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ABSTRACT The diphtheria toxin repressor (DtxR) is the
best-characterized member of a family of homologous proteins
that regulate iron uptake and virulence gene expression in the
Gram-positive bacteria. DtxR contains two domains that are
separated by a short, unstructured linker. The N-terminal
domain is structurally well-defined and is responsible for Fe?>*
binding, dimerization, and DNA binding. The C-terminal
domain adopts a fold similar to eukaryotic Src homology 3
domains, but the functional role of the C-terminal domain in
repressor activity is unknown. The solution structure of the
C-terminal domain, consisting of residues N130-L226 plus a
13-residue N-terminal extension, has been determined by
using NMR spectroscopy. Residues before A147 are highly
mobile and adopt a random coil conformation, but residues
A147-1L226 form a single structured domain consisting of five
B-strands and three helices arranged into a partially orthog-
onal, two-sheet (3-barrel, similar to the structure observed in
the crystalline Co?>* complex of full-length DtxR. Chemical
shift perturbation studies demonstrate that a proline-rich
peptide corresponding to residues R125-G139 of intact DtxR
binds to the C-terminal domain in a pocket formed by residues
in -strands 2, 3, and 5, and helix 3. Binding of the proline-
rich peptide by the C-terminal domain of DtxR presents an
example of peptide binding by a prokaryotic Src homology
3-like protein. The results of this study, combined with
previous x-ray studies of intact DtxR, provide insights into a
possible biological function of the C-terminal domain in
regulating repressor activity.

The diphtheria toxin repressor (DtxR) regulates the expres-
sion of several iron-sensitive genes in Corynebacterium diph-
theriae, including the iron-response protein genes (irp), a heme
oxygenase, and the diphtheria toxin gene (tox) (1-3). DtxR is
the best-characterized member of a family of homologous
proteins that regulate iron uptake and virulence gene expres-
sion in the Gram-positive bacteria, including Mycobacterium
tuberculosis, Brevibacterium lactofermentum, Streptomyces livi-
dans, and Streptomyces pilosus (4, 5). The N-terminal 136 aa of
this 226-aa protein form a DNA-binding dimer, whose struc-
ture has been determined by x-ray crystallography with (6-10)
and without (7, 10) divalent cations, and while bound to a DNA
operator sequence (11). The structure of the C-terminal 90 aa,
which is more mobile than the N-terminal domain in all crystal
forms, has been mapped in the Co?>"-DtxR complex (9) and
shown to be structurally homologous to eukaryotic Src ho-
mology 3 (SH3) domains, although the amino acid sequence
homology is low. A limited number of mutations in the
C-terminal domain (12) or the linker region (13) affect re-
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pressor activity, but the structural nature of this regulation by
the C-terminal domain has been obscure.

To obtain a more complete understanding of the function of
the intact repressor protein, we are focusing on the C-terminal
domain. From the sequential assignment of resonances in
heteronuclear NMR spectra of a recombinant C-terminal
domain (residues N130-L226), we have shown that this isolated
domain contains five B-strands and three helices (14). Here, we
present the three-dimensional (3D) structure of DtxR(130-
226) determined in solution by using multidimensional NMR
spectroscopy and show that it adopts an SH3-like conforma-
tion. We also present evidence that this prokaryotic SH3-like
domain binds to a proline-rich segment that is located in the
region linking the N- and C-terminal domains of DtxR and is
conserved in all known DtxR homologues. NMR chemical
shift perturbation studies demonstrate that a synthetic peptide
corresponding to this internal ligand interacts with specific
amino acid residues in the C-terminal domain. The demon-
stration of peptide binding by the C-terminal domain suggests
a possible mechanism for regulating the activity of the intact
repressor protein.

MATERIALS AND METHODS

Protein Expression, Purification, and Sample Preparation.
The expression vector for DtxR(130-226) was constructed by
first introducing a unique BamHI restriction endonuclease site
in the dixR structural gene before N130. The portion of dixR
cDNA encoding residues N130-L226 then was excised by
digestion with BamHI and HindIIl, and, after purification by
agarose gel electrophoresis, ligated into the BamHI and Hin-
dIT sites of the pQE30 expression vector (Qiagen, Chatsworth,
CA). The final protein construct, referred to as DtxR(130-
226), contains a 13-residue extension at the N terminus that
includes a six-residue His tag (MRGSHHHHHHGSG) to
facilitate purification. DtxR(130-226) was expressed in Esch-
erichia coli strain HMS174 grown in M9 minimal medium
containing 1 g/liter "'NH,Cl and 4 g/liter glucose or 2 g/liter
13Cg-glucose to produce uniformly N- or N/13C- labeled
proteins, respectively. Protein expression was induced by ad-
dition of 0.4 mM isopropyl B-D-thiogalactoside to the culture
at an ODggo of =~0.6 and grown for an additional 3 h before

Abbreviations: SH3, Src homology 3; DtxR, diphtheria toxin repres-
sor; 3D, three-dimensional; NOE(SY), nuclear Overhauser effect
(spectroscopy); HSQC, heteronuclear single quantum correlation; 2D,
two-dimensional.

Data deposition: Chemical shift assignments reported in this paper
have been deposited in the BioMagResBank, Madison, WI (accession
no. 4183). The structure coordinates reported in this paper have been
deposited in the Protein Data Bank, www.rcsb.org (PDB ID code
1bym).
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harvesting by centrifugation. The cell pellet was resuspended
in 20 ml of lysis buffer (50 mM potassium phosphate, pH 7.5,
containing 0.5 M NaCl, 8§ M urea, 5 mM imidazole, and 1 mM
PMSF) and lysed by French press. The clarified lysate was
chromatographed over a Ni**-chelating Sepharose Fast Flow
column (Amersham Pharmacia), washed with the lysis buffer
(containing no urea or PMSF), and eluted with a linear
gradient of imidazole (10-600 mM). Fractions containing
DtxR(130-226) (at approximately 300 mM imidazole) were
pooled, dialyzed, and concentrated in a Centriprep 3 (Amicon)
before exchange into phosphate buffer for NMR analysis (50
mM potassium phosphate, containing 0.4% NaN3; and 10%
D,0, pH 6.5). A shorter construct of the C-terminal domain,
corresponding to residues 144-226 [DtxR(144-226)], was gen-
erated from DtxR(130-226) by amplifying the cDNA encoding
these residues using PCR, followed by ligation into the Ndel
and BamHI sites of a pET-15b expression vector (Novagen).
This construct contains a 21- residue extension at the N
terminus of DtxR(144-226), including a six-residue His tag
and a thrombin cleavage site. DtxR(144-226) uniformly en-
riched in PN was expressed in BL21(DE3) E. coli grown in M9
minimal medium supplemented with "NH,4Cl and purified as
described for DtxR(130-226).

NMR Spectroscopy. NMR spectra were collected at 30°C on
a three-channel 500 MHz Varian Unityplus instrument
equipped with waveform generators and three-axis pulsed field
gradient accessories. A 3D ’N-separated nuclear Overhauser
effect spectroscopy (NOESY)-heteronuclear single quantum
correlation (HSQC) spectrum (15) was collected on a uni-
formly *N-enriched DtxR(130-226) sample by using 8,333-,
1,650-, and 6,250-Hz sweep widths, and digitized as 512, 48,
and 128 complex points in the w3 ("HY), w, (°N), and w; (*H)
dimensions, respectively. Two complementary 3D 13C-
separated CCH-NOESY and HCH-NOESY spectra (16) were
collected on uniformly °N,3C-labeled DtxR(130-226) in the
deuterated phosphate buffer by using sweep widths of 2,999.2
and 8,798.8 Hz for 'H and '3C chemical shift dimensions,
respectively. A homonuclear two-dimensional (2D) NOESY
spectrum was collected on a 720-MHz Varian Unityplus
spectrometer, by using excitation sculpting for solvent sup-
pression (17). All NOESY spectra were collected with a
120-ms mixing time. The ¢-dihedral angle restraints were
obtained from analysis of HNHA (18) and HMQC-J (19)
spectra collected on >N-labeled DtxR(130-226). Slowly ex-
changing amide hydrogens were identified from a 2D 'H-N
HSQC spectrum collected 24 h after dissolution in the deu-
terated phosphate buffer. Heteronuclear NOEs were mea-
sured as described (20). All NMR data were processed on
Silicon Graphics workstations by using NMRPIPE (21) and
analyzed with NMRVIEW (22).

Structure Calculation. Structure calculations were per-
formed by using X-PLOR, version 3.843 (23). The interproton
NOE peaks of 2D and 3D NOESY spectra were classified as
1.8-2.8, 1.8-3.5, 1.8-5.0, and 1.8-6.0 A corresponding to
strong, medium, weak, and very weak NOEs. Pseudoatom and
proton multiplicity corrections were made as described by
Fletcher et al. (24). Hydrogen bond restraints were added as
2.4-35 A and 1.5-2.8 A for N-O and H-O internuclear
distances, respectively, in regions where regular secondary
structure elements were identified in initial structures calcu-
lated by using only NOE restraints. The ¢ dihedral angle
restraints were applied as —120 * 30° for B-strands with
3JaNHe > 8 Hz and —60 =+ 30° for helical regions with 3Jgnga
< 5.5 Hz, respectively (25). Hydrogen bond and dihedral angle
restraints were combined with NOE restraints only in the final
stage of the structural refinement. A total of 100 structures
were calculated, of which 67 showed no restraint violations
greater than 0.5 A and 5°. From the 67 structures, 20 structures
with lowest total energy were chosen for further refinement by
five additional cycles of simulated annealing by decreasing the

Proc. Natl. Acad. Sci. USA 96 (1999)

initial temperature by 100 K in each cycle from 900 K to 500
K (26). The structures were viewed by using INSIGHTII (Mo-
lecular Simulations, Sacramento, CA), and analyzed by using
MOLMOL (27), AQUA, and PROCHECK-NMR software (28).

Peptide Binding Experiments. A 15-residue peptide (RSPF-
GNPIPGLDELG; residues R125-G139 of DtxR) was synthe-
sized by using standard solid-phase methods. The peptide
showed a single peak on analytical reversed-phase HPLC and
gave a mass spectrum identical to that expected. Binding
experiments were performed by adding aliquots of peptide to
a sample of uniformly '>N-labeled DtxR(130-226) or
DtxR(144-226) in the phosphate buffer, pH 6.5 at 30°C. 2D
TH-N HSQC spectra (29) were collected by using 1,024 and
140 complex points over 8,333.3 and 1,650 Hz spectral widths
in the 'H and N dimensions, respectively.

RESULTS AND DISCUSSION

Structure Determination. Chemical shift assignments for
the backbone and side-chain 'H, 3C, and N resonances of
DtxR(130-226) were obtained by using the standard suite of
triple-resonance NMR experiments (14). The 'H (Fig. 1a),
13Ce, and 3CO chemical shift deviations (30) suggested the
presence of five B-strands and three helices, which subse-
quently were confirmed in the final 3D structures (Fig. 2). The
structure of DtxR(130-226) was determined from a total of
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FiG. 1. (a) Chemical shift deviation (CSD) between the measured
He chemical shift (14) and the random coil H* value (25). Clusters of
positive and negative values suggest B-strands and helical structures,
respectively. (b) Backbone N-{H} heteronuclear NOE for each
residue. NOE values for some residues were not presented because of
resonance overlap. (c) The number of proton-proton NOEs per
residue (No. NOE/res). (d) The backbone rms deviation per residue
of the 20 structures from the average structure. The helical (open
ellipses) and B-strand (solid squares) regions of DtxR(130-226) are
depicted at the top.
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F1G6.2. Structure of DtxR(130-226) with the unstructured residues
130-145 omitted. Stereoview of the backbone superposition of the 20
refined structures determined as described in the text. The N terminus
of the structure is located at lower left.

1,142 NMR restraints in the form of NOE-derived interproton
distances, ¢ dihedral angles, and hydrogen bonds. Structures
were calculated by using a hybrid distance geometry-simulated
annealing protocol (23, 31). A summary of the structural
statistics for the final set of 20 structures is presented in Table
1. These 20 structures had the lowest total energies, no distance
violations greater than 0.35 A, and dihedral angle violations
less than 5°. Within this family of structures, 97.6% of residues
had backbone s,¢ angles located in the allowed regions (28) of
the Ramachandran plot. The rms deviation for the backbone
atoms in all B-strands superimposed on the average structure
was 0.80 A (Table 1).

Description of NMR Structure. The structure of DtxR(130-
226) consists of a disordered N-terminal region (residues
N130-A146) followed by a folded domain (residues A147-
L226) (Fig. 3). The five B-strands identified in the final
ensemble of structures include residues V163-Q167 (B1),
V193-R198 (B2), H201-H206 (B3), K209-V211 (B4), and
R222-E225 (B5). These strands are organized into a B-barrel
formed by two partially orthogonal antiparallel B-sheets, with
strand B2 shared by the two sheets. Sheet 1 contains strands 1,
B2’ (V193-1195), and BS5, while sheet 2 is formed by strands
B2 (V196-R198), B3, and B4. Preceding B1 in the folded
domain, the polypeptide chain forms two short, extended
B-like structures (T150-R151 and S158-P160) that are sepa-

Table 1. Structure statistics

NOE restraints

Total 1,086
Intraresidue 548
Sequential 263
Medium range 87
Long range 188
¢ dihedral angle restraints 26
Hydrogen bond restraints 30

Deviation from experimental restraints

Distance restraints, A 0.014 = 0.003

Dihedral restraints, deg 0.17 = 0.09
Deviation from idealized covalent geometry

Bonds, A 0.002 *+ 0.000

Angles, deg 0.48 =0.01

Impropers, deg 0.359 = 0.005
Backbone rms deviation, A

(SA) to (SA) residues A147-1.226 145 *=0.16

(SA) to (SA) all B-strands 0.80 *+0.08

(SA) stands for the ensemble of 20 NMR structures and (SA) is the
average structure of the ensemble calculated by using X-PLOR. The
parameter used to calculate the van der Waals (vdw) repulsion energy
was 0.75 rather than 0.80 (47).
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rated by a single-turn 3¢ helix [residues V152-A155 (H1)]. The
B-like structures of these two short segments are indicated by
down-field H* chemical shifts (Fig. 1a) and by long-range NOE
contacts from residues T150-R151 to B5 and from residues
S158-P160 to B2''. Strands B1 and B2’ are connected by a long
loop (residues 1168-G190) containing the single a-helix [res-
idues D177-A185 (H2)]. A short 3¢ helix [residues D215-A218
(H3)] is formed between strands B4 and B5, while strands
B2''-B3 and B3-B4 are connected by tight turns. Many of the
hydrophobic residues in helices H1, H2, and H3 (V152, 1153,
A155, 1182, L183, A185, and A218) showed NOE contacts
with the B-barrel, forming the hydrophobic core.

To obtain insight into protein chain mobility, we measured
steady-state backbone N-{'H} heteronuclear NOE values.
Heteronuclear NOEs for a limited number of residues could
not be determined because of spectral overlap. Residues
preceding A147 have negative heteronuclear NOEs (Fig. 1b),
indicating high mobility (25). In contrast, residues A147-L226
have positive heteronuclear NOEs, indicating lower overall
mobility and that these residues tumble in solution as a single
folded domain. The slightly lower heteronuclear NOEs ob-
served for residues I1168-E175 suggest an increased mobility for
these loop residues compared with other residues in the folded
domain. The polypeptide chain mobility deduced from the
heteronuclear NOE data correlated well with the number of
proton—proton NOEs and the rms deviation per residue (Fig.
1 ¢ and d), indicating that the limited number of interproton
NOE:s and low structural precision of the linker and the loop
regions in the final family of structures reflect the internal
motions of the polypeptide chains.

The C-terminal domain of DtxR adopts a similar fold in the
crystal (9) and in solution, with a 2.6-A rms deviation obtained
when superimposing the C* atoms of the two structures
(residues P148-R198 and H201-1.226). The largest difference
between the two structures was found in residues 1168-G190,
consistent with their location in a long loop and their increased
mobility in solution. Residues G141-A147, which were not
traced in previous x-ray structures, were also highly mobile in
solution and were poorly defined by the NMR data.

The C-Terminal Domain of DtxR Binds a Proline-Rich
Peptide. During purification and characterization of
DtxR(130-226), it was observed that highly purified protein
ran as a series of bands in nondenaturing polyacrylamide gels
that correlated in mass to multiples of the monomeric protein
molecular weight (Fig. 4). As seen in Fig. 4, the monomeric and
trimeric forms were predominant, with lower amounts of
dimer and higher aggregates observed. The formation of
oligomers was not altered upon incubation with EDTA or by
addition of 10 mM Ni?*, suggesting that the oligomerization
was not induced by residues of the His tag binding to metal ions
leached during purification. In contrast, a single molecular

F1G. 3. Stereoview of the ribbon representation of the minimized
average structure. 3-strands are colored in purple and helical regions
in green. Orientation is the same as shown in Fig. 2. The structure was
created by using MOLMOL (27).
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F1G. 4. Nondenaturing polyacrylamide gels indicating the degree
of oligomerization of DtxR(130-226) (lane A) and DtxR(144-226)
(lane B). The reduced electrophoretic mobility of DtxR(144-226)
monomer compared to DtxR(133-226) monomer reflects the addi-
tional residues at the N terminus of DtxR(144-226) arising from the
expression construct (see Materials and Methods).

weight band corresponding to monomeric DtxR(130-226) was
observed in denaturing PAGE gels (not shown). As noted
previously (9), the structure of residues P160-L226 is homol-
ogous to eukaryotic SH3 domains. SH3 domains bind peptides
with the consensus sequence PpXP, where P is a strictly
conserved proline, p is generally a proline, and X is a hydro-
phobic residue (32-37). Following the His tag and additional
residues associated with the cloning sites (see Materials and
Methods), the DtxR(130-226) sequence begins as NPIPGL.
We reasoned that the oligomers may result from DtxR(130-
226) binding this proline-containing segment. To test this
hypothesis, DtxR(144-226), in which this internal ligand is
removed, was created. NMR spectra of DtxR(144-226)
showed that the protein adopted the same fold as DtxR(130-
226). However, in contrast to DtxR(130-226), DtxR(144-226)
migrated as a single band corresponding to monomer molec-
ular weight in nondenaturing polyacrylamide gels (Fig. 4).
The possible binding interaction between the SH3-like
C-terminal domain of DtxR and the internal proline-rich
sequence was further investigated by using a synthetic peptide
having the sequence RSPFGNPIPGLDELG, which corre-
sponds to residues R125-G139 of full-length DtxR. Aliquots of
this peptide were added to DtxR(130-226), and 2D HSQC
spectra were collected. Because chemical shifts are extremely
sensitive reporters of the local magnetic environment, ligand
binding generally changes the chemical shifts of backbone and
side-chain resonances. This approach is sensitive to weak
binding (into the millimolar range; ref. 38) and has been used
previously to demonstrate binding between proline-rich pep-
tides and eukaryotic SH3 domains (36). When a stoichiometric
amount of this peptide was added to DtxR(130-226), a limited
number of protein 'H and/or >N resonances exhibited line
broadening or resonance frequency changes in 2D HSQC
spectra (residues V174, 1187, E192, 1.204, H206, D215, D216,
L1217, H219, and T220), but no additional resonances ap-
peared. At approximately a 5:1 peptide/protein molar ratio,
additional residues in strands 2, 83, 85, and helix H3 were
shifted in an HSQC spectrum (Fig. 5). The chemical shift
perturbation data demonstrate weak binding of the peptide by
the SH3-like domain, in fast exchange on the NMR time scale.
The perturbed residues generate a putative peptide-binding
surface located between the long loop and the B-barrel (Fig.
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FiG. 5. Plot of N and 'HN chemical shift changes (in ppm)
induced in DtxR(130-226) upon addition of the peptide as a function
of residue number. The solid and cross-hatched bars indicate the
magnitude of "HN and PH chemical shift changes, respectively. Only
changes that are larger than twice the digital resolution in the given
chemical shift dimension are indicated.

6). The presence of an internal partial ligand that competes
with the external peptide complicates a quantitative analysis of
the binding affinity for the peptide. By using the existing NMR
data we estimate an apparent dissociation constant in the 100
uM-1 mM range, which is slightly higher than that obtained for
eukaryotic SH3 domains binding optimized peptide ligands
(32-37). DtxR(144-226) also binds the R125-G139 peptide,
with the same residues being shifted upon binding.

Except for NOEs observed between side-chain protons of
A146 and 1187 that were consistent with oligomer formation,
no NOEs were observed between residues at the N terminus
and the folded domain of DtxR(130-226), although some
residues at the N terminus of DtxR(130-226) shifted after
addition of the R125-G139 peptide. These intermolecular
NOEs disappeared upon dilution of the DtxR(130-226) sam-
ple. The absence of NOEs from the tail to the folded domain
of DtxR(130-226) may be attributed to the high flexibility of
the N terminus in the monomeric species (Fig. 1b) and to the
variety and low concentration of oligomeric species in solution.

A Proposed Functional Role for Peptide Binding. A working
model for transcriptional regulation by DtxR is that micromo-
lar concentrations of Fe?* or other divalent metals trigger the
formation of the metal-bound dimeric state, which then binds
to the fox and irp operators (39—-42). In the absence of divalent
metal ligand, DtxR is thought to exist as an inactive, mono-
meric apo-protein that is incapable of binding DNA. Residues
R125-G139 make numerous contacts with the three helices
that constitute the dimerization interface in the N-terminal
domain, thereby contributing to the stabilization of the dimeric
form of DtxR (9). In the current work, we found that residues
R125-G139 also can interact with the C-terminal domain of
DtxR. If residues R125-G139 were to dissociate from the

F1G. 6. Stereoview of the C* trace of the SH3-like domain of DtxR
showing the residues implicated in peptide binding. Residues that
shifted upon addition of the peptide are depicted as red balls.
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C. diphtheriae 1 [MKDLVDTTEM YLRTIYELEE EGVIPLRARI AERLEQSGPT VSQTVARMER DGLVVVASDR SLQMTPTGRT LATAVMRKHER

M. smegmatis 1 |MNDLVDTTEM YLRTIYDLEE EGVVPLRARI AERLDQSGPT VSQTVSRMER DGLLHVAGDR HLELTDKGRA LAVAVMRKHR

M. wberculosis 1 |MNELVDTTEM YLRTIYDLEE EGVTPLRARI AERLDQSGPT VSQTVSRMER DGLLRVAGDR HLELTEKGRA LAIAVMRKHR

S. lividans 1 |[MSGLIDTTEM YLRTILELEE EGVVPMRARI AERLDQSGPT VSQTVARMER DGLVSVAADR HLELTDEGRR LATRVMRKHR)

S. pilosus 1 |[MSGLIDTTEM YLRTILELEE EGVVPMRARI AERLDQSGPT VSQTVARMER DGLVSVAPDT HLELTEEGRR LATRVMRKHE

C. gl icum 1 |IMKDLVDTTEM YLRTIYELEE EGIVPLRARI AERLEQSGPT VSQTVARMER DGLVHVSPDR SLEMTPEGRS LAIAVMRNDE|
k%

C. diphtheriae 81 |[LAERLLTDII GLDINKVHDE ACRWEHVMSD EVERRLVEKVI| KDVSRERSNIESENTIADINAGY GNSDA--AAP -GTRVIDAAT

M. smegmatis 81 {LAERLLVDVI GLPWEDVHAE ACRWEHVMSE EVERRLVQVL| ENPTTERSHI IS -BEJRIATIMAAY TPGVN-TEDV SLVRLTELPV

M. tuberculosis 81 {LAERLLVDVI GLPWEEVHAE ACRWEHVMSE DVERRLVKVL NNPTT RS MR -RRdedR-BACY GPEPG-ADDA NLVRLTELPA

S. lividans 81 |[LAECLLVDVI GLEWEQVHAE ACRWEHVMSE AVERRVLELL RHPTEERAMNEN-DEAeIAC ) JACE TDGADPFLDE GMVSLADLDP

S. pilosus 81 [LAECLLVDVI GLEWEQVHAE ACRWEHVMSE AVERRVLELL RHPTELERNIIES-REJeIR:BAGE KDGADPFLDE GMVSLAELDP

C. glutamicum 81 |[LAERLLTDIT GLDIHKVHDE ACRWEHVMSD EVERRLVEVI| DDVHRERSHNED-FPIFRCIEPIG]L DQOADE--PDS -CVRAIDLPL

C. diphtheriae 158 SMP-RKVRIV QINEIFQVET DQFTQLLDAD IRVGSEVEIV DRDGH-ITLS HNG-KDVELL DDLAHTIRIE EL---

M. smegmatis 160 GMP-VAVVVR QLTEHVQGDT DLIGRLKEAG VVPNARVTVE ANNNGGVMIV IPGHEQVELP HHMAHAVKVE KVEKV

M. wberculosis 160 GSP-VAVVVR QLTEHVQGDI DLITRLKDAG VVPNARVTVE TTPGGGVTIV IPGHENVTLP HEMAHAVKVE KV---

S. lividans 171 GQEGKTVVVR RIGEPIQTDA QLMYTLRRAG VQPGSVVSVT ESAGG-VLVG SGG-EARAELE ADTASHVFVA KR---

S. pilosus 171 GAEGKTVVVR RIGEPIQTDA QLMYTLRRAG VQPGSVVSVT EAAGGGVLVG SSG-EAAELE TDVASHVFVA KP--~-

C. glutamicum 158 GEN-LKARIV QLNEILQVDL EQFQALTDAG VEIGTEVDII NEQGR-VVIT HNG-SSVELI DDLAHAVRVE KVEG-

Fic. 7. Sequence comparison of repressor proteins homologous to DtxR found in other Gram-positive bacteria. The strongly conserved
N-terminal domain is boxed; conserved residues corresponding to S126-G139 are highlighted in white text with black background; conserved or
semiconserved residues in the C-terminal domain are indicated by a star. Sequences were obtained from the Swiss-Prot Data Bank (accession nos.

M80338, U14190, U14191, Z50049, Z50048, and L35906).

N-terminal domain, the dimeric structure might be destabi-
lized and dissociate into monomers. We propose that the
C-terminal domain binds residues R125-G139 in the mono-
meric state, thereby altering the monomer-dimer equilibrium
and effectively stabilizing the monomeric, inactive form. Our
data is consistent with either an inter- or intramolecular
binding. This model for the regulation of dimer formation by
the SH3-like C-terminal domain is consistent with the weakly
cooperative activation of DtxR by metal ions (4) and with the
existing C-terminal domain mutants that alter repressor ac-
tivity (12, 13).

Eukaryotic SH3 domains in Hck (43), Src (44), and Itk (45)
regulate tyrosine kinase activities in signal transduction cas-
cades by weak binding to an internal proline-containing pep-
tide whose sequence differs from the high-affinity peptide
sequences that activate the kinase. Here, we have postulated
that binding to an internal proline-containing region by the
SH3-like domain of this prokaryotic protein has significance in
regulating the repressor activity of intact DtxR. According to
our model, the C-terminal domain plays no direct role in the
structure or function of the dimeric form of the repressor and
must be flexibly linked to the N-terminal domain. This intrinsic
flexibility may explain the low averaged electron density found
for this domain in the existing crystal structures (6-11).
Residues L120-L226 were not traced in a crystal structure of
DtxR(C102D) complexed with a 33-bp DNA sequence (11), so
the structure of the proline-containing region and the C-
terminal domain in this state of the repressor is uncertain.

The N-terminal domain of DtxR shows strong homology
with the other members of Gram-positive toxin gene repressor
proteins. A recent crystal structure of the DtxR homologue
from M. tuberculosis, IdeR, shows the proteins are structurally
homologous as well (46). Similarly, the sequence homology of
the C-terminal domains in the family of DtxR homologues
suggests that they will adopt SH3-like folds (Fig. 7). Residues
S126-G139 are highly conserved in all known DtxR homo-
logues, therefore it is likely that the regulatory mechanism
proposed here for DtxR is applicable to the entire family of
virulence-gene repressor proteins in the Gram-positive bacte-
ria. This regulatory model for the DtxR C-terminal domain
also suggests novel routes to the development of nonmetal-ion
activators of repressor activity. For example, ligands that
compete with the proline-rich region for binding to the SH3-
like C-terminal domain may activate repressor function and
decrease toxin expression. Such molecules might serve to
attenuate the virulence of the pathogens in vivo.

Note Added in Proof. A recent study by Goranson-Siekierke et al. (48)
has demonstrated that single alanine substitutions for residues R80,
S$126, and N130 caused severely decreased DtxR activity. Crystallo-
graphic analyses of dimeric metal complexes of the native protein show
that these residues coordinate an oxyanion, which has been identified

as a possible co-corepressor (9, 49). In dilute solutions, the dimeric
form of the protein is stabilized by low concentrations of Fe2* or other
divalent transition metal cations, but dimerization also is favored in the
absence of the metal ions at high protein concentration under crys-
tallizing conditions. High-resolution analyses of crystals of the metal-
free DtxR (10) show a dimeric structure very similar to the metal-
bound form, in which the segment including the conserved sequence
S$126-G139 (Fig. 7) is folded in an ordered conformation contacting
the helices of the N-terminal domain involved in dimer formation;
these polar interactions among the residues R80, S126, and N130
together with water and/or anion evidently contribute to the stability
of the dimer interface. Our results demonstrate that the proline-rich
segment, including residues S126 and N130, binds to the isolated
C-terminal SH3-like domain of DtxR in a manner similar to the
peptide binding by eukaryotic SH3 domains (43—45). According to
our model for the regulation of the DtxR activity, binding of the
proline-rich segment to the C-terminal SH3-like domain should sta-
bilize the inactive monomeric form of the repressor. Because replace-
ment of the polar residues R80, S126, and N130 with alanines will
weaken the interaction between the S126-L138 segment and the
N-terminal dimerization domain, we interpret the recent results
reported by Goranson-Siekierke et al. (48) to indicate that destabili-
zation of the proline-rich segment in the N-terminal domain of the
dimer consequently should favor binding of this segment to the
C-terminal SH3-like domain in the inactive monomer, even in the
presence of activating metal ions. Thus, the sequence S126-G139 may
function as an internal molecular switch, either associated with the
N-terminal domain, thereby contributing to the stability of the active,
metal-bound dimeric form of the repressor, or alternatively bound to
the C-terminal domain, favoring the inactive monomeric form.
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