown, relative to the activity achieved using
the CC(—41.5) promoter. The x axis indicates the location of the center of the upstream 22-bp CC binding site.

has little or no effect, and the observed expression is similar to upstream-bound FNR at the FF(—n)FF(—41.5) promoters are
that found at the CC(—41.5) promoter, with a single DNA site different from the effects of upstream-bound CRP at the
for CRP at position —41.5. CC(—n)CC(—41.5) promoters. First, the upstream-bound FNR

Comparison of data in Fig. 2a and b shows that the effects of causes only small increases in expression compared to that with
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TABLE 4. FNR-dependent transcription using FF(—n)FF(—41.5)
and EE(—n)FF(—41.5) promoters

Relative activity (%)” of:

Promoter E. coli M182 E. coli M182 furAl
(fnr) (lacking fnr)
Activity Error Activity Error
FF(—85.5)FF(—41.5) 11 1 8 2
EE(—85.5)FF(—41.5) 97 20 7 2
FF(—90.5)FF(—41.5) 139 11 7 0.4
EE(—90.5)FF(—41.5) 102 15 6 2

“ Promoters were cloned on EcoRI-HindIII fragments in the lac expression
vector pRW50.

b Cells were grown anaerobically in LB supplemented with 35 pg of tetracy-
cline ml™! and 0.2% fructose, and B-galactosidase activity was determined as
described in Materials and Methods. Activity is shown relative to the B-galacto-
sidase activity obtained using the FF(—41.5) promoter in the M182 background
and is the means of three independent determinations. The error is one standard
deviation from the mean.

the FF(—41.5) promoter (with a single DNA site for FNR),
suggesting little or no synergy between tandem-bound FNR
molecules. Second, sharp repression of expression is found
when the upstream FNR is located near position —85.5 or
—95.5 (Fig. 2a). Promoter activity is reduced to 10 to 20% of
the activity of the FF(—41.5) promoter, and this reduction
appears to depend on the helical juxtaposition of the tandem-
bound FNR molecules.

As controls, we selected the FF(—85.5)FF(—41.5) and FF
(—90.5)FF(—41.5) promoters and converted the upstream
DNA sites for FNR to EE sequences, which are unable to bind
either FNR or CRP. The resulting EE(—85.5)FF(—41.5) and
EE(—90.5)FF(—41.5) promoters were transferred into pRW50,
and their activities were measured. Results in Table 4 show
that expression from these promoters is dependent on FNR.
Expression from both the EE(—85.5)FF(—41.5) and EE
(—90.5)FF(—41.5) promoters is similar to that observed with
FF(—41.5). This argues that both the sharp decrease due to the
upstream DNA site for FNR at the FF(—85.5)FF(—41.5) pro-
moter and the small increase due to the upstream DNA site for
FNR at the FF(—90.5)FF(—41.5) promoter are due to FNR
binding rather than to an artifact of the promoter context.

Suppression of FNR-dependent transcription repression by
FNR G74C. Green and colleagues reported that the E. coli yfiD
promoter is activated by FNR binding to a target site centered
at position —40.5. They found that this activation is suppressed
by FNR binding to a second upstream site at position —93.5,
but that the suppression can be partially relieved by the G74C
substitution in FNR (11, 12). This change appears to interfere
with the FNR determinant responsible for down-regulation by
upstream-bound FNR. Thus, we tested whether the G74C sub-
stitution could also relieve the suppression of the activity of the
FF(—n)FF(—41.5) promoters due to upstream-bound FNR.
To do this, we introduced pRWS50 derivatives carrying selected
FF(—n)FF(—41.5) promoter constructs into the M182 fnrAl
strain containing a plasmid encoding either wild-type FNR
(pFNR) or FNR G74C (pFNR G74C). Promoter activities
were measured and are listed in Table 5. Consistent with the
results using the fnr" M182 strain (Fig. 2a) with M182 firAl
containing pFNR, transcription repression was observed with
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the FF(—84.5)FF(—41.5), FF(—85.5)FF(—41.5), FF(—80.5)FF
(—41.5), FF(—87.5)FF(—41.5), and FF(—95.5)FF(—41.5) pro-
moters. However, with M182 furAl containing pFNR G74C,
the repression was substantially relieved.

In vitro studies. To investigate tandem-bound FNR in vitro
we focused on three promoters: the starting promoter, FF
(—41.5), an FNR-repressed promoter, FF(—85.5)FF(—41.5),
and FF(—90.5)FF(—41.5), which is not repressed by upstream-
bound FNR (Fig. 1a and 2a). DNA fragments carrying the
promoters were transferred to the vector pSR for these exper-
iments. To facilitate in vitro studies we used the FNR* mutant,
FNR D154A, which can dimerize, bind to DNA sites for FNR,
and activate transcription by RNAP at FNR-dependent pro-
moters in aerobic conditions (16, 17).

First, we used DNasel footprinting to monitor FNR binding
to the different sites at the promoters. Clear footprints due to
FNR D154A binding are observed (Fig. 3). At the FF(—41.5)
promoter, FNR D154A protects a single zone from positions
—26 to —65 relative to the transcription start point, while at
the FF(—85.5)FF(—41.5) and FF(—90.5)FF(—41.5) promoters
FNR D154A protects two zones that correspond to the tandem
binding sites. Parallel electromobility shift assays confirmed
that FNR D154A can bind to two sites at the FF(—85.5)FF
(—41.5) and FF(—90.5)FF(—41.5) promoters (data not shown).

Second, we used an in vitro transcription assay to measure
FNR-dependent activation at the different promoters. Labeled
RNA products from the assay were analyzed by using a phos-
phorimager, and the image is shown in Fig. 4a. Bands due to
transcripts regulated by the different FNR-dependent promot-
ers and due to the control RNAI can be distinguished. With
the FF(—41.5) and FF(—90.5)FF(—41.5) promoters, transcrip-
tion is clearly activated by FNR. In contrast, no FNR-depen-
dent transcript was found with the FF(—85.5)FF(—41.5) pro-

TABLE 5. Transcription activation at FF(—n)FF(—41.5)
promoters by FNR and FNR G74C

Relative activity (%)” of:

Promoter® pFNR pFNR G74C
Activity Error Activity Error
FF(—41.5) 100 13 99 17
FF(—82.5)FF(—41.5) 131 4 168 12
FF(—83.5)FF(—41.5) 115 13 196 20
FF(—84.5)FF(—41.5) 24 0.2 79 7
FF(—85.5)FF(—41.5) 19 1 67 10
FF(—86.5)FF(—41.5) 26 3 84 8
FF(—87.5)FF(—41.5) 62 5 102 7
FF(—88.5)FF(—41.5) 103 3 102 4
FF(—89.5)FF(—41.5) 110 8 112 5
FF(—90.5)FF(—41.5) 116 9 164 13
FF(—95.5)FF(—41.5) 34 1 101 10
EE(—85.5)FF(—41.5) 97 20 139 9
EE(—90.5)FF(—41.5) 102 15 109 17

“ Promoters were cloned on EcoRI-HindIII fragments in the lac expression
vector pRW50.

b B-Galactosidase activities were measured in M182 fiurAl cells containing
plasmids encoding either wild-type FNR (pFNR) or FNR G74C (pFNR G74C)
and grown anaerobically in LB supplemented with 35 pg of tetracycline ml™!,
100 pg of ampicillin ml™!, and 0.2% fructose, as described in Materials and
Methods. Activities are expressed relative to the activity obtained using the
FF(—41.5) promoter in the M182 furAl (pFNR) background (7,059 Miller
units). The errors shown are one standard deviation from the means of three
independent determinations.
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FIG. 3. Analysis of promoter binding by FNR D154A. For DNasel footprint analysis, promoter fragments were labeled with [y-*>P]ATP, were
incubated with various concentrations of FNR D154A prior to treatment with DNasel, and were analyzed on a DNA sequencing gel. The gel was
calibrated with Maxam-Gilbert G+A sequencing reactions. Regions of protection due to FNR D154A are indicated with gray rectangles. The
samples were loaded as follows: G+A sequencing reaction (M); no DNasel, 3 .M FNR D154A control (lanes 1, 5, and 9); DNasel, no protein
control (lanes 2, 6, and 10); DNasel, 0.1 uM FNR D154A (lanes 3, 7, and 11); DNasel, 3 uM FNR D154A (lanes 4, 8, and 12).

moter. This suggests that the suppression of promoter activity
by upstream-bound FNR observed with the FF(—85.5)FF
(—41.5) promoter in vivo can be reproduced in vitro. In com-
plementary experiments, we checked for promoter opening by
using potassium permanganate as a probe. The results in Fig.
4b show clear FNR-dependent unwinding around the tran-
script start site at both the FF(—41.5) and FF(—85.5)FF
(—41.5) promoters. Thus, the defect in FNR-dependent acti-
vation of FF(—85.5)FF(—41.5) may not be due to a defect in
promoter opening.

Activity of promoters with tandem sites for FNR: the FF
(—n)FF(—61.5) series. We constructed a second series of re-
lated promoters carrying one consensus DNA site for FNR
centered at position —61.5 and a second consensus DNA site
for FNR located further upstream [the FF(—n)FF(—61.5) se-

ries] (Fig. 1b). The starting point for these constructions was
the CC(—n)CC(—61.5) promoter series described in a previ-
ous study (Table 3) (24). Each new FF(—n)FF(—61.5) pro-
moter was transferred into pRW50, and B-galactosidase activ-
ity measurements showed that expression is anaerobically
induced and is dependent on FNR (data not shown). Figure 5a
illustrates the expression from each promoter in an fir* back-
ground during anaerobic growth. The results show that expres-
sion depends on the spacing between the two DNA sites for
FNR.

For comparison, Fig. 5b illustrates expression from the pre-
viously constructed promoters carrying tandem DNA sites for
CRP [the CC(—n)CC(—61.5) series] (24). As described before,
when the upstream DNA site for CRP is located near position
—93.5 or position —103.5, expression is increased up to five-
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FIG. 4. Analysis of FNR D154A-dependent open complex forma-
tion and transcription. (a) In vitro transcription analysis. The FF
(—41.5)/pSR, FF(—85.5)FF(—41.5)/pSR, and FF(—90.5)FF(—41.5)/pSR
constructs were used as templates for in vitro transcription. Eight
nanomolar template plasmid DNA was incubated with 50 nM RNA
polymerase, nucleoside triphosphates, and [a-**P]JUTP, with or with-
out FNR D154A (0 to 0.5 uM). Transcripts were analyzed on a dena-
turing polyacrylamide gel. The control RNAI and the FNR-dependent
transcript are marked. Samples were loaded as follows: no FNR
D154A (lanes 1, 5, and 9); 0.05 uM FNR D154A (lanes 2, 6, and 10);
0.1 oM FNR D154A (lanes 3, 7, and 11); 0.5 pM FNR D154A (lanes
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fold. At intermediate locations the upstream-bound CRP has
little or no effect, and the observed expression is similar to that
found at the CC(—61.5) promoter, with a single DNA site for
CRP at position —61.5.

Comparison of data in Fig. 5a and b shows both similarities
and differences between the effects of upstream-bound FNR at
the FF(—n)FF(—061.5) promoters and the effects of upstream-
bound CRP at the CC(—n)CC(—61.5) promoters. The up-
stream-bound FNR clearly causes increased expression when it
is located near positions —92.5 and —102.5. At the intermedi-
ate positions, —94.5 and —99.5, the upstream-bound FNR has
little or no effect, and the observed expression is similar to that
found at the FF(—61.5) promoter, with a single DNA site for
FNR at position —61.5. Thus, at these promoters the pattern
of expression from the FF(—n)FF(—61.5) and CC(—n)CC
(—61.5) series of promoters is at least superficially similar.
However, with the FF(—104.5)FF(—61.5) and FF(—105.5)FF
(—61.5) promoters, expression is sharply reduced by the up-
stream-bound FNR. Interestingly, at these promoters the cen-
ter-to-center distances between the tandem DNA sites for
FNR are 43 and 44 bp, which are identical to the distances
between the DNA sites for FNR at the FF(—n)FF(—41.5)
promoters where greatest repression is observed (Fig. 2a).

DISCUSSION

Tandem DNA sites for CRP or FNR are found at many
promoters. At some of these, optimal expression depends on
the binding of CRP to both target sites. In a study aimed to
investigate this, Belyaeva et al. (3) started with the CC(—41.5)
promoter (carrying a single DNA site for CRP) and introduced
a second DNA site for CRP at different upstream locations.
Belyaeva et al. (3) showed that the tandem-bound CRP mol-
ecule could activate transcription synergistically, provided it
was located at particular positions. To explain their data, Be-
lyaeva et al. (3) argued that synergy depended on the upstream
and downstream CRP molecules being positioned such that
they could each make productive interactions with «CTD of
RNAP. When the upstream CRP was incorrectly positioned, it
had no effect on CRP-dependent activation due to the CRP
molecule at position —41.5 (although repression was found
when the upstream-bound CRP was positioned at —71.5 or
other downstream locations). In this study we performed a
parallel experiment, starting with the FF(—41.5) promoter,
which is dependent on FNR, and introducing a second DNA
site for FNR at different upstream locations. Our results (Fig.
2) show that the pattern of expression from the FF(—n)FF
(—41.5) promoter series is very different from that observed by

4, 8, and 12). (b) Permanganate footprint analysis. Shown is a phos-
phor image of a denaturing polyacrylamide sequencing gel on which
DNA cleavage due to attack by permanganate was analyzed. [y->*P]
ATP-labeled promoter fragments were incubated with or without FNR
D154A (1 pM) and with or without purified RNA polymerase o”°
holoenzyme (50 nM) prior to treatment with permanganate. The gel is
calibrated with Maxam-Gilbert G+A sequencing reactions. The loca-
tions of the permanganate-induced cleavage sites and the FNR con-
sensus binding sites are marked. Samples were loaded as follows: G+A
sequencing reaction (M); 1 uM FNR D154A (lanes 1 and 4); 1 oM FNR
D154A, 50 nM RNAP (lanes 2 and 5); 50 nM RNAP (lanes 3 and 6).
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FIG. 5. Transcription activation by FF(—n)FF(—61.5) and CC(—n)CC(—61.5) promoters. (a) The anaerobic B-galactosidase activity of M182
(Alac) cells transformed with each of the FF(—n)FF(—61.5) promoters cloned in pRWS50, displayed as a percentage of the activity achieved using
the FF(—61.5) promoter. The relative activities are the means of three independent determinations, and error bars depict one standard deviation
from the mean. The x axis indicates the location of the center of the upstream 22-bp FF binding site. (b) For comparison, the activities of M182
cells transformed with the CC(—n)CC(—61.5) promoter series reported in Tebbutt et al. (24) are also shown, relative to the activity achieved using
the CC(—61.5) promoter. The x axis indicates the location of the center of the upstream 22-bp CC binding site.

Belyaeva et al. (3) for the CC(—n)CC(—41.5) series. First, we least in our system). Second, we found that at some promoters,
found no promoter where the upstream-bound FNR increased upstream-bound FNR causes a sharp suppression of FNR-
expression by more than twofold, arguing that strong synergy dependent transcription. Thus, upstream-bound FNR, located
between tandem-bound FNR molecules does not occur (at near position —85.5 or position —95.5, down-regulates tran-
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scription activation by FNR bound at position —41.5. Interest-
ingly, the repression effect appears to be face-of-the-DNA
helix-dependent, suggesting that it results from a particular
juxtaposition of bound FNR molecules. Our in vitro studies
show that, at least at the FF(—85.5)FF(—41.5) promoter, both
FNR molecules bind but that transcription is hindered (Fig. 3
and 4a). Interestingly, according to its reactivity with potassium
permanganate, the target promoter can open (Fig. 4b). How-
ever, kinetic studies will be needed to pinpoint the precise step
that is down-regulated by upstream-bound FNR.

The overall conclusion from our study with the FF(—n)FF
(—41.5) series of promoters is that tandem-bound FNR mol-
ecules work together to repress rather than to activate tran-
scription. This is consistent with conclusions from studies of
the E. coli ndh and yfiD promoters, where repression is depen-
dent on tandem binding of FNR. Expression from the ndh
promoter is FNR independent but is repressed by FNR bind-
ing at positions —50.5 and —94.5 (21), with efficient repression
requiring FNR binding to the more upstream site. Expression
from the yfiD promoter is activated by FNR binding at position
—40.5, but this activation is suppressed by the binding of up-
stream FNR at position —93.5 (12). Strikingly, the center-to-
center distances between the tandem FNR sites at the ndh and
YfiD promoters are 44 and 53 bp, respectively, which corre-
spond to spacings that give sharp repression in the FF(—n)FF
(—41.5) promoter series. Working with the yfiD promoter,
Green and colleagues (11, 20) have shown that down-regula-
tion is due to specific interactions between the tandem-bound
FNR molecules, which interact via a surface-exposed determi-
nant. They have identified residues where substitutions prevent
or reduce these interactions. We have studied the effects of one
such substitution (G74C), and we found that it relieved, at least
partially, the repression at the FF(—n)FF(—41.5) promoters
(Table 5).

In the final part of our study we performed a parallel set of
constructions to make the FF(—n)FF(—61.5) promoter series.
Our results (Fig. 5) show that the pattern of expression of this
promoter series is somewhat similar to that observed by Teb-
butt et al. (24) for the CC(—n)CC(—61.5) series. At some
locations, upstream-bound FNR leads to increased promoter
expression, although we can make no conclusion about syn-
ergy, since the controls to check that the tandem-bound FNR
molecules functioned via the same promoter were not done.
The striking result concerns the FF(—104.5)FF(—61.5) and FF
(—105.5)FF(—61.5) promoters where expression is sharply re-
duced by the upstream-bound FNR. At these promoters the
center-to-center distances between the tandem DNA sites for
FNR are 43 and 44 bp. Taken together with previous results,
we can conclude that 43 or 44 bp is a critical spacing for
transcription repression by tandem-bound FNR molecules.

Many transcription activators can function as repressors if
they are misplaced. Thus, both CRP and FNR can function as
simple repressors merely by blocking access of RNAP to a
promoter (8, 13). To do this, a single correctly placed FNR or
CRP molecule is needed (10, 25). However, as well as using
this simple repression mechanism, FNR has evolved a second
repression strategy that depends on interactions between tan-
dem-bound FNR molecules. This study shows that these inter-
actions can occur in different contexts and that they are opti-
mal when the spacing between the two FNR molecules is
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around 44 or 53 bp. These interactions appear to depend solely
on FNR, but we are still ignorant of their precise nature. While
FNR and CRP appear to have evolved from a common ances-
tor, CRP seems to have evolved so that tandem-bound CRP
molecules can function synergistically to activate transcription
at target promoters. In contrast, FNR has evolved so that
tandem-bound FNR molecules cooperate in repression (5).
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