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The diphtheria toxin repressor (DtxR) from Corynebacterium

diphtheriae regulates the expression of the gene on coryne-

bacteriophages that encodes diphtheria toxin (DT). Other

genes regulated by DtxR include those that encode proteins

involved in siderophore-mediated iron uptake. DtxR requires

activation by divalent metals and holo-DtxR is a dimeric

regulator with two distinct metal-binding sites per three-

domain monomer. At site 1, three side chains and a sulfate or

phosphate anion are involved in metal coordination. In the

DtxR±DNA complex this anion is replaced by the side chain

of Glu170 provided by the third domain of the repressor. At

site 2 the metal ion is coordinated exclusively by constituents

of the polypeptide chain. In this paper, ®ve crystal structures

of three DtxR variants focusing on residues Glu20, Arg80 and

Cys102 are reported. The resolution of these structures ranges

from 2.3 to 2.8 AÊ . The side chain of Glu20 provided by the

DNA-binding domain forms a salt bridge to Arg80, which in

turn interacts with the anion. Replacing either of the salt-

bridge partners with an alanine reduces repressor activity

substantially and it has been inferred that the salt bridge could

possibly control the wedge angle between the DNA-binding

domain and the dimerization domain, thereby modulating

repressor activity. Cys102 is a key residue of metal site 2 and

its substitution into a serine abolishes repressor activity. The

crystal structures of Zn-Glu20Ala-DtxR, Zn-Arg80Ala-DtxR,

Cd-Cys102Ser-DtxR and apo-Cys102Ser-DtxR in two related

space groups reveal that none of these substitutions leads to

dramatic rearrangements of the DtxR fold. However, the ®ve

crystal structures presented here show signi®cant local

changes and a considerable degree of ¯exibility of the

DNA-binding domain with respect to the dimerization

domain. Furthermore, all ®ve structures deviate signi®cantly

from the structure in the DtxR±DNA complex with respect to

overall domain orientation. These results con®rm the

importance of the hinge motion for repressor activity. Since

the third domain has often been invisible in previous crystal

structures of DtxR, it is also noteworthy that the SH3-like

domain could be traced in four of the ®ve crystal structures.
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1. Introduction

Toxigenic strains of the human pathogen C. diphtheriae

produce diphtheria toxin (DT), which causes severe damage in

various tissues of the body (Barksdale, 1970). The structural

gene for DT is encoded by bacteriophages such as phage � and

DT expression is regulated at the transcriptional level by iron

(Pappenheimer, 1977) and the diphtheria toxin repressor
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(DtxR) (Boyd et al., 1990; Schmitt et al., 1992). Under high-

iron conditions, DtxR acts as a negative regulator by binding

its target DNA sequence in regulated promoters and

preventing transcription of the downstream genes (Boyd et al.,

1990; Schmitt et al., 1992; Tao et al., 1994; Holmes, 2000). DtxR

controls not only the expression of DT but also of a heme

oxygenase (Schmitt, 1997) and several components of the

iron-uptake and the oxidative-stress systems (Schmitt &

Holmes, 1994; Schmitt et al., 1997; Lee et al., 1997). Whereas in

vivo only Fe2+ activates the repressor, in vitro several other

divalent transition metals including Zn2+, Ni2+, Mn2+, Co2+ and

Cd2+ have been shown to activate DtxR (Schmitt et al., 1992;

Tao et al., 1992; Tao & Murphy, 1992).

In recent years, DtxR homologues have been identi®ed in a

number of bacteria, including Streptomyces (GuÈ nther-Seeboth

& Schupp, 1995), Brevibacterium lactofermentum (Oguiza et

al., 1996), Mycobacterium (Schmitt et al., 1995; Doukhan et al.,

1995), Treponema pallidum (Hardham et al., 1997),

Staphylococcus (Hill et al., 1998) and Rhodococcus (Boland &

Meijer, 2000). Evidently, the important human pathogens that

cause tuberculosis, leprosy, syphilis and staphylococcal infec-

tions all possess homologues of DtxR. Therefore, the bio-

logical function of gene regulation by the DtxR family in

pathogens is of great interest and has been studied in some

detail. The mycobacterial homologue, also designated IdeR

(iron-dependent regulator), has been shown to negatively

regulate siderophore synthesis in vivo (Schmitt et al., 1995;

Dussurget et al., 1996, 1999). Furthermore, Manabe et al.

(1999) demonstrated that a constitutively active DtxR variant

attenuates the virulence of M. tuberculosis in vivo. These

results clearly indicate that repressors of the DtxR/IdeR

family may play an important role in regulating virulence-

associated genes in pathogenic bacteria (Dussurget & Smith,

1998).

In order to further elucidate the

activation mechanism of this family

of regulators, crystal structures of

DtxR in complex with different

divalent transition metals have

been studied in depth (Qiu et al.,

1995, 1996; Schiering et al., 1995;

Pohl et al., 1997, 1998). These

structures revealed an N-terminal

DNA-binding domain (residues 1±

73) that contains the familiar helix±

turn±helix DNA-binding motif.

The second, dimerization domain

(residues 74±140) provides most of

the ligands of the two metal-

binding sites: (i) the side chains of

His79, Glu83 and His98 at metal

site 1 and (ii) the side chains of

residues Glu105, His106, Cys102

and the carbonyl O atom of Cys102

at site 2. The coordination of the

metal at site 1 is completed by an

anion whose protein ligands are

Arg80, Ser126 and Asn130 (Qiu et al., 1996). Site 2 showed

lower occupancy than site 1 in the ®rst wt-DtxR structures, but

was later con®rmed to be present with high occupancy in the

crystal structures of the Cys102Asp-DtxR variant (Ding et al.,

1996) and of M. tuberculosis IdeR (Pohl et al., 1999a; Feese,

Ingason et al., 2001). In both crystal structures, the side chain

of residue Met10 from the DNA-binding domain completes

the coordination of site 2. The ¯exible third domain, consisting

of residues 148±226, adopts an SH3-like fold (Qiu et al., 1996;

Wang et al., 1999). A detailed comparison of the apo- and

holo-repressor showed a movement of the DNA-binding

domain with respect to the dimerization domain as a possible

activation mechanism (Pohl et al., 1998). This hinge motion

was later con®rmed both in the crystal structure of the

Cys102Asp-DtxR variant in complex with DNA (White et al.,

1998; Chen et al., 2000) and of the wild-type DtxR±DNA

complex (Pohl et al., 1999b). In addition, the latter structure

demonstrated for the ®rst time an interaction of the third

domain with the metal-binding site 1 as well as with the anion-

binding residues. These results provided the ®rst evidence that

the anion-binding residues are involved in the activation

mechanism (reviewed by Feese, Pohl et al., 2001).

Saturation site-directed mutagenesis studies indicated that

Cys102 is essential for the activation of DtxR. Replacement of

this residue by any other amino acid except aspartic acid

resulted in loss of regulatory activity (Tao & Murphy, 1993).

Subsequent random and site-directed mutagenesis studies

based on the ®rst crystal structure of DtxR (Qiu et al., 1995,

1996) showed that residues involved in metal binding as well

as in anion binding at site 1 are important for DtxR function

(Wang et al., 1994; Goranson-Siekierke et al., 1999). Single

alanine substitutions of anion-binding residues resulted in a

loss of repressor activity nearly comparable to site 2 substi-

tutions (Goranson-Siekierke et al., 1999). Here, we report the

Table 1
Crystallographic data and re®nement statistics.

C102S-I C102S-II Cd-C102S Zn-R80A Zn-E20A

Unit-cell parameters
a = b, c (AÊ ) 63.6, 110.3 63.0, 216.0 63.5, 110.0 62.8, 109.2 63.7, 106.9
�, �,  (�) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

Space group P3121 P3221 P3121 P3121 P3121
Temperature (K) 293 100 293 100 100
Resolution (AÊ ) 2.4 2.35 2.5 2.8 2.3
Unique re¯ections 10070 19654 8957 6373 11094
Completeness (%) 94.5 90.5 94.1 98.0 95.3
Rmerge² (%) 0.061 0.053 0.050 0.078 0.084
Protein residues 4±140,

148±197,
201±225

3±140,
148±198,
201±226,
3±140

4±140,
148±197,
201±224

3±140,
148±156,
159±198,
201±225

4±140,
148±198,
201±223

Water 79 138 74 24 139
R factor (%) 0.185 0.238 0.180 0.224 0.196
Rfree 0.271 0.318 0.259 0.328 0.285
B, metal 1 Ð Ð 41 20 28
|B|³ (AÊ 2) 51 39 53 27 49
R.m.s.d.s

Bond lengths 0.009 0.009 0.010 0.008 0.013
Angles 1.7 1.5 1.6 1.5 1.8

² Rmerge =
P jI ÿ hIij=P I. ³ Average B factor for non-H atoms, protein only.



crystal structures of three single-site variants of DtxR that

exhibit markedly decreased repressor activity: Cys102Ser,

Arg80Ala and Glu20Ala. The Cys102Ser-DtxR variant was

chosen to probe the metal binding at site 2. We have deter-

mined the crystal structures of the Cys102Ser mutant in the

apo form in two related space groups as well as in complex

with Cd2+. In the wild-type DtxR structure, Arg80 has a dual

role. First, this side chain serves as one ligand to the anion at

metal-binding site 1 and second, it forms an important ionic

interaction with Glu20, thus establishing a link from the metal

site 1 to the DNA-binding domain. Substituting either Arg80

or Glu20 with alanine caused a dramatic decrease in repressor

activity (Goranson-Siekierke et al., 1999). In order to illumi-

nate the role of the Arg80 and Glu20 residues, we determined

the crystal structures of the two single-site variants, Arg80Ala-

DtxR and Glu20Ala-DtxR, both in complex with Zn2+.

2. Experimental section

2.1. Protein expression, purification and crystallization

The cloning and overexpression of the three DtxR variants

in Escherichia coli has been described previously (Schmitt et

al., 1992; Goranson-Siekierke et al., 1999). Brie¯y, all proteins

were overexpressed in E. coli and puri®ed using a Ni-NTA

af®nity column followed by anion-exchange chromatography

(Schmitt & Holmes, 1993). The Arg80Ala-DtxR and

Glu20Ala-DtxR variants were further puri®ed by hydroxy-

apatite chromatography. The overexpression and puri®cation

was veri®ed by SDS±PAGE and by mass-spectrometric

analysis (data not shown). All variants were crystallized by

hanging-drop vapor diffusion at room temperature. For all

crystallization experiments the proteins were kept in a buffer

of 10 mM Tris pH 8.0, 100 mM NaCl. The protein concentra-

tion of the Cys102Ser-DtxR variant was 3.6 mg mlÿ1. The

reservoir solution contained 100 mM Tris buffer pH 8.5,

1.85 M ammonium sulfate. Diffracting crystals were obtained

when 5% glycerol was added to the reservoir solution before

mixing the drops in a 3:2 ratio of protein and reservoir solu-

tion. The Cd-Cys102Ser-DtxR crystals were obtained from the

same solution with 1 mM Cd2+ in the reservoir and the metal-

free crystals with 1 mM EDTA in the reservoir. The protein

concentration of the Glu20Ala-DtxR and Arg80Ala-DtxR

variants was 2.2 mg mlÿ1. These variants were crystallized by

mixing 6 ml protein solution and 2 ml reservoir solution

containing 100 mM Tris buffer pH 8.5, 2.0 M ammonium

sulfate and 5% glycerol. Suitable crystals were only obtained

with 10 mM Zn2+ in the reservoir solution. In all three cases,

trigonal shaped crystals with dimensions up to 0.4 � 0.4 �
0.3 mm appeared after 1±4 weeks. The crystals were isomor-

phous to wild-type DtxR crystals with the same two space

groups P3121 or P3221 as described previously (Pohl et al.,

1998).

2.2. Data collections and processing

The apo-Cys102Ser-DtxR (form I) and Cd-Cys102Ser-DtxR

crystals were mounted in a capillary and data were collected at

room temperature. No signi®cant radiation decay was

observed. In the three other cases, the crystals were ¯ash-

cooled in a rayon loop using the reservoir solution with 15±

25% glycerol as a cryoprotectant (Teng, 1990). Diffraction

data were collected on an R-AXIS II imaging-plate detector

using monochromatic Cu K� radiation and focusing mirrors.

The data were integrated and processed with DENZO and

SCALEPACK (Otwinowski & Minor, 1997). Integrated

intensities were converted into structure factors using

TRUNCATE (French & Wilson, 1978).

2.3. Structure solution and refinement

The coordinates of residues 6±140 of Co-wt-DtxR at 1.85 AÊ

resolution (Pohl et al., 1997) were used as a search model for

molecular replacement using AMoRe (Navaza, 1994). In all

cases 5% of the data were used to calculate the free R values

(BruÈ nger, 1992, 1993). The models were completed by itera-

tive cycles of simulated annealing and conjugate-gradient

least-squares re®nement with the program X-PLOR (BruÈ nger

et al., 1987). The �A-weighted (Read, 1986) 2Fo ÿ Fc and

Fo ÿ Fc electron-density maps were inspected and the model

was completed using the interactive graphics program O

(Jones et al., 1991). The ®nal round of re®nement included

coordinates and restrained individual B-factor re®nement.

Further crystallographic key data are summarized in Table 1.
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Figure 1
Ribbon representation of the Cd-Cys102Ser-DtxR dimer in crystal form I.
The view shown is approximately perpendicular to the crystallographic
twofold axis. One monomer is shown with the colors changing from the
N-terminal DNA-binding domain in dark blue to the dimerization
domain in light blue. The second monomer is presented with the colors
changing from the N-terminal DNA-binding domain in green to the
dimerization domain through yellow to orange. The third domain has
been omitted for clarity of the picture. The three amino-acid substitution
sites Glu20, Arg80 and Ser102 and the sulfates are indicated in ball-and-
stick representation. The metal-binding site 1 present in all holo-
structures is shown as a magenta sphere and the metal-binding site 2 is
shown in purple (the coordinates were taken from the Mn-wt-DtxR
structure of Qiu et al., 1996). All ®gures were prepared using Molscript
(Kraulis, 1991), its extended version Bobscript (Esnouf, 1997) and/or
Raster3d (Merritt & Bacon, 1997).
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3. Results

3.1. Quality of the models

All three DtxR variants were crystallized in the same

trigonal space group P3121, with one monomer per asym-

metric unit (crystal form I). In each case the crystallographic

models include the DNA-binding domain (residues 1±74), the

dimerization domain (residue 75±140) and the ¯exible SH3-

like third domain (residues 148±226). In addition, the three

holo-structures contain a cadmium (Cys102Ser-DtxR) or zinc

cation (Arg80Ala-DtxR and Glu20Ala-DtxR) as a cofactor.

For the Zn-Glu20Ala-DtxR variant there is also one sulfate

anion close to metal site 1. In the Cd-Cys102Ser-DtxR struc-

ture the anion at site 1 appeared to be only partially occupied.

In all four crystal form I structures the ®rst two or three

N-terminal and the last C-terminal residues and two linker

regions (residues 141±147 and 198±200) were not traceable in

the electron-density maps and were therefore not included in

the crystallographic models (see Table 1). In addition, a

number of polar side-chain atoms in the ¯exible third domain

showed no density and were thus re®ned as alanines. In the

Arg80Ala-DtxR structure only metal-binding site 1 is occu-

pied by a Zn atom. Presumably owing to the lower resolution

of 2.8 AÊ , a loop region in the third domain (residues 156±159)

was also invisible in the electron density and was omitted from

the re®nement. In the case of apo-Cys102Ser-DtxR, the

second crystal form reported for the wt-DtxR crystal struc-

tures (Pohl et al., 1998) was also obtained. In this crystal form

II, the crystallographic twofold symmetry is replaced by a non-

crystallographic twofold axis. Hence, the c axis of the unit cell

is doubled, the space group changes from

P3121 to P3221 and the asymmetric unit

contains one dimer with a non-crystallo-

graphic twofold symmetry. Here, the ®rst two

domains were found to be well ordered, but

the third domain was traceable only in the

®rst monomer and was completely invisible

in the second monomer. This domain and the

disordered linkers (residue 141±147 and 198±

200) were not included in the ®nal model.

The same phenomenon has been described

for various wt-DtxR structures (Pohl et al.,

1998).

In all ®ve crystal structures described here,

the substituted residues were not included in

the initial re®nement steps and the initial

unbiased �A-weighted Fo ÿ Fc electron-

density maps (Read, 1986) unambiguously

identi®ed the alanine or serine residues at the

position of the substitution. The ®nal models

possessed good geometry for bond lengths

and angles, with all residues in the allowed

regions of the Ramachandran plot (data not

shown).

3.2. General description of the structures

The crystal structure of the Cd-Cys102Ser-

DtxR dimer in crystal form I at 2.5 AÊ reso-

lution is depicted in Fig. 1. The view shown is

approximately perpendicular to the crystal-

lographic twofold axis and along the DNA-

binding helices H3. In this ®gure, the two

amino acids Glu20 and Arg80, which are

replaced by Ala in the two other mutants

described here, residue Ser102, the sulfate

anion and the metal sites are shown in ball-

and-stick representations. Metal-binding site

1 is fully occupied in all holo-DtxR variants

presented in this paper, whereas site 2 is not

occupied. The position shown in Fig. 1 has

been taken from the Mn-wt-DtxR structure

Figure 2
Stereoview of the metal-binding site 1 of the Cd-Cys102Ser-DtxR structure in crystal form I at
2.5 AÊ (a) showing the unbiased �A-weighted Fo ÿ Fc electron-density maps (Read, 1986) at a
1.3� level, (b) showing the comparison of the Cd-Cys102Ser-DtxR (dark grey bonds) with
apo-Cys102Ser-DtxR (open bonds) at 2.5 AÊ resolution after least-squares superposition of
the ®rst two domains. The second metal-binding site taken from the Mn-wt-DtxR structure
(Qiu et al., 1996) is indicated in purple.



(Qiu et al., 1996). The overall fold of the protein is conserved

upon mutation and not drastically altered in any of the ®ve

structures. The r.m.s. deviations for the least-squares super-

position of 135 common C� atoms of domains 1 and 2 of the

three DtxR variants and apo-wt-DtxR are in the range 0.29±

0.74 AÊ (see Table 2). The local changes associated with each

amino-acid substitution will be discussed in more detail in the

following sections.

3.3. Cys102Ser-DtxR

The apo-Cys102Ser-DtxR variant was crystallized in two

related space groups as described above. The holo-structure

was crystallized with Cd2+ as a cofactor in crystal form I only.

The initial unbiased electron density clearly showed the

substitution site as well as metal site 1 (Fig. 2a). The highest

peak in the difference electron density of 23� was found here;

however, the neighboring sulfate displayed only weak density.

Therefore, the sulfate was later re®ned assuming an occupancy

of 0.5. It is important to note that in contrast to

the Cd-wt-DtxR structure (Qiu et al., 1995),

the metal-binding site 2 (indicated in violet in

Fig. 2) is not occupied; no signi®cant electron

density above 3� was found near this site in the

difference electron-density map. The compar-

ison between the two apo-Cys102Ser-DtxR

structures and the Cd-Cys102Ser-DtxR struc-

tures reveals no changes in the overall fold.

The r.m.s. deviation for 135 C� atoms of the

®rst two domains is only 0.26 AÊ . The least-

squares superposition of the Cd-Cys102Ser-

DtxR variant with the apo-Cys102Ser-DtxR

structure depicted in Fig. 2(b) shows no

signi®cant alteration upon metal binding.

The small deviations visible in Fig. 2(b) are

within the accuracy of the crystal structure

determination. The superposition of the

Cys102Ser-DtxR variant monomers with apo-

and holo-wt-DtxR again shows only small

conformational changes (data not shown). The

r.m.s. deviations for the 135 C� atoms of the

®rst two domains are between 0.29 and 0.74 AÊ

(see also Table 2). The hinge motion between

the DNA-binding and the second domain for

all three DtxR variants will be discussed

further below.

3.4. Arg80Ala-DtxR

The Arg80Ala-DtxR variant could only be

crystallized with zinc as a cofactor in crystal

form I. The initial electron-density map

unambiguously revealed the mutation as well

as the presence of a metal at site 1 (Fig. 3a).

The highest maximum (9.1�) in the unbiased

Fo ÿ Fc difference density was found at metal

site 1. The second metal-binding site was found

to be empty, presumably owing to partial

oxidation of Cys102 as described for the wild-

type DtxR structures (Qiu et al., 1996; Pohl et

Acta Cryst. (2001). D57, 619±627 Pohl et al. � Diphtheria toxin repressor variants 623
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Figure 3
Stereoview of the metal-binding site 1 of the Zn-Arg80Ala-DtxR structure at 2.8 AÊ (a)
showing the unbiased �A-weighted Fo ÿ Fc electron-density maps (Read, 1986) at the 2�
level and (b) presenting the comparison of Zn-Arg80Ala-DtxR (dark grey bonds) with apo-
wt-DtxR (open bonds) at 2.3 AÊ resolution (Pohl et al., 1998) after least-squares
superposition of the ®rst two domains.

Table 2
R.m.s. deviations (in AÊ ) for least-squares superposition of DtxR
structures in crystal form I.

The superposition was calculated for the 135 common C� atoms of the ®rst two
domains (residues 6±140).

Mn-DtxR² Apo-C102S Cd-C102S Zn-R80A Zn-E20A

Apo-wtDtxR³ 0.56 0.56 0.74 0.31 0.29
Mn-wtDtxR 0.36 0.50 0.63 0.61
Apo-C102S 0.26 0.49 0.53
Cd-C102S 0.60 0.62
Zn-R80A 0.36

² Qiu et al. (1996). ³ Pohl et al. (1998).
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al., 1997). It is noteworthy that there is no signi®cant electron

density above 3� for the anion or any other metal ligand near

site 1. The comparison of Zn-Arg80Ala-DtxR with the holo-

wt-DtxR structure shows no apparent changes arising from the

substitution, despite the fact that the Arg80±Glu20 salt bridge

is obviously no longer present in the mutant. The overall

structures of mutant and wild-type repressors are very similar,

with r.m.s. deviations of 0.31±0.61 AÊ for 135 C� atoms of the

®rst two domains. All the side-chain conformations are

essentially the same as in the wild-type DtxR structure

(Fig. 3b). The position of Glu20 which acts as the salt-bridge

partner in the wild-type structure remains almost unchanged.

Even the side-chain B factors of the side-chain atoms of Glu20

are only slightly increased (average B = 46.7 AÊ 2) compared

with the Cys102Ser-DtxR structure (average B = 40.7 AÊ 2).

3.5. Glu20Ala-DtxR

The Glu20Ala-DtxR variant was also crystallized with zinc

as cofactor in crystal form I. As for the previous DtxR

variants, the initial electron density clearly revealed the

correct amino acid at the substitution site as well as the metal

at binding site 1. Here, the maximum of the unbiased differ-

ence electron density of 14.3� was located at site 1, whereas

the second highest peak of 7.1� was identi®ed at the anion-

binding site (Fig. 4a). In this case, the height and shape of the

density clearly reveals the sulfate anion as the fourth ligand of

the metal. After including the zinc cation, the sulfate anion

and the third domain in the re®nement, the highest peak in the

difference electron-density map was found close to the S of

Cys102. The density revealed a similar oxidation or modi®-

cation as described previously for the wild-

type DtxR structures (Qiu et al., 1996; Pohl et

al., 1997). As in the case of the Arg80Ala

variant and despite the loss of the Arg80±

Glu20 salt bridge, the Glu20Ala-DtxR struc-

ture remains very similar to the wild-type

DtxR structure. The r.m.s. deviation of the

135 C� atoms of the ®rst two domains of

Glu20Ala-DtxR and wt-DtxR is between 0.29

and 0.61 AÊ . All residues of metal-binding site

1 superimpose nearly perfectly (Fig. 4b). A

water molecule in the variant ®lls the space of

the Glu20 side chain in the wild-type DtxR

structure, while the position of Arg80 is

maintained (Fig. 4a). The side-chain B factors

of this residue (average B = 20.5 AÊ 2) are

almost identical to the B factors of the Cd-

Cys102Ser variant (average B = 20.4 AÊ 2).

3.6. Domain motion of DtxR

In order to analyze the presence of a hinge

motion between the DNA-binding and the

dimerization domain, we compared the

tertiary structure of all DtxR variants

presented in this paper with the following

structures: (i) apo-wt-DtxR (crystal forms I

and II) (Pohl et al., 1998; PDB codes 1bi1,

1bi2), (ii) Mn-wt-DtxR as an example for a

holo-DtxR structure (Qiu et al., 1996) and

(iii) Co-wt-DtxR bound to DNA (Pohl et al.,

1999b; PDB code 1cow). To address a

possible motion of the dimerization domains,

the 67 common C� atoms (residues 74±140) in

one monomer were superimposed and the

transformation was applied to the full dimer.

The results of this operation show that this

domain remains very similar in all structures,

with r.m.s. deviations between 0.21 and

0.88 AÊ (Table 3). After applying this trans-

formation to the full dimer, the r.m.s. devia-

tions for the second dimerization domain

Figure 4
Stereoview of the metal-binding site 1 of the Zn-Glu20Ala-DtxR structure at 2.3 AÊ (a)
showing the unbiased �A-weighted Foÿ Fc electron-density maps (Read, 1986) at the 2� level
and (b) showing the comparison of the Zn-Glu20-Ala-DtxR (dark grey bonds) with apo-wt-
DtxR (open bonds) (Pohl et al., 1998) after least-squares superposition of the ®rst two
domains.



which was not used to calculate the superposition matrix are

only slightly higher, with values between 0.32 and 1.36 AÊ .

These results show that the dimerization domains do not

change their relative orientation in the crystal structures used

in this comparison.

For the analysis of a motion of the DNA-binding domains,

the 68 common C� atoms (residues 7±74) in one monomer

were ®rst superimposed and the transformation was then

applied to the full DtxR dimer. The results of this operation

are summarized in Table 4. In all cases, the ®rst DNA-binding

domains by themselves superimpose very well, with r.m.s.

deviations between 0.21 and 0.51 AÊ for all possible combina-

tions. Thus, the conformation of the DNA-binding domain

remains essentially the same in all structures independent of

whether or not the co-repressor and/or DNA are bound.

However, after the DNA-binding domains of the ®rst subunit

of two dimers are superimposed, the DNA-binding domains of

the second subunit that have not been used to calculate the

transformation matrix show a signi®cant motion. The r.m.s.

deviations range from 0.44 to 2.18 AÊ among the DtxR

structures not bound to DNA

(Table 4). Among these, the largest

difference is observed when com-

paring our new Zn-Glu20Ala-DtxR

structure with Mn-wt-DtxR (Qiu et

al., 1996). This structure possesses

a partially occupied metal-binding

site II. Signi®cantly larger motions

of the second DNA-binding

domain with respect to the ®rst

DNA-binding domain are obs-

erved when the Co-wt-DtxR-DNA

structure (Pohl et al., 1999b) is

taken into account. The largest

overall motion is observed

between the new apo-Cys102Ser-

DtxR (crystal form I) and wt-DtxR

in the Co-wt-DtxR-DNA (r.m.s.

difference for the second DNA-

binding domain is 3.8 AÊ ). This

domain motion is clearly evident

for all other DtxR variants used in

our comparison (Fig. 5).

4. Conclusions

Although the repressor activity is

severely decreased in the three new

DtxR variants described here, the

comparison of their structures with

wild-type DtxR shows no signi®-

cant changes in the overall fold. On

a more detailed level, there are

small but important changes arising

from the amino-acid substitutions.

In contrast to the Cd-wt-DtxR

structure, where the Cd2+ was

found to be present, albeit not with full occupancy, at metal-

binding site 2 (Qiu et al., 1995), this site is clearly empty in the

Cd-Cys102Ser-DtxR variant. The O atom of the Ser102 side

chain is apparently energetically less favorable for metal

binding than the S atom of the cysteine side chain, so that the

presence of the three unchanged ligands at this site, Glu105,

His106 and the carbonyl of Ser102, are not suf®cient for metal

binding. Hence, site 2 is empty and the regulator shows

decreased activity. This result is consistent with the previous

®ndings of the mutational analysis that only the native Cys102

or an Asp102 substitution is suf®cient for proper functioning

of the repressor (Tao & Murphy, 1993; Ding et al., 1996). At

position 102 only the S of the cysteine side chain or the O� of

an aspartate can function as a ligand for metal-binding site 2.

The crystal structures of the Arg80Ala-DtxR and

Glu20Ala-DtxR variants show that the removal of the salt

bridge between the side chains of Arg80 and Glu20 in the

wild-type repressor does not result in a noticeably different

structure from wt-DtxR. Even the side-chain conformation of

the second residue remains almost unchanged upon removal
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Table 4
R.m.s. deviations (in AÊ ) for the superposition of DNA-binding domains.

The lower left part of the table gives the r.m.s. deviation of all 68 C� atoms of the DNA-binding domain in the
®rst subunit. The upper right part summarizes the resulting r.m.s. deviations of the 68 C� atoms of the DNA-
binding domain in the second subunit after superimposing the ®rst DNA-binding domain.

Apo-wt-
DtxR,
form I²

Apo-wt-
DtxR,
form II²

Mn-
DtxR³

Apo-
C102S,
form I

Apo-
C102S,
form II

Cd-
C102S

Zn-
R80A

Zn-
E20A

Co-wt-
DtxR-
DNA§

Apo-wt-txR-I 0.60 1.03 1.06 0.66 1.22 0.44 1.26 2.79
Apo-wt-DtxR-II 0.21 0.95 1.02 0.38 1.27 0.99 1.32 3.12
Mn-DtxR 0.28 0.29 0.90 0.98 1.80 1.29 2.18 3.66
Apo-C102S-I 0.26 0.34 0.24 1.07 1.13 1.41 1.95 3.78
Apo-C102S-II 0.22 0.27 0.30 0.33 1.09 0.77 1.17 3.02
Cd-C102S 0.26 0.36 0.30 0.22 0.34 0.92 1.46 2.91
Zn-R80A 0.31 0.31 0.41 0.29 0.29 0.29 0.76 2.62
Zn-E20A 0.26 0.32 0.36 0.30 0.37 0.27 0.28 2.15
Co-wt-DtxR-DNA 0.37 0.51 0.44 0.40 0.44 0.42 0.43 0.50

² Pohl et al. (1998). ³ Qiu et al. (1996). § Pohl et al. (1999b).

Table 3
R.m.s. deviations (in AÊ ) for the superposition of the dimerization domains of DtxR dimers.

The lower left part of the table gives the r.m.s. deviation of the 67 C� atoms of the dimerization domain in the
®rst subunit. The upper right part summarizes the resulting r.m.s. deviations of the dimerization domain in the
second subunit after superpositioning the ®rst dimerization domain.

Apo-wt-
DtxR,
form I²

Apo-wt-
DtxR,
form II²

Mn-
DtxR³

Apo-
C102S,
form I

Apo-
C102S,
form II

Cd-
C102S

Zn-
R80A

Zn-
E20A

Co-wt-
DtxR-
DNA§

Apo-wDtxR-I 0.50 0.93 1.31 0.61 1.29 0.43 0.55 0.85
Apo-wt-DtxR-II 0.15 1.24 0.87 0.22 0.82 0.31 0.51 0.77
Mn-DtxR 0.64 0.64 1.21 1.32 1.04 1.15 1.14 1.25
Apo-C102S-I 0.63 0.54 0.25 0.90 0.69 0.90 1.24 1.36
Apo-C102S-II 0.21 0.22 0.67 0.61 0.83 0.32 0.55 0.80
Cd-C102S 0.88 0.70 0.44 0.25 0.76 0.81 1.05 1.08
Zn-R80A 0.23 0.27 0.62 0.61 0.26 0.75 0.53 0.71
Zn-E20A 0.18 0.22 0.64 0.61 0.21 0.75 0.22 0.45
Co-wt-DtxR-DNA 0.41 0.43 0.60 0.60 0.47 0.68 0.42 0.38

² Pohl et al. (1998). ³ Qiu et al. (1996). § Pohl et al. (1999b).
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of the partner of the salt bridge. In the wt-DtxR structure

these two residues form a link between the DNA-binding

domain and the metal-binding domain (Qiu et al., 1995). In

addition, the side chain of Arg80 interacts via two guanidi-

nium H atoms with the anion (Qiu et al., 1996). In the Zn-

Arg80Ala-DtxR structure described here, the anion-binding

site is empty although the metal-binding site 1 is clearly fully

occupied. It appears that the interaction with the Arg80 side

chain is necessary for anion binding. In the wt-DtxR-DNA

complex (Pohl et al., 1999b) the side chain of Arg80 is within

hydrogen-bonding distance of the side chain of Glu170 of the

third domain, which in turn coordinates the metal. Thus,

Arg80 may play a role in positioning the third domain with

respect to the two other domains and thereby affect the

properties of the regulator. The absence of the Arg80 side

chain may prevent the third domain from obtaining its optimal

position for DNA binding.

The exact role of the Glu20 side chain has yet to be eluci-

dated. Substitution of this side chain does not change the

conformation of any side chain signi®cantly, including that of

its salt-bridge partner Arg80. It might be possible that crystal

packing prevents the observation of the full spectrum of

conformations available to the Glu20Ala-DtxR mutant in

solution. In other words, in the mutants without the salt bridge

the ensemble of structures in solution may have a larger

variation of hinge angles than in the case of wt-DtxR. The

Glu20±Arg80 salt bridge may function by stabilizing the

protein in solution in the conformation that is capable of DNA

binding. Intervening with the metal±Glu170±Arg80±Glu20

chain of interactions by removing the side chain of either

Glu20 or Arg80 may increase the ¯exibility of the DNA-

binding domain with respect to the second domain. Further

studies are obviously required to investigate this possibility.

In the ®ve crystal structures of three DtxR variants

presented here, there are remarkable differences in the

mutual orientation of the DNA-binding domains in the dimer.

The conformations observed in these crystal structures show

again a hinge motion of the DNA-binding domain that repo-

sitions the two DNA-binding helices in each dimer with

respect to each other. The non-activated form of DtxR can

therefore be described as adopting multiple states where the

conformation observed in the crystal depends on the degree of

metal binding as well as on crystal packing. The fully activated

form of DtxR as observed in the Co-wt-DtxR-DNA structure

undergoes a considerably larger motion that changes the

position of equivalent C� atoms of the second DNA-binding

domain up to an r.m.s. deviation of 3.8 AÊ . Evidently, a hinge

motion of the DNA-binding domain with respect to the

dimerization domain is an intrinsic property in the DtxR

family of iron-dependent repressors and is critical for its

functioning.
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