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The diphtheria toxin repressor (DtxR) of Corynebacterium diphtheriae uses Fe21 as a corepressor. Holo-DtxR
inhibits transcription from the iron-regulated promoters (IRPs) designated IRP1 through IRP5 as well as from
the promoters for the tox and hmuO genes. DtxR binds to 19-bp operators with the consensus sequence
5*-TTAGGTTAGCCTAACCTAA-3*, a perfect 9-bp palindrome interrupted by a single C z G base pair. Among
the seven known DtxR-specific operators, IRP3 exhibits the weakest binding to DtxR. The message (sense)
strand of the IRP3 operator (5*-TTAGGTGAGACGCACCCAT-3* [nonconsensus nucleotides underlined])
overlaps by 2 nucleotides at its 5* end with the putative 210 sequence of the IRP3 promoter. The underlined
C at position 17 from the center of the IRP3 operator [C(17)] is unique, because T is conserved at that
position in other DtxR-specific operators. The present study examined the effects of nucleotide substitutions at
position 17 or 27 in the IRP3 operator. In gel mobility shift assays, only the change of C(17) to the consensus
nucleotide T caused a dramatic increase in the binding of DtxR, whereas other nucleotide substitutions for
C(17) or replacements for A(27) had only small positive or negative effects on DtxR binding. All substitutions
for C(17) or A(27) except for A(27)C dramatically decreased IRP3 promoter strength. In contrast, the
A(27)C variant caused increased promoter strength at the cost of nearly eliminating repressibility by DtxR.
The message (sense) strand of the IRP1 operator (5*-TTAGGTTAGCCAAACCTTT-3*) includes the 235 region
of the IRP3 promoter. A T(17)C variant of the IRP1 operator was also constructed, and it was shown to exhibit
decreased binding to DtxR, decreased repressibility by DtxR, and increased promoter strength. The nucleotides
at positions 17 and 27 in DtxR-specific operators are therefore important determinants of DtxR binding and
repressibility of transcription by DtxR, and they also have significant effects on promoter activity for IRP3 and IRP1.

Corynebacterium diphtheriae is the causative agent of diph-
theria, a local infection that most often involves the respiratory
tract. Diphtheria toxin is the most important virulence deter-
minant of C. diphtheriae, and it is responsible for the most
serious systemic manifestations of diphtheria, which include
myocarditis and polyneuropathy (26). Diphtheria toxin is syn-
thesized and secreted by toxinogenic strains of C. diphtheriae
that are lysogenic for tox1 corynebacteriophages, such as
phage b, that carry the gene for diphtheria toxin (tox) (21, 26,
45). The chromosomally encoded diphtheria toxin repressor
(DtxR) and iron negatively regulate expression of the tox gene
(3, 36). DtxR homologs are present in several other bacterial
species, including Mycobacterium tuberculosis and Mycobacte-
rium smegmatis (designated IdeR) (6, 38), Streptomyces lividans
and Streptomyces pilosus (11), Brevibacterium lactofermentum
(23), Staphylococcus epidermidis and Staphylococcus aureus
(SirR) (15), and Treponema pallidum (TroR) (12).

DtxR functions as an iron-dependent global regulatory pro-
tein, in a manner similar to the ferric uptake regulator (Fur)
protein in gram-negative bacteria (1, 3, 36, 41). DtxR-regu-
lated loci contain operators that overlap with proven or puta-
tive promoters and contain an interrupted 9-bp inverted repeat

within a 19-bp sequence (18, 37, 39, 43). Molecular footprint-
ing techniques demonstrated that DtxR binding protects a
region surrounding the dyad axis of the corresponding opera-
tor (37, 40, 42), in a manner resembling that reported for
several other well-characterized bacterial repressors (13, 14,
24, 25). Recent crystallographic findings demonstrated that
two dimeric DtxR holorepressor molecules bind simulta-
neously to DtxR-specific operators on opposite faces of the
DNA helix (28, 48).

At least seven promoters in C. diphtheriae are negatively
regulated by DtxR and iron (18, 34, 35, 37, 39, 41). These
include the iron-regulated promoters (IRPs) designated IRP1
through IRP5, as well as the promoters for the tox and hmuO
genes. The tox gene encodes diphtheria toxin (45); hmuO en-
codes a heme oxygenase that is essential for the acquisition of
iron by C. diphtheriae from heme and hemoglobin (34, 35); and
the deduced products of the genes downstream from IRP1 and
IRP3 are predicted to be a ferric siderophore receptor and a
transcriptional regulator homolog in the AraC family, respec-
tively (18, 34). The functions of the gene products regulated by
IRP2, IRP4, and IRP5 have not yet been established (18, 37).

Each of the seven DtxR-regulated promoters described
above has been tested for its ability to drive expression of a
b-galactosidase reporter gene, under high-iron and low-iron
growth conditions, in Escherichia coli strains in which DtxR is
constitutively expressed at a low level from pDSK29 (18, 35,
37). Among them, IRP3 is least repressible by DtxR and iron,
i.e., it exhibits both the lowest repression ratio (b-galactosidase
activity under low-iron [derepressed] growth conditions/b-ga-
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lactosidase activity under high-iron [repressed] growth condi-
tions) and the highest level of b-galactosidase activity under
high-iron (repressed) growth conditions (18, 35, 37). In gel
shift assays and DNase I footprinting assays with DNA frag-
ments containing IRP3, a higher concentration of DtxR is
needed to demonstrate protein-DNA binding than in assays
with DNA fragments containing other DtxR-specific operators
(18). These findings provide strong evidence that DtxR has
lower affinity for the IRP3 operator than for other operators
that are regulated more stringently by DtxR.

In the present study we used site-directed mutagenesis to
make substitutions for the nonconsensus nucleotide C at po-
sition 17 [C(17)] in the IRP3 operator as well as for the
consensus nucleotides A(27) in the IRP3 operator and T(17)
in the IRP1 operator. We determined the effects of these
substitutions on the binding of DtxR, transcriptional repress-
ibility by DtxR, and promoter strength. These studies extend
the available data on the relationships between the structure
and function of DtxR-regulated promoter/operators.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. E. coli K-12 DH5a [F2

f80dlacZDM15 D(lacZYA-argF)U169 endA1 recA1 hsdR17 (rK
2 mK

1) deoR thi-1
supE44 l2 gyrA96 relA1] (Bethesda Research Laboratories, Gaithersburg, Md.)
was used for all purposes in this study, except that E. coli CJ236 (dut ung thi relA
pCJ105 Cmr) (Bio-Rad, Hercules, Calif.) was used to generate uracil-containing
single-strand DNA (ssDNA) as a template for site-directed mutagenesis. Strains
were routinely cultured in Luria-Bertani broth (LB) (32) or terrific broth (TB)
(44). Antibiotics and chromogenic substrates, when required, were included in
the culture medium or plates at the following concentrations: ampicillin, 100
mg/ml; kanamycin, 150 mg/ml; 5-bromo-4-chloro-3-indolyl-b-D-galactopyrano-
side (X-Gal), 40 mg/ml. In order to create iron-limiting growth conditions, the
iron chelator ethylenediamine-di(o-hydroxyphenyl) acetic acid (EDDA) was
added at 500 mg/ml to LB cultures and at 50 mg/ml to LB agar medium. Clones
of DtxR-regulated promoter/operators in the promoter probe vector pQF50 (7)
were used for measuring promoter activity and repressibility in E. coli hosts, as
described previously (37). Plasmid pDSK29, an RSF1010 derivative carrying a
5-kb fragment containing the dtxR gene, was used for testing iron-dependent
regulation of the pQF50 clones by DtxR (37). Plasmid pIRP3-1 (18) was used as
the source of a 0.2-kb HindIII-NotI fragment carrying the IRP3 promoter/oper-
ator, and pIRP1-1 (37) was used as the source of a 0.18-kb AluI-MspI fragment
carrying the IRP1 promoter/operator. Each of these fragments was cloned into
plasmid pBluescript II KS(1) (Stratagene, La Jolla, Calif.) to generate ssDNA
for site-directed mutagenesis, and the fragments containing the desired muta-
tions were then recloned into pQF50 for subsequent testing.

DNA preparation, cloning, and sequencing. Restriction enzymes and other
DNA-modifying enzymes were used according to the instructions of the manu-
facturer (Life Technologies, Gaithersburg, Md.). DNA fragments were sepa-
rated by electrophoresis in low-melting-point agarose gels, excised, and purified
by using a gel extraction kit (Qiagen Inc., Chatsworth, Calif.). Recombinant
DNA was introduced into E. coli strains by electroporation (Bio-Rad). Wizard
miniprep kits (Promega, Madison, Wis.) were used to prepare plasmid DNA for
subcloning and sequencing. Nucleotide sequence analysis of DNA fragments
cloned into pBluescript II KS(1) was performed by an automated sequencing
facility (Department of Biochemistry, Colorado State University, Fort Collins).

Site-directed mutagenesis. Twenty-one-mer oligonucleotides designed on the
basis of the IRP3 and IRP1 sequences [GAG ACG CAC C(A/C/G)A TCG GAA
TGC for the 17 nucleotide in IRP3; GCA GTC TAT TG(C/G/T) GTG AGA
CGC for the 27 nucleotide in IRP3; and TAG CCA AAC CCT TGT TGG TGT
for the 17 nucleotide in IRP1] were purchased from Life Technologies. Mu-
tagenesis was performed as described in the Bio-Rad Muta-Gene Manual. A
uracil-containing ssDNA template was prepared from pBluescript II KS(1)
containing the IRP3 and IRP1 region in E. coli CJ236 by using helper phage
M13K07 (Pharmacia, Uppsala, Sweden). The products of oligonucleotide-
primed DNA synthesis reactions were transformed into E. coli DH5a, and the
mutations were confirmed by DNA sequencing.

Gel mobility shift assays and footprinting assays. The Klenow fragment of
DNA polymerase I was used for [a-32P]dCTP labeling of 220-bp NotI-BamHI
fragments carrying alleles of the IRP3 operator and 180-bp KpnI-SpeI fragments
carrying alleles of the IRP1 operator. The end-labeled DNA fragments at ap-
proximately 0.5 nM were incubated with various concentrations (0 to 2 mM) of
purified DtxR in 10-ml reaction volumes. CoSO4 was present at 300 mM in all
experiments. Other conditions were as described in a previous report from our
laboratory (18).

b-Galactosidase assays. E. coli DH5a(pDSK29) containing pIRP3, pIRP1, or
one of the derivative plasmids was grown overnight in LB medium with either

500 mg of EDDA per ml (low-iron conditions) or no added EDDA (high-iron
conditions). Units of b-galactosidase activity were calculated according to the
method of Miller (20). Data presented are means and standard deviations from
assays of three independent cultures grown under each set of specified condi-
tions.

RESULTS

Construction of site-directed mutations in the IRP3 and
IRP1 operators. The nucleotide sequences of the reported
DtxR-specific operators and the relationship of each operator
to the demonstrated or putative promoter that it regulates are
shown in Fig. 1. The tox, IRP1, and hmuO promoters were
identified by primer extension or RNase protection experi-
ments (19, 35, 39), and the putative IRP2, IRP3, IRP4, and
IRP5 promoters were deduced by DNA sequence analysis (18,
37). The putative IRP3 promoter has the 235 sequence 59-A
TGATT-39 separated by 17 nucleotides from the 210 se-
quence 59-TCTATT-39, and the 2 nucleotides at the 39 end of
the 210 promoter region overlap with the 59 end of the oper-
ator. The IRP1 promoter has the 235 sequence 59-AGGTT
A-39 separated by 18 nucleotides from the 210 sequence 59-T
ATATT-39 (39), and the entire 235 region is located within
the operator. As noted previously, IRP3 is the least repressible

FIG. 1. DtxR-specific operators. Sequences of the message (sense) strands of
seven DtxR-specific operators are shown with the 59-to-39 orientation from left
to right (18, 35, 37). A dot above a nucleotide indicates that it is identical with the
corresponding nucleotide in the consensus sequence. The numbers above the
consensus sequence indicate how many times matching nucleotides are found at
the corresponding positions in these DtxR-specific operators. The left and right
arms of the interrupted palindrome are indicated by the leftward- and rightward-
pointing arrows, respectively. The central nucleotide is numbered 0, and the
nucleotides in the left and right arms of the palindrome are numbered from 21
to 29 and from 11 to 9, respectively, with increasing distance from the center of
the operator. Underlining shows the locations of proven or putative promoter
regions either within the operators or overlapping them. For the tox, IRP2, IRP3,
IRP4, and IRP5 operators, the underlined sequences identify complete or partial
210 promoter regions (18, 19, 37). For the IRP1 operator, the underlined
sequence identifies the 235 promoter region (39). For hmuO, the 235 promoter
region is immediately contiguous with the 59 end of the operator, and the 210
promoter region is adjacent to the 39 end of the operator but separated from it
by one intervening nucleotide (35).
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of the known DtxR-regulated promoter/operators, whereas
IRP1 is strongly repressible by DtxR and iron.

The sequence of the 19-bp operator in IRP3 differs from the
consensus sequence of DtxR-regulated promoters at 6 posi-
tions (Fig. 1). The nonconsensus residue C at position 17 in
IRP3 is unique, since all of the other DtxR-regulated promot-
er/operators have T at that position. The nonconsensus resi-
dues A at position 0 and C at position 13 in IRP3 are also
unusual, since G or C is found at position 0 and A or T is found
at position 13 in the other DtxR-regulated promoter/opera-
tors. The nonconsensus residues G at position 23, C at posi-
tion 11, and T at position 19 in IRP3 are each present in the
core sequence of at least one other promoter/operator that is
more tightly regulated by DtxR than is IRP3. The primary
purpose of the present study was to test the hypothesis that the
unique nonconsensus residue C at position 17 in the IRP3
core sequence plays a major role in the poor repressibility of
IRP3 by DtxR and its weak binding to DtxR. Toward this end
we constructed variants of the IRP3 operator containing all
possible single-nucleotide substitutions at position 17 and at
the symmetrically located position 27, and we assessed the
effects of these substitutions on binding to DtxR, repressibility
by DtxR, and promoter activity. To extend these studies with
IRP3, we also constructed a C(17)T substitution in the oper-
ator sequence of the highly DtxR-repressible promoter/oper-
ator IRP1.

Analysis of site-directed mutations at positions 17 and 27
in IRP3. To analyze the relative binding of the sequence vari-
ants of IRP3 to DtxR, gel mobility shift assays were performed
with each variant at several different DtxR concentrations
ranging from 0 to 2,000 nM in the presence of 300 mM Co21

(Fig. 2). The 0.22-kb DNA fragments containing the wild-type
and mutant IRP3 core sequences were purified and end la-
beled with [a-32P]dCTP. The fragment containing the wild-
type IRP3 operator sequence exhibited an easily detectable
mobility shift only in the presence of 2,000 nM DtxR. In con-
trast, the fragment containing the IRP3 C(17)T substitution
exhibited a detectable mobility shift in the presence of as little
as 20 nM DtxR. The substitution of T for C at position 17 in
IRP3, therefore, caused a dramatic increase in the binding of
DtxR to the DNA fragment. Changing the C at position 17 in
IRP3 to A caused a slight increase in the binding of DtxR,
manifested by the appearance of a detectable mobility shift at
500 nM DtxR. In contrast, changing C to G at position 17
caused a slight decrease in the binding of DtxR, resulting in a
mobility shift of smaller magnitude at 2,000 nM DtxR than that
seen with wild-type IRP3.

To analyze the effect of the nucleotide at the reciprocal
position 27 on the binding of DtxR to IRP3, A(27) in wild-
type IRP3 was changed systematically to all other nucleotides,
and fragments containing each of the 27 variants of IRP3 were
also subjected to gel mobility shift assays (Fig. 2). C or G
substitutions caused a decrease in DtxR binding and resulted
in a mobility shift of smaller magnitude in the presence of
2,000 nM DtxR, whereas the A(27)T substitution did not
significantly change the magnitude of the shift at 2,000 nM
DtxR.

A double mutant of the IRP3 operator was constructed with
the A-to-G replacement at position 27, which had the stron-
gest negative effect on DtxR binding, and the C-to-T replace-
ment at position 17, which had the strongest positive effect on
DtxR binding. In gel shift assays the DNA fragment containing
this double mutant exhibited a detectable mobility shift at
DtxR concentrations as low as 100 nM, indicating that the
binding of the double mutant fragment to DtxR was signifi-
cantly greater than that of wild-type IRP3. Therefore, the

substitution of T for C at position 17 in IRP3 had a greater
effect on binding to DtxR than any other single substitution at
position 17 or 27, and the negative effect of the A(27)G
substitution did not completely counteract the stronger posi-
tive effect of the C(17)T substitution on DtxR binding to the
IRP3 variant containing both substitutions.

Promoter strength and repressibility were examined by clon-
ing each variant of IRP3 into pQF50, which has a promoterless
lacZ gene, transforming each clone into E. coli DH5a with and
without the compatible dtxR-containing plasmid pDSK29, and
measuring the b-galactosidase activities of each transformant
under high-iron and low-iron growth conditions (Table 1). All
variants of IRP3 except A(27)C showed very low or undetect-
able b-galactosidase activity, demonstrating that most of the
nucleotide substitutions at position 27 or 17 in IRP3 caused
markedly decreased promoter activity, to the extent that re-
pressibility could no longer be measured accurately. In con-
trast, the A(27)C substitution increased promoter activity
approximately 1.7-fold but simultaneously decreased the re-
pression ratio from the value of approximately 9 for wild-type
IRP3 to approximately 1.3.

Analysis of a T-to-C substitution at the 17 position in IRP1.
The above findings indicated that the nucleotide at position 17
in the operator is important for the binding of IRP3 to DtxR
and for the transcriptional activity of IRP3. To determine
whether this was also true for IRP1, which is tightly regulated

FIG. 2. Gel mobility shift assays. Each of the DNA fragments of pIRP3 and
its variants was 220 bp long, and the DNA fragments of pIRP1 and its variant
were 180 bp. The fragments were end labeled with [a-32P]dCTP and incubated
in the presence of Co21 (300 mM) and various concentrations of DtxR (0 to 2,000
nM) as indicated.
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by DtxR, a T-to-C substitution at position 17 in the IRP1
operator was generated by site-directed mutagenesis. The
binding of DtxR to a DNA fragment containing this T(17)C
variant of IRP1 was analyzed by gel mobility shift assays (Fig.
2). For the fragment containing wild-type IRP1, a small but
distinct shift in mobility was detectable at 5 nM DtxR. In
contrast, for the fragment with the T(17)C variant of IRP1,
the lowest concentration of DtxR at which an unambiguous
shift in mobility was visible was 100 nM.

Expression of the b-galactosidase gene under the control of
wild-type IRP1 and the T(17)C variant of IRP1 was also
compared in E. coli DH5a containing the dtxR1 plasmid
pDSK29 under high-iron and low-iron conditions as described
above (Table 1). The repression ratio decreased from approx-
imately 18-fold for wild-type IRP1 to approximately 6.8-fold
for the T(17)C variant, and the most striking difference was a
much higher level of b-galactosidase production from the
T(17)C variant than from wild-type IRP1 under high-iron
(repressing) growth conditions (12.7 versus 1.1 b-galactosidase
units). Therefore, both in IRP3 and in IRP1, the presence of C
instead of T at position 17 was associated with decreased
binding of holo-DtxR to the operator and with decreased re-
pression of the promoter/operator by DtxR in vivo under high-

iron conditions. In IRP1, the T(17)C substitution caused an
increase of approximately fourfold in promoter activity (from
20.3 to 87 b-galactosidase units under low-iron conditions [Ta-
ble 1]). In contrast, the reciprocal C(17)T substitution in IRP3
abolished promoter activity (from 46.7 to 0.3 b-galactosidase
unit under low-iron conditions).

Footprinting analysis of selected IRP3 and IRP1 variants.
DNase I footprinting was performed to confirm that DtxR
binds to the same sequences in wild-type and mutant alleles of
IRP3 and IRP1 (Fig. 3). These experiments demonstrated that
the DNase I footprints were similar for the wild type, the
C(17)T single mutant, and the A(27)G/C(17)T double mu-
tant of IRP3. Similarly, the DNase I footprints for the wild type
and T(17)C variants of IRP1 were indistinguishable. There-
fore, the altered affinity of holo-DtxR to these mutant alleles of
IRP3 and IRP1 in the gel shift experiments described above
was not caused by inactivation of a primary DtxR binding site
and utilization of a weaker secondary DtxR binding site at a
different location. These data demonstrate that the suscepti-
bility of DtxR-regulated promoter/operators to repression by
DtxR in vivo is directly related to the strength of their binding
to holo-DtxR in vitro.

TABLE 1. Characterization of wild-type and mutant IRP3 and IRP1 operators

Plasmid Sequence of operatora Iron

b-Galactosidase activity (Miller
units)b DtxR bindingc

to operator
dtxR1 DtxR2

Consensus sequenced TTAGGTTAGCCTAACCTAA

pIRP3-1 TTAGGTGAGACGCACCCAT 1 5.2 6 1.3 45.3 6 2.3 1
2 46.7 6 3.8 43.5 6 1.7

pIRP3 C(17)T TTAGGTGAGACGCACC*TAT 1 0.2 6 0.2 0.2 6 0.1 1111
2 0.3 6 0.3 0.4 6 0.2

pIRP3 C(17)A TTAGGTGAGACGCACC*AAT 1 1.7 6 0.5 6.2 6 1.7 11
2 4.8 6 1.2 7.4 6 1.5

pIRP3 C(17)G TTAGGTGAGACGCACC*GAT 1 1.0 6 0.1 3.1 6 0.4 6
2 2.8 6 0.3 3.7 6 0.9

pIRP3 A(27)C TT *CGGTGAGACGCACCCAT 1 56.4 6 5.5 75.1 6 6.4 6
2 75.5 6 4.1 79.3 6 5.3

pIRP3 A(27)G TT *GGGTGAGACGCACCCAT 1 0.6 6 0.3 1.7 6 0.9 6
2 2.5 6 1.2 1.5 6 0.5

pIRP3 A(27)T TT *TGGTGAGACGCACCCAT 1 1.0 6 0.2 4.5 6 0.9 1
2 3.6 6 0.7 4.1 6 1.1

pIRP3 C(17)T/A(27)G TT *GGGTGAGACGCACC*TAT 1 0.1 6 0.1 0.3 6 0.2 111
2 0.3 6 0.2 0.2 6 0.1

pIRP1-1 TTAGGTTAGCCAAACCTTT 1 1.1 6 0.2 19.5 6 1.8 11111
2 20.3 6 2.1 22.3 6 2.6

pIRP1 T(17)C TTAGGTTAGCCAAACC*CTT 1 12.7 6 0.6 95.1 6 3.8 111
2 87.0 6 4.4 91.5 6 4.2

pQF50 1 0.2 6 0.1 0.2 6 0.1
2 0.1 6 0.1 0.2 6 0.2

a Asterisks above operator sequences identify locations of nucleotide substitutions.
b Average of at least three determinations for E. coli DH5a 6 standard deviation.
c Relative binding of DtxR to the operators from IRP3, IRP1, and their mutants, based an gel mobility shift data from Fig. 2 (pIRP3 was assigned an arbitrary value

of 1, and pIRP1 was assigned an arbitrary value of 11111).
d 19-bp consensus sequence for DtxR-specific operators (see text).
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DISCUSSION

DtxR is an iron-activated global regulatory protein that re-
presses the synthesis of diphtheria toxin and several other
proteins of C. diphtheriae. The seven DtxR-regulated operators
characterized so far either overlap with the 210 region or the
235 region of the associated promoter or are located between
them (Fig. 1). Regulatory proteins that bind to s70-like pro-
moters at regions centered downstream from position 230
almost always function as repressors (10). The locations of the
known DtxR-specific operators in relation to the proven or
putative promoters that they regulate (Fig. 1) are fully consis-
tent with the finding that DtxR functions as a repressor at
multiple promoter/operators from C. diphtheriae but has not
yet been shown to act as a transcriptional activator. Determin-
ing the molecular basis for sequence-specific DNA binding by

holo-DtxR is critical for understanding its biological function.
How changes in the structure of DtxR affect its function has
been discussed elsewhere (8, 9, 16, 27, 28, 48). Here we exam-
ined how variations in the nucleotide sequence of DtxR-regu-
lated promoter/operators affect their function.

The consensus sequence for DtxR-specific operators is 19 bp
long and contains a perfect 9-bp AT-rich palindrome inter-
rupted by a single base pair (Fig. 1). This consensus sequence
was established by comparing the sequences both of wild-type
IRPs from C. diphtheriae (18, 37) and of selected tox operator
variants with partially randomized sequences that exhibited
high-affinity binding to holo-DtxR in vitro (43). The DNA on
either side of this 19-bp region in DtxR-specific operators from
C. diphtheriae is highly variable both in nucleotide sequence
and in AT content (18, 37). A 19-bp segment is sufficient,
therefore, to identify operators that are recognized by DtxR.

Variations from the consensus sequence that do not abolish
operator function will be considered first (Fig. 1). Identity
between the consensus sequence and the message (sense)
strand for each of these seven operators varies from 12 to 16
bp. Nucleotide C(16) is invariant, and 15 other nucleotides are
conserved in either five or six of these operators. Nucleotides
T(23), T(24), and T(29) are least conserved and occur in
four, three, and four of these operators, respectively. All four
possible nucleotides are found only at position 29, but three
different nucleotides occur at positions 28, 24, 23, 21, 0, and
13. In addition, among the 21 tox operator variants mentioned
previously that exhibit high-affinity binding to DtxR (43), all
four possible nucleotides occur at positions 23, 24, and 14. In
summary, although some nucleotide substitutions can occur at
almost every position in the operator without abolishing its
function, the greatest variability is found at positions 29, 28,
24, 23, 21, 0, 13, and 14.

Mutations that alter the function of DtxR-regulated promot-
er/operators will be considered next. Several corynephage b
mutants with partially operator-constitutive tox phenotypes
have been characterized (17, 22, 46, 47). C. diphtheriae lysogens
carrying such mutants as prophages produce more diphtheria
toxin under repressing high-iron growth conditions than do
strains carrying wild-type b prophage, but they are not totally
resistant to inhibition of toxin production by high concentra-
tions of iron in the culture medium. The tox-201 and tox-202
alleles, which exhibit the strongest operator-constitutive phe-
notypes, have single G(25)A and G(26)A substitutions in the
message (sense) strand of the tox operator (17), suggesting
important roles of the highly conserved nucleotides G(25) and
G(26) for the binding of DtxR. Nevertheless, the wild-type
IRP4 promoter/operator, which is highly repressible by DtxR
(18), also has A at position (26) in the message (sense) strand
of its operator (Fig. 1). Therefore, a specific nucleotide at a
particular position, such as A(26), is not an absolute determi-
nant of operator function, because its effect is influenced by the
local DNA sequence.

The present study is the first to analyze the effects of single-
nucleotide changes at positions 17 and 27 in DtxR-specific
operators. At C(17) and A(27) in IRP3 (Fig. 1), substitution
of each other possible nucleotide causes changes in binding to
DtxR (Fig. 2), repression by DtxR (Table 1), and promoter
activity (Table 1), in various combinations. There appears to be
strong selective pressure for C at position 17 in the wild-type
IRP3 operator, because any other nucleotide at that position
interferes dramatically with promoter activity (Table 1). In
contrast, the A(27)C substitution in IRP3 causes increased
promoter activity, but at the expense of markedly decreased
operator function (Table 1). It is not surprising that single-
nucleotide substitutions can affect both operator and promoter

FIG. 3. DNase I footprinting assays. All DNA fragments were 39 end labeled
with [a-32P]dCTP on one strand and were incubated in the presence of Co21

(300 mM) and DtxR (1000 nM for pIRP3 and its variants; 200 nM for pIRP1 and
its variant). (A) Lanes: 1, pIRP1 with no DtxR; 2, pIRP1 with DtxR; 3, pIRP1
T(17)C with DtxR. (B) Lanes: 1, pIRP3 with no DtxR; 2, pIRP3 with DtxR; 3,
pIRP3 C(17)T with DtxR; 4, pIRP3 C(17)T/A(27)G with DtxR. Brackets
indicate sequences protected by DtxR from DNase I digestion.
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functions, because the operator and promoter sequences in
DtxR-regulated promoter/operators usually overlap (Fig. 1) (2,
18, 19, 35, 37, 40). Historically, the tox-201 allele mentioned
above was the first example of decreased operator function and
increased promoter activity shown to be caused by a single-
nucleotide substitution [G(25)A] in a DtxR-regulated pro-
moter/operator (17, 46).

Structures of wild-type and/or mutant forms of apo-DtxR,
holo-DtxR, and holo-DtxR in complex with DNA provide im-
portant additional information about mechanisms for DtxR
activation and DtxR binding to its cognate operators (5, 27–31,
33, 48). Two independent DtxR dimers bind on opposite faces
of the DNA to symmetrically disposed regions that are sepa-
rated by 5 nucleotides (28, 48). The DNA helical axis is dis-
torted slightly from that of linear canonical B-form DNA, and
the recognition helix of the helix-turn-helix motif from each
DtxR monomer inserts into the major groove. Only the side
chains of Gln43 in the recognition helices interact directly with
bases. Gln43 from one monomer in each DtxR dimer interacts
with the central CG base pair and possibly with an adjacent
base (28, 46). The Gln43 residues of the second monomers in
the two DtxR dimers interact, respectively, with C(15) and
with the complement of G(25) in the opposite DNA strand
(28). Disruption of the latter interaction by a G(25)A substi-
tution provides a likely explanation for the operator-constitu-
tive phenotype of phage btox-201 described above (17, 46, 47).
In contrast to the limited direct interactions of DtxR with
bases, 9 residues from each helix-turn-helix motif are reported
to contact ligands in the DNA backbone (28, 48). Although
interactions with ligands in the DNA backbone are known to
complement interactions with bases in determining the se-
quence-specific binding of repressor proteins to DNA (13, 14,
28, 48), the dramatic preponderance of binding to ligands in
the DNA backbone versus ligands in the bases reported for
DtxR is a striking aspect of its sequence-specific DNA-binding
activity.

Although a Gln43 residue from each DtxR dimer interacts
directly with the central CG base pair in the tox operator, G or
C at position 0 is not required for binding of DtxR to a cognate
operator (Fig. 1). The exception is IRP3, which has A at po-
sition 0 in the operator (Fig. 1). It is not yet known, however,
whether A(0) contributes to the weaker affinity of IRP3 for
DtxR and the poorer repressibility of IRP3 by DtxR, in com-
parison with several other DtxR-regulated operator/promoters
(Fig. 2; Table 1) (18, 37).

If the structures described above for the complexes of holo-
DtxR with DNA are representative of all DtxR-operator com-
plexes, then the striking effects of nucleotide substitutions at
positions 17 and 27 in the IRP3 operator reported here are
not caused by disrupting direct interactions between DtxR and
bases in the major groove. However, these nucleotide substi-
tutions could cause changes in local DNA flexibility, which is
determined by nucleotide sequence and is believed to provide
an “indirect readout” of sequence-specific information in DNA
(4, 14). Local flexibility is important in determining whether a
short segment in DNA can adopt the confirmation needed for
it to interact with a sequence-specific DNA-binding protein
such as a repressor. Unfortunately, rules that can accurately
predict local DNA conformations from DNA sequences are
not yet available (4). The results of the studies presented here
are fully consistent with the hypothesis that local DNA flexi-
bility makes an important contribution to the interaction of
DtxR with its cognate operators.

Some DtxR-specific operators exhibit high homology with
the consensus sequence in only one arm of the palindrome.
The most striking example is IRP4, which is identical with the

consensus sequence in the right arm but has only 3 of 9 match-
ing nucleotides in the left arm (Fig. 1). The stepwise patterns
in gel mobility shifts seen with increasing DtxR concentrations
for some DtxR-specific operators, particularly for wild-type
IRP1 and IRP3 C(17)T in Fig. 2, suggest that those operators
may contain both high-affinity and low-affinity DtxR-binding
sites. Although X-ray crystallography reveals that two DtxR
dimers can bind to the tox operator (28, 48), it is not yet
established whether binding of both DtxR dimers is required
for the repression of transcription in vivo.

In summary, although rapid progress has been made in the
last several years, much remains to be learned about the mo-
lecular basis for sequence-specific binding of DtxR to its cog-
nate operators. Additional genetic, biochemical, and structural
studies are required to determine whether there are significant
differences in the molecular bases of interaction of DtxR with
the various operators that it can recognize and to refine current
models of DtxR-operator interactions. Such studies should
provide new insights about this process, which plays a central
role in the DtxR-dependent global regulation of gene expres-
sion by iron in C. diphtheriae. Such studies should also contrib-
ute to an improved general understanding of sequence-specific
protein-DNA interactions, which have fundamental impor-
tance for all living cells.
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