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The iron-dependent transcriptional regulator DtxR from Corynebacterium diphtheriae is the prototype for a
family of metal-dependent regulators found in diverse bacterial species. The structure of DtxR and its action
as a repressor have been extensively characterized, but little is known about expression of dzxR. In the current
study, we investigated transcription of dtxR as well as the sigB and galE genes located immediately upstream
and downstream from dtxR, respectively. We identified two promoters that determine transcription of dtxR. The
first, located upstream of sigB, appears to be controlled by an extracytoplasmic function o factor. The second,
located in the intergenic region between sigB and dtxR, is similar to promoters used by the primary vegetative
o factors in other actinomycete species. Using quantitative real-time assays, we demonstrated that the number
of transcripts initiated upstream from sigB is affected by several environmental factors. In contrast, the
presence of sodium dodecyl sulfate was the only factor tested that conclusively affects the number of transcripts
initiated in the sigB-dfxR intergenic region. Additionally, we provided evidence for the existence of transcripts
that contain sigB, dixR, and galE. Our studies provide the first quantitative transcriptional analysis of a gene

encoding a DtxR family regulator and give new insights into transcriptional regulation in C. diphtheriae.

Transcriptional regulators in the diphtheria toxin repressor
(DtxR) family control gene expression in response to changes
in the concentration of iron and/or manganese in a wide variety
of bacterial species (2, 3, 16, 19, 21, 25, 54, 55). DtxR-like
proteins are the predominant iron-dependent regulators in
many acid-fast and gram-positive species, whereas the ferric
uptake regulator (Fur) is the primary iron-dependent regulator
in most gram-negative bacteria (18a). DtxR, the prototype of
the family, is best characterized as a regulator that controls
transcription of fox, the gene encoding diphtheria toxin in
lysogenic strains of Corynebacterium diphtheriae (22). In its
dimeric iron-bound form, holo-DtxR binds to an operator se-
quence within the fox promoter and prevents transcription of
tox. In the apo form without bound iron, DtxR is unable to
bind its cognate operator sequence, repression is relieved, and
transcription of fox proceeds. In addition to controlling expres-
sion of fox, holo-DtxR represses transcription of several other
genes, most of which are involved in iron uptake and utilization
(27, 28, 43, 50, 56). In Mycobacterium species, the DtxR ho-
mologue IdeR acts to repress transcription of some genes
involved in iron homeostasis and to activate transcription of
others (9, 15, 46). The gene encoding DtxR can be inactivated
in C. diphtheriae, but the resulting strain has a significant
growth defect and is more sensitive to oxidative stress than its
wild-type parent (40). Inactivating the gene encoding IdeR in
Mycobacterium smegmatis causes a similar phenotype of in-
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creased sensitivity to oxidative stress (8), but in Mycobacterium
tuberculosis ideR is essential for viability (47). Clearly, DtxR-
like proteins are versatile transcriptional regulators that are
often required for vital cellular functions.

The DNA binding activity, metal specificity, and physical
structure of DtxR have been well characterized. DtxR binds as
a dimer to palindromic 19-bp DNA operator sequences within
the promoters of the genes that it regulates (51, 59, 60). Tran-
scriptional regulation by DtxR in vivo is observed in response
to changing iron concentrations, but sequence-specific binding
of DtxR to DNA in vitro can be activated by other divalent
transition metals, including cadmium, cobalt, manganese,
nickel, and zinc (51, 53, 59). Extensive crystallographic studies
have shown that DtxR has three domains (12, 45, 49). Amino
acids 1 to 73 form domain 1, which contains a classical helix-
turn-helix DNA-binding motif. Domain 2 (amino acids 74 to
140) determines dimerization of DtxR and contains the bind-
ing sites for two Fe*" ions per monomer. The final 86 amino
acids of DtxR (residues 141 to 226) comprise domain 3, which
contributes ligands to one of the metal binding sites and has
topology similar to the SH3 domains found in some eukaryotic
signal transduction proteins (44). The first two domains of
DtxR are essential for DtxR to function as a transcriptional
repressor, while domain 3 is thought to modulate the activity of
DtxR at individual promoters (30, 41).

While much research has focused on characterizing the
structure and function of DtxR as a transcriptional regulator,
little is known about the expression of dtxR. Analysis of RNA
isolated from C. diphtheriae showed that the abundance of dixR
transcripts is much less than the abundance of fox transcripts
under low-iron conditions, and the prevalence of dxR tran-
scripts is not affected by the amount of iron in the growth
medium (52). This correlates well with the observation that the
levels of DtxR in C. diphtheriae are not influenced by available
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iron (40). Quantitative analysis shows that C. diphtheriae con-
tains approximately 750 dimers of DtxR per cell under both
high- and low-iron conditions (39). The C. diphtheriae genome
sequence reveals that dixR is located 224 bp downstream from
sigB, which is predicted to encode a sigma factor with homol-
ogy to o’%-type factors, and 22 bp upstream from galE, which
is predicted to encode a UDP-galactose 4-epimerase (4). Pre-
viously we reported preliminary evidence indicating that sigB
and dixR as well as dtxR and galE are cotranscribed (40).

The genetic organization of sigB and dtxR in C. diphtheriae is
very similar to that in several other actinomycete species in-
cluding M. tuberculosis (6) and Brevibacterium lactofermentum
(37). In M. tuberculosis, B. lactofermentum, and Brevibacterium
flavum, sigB is transcribed from a promoter located approxi-
mately 25 bp upstream from the coding sequence, and several
environmental stress conditions have been shown to affect ex-
pression of sigB in these species (17, 23, 37, 38). In addition, in
C. diphtheriae and B. lactofermentum, a galE homologue is
located immediately downstream from dtxR. The transcripts
encoding all three genes in this locus were examined in B.
lactofermentum, using Northern blot assays. Two sigB-contain-
ing transcripts were identified; one includes only sigB and the
other contains sigB as well as a portion of the dtxR homologue
dmdR. Similarly, the complete dmdR gene is encoded on two
different transcripts: one contains only dmdR and the other
includes both dmdR and galE (36).

Although the activity of DtxR has been studied by many
researchers, the transcription of d&xR and contiguous genes has
not been investigated in C. diphtheriae. In the present study, we
investigated the transcriptional regulation of the genes in the
dixR locus with the goals of understanding better the mecha-
nisms of transcriptional regulation in C. diphtheriae and the
role of DtxR in the pathogenesis of diphtheria. We showed
that the promoter located upstream from sigB functions in
C. diphtheriae but not in Escherichia coli, clearly indicating a
role for species-specific factors in the regulation of tran-
scription in C. diphtheriae. Furthermore, we demonstrated
that transcription at the d&xR locus is affected by environ-
mental factors and that dtxR can be cotranscribed with the
genes that surround it. Transcription of dxR is a complex
and multifaceted process that is controlled both by DNA
regulatory elements that exert their effects in cis and by
soluble regulatory factors that exert their effects in trans.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions. The toxigenic C. diphtheriae
strain C7(B) (1) was isolated after B phage infection of strain C7(—) (13) and has
been used extensively for experimental work since the 1950s. E. coli DHS5a
(Bethesda Research Laboratories, Gaithersburg, Md.) was used as a host for
cloning and B-galactosidase assays. C. diphtheriae strains were cultivated in PGT,
which is a deferrated casein hydrolysate medium (1) or heart infusion broth
(BD-Difco, Franklin Lakes, NJ) supplemented with 0.2% Tween 20 (HIBTW).
E. coli strains were cultivated in Luria-Bertani broth (33). Kanamycin was added
at a concentration of 20 pg/ml and spectinomycin was added at a concentration
of 100 pg/ml for C. diphtheriae. Ampicillin was added at a concentration of 100
png/ml for E. coli. Medium was deferrated by adding 15 g/liter Chelex-100 (Bio-
Rad, Hercules, CA) and mixing it for 2 h followed by filter sterilization.

Construction of AdtxR. First, to eliminate Pstl sites in the vector portion of the
dixR-containing plasmid pMS297, the 1,533-bp EcoRI-to-BamHI fragment
which contains dtxR (54) was ligated to pBluescript IT KS (Stratagene, La Jolla,
CA) digested with EcoRI and BamHI to construct pMS297.1. Next pMS297.1
was used as a template in PCR with the primers M13-20 and dtxR1CBE to
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generate a 671-bp product with a unique PstI recognition site introduced by the
primer dtxR1CBE as well as the site for BamHI. The PCR fragment was digested
with Pstl and BamHI and ligated to the 3,635-bp PstI-to-BamHI fragment of
pMS297.1 to construct pCB300. The plasmid pCB300 contains a deletion within
dixR, but the reading frame is shifted +1 from the original d&xR reading frame.
To return the gene to its original reading frame, pCB300 was digested with PstI
followed by treatment with T4 DNA polymerase to remove the 3’ single-stranded
nucleotide overhangs, resulting in the deletion of 4 bp. The molecule was reli-
gated to construct pCB300IN, and DNA sequencing was used to confirm the
expected DNA sequence within the region encoding the deleted form of dixR.
The plasmid pCB300IN contains a deletion within dtxR that maintains the orig-
inal reading frame. The restriction enzymes EcoRI and Xbal were used to digest
pCB300IN, and the 1,284-bp fragment containing the deleted version of dtxR was
ligated to the identically digested vector pKl9mobsacB (48) to produce
pCB301IN. The plasmid pCB301IN contains an RP4 origin of transfer and was
transformed into RP4-mobilizing E. coli S17-1 (58).

Mating of E. coli and C. diphtheriae was performed as described in reference
61 with slight modifications. S17-1/pCB303IN and C. diphtheriae C7(B) were
grown overnight, and the cultures were concentrated 10-fold in sterile medium.
One-hundred-microliter aliquots of each concentrated sample were spread to-
gether on heart infusion agar plates and incubated at 30°C for 16 h. Corynebac-
terial cointegrates were isolated by plating bacteria scraped from the conjugation
plate on heart infusion agar plates supplemented with 30 wg/ml nalidixic acid and
10 wg/ml kanamycin. To resolve the cointegrates, single kanamycin-resistant
colonies were picked and grown overnight at 37°C in PGT plus 50 pg/ml ethyl-
enediamine-N,N-diacetic acid (EDDA), and then 100 pl of the overnight culture
was plated on heart infusion agar plus 15% sucrose and 10 wg/ml EDDA. The
agar plates were incubated at 37°C overnight, and sucrose-resistant colonies were
screened for sensitivity to kanamycin (to confirm loss of the integrated plasmid).
Finally, the primers dtxRcrl and dtxRA3 were used in PCR to screen for the
subset of colonies in which loss of the integrated plasmid was accompanied by
substitution of a deleted copy of dtxR for the wild-type dixR allele in the chro-
mosome. The nucleotide sequence of the deleted copy of dixR (AdtxR) in the
chromosome of C7(B) was confirmed by DNA sequencing.

Growth rate determinations. The growth rates for selected strains of C. diph-
theriae were determined in PGT medium, PGT medium plus 10 mM FeCl;, and
HIBTW medium. Strains were inoculated to an absorbance at 600 nm (A4,) of
approximately 0.1. The cultures were incubated at 37°C with shaking, and the
Agoo was monitored for 8 to 15 h or until the cells entered stationary phase. The
growth rate of each strain during log phase was determined and compared to that
of wild-type C7(B).

Measurement of diphtheria toxin and siderophore. Diphtheria toxin in the
supernatant of cultures was determined by using the enzyme-linked immunosor-
bent assay described previously (40). Siderophore was detected in culture super-
natants using a slightly modified version of the CAS assay described previously
(40). The CAS assay was adapted so that reactions could be performed in 96-well
microtiter plates by altering the total volume of each sample from 1 ml to 0.2 ml.
The absorbances of the reaction mixtures were then read in a microplate reader
at a wavelength of 630 nm.

Resistance to killing by hydrogen peroxide. Resistance to killing by hydrogen
peroxide, H,0,, was assayed as described previously (40). Briefly, in the zone of
inhibition assay we measured the diameters of the zones of inhibition of bacterial
growth produced when 20 pl of 1 M H,O, was applied to 0.6-cm-diameter paper
disks in the centers of plates containing heart infusion agar and lawns of various
strains of C. diphtheriae.

In the percent killing assay cultures were grown in PGT until the absorbance
of the culture measured at 600 nm was between 0.5 and 0.8, at which time H,O,
was added to the growth medium at a final concentration of 50 mM and the
cultures were then incubated for an additional 30 min. Viable counts from each
culture were then determined by plating dilutions of the culture onto heart
infusion agar.

Construction of reporter plasmids and 3-galactosidase assays. The expression
vector pSPZ that was used to determine B-galactosidase activity encoded by a
lacZ reporter gene in C. diphtheriae was constructed by ligating the 1.2-kb
Fspl-to-Nsil fragment of pJKS1 (40) to the 7.7-kb Nsil to Nrul fragment of
pKMZ (Y. Qian and R. K. Holmes, unpublished data). This fragment of pKMZ
contained transcriptional terminators and the promoterless lacZ gene from pCM502
(50) as well as the stable replication origin of pNG2 (57). The plasmid pSPZ encodes
resistance to spectinomycin. To construct the promoter fusion plasmids used in Fig.
4, the following DNA fragments were cloned into either pSPZ (for assays in C.
diphtheriae) or pQF50 (for assays in E. coli): dtxRUP, generated by PCR am-
plifying a region containing the 5’ end of dtxR and a portion of sigB with the
primers dtxRPE1 and dtxRH3 (the sequences of all primers are shown in
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TABLE 1. Primers and probes

Name Sequence, 5’ to 3’

Binding site and/or purpose Reference or source”

Primers for cloning,
screening, and
primer extension

dtxR1 TAAAGCGCATGCTTAGATATGCC
dtxR2 CTAGCATGCAACAAGAAAACG
dtxRA3 CAGACACTTCCTACGTATCCGGC
dtxR1CBE GCCTGCAGCGCAAAGTACGC
dtxRerl GTCGATACCACCGAGATGTA
dtxRH3 GAGCAGGTAAACAAGCTTTCTCG
dtxRPE1 GCAAGTAAAGCTTTGTGGTATCG
dtxRPE2 CCTTATAGTGCCATGGAGACTG
kntsprev GGTGATCAATTCCTATCAATC
lacZ2 GGAAGCAGCCCAGTAGTAGGTTG
M13-20 GTAAAACGACGGCCAGT
MCS3 AACTCGGCGTAGGCAATT
MS5 AGAACAGTCGACCAGACACTTCCTA
Qflac CGGCCAGTGAATCCGAATTCCCTTTC
sigBPE3 CCGCGGTCGACGGTCTCCGTGG
sigBPEBam GTGGATGGATCCACGTCGGAAGGGC
sigBXhol CGGACTGCGATCTCGAGGAAT
Primers and probes
for qPCR
dtxR-Afor CGTCAATTTGGACTGTCTCG
dtxR-Arev AAGCAAACGCTTTATTGTGC
dtxR-Aprobe AGAGTTCGCCAAATTGAACG
dtxR-Bfor CCAGCACACAACAGTCTCCA
dtxR-Brev CAGATTGTTCCAGACGCTCA
dtxR-Bprobe CTCTTCGCGCTAGGATCG
galElfor CACACTATTCGTATCGAAGAACTC
galElrev GGAACAGACACTTCCTACGTATCC
galElprobe AGGCGGCGAAATTAGATGAAAC
galE2for CATACGGCGAACCCGAAACAGTCCCG
galE2rev CGCAGCAAACCCATATGCATGTGC
galE2probe CTGAAGACGCTCCTACCCAC
sigA RTF GATGAATTTGACGACGACGA
sigA RTR GAAAGCTCCGCATCTTTACG
sigA RTP CGGAGAAGATGACTCTTCCG
toxBF-RT CGCCCTAAATCTCCTGTTTATGTT
toxBR-RT GTACCCAAGAACGCCTATGGAA
toxB probe TTCACAGAAGCAGCTCGGAGAAAA

TTCATTC

Upstream of dtxR, cloning

Upstream of dtxR, cloning

Downstream of dtxR, RT-PCR

3’ end of dixR, cloning

5" end of dtwR, RT-PCR

Middle of sigB, cloning (A, Fig. 1)

5" end of dtxR, cloning

Upstream of dixR, primer extension

Upstream of dtxR, primer extension

Near polylinker in pSPZ and pQF50,
cloning

pBluscript vectors, cloning

* % % % %W %k % X x
=]

New England Biolabs
(Beverly, MA)
3’ end of dixR, cloning *

5" end of galE, cloning *
Near polylinker in pSPZ and pQF50, *
cloning

5" end of sigB, primer extension
5" end of sigB, cloning
Upstream of sigB, cloning

3" end of sigB (B, Fig. 1)

3" end of sigB (d, Fig. 1)

3" end of sigB (SB, Fig. 1)

5" end of duR (C, Fig. 1)

5" end of dixR (c, Fig. 1)

5" end of diwR (DR, Fig. 1)

3" end of dixR (F, Fig. 1)

5" end of galE (b, Fig. 1)

Intergenic region between dtxR and galE

(DG, Fig. 1)

5" end of galE (G, Fig. 1) *

5" end of galE (a, Fig. 1) *

5" end of galE (GE, Fig. 1) *
£
ES

* % % %X %X X X X ¥

sigA

sigA

sigA *
tox 34
tox 34
tox 34

@ * this work.

Table 1); dtxRU1, generated by PCR amplifying the region upstream of dtxR
with the primers dtxR1 and dtxRPE1; dtxRU2, the portion of dtxRU1 down-
stream of the Ncol recognition site; dtxRU3, the portion of dtxRU1 upstream of
the Ncol recognition site; dtxRU4, generated by PCR amplifying the region
upstream of dtxR with the primers dtxR2 and dtxRPE1; sigBUP, generated by
amplifying the region upstream of sigB with the primers sigBPEBam and sigBX
hol; and galEUP, generated by amplifying the region upstream of galE with the
primers MCS3 and MSS5. To ensure that no nucleotide changes had been intro-
duced during cloning and PCR amplification, DNA sequencing was used to
confirm the correct sequence of each fragment.

In E. coli, promoter activity was measured in low-iron medium consisting of
deferrated Luria-Bertani medium plus 100 uM each of MgCl,, MnCl,, ZnCl,,
and CaCl, and in high-iron medium consisting of low-iron medium plus 10 pM
FeCl,. In C. diphtheriae, promoter activity was measured in low-iron medium
consisting of deferrated PGT and high-iron medium consisting of PGT plus 10
M FeCl;. Assays were performed on three overnight cultures on a single day,
and independent experiments were performed on at least three different days.
Units of B-galactosidase activity were determined using the method of Miller
(33) in E. coli, and in C. diphtheriae the Miller method was altered slightly by

increasing the concentration of sodium dodecyl sulfate (SDS) by 100-fold to
permeabilize the cells.

Isolation of RNA. C. diphtheriae cultures were pelleted by centrifugation and
resuspended in acidified phenol (pH 4.3). The samples were then transferred to
screw-cap tubes containing 0.1-mm glass beads and diethyl pyrocarbonate-
treated water. Each tube was processed in a Minibeater (BioSpec, Bartlesville,
OK) for 1 min at 4°C at full speed. The bead-beating process was repeated three
times with the samples being placed on ice for 1 min between bead-beater cycles.
Samples were next spun in a microcentrifuge at full speed for 8 min, and the top
phase was removed to a new tube. The samples were extracted three times with
equal volumes of acidified phenol and chloroform. The RNA was precipitated
with 3 volumes of 95% ethanol and 0.1 volume of 3 M sodium acetate, pH 4.8.
After being washed with 75% ethanol, the RNA was resuspended in diethyl
pyrocarbonate-treated water and treated with RQ1 DNase (Promega, Madison,
WI) per the manufacturer’s instructions for 4 h at 37°C. Following DNase
treatment the RNA was once again ethanol precipitated as described above.

RNase protection and primer extension assays. RNase protection assays were
performed using the RPAIII RNase protection kit (Ambion, Austin, TX) per the
manufacturer’s instructions. The gene-specific probes for dtxR consisted of sin-
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FIG. 1. The region of the C. diphtheriae C7(B) chromosome that includes sigB, dtxR, and galE is depicted. The region of dtxR deleted in the
AdtxR strain is shown as a white inverted triangle within dtxR. The locations of the transposon insertions in C7(B)dtxR-TnUP labeled as 1 and in
C7(B)dtxR-TnIN labeled as 2 are shown as vertical gray lines. The positions of primer binding sites are shown as small black arrows labeled A, B,
C,D,E, F, G, a, b, c, and d. The fluorescent probes used in qRT-PCR assays are shown as striped rectangles labeled SB, DR, DG, and GE. The

sequences of the primers and probes are given in Table 1.

gle-stranded RNA generated in vitro using T7 RNA polymerase (Fermentas,
Hanover, MD) per the manufacturer’s protocol. The construction of the plas-
mids used as templates in the transcription reaction is described below. To
construct pBSdtxR1, the 1,400-bp PCR product containing dtxR, generated in
PCR with the primers dtxRH3 and dtxRA3, was digested with HindIII and Agel
and ligated to pBluescript IT KS (Stratagene, La Jolla, CA) digested with HindIII
and Xmal. All plasmids used as transcription templates were derived from
pBSdtxR1. To construct pBSdtxR1-1, pBSdtxR1 was digested with BamHI and
Tth111I; to construct pBSdtxR1-2, pBSdtxR1 was digested with BamHI and
Ncol; and finally to construct pBSdtxR1-3, pBSdtxR1 was digested with BamHI
and Pstl. The ends of the resulting linear DNA fragments were blunted using T4
DNA polymerase, and each fragment was circularized with T4 ligase to construct
the corresponding plasmid. The plasmid pBSdtxR1-3 was digested with Ncol and
used as a template in the in vitro transcription reaction with [*?P]CTP to gen-
erate probe 1 (shown in Fig. 5). The plasmid pBSdtxR1-1 was digested with XmnI
and used to generate probe 2, and the plasmid pBSdtxR1-2 was digested with
Pvull and used to generate probe 3. Each probe contains a portion of the dtxR
sequence as shown in Fig. 5 as well as a 5" end identical to the polylinker region
of the pBluescript I KS vector. Each 3*P-labeled probe was purified on a 6%
denaturing acrylamide gel before it was used in the RNase protection assay.

Primers used in the primer extension assays were labeled with [*?P]ATP using
T4 polynucleotide kinase (Fermentas) per the manufacturer’s protocol. Each
primer was purified away from unincorporated nucleotide using a G25 Sepharose
spin column. The labeled primers were used in both the sequencing and the
primer extension reactions. Sequencing was performed using the fmol DNA
cycle sequencing system (Promega, Madison, WI) per the manufacturer’s in-
structions. The primer extension reactions were performed with Superscript ITT
reverse transcriptase (Invitrogen, Carlsbad, CA) per the manufacturer’s proto-
col. Sequencing reactions and primer extension reactions were run on a 6%
acrylamide urea denaturing gel as shown in Fig. 5 and 6.

Generation and detection of cDNA. To generate cDNA, 1 pg of total RNA was
used as a template in reaction mixtures containing a primer specific for the gene
of interest and Superscript III reverse transcriptase (Invitrogen). The reaction
conditions were as recommended by the manufacturer in a total volume of 20 pl.
The ¢cDNA was detected using PCR. For standard PCR, 5 pl of the reverse
transcriptase reaction product was used as a template with gene-specific primers
and Tag DNA polymerase. Reactions were performed using standard PCR
conditions in a thermocycler.

For real-time quantitative reverse transcriptase PCR (QRT-PCR) 1 ul of the
reverse transcriptase reaction product was used as a template in reactions using
Cepheid Omnimix beads, primers specific for the gene of interest, and a probe
synthesized by Integrated DNA Technologies, Coralville, IA, that included 5’
6-carboxyfluorescein and 3’ black hole quencher 1 modifications. The final re-
action volume was 25 pl. Reactions were performed in a Cepheid Smartcycler 11
using the following conditions: 75°C for 75 s and then 50 cycles of 95°C for 5 s and
59°C for 40 s. Fluorescence was monitored and recorded. DNA containing the
gene of interest was used to generate a standard curve for each probe using these
conditions. The primers and probes used to detect transcripts containing the
gene of interest are listed in Table 1.

Stress conditions. C. diphtheriae cultures were grown in low-iron PGT medium
until the absorbance at 600 nm was 4 to 5, at which point the cultures were
exposed to the particular stress for 35 min. For acid stress, the pH of the medium
was adjusted to 4.5 with HCI; for cold stress, the cultures were shifted to 15°C;
for ethanol stress, a final concentration of 5% ethanol was added; for H,O,
stress, a final concentration of 10 mM hydrogen peroxide was added; for heat

stress, the cultures were shifted to 45°C; for salt stress, a final concentration of
2.5% NaCl was added; and for SDS stress, a final concentration of 0.05% sodium
dodecyl sulfate was added. Following exposure to each stress condition, the cells
were pelleted and RNA was harvested as described above.

RESULTS

Construction of C7(B)AdtxR. Previously, we identified
two transposon mutants of C. diphtheriae C7(B), designated
C7(B)18.5 and C7(B)3B11, both of which show altered expres-
sion of dixR (40). C7(B)3B11 (hereafter referred to as the
dtxR-TnUP strain) has a transposon inserted 121 bp upstream
of the dixR ATG start codon and produces threefold-less DtxR
than C7(B) does. C7(B)18.5 (hereafter referred to as the dxR-
TnIN strain) has a transposon inserted within dxR (Fig. 1) and
fails to produce any detectable DtxR. To eliminate possible
phenotypic consequences of polar effects caused by these
transposon insertions, we constructed C7(B)AdR, which has
an in-frame deletion from bp 220 to bp 481 within d&xR (bp 1
is the A of the ATG start codon). This deletion removes the
coding sequence for 87 amino acids from Ala74 through Pro160,
corresponding to all of domain 2 and part of domain 3. Western
blots of extracts from C7(B)AdxR and C7(B)dtxR-TnIN using
polyclonal anti-DtxR144+ (41) showed no immunoreactive
DtxR, but DtxR was easily detected in Western blots with
extracts from wild-type C7(B) and C7(B)dtxR-TnUP (data not
shown).

Phenotypes of dtxR mutant strains. We compared wild-type
C7(B) with the dtxR transposon insertion and internal-deletion
mutants with respect to growth rate, iron regulation of diph-
theria toxin and siderophore production, and susceptibility to
H,0,. The growth rates were determined in three different
media: HIBTW, PGT, and PGT supplemented with 10 uM
FeCl; (for components of each medium see Materials and
Methods). The doubling times of the mutants in each medium
were normalized to the doubling time of C7(B) in the same
medium. C7(B)dtxR-TnUP had a doubling time of 1.1 to 1.3
times that of C7(B), whereas C7(B)dtxR-TnIN and C7(B)AdtxR
had normalized doubling times of 1.2 to 1.5 times that of
C7(B). In each medium, C7(B) had the shortest doubling time,
and C7(B)dtxR-TnUP grew faster than C7(B)dtxR-TnIN and
C7(B)AdtxR. In PGT plus 10 uM FeCl,, the differences among
strains were greatest and C7(B)dtxR-TnIN and C7(B)AdmxR
exhibited their longest doubling times of 80 to 90 min [1.5
times that of C7(B)]. Following transformation with pJKSdtxR,
which determines production of approximately five times the
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FIG. 2. The ability of each strain to repress diphtheria toxin production in the presence of iron is shown on the left. The nanograms of
diphtheria toxin detected in an ELISA per milliliter of culture per absorbance of the culture at a wavelength of 600 nm is indicated. The ability
of each strain to repress production of siderophore in the presence of iron is shown on the right. Siderophore units detected in a CAS assay per
absorbance of the culture at a wavelength of 600 nm are indicated. All strains are lysogens of corynebacteriophage B. In both charts the error bars
indicate the standard deviations of the values from three independent cultures subjected to the appropriate assay.

amount of DtxR found in C7(B) (40), the growth rate for all
mutant strains was comparable to that of C7(B).

Next, we examined the regulation of diphtheria toxin and
siderophore production by iron (Fig. 2). Under high-iron con-
ditions, C7(B)AdtxR and C7(B)dtxR-TnIN failed to repress
production of diphtheria toxin, whereas C7(B)dtxR-TnUP
showed a slight defect in repression compared with C7(B). The
amounts of toxin produced under low-iron conditions were
consistently greater for C7(B)AdtxR and C7(B)dtxR-TnIN than
for C7(B)dtxR-TnUP and C7(B), suggesting that growth under
low-iron conditions does not result in complete inactivation of
wild-type DtxR in the intracellular milieu. The repression ratio
(the amount of toxin produced under low-iron conditions di-
vided by the amount produced under high-iron conditions)
ranged from 10 to 20 for C7(B), from 4 to 12 for C7(B)dtxR-
TnUP, and from 0.5 to 2 for C7(B)AdtxR and C7(B)dtxR-TnIN.
When pJKSdtxR was present, toxin production by all strains
was usually repressed under high-iron conditions to levels com-
parable with those of C7(B), although some C7(B)AdtxR and
C7(B)dtxR-TnIN transformants carrying pJKSdtxR continued
to produce two to five times more toxin than C7(B) under
high-iron conditions. Both C7(B) and dtxR mutant strains pro-
duced large and comparable amounts of siderophore under
low-iron conditions (Fig. 2). Under high-iron conditions pro-
duction of siderophore was strongly repressed in C7(B) and
C7(B)dtxR-UP. Although C7(B)AdtxR and C7(B)dtxR-TnIN
produced significantly less siderophore under high-iron condi-
tions than under low-iron conditions, the amounts of siderophore
that they produced under high-iron conditions were two to
three times greater than those for C7(B) and C7(B)dtxR-UP

(Fig. 2). The presence of pJKSdtxR in C7(B)AdtxR and C7(B)-
dtxR-TnlN restored their ability to repress siderophore pro-
duction under high-iron conditions,. These observations con-
firm previous findings with the transposon mutants (40), and
they provide strong evidence that down-regulation of sid-
erophore production in C. diphtheriae under high-iron growth
conditions involves both DtxR-dependent and DtxR-indepen-
dent mechanisms.

The final DtxR-dependent phenotypes that we examined
were susceptibility to H,O, in disk diffusion tests for growth
inhibition performed on agar medium and in tests for killing
performed in liquid medium. As previously reported (40), the
phenotypes of C7(B)dtxR-TnUP and C7(B) were indistinguish-
able in these tests (data not shown). In contrast, the diameters
of the zones of inhibition for C7(B)AdtxR and C7(B)dtxR-TnIN
carrying the pJKS1 vector plasmid vector were approximately
20% greater than that for C7(B)/pJKS1. In addition the phe-
notype of C7(B)AdtxR was identical to that observed previously
for C7(B)dtxR-TnIN in that both mutant strains were more
susceptible than wild type to killing by H,O, in liquid medium
(data not shown and reference 40). When pJKSdtxR was
present instead of pJKS1, the resistance of the mutant strains
to killing by H,O, was comparable to that of C7(B). Taken
together, these findings demonstrated that the phenotype of
C7(B)AdxR is very similar to that of C7(B)dtxR-TnIN, and
they indicate that possible polar effects of the transposon in-
sertion in C7(B)dtxR-TnIN do not contribute significantly to
the DtxR-dependent phenotypes tested in these experiments.

Transcripts containing dtxR. Previously, we reported pre-
liminary evidence for a transcript that includes the 3’ end of
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FIG. 3. Products of RT-PCR are shown. Lanes 1 and 10 contain a
1-kb Plus DNA ladder (Invitrogen), and lanes 2 to 9 and 11 to 14
contain the products of the RT-PCR performed with template RNA
isolated from the following strains and the primers shown in Fig. 1:
lane 2, C7(B), primers A and c; lane 3, C7(B)dtxR-TnUP, primers A
and c; lane 4, C7(B)dtxR-TnIN primers A and c; lane 5, C7(B)AdixR,
primers A and c; lane 6, C7(B), primers E and b; lane 7, C7(B)dtxR-
TnIN, primers E and b; lane 8, C7(B)dtxR-TnUP, primers E and b;
lane 9, C7(B)AdtxR, primers D and b; lane 11, C7(B), primers B and
b; lane 12, C7(B), primers B and b with no reverse transcriptase
added; lane 13, C7(B)AdtxR, primers B and b; lane 14, C7(B)AdxR,
primers B and b with no reverse transcriptase added.

sigB and the 5" end of dixR (40). Here, we sought to confirm
and extend this observation and also to investigate whether the
galE gene, which starts only 22 bp downstream from the dtxR
translational stop codon, can be cotranscribed with dixR.
Whole-cell RNAs from wild-type and mutant strains of C.
diphtheriae were used as templates in reverse transcription
reactions to generate cDNAs that initiated within dtxR and
galE, respectively. The resulting cDNAs were used as tem-
plates to generate double-stranded PCR products that were
analyzed by electrophoresis on agarose gels. With primers A
and c, which are specific for the 3’ end of sigB and the 5" end
of dixR, respectively (Fig. 1), a product of the expected size was
detected with RNA from strains C7(B), C7(B)dtxR-TnIN, and
C7(B)AdixR, confirming the existence of a transcript extending
from sigB into dtxR. No transcript was detected with primers A
and ¢ when RNA from C7(B)dtxR-TnUP was used as template
because the transposon insertion in C7(B)dtxR-TnUP inter-
rupts the chromosomal segment between primers A and ¢
(Fig. 3). When primers specific for a dtxR-galE transcript were
used [primers D and b for C7(B)AdtR and primers E and b for
all other strains (Fig. 1)], products of the expected sizes were
detected in all strains, demonstrating the existence of a tran-
script that extends from dtxR into galE (Fig. 3). Finally we used
primer b (which is identical to the 5" end of galE) and primer
B (which is identical to the 3’ end of sigB) to detect a transcript
that includes all three genes shown in Fig. 1 (Fig. 3). Detection
of these transcripts was not dependent on whether the cells
from which RNA was isolated were starved for iron or not. In
addition, control reactions without the reverse transcription
step showed no products, indicating that the RNA samples were
not contaminated with chromosomal DNA (data not shown and
Fig. 3).

We attempted to detect dtxR-containing transcripts by using
a dixR-specific probe in Northern blots. As a control, we used
a tox-specific probe and demonstrated a 1.8-kb tox-containing
RNA transcript in whole-cell RNA isolated from C7(B) that
was not present in RNA from C7(—), a nontoxinogenic strain
that does not contain the fox gene encoded by phage 3 (13). As
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expected, the fox transcript was detected only when strains
were grown under low-iron conditions (data not shown). When
we used the dtxR-specific probe in the Northern blots, we
sometimes detected a very faint band of approximately 1.7 kb,
consistent with a transcript that included dtxR and galE, but we
were unable to reproduce this result consistently. The occa-
sional detection of this transcript did not depend on whether
the RNA was isolated from iron-starved or iron-replete cells.
These findings suggested that dtxR-specific transcripts in cells
grown under low-iron or high-iron conditions were much less
abundant than tox-specific transcripts in cells grown under
low-iron conditions.

Transcriptional fusions. We began our study of the promot-
er(s) responsible for transcription of dtxR, sigB, and galE in C.
diphtheriae by cloning several DNA fragments that included
portions of the sigB-dtxR intergenic region from C7(B) and
testing them for promoter activity in both E. coli and C. diph-
theriae (Fig. 4). To assay the promoter activity of each DNA
fragment, we used the transcriptional fusion vectors pQF50
(11) and pSPZ for assays in E. coli and C. diphtheriae, respec-
tively. The pSPZ vector contains an origin of replication for C.
diphtheriae and a promoterless lacZ reporter gene with up-
stream transcriptional terminators (see Materials and Meth-
ods). In both vectors, the DNA fragment of interest was cloned
immediately upstream from lacZ, and promoter activity was
determined by measuring (-galactosidase activity.

The largest clone, dtxRUP, included the final 465 bp of sigB,
the 224-bp intergenic region between dxR and sigB, and the
first 25 bp of dxR (Fig. 4A). The dtxRUP clone produced
approximately 140 units of B-galactosidase activity in E. coli,
and the activity of this promoter was not affected by the pres-
ence of either DtxR or iron (Fig. 4B and C). Under identical
conditions, regulation of the fox promoter by DtxR and iron
was confirmed with the positive control plasmid pQFtox (53).
We constructed several subclones of the dtxRUP fragment to
further localize the functional promoter (Fig. 4A). Subclone
dtxRU1 has the same 3’ end as dtxRUP, but its 5" end is the
stop codon for sigB and it includes the entire sigB-dixR inter-
genic region. Subclones dtxRU2 and dtxRU3 contain nonover-
lapping upstream and downstream fragments of dtxRU1. Sub-
clone dtxRU4 extends from the site of the transposon insertion
in C7(B)dtxR-TnUP to the start codon of dtxR. Each of these
subclones in pQF50 was tested for promoter activity in E. coli
(Fig. 4B). The results localized the active dt&xR promoter, P-
dtxR, to a region within dtxRU3, demonstrated that dtxRU2
and dtxRU4 have no detectable promoter activity, and indi-
cated that P-dtxR is more than 100 bp upstream from the
translational start site of dixR. We also tested pQF50 clones
containing the DNA segments upstream of sigB (sigBUP) and
galE (galEUP) (Fig. 4A) and demonstrated that they both
lacked promoter activity in E. coli (Fig. 4C).

Finally, we tested clone dtxRU1 in pSPZ for promoter ac-
tivity in wild-type C. diphtheriae C7(B) and in the C7(B)AdxR
mutant under high- and low-iron growth conditions, and we
performed similar experiments in C7(B) with the sigBUP and
galEUP clones (Fig. 4C). Clone dtxRU1 produced 20 to 30
Miller units of B-galactosidase activity, and its P-d&xR promoter
was not regulated by DtxR or iron. In control experiments,
however, the P-fox promoter did show the expected pattern of
DtxR-dependent repression by iron. As in E. coli, the galEUP
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FIG. 4. A. Maps of the regions from the dtxR locus assayed for promoter activity are shown. The genes and transposon insertions are indicated
as in Fig. 1. The name of the DNA fragment is on the left, and the size in base pairs is indicated on the right. B. The promoter activity in E. coli
(strain DH5a) of each dtxR promoter fragment listed at the bottom of the chart is indicated. C. The activity of each promoter fragment listed at
the bottom of the chart is compared in E. coli (strain DH5«) and in C. diphtheriae [strains C7(B) and C7(B)AdtxR]. The DtxR expression phenotype
of the host strain as well as the presence or absence of iron (Fe) in the assay medium is shown on the bottom left of each chart. All values are
shown in Miller units, and ND indicates no data. Note the different scales on the vertical axes.

clone had no promoter activity. Although the sigBUP clone did
not show any detectable promoter activity in E. coli (Fig.
4C), it did exhibit significant promoter activity in C. diph-
theriae under both high-iron and low-iron growth conditions
(Fig. 4C). We named the promoter contained on the sigBUP
clone P-sigB.

Identification of the 5’ ends of transcripts encoding dfxR
and sigB. First, we used RNase protection assays to identify the
5" end of the transcript that initiates between sigB and dixR.
Three different **P-labeled single-stranded RNA probes were
prepared that were complementary to different regions of the
transcript within and upstream of dtxR. These probes were
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FIG. 5. A. RNase protection assays. The exposure time is indicated
below each image. The positions of the xylene cyanol (~106 bases) and
bromophenol blue (~26 bases) dyes on the gel are indicated on the
right. For each probe (1 to 3) the first lane contains a reaction mixture
in which nuclease was not included. The reaction mixtures were loaded
in the following order: 2 pl probe plus yeast tRNA, 2 ul probe plus
yeast tRNA, 2 pl probe plus 1 pg C7(B8) RNA, 2 ul probe plus 2.5 pg
C7(B) RNA, 10 pl probe plus 1 pg C7(B) RNA, 10 ul probe plus 2.5
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then hybridized with RNA from C7(B) grown under high- or
low-iron conditions, and the reaction products were digested
with a mixture of RNase A and RNase T, and run on a 6%
denaturing acrylamide gel. A scan of the gel obtained with a
phosphoimager (Bio-Rad, Hercules, CA) is shown in Fig. 5A,
along with a diagram that aids in the interpretation of the gel.
The entire C. diphtheriae-specific region contained in probe 1
was protected from digestion, indicating that transcription ini-
tiated upstream of this probe’s binding site. On the other hand,
the ends of the C. diphtheriae-specific regions contained within
probes 2 and 3 were not protected from digestion, indicating
that probes 2 and 3 both overlapped the 5’ end of a dixR-
containing transcript. The sizes of the protected RNA frag-
ments indicated that the 5’ end of that dtxR-containing tran-
script was located near the site of the transposon insertion in
strain C7(B)dtxR-TnUP.

To localize the end of the transcript more precisely, we used
RNA isolated from C7(B) as template in primer extension
assays with primers that were labeled with **P at their 5’ ends.
The resulting DNA products were run on 6% denaturing poly-
acrylamide gels next to sequencing ladders that were generated
with the same primers (Fig. 5B). The results demonstrated that
the 5’ end of the dtxR-containing transcript that initiates be-
tween sigB and dixR is the C residue (note that the sequence in
the figure is of the noncoding DNA strand) located 142 bp
upstream of the dixR ATG. The same 5’ end was identified
using two different primers, and the detection of the primer
extension product did not depend on whether the cells from
which the RNA was isolated were starved for iron. In addition,
we isolated RNA from E. coli cells containing the plasmid
pQFdtxRUP (described above) and confirmed that the 5’ end
of the dtxR transcript was the same in E. coli as in C. diphthe-
riae (data not shown). The DNA sequence of the sigB-dtxR
intergenic region is also shown in Fig. 5B, and an E. coli
o’like —10 promoter-like sequence is properly positioned to
direct initiation of transcription at the base identified by the
primer extension experiments.

We also used primer extension assays to determine the 5’
end of the transcript that initiates upstream from sigB, within
the sigBUP DNA fragment shown in Fig. 4A. Using RNA
isolated from wild-type C7(B) grown under our standard high-
iron and low-iron conditions (PGT medium with or without 10
pM of added FeCly), we were unable to detect any primer

ng C7(B) RNA. Under the gel images is a diagram indicating the input
probe sizes and region protected from digestion. The input probe is
shown as a black line (the dashed portion of the line is complementary
to plasmid vector sequences rather than C. diphtheriae sequences). The
region of each probe protected in the RNase assay is shown as a gray
line with a diamond at each end. All sizes are shown in bases. B. Primer
extension assays. The primer used to generate the sequencing ladder
and the primer extension products is indicated. The lanes containing
primer extension products are labeled + for template RNA isolated
from high-iron cultures and — for template RNA isolated from low-
iron cultures. The DNA sequence of the region between sigB and dixR
is shown below the images of the gels. The TAA stop codon of sigB and
the ATG start codon of dixR are capitalized and shown in boldface.
The approximate region protected in the RNase assay is italicized. The
site of the transposon insertion in C7(B)dtxR-TnUP is labeled UP. The
base as the start site of dtxR transcription is labeled PE. The predicted
—10 and —35 sequences of P-dtxR are capitalized and underlined.
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FIG. 6. The gel image includes the results of primer extension
assays. The primer sigBPE3 was used to generate both the sequencing
ladder (G, A, T, C) and the primer extension products. The lanes
containing primer extension reaction mixtures are labeled L for tem-
plate RNA isolated from low-iron cultures and S for template RNA
isolated from low-iron cultures containing SDS. The DNA sequences
of the regions upstream of sigB in C. diphtheriae (Cd), M. tuberculosis
(Mt), B. flavum (Bf), and Corynebacterium efficiens (Ce) are shown
below the image of the gel. The T residue corresponding to the start
of the sigB transcript in C. diphtheriae is indicated by the vertical arrow.
The underlined boldface bases in the Mt and Bf sequences indicate
the previously reported transcript starts in those bacteria. The se-
quences corresponding to —10 and —35 sequences used by ECF
sigma factors o and o'! are labeled. The proposed ribosome bind-
ing site is labeled RBS.

extension products. However, since transcription of sigB can be
induced in Mycobacterium by stresses such as exposure to SDS
(32), we also exposed C7(B) to SDS, isolated the RNA, and
used that RNA in primer extension reactions with a sigB-
specific primer. Figure 6 shows that the 5’ end of the sigB-
containing transcript is the T residue located 26 bp upstream
from the ATG start codon for sigB (as in Fig. 5, the sequencing
ladder shown is for the noncoding strand). Figure 6 also com-
pares the sigB promoter region of C. diphtheriae with homol-
ogous sigB promoters that are known to be regulated by extra-
cytoplasmic function (ECF) sigma factors in several other
actinomycete species. As will be discussed later, the hypothesis
that sigB transcription is dependent on a corynebacterial ECF
sigma factor is consistent with the observation that the sigBUP
fragment has promoter activity only in C. diphtheriae and not in
E. coli.

Quantitative analysis of transcripts containing dixR, sigB,
galE, and tox. We used real-time qRT-PCR to determine the
relative amounts of dixR-, sigB-, galE-, and fox-specific RNA
transcripts and to investigate further the transcriptional regu-
lation of these genes. We determined that transcripts specific
for sigA (the primary o’°-type sigma factor in C. diphtheriae)
represented a constant fraction of total RNA during exponen-
tial growth, as reported previously for the closely related spe-
cies M. tuberculosis (7) and B. lactofermentum (38), and we
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measured the other specific transcripts relative to the amount
of sigA-specific transcripts. We examined fox-containing tran-
scripts to confirm that the growth conditions used were suffi-
cient to achieve transcriptional repression under high-iron con-
ditions and derepression under low-iron conditions for this
known DtxR-regulated gene. The positions of the probes and
primers used for dtxR transcripts (probe DR, primers C and c),
sigB transcripts (probe SB, primers B and d), ga/E transcripts
(probe GE, primers G and a), and transcripts that span the
dxR-galE intergenic region (probe DG, primers F and b) are
shown in Fig. 1, and the probes used for sig4 and fox transcripts
are described in Materials and Methods.

First, we determined the levels of tox, dixR, and sigB tran-
scripts at several points on the growth curves of C. diphtheriae,
under low- and high-iron conditions. The quality of the RNA
from cultures incubated longer than 15 h, as judged by smear-
ing on ethidium bromide-stained agarose gels, was poor, so we
did not include such samples in our analysis. The levels of each
of these specific transcripts were usually significantly lower in
samples from overnight cultures than in samples from log-
phase and early-stationary-phase cultures (data not shown).
The levels of transcripts for sigB and dtxR did not vary by more
than 20% during the transition from log-phase growth to sta-
tionary phase and were similar under high-iron and low-iron
conditions (Fig. 7A). In contrast, tox-containing transcripts did
increase dramatically as cells growing under low-iron condi-
tions exited from log phase, but there was no corresponding
increase in fox-containing transcripts in cells growing under
high-iron conditions. To investigate whether tox transcription
was also regulated by growth phase, independently of its DtxR-
dependent regulation by iron, we measured fox transcription
under high- and low-iron conditions in strain C7(B)AdtR at
points on the growth curves corresponding with A to D in Fig.
7A (data not shown). During log-phase growth (point A), the
levels of fox transcripts under both high- and low-iron growth
conditions were approximately 25 units, comparable to the
maximum levels observed during late log phase and early sta-
tionary phase under low-iron growth conditions in wild-type
C7(B) (points B, C, and D in Fig. 7A). As the C7(B)AdtxR cells
transitioned into stationary phase, the levels of fox transcripts
increased progressively to approximately 65 units under both
low- and high-iron conditions (data not shown). In the absence
of DtxR-dependent regulation, therefore, the levels of tox tran-
scripts did increase by two- to threefold, by mechanisms not yet
determined, as the bacteria exited from log phase and entered
stationary phase.

Next, we used qRT-PCR to compare the levels of fox-, sigB-,
and dixR-specific transcripts in C. diphtheriae strains C7(B),
C7(B)dtxR-TnUP, C7(B)dtxR-TnIN, and C7(B)AdtxR under
low- and high-iron conditions equivalent to point C on the
growth curves in Fig. 7A (Table 2). In wild-type C7(B), expres-
sion of fox was strongly repressed by iron (repression ratios of
19 to 37). In contrast, transcript levels for sigB and dtxR were
not significantly affected by iron (repression ratios of 0.8 to
1.5), and dxR-specific transcripts were approximately three-
fold more abundant than sigB-specific transcripts. In addition,
tox-specific transcripts were at least sixfold more abundant
than dixR transcripts under low-iron conditions, and they were
threefold less abundant under high-iron conditions. Repres-
sion of fox transcription under high-iron conditions in C7(B)
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FIG. 7. (A) The growth curves of C7(B) in PGT (low-iron conditions, striped circles) and PGT plus 10 uM FeCl, (high-iron conditions, solid circles)
media are shown. The abundance of transcripts measured by qRT-PCR with the probes indicated, normalized versus the abundance of sig4 transcripts,
is shown in the inset graph. The RNA used as a template in the qRT-PCR was isolated from samples of cultures harvested at the time points indicated
in the growth curve (A, B, C, and D). Values obtained with RNA from high-iron cultures are shown by the solid bars, and values from low-iron RNA
samples are shown by the striped bars. (B) Induction of specific transcripts (defined as normalized transcript abundance under stress conditions/
normalized transcript abundance under control conditions) after exposure of C7(B) to indicated stress conditions is shown in the graph. The mean levels
of sigB transcripts and dtxR transcripts under the low-iron control conditions are indicated by the dashed and dotted horizontal lines, respectively. The
standard deviations between the values for three independent cultures are shown by the error bars. EtOH, ethanol.

dtxR-TnUP was less stringent and more variable (repression
ratios of 4 to 30) than it was in wild-type C7(B), consistent with
the phenotype described previously for C7(B)dtxR-TnUP and
its lower intracellular level of DtxR. In C7(B) dtxR-TnIN and

C7(B)AdtR, transcription of tox was not iron regulated (re-
pression ratios of 0.6 to 1.7), and the abundance of fox tran-
scripts under both high- and low-iron conditions was two to
three times greater than in C7(B) under low-iron conditions,
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TABLE 2. Effects of iron on abundance of tox, sigB, and dixR transcripts in wild-type and dtxR mutant strains of C. diphtheriae®

Value for transcript:

Strain tox sigB dixR

Low Fe High Fe Repression ratio Low Fe High Fe Repression ratio Low Fe High Fe Repression ratio
wt 13+6 0.73 £0.7 19-37 0.67 £0.4 0.58 £0.3 0.8-1.5 2x08 1.9 =05 0.9-1.5
UPpP 41 =51 7+11 4-30 0.80 = 0.5 0.83 £0.3 0.6-1.1 1.7+0.3 1.6 = 0.4 0.7-1.2
IN 34 =21 29 = 18 0.7-1.7 1.1 05 1.0 =05 0.7-1.7 1.8 0.8 1.7 0.7 0.7-1.5
AdtxR 40 = 10 47 = 21 0.6-1.2 1.1+05 0.90 £ 0.5 0.5-1.7 32+08 41=*1.1 0.5-1.2

“ The strains from which RNA was isolated are listed in the stub: wt, C7(B); UP, C7(B)dtxR-TnUP; IN, dtxR-TnIN; AdtxR, C7(B)AdtxR. The level of each transcript
was normalized to the level of the sig4 transcript under high- or low-iron growth conditions (as described in Materials and Methods), and the data shown are the means
and standard deviations for samples isolated from three independent cultures on the same day. The standard deviation of replicate reactions performed with the same
input RNA was less than 2%, so the error introduced by the qRT-PCR assay itself was negligible. The range is shown for the repression ratios (low-iron/high-iron)

among the three independent cultures.

consistent with incomplete derepression of fox transcription in
C7(B) under low-iron conditions. The abundance of sigB tran-
scripts in all three mutants was comparable to that in wild-type
C7(B). The average abundance of dtxR transcripts was compa-
rable in C7(B) and C7(B)dtxR-TnIN, trended toward slightly
lower values in C7(B)dtxR-TnUP, and was approximately two-
fold greater in C7(B)AdtxR. Although the lower average levels
of dtxR transcription in C7(B)dtxR-TnUP were consistent with
its observed phenotype of lower DtxR production (40), the
differences from wild type were not statistically significant. The
dtxR transcripts in C7(B)AdxR differed in structure from those
in the other strains because of the internal deletion in dtxR
located downstream from the location of the DR probe (Fig.
1), and this difference may have affected stability or production
of dtxR transcripts in C7(B)AdtxR.

We also used qRT-PCR to investigate further whether galE
is cotranscribed with dtxR or is transcribed from an indepen-
dent promoter that was not detected in our previous experi-
ments (Fig. 4). We used probe DG with primers F and b to
detect transcripts that extend from the 3’ end of dxR into the
5" end of galE and probe GE with primers G and a to detect
transcripts of an internal region of the coding sequence for
galE (Fig. 1). If galE can be transcribed both from a promoter
in the dtxR-galE intergenic region and also by extension of
dxR-specific transcripts that initiate further upstream, then the
transcripts detected by the GE probe should be more abundant
than the transcripts detected by the DG probe. The results of
our qRT-PCR assays on RNA from three independent cultures
grown under both high- and low-iron conditions revealed that
transcripts including the 3’ end of dxR and the 5’ end of galE
were slightly more abundant (1.8 £ 0.6 times), rather than less
abundant, than those corresponding to the internal sequence
in galE. These results are most consistent with the hypothesis
that galE is cotranscribed with dtxR but not also transcribed
from a galE-only promoter.

Finally, we tested several different stress conditions, some of
which are known to affect transcription of sigB in other acti-
nomycetes, for their effect on transcription of dxR and sigB in
C. diphtheriae. We exposed exponentially growing C. diphthe-
riae to acid, cold, ethanol, H,O,, heat, salt, or SDS for 35 min
and then isolated whole-cell RNA. We assayed each sample for
sigB- and dxR-specific transcripts, once again normalizing
them to the amounts of sig4-specific transcripts (Fig. 7B). The
mean abundance for transcripts of each gene during growth
under low-iron control conditions is shown by the first set of

data bars and also by the dashed horizontal line for sigB tran-
scripts and the dotted horizontal line for dxR transcripts. Un-
der these control conditions, dtxR-specific transcripts were
four- to fivefold more abundant than sigB-specific transcripts.
Significant increases in mean levels of sigB transcripts were
observed after exposure to acid (~5-fold), cold (~6-fold), eth-
anol (~2-fold), heat (~3-fold), or SDS (~2-fold), but no sig-
nificant increases were seen after exposure to H,O, or salt. In
contrast, significant increases in mean levels of dtxR transcripts
were observed only after exposure to acid (~2-fold), cold (2- to
3-fold), or SDS (~3-fold). For acid and cold stress conditions,
the increase in dtxR transcripts could potentially be due to
extension of sigB-containing transcripts. In contrast, under
SDS stress conditions, the increase in sigB-containing tran-
scripts was not large enough for extension of sigB-containing
transcripts to serve as a possible explanation for the observed
increase in dtxR-containing transcripts.

DISCUSSION

Until recently, the molecular and genetic tools required to
dissect the nuances of transcriptional regulation in the Ac-
tinomycetales order of bacteria were not readily available.
Among the actinomycetes, several families in the Coryne-
bacteriaceae suborder (i.e., Mycobacteriaceae, Nocardiaceae,
Rhodococcus, and Corynebacteriaceae) contain species clas-
sified as human pathogens, so understanding transcriptional
regulation in this order of bacteria is of interest not only to
microbial geneticists but also to investigators committed to
understanding and developing new antimicrobials directed
against bacterial pathogens.

While characterizing transcription in and around the chro-
mosomal locus for dxR, we uncovered several new and fasci-
nating features of transcriptional regulation in Corynebacte-
rium diphtheriae. There are 224 bp between dtxR and the gene
encoded immediately upstream, sigB. Although we found no
evidence of promoter activity within the 150-bp segment im-
mediately upstream of dxR, we demonstrated an active pro-
moter further upstream in this intergenic region that directs
transcription to initiate at a C located 142 bases upstream of
the start codon for dtxR. Transcription initiation controlled by
this promoter, P-dtxR, both in E. coli and in C. diphtheriae is
not affected by the presence of DtxR or the concentration of
iron in the growth medium. In contrast, the promoters from C.
diphtheriae that have been characterized previously were cho-



2970 ORAM ET AL.

sen for study because they exhibit DtxR-dependent negative
regulation by iron both in E. coli and in C. diphtheriae (3, 28,
43, 53, 54), and in the case of the ~imuO promoter repression
of transcription requires iron-activated DtxR while full activa-
tion requires the presence of heme (50). Furthermore, the
position of P-dtxR, over 150 bases upstream of dtxR, results in
a much larger untranslated region (142 bases) than any of the
other transcripts from C. diphtheriae for which start sites have
been mapped. For example, the transcriptional start sites for
P-tox, IRP1, and the AmuO promoter are 40, 35, and 47 bases
upstream from their respective translational start codons (29,
50, 56). The significance of the longer untranslated region in
the mRNA transcript that begins at P-dtxR is unknown. We
also scanned the region between sigB and dtxR for sites with
homology to the consensus DtxR binding site, and one site with
greater than 60% identity was identified. This site matches the
consensus DtxR binding sequence at 12 of the 19 nucleotide
positions and is centered 63 nucleotides upstream of the tran-
scriptional start and 206 nucleotides upstream of the transla-
tional start of dixR. The low homology of this site with the
consensus DtxR binding site as well as its location far upstream
from P-dtxR make it unlikely to be involved in regulation of
transcription of P-dtxR, and we found no evidence of DtxR-
dependent transcription in this region.

When the DNA sequence in the P-dtxR region was scanned
for promoter-like —10 and —35 elements, candidate sequences
were easily identified. A —10 sequence identical to the con-
sensus —10 (TATAAT) for the primary o’°-type promoters in
E. coli (67°) and B. subtilis (¢*) is shown in Fig. 5. The TT
aAaA —35 sequence matches the TTGACA —35 consensus
sequence for primary o’’-type promoters at four of six posi-
tions. The spacing between the —10 and —35 sequences of
P-dtxR is 20 bases, whereas the spacing for the vast majority of
o’°-type promoters is 16 to 18 bases. The sequences in the
P-dtxR region were also compared to promoter sequences
from other actinomycete species. In Corynebacterium glutami-
cum, an extended —10 consensus sequence, tgngnTA(c/t)a
aTgg (the bases shown as lowercase occur in at least 40% of
the promoters and bases shown as uppercase occur in more
than 70% of promoters), was identified by analyzing 53 differ-
ent promoters (42). The P-dtxR —10 promoter sequence
gGcGtTATAATta (Fig. 5) matches this consensus sequence at
8 of the 11 positions (ignoring the positions at which any base
n is acceptable), including all three bases conserved in greater
than 70% of the promoters. The —35 region of C. glutamicum
promoters is much less conserved than the —35 regions of E.
coli and B. subtilis promoters, and the extended —10 region
appears to be more important than the —35 sequence for
promoter recognition in that species. In M. fuberculosis, the
consensus sequence for promoters recognized by the primary
sigma factor o is TTGAC(A/T)-N17-TATA(A/C)T (62). This
consensus is nearly identical to those for E. coli ¢’ and B.
subtilis o”. Although the sequences in and around P-dtxR
appear to be most similar to those observed in C. glutamicum
promoters, our experiments demonstrated that P-dtxR can
function in E. coli to direct transcription initiating at the same
base as in C. diphtheriae, notwithstanding the poor match and
spacing of its —35 region with the consensus —35 region for E.
coli. Whether the atypical spacing between the —10 and —35
regions of P-dtxR is a factor in determining the abundance of

J. BACTERIOL.

the dxR-specific transcripts that initiate from P-dtxR remains
to be determined.

Transcription of dtxR was unaffected by most growth condi-
tions. The exceptions were exposure to acid, cold, or SDS, each
of which caused transcription of dixR to increase by two- to
threefold (Fig. 7B). The increase in dtxR transcription follow-
ing exposure to acid or cold could be due to the five- to sixfold
increase in transcription of sigB under those conditions if most
or all of the sigB-containing transcripts extended through dixR.
On the other hand, the increase in sigB transcription after
exposure to SDS was too small to serve as the primary mech-
anism for the concomitant increase in dtxR-containing tran-
scripts. To investigate whether transcription of dtxR in the
presence of SDS was the result of the activity of P-dtxR or of
a separate SDS-responsive promoter in the sigB-dtxR inter-
genic region, we repeated the primer extension analysis with
RNA isolated under SDS stress conditions. The transcription
start site identified with the RNA from SDS-stressed cultures
was identical to that found under all other conditions tested
(data not shown). These results suggest that the dmR tran-
scripts observed in the presence of SDS arise primarily as the
result of transcription initiating at P-dtxR.

Although multiple mechanisms may mediate the increase in
transcription of dixR in response to the various stress condi-
tions that we studied, it is possible that transcription of dtxR
and the galE gene located immediately downstream is affected
by changes in the cell surface. The role of the galE gene
product in C. diphtheriae physiology has not been determined,
but it demonstrates homology with UDP-galactose 4-epimer-
ases of other bacteria. GalE enzymes catalyze the interconver-
sion of UDP-galactose and UDP-glucose. In other bacterial
species, UDP-galactose and UDP-glucose are substrates for
the production of exopolysaccharides on the surface of the cell
(26, 63). Since it is possible that the galE gene product is
required to synthesize a cell surface polysaccharide, it is rea-
sonable to speculate that transcription of galE as part of a
polycistronic message controlled by P-dtxR or P-sigB or both
might be responsive to changes in the cell surface.

In addition to the dtxR-containing transcript that initiates
from P-dtxR, our analysis of mRNAs in this region demon-
strated that a second transcript spans the 3" end of sigB and the
5" end of dixR and that this transcript must initiate at least 800
bases upstream of dixR. Since it seemed likely that this second
dtxR-containing transcript included sigB, we tested the region
upstream of sigB for promoter activity. We determined that the
promoter located upstream of sigB was active only in C. diph-
theriae and not in E. coli. In addition the number of transcripts
containing sigB was induced by several environmental condi-
tions, including exposure to acid, cold, heat, ethanol, or SDS.
Exposure to salt or hydrogen peroxide had no effect on tran-
scription of sigB (Fig. 7B). These findings suggested that the
promoter upstream of sigB may be recognized by an ECF
sigma factor, similar to ones that have been shown to coordi-
nate gene transcription in response to various stress conditions
in many other bacterial species (20).

In the C. diphtheriae genome there are nine annotated sigma
factor genes, all of which are in the o”° family (4). Using the
numbering scheme from the published genome, the primary
sigma factor o** is encoded by DIP1406 and ¢® is encoded by
DIP1413. This gene arrangement with sig4 and sigB encoded
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near one another is also seen in other actinomycetes such as M.
tuberculosis. In M. tuberculosis, sigB transcription is controlled
by two different ECF sigma factors, o and o™ (31, 32). These
two ECF sigma factors of M. tuberculosis use the same pro-
moter sequences upstream of sigB, but they differ with respect
to the conditions under which they are active. Specifically, the
consensus sequence for binding of RNA polymerase holoen-
zyme including o= is a —35 sequence of GG(A/G)(A/C)C and
a —10 sequence of (G/C)GTTG (32), and the sequence rec-
ognized by RNA polymerase holoenzyme including o™ is a
—35 sequence equal to (G/C)GGAAC and a —10 sequence of
(G/C)GTT(G/C) (31). oF is required for the increase in sigB
expression following exposure to SDS (32), while ™ is re-
quired for the increase in sigB expression following exposure to
heat (31). C. diphtheriae encodes homologues of o® (DIP0994)
and o™ (DIP0709), and as shown in Fig. 6, the P-sigB promoter
contains sequences that are homologous to the consensus se-
quences determined for these two ECF sigma factors.

Transcription dependent on o' has been demonstrated in C.
glutamicum, a species used to produce amino acids on an
industrial scale. In C. glutamicum, transcription of four genes
whose products have a role in the function of the ATP-depen-
dent protease Clp was induced by heat shock. The promoters
for these genes all contain the consensus —10 and —35 se-
quences (shown in Fig. 6) for oF and o*. Finally, inactivation
of sigH prevented induction of transcription of all four genes
by heat shock (10). These findings provide clear evidence for
ECEF sigma factor function in Corynebacterium and support the
theory that sigB in C. diphtheriae is likely transcribed by an
RNA polymerase holoenzyme that contains either ¢® or o*.

Transcription of sigB has also been investigated in the acti-
nomycete genus Brevibacterium, which is closely related to
Corynebacterium. In both B. flavum and B. lactofermentum, the
start site for sigB transcription has been mapped to a G located
24 bp upstream of the ATG, and these start sites are nearly
identical to the site we identified in C. diphtheriae (Fig. 6) (17,
38). The DNA sequences upstream of sigB in the closely re-
lated species B. flavum, B. lactofermentum, and C. glutamicum
are identical, so only the B. flavum sequence was included in
Fig. 6. In B. flavum, transcription of sigB was shown to be
increased after acid stress, cold shock, and exposure to ethanol,
all of which also increased transcription of sigB in C. diphthe-
riae. In addition, inactivation of sigB in B. flavum caused in-
creased sensitivity to acid, salt, ethanol, heat, and cold stress,
indicating that o® likely has a role in the environmental stress
response (18). This observation correlates with our findings
that the transcription of sigB is increased in response to these
environmental stress conditions (Fig. 7B).

All of our data indicate that dtxR and galE are encoded on
the same transcript in C. diphtheriae, and we could find no
evidence of a galE-only promoter (i.e., a promoter in the in-
tergenic region between dixR and galE). These findings are in
agreement with observations in B. lactofermentum, where
dmdR (the dtxR homologue) and galE are cotranscribed (36).
The gene arrangement at the dxR locus is conserved among
the members of the genus Corynebacterium for which genome
sequencing has been completed (24, 35). Also consistent with
our observation that there is a transcript that includes the 3’
end of sigB and the 5’ end of dtxR in C. diphtheriae, a transcript
that spans the intergenic region between sigB and dmdR was
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observed in B. lactofermentum (38). Additionally we provide
evidence that in C. diphtheriae there is cotranscription of sigB,
dixR, and galE. There is a difference between the gene arrange-
ment at the ideR locus (equivalent to the dtxR locus) found in
the genus Mycobacterium and that present in Corynebacterium.
In both M. tuberculosis and Mycobacterium bovis, the gene
order of sigB and ideR is identical to that seen in Corynebac-
terium but the gene immediately downstream of ideR is not
galE (5, 14). Instead, a gene of unknown function is encoded
downstream of ideR on the opposite DNA strand. Therefore,
ideR in Mycobacterium does not appear to be cotranscribed
with any other downstream gene.

In summary, we have demonstrated that transcriptional reg-
ulation of the genes in the C. diphtheriae dtxR locus is a mul-
tifaceted process that is affected by several environmental fac-
tors. We have mapped and characterized two new promoters
from C. diphtheriae, P-dtxR and P-sigB. Of these, P-sigB is the
first promoter from C. diphtheriae likely to be recognized by an
RNA polymerase holoenzyme that contains an ECF sigma
factor. ECF sigma factors direct transcription in response to
extracellular signals, and sigB transcript levels were shown to
increase in response to acid stress, ethanol exposure, heat
shock, cold shock, or exposure to SDS. Transcription initiation
at P-dtxR results in a dtxR-containing transcript that includes
142 bases of untranslated mRNA, the role of which remains to
be determined. By analyzing the transcripts that include dixR,
we showed that sigB, dtxR, and galE are cotranscribed. Finally,
although transcription of dtxR was not dramatically affected by
several extracellular signals, we did observe an increase in
dtxR-containing transcripts in response to exposure to acid,
cold, or SDS, which may indicate that transcription of these
genes is responsive to changes in the cell envelope or surface
stress.
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