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ABSTRACT: The metal ion-regulated transcriptional repressor DtxR has been shown to repress the
transcription of the diphtheria toxin and other genes associated with ferrous ion homeostasis in
Corynebacterium diphtheriae. In vivo studies of single-alanine mutations located in the N-terminal helix
of DtxR show that the activity of the mutants is reduced compared to that of the wild type. The three-
dimensional structures of the apo and activated forms of DtxR show conformational changes in the
N-terminal helix resulting from metal ion activation. We have studied the N-terminal helix mutants DtxR-
(D6A,C102D), DtxR(E9A,C102D), and DtxR(M10A,C102D) using crystallographic and calorimetric
techniques to gain insight into the possible reasons for such behavior at a molecular level. The binding
affinities for metal ion extracted from the calorimetric titrations of the mutants DtxR(D6A,C102D) and
DtxR(E9A,C102D) are very similar to those found for DtxR(C102D), while the same experiments performed
with the mutant DtxR(M10A,C102D), bearing the M10A mutation located in binding site 2, show a
decreased binding affinity in a predictable fashion. These results suggest that the decreased activity observed
in these mutants cannot be explained exclusively by changes in the binding affinity of the repressor. The
crystal structures of Ni-DtxR(M10A,C102D), Ni-DtxR(E9A,C102D), and Ni-DtxR(D6A,C102D) clearly
show the presence of two metal ions bound. In the structure of Ni-DtxR(M10A,C102D), a water replaces
Met10 in binding site 2. In the structure of Ni-DtxR(D6A,C102D), the nonhelical conformation of the
N-terminal region characteristic of the activated form is absent. The side chain of Asp6 is critical in
stabilization of the nonhelical conformation. This conformation is identical in all high-resolution structures
of activated DtxR with an intact N-terminal helix, suggesting relevance in DtxR’s regulatory function.

Ferrous ion is an essential nutrient of almost every
organism. Bacteria depend on a limited environmental iron
supply to cover their needs. To prevent deficiencies on the
one hand and toxicity on the other, bacteria have evolved
various mechanisms to achieve effective iron homeostasis.
Pathogenic bacteria have linked the expression of virulence
genes to the availability of ferrous ion. Once ferrous ion
becomes growth-limiting, toxins and other virulence factors
are expressed, resulting in the death of host cells, which
makes their stored iron available to the bacteria. InCoryne-
bacterium diphtheriae, the task of regulating the concentra-
tion of ferrous ion and the transcription of virulence factors
is carried out by the diphtheria toxin repressor.

The diphtheria toxin repressor (DtxR)1 is the best-
characterized example of a widespread family of proteins
found in many pathogenic bacteria, such asMycobacterium
tuberculosis, Treponema pallidum, andStreptococcus pyo-

genes, among others (1-3). Crystallographic studies of DtxR
revealed two major structural domains linked by a flexible,
proline-rich linker (4, 5). These consist of an N-terminal
domain that contains a helix-turn-helix (HTH) motif and
a C-terminal domain that exhibits an SH3-like fold (8-10).
However, not all members of the DtxR family have two
domains: several members lack the C-terminal domain (6,
7). The N-terminal domain of DtxR contains two metal ion
binding sites (4, 5, 8). Binding site 1 consists of the side
chains of His79, Glu83, and His98 from the N-terminal
domain (4, 5). Some structures of DtxR show that the side
chains of two residues from the C-terminal domain, Glu170
and Gln173, may also contribute to binding site 1 (9). In
some DtxR structures where no interaction is seen between
residues from the C-terminal domain and binding site 1, an
anion, usually a phosphate or sulfate ion, participates as a
ligand (10, 11). Binding site 2 consists of the side chains of
Glu105, His106, Cys102, Met10, the carbonyl oxygen of
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Cys102, and a water molecule (5, 12). Mutational studies
have shown that the integrity of both binding sites is essential
for repressor activity (13). While in vivo the metal ion-
induced activation of DtxR is specific for Fe(II), the
activation in vitro of DtxR is not metal ion-specific, and
several divalent transition metal ions have been shown to
activate the repressor in addition to ferrous ion in the
following order of activation: Fe(II)∼ Ni(II) > Co(II)+ .
Mn(II) (14, 15). In the presence of ferrous ion, DtxR forms
a homodimer that binds to thetox operator, preventing
downstream transcription of genes, including the virulence
genes. Below a certain concentration of ferrous ion, this
DtxR-tox operator complex dissociates and transcription
occurs.

Because of the importance of the metal ion-induced
activation of DtxR in repression of virulence factors, there
has been a great deal of interest in the elucidation of the
events that lead to an active repressor at a molecular level.
We have recently demonstrated that DtxR has a high-affinity
binding site and a low-affinity binding site corresponding
to binding sites 1 and 2, respectively (16). Spectroscopic
measurements performed on MntR, a DtxR homologue from
Bacillus subtilis, give similar results (17). Using a combina-
tion of calorimetric and crystallographic techniques, we have
proposed a mechanism for the metal ion-induced activation
of DtxR, which can be summarized as follows (16). In the
absence of divalent transition metal ions, DtxR exists
primarily as a monomer. As the concentration of the metal
ion increases, coordination to binding site 1 occurs with no
noticeable conformational changes. Once binding site 1 is
saturated, coordination of metal ion to binding site 2 follows,
accompanied by a small but noticeable conformational
change in the N-terminal helix, where the first six residues
undergo a conformational change often termed a helix-to-
coil transition (16). It was inferred that binding site 2 serves
as a metal ion sensor and determines the metal ion
concentration at which the repressor can be active, while
binding site 1 contributes to the stability and persistence of
the tertiary structure of the protein by anchoring key residues
and extending the lifetime of the interactions of an extensive
electrostatic network (5, 9, 11, 13). Although our experiments
do not determine when dimerization takes place during
activation, it would seem reasonable that it occurs as a result
of the observed conformational changes. Because the three-
dimensional structure of activated DtxR does not seem to
be affected significantly by the presence or absence of DNA,
it is believed that the DNA does not actively participate in
the process of metal ion-induced activation (5, 18). A recent
report presenting a complex of IdeR fromM. tuberculosis
with its operator DNA opens the possibility that the activated
form of DtxR-like repressors must be optimized for DNA
binding (19). This study, however, leaves open the question
of whether it is the conformation of the protein or the
operator DNA that has to be optimized (19).

One aspect of the metal ion-induced activation of DtxR
that remains unknown deals with the signal transduction that
operates between metal ion coordination and the observed
conformational changes during the activation process. For
instance, it is known that the N-terminal helix is highly
conserved among members of the DtxR family. This
conservation at the primary sequence level could be indica-
tive of a prominent role of the N-terminal helix in the

function of the repressor. In fact, single-alanine replacements
of some of the N-terminal helix residues lead to reduced
activity. In vivo, the mutants DtxR(D6A) and DtxR(E9A)
show a decrease in activity of 20-40% when compared to
the wild type, and the mutant DtxR(M10A) is completely
inactive. In the case of the latter, Met10 participates as a
ligand of binding site 2; thus, a change in binding affinity
for metal ion could also be anticipated. In fact, reconstitution
experiments show a decrease in the amount of total metal
ion coordinated when compared to that with the wild type
(14). These considerations motivated us to study the N-
terminal helix of DtxR and its possible role in activation of
the repressor.

We have purified the N-terminal helix mutants DtxR-
(D6A,C102D), DtxR(E9A,C102D), and DtxR(M10A,C102D),
determined their crystal structures, and determined their
binding affinities for Ni(II) ion calorimetrically to study the
role of the N-terminal helix in the metal ion activation of
DtxR. Mutagenesis studies have shown that the only amino
acid that can be substituted for Cys102 while preserving
repressor activity is Asp (8). The C102D mutation was thus
employed in crystallographic studies to prevent oxidation of
sulfur from influencing the structure around binding site 2
(8, 16, 20, 21).

EXPERIMENTAL PROCEDURES

Cloning and Protein Expression. DtxR mutants were
subcloned from pET-11c-dtxr using the QuikChange mu-
tagenesis kit (Stratagene, La Jolla, CA). Mutagenic oligo-
nucleotide primers were synthesized by Qiagen (Valencia,
CA). DtxR(C102D) was subcloned first and subsequently
used for cloning DtxR(M10A,C102D), DtxR(E9A,C102D),
and DtxR(D6A,C102D). These resulting plasmids were
sequenced to verify that the proper mutants were obtained
(Seqwright, Houston, TX). Protein expression was induced
by isopropyl thiogalactoside (IPTG) (final concentration of
0.5 mM) at an OD of 0.6 after transformation of the plasmid
DNA containing DtxR(M10A,C102D), DtxR(E9A,C102D),
and DtxR(D6A,C102D) sequences into BL21(DE3) cells at
37 °C. After induction, the cells were left in the incubator
for an additional 2 h. Following that, the cells were harvested
by centrifugation, frozen, and stored at-80 °C until further
use.

Purification of DtxR Mutants.The previously described
purification protocol was used with slight modifications (16).
The cell pellet was thawed and resuspended in 50 mL of 10
mM Tris-HCl (pH 7.5) and then lysed by sonication. The
lysate was centrifuged at 13000g for 45 min at 4°C. The
supernatant was loaded first onto a DEAE (diethylaminoet-
hyl) Cephacel (Sigma-Aldrich, St. Louis, MO) anion ex-
change column equilibrated with 10 mM Tris-HCl (pH 7.5)
and washed with 200 mL of 10 mM Tris-HCl (pH 7.5).
Protein was eluted with a 300 mL linear gradient from 0 to
300 mM NaCl at a flow rate of 1 mL/min. DtxR(D6A,-
C102D), DtxR(E9A,C102D), and DtxR(M10A,C102D) elut-
ed at approximately 220-300 mM NaCl as determined by
SDS-PAGE. Fractions containing DtxR mutants were
pooled, concentrated, loaded onto a nickel-nitrilotriacetic
acid (Ni-NTA) affinity column (Qiagen) pre-equilibrated
with 10 mM Tris-HCl (pH 7.5), and then washed with 100
mL of 10 mM Tris-HCl (pH 7.5). Protein was eluted with a
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100 mL linear gradient from 0 to 10 mM imidazole in the
same buffer at a flow rate of 2 mL/min. Fractions containing
the protein of interest were identified by SDS-PAGE,
pooled, concentrated to 15 mg/mL, and stored at-80 °C
until they were used.

Protein Crystallization.Samples of DtxR(D6A,C102D),
DtxR(E9A,C102D), and DtxR(M10A,C102D) were kept in
10 mM Tris-HCl (pH 7.5) at a concentration of 7.5 mg/mL
and crystallized by vapor diffusion using the hanging drop
method at room temperature. The protein solution (5µL)
was mixed with an equal amount of well solution [0.2 M
Na2HPO4, 20% poly(ethylene glycol) (PEG) 3350, and 5 mM
NiCl2]. Crystals suitable for X-ray diffraction appeared within
1 week. Prior to crystallographic experiments, samples were
incubated in a cryoprotecting solution containing 30% PEG
400 for 30 s.

Data Collection. Diffraction data for Ni-DtxR(D6A,-
C102D) and Ni-DtxR(M10A,C102D) were collected in house
on an Xcalibur PX Ultra diffractometer system equipped with
an Onyx CCD detector (Oxford Diffraction, Oxfordshire,
U.K.) at 100 K to a resolution of 1.71 Å for Ni-DtxR(D6A,-
C102D) and 1.92 Å for Ni-DtxR(M10A,C102D). The data
were integrated and indexed using MOSFLM and scaled
using SCALA from the CCP4 suite (22, 23). The data for
Ni-DtxR(E9A,C102D) were collected to 2.10 Å at beamline
23-ID of the Advanced Photon Source at Argonne National
Laboratory (Argonne, IL). Diffraction data were collected
at 100 K on a MARmosaic 300 CCD detector (Mar USA,
Evanston, IL) and processed with HKL2000 (24).

Structure Determination and Refinement.The structures
of Ni-DtxR(D6A,C102D), Ni-DtxR(M10A,C102D), and Ni-
DtxR(E9A,C102D) were determined by molecular replace-
ment using the program PHASER of the CCP4 suite, using
DtxR(H79A) (PDB entry 1P92) as a search model (18-20).
The crystals have the symmetry of space groupP3121 with
one molecule per asymmetric unit. After a round of rigid
body refinement and several rounds of manual positioning

and restrained refinement using Coot for molecular display
and REFMAC5, the refinement proceeded until theRfree

could no longer be reduced (22, 25). During refinement, two
Ni(II) ions and a phosphate anion were included in the
structure, resulting in a significant reduction inRfactor and
Rfree. Complete statistics for the refinement are presented in
Table 1. Refinement of Ni-DtxR(D6A,C102D) and Ni-DtxR-
(M10A,C102D) produced a gap betweenRfactor and Rfree

slightly greater than expected. This fact has been attributed
to an unusually large number of rejected reflections due to
spot overlap.

Isothermal Titration Calorimetry.ITC experiments were
performed using a VP-ITC microcalorimeter (Microcal Inc.,
Northampton, MA) at 25°C. Metal ion free samples and
buffers were obtained using the method proposed by Spiering
et al. (14) using Chelex resin (Bio-Rad Laboratories, Her-
cules, CA) as a chelating agent. Metal ion free protein
samples were dialyzed against 0.1 M Tris-HCl (pH 7.5) and
degassed prior to the experiments. Protein samples at a
concentration of 20-60 µM were titrated against 0.1 M Tris
buffer (pH 7.5) containing NiCl2 in the concentration range
of 1-5 mM. The higher limit of metal ion concentration
was used in an attempt to resolve poor signal to noise in the
region of complete saturation observed in the titration of
DtxR(M10A,C102D). The data were fitted by using Microcal
ORIGIN supplied with the instrument. The data were best
fitted to a two-binding site model. Binding affinities were
calculated using a 1 M standard state.

RESULTS

OVerall Structure. The overall conformations of the Ni-
DtxR(D6A,C102D), Ni-DtxR(M10A,C102D), and Ni-DtxR-
(E9A,C102D) structures correspond to the previously de-
scribed pattern of secondary structure motifs (4, 5, 11). The
N-terminal domain contains sixR-helices, designated by the
letters A-F, and twoâ-strands. The two metal ion binding

Table 1: Data Collection and Refinement Statistics

Ni-DtxR(D6A,C102D)
(PDB entry 2QQ9)

Ni-DtxR(E9A,C102D)
(PDB entry 2QQA)

Ni-DtxR(M10A,C102D)
(PDB entry 2QQB)

Data Collection
temperature (K) 100 100 100
space group P3121 P3121 P3121
a ) b; c (Å) 62.71; 107.4 61.76; 104.6 62.32; 104.6
R ) â; γ 90; 120 90; 120 90; 120
resolution range (Å) 27-1.7 35-2.1 30-1.9
no. of observed reflections 107865 247163 114192
no. of unique reflections 21573 13090 15860
signal to noise〈I/σ(I)〉 4.9 12.0 6.0
completeness of data (%)/[last shella (%)] 84/(48) 98/(97) 90/(42)
redundnacy 5.0 17.9 7.2
Rmerge

b (%)/[last shella (%)] 13.5/(79) 8.7/(60) 11.4/(60)

Refinement
no. of reflections used [working/(free)] 21573/(1152) 13090/(686) 15860/(853)
Rfactor

c (%) 24 20 22
Rfree (%) 29 26 31
total no. of non-hydrogen atoms 1901 1810 1807
no. of Ni(II) ions 2 2 2
rms deviation

bond lengths (Å) 0.02 0.03 0.03
bond angles (deg) 1.8 2.3 2.5

meanB-factor 20 32 24
a Highest-resolution shell for mutants: DtxR(D6A,C102D), 1.7-1.8 Å; DtxR(E9A,C102D), 2.1-2.2 Å; and DtxR(M10A,C102D), 1.9-2.0 Å.

b Rmerge ) (∑|Iobs - Iave|)/(∑Iave), over all symmetry-related observations.c (∑|Fo - Fc|)/(∑Fo), over all reflections.
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sites and the helix-turn-helix motif that is involved in DNA
recognition are found in the N-terminal domain. The CR
atoms of the N-terminal domain residues (6-139) of the
three structures can be superimposed with a root-mean-square
(rms) deviation of<0.3 Å. The C-terminal domain contains
five â-strands that form a conformation similar to that found
in the SH3 fold (11, 26). The monomer of Ni-DtxR(D6A,-
C102D), indicating the relative positions of the two metal
ion binding sites, the position of the HTH motif, and the
position of the D6A, E9A, and M10A mutations in the
N-terminal helix, is shown in Figure 1. The HTH motifs of
all the mutants studied here have conformations identical to
that of the DtxR-DNA complex. No interactions between
residues from the C-terminal domain and binding site 1 or
their corresponding symmetry-related pairs are observed in
the crystal structures presented here. When the N-terminal
domains (residues 6-139) of Ni-DtxR(D6A,C102D), Ni-
DtxR(M10A,C102D), and Ni-DtxR(E9A,C102D) are super-
imposed, the C-terminal domain residues (150-226) of these
mutants do not superimpose well. The rms displacement for
the alignment of the C-terminal domain with respect to the
N-terminal domain is 1.39 Å between Ni-DtxR(E9A,C102D)
and Ni-DtxR(D6A,C102D) and 1.35 Å between Ni-DtxR-
(M10A,C102D) and Ni-DtxR(D6A,C102D) (see Figure 2).
No model was built for the region corresponding to the linker
that connects the N-terminal and C-terminal domains (resi-
dues 140-149). This linker is flexible and therefore refrac-
tory to crystallographic analysis.

The structure of Ni-DtxR(D6A,C102D) contains the N-
terminal domain, residues 3-139, and the C-terminal
domain, residues 150-198 and 201-226. The electron

density is continuous throughout the main chain of the visible
part of the sequence with electron density for only a few
side chains missing. The structure was refined with all
modeled residues in allowed regions of the Ramachandran
plot. Similarly, the structure of Ni-DtxR(E9A,C102D) con-
tains the N-terminal domain, residues 3-140, and a complete
C-terminal domain, residues 147-226, with the exception
of a few side chains. The electron density is continuous for
the visible regions, and the geometry of the refined structure
is good. Finally, the structure of Ni-DtxR(M10A,C102D)
contains the N-terminal domain, residues 3-139, and the
C-terminal domain, residues 149-198 and 200-226. The
electron density is continuous covering the whole range of
visible residues. Only a few side chains are missing from
the modeled regions. Only four non-glycine residues occupy
traditionally nonallowed regions of the Ramachandran plot,
among them, Val5. This is consistent with previously
published structures of DtxR (20, 27).

Metal Ion Binding Sites. Each of the three structures
reported in this article contains two fully occupied metal ion
binding sites. The occupancy of the metal ion [Ni(II)] was
demonstrated by the presence of strong peaks in the
difference (Fo - Fc) electron density map at a high sigma
level (σ > 10) after the protein model had been built. A
complete list of the metal ion-ligand distances for the three
structures is given in Tables 2 and 3.

Binding Site 1. In the three structures reported in this
article, binding site 1 is located betweenR-helices E and F
and consists of the side chains of residues His79, Glu83,
and His98, a phosphate ion, and at least one water molecule
(see Figure 3). Coordination of the anion in these structures
is consistent with previously published DtxR structures that
have shown a phosphate or sulfate anion acting as a ligand

FIGURE 1: Monomer of Ni-DtxR(D6A,C102D) showing the relative
positions of the N-terminal and C-terminal domains. The N-terminal
domain is colored blue, except for the HTH motif (magenta), the
N-terminal helix with the D6A, E9A, and M10A mutations shown
in ball and stick (green), and two metal ions (gray). The C-terminal
domain is colored red. The sulfate ion is colored purple. All figures
were generated by using MOLSCRIPT and POVSCRIPT+ (40,
41).

FIGURE 2: Overlay of the structures of Ni-DtxR(D6A,C102D), Ni-
DtxR(E9A,C102D), and Ni-DtxR(M10A,C102D). When the N-
terminal domains of these mutants are aligned, their C-terminal
domains do not superimpose well. The relative positions of the
N-terminal and C-terminal domains observed in Ni-DtxR(D6A,-
C102D) (blue), Ni-DtxR(E9A,C102D) (red), and Ni-DtxR(M10A,-
C102D) (gray) show rms displacements of approximately 1.4 Å.
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in binding site 1 (4, 18). Interestingly enough, although
several other DtxR structures show contributions from
residues Glu170 and Gln173 located in the C-terminal
domain to binding site 1, these interactions are not present
in any of these structures (9).

The Ni(II) ions in binding site 1 of Ni-DtxR(D6A,C102D)
and Ni-DtxR(E9A,C102D) display octahedral geometry. To
the best of our knowledge, this is the first time that the metal
ion is seen crystallographically with such a geometry at
binding site 1. All previously reported crystal structures for
DtxR and mutants show coordination of either four or five
ligands at this site (4, 5, 9, 26). Structures of the structural
and functional DtxR homologue, IdeR, have also shown the
pentavalent coordination pattern at binding site 1 (19, 28,
29). The calculatedB-factors for the Ni(II) ion of Ni-DtxR-
(D6A,C102D) and Ni-DtxR(E9A,C102D) are 25 and 24 Å2,
respectively. In contrast to the structures of Ni-DtxR(D6A,-
C102D) and Ni-DtxR(E9A,C102D), the structure of Ni-
DtxR(M10A,C102D) shows a pentavalently coordinated
Ni(II) ion binding to binding site 1, with a single water
molecule completing the distorted trigonal bipyramidal
geometry. The calculatedB-factor for the Ni(II) ion in
binding site 1 of this structure is 21 Å2. The water molecules
that complete coordination at binding site 1 of Ni-DtxR-
(M10A,C102D) superimpose well with one of the two water
molecules found in both DtxR(D6A,C102D) and Ni-DtxR-
(E9A,C102D).

Binding Site 2. Binding site 2 of the three structures
reported is located betweenR-helices A and E, and the Ni-
(II) ion at this site displays octahedral geometry. In all the
structures, the side chains of Asp102, Glu105, and His106,
the carbonyl oxygen of Asp102, and at least one water
molecule participate as ligands. In the structures of both Ni-
DtxR(E9A,C102D) and Ni-DtxR(D6A,C102D), Sδ of Met10
completes the coordination environment of the metal ion (see
Figure 4). In the structure of Ni-DtxR(M10A,C102D), a
water molecule replaces Met10 as the ligand, occupying the
same position as Sδ of Met10. The C102D mutation allows
metal ion binding at site 2 and contributes to its high
occupancy by removing the possibility of oxidation of
Cys102, which often interferes with metal ion binding (4,

10, 11, 16). Coordination at this site is consistent with
previously published crystal structures of wild-type DtxR and
variants bearing the C102D mutation (8, 16, 20, 21). The
calculatedB-factors for the Ni(II) ion at binding site 2 are
25, 36, and 25 Å2 for Ni-DtxR(D6A,C102D), Ni-DtxR(E9A,-
C102D), and Ni-DtxR(M10A,C102D), respectively.

N-Terminal Helix. The overall conformational changes of
the N-terminal helices of Ni-DtxR(D6A,C102D), Ni-DtxR-
(E9A,C102D), and Ni-DtxR(M10A,C102D) are presented in
Figure 5. The electron densities for Ni-DtxR(D6A,C102D),
Ni-DtxR(E9A,C102D), and Ni-DtxR(M10A,C102D) are very
weak for the first two residues, indicating a high degree of
flexibility, which prevented model building. Starting at Asp3,
the structure of Ni-DtxR(D6A,C102D) is helical until residue
Glu21, where a turn starts. The typical hydrogen bonding
pattern ofR-helices is found throughout this region of the
structure. In the structures of Ni-DtxR(E9A,C102D) and Ni-
DtxR(M10A,C102D), the first three residues adopt a non-
helical conformation and the helical hydrogen bonding
pattern does not commence until residue Thr7. The confor-
mation of the first three visible residues of Ni-DtxR(E9A,-
C102D) and Ni-DtxR(M10A,C102D) can be superimposed
on that found in previously published structures of active
DtxR (8, 16, 20). In the structures of Ni-DtxR(E9A,C102D)
and Ni-DtxR(M10A,C102D), Oδ of Asp6 comes sufficiently
close to the amide N of Glu9 to interact with the carbonyl
oxygen of Leu4 as observed in the structure of Ni-DtxR-
(D6A,C102D). As a result of theR-helical conformation
observed for Leu4, Val5, and Asp6 in Ni-DtxR(D6A,-
C102D), the carbonyl oxygen of Leu4 cannot mediate the
interaction between a water molecule and the metal ion at
binding site 2. Despite metal ion coordination in binding site
2, the backbone dihedral angles for Val5 are now in a
traditionally allowed region for anR-helix. In the structure
of Ni-DtxR(E9A,C102D), a hydrogen bond between Oγ of
Glu9 and Nδ of His106 is lost as a result of the E9A
mutation. His106 is a ligand for binding site 2. In addition
to the loss of a protein ligand at binding site 2, replacement
of Met10 with alanine in Ni-DtxR(M10A,C102D) results in
a displacement of CR by 0.6 Å compared to that of Ni-DtxR-
(D6A,C102D). This rather small change affects the lengths
of several backbone hydrogen bonds with neighboring
residues.

Conformation of the Helix-Turn-Helix Motif. The HTH
motif of DtxR is located in the N-terminal domain, is formed
by helices B and C (residues 27-50), and is responsible for
binding to the major groove of the operator DNA (4, 5, 20).
This HTH motif is associated with DNA recognition and
undergoes a conformational change upon DNA binding (18).
A hydrogen bond network involving residues from the turn
of the HTH motif (Gln36, Ser37, and Thr40) and the
phosphate atoms of the DNA has been described (21).
Furthermore, Pro39 and Ser37 participate as thymine-specific
ligands in DNA binding (21). These interactions have also
been found in the structural and functional DtxR homologue
IdeR fromM. tuberculosis(19). The HTH motifs of the DtxR
mutants reported here do not show changes in conformation
with respect to the active repressor. A hydrogen bonding
network mediated by water molecules can also be observed
in all the structures. Oγ of Thr40 shares a water molecule
with Oγ of Ser37. A water molecule mediates the interaction

Table 2: Metal Ion-Ligand Distances in Binding Site 1 in
Angstroms

ligand or
protein

DtxR(D6A,
C102D)

DtxR(E9A,
C102D)

DtxR(M10A,
C102D)

Glu83 Oε2 2.2 2.1 2.4
His79 Nε2 2.2 2.2 2.1
His98 Nδ1 2.2 2.3 2.4
PO4 2.2 2.2 2.3
water 1 2.2 2.2 -
water 2 2.2 2.3 2.4

Table 3: Metal Ion-Ligand Distances in Binding Site 2 in
Angstroms

ligand or
protein

DtxR(D6A,
C102D)

DtxR(E9A,
C102D)

DtxR(M10A,
C102D)

Met10 Sδ 2.4 2.6 2.5 (water)
Asp102 O 2.1 2.1 2.3
Asp102 Oδ1 2.2 2.3 2.4
Glu105 Oε2 2.1 2.3 2.4
His106 Nε2 2.2 2.3 2.1
water 2.3 2.2 2.2
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between Cδ of Gln43 and Oγ of Thr40. Also, Oγ of Ser42
interacts with the NH1 group of Arg27. Finally, the OH
group from Tyr11 interacts with Oε of Gln36 via a water-
mediated interaction.

Binding Affinities. Isothermal titration calorimetry was
used to determine the relative binding affinities of DtxR-
(D6A,C102D), DtxR(E9A,C102D), and DtxR(M10A,C102D)
for Ni(II) ion. The titrations of all the mutants used in this
study best fitted a two-binding site model. A single-site
model and a two-interacting sites model were also tried, but
the resulting fits for the calorimetric titrations were not as
good. These results are consistent with previous results
obtained in our laboratory (16). Titrations performed using
1 mM Ni(II) ion show two distinct peaks consistent with a
multistep binding model. Increasing the Ni(II) ion concentra-
tion to 3 mM leads to improvements in the fit. Figure 6 shows
the titration of DtxR(D6A,C102D) with 3 mM Ni(II).
Concentrations of metal ion ofe10 mM were needed to
saturate the low-affinity binding site in the titrations of DtxR-
(M10A,C102D). The calorimetric titrations of DtxR(E9A,-
C102D) and DtxR(M10A,C102D) exhibit traces similar to
that of DtxR(D6A,C102D). The values of the relative binding
affinities obtained in this study are shown in Table 4. The
values of the binding affinities extracted from the titrations
of the DtxR(D6A,C102D) and DtxR(E9A,C102D) mutants
with Ni(II) ion are very similar to those obtained for the
DtxR(C102D) mutant. However, as anticipated, the relative
binding affinities of DtxR(M10A,C102D) for Ni(II) ion are
different, particularly at the low-affinity binding site (see
Table 4). Although the issue of cooperativity between the
two binding sites was not specifically investigated in this
study, the presence of a high-affinity and a low-affinity
binding site does not seem consistent with a cooperative
binding mechanism.

FIGURE 3: Stereoview of binding site 1 of Ni-DtxR(D6A,C102D), Ni-DtxR(E9A,C102D), and Ni-DtxR(M10A,C102D). The structures of
Ni-DtxR(D6A,C102D) (dark gray), Ni-DtxR(E9A,C102D) (medium gray), and Ni-DtxR(M10A,C102D) (light gray) display almost identical
positions for the protein ligands. A phosphate ion is present in all of the structures. In the structures of Ni-DtxR(D6A,C102D) and Ni-
DtxR(E9A,C102D), there are two water molecules that complete the octahedral geometry, colored red and yellow, respectively. A single
water molecule is found in the coordinating environment of binding site 1 of Ni-DtxR(E9A,C102D), colored orange. The distances from
the ligands to the metal ions can be found in Table 2.

FIGURE 4: Stereoview of binding site 2 of Ni-DtxR(D6A,C102D), Ni-DtxR(E9A,C102D), and Ni-DtxR(M10A,C102D). The structures of
Ni-DtxR(D6A,C102D) (dark gray), Ni-DtxR(E9A,C102D) (medium gray), and Ni-DtxR(M10A,C102D) (light gray) exhibit identical
geometries. Both the structures of Ni-DtxR(E9A,C102D) and Ni-DtxR(M10A,C102D) show the water-mediated interaction with Leu4. A
water molecule, colored red, replaces Met10 in Ni-DtxR(M10A,C102D). The distances from the ligands to the metal ions can be found in
Table 3.

FIGURE 5: Comparison of the helical and nonhelical conformations
of residues 3-10 corresponding to the N-terminal helix. The
N-terminal helix of Ni-DtxR(D6A,C102D), colored red, displays
the helical conformation observed in structures of the apo repressor.
The NH groups of Ala6 and Glu9 are colored magenta for clarity.
The N-terminal helix of Ni-DtxR(E9A,C102D), colored blue, shows
the nonhelical conformation observed in the structures of the holo
repressor. The structures of Ni-DtxR(M10A,C102D), Ni-DtxR-
(C102D), and DtxR(H79A,C102D) show identical nonhelical
conformations (not shown for clarity). The structure of apo DtxR-
(H79A) can be superimposed with the helical conformation.
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DISCUSSION

The structures of Ni-DtxR(D6A,C102D), Ni-DtxR(E9A,-
C102D), and Ni-DtxR(M10A,C102D) and the calorimetric
measurement of relative binding affinities presented in this
paper represent the first attempt to correlate structural data
for N-terminal helix mutants with the metal ion-induced
activation of DtxR-like repressors. The metal ion-induced
activation of DtxR is characterized by conformational
changes that can be monitored by crystallographic experi-
ments. The extent of these changes in the crystallographic
experiments highlights the delicate nature of the activation
process in which DtxR acquires a persistent tertiary structure
with minimal changes in secondary structure (30). These

conformational changes are observed primarily in the N-
terminal helix region.

In previously published structures of the activated form
of DtxR, where the dimer is formed noncrystallographically,
the HTH motif of the second subunit is displaced (5, 18,
20). This conformational change, observed only in the metal
ion-bound form of DtxR, was attributed to metal ion-induced
activation. Because all the mutants studied here crystallize
in space groupP3121, which contains only one molecule in
the asymmetric unit, the dimer is formed crystallographically.
Consequently, possible domain motion between subunits
could not be observed in these structures. However, the
N-terminal domains of all the mutants studied here display
a conformation around the turn of the HTH motif identical
to that observed in the crystal structure of the Ni-DtxR-
(C102D)-DNA complex (20). Because Ni-DtxR(D6A,-
C102D), Ni-DtxR(E9A,C102D), and Ni-DtxR(M10A,-
C102D) all show both metal ion binding sites occupied, it
is reasonable that their HTH motifs adopt the active
conformation. The HTH motifs of Ni-DtxR(D6A,C102D),
Ni-DtxR(E9A,C102D), and Ni-DtxR(M10A,C102D) are
stabilized by four water-mediated interactions with side
chains. One of these water-mediated interactions involves
Oε of Gln36 and the OH group from Tyr11, which is adjacent
to Met10, a binding site 2 ligand. It is therefore possible
that metal ion coordination at site 2 influences the conforma-
tion of the HTH motif in the activated form of the repressor
by modulating the strength of this water-mediated interaction.

Without a conformational change, the N-terminal helix of
DtxR would have an unfavorable steric interaction with the
DNA, and this could result in a loss of repressor activity
(5). A nonhelical conformation of the first six residues of
the N-terminal helix is observed upon metal ion-induced
activation (20). This conformational change is accompanied
by a water-mediated interaction between the metal ion and
the carbonyl oxygen of Leu4 that places the backbone
dihedral angles of Val5 outside the energetically favored
regions for anR-helix (20). It has been suggested that the
existence of such conformations may lead to stabilization
of the structure (31). The water-mediated interaction was also
observed in the activated form of IdeR (29). The occurrence
of this interaction in several structures of both DtxR and
IdeR suggests that it plays an important role in the repressor
activity of DtxR-like repressors. The high degree of conser-
vation at the primary sequence level of the N-terminal helix
of DtxR-like repressors seems to support this hypothesis. In
fact, a BLAST search using the first 21 residues of the
sequence of DtxR yields more than 35 sequences that are
more than 80% identical (17 of 21), all annotated as DtxR-
like proteins and mostly from Gram-positive bacteria. These
putative DtxR homologues cover a wide variety of bacterial
organisms. From the functional point of view, the activity
of DtxR(D6A) and DtxR(E9A) is decreased with respect to
that of wild-type DtxR (8). Since these mutations are located
in the N-terminal helix but do not involve residues that
participate in metal ion binding in either binding site, the
decreased activity exhibited by these mutants must be related
to the conformational change associated with metal ion-
induced activation of DtxR. Because previously published
structures of DtxR complexed with a variety of divalent
transition metal ions show no correlation between the
conformation of the protein and the nature of the cation, and

FIGURE 6: Calorimetric titration of DtxR(D6A,C102D) with NiCl2.
The top panel shows the actual heats associated with each injection
of NiCl2 (3 mM) to a total protein concentration of 55µM. The
bottom panel shows the fit to a two-binding site model. The binding
affinities derived from calorimetric titrations are reported in Table
4.

Table 4: Metal Ion Binding Affinities for DtxR Mutants Presented
in This Study

protein
high-affinity
binding sitea

low-affinity
binding sitea

DtxR(C102D)b (1.8( 0.4)× 10-7 (1.6( 0.3)× 10-4

DtxR(D6A,C102D) (4.3( 0.8)× 10-6 (4.0( 0.6)× 10-4

DtxR(E9A,C102D) (3.9( 0.3)× 10-7 (1.1( 0.5)× 10-4

DtxR(M10A,C102D) (2.6( 0.9)× 10-6 >1.1× 10-3

a The binding affinities were calculated using a 1 Mstandard state.
b Values calculated from ref16.
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because the choice of complexing cation does not affect the
geometry and the coordination number in those structures,
the observed conformational changes in these N-terminal
mutants are not likely due to the use of Ni(II) for Fe(II),
which is the physiological cation in vivo (4, 11). In addition,
the conformation of this region may affect the ability of DtxR
to dimerize. In fact, the mutant gsh-DtxR(C102D), which
contains a Gly-Ser-His extension at the N-terminus, has a
different conformation in the N-terminal region and is unable
to dimerize (30).

The shape of the calorimetric titrations of DtxR(D6A,-
C102D), DtxR(E9A,C102D), and DtxR(M10A,C102D) sug-
gests that there are no differences in the binding scheme of
these or other previously studied DtxR mutants. Because
metal ion reconstitution experiments have established that
DtxR has approximately the same binding affinity for Fe-
(II) and Ni(II), we have used a nonphysiological cation,
Ni(II), in the titrations described here. This choice has
enabled us to compare these new results to previous data.
The relative binding affinities for metal ion obtained for these
mutants are consistent with our previous measurements for
the wild type and other DtxR mutants (16). The fact that
binding site 2 in Ni-DtxR(M10A,C102D) is fully occupied
despite the M10A mutation indicates that metal ion binding
at that site is still possible, albeit with a lower binding
affinity. The results indicate that the probability of coordinat-
ing metal ion in a mutated binding site 2 is still higher than
in any other region of the protein and could be overcome
by increasing the ligand concentration. Only in the structure
of DtxR(H79A), whose binding site 2 is blocked due to
derivatization of Cys102, have we detected a complete loss
of metal ion in binding site 2, and as a result, this mutant
does not show signs of metal ion-induced activation in vitro
(16).

The first six N-terminal residues of Ni-DtxR(M10A,-
C102D) are in the nonhelical conformation characteristic of
the activated form of DtxR-like repressors despite the
decrease in the binding affinity of binding site 2. However,
DtxR(M10A) is not an active repressor in vivo. It is therefore
likely that the loss of repressor activity in DtxR(M10A) is
due to a decreased binding affinity at binding site 2 as a
result of the M10A mutation rather than by an altered
conformation of the binding site triggered by replacement
of either Glu9 or Asp6 as a ligand as previously suggested
(32). The high degree of conservation of Met10 among DtxR-
like repressors is indicative of its importance in repressor
activity. These results suggest that Met10 provides the
linkage between metal ion binding and the conformation of
the N-terminal helix.

The structure of Ni-DtxR(E9A,C102D) also shows an
active conformation, and the binding affinities for metal ion
are very similar to those obtained for DtxR(C102D). Glu9
participates in a salt bridge with His106, which is directly
involved in metal ion binding. This interaction is observed
in all structures reported in this paper, and also that of apo
DtxR(H79A). This interaction is absent in Ni-DtxR(E9A,-
C102D) as a result of the Ala replacement. For this reason,
we believe that the lower repressor activity of DtxR(E9A)
is connected with the loss of this interaction. The higher
B-factor (which may be connected with a lower occupancy)
observed for Ni(II) ion at binding site 2 would suggest that
the metal ion is less tightly bound. However, we were not

able to detect significant changes in binding affinity resulting
from such a loss. A possible explanation is that the observed
decrease in activity resulting from the loss of a hydrogen
bond does not lead to significant changes in binding affinity.

The DtxR(D6A,C102D) mutant has some unusual proper-
ties. On the one hand, this mutant coordinates metal ion in
both binding sites, and on the other, the N-terminal helix of
Ni-DtxR(D6A,C102D) remains helical after metal ion bind-
ing at site 2. DtxR(D6A) is active in vivo, albeit with reduced
activity. The D6A mutation alters the energetic balance of
the N-terminal region of the protein and increases the
probability of the persistence of the helical conformation.
Ni-DtxR(D6A,C102D) has allowed us to separate the effect
of metal ion binding from conformational changes that take
place in the N-terminal helix upon activation. In structures
of DtxR not bearing the D6A mutation, after coordination
at site 2, a hydrogen bond that arises from the interaction
between the carbonyl oxygen of Leu4 and the water molecule
coordinated to the metal ion stabilizes the nonhelical
conformation. This interaction is energetically favorable.
Additional stabilization comes from the replacement of Oδ1
of Asp6 with the carbonyl oxygen of Val5 in a hydrogen
bond with the main chain nitrogen of Glu9, as the confor-
mational change takes place. This interaction prevents
unfolding of an additional helical turn. It is for this reason
that the backbone dihedral angles found for Val5 are outside
energetically favorable regions in the nonhelical conforma-
tion. The D6A mutation prevents this interaction as the side
chain of Ala is not able to participate in hydrogen bonding.
As a result, Ni-DtxR(D6A,C102D) is unable to sustain the
water-mediated interaction between the metal ion coordinated
to binding site 2 and the carbonyl oxygen of Leu4, and the
helical conformation is observed. The presence of an
additional Ala in the N-terminal helix also contributes to
stabilization of this region of the protein. The stabilization
of the backbone of proteins by Ala is well-understood (33-
37). These changes can account for the decrease in repressor
activity observed in DtxR(D6A). Interestingly, binding site
1 of both Ni-DtxR(D6A,C102D) and DtxR(E9A,C102D)
displays octahedral geometry, which has never been seen
before in DtxR or its mutants. It is possible that the expansion
of the coordination sphere of binding site 1 of these two
mutants could be related to the perturbation of the N-terminal
helix induced by the D6A and E9A mutations. In the
structure of DtxR(H79A), which has an intact Asp6 and no
metal ion coordination at site 2, Oδ1 of Asp6 hydrogen bonds
with N of Asp3 and Nú of Lys2 and interacts with the
carbonyl oxygen of Arg103. It is possible that the loss of
these interactions is responsible for the flexibility of the first
two residues in Ni-DtxR(D6A,C102D). In a recently pub-
lished structure of the IdeR-DNA complex, the equivalent
residue, Asn2, is located 3.8 Å from a phosphate oxygen of
DNA (19).

With the exception of Ni-DtxR(D6A,C102D), all activated
structures of DtxR and its mutants, even those that have
reduced activity, show the N-terminal helix in an identical
conformation. Our results show that this conformation is not
arbitrary. In addition, because an identical conformation has
been identified in both DtxR and IdeR, we also believe that
this interaction could be general to DtxR-like repressors. So
in essence, the conformational change observed in the
N-terminal region of DtxR cannot be regarded simply as a
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helix-to-coil transition in the sense that the coil conformation
is not random.

Our results explain the decrease in activity of N-terminal
helix mutants first observed by Ding et al. at a molecular
level and have improved our understanding of the process
of metal ion-induced activation of DtxR (8). We have
mapped the interactions that determine the conformational
change of the N-terminal helix upon metal ion-induced
activation. We have also shown the effect that several
mutations in this region of the protein have on its conforma-
tion. These changes occur without significant changes in
binding affinities. Our results demonstrate that the N-terminal
helix plays an important role in the metal ion-induced
activation of DtxR by acting as a very subtle but effective
sensor of activating metal ions and triggering a critical
conformational change that enables the repressor to recognize
DNA. The combination of metal ion binding that provides a
persistent three-dimensional structure and the conformational
change observed in the N-terminal helix, which relieves
potentially unfavorable steric interaction with the DNA,
accounts for most of the regulatory properties of DtxR. In
addition, the side chain of Asp6 seems to be required for
stabilization of the nonhelical conformation by a helical
capping interaction (38, 39).
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