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The overlapping and opposing promoter elements for the Escherichia coli fepDGC operon and the ybdA gene
(encoding a 43-kDa cytoplasmic membrane protein) within the enterobactin gene cluster were investigated by
measuring the effects of site-specific mutations on transcript levels and on expression of reporter genes in a
bidirectional transcriptional fusion vector. Primary promoter structures for the opposing transcripts over-
lapped extensively such that their —10 sequences were almost directly opposed on the two strands of the DNA
helix and their +1 transcription start sites were only 23 bp apart. Relative to the E. coli consensus sequence,
both promoters were poorly conserved at the —35 position and mutations which strengthened the —35 element
of either promoter significantly enhanced its transcription, decreased that of the opposing promoter, and
dramatically altered iron-mediated regulation of expression. Both the fepD and ybdA primary promoters were
shown to require a 5'-TGn-3' upstream extension of their —10 elements for optimal activities. Secondary
promoters were identified for both fepD and ybdA4, and their contributions to the overall expression levels were
evaluated in these dual expression vector constructs. The data provided strong evidence that the architecture
of the regulatory elements within the overlapping fepD and ybdA promoters is configured such that there is a
direct competition for binding RNA polymerase and that the expression levels at these promoters are influ-
enced not only by the activity of the opposing promoters but also by additional promoter sequence elements and
perhaps accessory regulatory factors. Iron-mediated regulation of these promoters through the repressor
protein Fur is a consequence of the relative promoter strengths and the position of an operator site that

consists of two overlapping Fur-binding sequences in this compact regulatory region.

Delicate regulatory balances play an essential role in the sur-
vival of microorganisms. To that end, microbes have evolved
specialized systems to allow adaptation to changes in environ-
mental growth conditions and maintenance of balanced meta-
bolic processes. Since iron is an essential cofactor for im-
portant metabolic activities, rapid and efficient responses to
iron-limiting environments are required for the growth and
pathogenicity of microbial species. Mediated by iron-binding
proteins or specific siderophores, the microbial response to
iron limitation is effective in solubilizing and transporting nu-
tritional iron sources. However, the intracellular levels of iron
must be carefully regulated, since free iron can serve as a
reactant in the generation of cell-damaging reactive oxygen
species (26). The sensitive mechanisms involved in assimilat-
ing an adequate internal iron supply while protecting the cell
against the damaging effects of iron-related oxygen radicals are
controlled by the global regulatory protein Fur (4). Through
interaction with transcriptional control regions (9, 14, 17, 25,
29, 50), Fur regulates the expression of numerous iron-regu-
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lated chromosomal genes, including those for iron uptake and
a subset of genes with detoxifying activity toward cell-damag-
ing hydroxyl radicals and superoxides (13, 51, 52). It is gener-
ally accepted that for most of the iron-regulated promoters
examined, Fur repressor protein functions by direct competi-
tion with RNA polymerase for access to the promoter-operator
region (5, 14, 20, 22, 56).

Escherichia coli strains produce enterobactin as their princi-
pal iron chelator and maintain multiple membrane transport
systems for internalization of a variety of exogenously pro-
duced microbial iron-binding compounds (40). The enter-
obactin gene cluster includes 14 genes tightly organized into
six operons originating from three Fur-controlled bidirectional
promoter-operator regions. These three control regions pos-
sess distinct regulatory architectures (9, 29, 50), suggesting that
control by the Fur repressor is manifest through different reg-
ulatory strategies.

Many bidirectional promoter regions have been described in
prokaryotes (6, 22, 38), and these offer several effective regu-
latory configurations and evolutionary advantages. These pro-
moters have been divided into three classes of divergent tran-
scription units: back-to-back, overlapping, and face-to-face (6).
The back-to-back variety, e.g., araC-araBAD and malE-malK,
is characterized by transcriptional start sites for the opposing
mRNAs separated by 75 to 513 bp. The back-to-back promot-
ers may be individually regulated and transcriptionally inde-
pendent, in most instances dependent on the distance between
the 5" termini of the transcripts expressed. The overlapping,
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divergent transcription regions are the most compact, with op-
posing —10 and —35 promoter elements overlapping to various
degrees and 5’ ends of transcripts separated by distances rang-
ing from 16 bp (tetR-tetA on Tnl0) to 62 bp (nahR-nahG of
Pseudomonas plasmid NAH7) (6). Because the promoter ele-
ments occupy the same sequence regions on opposing template
strands, their influence on each other is a significant compo-
nent of the regulatory process. In the face-to-face control re-
gions, the promoters are again separated but express opposing
transcripts with 5’ ends that are complementary to various
extents, e.g., from 10 bp in the bioA-bioBFCD transcripts to
182 bp in the argE-argCBH transcripts (6). Expression levels
are thus influenced not only by the likelihood of collisions
between converging transcription complexes but also by the
presence of antisense mRNA populations which can dictate
transcript stability or translation capability.

Among the three enterobactin bidirectional control regions,
the promoters for fepB and the entCEBA ybdB operon are
situated back to back, with 103 bp separating the opposing
transcript start sites (9). These two promoters are indepen-
dently expressed, each controlled by Fur from distinct operator
sites that have at best minimal influence on the opposing pro-
moter. The remaining two control regions, one between fepA
and fes and the other between fepD and ybdA, are classified as
overlapping, with opposing promoter elements occupying the
same DNA regions. There are 48 bp separating the 5’ start
sites of the overlapping fepA and fes transcripts, with well-
conserved promoter elements in direct opposition (29). Fur
strategically occupies a single central operator region situated
between the —10 and —35 elements of both promoters, thus
providing direct competition to RNA polymerase occupancy of
either promoter. Evidence suggests that Fur simultaneously
regulates expression of both transcripts (22, 29).

In this study, the promoter elements controlling transcrip-
tion of the fepDGC operon and the ybdA gene were examined
in detail. The fepDGC operon encodes the proteins of the
cytoplasmic membrane permease responsible for ferric enter-
obactin transport (11, 50). The ybdA gene, previously referred
to as P43 (50) or orf43 (11), encodes an integral cytoplasmic
membrane protein with significant homology to several proton
motive force-dependent membrane transporters. Its function
remains unknown.

The architecture of the fepD-ybdA bidirectional promoter
region is similar to yet significantly different from the design of
the fepA-fes components. Initial data indicated that only 23 bp
separate the start sites of the fepD and ybdA transcripts (50).
The present study used site-directed mutagenesis with reporter
gene and transcript analyses to examine in detail the promoter
elements involved in expression of the fepDGC and ybdA tran-
scripts. Promoters responsible for fepD and ybdA expression
overlap substantially at their —10 regions. These promoters are
significantly weaker in consensus than the fepB-entC or the
fepA-fes elements and rely on extended promoter elements for
maximal activity. Because of their relative positions, mutations
which alter the strength of either opposing promoter have a
significant influence on the expression level of the divergent
promoter. Furthermore, iron-regulated control of promoter
activity through the Fur repressor is shown to be dependent
upon the relative promoter strength.
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MATERIALS AND METHODS

Bacterial strains, plasmids, bacteriophages, and primers. Escherichia coli
strain CC117 (relevant genotype, lacZ phoA) and its recA1 derivative CC118 (37)
were used as hosts for all fusion plasmids. CJ236 (relevant genotype, dut-1 ung-1)
(30) was used for the isolation of uracil-containing M13 templates. The
M13mp19 vector was used in site-directed mutagenesis (41) and nucleotide
sequencing procedures, with JM101 (41) and NMS522 (24) as host strains for
propagation of M13mp19 derivatives.

The bidirectional reporter plasmid, pUJ10, was a gift from V. de Lorenzo (15),
and all pFD43 derivatives carrying the fepD-ybdA control region were con-
structed in this vector (Fig. 1). Plasmid pUJ10 was derived from pCB267, a
pBR322 descendant with a copy number of approximately 10. RNA probes used
in RNase protection experiments were generated by in vitro transcription of
pCAC/FD43-1, which carries the 327-bp BamHI-Pst] fragment of pFD43-1 in
pGEM4Z (Promega Corp., Madison, Wis.).

Oligonucleotide primers were synthesized by the University of Missouri DNA
Core Facility. The primers used for site-directed mutagenesis and primer exten-
sion are listed in Table 1. Mismatched bases resulting in mutations are under-
lined, and nucleotide sequence positions indicated are relative to those in Fig. 1.
For standardization of RNA loads in primer extension experiments, primer M8
(29) was used to generate a 110-bp product from the plasmid-encoded B-lacta-
mase gene, and levels of fepD and ybdA transcripts from the same plasmids were
quantitated relative to this standard. This corrects for any potential minor dif-
ferences in plasmid copy number when cells are grown under different condi-
tions.

Media, growth conditions, chemicals, and enzymes. Luria-Bertani medium
(39) was used for growth of all E. coli strains. 2X YT (49) was used for propa-
gation of M13mp19 derivatives. Iron-poor media were prepared by addition of
200 pM 2,2'-dipyridyl, and iron-replete conditions were maintained with the
addition of 20 M FeSO, and 10 mM sodium citrate (9, 29, 50). Ampicillin at a
final concentration of 100 wg/ml, chloramphenicol at 30 pg/ml, and kanamycin at
40 pg/ml were used. Restriction and modifying enzymes and molecular biology
reagents were purchased from Boehringer Mannheim (Indianapolis, Ind.),
United States Biochemical Corp. (Cleveland, Ohio), New England Biolabs (Bev-
erly, Mass.), or Fisher Scientific (St. Louis, Mo.). o-Nitrophenyl phosphate and
o-nitrophenyl-B-D-galactoside were purchased from Sigma Chemical Co. (St.
Louis, Mo.).

General genetic methods and nucleotide sequencing. Isolation of plasmid and
single-stranded M13 DNA for nucleotide sequencing of both single- and double-
stranded templates has been described (42, 44). Plasmid DNA was also isolated
using the Magic/Wizard DNA Preparation Kit (Promega). All cloning proce-
dures and bacterial transformations followed standard molecular biology proto-
cols (49). Sequencing, primer extension, and RNase protection reactions were
performed as described previously (29, 42, 44) and were analyzed on 6% or 8%
polyacrylamide—urea sequencing gels and were exposed to Kodak XRP-5 film at
—70°C without drying.

Generation of the iron-regulated fepD'-'phoA and ybdA’-'lacZ promoter con-
structs. A 1.0-kb Nrul-Hpal DNA fragment from pITS24 (43), spanning the
fepD-ybdA intergenic region, was cloned in both orientations into the Smal site
of the pCON4 operon expression vector (16); both constructs produced iron-
regulated fusion transcripts. With fepD fused to lacZ (pCON410), 452 Miller
units of B-galactosidase (39) was produced under high-iron growth conditions
and 1,353 Miller units was produced when iron was limiting. The ybdA'-'lacZ
fusion construct (pCON411) produced 636 Miller units under high-iron condi-
tions and 1,671 Miller units under low-iron conditions. Subsequently, a 0.3-kb
BamHI-Banl fragment from pCON410, containing the fepD-ybdA bidirectional
promoter region, was end filled and ligated with Hincll-digested M13mp19
replicative-form DNA for production of single-stranded DNA for site-directed
mutagenesis. After confirmation by nucleotide sequencing, wild-type and mu-
tagenized DNA fragments were subcloned into the bidirectional reporter plas-
mid pUJI10 (15) using the flanking BamHI and PstI sites and were used to
transform either CC118 or CC117. The final wild-type construct, pFD43-1 (Fig.
1), resulted in transcriptional fusions to the promoterless alkaline phosphatase
(fepD'-'phoA) and B-galactosidase (ybdA'-'lacZ) genes.

Site-directed mutagenesis. Mutations were generated in the cloned fepD-ybdA
promoter region using the uracil-containing template method (34) and the Mu-
taGene M13 in vitro mutagenesis kit (Bio-Rad, Richmond, Calif.). After passage
of the recombinant M13mp19 derivatives in CJ236, single-stranded uracil-con-
taining DNA templates were isolated and annealed with one of the mutagenic
primers (Table 1); second-strand synthesis, transfection, and propagation of M13
derivatives have been described (9, 29).
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FIG. 1. The fepD-ybdA bidirectional transcription fusion vector and sequence of the transcriptional control region. (A) Structure of the
wild-type promoter construct, pFD43-1, with fepD fused to phoA and ybdA to lacZ. Abbreviations for the restriction enzymes used: B, BamHI;
Bn/Hc, Banl-Hincll hybrid site; He/B, Hincll-BamHI hybrid site; P, PstI; X, Xbal. Plasmid reporter genes are lacZ (B-galactosidase) and phoA
(alkaline phosphatase); bla is the selectable B-lactamase gene and serves as an internal standard for transcript quantitation. Arrows within
constructs designate the direction of the transcripts. (B) Sequence of the 329-bp region containing the promoter cassette used for mutagenesis,
nucleotide sequencing, and reporter gene analysis. The BamHI and PstI cloning sites are noted. Boxed sequences at the termini originate from the
vectors used in construction steps (see Materials and Methods). The boxes with dashed edges are from the M13mp19 polylinker, and the solid box
near the left end of the sequence is from the pCON4 vector. These sequences are represented by the black and gray boxes, respectively, in the
vector map in panel A (not to scale). Predicted overlapping primary 19-bp Fur-binding core sequences are identified and labeled FBS #1 and FBS
#2. Putative primary promoter elements (P1) for the fepD and ybdA genes are represented and labeled. The +1 primary transcriptional start sites
for ybdA and fepD are identified, and the curved arrows denote the direction of transcription. The proposed ATG translational start sites for both
the FepD and YbdA proteins and their predicted corresponding ribosome binding sequences are underlined. Nucleotides are numbered 5’ to 3’
from the BamHI site to the Pstl site.

Enzyme assays. Alkaline phosphatase (8) and B-galactosidase (39) activity
assays were performed on CC118 cells harboring the various fusion plasmids and
grown in low-iron or high-iron media, as described previously (29). The data
presented are averages obtained from multiple assays of fusion constructs per-
formed on the same day under identical conditions.

RNA isolation and transcript analyses. RNA isolation, phosphorylation of
primers, and primer extensions followed methods described previously (29, 44).
RNA was isolated from CC118 or CC117 cells harboring pFD43-1 or one of its
mutant derivatives, grown under iron-poor and iron-replete conditions. A fepD-
or ybdA-specific primer (Table 1) was end labeled with [y->?P]dATP (3,000 Ci/
mmol; New England Nuclear, Boston, Mass.), and 250 fmol was annealed to 40
g of total cellular RNA. Extension reactions were carried out using 10 to 22 U
of avian myeloblastosis virus reverse transcriptase (United States Biochemical)
per reaction. Quantitative comparison of the resultant extension products was made
possible by generating a primer extension product off the bla transcript from the
same plasmid using 250 fmol of the M8 primer (29) either in the same reactions
or, in some instances, separate but identical reactions. RNase protection assays

to detect chromosomally expressed fepD and ybdA transcripts were performed as
described elsewhere (29) using the Ambion RPAII kit (Ambion, Inc., Austin, Tex.).

Comparative quantitation of transcripts with a PhosphorImager. Undried
polyacrylamide-urea gels were wrapped and exposed to storage phosphor screens
(Eastman Kodak, Rochester, N.Y.). The relative intensities of the individual
bands were determined with ImageQuant version 3.0 software and a model 400A
PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). Each RNA sample
was normalized using the quantitated value of the internal bla standard. The
normalized wild-type-induced value for either the fepD or ybdA transcript was
arbitrarily set at 100%. All other transcript levels were then expressed as the
percentage of this value.

RESULTS

Identification of fepD and ybdA transcripts. Primer exten-
sion analysis of the transcripts encoding ferric enterobactin
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TABLE 1. Primers used in this study

Primer® Gene Sequence® Location (5'—3")"
m2 ferD 5'-GAT CTT ATT TGG ATG TGT TAG CAT GTG C-3' —-31——4
m3 fepD 5'-GCC TAA GAA TAG CAA TTT AAA ATA TTT G-3’ —2—+26
m4 P43 5'-GGA TAT GTT AGC ACG TGC AGC CTA AG-3’ —21—+5
m5 P43 5'-ATT AAT TAT CGT TGA CGA TCT TAT TTG G-3' —47—-20
m6 fepD-P43 5'-CTT ATT TGG ATA TGT TGG CAT GTG CAG CCT-3' —28—+2
m7 FBS 1 5'-ACG AAC TTC CAT TCG CCT GAA ATT AAT TAT CG-3' —68——37
m30 P43 5'-GGA TAT ATT AGC ATG TGC-3' —21——4
m31 fepD 5'-GGA TAT GTT AGT ATG TGC AGC-3’ —21--1
m32 ferD 5'-CGA ACT TCC CCG ATA ATG-3' —67—-50
m33°¢ fepD 5'-TAT CGT TAT GGG TCT TAT TTG GAT GTG TTA GCA TG-3' —41—--7
m34 P43 5'-GAA ATT AAT TAT CGT TGA CGA TCT TAT TTG G-3’ —50—-20
pel fepD 5'-GGC GCG TGT CAC GGC AAC-3’ —98——81
pe2 ferD 5'-CAG TAA TAA CAG CAA TCC G-3' —128—-110
pe3 P43 5'-CAA CAG GCT GAG GTT AAG-3’ —104——874
pe4 P43 5'-CAG CCA GGA TTG TTT ATT C-3' —86——68¢
M8 bla 5'-TGG GTG AGC AAA AAC AGG AAG G-3'

“ m designates the primers used for site-directed mutagenesis; pe represents the primers used for primer extension analysis; M8 represents the primer used to detect

the bla control transcript (29).

® The location of all of the primers relative to the P43 transcription start (Fig. 1) is given except where noted.
¢ Bases changed at the fepD P2 —35 element with primer m33 are also located in FBS 2. This primer also creates the same change in the fepD P1 promoter —10 region

as primer m2.

@ Primers designed for P43 transcript analysis are complementary to the P43 mRNA and are numbered relative to the fepD transcription start.

¢ Mismatched bases are underlined.

transport proteins revealed that the major transcription start
sites for the divergent fepDGC and ybdA promoters (50), now
designated fepD P1 and ybdA P1, are separated by only 23 bp
(Fig. 1), significantly more overlapping than the two other bi-
directional enterobactin promoter regions. The predicted pro-
moter elements for fepD PI and ybdA PI are shown in Fig. 1
and were assigned based on primer extension data (Fig. 2) and
spacing considerations from the known geometry of ¢’ pro-
moters (27). The ybdA PI promoter exhibits a ¢’°-like —10
region, 5'-TAgcAT-3’, that is conserved at four important po-
sitions of the hexamer (conserved bases shown in capital let-
ters). However, its proposed —35 region, 5'-TTatCg-3’, has
only weak similarity to the consensus. The sequence represent-
ing the fepD P1 —10 element, 5'-TAacAT-3', is also conserved
at four key sequence positions and overlaps the ybdA P1 —10
element at 2 nucleotides (nt), while the fepD PI —35 region,
5'-TacctA-3’, bears almost no resemblance to the consensus
sequence. The poor sequence conservation illustrated by both
—35 ¢”° recognition elements suggests that these promoters
are weaker than the consensus E. coli ¢’® promoter and may
require additional factors for maximal expression (27, 47).

Both the ybdA and the fepDGC transcripts were regulated
by iron availability (Fig. 2). The regulation was mediated by
the iron-binding Fur repressor protein, since there was no
difference in transcript levels in a fur null mutant grown under
low- or high-iron conditions (data not shown). Based on the
consensus 19-bp Fur-binding sequence (17), a strong “iron
box” (FBS 1), which might control iron-regulated expression of
both fepD P1 and ybdA P1 (Fig. 2), was identified just upstream
of the ybdA —35 element (50). A second, conserved, core
Fur-binding sequence (FBS 2) overlaps FBS 1 by 13 nt and is
thus positioned a half-turn of the helix downstream. By anal-
ogy to recent observations (21), this configuration could be
viewed as four contiguous units of the hexameric Fur-binding
motif 5'-NAT(A/T)AT-3".

Bidirectional transcriptional fusion constructs. Transcrip-
tion regulation within this promoter region was examined by
generating mutations in the proposed control elements and
analyzing their effects in two independent assays: (i) reporter
gene expression following ligation of this region into the dual
reporter and transcriptional fusion vector pUJ10 (15) and (ii)
direct measurement of transcript levels by primer extension
(Fig. 2). The plasmid pFD43-1 expressed appreciable alkaline
phosphatase activity from the fepD’-'phoA fusion gene but low
levels of B-galactosidase from the ybdA'-'lacZ fusion gene, and
both promoters were iron repressible (Table 2). In a Fur™
background, expression of either reporter enzyme was indis-
tinguishable after low- or high-iron growth (data not shown).
When the control region was reversed (pFD43-1R) and the
fepD promoter was now fused to lacZ, there were again low
levels of B-galactosidase activity, but the ybdA promoter (now
fused to phoA) produced significant levels of alkaline phospha-
tase. These data suggested that both promoters were func-
tional but that production of B-galactosidase from either fu-
sion transcript was inefficient in this vector system. This
difficulty may be attributable to the vector transcript sequence
just upstream of the lacZ start codon (present in all promoter
fusions using this vector). It is predicted to have the potential
of forming a stem-loop structure which (with some transcripts)
may effectively sequester the lacZ ribosome binding site, lead-
ing to poor translation initiation (data not shown). Several
other studies using this same and related vectors have reported
low levels of enzyme activity (3, 12, 19, 53). However, despite
the low B-galactosidase reporter activity in these constructs,
sequence modifications to the potential control elements led to
changes in these activity levels that were consistent with
changes in the actual transcript levels measured by primer
extension.

The primary transcripts from pFD43-1 detected by primer
extension (Fig. 2) corresponded to those identified previously
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FIG. 2. Transcripts originating from the fepD-ybdA bidirectional promoter region. (A) Sequence of the fepD-ybdA promoter region (extending
from bp 81 to 180 shown in Fig. 1). The predicted “iron box” sequence (50) is boldfaced and designated as FBS #1. Brackets delineate the extent
of the designated promoter regions, with corresponding —10 and —35 elements noted for each. The —10 TGn extensions for both P/ promoters
are not designated. The dominant transcriptional start sites are shown in boldface and are denoted by +1, and the direction of transcription is
indicated by the arrows alongside. (B) ybdA primer extension. Oligonucleotide pe4 (Table 1) was end labeled and used to map the ybdA tran-
scription start sites as described in Materials and Methods. T1 and T2 represent the transcripts corresponding to the ybdA P1 and P2 promoters,
respectively; bla represents the bla control transcript generated from the same RNA population with primer M8 (Table 1). The sequence ladder
was generated with the pe4 primer on double-stranded pFD43-1 DNA template and was run alongside the extension reactions to identify the 5’
ends of the transcripts, which are noted on the corresponding sequence alongside. Conditions for cell growth prior to RNA isolation, the plasmid
template for RNA expression, and primers used are given below the extension autoradiograms. Fe +, high iron; Fe —, low iron; pFD43-1, wild-type
fepD-P43 promoter region; pUJ10, vector control. Primers (Table 1): ybdA, pe4 primer; ybdA + bla, pe4 and M8 primers; bla, M8 primer alone.
(C) fepD primer extension. Oligonucleotide pe2 (Table 1) was used to map the fepD transcription start sites and generate the sequence markers.
T1 and T2 represent the transcripts corresponding to the fepD PI and P2 promoters, respectively, and bla represents the bla control transcript
generated on the same RNA with primer M8 (Table 1). Conditions and designations are as described for the ybdA4 data in panel B.

(50) for both the fepDGC operon and the ybdA gene. There
were additional extension products apparent from these reac-
tions, some of which represent transcripts from alternative
secondary promoters (ybdA P2 and fepD P2) that maintain
expression levels when the primary promoters are inactivated
by mutations. Primer extension and RNase protection reac-
tions detected the secondary transcripts expressed from the
chromosomal fepD and ybdA genes (data not shown), but they
were generally very weak, making it difficult to assess the con-
tributions of these potential promoters to the overall expres-
sion of these genes.

Promoter elements controlling the ybdA gene. Mutations
that altered the —10 region of the ybdA PI promoter (Fig. 3A,

pFD43-4 and pFD43-6) eliminated expression of the T1 tran-
script (Fig. 3B), confirming the role of this sequence in ybdA
expression. In the fusion vector (Table 2), ybdA'-'lacZ activity
was eliminated by these mutations, and in the opposite orien-
tation, ybdA'-'phoA activity was reduced to <5% (pFD43-2R
and pFD43-6R). A second transcript, T2, was weakly detect-
ed in RNA from pFD43-1 and became more prominent in
pFD43-4 (Fig. 3B). The transcriptional start site for the ybdA
P2 promoter is 5 bp upstream from that of ybd4 PI and
correlates with a reasonable —10 element (5'-TATgtT-3") but
again with a poor —35 sequence (5'-TTatCg-3"). The minor T2
transcript was detected at 1 to 5% of the level of T1 in these
constructs, which correlates with the low level of alkaline phos-
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TABLE 2. Reporter gene activities from dual
transcriptional fusion vector

Alkaline B-Galacto-
phosphatase sidase
Plasmid” Mutation” activity® activity®
+Fe —Fe +Fe —Fe

pUJ10¢ No insert 7 10 0 0
pFD43-1¢ Wild type 722 1,898 3 11
pFD43-2 fepD P1 —10 331 996 3 14
pFD43-4 ybdA PI —10 1,044 2,411 0 0
pFD43-6 Both —10 275 915 0 0
pFD43-30 ybdA PI “extended —10” 1,052 1,883 1 1
pFD43-31 fepD PI “extended —10” 341 793 5 20
pFD43-32  fepD P2 —10 1,402 2,518 4 11
pFD43-33  fepD PI —10 and P2 —35 98 143 2 4
pFD43-3 fepD P1 —35 (up) 6,162 8,773 6 11
pFD43-5 ybdA P1 —35 (up) 1,028 1,398 30 34
PFD43-34  ybdA P1 —35 (up) 1,222 1,644 36 57
pFDA43-7 FBS 1 2,730 3,347 15 28
pFD43-1R/  Wild type 582 1,550 5 21
pFD43-2R  ybdA P1 —10 23 43 6 27
pFD43-6R  Both —10 20 32 1 6

¢ Plasmids designated pFD43 contain the 327-bp fepD-ybdA control region in
the vector pUJ10, with fepD fused to phoA and ybdA fused to lacZ. The suffix -1
designates the wild-type control sequence. All other suffixes represent the cor-
responding mutants described in Fig. 3 to 5. The last three plasmids represent the
corresponding promoter fragments in the reverse orientation in pUJ10, with -1R
containing the wild-type sequence, -2R containing the -2 mutant sequence, and
-6R containing the -6 mutant sequence.

b Base substitutions for each mutation are described in the legends to Fig. 3 to
5.

¢ Activity is measured in Miller units.

@ There was no promoter for pUJ10 when alkaline phosphatase and B-galac-
tosidase activity was measured.

¢ For this group of plasmids, the promoter when alkaline phosphatase activity
was measured was fepD. The promoter when B-galactosidase activity was mea-
sured was ybdA.

/ For this group, the alkaline phosphatase and B-galactosidase promoters were
ybdA and fepD, respectively.

phatase expression when the two mutant promoters were fused
to phoA in pFD43-2R and pFD43-6R (Table 2). The mutation
in pFD43-2 (Fig. 3A) simultaneously eliminated ybdA P2 ex-
pression (Fig. 3B) and that of the opposing fepD PI promoter
(see below). The activity of ybdA P1 was enhanced significantly
(Fig. 3B).

Since the ybdA PI —35 element is poorly conserved, alter-
native control factors may be required for maximal ybdA Pl
expression. A mutagenic primer (Table 1, m5), designed to
make this promoter element more consensus, introduced the
desired base substitutions but simultaneously resulted in dele-
tion of the C residue at position 126. A second primer (Table
1, m34) introduced the desired G substitution at position 124
but deleted the T residue at 125. In both mutations, the —35
region was made more consensus (Fig. 3A, pFD43-5 and
pFD43-34), although the spacing between the —10 and —35
elements was reduced to 16 nt. However, ybdA T1 transcript
levels were increased 7-fold when iron was limiting and 12-fold
under repressing conditions (Fig. 3C). Expression of the ybdA'-
'lacZ fusion gene (Table 2) reflected these changes, with a 3-
to 5-fold increase in B-galactosidase activity under low-iron
conditions and a >10-fold increase when iron was sufficient.
This increase in expression under derepressing (low-iron) con-
ditions suggested an increased promoter affinity for RNA poly-
merase. However, the >10-fold increase in expression seen
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under normally repressing (high-iron) conditions suggested
that these mutations also resulted in a decreased ability of Fur
to control this promoter. Fur affinity measurements supported
this conclusion (Christoffersen and Mclntosh, unpublished
data). An additional mutation (pFD43-7), which disrupts 5 nt
within the first hexanucleotide motif in FBS 1(Fig. 3A), dereg-
ulated the expression of the T1 transcript (Fig. 3C) and ybdA'-
'lacZ expression (Table 2) and also enhanced promoter activ-
ity, although not to the levels seen with mutations 5 and 34.

An additional feature of the ybd4 P1 promoter: evidence for
an extended —10 binding element. A subset of o’°-dependent
promoters with poor —35 recognition regions is characterized
by a —10 region that is extended immediately upstream by a
5'-TGn-3" motif as an additional sequence element required
for maximal promoter activity (31, 33, 55). In effect, the TGn
motif provides an additional contact for RNA polymerase (10,
31) and serves as a replacement element for the absent or poor
—35 recognition region. This class of promoters may also re-
quire a positive activator (31, 33, 45). It has been suggested
that the positive activator stimulates closer contact between
RNA polymerase, the TGn motif, and the —10 promoter ele-
ment, thus eliminating the need for the initial —35 recognition
region (10, 33).

The mutation in pFD43-30 altered the TGn sequence of the
ybdA PI promoter and almost eliminated T1 transcript levels
(Fig. 3B) as well as B-galactosidase activity from the ybdA'-
'lacZ fusion (Table 2). The ybdA P2 promoter was strength-
ened by the alteration of this TGn element (Fig. 3A), and T2
transcript levels increased (Fig. 3B).

Promoter elements controlling expression of the fepDGC
operon. The mutation in pFD43-2 was targeted to the —10
region of the fepD PI1 promoter, while that in pFD43-6 simul-
taneously changed the —10 regions of both the fepD and ybdA
PI promoters (Fig. 4A). In both mutations, the fepD T1 tran-
script was not detected (Fig. 4B), but fepD’-'phoA expression
was reduced by only 50% (Table 2). A second transcript, fepD
T2, which was expressed at levels equivalent to those for T1 in
the wild-type construct pFD43-1 (Fig. 4B), was not affected by
these mutations. The 5" end of the fepD T2 transcript is 42 bp
downstream of the fepD T1 +1, with a promoter that is rep-
resented by 5'-TATcAT-3" as the —10 element and 5'-TcGA
tA-3" as the —35 region (Fig. 4A). To examine the contribution
of the T2 transcript to expression of fepDGC, a mutation that
changed the —10 region of the fepD P2 promoter (pFD43-32)
was constructed (Fig. 4A) and resulted in a fivefold decrease of
T2 transcript expression (Fig. 4B and C). However, alkaline
phosphatase levels from fepD’-'phoA increased (Table 2) due
to a significant rise in fepD T1 transcript levels (Fig. 4B and
C); under high-iron conditions the effect was more pro-
nounced, resulting in a decrease in iron regulation. The se-
quences changed with the pFD43-32 mutation are adjacent to
the predicted Fur-binding region and may have reduced its
binding affinity, causing a reduction in repression capability
(Christoffersen and Mclntosh, unpublished). Another muta-
tion (pFD43-33), constructed to change both the fepD P2 —35
and fepD PI —10 elements, resulted in severe reduction of
fepD'-'phoA expression (Table 2) and of both T1 and T2 tran-
scripts (Fig. 4B and C).

The fepD P1 promoter is also characterized by a TGn motif
immediately upstream of its —10 element. When this sequence
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FIG. 3. Primer extension of ybdA promoter mutants. (A) Nucleotide sequence of wild-type and mutant ybdA4 promoters (only the relevant
strand is shown). Promoters are identified as in Fig. 2. Nucleotides underlined represent those altered by site-directed mutagenesis using “m”
primers (Table 1). The corresponding arrow points from the wild-type bases to the altered bases, followed by the identification number in
parentheses, which corresponds to the number after “pFD43” in panels B and C and Table 2. The number in parentheses corresponds as well to
the primer number in Table 1. (B and C) Primer extension analysis of mRNA expressed from wild-type and mutant promoters. Primer pe4 was
used in extension reactions with mRNA from pFD43-1 and from the designated mutant derivatives, as described in Materials and Methods. Only
the relevant portions of the autoradiograms are shown. The sequencing ladder was generated with primer pe4 and pFD43-1 as templates. RNA
preparations from high-iron (+) and low-iron (—) cultures are designated as in Fig. 2. As shown in panel C, extension products for pFD43-34 were
analyzed on the same gel but were separated from the other preparations shown.

was changed (pFD43-31), fepD'-'phoA expression was reduced
by 50%, reflecting a significant decrease in fepD T1 transcript
levels, with no obvious effects on fepD T2 transcript levels (Fig.
4B and C).

As with the ybdA PI promoter, a mutation (pFD43-3) was
generated in the fepD PI promoter —35 element to increase
the consensus of this region (Fig. 5A). The mutation strongly
enhanced expression of the fepD T1 transcript (Fig. 5B and
C) and resulted in a sharp increase in fepD'-'phoA levels (Ta-
ble 2). The fepD T2 transcript was repressed (Fig. 5B and
C), probably a direct result of the increased fepD P1 promoter
strength. Expression from the pFD43-3 promoter also was
deregulated, even though the fepD PI —35 sequence changed
is some distance from the Fur-binding operator region. The
Fur operator mutation (pFD43-7) deregulated expression of
the T1 transcript (Fig. 5B and C) and of phoA (Table 2) but
also eliminated expression from fepD P2, since it altered its
—10 promoter element (Fig. SA).

The pFD43-3-enhanced P/ promoter mutation resulted in
increased expression of a new transcript, T3, located 21 bp
upstream of the fepD T1 transcript start site. The T3 transcript
was weakly detected in primer extension reactions with the
wild-type template (Fig. 2C and 5B). The predicted P3 pro-
moter elements are well conserved (—10, 5'-TATtcT-3'; and
=35, 5'-TTGcCA-3"). The strength of the P3 promoter ele-
ments suggested that the limited expression of a T3 transcript
from the wild-type promoter sequences reflected a repression
of the potential fepD P3 promoter by elements of the P pro-
moter. Since the wild-type fepD P1 —35 promoter element is

very weak, an alternative activator binding in this region might
explain the repression of P3. This mutation also creates an
extended —10 motif for the P3 promoter. Thus, although the
P3 promoter already has strong similarity to o’° consensus
determinants, this new TGn extension might account for in-
creased P3 transcriptional activity by allowing it to better com-
pete for RNA polymerase.

The mutations in pFD43-5 and pFD43-34, which enhanced
the ybdA P1 —35 element, simultaneously changed the fepD P2
—35 element (Fig. SA). However, neither mutation made this
hexameric sequence any less consensus. Primer extension
products (Fig. 5B and C) for fepD P1 (which reflect the 1-nt
deletion generated in these mutations) and P2, as well as re-
porter gene activity (Table 2), suggest a slight reduction in
transcriptional expression, probably due to the competition
with the stronger ybdA P1 promoter. Under these conditions,
the transcript from the fepD P3 promoter is more obvious.
Regulation is also affected because these mutations alter Fur-
binding affinity (Christoffersen and McIntosh, unpublished).

DISCUSSION

The ferric enterobactin gene island incorporates three dif-
ferent bidirectional promoter structures and regulatory strat-
egies to link iron-responsive control by the Fur repressor to the
variable expression of six transcripts encoding various trans-
port or siderophore biosynthesis gene groups. The back-to-
back promoters between fepB and entC are sufficiently sepa-
rated such that each is controlled more or less independently
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FIG. 4. Primer extension analysis of the fepD promoter mutants. (A) Nucleotide sequence of the fepD promoter region (note that the sequence
polarity is 5" — 3’ from the right). The fepD PI and P2 promoters are designated as in Fig. 2. Mutational alterations are designated as described
in Fig. 3. (B) Primer extension of mRNA expressed from wild-type and mutant promoters. Primer pe2 was used in extension reactions with mRNA
from pFD43-1 and from designated mutant derivatives, as described in Materials and Methods. Only the regions of the autoradiograms around
T1 and T2 are shown. The fepD transcript mapping was performed independently of the bla control since the extension product with the bla-specific
primer was similar in size to the fepD T1 transcripts. bla control transcripts were identified from separate reactions using the same mRNA
populations, were separated on the same gel, and are presented above the extension reactions. RNA preparations from high-iron (+) and low-iron
(—) cultures are designated below each lane. (C) Comparative effects of the mutations on both fepD transcripts. The bar graph depicts the relative
contributions from the two fepD transcripts (T1 and T2), quantitated from primer extension gels by PhosphorImager analysis (as described in
Materials and Methods) relative to the normalized bla transcript control from the same RNA samples. Data are presented for each designated
clone as percentages of the induced levels of the wild-type fepD T1 transcript, arbitrarily defined as 100%. T1 and T2 represent the fepD transcripts
derived from the fepD PI and P2 promoters, respectively. Black bars represent repressed high iron (+ Fe) levels, while empty bars represent the

induced (—Fe) condition.

by its interactions with Fur and the transcribing polymerase
(9). The promoter for fes and the primary promoter for fepA
are positioned such that the —35 element for one promoter
slightly overlaps the —10 element of the opposing promoter,
and Fur then occupies the sequences between both elements of
both promoters, allowing coincidental repression of both pro-
moters by competition between Fur and RNA polymerase for
access to these sequences (29). Mutations which reduced the
strength of fepA PI increased expression of the fes promoter by
10 to 20% under both low- and high-iron conditions but did not
alter the regulation pattern. When both fep4 promoters were
inactivated, however, there was no increase in fes expression,
and Fur exhibited a stronger repression of the fes promoter
(29). In contrast, when the fes promoter was eliminated, tran-
scription from fepA PI1 was strongly enhanced (T. Morris, un-
published data) and no longer responded to iron regulation
(29).

The tightly overlapping promoters between fepD and ybdA
are influenced significantly by the expression levels of the op-
posing promoters, and iron regulation is imposed by the Fur
repressor interacting at a site that is not symmetrically posi-
tioned relative to the primary promoters. For each of the
promoter mutations generated in the compact fepD-ybdA con-

trol region, transcripts from the opposing promoter were an-
alyzed to assess the regulatory effects on expression levels.
Mutations at either primary P/ promoter generally had a re-
ciprocal effect on the opposing primary PI promoter (Fig. 6).
Promoter down-mutations at the fepD PI promoter (pFD43-2
and pFD43-31) or at the ybdA P1 promoter (pFD43-4 and
pFD43-30) resulted in increased expression from the opposing
P1 promoter. Transcript levels were repressed from either
PI promoter when the opposing promoter was strengthened
by mutation (e.g., pFD43-5 and pFD43-34 at ybd4 PI and
pFD43-3 at fepD PI). These data indicate that RNA polymer-
ase occupancy of or activity at the opposing promoter is a
significant component of the regulatory mechanism for both
fepD P1 and ybdA P1 promoters. The Fur operator mutation
(pFD43-7) removes a repressing effect to both P/ promoters.
The result was a fourfold increase in transcript levels under
high-iron conditions, when Fur-Fe(II) would frequently occupy
its binding site, and a 25 to 50% increase in expression under
iron-limited conditions, when Fur-Fe(II) would only rarely oc-
cupy this site.

While these data support the interpretation that the oppos-
ing promoters are competitive, the mutations may also have
affected proximal sequences in this compact control region to
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FIG. 5. Transcript analysis of the fepD promoter-operator mutants. All components are configured and labeled as described in the legend to
Fig. 4. The promoter elements for the fepD P3 promoter (A), which were mapped according to the newly identified T3 transcript from pFD43-3
(B), are denoted by dotted overlines, and the relevant + 1 site is identified. (C) T1 and T2 represent the fepD transcripts derived from the fepD
PI and P2 promoters, respectively. Black bars represent repressed high iron levels, while empty bars represent the induced (— Fe) condition.

produce unexpected changes in promoter activity (23). For
example, although both mutations at the ybd4 PI —10 region
(pFD43-4 and pFD43-30) led to increased fepD P1 expression,
there was a significantly smaller increase in expression with
pFD43-30. This may be explained by the fact that although
ybdA P1 was eliminated, pFD43-30 inadvertently strengthened
the ybdA P2 promoter, which is also positioned to compete
directly with fepD P1I.

The mutational analysis in these experiments was compli-
cated by the observation that both the fepDGC operon and
ybdA can be expressed from either of two promoters, an ob-
servation based on multicopy reporter gene analyses and prim-
er extension from plasmid-encoded mRNAs. The roles of
these secondary promoters for expression from the single-copy
chromosomal genes and the growth conditions under which
they may be optionally expressed have not been defined. Anal-
ysis of the chromosomally encoded fepD and ybdA transcripts
by primer extension and RNase protection proved difficult due
to their weak expression; the corresponding mRNA levels are
significantly lower than those for the other four enterobactin
transcripts. Similarly low expression levels have been described
for other hydrophobic cytoplasmic membrane-associated pro-
teins within analogous permease systems (2). For the ybdA
gene, detection of the T2 transcript was very weak among
various RNA preparations, suggesting that it at best represents
only a minor component of ybdA gene expression. RNase pro-
tection analysis (data not shown) consistently detected both
fepD transcripts, although in chromosome-encoded RNA
preparations, fepD T1 was more strongly expressed than fepD
T2. The almost equal expression levels of these two transcripts
in plasmid-derived mRNA populations may indicate that the

fepD P2 promoter is more competitive in the multicopy situa-
tion (54).

The fepD P2 promoter contributes significantly to fepD tran-
script expression in these experiments, but it overlaps the ybdA
P1 promoter only minimally. Mutations which alter fepD P2
had variable effects on expression of ybdA. When the fepD P2
—10 was inactivated (pFD43-32), expression from the up-
stream fepD P1 promoter was enhanced and somewhat dereg-
ulated (Fig. 6). There was a corresponding fourfold decrease in
ybdA PI transcript levels; this could be interpreted to result
from increased competition from the opposing fepD P1 pro-
moter. However, this mutation also enhanced ybdA P2 expres-
sion levels by four- to fivefold and resulted in normal B-galac-
tosidase levels from the fusion construct (Table 2). Since ybdA
P2 also strongly overlaps fepD P1I, it is not clear how it could
escape the repressive effects of an enhanced fepD PI. The
variable effects on the two tandem ybdA promoters is reminis-
cent of the regulatory configuration of the gal P1 and P2 pro-
moters, where cyclic AMP-catabolite gene activator protein
coordinately represses P2 and activates P/ (1). In such a com-
parison, the site that the pFD43-32 mutation altered would be
required for full ybdA PI expression through the binding of an
activator and would simultaneously repress ybdA P2. Coinci-
dentally, the gal promoters also belong to the “extended —10”
class (45).

The mutations in pFD43-33 were constructed to remove
both fepD promoters by combining the fepD PI —10 mutation
(same as pFD43-2) with a fepD P2 —35 mutation. Since the
pFD43-2 mutation at fepD PI led to an increase in ybdA Pl
activity, it was anticipated that removal of both opposing pro-
moters might enhance ybdA PI even more. However, its activ-
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FIG. 6. Comparative effects of promoter mutations on the opposing transcripts, with quantitative comparison between the ybdA4 and fepD T1
transcripts expressed from the wild-type and mutant promoter-operator regions. Quantitation was achieved by comparison to the normalized bla
transcript within each RNA preparation (as described in Materials and Methods). Data are presented as the percentage of induced wild-type
expression of the ybdA T1 transcript (A) or the fepD T1 transcript (B). Black bars represent high-iron conditions, while empty bars represent
low-iron culture conditions. In both cases, the diamond is used to represent a 150-U break in the bar graphs. The different clones, no. 1 to 7 and
30 to 34, are presented under the column “Clone #.” The 1 and | designate the mutant as one in which the consensus of the corresponding

promoter region was increased and decreased, respectively.

ity was strongly reduced in this mutant (Fig. 6; Table 2). The
mutation contains two base substitutions in the ybdA4 Pl —35
region, which suggests that although this region does not con-
form to a o’%-type —35 promoter element, it must be impor-
tant for ybdA PI expression.

The fepD T2 transcript has its +1 initiation site located
between the fepD ribosome binding sequence and its ATG
translational start site (Fig. 1 and 2A). While this might suggest
reduced translational efficiency of the FepD polypeptide, there
are several examples of transcripts which initiate near the
translational start codon and do not have typical ribosome
binding sequences and have been shown to produce full-length
products (35, 36, 48). The possibility that fepD T2 produces a
functional FepD translational product remains to be deter-
mined.

The most striking characteristic of the fepD and ybdA pro-
moters is their weak resemblance to the o’® consensus se-
quences. The varying degrees of consensus encountered with
E. coli promoters (well conserved to poorly conserved) have
been shown by in vitro expression assays to parallel the initi-
ation frequencies seen at those promoters (28, 31, 38, 46).
Although no natural E. coli promoters have been found with
a perfect consensus, promoter function is optimized in vivo
through the productive interactions between RNA polymerase,
regulatory proteins, and the promoter DNA sequences to
which they bind (28, 38). With many positively regulated genes,
the promoter sequences are not well conserved, yet expression
is efficient in the presence of their activators (18, 46, 47). In
those promoters which are represented by poor sequence con-
servation at the —35 element, stability of contacts between
promoter elements and RNA polymerase can be provided by
productive interactions with a positive regulatory protein or by
additional promoter sequence elements, such as an extension

of the —10 region. A 5'-TGn-3’ motif immediately upstream of
the —10 element has been suggested to provide missing con-
tract points required for productive transcription in the ab-
sence of a typical —35 element (31, 46). With a well-conserved
—35 promoter element, the TGn motif serves a minor role (31,
33). The significance of the TGn motif has been defined in
several promoters (7, 31, 32, 45).

Neither the fepD nor the ybdA promoter is conserved at the
—35 element, suggesting that transcription from these regions
is inherently weak or must rely on alternate control mecha-
nisms that might include activator proteins (46) or additional
promoter elements to optimize activity. Mutational analysis
provided strong evidence that both the fepD PI and ybdA Pl
promoters are representatives of the extended —10 class of
promoters. Without the TGn motif, expression was strongly
reduced from either promoter. When the —35 element from
either the fepD PI or ybdA P1 promoter was made more con-
sensus, expression was five- to sixfold higher than with the
wild-type promoter. Although the TGn extension was not re-
moved from these enhanced promoters, it was likely not a
factor in the increased activity (31, 33).

Evidence has also suggested that the TGn extension is rarely
the sole adjunct to the —10 element when there is poor con-
servation at the —35 element (31, 33). For the majority of these
promoters, an activator has been implicated as essential for
adequate transcriptional activity (31, 45). While this study does
not directly address whether fepD P1 or ybdA PI activities are
enhanced by such regulators, observations with several of the
mutant promoters provide some initial evidence that activation
may play a role. Mutations 32 and 33, which inactivated the
fepD promoters, were expected to enhance ybdA promoter
activity but instead led to repressive effects, an observation
consistent with an additional regulatory factor that is affected
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by these changes. The pFD43-3 mutation created a well-con-
served fepD PI —35 element and resulted in increased fepD
expression. However, coincident with this increase was the
appearance of a new transcript, T3, which maps to a well-
conserved promoter upstream of fepD PI. If it is assumed that,
in the absence of a —35 element, an activator protein binds
around the —35 region and that the pFD43-3 mutation re-
sulted in the independence of fepD PI from activator-mediated
expression, then the data suggest that fepD T3 expression is
normally repressed by the activator required for expression of
fepD P1. In the TGn-dependent NP, promoter, it has been
shown that conversion of either of the promoter elements to
consensus results in independence from activator function
(31). Since fepD PI in pFD43-3 has a well conserved —35
element, if the requirement for an activator was abolished, the
highly competitive promoter elements for fepD P3 might be
uncovered.

The detailed investigation of the fepD-ybdA bidirectional
promoter region presented in this study has revealed a regu-
latory architecture unique among the three enterobactin diver-
gent control regions. Promoter sequences are weak renditions
of typical E. coli counterparts and rely on additional features
for optimal activity. The strength of these promoters has a
considerable impact on the ability of Fur to regulate their
expression. Furthermore, there is a tight correlation between
the position of the Fur-binding sequences within this region
and the relative promoter strengths, such that alteration of
either the affinity for Fur or of the ability of RNA polymerase
to function at these promoters has an important impact on the
regulatory responses of these promoters. As was postulated in
an earlier study (50) and confirmed by binding measurements
(Christoffersen and McIntosh, unpublished), the overall regu-
lation of this divergent promoter-operator region is deter-
mined by the strength of the opposing promoters and the
location and affinity of the Fur-binding operator sequence.
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