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ABSTRACT. The iron-dependent regulator IdeR is a key transcriptional regulator of iron uptake in
Mycobacterium tuberculosi$n order to increase our insight into the role of the SH3-like third domain

of this essential regulator, the metal-binding and DNA-binding properties of two-domain IdeR (2D-IdeR)
whose SH3-like domain has been truncated were characterized. The equilibrium dissociation constants
for Co?™ and NP activation of 2D-IdeR for binding to thixbAoperator and the DNA-binding affinities

of 2D-ldeR in the presence of excess metal ions were estimated using fluorescence spectroscopy. 2D-
IdeR binds tdxbAoperator DNA with similar affinity as full-length IdeR in the presence of excess metal
ion. However, the Ni concentrations required to activate 2D-IdeR for DNA binding appear to be smaller
than that for full-length IdeR while the concentration of?Ceequired for activation remains the same.

We have determined the crystal structures dfNictivated 2D-IdeR at 1.96 A resolution and its double
dimer complex with thenbtA-mbtBoperator DNA in two crystal forms at 2.4 A and 2.6 A, the highest
resolutions for DNA complexes for any structures of iron-dependent regulator family members so far.
The 2D-ldeR-DNA complex structures confirm the specificity of Ser37 and Pro39 for thymine bases
and suggest preferential contacts of GIn43 to cytosine bases of the DNA. In addition, our 2D-IdeR structures
reveal a remarkable property of the TEV cleavage sequence remaining after removal of the C-terminal
Hiss. This C-terminal tail promotes crystal contacts by forming-sheet with the corresponding tail of
neighboring subunits in two unrelated structures of 2D-IdeR, one with and one without DNA. The contact-
promoting properties of this C-terminal TEV cleavage sequence may be beneficial for crystallizing other
proteins.

Iron is an essential element for the growth of most protective low-iron barrier against infectious ageris To
organisms. The concentration of free iron in human tissuesovercome the low availability of ironMycobacterium
and body fluids is far below the normal growth requirements tuberculosis one of the world’s major pathogens that is
for pathogens due to the chelation by transferrin, lactoferrin, responsible for 2 million deaths per year worldwide from
heme, and ferritin which (i) protect human cells from tuberculosis Z), has developed an elaborate iron uptake
oxidative damages caused by free iron and (ii) provide a system, which at the same time is tightly regulated to prevent

oxidative damage to the microorganism itself from excess
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“iron boxes”, the mbtA-mbtBand mbtl operators, were
identified in this gene cluster, and IdeR was shown to bind
to both operators in vitrog). The binding of activated IdeR
to the mbtA-mbtBand mbtl operators, which occurs when
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stabilize the monomer and prevent dimerization in the
absence of metal ion.

(ii) The apparent affinities for divalent metal ions at site
1 are not sensitive to loss of metal ligands provided by the

iron levels in the cell are high, represses the transcription of SH3-like domain.

mbtA-Jgenes, thereby limiting the synthesis of mycobactin
and, consequently, iron uptake into the cell Mycobacte-
rium smegmatis exochelin is another key siderophore
involved in iron uptake 10). A putative enzyme formyl

(i) The high-resolution structures of the 2D-ldel®RNA
complex provide details of DNA base-specific interactions
of Ser37 and Pro39 for thymine as observed in the lower
resolution structures of IdeRDNA and DtxR—-DNA com-

transferase involved in exochelin biosynthesis is encoded bypjexes previously determine@1—24).

the fxbA gene (0, 11). IdeR was shown to bind to the
operator region of thi&xbAgene inM. smegmatisinder high
Fe#t concentrations and to repress expression offxhé
gene (1).

M. tuberculosisldeR contains three domains and two
metal-binding sites1(2). The N-terminal 74 residues belong
to domain 1, which is homologous to the winged helix
turn—helix DNA-binding domain. Domain 2 includes resi-
dues 75-140, provides most metal coordinating ligands,
functions as a dimerization domain, and is connected to
domain 3 by a flexible linker. Domain 3 is an SHitke
domain (2, 13) consisting of residues 151230. Apo-ldeR
is very flexible and has a preferential monomeric form which
is in equilibrium with a dimeric form 14). Dimerization
occurs when iron-binding site 1 is occupied in both mono-
mers at a low iron concentration, and activation of DNA-
binding activity occurs when iron-binding sites 1 and 2 are
occupied in both monomers at a higher iron concentration
(14). In addition to activation by P&, IdeR can be activated
by Co*, Ni?t, Mn?", Ccf*, and Zi#" in vitro (15). A

(iv) The high-resolution structures indicate a distinctive
role of GIn43 for its preferential hydrogen bonding to the
cytosine base of the DNA.

(v) The atrtificial C-terminal tail of 2D-IdeR introduced
from the TEV cleavage sequence promotes crystal contacts
by forming af-sheet with neighboring subunits.

EXPERIMENTAL PROCEDURES

Construction of the Expression Plasmithe DNA frag-
ment of the 2D-ldeR gene encoding amino acid residues
1-140 was amplified by PCR from a full-length IdeR
plasmid DNA (L5) using oligonucleotide primersler140
S1 (B-GCACATATGAACGAGTTGGTTGATACC-3) and
ider140A1 (5-ATAGCTAGCCACGCCAAGTTCCACCAG-

3) andPfuTurboDNA polymerase (Stratagene). The PCR
product was digested and ligated with T4 DNA ligase using
Ndd and Nhd restriction sites into pAER36, an in-house
vector derived from pET-29H() vector (Novagen) of which
anNhd restriction site, a TEV protease cleavage sequence,

conformational change of the hinge region at residue 74 wasand a Hig tag were cloned into thBarHI site. The plas-
observed in metal-activated IdeR structures and was proposednid was introduced intoEscherichia coli BL21(DE3)

to be a basis for bringing the DNA-binding domains of two
subunits in a dimer closer together and increasing the DNA-
binding affinity (12, 16). The SH3-like domain repositions

(Novagen). 2D-ldeR expressed by this plasmid includes
native residues 1140 plus a TEV-cleavable Hjstag
ASENLYFQAGGGHHHHHH sequence at the C-terminus,

itself to coordinate the metal at site 1 using residues Glu172where A indicates the TEV cleavage position.
and GInl175 and has been suggested to play an important Protein Expression and PurificationThe E. coli cells

structural role in stabilizing the active conformation of IdeR
(12). Mutagenesis studies have shown that the SH3-like
domain is important for the activation regulation in DtxR,
an IdeR homologue fror@orynebacterium diphtheria 7,

18). NMR studies have suggested that the SH3-like domain
of DtxR stabilizes a monomer form of the regulator by
binding to a proline-rich region within the dimerization
domain (9, 20). It is possible that the SH3-like domain
regulates IdeR activities through interactions with multiple
regions within the regulator in the absence of metal ion.

In this study, we investigated the structure and function
of a two-domain variant of IdeR with a deletion of the SH3-
like third domain for comparison with previous data on full-
length IdeR 14, 21). The metal-dependent affinity of 2D-
IdeR for the fxbA operator was characterized using a

containing the expression plasmid were grown in LB media
at 37°C until the OQygowas 0.6. The temperature was then
reduced to 27C, and the cells were induced for expression
with 0.5 mM IPTG fa 4 h and subsequently harvested by
centrifugation at 5000 rpm for 15 min af€. The cell pellets
were lysed using a French press in a lysis buffer containing
20 mM Tris-HCI, pH 8.0, 300 mM NaCl, 5 mM-mercap-
toethanol, and 1 mM PMSF, and the lysate was subsequently
centrifuged at 13000 rpm for 20 min af@. The supernatant
was incubated with Ni-NTA resin at 4C for 1 h. The
mixture was poured into a plastic column and washed with
a buffer containing 20 mM Tris-HCI, pH 8.0, 300 mM NacCl,

5 mM g-mercaptoethanol, and 20 mM imidazole for 10
column volumes, and 2D-ldeR was eluted with the same
buffer containing 250 mM imidazole for 5 column volumes.

fluorescence anisotropy assay. Additionally, crystal structures The eluted fractions were combined, and TEV protease

of Ni2*-activated 2D-ldeR were determined to 1.96 A in the
absence of DNA duplex and to 2.4 and 2.6 A for the complex
with mbtAmbtB operator DNA in two crystal forms. Our
results indicate the following:

(i) 2D-IdeR is already dimerized in the absence of divalent
metal ion, suggesting a key role for the SH3-like domain to

! Abbreviations: 2D-ldeR, two-domain iron-dependent regulator;
SH3, src-homology 3; TEV, tobacco etch virus.

was added to 2D-IdeR to remove the ¢iag with a pro-
tein:TEV protease ratio of 50:1 and dialyzed to a buffer
containing 20 mM Tris-HCI, 300 mM NaCl, and 5 mM
B-mercaptoethanol at4C overnight. The TEV protease was
the His-tagged version that can be removed from the cleaved
2D-ldeR when it is subsequently passed over Ni-NTA resin.
The cleaved 2D-IdeR contains native residuesl40 plus
eight C-terminal residues with the ASENLYFQ sequence.
The cleaved protein was then incubated with Ni-NTA resin,
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and the flow-through fraction was collected. The protein was The 2D-ldeR-DNA complex was prepared by mixing 2D-
subsequently concentrated and purified using a Superdex 79deR protein with a 33mer oligonucleotide duplex containing
HiLoad 16/60 size-exclusion column equilibrated with a the mbtA-mbtBoperator sequence as described previously
buffer containing 20 mM Tris-HCI, pH 8.0, 300 mM NaCl, (21) in a 3:1 protein:DNA molar ratio. The 2D-ldeRnbtA

1 mM EDTA, and 1 mM TCEP. The peak fractions were mbtB operator complex in crystal form | was obtained by
combined and dialyzed against buffer containing 20 mM mixing 0.7uL of complex solution containing 0.24 mM 2D-
Tris-HCI, pH 7.0, 50 mM NaCl, 1 mM EDTA, and 1 mM  IdeR (4 mg/mL), 0.08 mM DNA, and 2 mM NiGhwith 0.7
TCEP. The purified 2D-IdeR aggregated over time, and the uL of precipitant solution containing 28% PEG 3350, 0.2
soluble fraction lost its activity after 1 week. Therefore, the M ammonium acetate, and 0.1 M Bis-Tris, pH 7.5. The
protein was flash frozen according to the protocol of Deng crystals were transferred to a cryoprotectant solution contain-

et al. @5) and stored at-80 °C for fluorescence anisotropy
assays.
Fluorescence Anisotropy Assdjuorescein-labeletkbA

ing 30% PEG 3350, 0.2 M ammonium acetate, 0.1 M Bis-
Tris, pH 7.5, 15% glycerol, and 2 mM Niglnd subse-
qguently flash frozen by immersion into liquid nitrogen. The

operator DNA for the fluorescence anisotropy assay was above solutions also contained 5 mM cyclic peptide, ELh-

prepared as described previouslyl. Fluorescence anisot-

CQAKSEKhC (where hC is homocystine), which was

ropy measurements were performed in a SPEX Fluorolog designed to bind to the IdeRDNA complex. However, no
1681 0.22 m spectrometer (Jobin YVON-SPEX, Edison, NJ) electron density from the peptide was observed, and its
with polarizers placed in L-format. The measurements were inclusion in the buffers did not affect the crystallization.

taken at an excitation wavelength of 490 nm and emission

The 2D-ldeR-mbtAmbtB operator complex in crystal

wavelength of 525 nm. Frozen 2D-IdeR pellets were thawed form Il was obtained by mixing 2L of complex solution

before use according to the protocol of Deng et ab)(
Divalent metal dependent DNA-binding affinities were
determined by titrating Ni and C&* in 1 and 5uM
increments, respectively, into a buffer containingh 2D-
IdeR, 20 nMfxbA operator duplex, 5 mM Mg, 50 mM
NaCl, 20 mM Tris-HCI, 60 mg/mL acetylated BSA, and 10
mg/mL poly(dl-dC) nucleotides at pH 7.0. For the IdeR
fxbA operator affinity determination, 2D-ldeR was titrated
in 0.025u4M increments into a buffer containing 20 nixbA
operator duplex, 5 mM Mg, 50 mM NaCl, 20 mM Tris-
HCI, 60 mg/mL acetylated BSA, and 10 mg/mL poly(dl-
dC) nucleotides at pH 7.0, with or without 0.2 mM2Ni
All solutions were treated with Chelex 100 and sterile filtered
before use. Steady-state fluorescence anisotopyas cal-
culated as described previouslid]. Ther-value is hormal-
ized to the maximum among theNiand C8* experiments.
The DNA-binding activity of 2D-IdeR was evaluated by

containing 0.24 mM 2D-ldeR (4 mg/mL), 0.08 mM DNA,
and 2 mM NiCh with 2 uL of precipitant solution containing
26% PEG 4000, 0.2 M sodium acetate, 0.1 M Tris-HCI, pH
8.5, and 5% glycerol. The crystals were transferred to a
cryoprotectant solution containing 30% PEG 4000, 0.2 M
sodium acetate, 0.1 M Tris-HCI, pH 8.5, 20% glycerol, and
1 mM NiCl, and subsequently flash frozen by immersion
into liquid nitrogen. The cyclic peptide was not used in this
experiment.

Data Collection and Structure Determinatidbiffraction
data were collected at1 A wavelength at the Advanced
Photon Source (APS) beamline 19-1D for the uncomplexed
2D-ldeR and at the Advanced Light Source (ALS) beamline
8.2.2 for the 2D-IdeR mbtAmbtBoperator complexes. The
data for the uncomplexed 2D-IdeR and 2D-ldeRbtAmbtB
complex in crystal form | were indexed, integrated, and
scaled with HKL200026) in space groul. The structure

measuring changes in the fluorescence anisotropy value ofof 2D-ldeR was solved by molecular replacement using the

a 5-end-labeledixbA operator. In the presence of excess
divalent metal ions, the association of 2D-IdeR with fkiA

program Molrep 27) with a model derived from the full-
length IdeR monomerl@) truncated to residues-1140. The

operator was expressed as the binding of two dimers to formasymmetric unit contains two 2D-ldeR subunits forming a

a tetrameric proteinDNA complex. The detailed calculation
method was described previousi/4y.
Dynamic Light ScatteringThe hydrodynamic radius and

dimer.
The structure of the 2D-ldeRmbtAmbtBoperator com-
plex in crystal form | (space groupl) was solved by

estimated IdeR molecular weight were determined using molecular replacement using the program Molr2p) (with
Protein Solutions DynaPro molecular sizing instruments a model of the full-length IdeRmbtAmbtB operator com-
(Protein Solutions Ltd., Bucks, England) as described before plex (21) truncated to residues—1140 for all four protein

(14). Measurements were taken using 1 mg/mL 2D-IdeR in
a buffer solution containing 20 mM Tris-HCI, pH 7.0, 5 mM
Mg?*, and 50 mM NaCl at 20C.

Crystallization.Fresh 2D-IdeR protein after purification
was used immediately for crystallization to obtain good
quality crystals. Sitting-drop vapor diffusion at room tem-

subunits (A-D) and nucleotide residues—426 and 729

for DNA chains E and F, respectively. The asymmetric unit
contains four 2D-IdeR subunits and two oligonucleotide
strands forming a double dimer 2D-ldefouble-stranded
DNA complex. Several cycles of NCS restrained refinement
and manual model correction were carried out using the

perature was used for all crystallization experiments. Crystalsprogram Refmac 248) and Xtalview @9), respectively.

of 2D-ldeR were obtained by mixing 2L of 0.24 mM
protein solution with 2uL of 4 mM NiCl, and 2uL of
precipitant solution containing 0.6 M sodium/potassium

Subsequently, automated water placement by the program
Coot (30) was used to add water molecules. Refinement was
completed after iterative cycles of model correction using

phosphate, pH 8.2. The crystals were transferred to aCoot 30) and refinement using Refma28) without NCS
cryoprotectant solution containing 0.6 M sodium/potassium restraints. Although the cyclic decapeptide was present in

phosphate, pH 8.2, 35% glycerol, 4 mM NjCand 10 mM

the cryoprotectant solutions of two of the above mentioned

cyclic peptide (see below) and subsequently flash frozen by crystal forms, no electron density representing the peptide

immersion into liquid nitrogen.

was observed.
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The diffraction data for the 2D-ldeRDNA complex in a 124
crystal form Il were indexed, integrated, and scaled with the = ] . .
automated program Elve81) using Mosflm @2) and Scala £ 1 e . e
(33) in space groul. The structure of the 2D-ldeRmbtA 2 08] _
mbB operator complex in crystal form Il was solved by g‘ 06 .« T
molecular replacement using the program Molr2p) fvith 2 1.° { '
a model of the 2D-ldeRmbtA-mbB operator complex from ! 04] o
the structure of crystal form I. The asymmetric unit contains 5 o2l ’
four 2D-ldeR subunits and two oligonucleotide strands £ ] .
forming a double dimer 2D-IdeRdouble-stranded DNA S Ofertrs % o yh )
complex. Refinement was completed after iterative cycles [Metal Concentration] M
of model building and water placement using C&8)(and b 0.114
refinement using Refma89). 0412 .. he .
RESULTS 2 011]

= .

Metal-Dependent DNA-Binding Assas taking advan- ; 0.108
tage of Trp104 located at the dimerization interface of IdeR, -§ 0106 */e
we have previously used quenching of the intrinsic ldeR %—’
tryptophan fluorescence to monitor the metal ion dependent 0.104 .
dimerization of full-length IdeR monomersl4). In the S
current work, upon addition of divalent metal ions to 2D- "0 005 01 015 02 025 03
IdeR, quenching of the intrinsic fluorescence was not [ideR 1M

observed (not shown), even though the tryptophan residuesricure 1: 2D-ldeR binding to theéxbA operator monitored by

of IdeR are not anywhere near the region truncated in 2D- fluorescence anjso;ropy. (a) Metal-de_per_]dent titration of 2D-ldeR-

IdeR. It has been shown that full-length DtxR and IdeR LXbAI operator binding. f(b) 2tD|-I_deRTbr|]nd|2n[§; |t3 tg’@bA opeltrat?r .
: ; . . uplex in an excess of metal ion. The 2D-IdeR concentration is

prot_elns are monpmerlc at k,)W goncgntrathns in the absencecorrected with the dilution factor. Thi€y for 2D-IdeR binding is

of divalent metal ions. Protein dimerization is observed upon ¢ 17+ 0.01 M.

increase in protein concentration0 M) or upon addition

of divalent metal ion 14). The reported DLS measured ;M for 2D-IdeR (Figure 1b), which is similar to the value
Stokes radiR, = 2.3 nm andR, = 2.9 nm for native IdeR  previously reported for full-length IdeR (0.1M) (14). The
protein (25 kDa) solution at 1 mg/mL concentration in the result confirms that our 2D-IdeR variant is active and binds
absence and presence, respectively, of divalent metal ionto operator DNA without a significant change in the binding
correspond to estimated masses of 29 and 54 Kiga (n affinity. This demonstrates that the SH3-like domain is not
contrast, the autocorrelation function solutions for DLS essential for DNA binding in vitro.

measurements of 2D-IdeR protein (17 kDa) solution at the  cyystal Structure of 2D-ldeRA crystal structure of Nit-
same concentration both with and without divalent metal ions gctivated 2D-IdeR has been determined at 1.96 A resolution.

gave an average Stokes radius Rf = 2.8 nm, which  The structure was refined to @y of 17.6% andRyee Of
corresponds to an estimated mass of 39 kDa indicating thatoq 104 with good geometry (Table 1). The structure reveals
2D-IdeR forms a dimer in the absence of divalent metal ions j, the asymmetric unit two subunits of 2D-IdeR forming a
(Figure S1). This suggests that 2D-IdeR is already a dimer gimer with two N#* ions binding to each protein molecule
in the absence of divalent metal ions. Therefore, from both 5,4 one phosphate ion coordinating?Nat metal-binding
the intrinsic Trp fluorescence and the dynamic light scattering sjte 1 of each subunit (Figure 2a). The model includes

studies, it appears that IdeR without its SH3-like domain |asiques 2140 plus the additional C-terminal ASENLYFQ
the initial dimerization step does not require metal ion. residues remaining from the N-terminal part of the TEV

The NP and C8" dependence for 2D-IdeR binding to cleavage sequence after proteolysis with TEV protease. (The
the fxbA operator was determined using the previously TEV cleavage sequence was incorporated into the C-terminal
established fluorescence anisotropy asday). (The Ky for part of the protein construct to allow removal of the
2D-IdeR activation by CY is 25uM (Figure 1a and Table  C-terminal Hig tag after protein purification.) These C-
S1), the same value as that determined previously for full- terminal residues protrude into the solvent without making
length IdeR {4). Interestingly, theKy for activation of 2D- intramolecular interactions with the protein core. The electron
IdeR by NF* decreased to 4M (Figure 1la and Table S1)  density is excellent in most regions of the protein except for
from the value of approximately 13M determined previ-  aloop between the “wingegB-strands §1—/32) in the DNA-
ously for activation of full-length IdeR1@). Addition of the binding domain, reflecting flexibility in this region. The two
apo-2D-ldeR to fluorescein-labeldgbA in the absence of  subunits per dimer are very similar to each other with an
metals did not change thixbA fluorescence anisotropy, rms deviation of 0.4 A for the 147 ©Catoms from residues
which demonstrates that the dimer does not bindxtmA 2 to 148.

without metals. The Metal-Binding Site€ach 2D-IdeR molecule contains
The binding of 2D-IdeR to théxbA operator duplex in  two metal-binding sites (Table S2). The two sites appear to
the presence of excess divalent metal ion was also measuretye fully occupied as shown by the height of the peaks in the
using fluorescence anisotropy methods as described previ+, — F. difference electron density maps 0(910.5)
ously (L4). The DNA-binding affinity appeared to be0.17 calculated with the initial phases when omitting the metals.
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Table 1: Data Collection and Refinement Statistics for Crystal Structures of 2D-ldeR

2D-ldeR—DNA complex

2D-ldeR—DNA complex

2D-IdeR (crystal form 1) (crystal form I1)
data collection

space group P1 P1 P1
unit cell dimensions

a,b,c(A) 41.9,44.7,49.6 53.8,69.7,76.5 54.0,70.4,79.6

o, 3, v (deg) 110.2, 96.6, 108.3 106.6, 104.8, 99.7 108.9,103.1,94.8
resolution range(A) 50—-1.95 (2.02-1.95) 50-2.4 (2.49-2.40) 50-2.6 (2.73-2.60)
total no. of reflections 36720 65232 59087
unique reflections 20610 34892 31514
lo(l)2 11.1(3.7) 9.7 (2.0) 7.1(1.9)
completenes$q%) 91.8 (58.1) 90.4 (60.7) 96.3 (95.9)
Rmergé® (%) 6.0 (17.3) 7.5 (29.6) 12.6 (34.8)

refinement

resolution range (A) 501.96 50-2.4 50-2.6
no. of reflections used (working/free) 19548/1058 33135/1754 29912/1595
Ruork (%) 17.6 19.9 22.6
Riree (%) 211 23.9 27.3
no. of protein residues 2148 (A and B) 1140 (A-D) 3—147 (A, B), 3-139 (C, D)
no. of water molecules 148 142 32
averageB-factor of all atoms (&) 28.6 40.3 25.5
rmsd from ideal geometry

bond length (A) 0.011 0.007 0.007

bond angle (deg) 1.28 1.13 1.19

2Values in parentheses refer to the outer shell reflectidoRserge= Y|l — IOVY 01

The B-factors of the metals<20 A?) are comparable to the  residues 2140 of the 2D-ldeR monomer structure onto
B-factors observed for nearby side chains. those of the full-length structure yielded rms deviations of
Ni2* at metal-binding site 1 in each subunit is surrounded 0.4—0.6 A, while superposition of the dimer results in an
by protein and nonprotein ligands. Residues His7¥)(N  rms deviation of 0.6 A.
Glud3 (0?), and His98 (N) provide three ligands (Figure At metal-binding site 1, oxygen atoms from two water
2b). The fourth ligand was the strongest peak (&+.520) molecules in the 2D-IdeR structure replace Glul72 O
in theF, — F. difference electron density map after the metal (within 0.8 A) and GIn175 & (within 0.4 A) atoms of the
cations have been placed. This peak has a tetrahedral Sha%ll-length structure 12). The phosphate oxygen atom

and appears to be a phosphate ion which contributes one ofqo(dinating metal site 1 has not been observed before and
its oxygen atoms to the metal (Table S2). The phosphateis ot equivalent to any ligand atoms in the full-length
ion in each subunit makes direct interactions with the His79 g,cture of Feese et all?). It is interesting to note that in

NZZZ Arg80 N and N, GIn83 O, Ser126 @, and Asn130 e 712+ activated full-length IdeR structure of Pohl et al.
N° atoms of the protein using its oxygen atoms with (16 the SH3-like domain is invisible and a sulfate ion
distances ranging between 2.6 and 3.2 A. Two additional ¢ qinates the metal site 1 with one of its oxygen atoms
water molecules complete the coordination of the metal ion. oo+ the position of Glu172 © However, the phosphate
There are six metal ligands in total at metal-binding site 1, jop, in the current 2D-IdeR structure is in a different position

forming a distorted octahedral geometry. from the sulfate ion in the structure of Pohl et dl6); the

The cation at metal-binding site 2 is coordinated by six S and the P positions differ by 3.1 A. The phosphate ion
ligands, also resulting in a distorted octahedral geometry o\ ijes an extra coordination to the metal in addition to

(Figure 2c). Four atoms are provided by the protein side three i o ;

: : - \ gands from the protein side chain and two water
Cshr?'gs of Met10 (9, Golel(l)zSed Cyslé)i(@i()(gworgleleghas molecules. The additional coordination results in octahedral
hy roxylgyst%me), u h(Q’ an h 1S ( ).fCe 102 geometry at this binding site instead of the trigonal-
other two ligand atoms are the main chain oxygen of Cys102 -2 midal geometry observed in the full-length structure

and a water oxygen linked to the carbonyl oxygen of Leu4 of Feese et al.12). Given the high phosphate concentration

(Table S2). of 0.5 M in our cr izati i
. . . . . ystallization buffer and the low physi-
The C-Terminal TailThe C-terminal tail of 2D-ldeR (141- ological concentration of~10 mM, it is unlikely that this

ASENLYFQ-148), remaining after proteolysis by TEV phosphate binding site is of physiological relevance.

protease, forms an antiparalj@isheet with the C-terminal o ] )
tail of a neighboring molecule (Figure 3). Tifestrand is The octahedral geometry of the metal-binding site 2 is
seen in both subunits in the dimer and provides crystal similar to those from the full-length IdeR structures of Feese

contacts. To the best of our knowledge, this is the first time €t & (.2) and Pohl et al. X6) except that Cys102 of 2D-
a protease cleavage sequence has been observed to form!d€R is modeled in as aghydroxycysteine in two confor-
crystal contacp-sheet. mations due to oxidization of its”Satom. There is no

Comparison with Full-Length IdeRthe 1.96 A structure significant structural change of the metal-activated confor-
of the NP*-activated 2D-IdeR dimer is very similar to the mation for the first two domains in the absence of the third
dimer formed by the first two domains in the previously domain.
determined 2.0 A structure of €oactivated full-length IdeR Crystal Structures of the 2D-IdeFDNA ComplexTwo
by Feese et al.1). Superposition of 139 €atoms from crystal structures of 2D-IdeR in complex with®qNiand the
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Ficure 2: Crystal structure of Ni-activated 2D-ldeR. (a) Crystal structure of the 2D-ldeR dimer viewed perpendicular to the 2-fold. Each
2D-1deR subunit contains two metal-binding sites with one phosphate ion coordinating metal ion in binding site 1. The N-terminal DNA-
binding domain is shown in blue, the dimerization domain in orange, and the C-terminal tail in cyaioméi are shown as green spheres.
Phosphate ions are shown as stick models colored magenta for phosphorus and red for oxyggiwdigbtedF, — F. electron density

at the 4.0 contour level is shown in red around the phosphates. (b) Stereoview of metal-binding site 1 withwieéghted &, — F.

electron density at the loOcontour level. Three side chains of residues His79, Glu83, and His98, two water molecules, and a phosphate
oxygen atom coordinate the metal to form an octahedral méggind geometry. Phosphate ions also form hydrogen bonds to side chains

of His79, Arg80, GIn83, Ser126, and Asn130. (c) Stereoview of metal-binding site 2 withthveighted F, — F. electron density at the

1.00 contour level. Side chains of Met10 from the DNA-binding domain, Cys102, Glu105, and His106 from the dimerization domain, the
main chain carbonyl oxygen of Cys102, and a water molecule (bridging to the main chain carbonyl oxygen of Leu4) coordinate the metal
to generate an octahedral metigand geometry. Cys102 is modeledSkydroxycysteine in two conformations reflecting the oxidization

state of this residue.

mbtAmbtBoperator DNA were determined at 2.4 A (crystal subunits and 0.8 A for all protein and DNA atoms), only
form 1) and 2.6 A (crystal form Il) (Table 1). Due to the highest resolution structure (crystal form 1) is described
similarity between the two structures (rms deviations of 0.4 here. However, key differences of the two crystal forms are
A for 468 C* atoms of core residues-420 from four protein noted.
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Ficure 3: Crystal packing of 2D-IdeR. (a) The C-terminal tail containing the TEV cleavage sequence (ASENLYFQ) fGraieat to
provide crystal contacts to neighboring molecules. (b) Stereoview of the C-terminal tail with-teighted &, — F. electron density at
the 1. contour level. The C-terminal tail is shown in stick model in cyan for subunit A and yellow for subynittich is symmetry-

related to subunit B.

The asymmetric unit of both crystal forms contains four

The interactions between 2D-IdeR and DNA phosphates

2D-ldeR subunits, one double-stranded oligonucleotide cover 23 base pairs. A total of ten residues per subunit are

duplex, and twelve Ni ions (Figure 4a). Each protein
subunit contains three Kiions of which two are essentially
at the metal-binding sites 1 and 2 (Table S2). A third"Ni
is found near the side chain of His61 as judged by itsd0.6
13.9 peak in theva-weightedF, — F. map. The third metal-
binding site is different from that found in the SH3-like third
domain of the full-length IdeR and DNA complex structures
(12, 21). This metal-binding site has not been observed in
previous IdeR structuresl?, 16, 21) and may not have
physiological significance.

2D-ldeR-DNA InteractionsDue to their higher resolution,
the structures of the 2D-ldeFDNA complexes provide
additional details of IdeRDNA interactions that were
uncertain in the previous full-length IdefONA complex
structure of the identicainbtA-mbtBoperator sequence at
2.75 A resolution 21) and the DtxR-DNA complex
structures at 3:03.2 A resolution 22—24). Most of the
proteinr—DNA interactions observed in the complex struc-

directly engaged in contacts with the phosphate moieties of
the DNA (Figure 5). The side chains of four arginine residues
(Arg27, Arg29, Argd7, and Arg50) make salt bridges to
negatively charged phosphate moieties, while Thr7, GIn36,
Ser37, Thr40, and Ser42 use their side chain atoms as
hydrogen bond donors for the DNA phosphates. Ala28 and
Ser37 make additional contacts with the DNA using their
main chain nitrogen atoms. The side chain amide group of
Asn2 in all subunits of crystal form | clearly forms hydrogen
bonds to OP1 atoms of G15 and C20 from DNA strand E
and of C18 and G23 from DNA strand F. In crystal form II,
Asn2 is omitted from the model due to weak electron density
of the N-terminus.

In both crystal forms, Ser37 and Pro39 interact specifically
with thymine bases of the DNA by making similar van der
Waals contacts in all subunits (Figure 6 and Table S3) as
first described by Chen et al. for DtxR4) and later by
Wisedchaisri et al.Z1) for IdeR. The latter authors define

tures involve hydrogen bonds and van der Waals contactsthis thymine as Tin the ps,CsT.as recognition fingerprint
between 2D-ldeR and the DNA phosphate oxygens (Figure (Figure 5) based on sequence alignment of known iron boxes.
5). However, there are also a number of interactions betweenHere, (i) p is a purine (adenine or guanine), (i) & a
the protein and nucleotide bases. Most residues of 2D-ldeRmoderately conserved cytosine and can also be guanine if

involved in the interactions with the DNA are located in the
helix—turn—helix (02-0.3) motif (residues 2#50), which

in the central base pair of the iron box, (i@ a highly
conserved cytosine, (iv)4Iis a highly conserved thymine,

is highly conserved in the iron-dependent repressor proteinand (v) g is a poorly conserved adenine. GIn43, on the other

family (34).

hand, shows interesting variations in interactions with
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a A GIn43 seems to prefer cytosine in thg msition as the

; interaction may be stabilized by a hydrogen bond to the N4
atom of the base. This is the first time where GIn43 of IdeR
discriminatingly interacts and makes a hydrogen bond to only
cytosine bases. A systematic mutation study of nucleotides
in the s position of the fingerprint for IdeR binding affinity
will be needed to establish the base specificity for GIn43.

The C-Terminal Tailln crystal form |, the C-terminal tail
of 2D-ldeR (141-ASENLYFQ-148) remaining from the
cleavage sequence after proteolysis by TEV protease is not
visible in the electron density map for any of the subunits.
In crystal form Il, however, electron density for the C-
terminal ASENLYF tail of subunits A and B forms antipar-
allel p-sheets with the C-terminal tail of neighboring
molecules (Figure 4b). Subunits C and D of crystal form Il
do not have visible electron density for the C-terminal tails.
Crystal contacts of subunits C and D indicate no space for
a possibility ofg-sheet formation. Thg-sheets observed here
between subunits A and B are very similar to those found
in the structure of 2D-IdeR in the absence of DNA (1.4 A
rms deviation for 14 € atoms of residues 141147
calculated for both subunits after the* @toms of core
residues 75120 were superimposed). The absence of
C-terminal tail-sheet formation in crystal form | could be
due to a difference in crystallization condition or the
disruption of the contacts by the cyclic decapeptide (C. J.
Chou and C. Beeson, unpublished results) present during
crystallization which makes it disordered in the electron
density map.

Comparison with Full-Length IdeR and the IdeRNA
Complex.The structures of the 2D-IdeRDNA complex in
FIGURE 4: Crystal structures of the Rii-activated 2D-ldeR mbtA- both crystal forms are very similar to the 2.75 A resolution
mbtBoperator complex. (a) The 2D-lde”ONA complex in crystal structure of the full-length IdeRDNA complex (two
form I. The complex contains four 2D-ldeR subunits (A, B, C, and complexes in the asymmetric unit) determined by Wised-

D colored in red, yellow, blue, and magenta, respectively) forming S . I
two dimers and one DNA duplex of 33mer oligonucleotides chaisri et al. 21) with an average rms deviation 6f0.4 A

containing thembtA-mbtBoperator sequence (stick model labeled for 117 C* atoms of residues-4120 for a single subunit.
strands E and F fombtAand mbtB respectively). Ni* ions are The 2D-ldeR-DNA complex structures form a double dimer
shown as green spheres. (b) Crystal packing of the 2D-1d2iRA IdeR—DNA complex arrangement with rms deviations from

complex in crystal form Il. The C-terminal tails containing the TEV _
cleavage sequence of subunits A and B fgiveheets to provide the full-length complex of 0.:61.0 A for 468 C atoms of

crystal contacts between neighboring molecules on different layers résidues 4 140 for all four subunits. After the superposition,
of the semicontinuous DNA helices in the crystal. the operation matrix was then applied to the entire complex

in order to calculate an rms deviation of the DNA. The DNA
nucleotide bases of the DNA. In crystal form I, only the side conformations are very similar in the protein-bound region
chain of GIn43 (G atom) from subunits A and B forms a  with rms deviations of 0.61.1 A for 46 phosphorus atoms
hydrogen bond to the N4 atom of the cytosine nucleotide out of 64 backbone phosphates. However, the remaining 18
base in the sposition of the fingerprint (C18F and C20E, phosphorus atoms of the DNA outside the protein-bound
respectively) plus additional van der Waals contacts primarily region are significantly different from those in the full-length
with nearby atoms of the same base (Table S4). The GIn43complex structure (3.8 and 2.4 A rms deviation for crystal
side chain of subunits C and D in crystal form I, on the other forms | and I, respectively) despite the identical DNA
hand, has a different rotamer that points away from the DNA sequence. The differences in the unbound region of the DNA
and does not make contact with any nucleotide bases. Thisare possibly due to the flexible nature of the DNA and also
may result from the base type in the gosition that is to crystal packing interactions with neighboring DNA
changed to guanine for subunits C and D (G15E and G23F,molecules. In all three structures, Ser37 and Pro39 are the
respectively) in the operator sequence (Table S4). In crystaltwo key residues that make specific base contacts with four
form Il, the GIn43 side chainDNA interactions of subunits  signature thymine moieties of the cognate DNA. In both
A and B are similar to those found in crystal form I. crystal forms only in subunits A and B GIn43 consistently
Additional interactions are observed for the side chain of makes hydrogen bonds to N4 atom of cytosine bases (Figure
GIn43 in subunit C of crystal form Il making a hydrogen 5 and Table S4) in the,sposition in the ps;CsT4as
bond to the C16E (N4 atom) nucleotide base. This nucleotide recognition fingerprint. In contrast, in the comparable full-
base is not in the;position as those cytosine bases contacted length IdeR-DNA complex @1), the GIn43 residues in all
by subunits A and B but is located in the @osition. On subunits make van der Waals contacts to all four different
the basis of the interactions observed in both crystal forms, bases in equivalent positions of the DNA.
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Ficure 6: IdeR-base specific interactions. Stereoview of the region in subunit B (residue$43éhown) of crystal form | where specific
interactions between Ser37/Pro39 of IdeR and the signature thymine base of the T22E nucleotide (green) of cognate DNA occur. Ser37
uses its € and O atoms to interact with the methyl group of the thymine while Pro39 makes van der Waals contacts with the thymine O4
atom (plus additional surrounding nucleotide bases) usingfien@ C atoms. GIn43 uses its‘©atom to form a hydrogen bond with the
cytosine N4 atom of the C20E nucleotide. Theweighted &, — F. electron density map is contoured at thedllével.

It is interesting to note that when only 46*@toms of that in the absence of metal ion, the SH3-like domain nor-
residues 75120 in the dimerization domain of both subunits mally binds to the tether region and prevents dimerization.
in the dimer are used to calculate least-squares superpositionThis dimerization inhibition is released when divalent metal
the conformation of the helixturn—helix motif (residues ion is available. Once metal ion occupies metal-binding site
27-50) in the Nf™-activated 2D-IdeR dimer (uncomplexed) 1, the SH3-like domain moves away from the tether region
(Figure 2a) is closer to that of the dimer in the IdeBNA and binds to metal-binding site 1, allowing IdeR dimerization
complexes of both full-length (0.6 A rms deviation for 48 as observed in crystal structures of fully activated Id&R (
C* atoms) and 2D-IdeR (0.8 A rms deviation) than to that 16).
of the Cd*-activated full-length IdeR dimer (1.0 A rms Initially, our 2D-ldeR was expressed as a C-terminal His-
dgwatlon_) of Feese et_al12). This seems to correlate well tagged protein containing an LEkequence after residue
with the findings described here and by Chou et’) (hat 140. This 2D-ldeR variant showed very little DNA-binding
Ni#"is a better metal activator of IdeR than®oHowever,  ctivity (data not shown). Oram et aB5) demonstrated that
it cannot pe expludgd that the octahedral coor'dlnatlon pf the 2D-IdeR variant consisting of residues 146 with an
metal-binding site 1 in the absence of the SH3-like domain aqgitional C-terminal LVPR sequence is significantly less
ar_lg the oxidation of Cys102 of metal-binding site 2 in the active for in vitro DNA binding than its wild-type variant,
Ni**-activated 2D-ldeR uncomplexed structure may also play resylting in very little repressor activity. It is possible that
arole in the differences in conformation of the helbarn— the additional oligopeptide interferes with the functioning
helix motif. of the tether region and can have a profound effect on activity

of these 2D-IdeR variants. However, the 2D-ldeR variant
DISCUSSION described here, after the C-terminal TEV cleavable; kg

The 2D-IdeR protein lacking the SH3-like domain has has been cleaved off, has a very similar activity as wild-
been characterized. At 1 mg/mL concentration, 2D-IdeR is YPe full-length IdeR.
dimeric in the absence of divalent metal ion, and no intrinsic ~ Although metal ions are not required for dimerization, 2D-
tryptophan quenching was observed at\2 2D-IdeR. This IdeR binds to the DNA in a metal ion dependent manner.
suggests that 2D-ldeR does not require metal ion for Even at 100-fold excess of 2D-ldeR relative to tix®A
dimerization when the SH3-like domain is not present, and operator, there was no evidence of DNA binding in the
the SH3-like domain may be responsible for dimerization absence of metal. This observation is consistent with our
regulation. It was suggested that the function of the SH3- previous studies showing that the Tanetal ion affinity
like domain in DtxR is to stabilize the monomer form of for site 1, which mediates dimerization, is distinctly higher
the protein in the absence of metal idi¥(18, 20), and our than for site 2, which mediates DNA bindind4). If the
results for full-length IdeR¥4) and 2D-IdeR are consistent dimer had significant intrinsic affinity for DNA in the
with that hypothesis. We proposei4j that the SH3-like absence of metal ion binding to site 2, metal ion mediated
domain generally inhibits dimerization of full-length IdeR dimerization and DNA-binding activation would not have
in the absence of metal ion, making apo-ldeR monomeric been discriminated. The equilibrium &oconcentration
in solution at low protein concentration. Previous studies required for 2D-IdeR binding to the DNA is essentially the
have demonstrated that the SH3-like domain of DixR can same as that for full-length IdeRL4) because full-length
bind to a proline-rich sequence found in the tether region IdeR forms a dimer at very low Cb concentrationsKy for
(residues 125139) with an affinity of 10QuM to 1 mM in Cc?t-dependent IdeR dimerization is less than@\g) (14).
one study 19) and 740uM in another study Z0). (These The SH3-like domain contributes little, if any, to the second
measurements used a refolded SH3-like domain and astep of activation, which is the alteration of the protein
separated proline-rich peptide. Clearly, the effective affinity conformation upon binding of G to the metal-binding site
for intramolecular binding would be higher.) It is possible 2 and the stabilization of the DNA-binding conformation.
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In contrast, theKq of Ni2" for 2D-ldeR-DNA binding is REFERENCES

reduced to 4«M from 13 uM for full-length ldeR. At 4uM
Ni%* concentration, full-length IdeR is only about 50%

dimerized while the 2D-ldeR is already fully dimerized 2.

without any added Ni. We suggest that the 4M Kgq
measured for 2D-IdeR is the intrinsic affinity of Nifor
metal-binding site 2, and the 18V Ky value obtained for
full-length IdeR from the Ni* titration of DNA binding is

a partly averaged affinity for both metal-binding sites 1 and 4

2.

Our crystal structure of the 2D-IdeRnbtA-mbtBoperator
complex shows no major conformational difference in the
first two domains or the DNA interactions from the structure
of the full-length IdeR-DNA complex reported previously
(21). In addition, 2D-IdeR binds to thixbA operator with
similar affinity to that of full-length IdeR in the presence of 6
excess divalent metal ions. This surprising result demon-
strates that the SH3-like domain is not critical for DNA
binding and may not promote significantly the occurrence
of the DNA-binding conformation of IdeR. This is of 7
significant interest since some members of the metal-
dependent repressor family, suchBeillus subtilisMn?*-
specific MntR 86, 37) andTreponema palliduriiroR (38),
lack the SH3-like domain. In fact, our 2D-ldelONA

structures are the first two-domain variants of the metal- 9.

dependent repressor family solved in complex with operator
DNA duplexes. The presence of the SH3-like domain in IdeR
and DtxR may be required for additional functions such as

protein—protein interactions, e.g., with other complexes 10.

involved in regulation of gene expression. Since it has been
shown that IdeR also functions as a transcription activator

of iron-storage gendsrA andbfrB containing multiple IdeR- 11.

binding sites or iron boxes in their promoter regiobs§,

39), the SH3-like domain may, alternatively or additionally,

be involved in interactions between IdeR complexes that bind 12
to the two contiguous iron boxes of tidrA promoter.

On a general level, we observe in two unrelated crystal
forms the same antiparallef-sheet formation between
residues remaining from a C-terminal TEV cleavage site
(Figures 3 and 4b). This suggests that this sequence might
be beneficial in crystallizing other proteins.
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