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Induction of the Escherichia coli K-12 ynfEFGHI operon in response to anaerobiosis is repressed by nitrate
ions. In this study, we show that the global transcription factor FNR is a class II activator at the ynfEFGHI
promoter and that NarL represses activation by binding to a single target that overlaps the promoter —10
element. Electromobility shift assays show that NarL does not prevent RNA polymerase binding and suggest
that repression may involve a quaternary NarL-FNR-RNA polymerase-promoter complex.

Expression of the Escherichia coli dmsABC operon, which
encodes a dimethyl sulfoxide reductase, is induced in response
to anaerobiosis but repressed by nitrate ions. Thus, the dmsA
promoter is activated by FNR binding to a single site centered
at position —41.5 (i.e., between bp —41 and —42) upstream of
the transcript start and is repressed by NarL binding to mul-
tiple sites (1, 5, 9). The ynfEFGHI operon encodes proteins
that are paralogues of the dmsABC dimethyl sulfoxide reduc-
tase (12). Recent genomic studies of the FNR and NarL regu-
lons revealed that ynfEFGHI expression is also activated by
FNR and repressed by NarL (4, 8), but the different promoter
elements were not defined experimentally. Thus, here, we have
used a combination of biochemistry and genetics to character-
ize the ynfE promoter.

Identification of ynfE promoter elements. The starting point
of this work was the construction of the ynfE100 fragment,
illustrated in Fig. 1A, that carries 200 bp of the Escherichia
coli K-12 chromosome sequence upstream from the ynfE
translation start codon. To investigate the ynfE promoter,
we exploited potassium permanganate footprinting to mon-
itor open complex formation on an end-labeled fragment,
using purified RNA polymerase (RNAP) holoenzyme, puri-
fied FNR, and purified NarL. Recall that permanganate
cleaves T’s within single-stranded DNA, enabling the detec-
tion of DNA unwinding at promoters (15). Results illus-
trated in Fig. 1B show that, with RNAP alone, no unwinding
is detected, and with FNR present, opening is clearly observed,
and this opening is suppressed by NarL. The upstream end of the
region of unwinding corresponds to the hexamer 5" TAGACT 3',
which is the likely —10 hexamer element. Hence, in Fig. 1, the
ynfE promoter sequence is numbered with the upstream T of this
hexamer as position —12 with respect to the putative transcription
start point at +1, in accord with the start point previously assigned
by Kang et al. (8), after analysis of FNR-dependent transcription
in vitro.
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DNA sites for FNR and NarL in the ynfE regulatory region.
Using DNase I footprinting, we studied the binding of purified
FNR and NarL to the ynfE100 sequence. Results in Fig. 2 show
that FNR and NarL each protect ~30 bp, consistent with
binding of a dimer of each protein to a single target. Inspection
of the region protected by FNR reveals a sequence that cor-
responds to the consensus for FNR (16), centered at position
—40.5. Similarly, the region protected by NarL reveals a se-
quence that corresponds to the NarL consensus (6), centered
at position —18.5 (Fig. 1A).

In vivo assays of ynfE promoter activity. The ynfE100 frag-
ment and derivatives carrying a substitution in the proposed
—10 element (p11G) or in the putative target for FNR
(p45C) were cloned into the lac expression plasmid vector,
pRWS50 (11), to generate ynfE::lac fusions. Figure 3 illus-
trates measurements of lac expression. As expected, the
activity of the starting ynfE promoter is low under aerobic
conditions and induced during anaerobiosis but repressed
by nitrate (Fig. 3A). Consistent with our assignments for the
—10 element and DNA site for FNR, induction is sup-
pressed by either the p11G or p45C substitution (Fig. 3A).
The experiment illustrated in Fig. 3B shows that induction
of the ynfE promoter is lost in an fnr mutant host and that
repression by nitrate is substantially relieved in a narL host.
These results confirm that FNR and NarL, respectively, are
responsible for activation and repression. Interestingly, the
residual nitrate-dependent repression in the narl mutant
host is lost in an narL narP double mutant, in which NarP,
a NarL homologue, is inactivated (Fig. 3B).

FNR, NarL, and RNAP binding. Figure 4 shows autoradio-
graphs from electromobility shift assays designed to investigate
how NarL represses FNR-dependent activation of the ynfE
promoter. Results in panels A and B show that both FNR and
NarL give a single clear bandshift with some smearing at
higher concentrations, which is consistent with the existence of
a single strong binding site for each protein with some weaker
nonspecific binding. Together, NarL and FNR produce a su-
pershifted band, which shows that NarL and FNR can bind
together. The experiment illustrated in Fig. 4C shows that, as
expected, together, FNR and RNAP result in a supershifted
complex. Figure 4C also shows that NarL fails to prevent
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FIG. 1. Organization of the E. coli ynfE promoter region. (A) Base sequence of the ynfE100 fragment that carries sequence from position —132
to +69 with respect to the proposed ynfE promoter transcript start (+1; designated by a lowercase letter and bent arrow), with flanking EcoRI
and HindIII sites shown in boldface. The fragment was amplified by PCR from E. coli K-12 strain MG1655 genomic DNA (4). The proposed —10
hexamer element is in boldface and underlined, and the ynfE translation start ATG is underlined. Proposed DNA sites for FNR and NarL are
aligned with the cognate consensus binding sequences (where Y = Cor T, M = Aor C, K = Gor T, and R = A or G), and the center of each
site is indicated (6, 16). Positions of the p11G and p45C substitutions in the —10 hexamer and FNR binding site, respectively, are indicated. (B) The
end-labeled ynfE promoter fragment was incubated with purified RNAP, FNR, and NarL as indicated and subjected to potassium permanganate
footprinting. The incubation buffer contained 20 mM HEPES (pH 8.0), 50 mM potassium glutamate, 5 mM MgCl,, 1 mM dithiothreitol, and 500
pg ml~! bovine serum albumin. The experiment was performed as described by Browning et al. (3), using FNR with the DA154 substitution that
renders FNR active under aerobic conditions, which had been overexpressed and purified as described by Wing et al. (20). NarL was generated
after overexpression and purification of an NarL-maltose binding protein fusion and was used after activation with acetyl phosphate (7, 10). RNAP
holoenzyme was purchased from Epicentre Technologies (Madison, WI). The concentrations of FNR were as follows: lane 3, 0.13 pM; lanes 4,
8, and 9, 0.25 pM; and lane 5, 0.5 wM. NarL and RNAP were used at concentrations of 0.2 uM and 50 nM, respectively. Gels were calibrated with
Maxam-Gilbert sequencing reactions, and the locations of permanganate-induced cleavage are shown.
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FIG. 2. DNase I footprinting of FNR and NarL binding to the ynfE
promoter. End-labeled ynfE promoter fragment was incubated with
either FNR DA154 or NarL and subjected to DNase I footprint anal-
ysis. The incubation buffer contained 20 mM HEPES (pH 8.0), 50 mM
potassium glutamate, 5 mM MgCl,, 1 mM dithiothreitol, 500 wg mi~!
bovine serum albumin, and 25 pg ml~' herring sperm DNA. The
concentrations of FNR DA154 were as follows: lanes 1 and 6 to 9, no
protein; lane 2, 0.5 pM; lane 3, 1 pM; lane 4, 2 uM; and lane 5, 3 pM.
The concentrations of NarL were as follows: lanes 1 to 6, no protein;
lane 7, 0.4 uM; lane 8, 0.8 wM; and lane 9, 1.6 uM. The experiment
was performed as described by Browning et al. (3), and gels were
calibrated using Maxam-Gilbert sequencing reactions. Relevant posi-
tions are indicated, and the locations of FNR and NarL binding sites
are shown by boxes.

RNAP binding and that, in the presence of NarL, a new highly
retarded complex appears that, most likely, contains NarL,
FNR, and RNAP bound together to the ynfE promoter. Figure
4D shows an expanded segment of the autoradiograph to high-
light the appearance of this new band.

Conclusions. The global transcription factor FNR controls
the adaptation of Escherichia coli to growth under anaerobic
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FIG. 3. Measurements of ynfE promoter activity. The figure illus-
trates measurements of B-galactosidase activity in different hosts car-
rying ynfE promoter::lac operon fusions in plasmid pRWS50. Assays
were performed using the Miller protocol (13) as in our previous work
(2, 3). Cells were grown aerobically or anaerobically at 37°C in Lennox
broth supplemented with 0.4% glucose with or without 20 mM sodium
nitrate as indicated. Panel A shows activities measured in the E. coli
K-12 Alac host strain, JCB387 (18), containing pRW50 derivatives with
the starting ynfE promoter or the p11G or p45G substitutions. Panel B
shows measured B-galactosidase activities in JCB387 cells and fnr,
narL, and narL narP derivatives, described in reference 18, carrying
pRWS50 containing the ynfE100 promoter fragment.

conditions (16). At most target promoters, FNR binds to a site
centered near position —41.5 and activates transcription by
interacting directly with the RNAP ¢ and « subunits. Such
promoters, known as class II promoters, are distinct from class
I promoters, where FNR binds further upstream and interacts
only with the RNAP « subunits (19). Here we present exper-
imental evidence to show that the functional DNA site for
FNR at the ynfE promoter is likely located at position —40.5
and, thus, as at the dmsA promoter (9), FNR functions as a
class II activator. Many FNR-activated promoters are also
regulated by NarL and its homologue, NarP, which share the
same consensus target sequence and orchestrate adaptation to
the presence of nitrate ions (6, 17). Thus, the dmsA promoter
is repressed by NarL binding to multiple sites spread across 80
bp covering the entire promoter (1, 5). In contrast, the ynfE
promoter has a single strong DNA site for NarL (and likely for
NarP). Very little is known about how NarL and NarP repress
transcription, and it is often assumed that they simply block
access of RNAP to target promoters (1). Our results suggest
that repression by NarL at the ynfE promoter may be unusual
and might be due to locking of the FNR-RNAP-promoter
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FIG. 4. Electromobility shift assays with the ynfE promoter fragment. Experiments were performed with labeled ynfE100 promoter fragment
using the protocols described by Browning et al. (2). The incubation buffer contained 10 mM potassium phosphate (pH 7.5), 100 mM potassium
glutamate, 1 mM EDTA, 50 pM dithiothreitol, 5% glycerol, 25 pg ml~ ! herring sperm DNA, and 50 mM acetyl phosphate. (A) The fragment was
incubated with NarL. Lane 1, no protein; lane 2, 0.2 pM; lane 3, 0.4 wM; lane 4, 0.8 uM; lane 5, 1.6 wM; and lane 6, 3.2 wM. (B) The fragment
was incubated with both FNR DA154 and NarL as indicated. The concentrations of FNR DA154 were as follows: lanes 1 and 5, no protein; lanes
2 and 6, 1 pM; lanes 3 and 7, 2 wM; and lanes 4 and 8, 3 wM. The concentrations of NarL were as follows: lanes 1 to 4, no protein; and lanes 5

to 8, 1.6 uM. (C) The fragment was incubated with 1.5 uM FNR DA154, 1.6

wM NarL, and 174 nM RNAP as indicated. FNR and NarL were

preincubated with the fragment before RNAP was added. (D) Expansion of the top right segment of panel C, covering lanes 5 and 6, to highlight

the NarL-induced shift of ynfE promoter complexes with RNAP.

ternary complex, as has been shown for some other repressors
(14). Since the biological function of the ynfEFGHI operon
remains uncertain (12), the significance of this awaits dis-
covery.
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