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ABSTRACT 

The Iron-dependent regulator (IdeR) protein is a member of the diphtheria toxin repressor 

(DtxR) family of metal responsive proteins that regulates genes involved in iron homeostasis, 

oxidative stress response, and virulence in Mycobacterium tuberculosis.  The roles of metals 

involved in activating IdeR are not completely understood.  A better understanding of the metal 

binding process could provide insight to a metal’s role in virulence and other cell functions.  The 

biological activating metal for IdeR is Fe(II), but several divalent metals including Ni(II), Co(II), 

Zn(II), Mn(II), and Cd(II) have been shown to activate the protein in vitro.  The current model 

for the activation process involves IdeR selectively binding Fe(II) from cytosolic pools of free 

iron and becoming competent to bind DNA by structural organization and formation of a 

homodimer.  The metal selection and dimerization processes are not well understood.  Two 

drawbacks from previous work on this system are the use of in vivo assays which lack the details 

of metal binding and the absence of in vitro studies using Fe(II) as the metal ligand.  This work 

provides a better understanding of the selection process of Fe(II) versus other metals as well as 

the dimerization effects of different metals. 

 Thermodynamics of metal selection by IdeR for Fe(II) and other metals was investigated 

using equilibrium dialysis.  The results showed that IdeR bound two equivalents of Zn(II) and 

Fe(II) per monomer with each equivalent’s affinity differing by 65-fold and 24-fold, 

respectively.  Site mutant studies clearly showed Fe(II) bound to the ancillary site with high 

affinity while the Zn(II) results were less clear, but suggested that Zn(II) binds the primary site 

with high affinity.  The equilibrium assays was modified to determine binding of more than one 

metal species.  The mixed metal binding studies clearly showed that IdeR bound 1 equivalent 

each of Zn(II) and Fe(II) simultaneously.  The fxbA promoter binding assay with 1 equivalent of 

Zn(II) and Fe(II) bound exhibited 30-fold tighter DNA binding than with Fe(II) alone.  While the 

Fe(II) alone affinity is fairly weak, the enhanced affinity is in the range of most DNA binding 

regulators from other systems.   

 Dimerization is important in the function of most DNA binding regulators.  The 

enhancement of the dimerization of IdeR due to metal binding was studied using Analytical 

Ultracentrifugation.  The sedimentation velocity analysis revealed a larger fraction of dimer 

present in IdeR samples when Zn(II) was bound versus Fe(II). 
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The metal binding results of both Fe(II) and Zn(II) is novel to this family of repressor 

proteins which lead to questions about the role of each metal in IdeR.  The binding processes of 

Fe(II) and Zn(II) were studied using Molecular Dynamic simulations.  The free energies of 

Zn(II) were computed using the CHARMM software and compared for relative differences in 

affinity at both sites between monomer and dimer configurations.  The analysis of the trajectory 

data concluded that there are subtle structural changes that are initiated by Zn(II) binding leading 

to dimerization. 

 The information obtained in the studies shed new light on the metal binding selectivity of 

IdeR which was previously thought to only bind Fe(II).  Zn(II) plays an important role in IdeR 

activation by enhancing DNA binding by stabilizing the dimer form.



  

CHAPTER ONE 

INTRODUCTION 

Tuberculosis (TB) is the leading cause of death in patients infected with HIV/AIDS.  

Nearly 33% of world is infected with Mycobacterium tuberculosis leading to 1.4 million TB 

related deaths in 2010 alone1.  TB is still a potent threat to global health due to the emergence of 

several multi-drug resistant (MDR-TB) and extreme drug resistant (XDR-TB) strains of 

Mycobacterium tuberculosis.  The development of drug resistant strains has been seen in 

virtually all countries monitored by the World Health Organization including Africa, China, 

India, Russia, Indonesia, and The Philippines.  The majority of people infected with tuberculosis 

are asymptomatic because the bacteria are present in the host in a latent phase.  Multiple 

unknown factors are believed to contribute to M. tuberculosis becoming an active pathogenic 

bacterium. 

Mycobacterium tuberculosis is the causative agent of tuberculosis.  Tuberculosis is a 

disease that mainly affects the respiratory system but it can also affect the brain and the 

circulatory system of the mammalian hosts.  Tuberculosis affects the human host by forming 

tubercles in the upper lobes of the lungs causing necrosis of the lung tissue, reducing oxygen 

uptake, and eventually leading to mortality.  The treatment of the non-drug resistant tuberculosis 

strains is currently accomplished by a combination of drugs such as isoniazid and rifampin taken 

over a number of weeks.  The treatment of tuberculosis is complicated by people stopping 

treatment once they feel better because the bacterial infection is still present which leads to the 

development of drug resistant strains. 

The ability of pathogenic bacteria to grow in a host is a key factor to causing disease.  

The extent to which bacteria can grow inside a host system is determined by the ability of 

bacteria to acquire the vital nutrients that it needs to multiply and divide.  The mammalian host 

has developed many defense mechanisms to change the local environment to something less 

suitable for bacteria to grow and replicate.  The defense mechanisms used by mammalian hosts 

include macrophages, acidification, immunoglobins, and reducing the availability of vital metals 

and nutrients used in bacterial cellular processes. 
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There are many metals that are involved in biological functions.  Iron is one of the most 

important metals for vital biological processes.  Iron is used in iron-sulfur clusters involved in 

electron transport, in hemoglobin for oxygen transfer in humans, as a cofactor in many enzymes 

used in DNA synthesis, and the metabolism of amino acids in bacteria.  Mammalian host defense 

mechanisms control and limit iron availability to the invading bacteria by storing it in the form of 

Fe(III) to reduce bacterial growth.  Ferritin, transferrin, and lactoferrin are the metalloproteins in 

mammals that bind and store Fe(III) very tightly thereby reducing the availability of Fe(II) to 

invading bacteria2,3. 

Bacteria like Mycobacterium tuberculosis that grow in a host are usually triggered for 

active virulence by the defense mechanisms of the host.  One such mechanism relies on the host 

storing metal so that it is not as easily available to the invading bacterium.  The lower 

concentrations of vital metals in the bacteria cell promote the transcription of gene products that 

are used to obtain and store the metals collected from the host organism.  Mycobacterium 

tuberculosis secretes two kinds of these metal chelators, called sidereophores.  The first kind are 

mycobactins that are usually bound to the surface of the bacterial cell and are involved in the 

metal transfer from metal transport proteins to the cytoplasmic receptors.  The second kind are 

exochelins that diffuse to the sources of metal located in the hosts, obtain metal from the host 

and transfer it back to the mycobactins located on the surface of the bacterial cell. 

A bacterium needs iron to grow and has evolved metal regulation systems to grow in the 

diverse environments in which they are found.  A balance of Fe(II) is needed though; a low level 

of Fe(II) results in decreased growth, whereas high levels of Fe(II) result in toxicity that kills the 

bacterium.  The Iron dependent Regulator (IdeR) protein plays a crucial role in the homeostasis 

of Fe(II) levels in mycobacterium bacteria by the regulation of about 50 genes involved in iron 

uptake, acquisition, and oxidative stress.  The genes include enzymes involved in the 

biosynthesis of mycobactin (mbtA-mbtI)4, exochelin (fxbA)5, and bacterioferritin (bfrA-bfrB)4,6.  

The control of gene expression by IdeR is affected by iron.  The diversity of the proteins and 

enzymes that IdeR regulates suggests that IdeR plays a key role in the overall functioning of the 

cell.   

IdeR is a negative repressor that is activated in the presence of metal.  IdeR binds metal 

and is activated to bind to an “iron-box”, a 19 base pair inverted sequence, located at the 

promoter regions present in DNA7.  The binding of IdeR hinders the ability of RNA polymerase 
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and other co-factors from binding and performing transcription.  IdeR may also be an activator of 

the expression of the iron storage genes (bfrA)4.  The molecular basis of IdeR working as an 

activator is unknown at this time, but is believed to recruit factors involved in transcription.  

IdeR is important to pathogenic bacteria because inactivation of IdeR in M. tuberculosis is lethal5 

while inactivation in the non-pathogenic M. smegmatis is not lethal8.  IdeR belongs to the 

diphtheria toxin repressor family of metal activated regulation proteins.  Proteins that belong to 

the DtxR family have been discovered in different bacterial species including MntR from 

Bacillus subtilis
9, TroR from Treponema pallidum

10, SirR from Mycobacterium tuberculosis
11, 

and IdeR from Mycobacterium smegmatis
12.  The similarity of IdeR from M. tuberculosis and 

DtxR from C. diphtheriae is illustrated in Figure 1.1.  The proteins are 88% similar when only 

the first 141 amino acid residues are considered.  This is the highest similarity between any of 

the DtxR family members. 

  
M. tuberculosis IdeR    MNELVDTTEMYLRTIYDLEEEGVTPLRARIAERLDQSGPTVSQTVSRMERDGLLRVAGDR 60 

C. diphtheriae  DtxR    MKDLVDTTEMYLRTIYELEEEGVTPLRARIAERLEQSGPTVSQTVARMERDGLVVVASDR 60 

                      
M. tuberculosis IdeR    HLELTEKGRALAIAVMRKHRLAERLLVDVIGLPWEEVHAEACRWEHVMSEDVERRLVKVL 120 

C. diphtheriae  DtxR    SLQMTPTGRTLATAVMRKHRLAERLLTDIIGLDINKVHDEACRWEHVMSDEVERRLVKVL 120 

                
M. tuberculosis IdeR    NNPTTSPFGNPIPGLVELGVGPEPGADDANLVRLTELPAGSPVAVVVRQLTEHVQGDIDL 180 

C. diphtheriae  DtxR    KDVSRSPFGNPIPGLDELGVGNSDAAAPG--TRVIDAATSMPRKVRVVQINEIFQAETDQ 178 

                 
M. tuberculosis IdeR    ITRLKDAGVVPNARVTVETTPGGGVTIVIPGHENVTLPHEMAHAVKVEKV 230 

C. diphtheriae  DtxR    FTQLLDADIRVGTEVEIVDR-DGHITLRHNGKD-VELYDDLTHTIRIEEL 226         

 

Figure 1.1:  Comparison of sequences from metal-dependent regulators IdeR and DtxR. Identical 
residues are highlighted.  The alignments were created using CLUSTALW. 
 

Several crystal structures of metal bound IdeR have been solved including structures with 

and without DNA present.  The DNA bound structure shows IdeR bound as a dimer of dimers to 

DNA as illustrated in Figure 1.2.  An IdeR monomer consists of two domains, an N-terminal 

domain and a C-terminal domain.  The N-terminal domains of IdeR and DtxR are the most 

similar and consist of a DNA binding region (residues 1-74) and a dimerization region (residues 

75-140).  The C-terminal domain (residues 151-230) resembles an SH3-like fold found in 

eukaryotic proteins and is connected to the N-terminal domain by a flexible polyproline linker.  

All of the IdeR crystal structures have identified two metal binding sites per monomer13,14,15.  

The first crystal structure of IdeR revealed that both sites were occupied with Zn(II) and that the 



4 
 

binding site residues were conserved with DtxR, IdeR’s closest homologue13.  The high 

structural and sequence homology of IdeR and DtxR in the N-terminal domain led investigators 

to assume that both proteins would function similarly.   

 

 

Figure 1.2:  DNA bound IdeR crystal structure.  IdeR binds DNA in a complex of two dimers.  
IdeR contains two distinct metal binding sites.  The binding site 1 is displayed in red and binding 
site 2 is displayed in grey.  The figure was created using coordinates from the 1U8R PDB in 
Chimera. 

 

The N-terminal domain contains both metal binding sites.  Metal binding site 1, shown in 

Fig. 1.3a, is composed of three residues from the N-terminal domain (His79, Glu83, and His98) 

and two residues from the C-terminal domain (Glu172 and Gln 175).  The metal is pentavalently 
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coordinated in a distorted trigonal bipyramidal geometry14.  Mutating residues H79, E83, or H98 

to alanine reduces repressor activity in DtxR leading Ding to refer to this site as the ancillary 

site16.  Interestingly, it was shown in a study by Oram that the loss of the C-terminal domain of 

IdeR, containing the two Site 1 residues E172 and Q175, abolishes the DNA binding in IdeR17.  

Metal binding site 2 residues, as shown in Fig. 1.3b, are located in the N-terminal domain 

(Met10, C102, Glu105 and His 106).  The coordination is completed by the four residues along 

with the carbonyl group of the C102 backbone, the sulfur from the thiol group of residue C102, 

and a water molecule.  The metal is octahedrally coordinated in a distorted octahedral 

geometry14.  The mutation of any of these residues in Site 2 to alanine abolishes repressor 

activity leading to its designation as the primary site16.  In the crystal structures of DtxR and 

IdeR, Site 1 was always occupied with metal while Site 2 was only occupied in a few structures 

leading the investigators to believe that Site 1 was more important in the function of IdeR.  

Analysis of later crystal structures suggested the reason that Site 2 was not occupied in the 

crystal structures was due to the thiol group of C102 being oxidized in the crystal structure 

hindering the binding of metal in this site.  The crystal structures did indicate that the 

coordination of the metal in IdeR at Site 2 included the formation of contacts between Site 2 and 

the DNA-binding region of the protein, suggesting that Site 2 was more directly involved in the 

DNA binding process than Site 113. 

The functional roles of IdeR and DtxR have been studied by both in vivo and in vitro 

assays.  The in vivo studies addressed the role of DtxR and IdeR in metal dependent repressor 

activity18,19,7.  The investigators in these studies added excess metals to the bacterial cultures or 

titrated 2, 2’-bipyridine into the cell culture medium and observed changes in the expression of a 

reporter gene.  These in vivo assays suffer from unknown complexation and metal concentrations 

because all of the metal was not removed from the assays before a single metal was added and/or 

the amount and species of metal present in the protein was not monitored.  In vivo assays are 

limited to describing higher level changes and they seldom provide clear evidence on what is 

happening at the molecular level.  The in vitro studies of DtxR and IdeR have addressed the role 

of metal binding in dimerization and DNA-binding20 and the role of the SH3-like domain in 

repressor activity17.  Ni(II) binding studies identified the ancillary site as a high affinity site 

because mutations at this site had an effect on the binding stoichiometry21,22.  IdeR bound 

slightly more than two equivalents of Ni(II) in a cooperative model23.  It was also suggested in 
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studies of DtxR that the binding affinity of Fe(II) and Ni(II) were similar because both metals 

activated DNA binding when either was supplied at the same level21.  Some studies of Ni(II) 

binding indicated the presence of cooperative binding while other studies indicated independent 

site binding, therefore the possible linkage of the sites has also been in disagreement.  Most in 

vitro studies used Ni(II) as the activating metal instead of Fe(II) because of the difficulty of 

working with Fe(II) due to oxidation. 

 

 

Figure 1.3:  The metal binding sites of IdeR.  (a) Site 1 includes residues from SH3-like region 
and residues from the dimerization region.  (b) Site 2 includes residues from the DNA binding 
region and from the dimerization region. 

   
 
Structural and functional studies of IdeR and its closest homologue, DtxR, have led to the 

following model for metal activation.  IdeR exists as a loosely-associated dimer of molten 

globule-like monomers in the apo- or low metal state22,24.  This state is incapable of sequence-

specific recognition of promoter sites.  Metal binding induces a transition to a more ordered 

structure, enhances dimer formation, and optimally orients the DNA-binding helix in each 

monomer for DNA binding25.  An IdeR dimer binds to DNA while a second IdeR dimer binds 

the opposite side of the same promoter, forming a dimer-dimer DNA complex.  This model 

accounts for much of the known information on IdeR but fails to explain some of the outstanding 

questions regarding IdeR biology, such as metal selectivity.   
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Given the importance of Fe(II) in activating IdeR, it is surprising that only a few in vitro 

studies of IdeR or DtxR biophysics used Fe(II) as the activating metal.  There is little known 

about the molecular state of IdeR or DtxR during metal binding and DNA binding when Fe(II) is 

present.  The initial studies involving IdeR used gel mobility and DNase I footprinting to 

determine that Fe(II) is the effector molecule for IdeR repressor activity7,12.  During the same 

studies investigators showed that several metals including Fe(II), Ni(II), Mn(II), Co(II), Zn(II), 

and Cd(II) would bind IdeR and induce DNA promoter binding in vitro but only Fe(II) was 

investigated for an effect on repressor activity.  While these studies did provide evidence that 

Fe(II) is involved in the function of IdeR they did not determine the binding affinities or 

stoichiometry of all metals present in IdeR.  The question of why IdeR selects Fe(II) over other 

metals has not been completely explained.  There is still some debate on the function of each 

metal binding site.  Most of the studies used to develop this model were completed using Ni(II).  

While Ni(II) can be used in most systems as a substitute for Fe(II) it could overlook the 

interactions that Fe(II) may introduce to IdeR.  The preferred binding geometry for Ni(II) and 

Fe(II) are very different.  Ni(II) prefers a square planar geometry and Fe(II) is typically found in 

a trigonal-bipyramidal geometry, suggesting that Ni(II) must rearrange the structure of the metal 

binding site to accommodate Ni(II) possibly having an effect on the overall structure of IdeR. 

The work presented here is a thorough in vitro characterization of IdeR using Fe(II) and 

other metals and addresses the following questions: what is the binding stoichiometry and 

affinity of IdeR for Fe(II) vs. other known activating divalent metals?  What is the binding model 

of Fe(II) vs. other known divalent metals?  How does Fe(II) or Zn(II) affect dimerization?  What 

are the structural changes that are linked to metal binding in the primary site?  The metal binding 

is addressed in Chapter 3.  The effects of metal binding on dimerization are addressed in Chapter 

4.  Additionally, the dynamic simulations of metal binding in the primary site and its effect on 

structural changes and dimerization are addressed in Chapter 5.  Together,  the data allow us to 

describe the metal selectivity in IdeR and define a new model of metal activation for IdeR in 

Chapter 6.  
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CHAPTER TWO 

MATERIALS AND METHODS 

 

2.1 Construction of Expression Vectors 

The IdeR(wt) construct was gift from Dr. J. R. Murphy (Boston University).  The original 

construct was in a pTrc vector.  The IdeR gene was subcloned by Sumiko Takahashi using 

BamHI and HindIII enzymes and ligated into a pET11b vector26.  The vector was transformed 

into E. coli DH5α competent cells for storage.  Primary and secondary site mutants (M10A, 

C102A) and (H79A, E83A) respectively, were generated previously by Mariya Semavina in the 

pET11b construct27.  The sequences of all constructs were verified by sequence data obtained 

from FSU sequencing facility. 

2.2 Protein Expression 

Protein expression was carried out using transformed BL21(DE3) E. coli cells.  All 

transformed cells were initially grown in 5 mL precultures in Luria broth (LB) supplemented 

with 100 g/mL ampicillin.  After 5-7 hours 1 mL of the preculture was used to inoculate 750 

mL of terrific broth (TB) and supplemented with 100 g/mL ampicillin.  The Overnight Express 

protocol was performed28 by adding the following compounds to the media (final 

concentrations): 1 mM MgCl2, 25 mM (NH4)2SO4, 50 mM KH2PO4, 50 mM Na2HPO4 along 

with the following carbon sources 0.5 g/L glucose, 2 g/L α-lactose, and 5 g/L glycerol.  The cells 

were grown overnight at 200 rpm in an incubator/shaker at 37°C. 

Cells were harvested by centrifugation at 8,000 x g using a Beckman 8.100 rotor for 30 

minutes at 4°C and the pellets were suspended in 50 mM sodium phosphate, 40 mM NaCl at pH 

6.8 (Nickel Buffer A).  Expression of IdeR was verified by SDS-PAGE gels.  The suspended cell 

pellets were stored at -80°C. 

2.3 Protein Purification 

Cells pellets were thawed and phenylmethylsulfonyl fluoride (PMSF) was added to 

reduce protease activity.  The cells were lysed using a high pressure microfluidizer.  The cell 

debris was pelleted at 34,000 x g by centrifugation using a Beckman JA25.50 rotor at 20°C for 
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30 minutes.  The supernatant was loaded onto a Ni2+ nitrilotriacetic acid (NTA) affinity column 

pre-equilibrated with buffer containing 50 mM Sodium Phosphate, 40 mM sodium chloride 

(Nickel Buffer A) at pH 6.8.  The column was washed with 5 column volumes of Nickel Buffer 

A and the protein was eluted by stripping of the nickel column using buffer containing 20mM 

sodium phosphate, 500 mM NaCl, and 50 mM EDTA at pH7.4.  Fractions were analyzed by 

SDS-PAGE gel and fractions containing IdeR were pooled together and exchanged into 50 mM 

Tris (Anion Exchange Buffer A) at pH 8.85.  The sample was then run on an anion-exchange 

column (Q Sepharose) pre-equilibrated with Anion Exchange Buffer A and washed with ~5 

column volumes of Anion Exchange Buffer A.  The protein was eluted with a gradient of buffer 

containing 50 mM Tris, 2 M NaCl at pH 8.85.  Fractions were analyzed by SDS-PAGE gel and 

fractions containing IdeR were pooled together and concentrated.  EDTA was added to a final 

concentration of 20 mM EDTA and the IdeR/EDTA mixture was dialyzed against 2 liters of 10 

mM MES, pH6.8 in the presence of 50 g/L CHELEX 100 (Bio Rad, La Jolla, CA) in nitric acid-

washed beakers.  The dialysis buffer was exchanged once during demetalation.  All glassware 

used after demetallation was soaked in 20% nitric acid and rinsed thoroughly with 18.2 MΩ 

Nano pure water. 

2.4 Activation for Metal Binding 

IdeR contains a single cysteine residue in metal binding site 2 that slowly oxidizes over 

time and inactivates the metal binding by this site.  IdeR samples were incubated with a final 

concentration of 5 mM TCEP for 2 hours at room temperature to reduce the cysteine residues 

before metal binding experiments were performed.  The TCEP was removed from the sample by 

passing it through a HiTrap desalting column at 1 mL/min and exchanging the buffer to 

CHELEX 100 treated10 mM MES, pH 6.8.  Reduced cysteine content was quantified using 

Ellman’s reagent.  The number of free thiols per IdeR monomer averaged 0.98. IdeR samples 

with ratios of  <0.95 or >1.05 were not used for metal binding experiments. 

2.5 Equilibrium Dialysis 

Equilibrium dialysis experiments were performed in dialysis blocks (BEL-ART Scienceware, 

Pequannock, NJ)  containing five 2 mL chambers separated by a 3,500 MWCO metal-free 

dialysis membrane (Spectrum Laboratories, Rancho Dominguez, CA).  The blocks and 

membranes were pre-soaked in 10 mM MES buffer pH 6.8 containing separated CHELEX 100 
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(Bio Rad) resin overnight and removed from buffer to air dry.  The experiments were performed 

at 25°C using 800 L of activated protein at 30 M final concentration in one chamber and 800 

L of the ICP-MS-standard metal solution in the opposite chamber.  The buffer contained 10 

mM MES, 100 mM NaCl, 2 mM N-Acetyl Cysteine (NAC) at pH 6.8.  The 2 mM NAC 

concentration was used to mimic the reducing agent and concentration found in mycobacteria.  

The concentration of NAC was calculated from the values of mycothiol found in Mycobacterium 

tuberculosis cells29.  The buffer components were the same in both chambers.  The protein 

concentration was fixed at 30 M in each protein solution chamber, while the metal solution 

chambers contained an increasing concentration of metal in each subsequent chamber thereby 

creating a metal titration series.  The blocks were sealed and placed on a shaker plate at 1-2 rpm 

for 18 hours.  The concentration of free metal during equilibrium was monitored and after 18 

hours no change in concentration was detected.  The fraction bound at each metal concentration, 

r, was calculated as: 

         

          (2.1) 

 

where M
2+

total is the metal concentration from the protein chamber, M
2+

free is the metal 

concentration from the metal solution chamber, and Ptotal is the protein concentration from the 

protein chamber.   

  The concentrations of metal in each cell were determined using either 2,2’,2’’-

terpyridine (terpy) (see Section 2.6) or ICP-MS (see Section 2.7).  

2.6 UV-Vis Metal Quantification using 2,2’,2’’-terpyridine 

2,2’,2’’-Terpyridine is a tri-pyridine structure as shown in Figure 2.1a Terpy binds 

divalent metals in a 2:1 stoichiometric ratio shown in Figure 2.1b The terpy-metal complexes 

exhibit unique absorbance bands from 320-600 nm dependent on metal species involved in 

binding.  The bands are from the metal to ligand charge transfer complexes formed from the 

metal and terpy.  
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Figure 2.1:  2, 2’, 2’’-Terpyridine is a chelating dye.  (a) Structure of 2, 2’, 2’’-Terpyridine 
consists of three linked pyridine rings.  (b) 2, 2’, 2’’-Terpyridine is a tri-dentate molecule and 
binds most divalent metals in a 2:1 terpyridine: metal stoichiometry. 

 
Samples for metal concentration determination using terpy were added to 5 M Urea to 

unfold protein for removal of all metal from protein samples.  Terpy was added to a final 

concentration of 330 M.  The characteristic peak absorbance value for the metal studied was 

recorded.  An example of a Fe(II)-terpy spectrum is shown in Figure 2.2a and the peak 

absorbance value from each spectrum was recorded.  The peak absorbance value was used with a 

standard curve equation to calculate the concentration of metal in sample as shown in Figure 

2.2b.  The standard curves were created during the same time as the sample scans.  The linearity 

of the standard curve was maintained with concentrations of metal up to 165 M and the fitted 

linear standard curve equation had correlation values of R2 > 0.9998 for each run. 

2.7 Metal Quantification by Inductively Coupled Plasma-Mass Spectrometry (ICP-

MS) 

Samples for ICP-MS analyses were gravimetrically dissolved in 2% HNO3 prepared 

using Optima® grade HNO3 (Sigma-Aldrich, Saint Louis, MO) and 18.3 M (Thermo Fisher, 

Waltham, MA) water under Class 100 clean lab conditions.  The total dissolved solid (TDS) load 

of the samples was kept below 2 ppm for efficient analyte ionization during ICP-MS analyses.   

Dissolved samples were analyzed using an Agilent 7500cs
® Quadrupole – Inductively coupled 

Mass Spectrometer (Q-ICP-MS) equipped with an Octopole Reaction Cell (ORC) at the National 

High Magnetic Field Lab (NHMFL).  A pre-cleaned quartz sample introduction system along 
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with Platinum extraction cones and 100 µL nebulizer were used to minimize blanks.  The ICP-

MS was operated under hot plasma conditions (1500W RF) and sensitivity was optimized prior 

to each set of analyses.  The ORC cell was optimized to knock out plasma and matrix based 

interferences on analyte masses.  External calibration using multi element ICP standard (High 

Purity Standard®) coupled with Indium (In) standard addition was performed for accurate 

concentration determination.  The reproducibility for Cr, Mn, Fe, Co, Ni and Zn on NIST SRM 

(1643e) were determined to be < 3%. 

 

 

Figure 2.2:  Corrected UV-Visible spectrum of terpy-metal complexes.  Each metal displayed a 
different spectrum established by the identity of the metal used.  (a) Fe(II)-terpy complex 
displayed a maximum at 552 nm and the spectrum traces increased with increasing Fe(II) 
concentration.  (b) Calibration curve created by taking the peak absorbance at 552 nm using a set 
of Fe(II) standards.  Data points represent the average of 12 separate measurements and the error 
bars were calculated as the standard deviation of the mean.  The solid line is a linear fit of the 
points.  The linear equation obtained from fitting was used to calibrate measured complexes to 
concentrations. 

2.8 Data Analysis and Model Fitting   

All binding data was fit using nonlinear regression with GraphPad Prism version 5.03 

(San Diego, CA, USA, www.graphpad.com).  The data for the metal binding and anisotropy 

assays were fit to 4 binding models: 

 I) a single class of independent binding sites 

          (2.2)  

 

where n is the number of sites and Kd is the dissociation constant; 
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II) multiple classes of independent binding sites 
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where n and m are the number of sites in the two independent classes of sites and Kn is the 

dissociation constant of the n class of sites and Km is the dissociation constant of the m class of 

sites; 

III) stoichiometric binding of two equivalents        
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    (2.4) 

where k1 is the dissociation constant of the first equivalent and k2 is the dissociation constant of 

the second equivalent, and  

IV) phenomenological cooperative binding model 

 

          (2.5) 

 

where n is the number of sites, Kd is the dissociation constant, and h is the Hill coefficient.  

Comparison of fits between different binding models was performed using an F-test (p<0.05) 

when nested binding models (I-III) or an Akaike’s Information Criteria (AICc), when non-nested 

binding models (I-III vs. IV) were tested. 
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CHAPTER THREE 

THERMODYNAMIC PARAMETERS OF METAL BINDING IN 

IdeR 

 

3.1 Introduction 

Proteins bind cofactors to influence their interactions with other components in the cell.   

The protein binds the cofactor(s) by selecting or sensing the cofactor which provides the 

allosteric change needed to function.  Based on the Fe(II) selection in vivo there are four 

reasonable scenarios that make selection of Fe(II) by IdeR over other metals preferable: higher 

Fe(II) binding affinity relative to other metals, an optimal DNA binding configuration when 

bound by Fe(II) leading to an increase DNA binding affinity vs.  other metals, the bioavailability 

of Fe(II) to the cell compartments where IdeR is located  are within the range of effective 

binding concentrations or, finally, a combination of any of these.  

The Fe(II) binding affinity of IdeR or DtxR has not been well characterized.  Most 

studies completed to date on the metal binding activities of IdeR or DtxR have involved Ni(II) as 

the metal studied.  There are only a few in vitro studies that have used Fe(II).  Chou et al.20 

investigated Fe(II) binding by IdeR through the amount of fluorescence quenching or the change 

of the fluorescence anisotropy based on the amount of Fe(II) titrated in.  These studies did not 

quantify the stoichiometry of the Fe(II) binding.  Spiering et al.21 looked at Fe(II) binding in 

DtxR and determined the stoichiometry of Fe(II) binding as 2 equivalents per monomer in 

response to excess Fe(II) added, but did not quantify the binding constants for either of the two 

equivalents.  The binding stoichiometry and site binding affinities of metals normally present in 

a cell could provide knowledge in how IdeR metal selection functions.   

Metal binding by negative repressors, such as IdeR, function by binding a metal, leading 

to an allosteric change which helps to align the proteins structure to bind another protein or 

DNA.  Most metals coordinate with a preferred geometry and electron donation groups.  The 

production of an optimal configuration for DNA binding could lead to the preference of Fe(II) 

vs. other metals.  While there is evidence that there is a change in structure in DtxR during metal 

binding going from a molten globule to a more organized structure25, the comparison of crystal 
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structures of DtxR and IdeR with different metals, in fully metal bound (with or without DNA) 

or apo structures, show virtually identical structures13,14,15. 

 The location and availability of certain metals in the cell are possible criteria that dictate 

how a protein selects the metal that it uses as a cofactor.  The data presented in literature on the 

amounts of metal found in a cell varies due to the difficulty in ascertaining what portion of the 

metal is free vs. bound because the techniques do not separate the free and bound species. 

Selecting which metal to use as a cofactor could possibly be a combination of these 

previously listed methods.  The ability of IdeR to bind and sense Fe(II) could be affected by not 

only affinities, but also the availability of other metals being present.  The presence of two 

binding sites could be used for two different functions in the activation such as dimerization and 

DNA binding.  The different functions could be due to the binding of the same metal in both 

sites or by different metals in each site leading to activation. 

The initial aims of the study were to determine how IdeR selected Fe(II) amongst other 

metals present in Mycobacterium tuberculosis cells.  The previous functional studies showed 

Fe(II) to be the effector metal by in vivo transcription reporter assays and was believed to 

account for both metal binding and promoter binding.  It was hypothesized that Fe(II) would 

bind tighter to IdeR than any other metal.  To test this idea, we investigated the binding affinities 

of IdeR for  Fe(II), Zn(II), Ni(II), and Mn(II) separately using equilibrium dialysis experiments 

to compare the stoichiometry and binding affinity of IdeR for each metal to determine if the 

order of affinity could play a role in determining the metal selection.  The selection of the 

divalent metals was based upon previous studies and also on the metals that have been shown to 

be important in the growth and function of most cells.  The binding affinities and best-fit binding 

models for several first row divalent metals such Fe(II), Ni(II), Mn(II), Co(II), and Zn(II) were 

determined.   

3.2 Characterization of Single Metal Species Binding 

Equilibrium dialysis is a method that allows the direct measurement of the bound and free 

concentrations of elements or small molecules to a protein.  In the dialysis experiments 800 L 

of reduced, demetallated, buffered protein solution at a concentration of 30 M was added to one 

dialysis chamber and 800 L of metal solution in the same buffer was placed in the chamber 

opposite the protein solution.  The dialysis chambers were separated by a 3,500 MWCO dialysis 
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membrane that was previously rinsed and demetallated.  The metal and buffer were the only 

components that could freely move from one chamber to the other.  After equilibrium was 

reached the amount of free metal was the same on both sides.   

The total metal concentrations were determined for each side of the dialysis chamber.  

The buffer conditions used in all experiments included 10 mM MES buffer which has low metal 

binding properties, 100 mM NaCl as a supporting electrolyte to reduce Donnan effects, and 2 

mM N-Acetyl-L-Cysteine (NAC) as a reducing agent.  The concentration of 2 mM mycothiol 

was derived to be present in the M. tuberculosis cell from evidence by Newton et al.29 Several 

concentrations of NAC, which resembles the reducing portion of mycothiol, ranging from 5 M 

to 5 mM were tested for the effect on the sensitivity to the assay and 2 mM was selected.  

Equilibrium was established from the absence of change in free metal concentration in time.  

Studies with Ni(II) binding established this time as 18 hr. and the same time was used for all 

metals.  The concentration of IdeR was fixed at 30 M to eliminate any dimerization component 

to the metal binding based on a previously determined dimerization constant of 4 M for apo-

IdeR23 as well to provide a high enough metal concentration to quantify the metal concentration 

via the spectrometric methods available.  

Fig. 3.1 plots the fraction of metal bound per IdeR monomer as a function of free metal 

concentration for the nitrate salts of Ni(II), Zn(II), Fe(II), and Mn(II).  IdeR bound approximately 

two equivalents of Ni(II), Zn(II), and Fe(II) and less than one equivalent of Mn(II).  Quantitative 

parameters for binding each metal were obtained from fitting the data to specific binding models, 

as described in the section 2.10.  
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Figure 3.1:  Metal binding by IdeR.  Plot of fraction bound (r) vs. free metal concentration for 
IdeR.  Data points (error bars) represent the average (standard deviation) of at least three 
independent measurements.  IdeR concentration was 30 M in each experiment.  Symbols: Fe(II) 
(●); Ni(II) (▲); Zn(II) (■); Mn(II) (♦).  Solid lines represent the best fit of the data to equations 
2.2-2.5 as described in Section 2.9. 

 

As shown in Table 3.1, Mn(II) was best-fit to a single class of independent sites with a 

single affinity, Fe(II) and Zn(II) were best-fit to stoichiometric binding of 2 equivalents of metal 

with each equivalent having a 24-fold and 65-fold difference respectively, and Ni(II) was best 

fitted to the phenomenological cooperative binding model binding about 2.5 equivalents and a 

Hill coefficient of 2.25.  The values obtained for Ni(II) binding were similar to values obtained 

from previous studies23.  The Fe(II) and Zn(II) binding by IdeR is thermodynamically different 

than other divalent transition metals.  Regardless of the binding model, the relative binding 

affinity was determined to be Zn(II) (first equivalent) > Fe(II) (first equivalent) > Mn(II) >> 

Ni(II) > Fe(II) (second equivalent) > Zn(II) (second equivalent). 
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Table 3.1:  Equilibrium binding parameters for IdeR binding various divalent metal species.  

Metal Ion KD (μM)
a
 Equiv. Metal 

Bound
a 

Hill Coefficient
a
 Binding Isotherm

b
 

Ni(II) 2.18 (1.89, 2.47) 2.60 (2.45, 2.75) 2.25 (1.39, 3.11) Cooperative 

Fe(II) 0.278 (0.1663, 0.3898) 

 6.648 (3.412, 9.883) 

1c 

1c 

NA 

NA 

Stoichiometricd 

Mn(II) 0.56 (0.014, 0.63) 0.75 (0.71, 0.79) NA Single Class 

Zn(II) 0.169(0.1197, 0.2181) 
11.17(8.628, 13.71) 

1c 

1c 

NA 

NA 

Stoichiometricd 

a. Values in parenthesis represent the 95% confidence interval. 

b. Fits were compared using Akaike’s criterion(AIC) and models displaying >90% 
probability were selected. 

c. The stoichiometric models were fixed at 1 equivalent for each binding step. 
d. The data fit 2 equivalent stoichiometric binding model (Equation 2.4). 

 
 

3.3 Mutant Site Binding with Single Metal Species 

The difference in binding models for Fe(II) and Zn(II) from the other metals, each with 

high and low affinity binding affinity, led us to investigate assigning the thermodynamic “sites” 

to the physical binding sites in the x-ray structures shown in Figure 1.3.  The assignment of the 

high and low affinity Fe(II) and Zn(II) binding sites to the two physical binding sites in IdeR was 

accomplished using site mutants of the two metal binding sites in IdeR and titrating up to a 3x 

excess of metal to protein concentration.  Figure 3.2 compares the equilibrium binding of Fe(II) 

by wild-type IdeR with two ancillary site (H79A and E83A) and two primary site (M10A and 

C102A) mutants.  Quantitative binding parameters for these data are presented in Table 3.2.  All 

mutants showed weaker binding than wild-type IdeR although Fe(II) binding in either ancillary 

site mutant was more significantly reduced relative to wild type (the E83A mutant was nearly 

100 times weaker) whereas binding by the primary site mutants was more similar to wild-type.  
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Figure 3.2:  Fe(II) binding to IdeR metal-site mutants.  Plot of fraction bound (r) vs. free Fe(II) 
concentration for various IdeR mutants.  Data points represent a single measurement.  IdeR 
concentration was 30 M in each experiment.  Symbols: wild-type IdeR (▼); M10A (●); C102A 
(▲); H79A (■); E83A (♦).  IdeR concentration was 30 M in each experiment.  Solid lines 
represent the best fit of the data to equations 2.2-2.5 as described in Section 2.9. 

 

Figure 3.3 compares the equilibrium binding of Zn(II) by wild-type IdeR with one 

ancillary site (E83A) and two primary site (M10A and C102A) mutants.  Mutating either site 

reduced the overall binding affinity and changed the binding model to that of a single 

thermodynamic class of sites.  The E83A mutant bound a single equivalent of Zn(II) with a 

weaker affinity than wild-type.  The M10A mutant still yielded two equivalents of bound Zn(II) 

but with a slightly weaker affinity and the best-fit model was a single class of binding sites.  The 

C102A mutant bound a single equivalent of Zn(II) with a weaker affinity than wild-type.  

Quantitative binding parameters for these data are presented in Table 3.2.  These data are not 

inconsistent with previous observations that M10A mutant continues to coordinate metal which 

could suggest that M10 is not involved in Zn(II) binding.   
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Figure 3.3:  Zn(II) binding to IdeR metal-site mutants.  (a) Plot of fraction bound (r) vs. free 
Zn(II) concentration for various IdeR mutants.  Data points represent a single measurement.  
IdeR concentration was 30 M in each experiment.  Solid lines represent the best fit of the data 
to equations 2.2-2.5 as described in Section 2.9.  Symbols: wild-type IdeR (▼); M10A (●); 
C102A (▲); E83A (♦).  

 

The location of the Mn(II) binding was investigated using the site mutants.  Figure 3.4 

compares the equilibrium binding of Mn(II) by wild-type IdeR with an ancillary site (H79A) and 

a primary site (M10A ) mutant.  All mutants showed weaker binding than wild-type IdeR.  The 

ancillary site mutant showed no significant binding and the primary site bound similar to 

wildtype.  Quantitative binding parameters for these data are presented in Table 3.2.  
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Figure 3.4:  Mn(II) binding to IdeR metal-site mutants.  Plot of fraction bound (r) vs. free Mn(II) 
concentration for various IdeR mutants.  Data points represent a single measurement.  IdeR 
concentration was 30 M in each experiment.  Solid lines represent the best fit of the data to 
equations 2.2-2.5 as described in Section 2.9.  Symbols: wild-type IdeR (▼); M10A (●); H79A 
(■). 

 

The use of binding site mutants provided a way to assign metal binding to one of the two 

sites in IdeR.  The ancillary site was assigned as the high affinity Fe(II) binding site while the 

weaker  Fe(II) affinity site was assigned to the primary site.  The Zn(II) assays were not as clear 

as the Fe(II) assays, but a greater reduction in affinity of the primary mutant vs. wildtype would 

suggest that the high affinity Zn(II) site could be assigned to the primary site and the weaker 

affinity site would be the ancillary site.  The Mn(II) binding site was assigned to the ancillary 

site.  

3.4 Metal Binding of Single Metal Species with a Second Metal Species Present 

The observation that IdeR bound a single equivalent of Fe(II) in the ancillary site with 

high affinity but a weaker affinity in the primary site raised questions regarding the nature of the 
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metal binding to the primary site in IdeR and on the biological role of metal binding by that site.  

Since several other metal-activated repressors contain both “structural” and “functional” metal 

binding sites, the possibility that the primary metal binding site serves as a “structural” site was 

investigated by measuring Fe(II) binding in the presence of either Mn(II) or Zn(II).   

 

Table 3.2:  Equilibrium binding parameters for IdeR site mutants for Fe(II), Mn(II), and Zn(II). 

Mutant Metal KD (μM)
a 

Equiv. Metal 

Bound
a 

Hill 

Coefficient
a
 

Binding Isotherm
b
 

H79A Fe(II) 13.66 (9.68, 17.63) 0.31 (0.28, 0.35) NA Single Class

E83A Fe(II) 13.93 (12.40, 15.46)  0.92 (0.85, 0.99) 1.6 (1.5, 1.8) Cooperative 

M10A Fe(II) 0.41 (0.05, 0.79) 0.99 (0.86, 1.13) NA Single Class 

C102A Fe(II) 0.33 (0.01, 0.66) 1.00 (0.82, 1.18) NA Single Class 

H79A Mn(II) NA NA NA NA 

M10A Mn(II) 0.42 (0.01, 0.83) 0.75 (0.67, 0.83) NA Single Class 

E83A Zn(II) 1.48 (0.950, 2.01) 1.25 (1.17, 1.33) NA Single Class 

M10A Zn(II) 1.93 (1.57, 2.28) 2.07 (1.98, 2.15) NA Single Class 

C102A Zn(II) 5.01 (3.36, 6.67) 1.49 (1.32, 1.64) NA Single Class 

a. Values in parenthesis represent the 95% confidence interval. 

b. Fits were compared using Akaike’s criterion(AIC) and models displaying >90% 
probability were selected. 

 

In these experiments, Zn(II) or Mn(II) was added to the protein in concentrations where 

either a single site or both sites would be bound with metal and increasing Fe(II) concentrations 

were added to each cell.  The experiment was performed similarly to sections 3.2 and 3.3 except 

that metal concentrations were determined using inductively coupled plasma mass spectrometry 

(ICP-MS) to generate simultaneous binding curves for the two metal species present.  Control 

experiments performed with Fe(II) alone showed a slightly higher affinity for Fe(II) binding 

determined using ICP-MS than that determined using terpyridine, probably reflecting the 
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different sample work-up and the absence of competition between residual IdeR binding and 

terpy binding.  Figures 3.5a and 3.5b show metal binding curves for increasing Fe(II) 

concentration in the presence of a single equivalent (1x) or excess (three molar equivalents; 3x) 

of Zn(II).  Thermodynamic parameters obtained from fitting these data are presented in Table 

3.3.  IdeR still bound a single equivalent of Fe(II) in the presence of 1x Zn(II) although with a 

slightly higher KD value.  In the presence of 3x Zn(II), IdeR initially bound two equivalents of 

Zn(II) but Fe(II) binding displaced approximately 1 equivalent of the bound Zn(II), resulting in 

one equivalent of bound Fe(II) and Zn(II).   Quantitative analysis of the Fe(II) binding isotherm 

revealed that the presence of Zn(II) reduced the Fe(II) binding affinity approximately 3-fold 

compared to the affinity in the absence of Zn(II).  This increase in KD was not due to competition 

from Zn(II) because the increased Zn(II) concentration did not increase the KD.   

 

 

 

Figure 3.5:  Fe(II) binding to IdeR in the presence Zn(II).  Plot of fraction bound (r) vs. free 
Fe(II) concentration in the presence of A) 1x Zn B) 3x Zn.  Data points represent a single 
measurement.  Solid lines represent the best fit of the data to Eqns. 2, 3 or 4, as described in the 
text.  The dashed lines are not fitted and meant to guide the eye to the trend in the stoichiometric 
amount of pre-equilibrated secondary metal bound as a function of free Fe(II) concentration.  
IdeR concentration was 30 M in each experiment.  Symbols: Fe(II) (●); Zn(II) (■).   

 

The binding of Fe(II) in the presence of a single equivalent (1x) or excess (three molar 

equivalents; 3x) of Mn(II) was investigated in the mixed metal experiments performed.  The data 

is plotted in Figures 3.6a and 3.6b respectively.  Co-equilibrating with one equivalent of Mn(II) 

resulted in approximately 70% of the IdeR binding a single equivalent of Mn(II) that was 
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efficiently displaced by increasing concentrations of Fe(II), yielding two equivalents of Fe(II) 

bound to IdeR.  Essentially identical results were obtained when IdeR was pre-incubated with 3x 

Mn(II).  The affinity for Fe(II) was weaker in the presence of Mn(II).  As expected, fixing the 

Fe(II) concentration while titrating Mn(II) resulted in no Mn(II) binding and no release of bound 

Fe(II) as shown in Figure 3.7b.   Displacement of Mn(II) by Fe(II) suggested that Mn(II) was 

bound preferentially in the ancillary site, which was consistent with data from the Mn(II) binding 

in primary and ancillary site mutants.   

 

 

 

Figure 3.6:  Fe(II) binding to IdeR in the presence of Mn(II).  Plot of fraction bound (r) vs. free 
Fe(II) concentration in the presence of A) 1x Mn B) 3x Mn.  Data points represent a single 
measurement.  Solid lines represent the best fit of the data to Eqns. 2, 3 or 4, as described in the 
text.  The dashed lines are not fitted and meant to guide the eye to the trend in the stoichiometric 
amount of pre-equilibrated secondary metal bound as a function of free Fe(II) concentration.  
IdeR concentration was 30 M in each experiment.  Symbols: Fe(II) (●); Mn(II) (♦).   

 

Alternatively, IdeR was loaded with excess Fe(II) and Zn(II) was titrated into the solution.  The 

presence of Fe(II) reduced the Zn(II) binding affinity approximately 4-fold, but also displaced 

one equivalent of Zn(II) yielding a single equivalent of Fe(II) and of Zn(II) bound to IdeR as 

shown in Figure 3.7a.  
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Figure 3.7:  Secondary metal binding to IdeR in the presence of Fe(II).  Plot of fraction bound (r) 
vs. free secondary metal concentration in the presence of Fe(II).  Secondary metals A) Zn(II) B) 
Mn(II).  Data points represent a single measurement.  Solid lines represent the best fit of the data 
to Eqns. 2, 3 or 4, as described in the text.  The dashed lines are not fitted and meant to guide the 
eye to the trend in the stoichiometric amount of pre-equilibrated secondary metal bound as a 
function of free Fe(II) concentration.  IdeR concentration was 30 M in each experiment.  
Symbols: Fe(II) (●); Zn(II) (■); Mn(II) (♦).   

 

The same experiment was done in the presence of excess Fe(II) and Mn(II) was titrated into the 

solution.  The assay revealed no Mn(II) binding in the presence of Fe(II) while Fe(II) did show a 

minor decrease in equivalents bound at high concentrations of Mn(II) as shown in Figure 3.7b.  

 

Table 3.3:  Equilibrium binding parameters for IdeR and Fe(II) with Mn(II) or Zn(II) present. 

Secondary Metal Ion KD (μM) Equiv. Metal Bound 

1x Mn(II) 
0.52 (0.32, 0.74)a 2.01 (1.84, 2.19) 

3x Mn(II) 
0.43 (0.14, 0.72) 1.97 (1.61, 2.34) 

1x Zn(II) 
0.89 (0.31, 1.5) 1.12 (1.00, 1.24) 

3x Zn(II) 
0.96 (0.40, 1.5) 0.81 (0.74, 0.88) 

a. Values in parenthesis represent the 95% confidence interval. 
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3.5 Discussion 

Transcriptional regulators bind small molecules or metals to provide a functional sensor 

to control a biological process linked to the effector molecules.  The basis for the control is gene 

expression of components involved in the biological process of obtaining or metabolizing the 

small molecule or metal involved in the repressor, providing a feedback loop to the cycle.  The 

area of metal selectivity has been of great interest for some time in several metal binding 

regulators.  Despite several in vivo and in vitro studies on the DtxR family of proteins, including 

IdeR, there has not been a clear answer on why IdeR selects Fe(II) over other metals.  The role of 

the biologically relevant metal, Fe(II), at the molecular level has been largely overlooked. 

We tested the hypothesis of Fe(II) selection by IdeR due to metal binding affinity alone 

by equilibrium dialysis binding studies.  The data reported here suggests that selectivity is not 

directly due to just the metal binding affinities.  During the studies new information was obtained 

and the possibility of IdeR being a mixed-metal repressor was also explored.  The data was used 

along with DNA binding data from Larry Walker30 to produce a better model for the metal 

binding and activation of IdeR.  The evidence from work done by Walker along with data 

presented in this work suggests that IdeR binds a single equivalent Fe(II) in the ancillary site and 

a single equivalent of Zn(II) in the primary site with high affinity leading to binding of DNA at 

lower concentrations of Fe(II) than when Fe(II) is bound in both sites.   

3.5.1 Single Metal Species Binding and DNA promoter binding 

The equilibrium metal binding results were surprising as IdeR bound Fe(II) & Zn(II) very 

tightly at one site, but between 24-fold and 90-fold weaker in the second site, respectively, while 

Mn(II) bound less than a single equivalent.  The metal binding affinities alone did not provide a 

clear answer as to the selectivity of Fe(II) vs. other divalent metals.  The data in Table 3.1 has 

shown that Fe(II) does bind with higher affinity than most of the other transitional metals 

investigated, but Zn(II) also bound with high affinity.  The binding model was different for 

Fe(II) and Zn(II) versus Ni(II) or Mn(II) binding.  Ni(II) was previously shown to bind with a 

cooperative manner, which we saw in our Ni(II) binding data, but Fe(II) and Zn(II) did not 

display cooperativity instead Fe(II) and Zn(II) bound in a stepwise manner.  Semavina et. al23 

previously determined the dimerization constant for apo-IdeR to be 4 M and this was confirmed 

by studies in Chapter 4 of this work.  During the equilibrium dialysis studies IdeR was used at a 
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concentration of 30 M in the binding experiments leading to approximately 90% dimer.  This 

was done to minimize any effects of dimerization on the binding sites.  The lack of cooperativity 

in the Fe(II) and Zn(II) binding is interpreted to be the metals binding independently to each site.  

Zn(II) and Fe(II) binding displayed two very different site affinities based on the stoichiometric 

binding model with two sites.  Numerous studies have shown that Fe(II) is the physiological, 

activating metal for IdeR and its homolog from Corynebacterium diphtheriae, DtxR.  Therefore, 

the observation that IdeR bound two equivalents of Fe(II) was anticipated, but with a 25-fold 

difference in binding affinity for each equivalent was un-anticipated.  Data from promoter 

binding assays performed by Lawrence Walker under the same buffer conditions was 

investigated using a coupled metal- and DNA-binding assay similar to that described by Chou20.  

The DNA binding data of Walker shown in Figure 3.8 established that Fe(II) induced promoter 

binding at a 3-fold lower concentration than Zn(II) did, but the Fe(II) induced binding value of 

890nM was still not near the typical DNA binding affinities seen in other regulators of 10-50nM.  

The data indicate that Fe(II) binds with higher affinity for a single site, but the DNA binding 

affinity is not in the appropriate range to act as a regulator.   

3.5.2 Mutant site binding with single metal species 

The results from the metal binding studies that displayed stepwise binding in the Fe(II) 

and Zn(II) resulted in interest in describing the binding locations and affinities.  The use of site 

mutants resulted in the assignment of the high affinity Fe(II) binding to the ancillary site, while 

the assignment of the high affinity Zn(II) site through metal binding assays in the site mutants 

was not as straightforward.  The results did suggest the possibility of the assignment of the Zn(II) 

high affinity site to the primary site.  These results are consistent with a protein that binds two 

different metal species at one time to control regulatory function.  Other proteins such as Smtb 

and FurB have shown the possibility of binding two different metals in different sites where 

Zn(II) provides a ”structural” function and another metal provides the “biological” function.  The 

data would help to explain the change from a molten globule form that has secondary structure 

but lacks tight folding shown in the metal bound crystal structures.  The mutant studies suggested 

that the single equivalent of Mn(II) bound to the ancillary site.  
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Figure 3.8:  Metal-activation of fxbA promoter binding.  Change in normalized fluorescence 
anisotropy of Alexa-fluor 488 labeled fxbA promoter DNA in the presence of IdeR as a function 
of total metal added.  Fe(II) or Zn(II) was titrated into buffer containing IdeR (750 nM), fxbA 
promoter (15 nM) in 10 mM MES buffer, pH 6.8, containing NaCl, BSA, and poly(dI-dC) (see 
Materials and Methods).  Data points (error bars) represent the average (standard deviation) of at 
least three independent determinations.  The solid lines represent the best-fitted curves to Eqn. 
2.5.  Symbols: Fe(II) (●); Zn(II) (■). 

 

3.5.3 Metal binding with single metal species with a second metal species present and its 

effect on DNA promoter binding 

The ability of IdeR to bind Fe(II) and Zn(II) separately with each preferring a distinct site 

led to the discovery of both metals being bound to IdeR.  The data in which Zn(II) was the 

secondary metal indicated that a single equivalent of Fe(II) was bound along with a single 

equivalent of Zn(II).  The same result was shown Fe(II) was the secondary metal and Zn(II) was 

added.  The affinity of the single equivalent of Fe(II) was not enhanced with Zn(II) present.  The 

data in which Mn(II) was the secondary metal indicated that Mn(II) started out with roughly 70% 
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of IdeR bound with an equivalent of Mn(II) and upon addition of Fe(II) was competed out of the 

site and two equivalents of Fe(II) was bound.  The affinity of the first equivalent of Fe(II) was 

not enhanced with Mn(II) present, but there was an enhancement of the affinity of the second 

equivalent of Fe(II) from 6.5 M to 950 nM.  The two equivalents of Fe(II) bound with Mn(II) 

present is possibly an initial swapping of the Mn(II) for Fe(II) in the ancillary site and the 

displaced Mn(II), which is similar to binding preferences to Fe(II), had an additive effect on the 

Fe(II) concentration available to bind the primary site.   

The ability of either Zn(II) or Mn(II) to enhance Fe(II)-activated promoter binding in 

IdeR was investigated by Walker using the fluorescence anisotropy assay with Zn(II) or Mn(II) 

added to the reaction mixture for one hour at room temperature before initiating the Fe(II) 

titration.  Co-incubation with one equivalent of Zn(II) or Mn(II) enhanced Fe(II)-activated 

promoter binding in IdeR30.  Adding Zn(II) or Mn(II) to the reaction mixture in the absence of 

Fe(II) did not change the anisotropy although Zn(II) did induce DNA binding at significantly 

higher concentrations.  Furthermore, Walker noted that the total anisotropy change induced by 

Fe(II) in these experiments was similar to that induced in the absence of either Zn(II) or Mn(II).  

Together, these observations argue against the enhancement in promoter activity resulting from a 

generalized metal concentration effect. 

Fe(II) activation of promoter binding was further enhanced in the presence of three 

equivalents of Zn(II) or Mn(II).  The binding of the fxbA promoter was enhanced by 7-fold upon 

addition of a single equivalent of Zn(II) and further enhanced almost 4-fold in the presence of 3x 

Zn(II), for a combined ~ 28-fold enhancement in Fe(II)-induced fxbA binding over Fe(II) alone.  

Co-incubation with Mn(II) showed less enhancement (roughly 4-fold enhancement compared to 

the absence of Mn(II)). 

The possibility of Zn(II) and Fe(II) binding at different sites with high affinity provides 

IdeR with the ability to sense very low concentrations of Fe(II) present in the cellular 

environment.  The ability of IdeR to bind both Zn(II) and Fe(II) could explain a possible role in 

the ESX-3 secretion system42.  The open question of how Zn(II) affected the enhancement of 

DNA binding when  there was no enhancement of Fe(II) binding affinity when Zn(II) was 

present was investigated in dimerization studies presented in Chapter 4.  
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CHAPTER FOUR 

METAL EFFECTS ON DIMERIZATION OF IdeR 

 

4.1 Introduction 

The enhancement of DNA-binding when Zn(II) is bound to IdeR was not due to an 

increase in the Fe(II) binding affinity of IdeR as shown in Chapter 3.  The enhancement could be 

due to Zn(II) pre-organizing the dimeric form of IdeR.  Importantly, the crystal structures of apo-

IdeR and holoIdeR all have homodimeric structures with and without DNA present13,14,15 

suggesting that DNA does not affect the dimerization of IdeR.  

A key component to the model of IdeR and DtxR activation and binding DNA is the 

formation of dimers24.  Early glutaraldehyde crosslinking studies on apo-DtxR showed an 

increase in the dimeric form with increasing concentrations of DtxR24 and that addition of Ni(II) 

increased the amount of cross-linked dimer formed24.  IdeR dimerization studies in solution have 

measured dimerization constants by monitoring tryptophan fluorescence quenching when metal 

was added20.  The tryptophan quenching was interpreted to be the burying of W104 at the dimer 

interface due to dimer formation.  However, these studies were complicated by two factors: IdeR 

has a second tryptophan residue and each tryptophan contributes to the overall total tryptophan 

fluorescence signal of the protein and the authors did not take into account the quenching of 

W104 fluorescence due to metal binding24 making fluorescence intensity an inappropriate 

measure of dimerization in IdeR.  Metal linked dimerization of IdeR was also investigated with 

analytical ultracentrifugation (AUC) via sedimentation equilibrium with metal added23.  The 

sedimentation equilibrium studies only investigated the process using Ni(II) as a ligand and not 

Zn(II) or Fe(II), the biological target metal.  Both of the early studies did support the studies by 

Tao that there is a link between metal binding and dimerization.  The aim of the current study 

was to determine the effect of Fe(II) and Zn(II) on the dimerization of IdeR.  The work presented 

here investigates dimerization induced by Fe(II), Zn(II) and Fe(II) in combination with Zn(II) 

using sedimentation velocity.  
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4.2 Analytical Ultracentrifugation Background 

Analytical ultracentrifugation (AUC) studies are based on the fundamental 

thermodynamic and hydrodynamic properties of small molecules or proteins in an induced 

gravitational field.  AUC has been used to measure the size and shape of several molecules as 

well as the interactions between them31,32.  The advantages to using AUC in studying interactions 

is that there is not a requirement to fix the molecule to a surface and there is not an interfering 

substrate such as encountered in gel assays. 

Sedimentation velocity methods involve spinning the solutes at a very high speed to 

induce a fractionation of the components based on size and shape.  Analyzing the concentration 

profiles based on time and the induced gravitational field provides the hydrodynamic parameters 

of the solutes.  Interaction parameters may be obtained by fitting the concentration profiles to a 

mathematical model based on the reaction stoichiometry and reaction rate. 

The process of sedimentation is based on the transport of solutes in a cell by monitoring 

the changes of concentration (c) of a solute as a function of radial position (r) and time (t).  

During sedimentation there are three forces that determine the movement of the solute through 

the solution.  First, there is a centrifugal force  

 

     Fc = ω2
rm (4.1) 

 

where m is the mass of the solute, ω2 is the speed of the rotor in radians, and r is the distance 

from the center of rotation.  The centrifugal force is directed toward the outside of the rotor. 

Next, there is a buoyant force 

 

     Fb = ω2
rm0 (4.2)  

 

where m0 is the mass of the solution displaced, ω2 is the speed of the rotor in radians, and r is the 

distance from the center of rotation. 

Last, when the solute is moving through the solution with a velocity it will experience a 

frictional force  

 

     Ff = fv  (4.3) 
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where f is the frictional coefficient and v is the velocity of the solute particle through the 

solution.  The buoyant force and frictional force are in the opposite direction of the centrifugal 

force. 

The solute will move through the solution and will obtain a velocity where all three 

forces will add to zero as shown:    

 

     Fc - Fb - Ff  = ω2
rm - ω2

rm0 – fv = 0   (4.4) 

 

where Fc is the centrifugal force, Fb is the buoyant force, and Ff is the frictional force of the 

solute moving through solution.   

The velocity of a molecule in a centrifugal field can be expressed as change in radial 

position vs. time, dr/dt.  The velocity of a molecule depends on the magnitude of the centrifugal 

field induced by the spinning of the rotor.  The sedimentation coefficient is defined as the ratio of 

the velocity of the molecule to the centrifugal field using the relationship in equation 4.5.  The 

velocities of several molecules can be related using their sedimentation coefficient, s, if the 

buffer components are the same.   

 

                  s =  = 	  (4.5) 

 

Several methods may be used in determining the s values for a solute.  High rotor speeds 

are used in a sedimentation velocity experiment so all solutes are transported to the bottom of the 

cell.  Initially, a solute is evenly distributed throughout the cell until the centrifugal force is 

applied.  When the centrifugal force is applied, the molecules present in the sample begin to 

move towards the bottom of the cell.  A moving boundary is formed as the solutes clear the 

meniscus.  During the course of a sedimentation velocity experiment a UV scan is taken over the 

entire length of the sample cell several times during the run.  An example set of noise corrected 

sedimentation velocity data is shown in Figure 4.1.    

The sedimentation coefficient can be calculated from the rate at which this boundary 

moves down the cell.  The boundary shape does not remain the same as it moves down the cell.  

The boundary shape is dependent on several factors such as diffusion, number of components 

present in solute, size of components in solute, and rate of reaction of interacting components of 
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the solute.  An example of how the boundary shape varies from the system studies is evident in 

raw data plots shown in Figure 4.2.   

The broadening of the boundary is due to diffusion of the molecules that are creating a 

large concentration gradient behind the boundary moving through the cell.  Diffusion is inversely 

proportional to the frictional coefficient which is proportional to molecular size meaning 

diffusion is slow for large molecules and fast for small molecules.   

   

 

Figure 4.1:  Noise corrected sedimentation velocity data.  Each line is the absorbance at 280 nm 
of the entire ultracentrifuge cell obtained at regular time points during the sedimentation 
experiment. The moving boundary represents the change in concentrations of solute throughout 
the cell at different time points.  Analysis of the sedimentation data requires a stable meniscus, 
the large vertical peak in the figure, a stable plateau, the top horizontal portion of the scan, and a 
stable baseline, the horizontal portion at the bottom of the boundary.    
 

 

The s values are dependent on the buffer conditions.  Therefore to compare s values from 

different experiments s values are corrected to correspond to sedimentation coefficients based on 

the buffer being water at 20 °C by multiplying a correction value based on the viscosity of the 

experimental buffer and the viscosity of water at 20 °C. 

The analysis of the moving boundaries data to obtain sedimentation coefficients in the 

data shown was completed using one of two methods, the van Holde-Weischet (vHW) method or 

direct boundary fitting using the Lamm Equation.  

 	 	   (4.6) 
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The van Holde-Weischet analysis was completed using its corresponding module in the 

Ultrascan II software.  The vHW analysis is an established model-independent method to 

determine sedimentation coefficient distributions33.  The method works by dividing the boundary 

into equal spaced regions and a sedimentation coefficient is calculated for each boundary 

fraction.  The distortion of the sedimentation coefficient by diffusion is then removed by 

extrapolating the same boundary fraction from each scan to infinite time.  This removes the 

diffusion component because the sedimentation transport process is linear with time but the 

diffusion process is proportional to the square root of time34.  Noise corrected sedimentation data 

(Figure 4.3a) is used to extrapolate the boundary fractions to a sedimentation coefficient that is 

corrected for diffusional component of the boundary (Figure 4.3b) and the time-extrapolated 

sedimentation coefficients from each of the boundary fractions are plotted in an integral G(s) plot 

shown in Figure 4.3c.  The G(s) plot is plot of the distribution of apparent s values across the 

boundary. 

 Another method for obtaining sedimentation values and molecular weights is by direct 

boundary fitting methods that account for diffusion using the Lamm equation (Equation 4.6).  

Using direct boundary fitting methods provides much more information than the vHW analysis.  

The fitted boundary data not only provides size information such as the diffusion coefficient and 

sedimentation coefficients, but also provides shape information from the frictional coefficient, 

but is considerably more challenging with interacting species because the correct association 

model is needed to fit the data.  

4.3 Materials and Methods 

Theoretical hydrodynamic values were used to analyze the processed sample data from 

the IdeR experiments.  Theoretical hydrodynamic values were calculated for IdeR using the 

SOMO bead modeler software package.  IdeR structures modeled by using beads of varying 

radius to best approximate the volume and shape of the protein.  The input for bead models are 

the crystal structure coordinates.  A single dimer crystal structure was obtained from the 1U8R 

crystal structure coordinates and a monomer set of coordinates was obtained by removing one of 

the chains from the single dimer crystal structure file.  The structures were missing 8 residues 

located in the flexible linker region and were replaced in the structure my single beads for each 

residue missing based on the approximate method for the calculation of the hydrodynamic 
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parameters.  The coordinate files were input into the bead modeler software and small spheres 

were modeled to account for the volume of the folded structure and a small hydration sphere.  

The spatial sphere models are shown in Figure 4.4.  The monomeric and dimeric weights were 

fixed in the model as 25,200 Da and 50,400 Da respectively.  The calculated values are listed in 

Table 4.1. 

  

 

Figure 4.2:  Boundary shape of sedimentation data.  Each line is the absorbance at a set 
wavelength of the entire ultracentrifuge cell obtained at regular time points during the 
sedimentation experiment.  (a) The sample contains an interacting sample IdeR which has a high 
reaction rate in relation to the time of the experiment and monitored at 280 nm.  (b) The sample 
contains metal bound IdeR and DNA.  DNA binding occurred resulting in the formation of two 
boundaries.  The sample was monitored at 260 nm.    
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Figure 4.3:  vHW Data Analysis.  vHW analysis is used to calculate sedimentation coefficient 
distributions.  (a) Plot of noise corrected UV absorption sedimentation data from 15 M apo-
IdeR at 280 nm.  (b) An extrapolation plot of sedimentation data.  Each point is the 
sedimentation coefficient from a small boundary fraction of the sedimentation data.  Each 
vertical collection of points are for each scan of the sedimentation run.  Sedimentation 
coefficients from each boundary fraction are plotted versus the inverse square root of time of 
each scan and are extrapolated to remove the diffusion component of the boundary this provides 
the diffusion corrected sedimentation coefficient.  (c) Distribution plot of sedimentation 
coefficients versus boundary fraction.  Ideal behavior results in a single vertical line. 
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  Sedimentation velocity experiments were performed using a Beckman XL-I centrifuge.  

The samples were run in buffer containing 10mM MES, 100mM NaCl, 2mM NAC, pH 6.8 at 

20°C and metal was added to appropriate concentrations in the same buffer.  The data were 

collected at 55,000 rpm using absorbance optics and were scanned at either 230 nm or 280 nm 

depending on protein concentration.  IdeR concentrations were between 5.4 M and 50 M 

generating absorbances between 0.1 and 0.9 O.D, respectively.  Ultrascan II software was used 

to calculate the partial specific volume as 0.7399 mL·g-1 based on protein sequence.  Ultrascan II 

software was used for data analysis.  The use of sedimentation velocity to determine 

dimerization constants is a rather new methodology and is only possible by the use of a large 

amount of computing power to fit data simultaneously.   

 

Figure 4.4:  IdeR bead models.  Spheres with different radius sizes are used to create a model of 
a molecules space filling regions.   
 

Table 4.1:  Theoretical hydrodynamic values for IdeR based on generated bead models. 

Component Monomer Dimer 

Beads in Model 424 848 

Mass 25200 Da 50400 Da 

 0.7399 cm3/g 0.7399 cm3/g 

Sedimentation Coefficient 2.34 4.02 

Diffusion Coefficient 9.87x10-7 cm2/s 7.34x10-7 cm2/s 

Frictional Ratio 1.10 1.23 
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4.4 Dimerization of apo-IdeR 

The behavior of apo-IdeR was studied to provide a reference point for the metal activated 

studies.  The apo-IdeR study involved looking at the change in sedimentation coefficient 

populations present with increasing protein concentrations by sedimentation velocity 

experiments.  The rotor speed was held constant for each experiment at 55,000 rpm to maximize 

the separation and therefore the resolution of the sedimenting components of the protein solution 

as well as reducing the effect of diffusional spread on the sedimentation boundaries that 

corresponds to the amount of time of the experiment.  The vHW analysis was completed, as 

described in the AUC background of this chapter, on each IdeR sample.  The sedimentation 

values from the vHW are plotted in Figure 4.5 and show a trend of increasing sedimentation 

coefficients with increasing concentrations suggesting increasing dimer is formed.  The values 

do not display a clear monomer and dimer peak that change in response to increasing protein 

concentration.  The single peak is consistent with a rapid equilibrium of monomer and dimer 

over the timeframe of the experimental sedimentation run.  In interacting systems, this is due to a 

fast interaction compared to the overall time of the analysis32.  The weighted sedimentation value 

for each IdeR concentration was calculated from the vHW distributions and plotted versus IdeR 

concentration in Figure 4.6.  The data were fit to Equation 4.7 by fixing s1 to 2.34, the theoretical 

sedimentation coefficient for an IdeR monomer, and s2 to 4.02, the theoretical sedimentation 

coefficient for an IdeR dimer and concentrations c1 and c2, the concentrations of monomer and 

dimer, were fit.  The concentrations were used in Equation 4.8 to calculate the dimerization 

affinity of IdeR.  A dimerization constant of 5.8 M was calculated.  

 

   	    (4.7) 

 

   	     (4.8) 

 

The dimerization value is similar to the value obtained from previous sedimentation 

equilibrium studies23.      
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Figure 4.5:  apo-IdeR Dimerization.  Plot of water corrected sedimentation coefficient 
histograms from the van Holde-Weischet analysis for different concentrations of IdeR.  Rotor 
speed was held constant at 55,000 rpm in each experiment.  The dashed lines represent the 
theoretical s values for the monomeric IdeR species and dimeric IdeR species.  Symbols: 4 M 
(▲); 6.5 M (■); 15 M (●).  

4.5 Fe(II)-linked Dimerization 

The formation of dimer by IdeR with different amounts of Fe(II) bound was investigated using 

sedimentation velocity experiments.  The effect of Fe(II) binding was investigated by fixing the 

concentration of IdeR at 15 M and Fe(II) was added to a concentration where either a single 

equivalent is bound based on the metal binding affinities established in Chapter 3 or at an excess 

Fe(II) concentration equal to 150 M in which IdeR is fully saturated with two equivalents of 

Fe(II) bound.  The reducing agent N-acetylcysteine was added to a final concentration of 2 mM 

to maintain Fe in the Fe(II) oxidation state during the experimental runs.  The experimental setup 

was the same as the apo-IdeR sedimentation velocity assay.  The vHW analysis revealed a broad 

sedimentation coefficient distribution at 1 equivalent of Fe(II).   
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Figure 4.6:  Isotherm of weight-averaged sedimentation coefficients.  Plot of weight-averaged 
sedimentation coefficients vs. total concentration of IdeR monomer.  The weight-averaged 
values were obtained from the van Holde-Weischet analysis module in Ultrascan II software.  
The solid line is a fitted line based on a monomer-dimer model. 

 

The data suggests that IdeR does have some structural rearrangement when a single 

Fe(II) is bound and the distribution is broad with only about 10-15% of the sample 

corresponding to the theoretical dimer s value.  The distribution of s values of IdeR with a 1 

equivalent of Fe(II) was shifted to the right versus apo-IdeR suggesting that the dimerization 

constant became tighter with Fe(II) present.  The sedimentation coefficient distribution with 

excess Fe(II) present, corresponding to both metal binding sites being filled with Fe(II), showed 

a narrower distribution centered around 4.10 slightly greater than the theoretical dimer calculated 

s value of 4.02 that was based off a crystal structure.  The distributions for all fully saturated 

samples were shifted to values higher than the theoretical values for a dimer.  The higher values 

could be due to a small rearrangement in solution or an expansion of the protein and associated 
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solvent shell.  A small change in the oblate shape of the crystal structure dimer versus solution 

dimer could explain the difference between the theoretical dimer sedimentation coefficient and 

the experimental data.  Figure 4.7 shows convergence to the theoretical s value for a dimer in the 

sedimentation coefficient distributions with increasing equivalents of Fe(II) bound.  IdeR begins 

to form a small percentage of dimer when a single equivalent of Fe(II) is present but IdeR does 

not form complete homo-dimers until both sites are filled with Fe(II).  The shift of the 

distributions of 1x Fe(II) and 10x Fe(II) compared to apo-IdeR suggests that the dimerization 

constant becomes tighter as more metal is bound.  The lack of two distinct sedimentation values 

in the vHW distribution plot suggests that that the koff rate is lower than 0.01 s-1.32 

The dimerization constant with a single or multiple equivalents bound to IdeR could not 

be obtained by the fitting of a dimerization curve based on concentrations as the limit of the 

detection of protein in this method is 2 M at 280 nM.  The lowest concentration data points 

were no different in s value than the high concentrations of protein.  The use of the absorbance at 

230 nM to measure at lower protein concentrations was not possible due to absorbance by N-

acetylcysteine at this wavelength.  

4.6 Zn(II)-linked Dimerization 

The formation of dimer by IdeR with different amounts of Zn(II) bound was investigated 

using sedimentation velocity experiments.  The effect of Zn(II) binding on dimerization was 

investigated by fixing the concentration of IdeR at 15 M and Zn(II) was added to a 

concentration where either a single equivalent is bound based on the metal binding affinities 

established in Chapter 3 or at an excess Zn(II) concentration equal to 150 M in which IdeR is 

fully saturated with two equivalents of Zn(II) bound.  The reducing agent N-acetylcysteine was 

added to a final concentration of 2 mM to maintain consistency throughout all metal bound 

samples.  The experimental setup was the same as the apo-IdeR assay.   

Figure 4.8 shows the sedimentation coefficient distribution with a single equivalent of 

Zn(II) showed a narrow distribution with most species near the dimer calculated s value of 4.02.  

The shift of the distributions of 1x Zn(II) compared to apo-IdeR suggests that the dimerization 

constant becomes tighter when 1 equivalent of Zn(II) is bound.  The sedimentation coefficient 

distribution with both sites filled with Zn(II) bound showed a small change from the distribution 

present when a single Zn(II) was bound with a tailing at higher boundary fraction.   
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Figure 4.7:  Fe(II) induced IdeR Dimerization.  Plot of water corrected sedimentation coefficient 
histograms from the Van Holde-Weischet analysis for different equivalents of Fe(II) bound to 
IdeR.  Rotor speed was held constant at 55,000 rpm in each experiment.  The dashed lines 
represent the theoretical s values for the monomeric IdeR species and dimeric IdeR species.  
Symbols: apo-IdeR (●); 1x Fe(II) (■); 10x Fe(II) (▲).   

 

The increase could be due to changes in the tertiary structure related to the second Zn(II) 

binding.  The second equivalent of Zn(II) binding is weak based on data from Chapter 3 this 

suggests that the second Zn(II) binding may not be favorable and require reconfiguration of the 

site for Zn(II) binding leading to some tertiary structure change.  The tailing was probably due to 

aggregation induced by the excess Zn(II) present in the sample.  When10x Zn(II) was added to 

IdeR the distribution showed a small shift to the right, but is complicated by aggregation. 
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Figure 4.8:  Zn(II)-IdeR Dimerization.  Plot of water corrected sedimentation coefficient 
histograms from the van Holde-Weischet analysis for different equivalents of Zn(II) bound to 
IdeR.  Rotor speed was held constant at 55,000 rpm in each experiment.  The dashed lines 
represent the theoretical s values for the monomeric IdeR species and dimeric IdeR species.  
Symbols: apo-IdeR (●); 1x Zn(II) (■); 10x Zn(II) (▲). 

 

The data for dimerization with Fe(II) and Zn(II) separately was compared with a sample 

where a single equivalent of Fe(II) and Zn(II) was added.  The G(s) plot resulting from the van 

Holde-Weischet analysis is shown in Figure 4.9, which compares the sedimentation distributions 

from complete saturation with Fe(II), Zn(II), or Fe(II) and Zn(II).  Nearly 80% of the species 

from each sample have a sedimentation coefficient equal to or slightly greater than the 

theoretical s value corresponding to an IdeR dimer.  The data suggests that the primary site is a 

structural site by inducing dimerization when filled.  Further, the comparison of the plots in 4.9 

shows that when Fe(II) and Zn(II) are both bound to their corresponding high affinity sites the 

values and distributions are the same as when a single Zn(II) is bound or two Fe(II) are bound.   
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Figure 4.9:  Comparison of dimerization in saturated IdeR.  Plot of water corrected sedimentation 
coefficient histograms from the van Holde-Weischet analysis for the saturation of IdeR by Fe(II), 
Zn(II), or Fe(II) and Zn(II) together.  Rotor speed was held constant at 55,000 rpm in each 
experiment.  The dashed lines represent the theoretical s values for the monomeric IdeR species 
and dimeric IdeR species.  Symbols: apo-IdeR (●); 10x Fe(II) (■); 10x Zn(II) (▲); 1x Fe(II) (♦). 

 

Comparison of the sedimentation distributions of  IdeR when a single equivalent of Fe(II) 

or Zn(II) is shown in Figure 4.10.  The data suggests that Zn(II) binding in the primary site has a 

greater effect on the dimerization of IdeR than the first equivalent of Fe(II) binding to the 

ancillary site. 

Further analysis using methods such as Genetic Algorithm methods developed by Borries 

Demeler in Ultrascan II was completed but the data obtained from these analysis methods did 

provide inadequate results that could not be fit to any association models.  Sedimentation 

equilibrium analysis to obtain association constants could not be used due to the inability to 

measure low enough concentrations because 230 nM could not be used because of significant 

absorbance at this wavelength by the reducing agent NAC needed for the Fe(II) studies. 
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Figure 4.10:  Comparison of single equivalents of Fe(II) or Zn(II) bound to IdeR.  Plot of water 
corrected sedimentation coefficient histograms from the van Holde-Weischet analysis for a 
single equivalent of Fe(II) or Zn(II) bound to IdeR.  Rotor speed was held constant at 55,000 rpm 
in each experiment.  The dashed lines represent the theoretical s values for the monomeric IdeR 
species and dimeric IdeR species.  Symbols: 1xFe(II) (●); 1x Zn(II) (■). 

4.7 Discussion 

Metal binding had been shown to induce dimerization in IdeR previously, but the identity 

of metal binding site that controlled this process was not resolved.  Semavina showed that the 

amount of Ni(II) bound to IdeR increased the dimerization equilibrium constant by 1 order of 

magnitude when IdeR was bound to a single equivalent of Ni(II) and increased more than 2 

orders or magnitude when IdeR was fully saturated by Ni(II)23.  The dimerization constant of 

apo-IdeR was calculated to be 5.8 M, similar to the value of 4 M obtained by Semavina23.  

The addition of a single equivalent of Zn(II) resulted in more dimer than a single 

equivalent of Fe(II).  A single equivalent of Zn(II) bound did not exhibit DNA binding30.  The 

saturation of IdeR with Fe(II) shifted IdeR to the dimeric form, but the sedimentation coefficient 

distribution was slightly higher than a single equivalent of Zn(II) bound and slightly higher than 
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the theoretical sedimentation coefficient of dimeric IdeR suggesting a change in shape or 

configuration when both sites were bound with metal.  Saturation of IdeR with Zn(II) or a single 

equivalent of Fe(II) and Zn(II) resulted in a similar shift in the sedimentation coefficient 

distribution as was seen in the saturated Fe(II) sample.  IdeR is capable of binding DNA when 

both metal binding sites are filled30.  The shift above the theoretical sedimentation values could 

be attributed to a small expansion in the overall shape of IdeR due to not being bound to DNA.  

The theoretical sedimentation values are based on structures of IdeR bound to DNA.   

The data presented here along with the data from metal binding assays in Chapter 3 

suggests that Site 2 controls the dimerization and Zn(II) binding pre-forms the dimer.  The 

capability for Zn(II) to induce the dimeric state of IdeR supports the hypothesis that Zn(II) 

binding enhances DNA binding when Fe(II) is present by preforming the dimeric state needed 

for IdeR to bind DNA.  This makes IdeR a better sensor of Fe(II) by increasing the sensitivity of 

IdeR to small fluctuations in Fe(II) content in the cell.   
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CHAPTER FIVE 

FREE ENERGY CALCULATIONS OF METAL BINDING IN 

IdeR 

 

5.1 Introduction 

The molecular mechanisms of dimerization in IdeR are not completely understood.  No 

previous studies have investigated the molecular details of dimerization in IdeR.  The 

dimerization studies reported in Chapter 4 showed that a single equivalent of Zn(II) bound at the 

structural site induced dimerization of IdeR to a greater degree than a single equivalent of Fe(II) 

bound at the regulatory site.  It was also shown that a single equivalent of metal bound in the 

structural site was not sufficient to activate IdeR for DNA binding.  

The dimerization region of IdeR has been defined from crystal structures.  However , the 

crystal structures of both IdeR and DtxR show little differences between the apo form and metal 

saturated forms and tell us little about how the dimer forms.  For example the RMSD value from 

comparison of N-terminal domains from the Zn(II) bound IdeR structure and apo-DtxR structure 

was 0.7Å13.  The ability to measure subtle structure changes is difficult in “wet” lab experiments.  

The use of dynamic simulation methods are useful in knowing the exact stoichiometric amount 

of metal bound and identifying these changes to secondary and tertiary structure that may play a 

role in the activity of a protein and measuring the free energy change of states to calculate the 

amount of stabilization due to metal binding in the structural site. 

The aims of this study are to define regions of the protein that change when metal is 

bound in the structural site and calculate the free energy difference between the dimerization of 

apo-IdeR and a single Zn(II) atom bound in the structural site.  We use CHARMM to simulate 

the changes to IdeR that occur when Zn(II) is bound in the structural site in both a monomer or 

dimer state and calculate the free energy difference between metal bound and metal unbound 

states.   
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5.2 Free Energy Calculations (CHARMM/FLOSS) Setup 

X-ray crystal structure (1U8R) present in the Protein Data Bank was used to create the 

starting complexes used in CHARMM simulations.  The monomeric complex was created using 

the 1U8R structure by removing all structures including DNA leaving only a single monomer.  

The dimeric complex was created using the 1U8R structure by removing all structures including 

DNA leaving only a single dimer complex.  The 1U8R structure contained Co(II) bound in all 

IdeR metal binding sites.  Co(II) was removed from the structure and Zn(II) was placed in the 

structural site of the monomer and in one structural site of the dimer complex.  The 1U8R 

structure was missing backbone atoms in the flexible linker region of IdeR.  The residues were 

rebuilt using CHARMM and histidine residues were manually protonated.  All other hydrogens 

were recreated using the CHARMM program.  Model systems were then created using a 

monomer or dimer set of chains from the crystal structure.  The models were run through initial 

CHARMM setup procedures that included placing the protein into an octahedral water box.  The 

protein chains were solvated with explicit water model TIP3.  The concentration of NaCl was 

modeled at 0.15 M as a counter-ion.  Particle-mesh Ewald was used to handle long-range 

interactions35.  The cutoff distance for computing short-range interactions was used at a distance 

of 12 Å.  The smoothing function for reducing the pair-wise interactions were applied beginning 

at a distance of 10 Å.  The hydrogens of all the water molecules were held constant using the 

SHAKE option in CHARMM.  The restraint bond distances, bond angles, and dihedral angles 

were computed using Visual Molecular Dynamics (VMD) software using residue H106 in the 

primary site.  Chain A was used in all simulations for conversion of metal atom to dummy atom.  

All calculations were done on compute nodes in the High Performance Computing center at 

Florida State University, Tallahassee, Florida.  The simulations used alchemical methods by 

setting up an order parameter, .36  The order parameter, , corresponds to 0 for metal atom and 1 

for dummy atom as shown in Figure 5.1.  The simulation time step was set as 1 fs. 

In the OSRW simulations, the biasing potential was updated every 10 time steps; the 

force distribution was updated every 1000 time steps; TES was set as 600 K and the system 

reservoir temperature was 300 K37.  The simulations were run until enough sampling of the states 

occurred through several rounds of movements between  of 0 and 1 and the free energy plots 

converged. 
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Figure 5.1:   order parameter.  The order parameter, , was used in the simulations to vary the 
amount of Zn(II) character was exhibited in the binding site.  A value of 1 was equivalent to the 
site having 0% Zn(II) character and a value of 0 was equivalent to having 100% Zn(II) character. 

 

5.3 IdeR Dimer Zn(II) Binding at the Structural Site 

Calculating the free energy of IdeR oligomerization by molecular dynamic simulations 

has not been done before.  Several studies have looked at the dimerization affinity, either by 

intrinsic tryptophan fluorescence20 or by sedimentation equilibrium23 as well as the studies using 

sedimentation velocity reported in Chapter 4.   

The free energy calculations converged for the dimer simulations over 10 ns.  The 

diagnostic plots of the simulation are shown in Figure 5.2.  The free energy for the dimer 

converged to 411.48 kcal/mole.  The simulation displayed convergence based on three diagnostic 

plots.  In the order parameter plot several oscillations were noted, the free energy plot showed an 
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oscillation of 0.1 kcal/mole, centered around 411.5 kcal/mole, and the potential energy plot 

displayed an oscillation between similar dU/d  values.  

 

 

Figure 5.2:  Diagnostic plots for IdeR dimer.  The plots are based on 10 ns of simulation time.  
Top panel: Plot of the order parameter, , as a function of simulation time.  Middle panel: Plot of 
free energy as a function of simulation time.  The inset is an expanded portion of the converged 
free energy.  Bottom panel: Plot of the potential gradient as a function of the simulation time. 
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Simulation trajectories provide several snapshots of the structure over the time course of 

the simulation and provide representative structures of Zn(II) bound and Zn(II) unbound IdeR.  

Figure 5.3 shows the representative structures in which IdeR has Zn(II) bound and structures 

where IdeR does not have Zn(II) bound.   

 

 

Figure 5.3:  IdeR dimer overlay and analysis.  Dynamic simulation snapshots of IdeR with Zn(II) 
bound and unbound.  The Zn(II) bound state is colored in red and the Zn(II) unbound state is 
colored in yellow. Entire dimer structures overlaid with Zn shown in the primary site of one 
monomer.   
 

Analysis of the structures showed changes in the N-terminal loop residues, DNA-binding 

residues, the primary metal binding site, and the dimerization interface.  The overall RMSD 

difference between the C backbone carbons for the Zn(II) bound and the Zn(II) unbound states 

was calculated to be 3.75 Å. 

Trajectory analysis of the different helixes involved in the metal binding and dimerization 

process was used to determine if the helixes displayed any changes between the Zn(II) bound 

and Zn(II) unbound states.  Figure 5.4 shows the helixes that were used in the analysis including 

the N-terminal helix involved in the metal binding site (residues D6:G22), DNA binding helixes 

(residues L26:D35 and S37:D51), and the dimerization region (residues P93:N121).  The 

trajectory structures were aligned with the core helix (residues T65:V89) which showed little 

change throughout the simulation.  The entire protein (residues M1:V230) was used to align the 
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dimerization region (residues P93:N121) due to the proximity of the core helix (residues 

T65:V89).   

 

 

Figure 5.4:  IdeR trajectory analysis residues.  Diagram of IdeR monomer locating the residues 
used during trajectory analysis of dynamic simulation data.   
 

Figure 5.5 shows the RMSD distributions of the metal bound and unbound states of IdeR. 

The RMSD distributions for the dimer show changes in residues D6:G22 involved in the 

structural metal binding site.  The differences between bound and unbound states indicate 

flexibility in this helix when metal is bound or not bound.  The RMSD distributions from the first 

helix of the HTH motif residues L26:D35 indicate flexibility in the unbound state and the bound 

state is similar to the metal bound reference structure.  

IdeR interacts with DNA as a dimer with each monomer contributing a single DNA 

recognition helix.  The RMSD distributions of the DNA binding helix (Residues S37:D51) 

display changes when metal is bound to IdeR.  The major grooves of canonical B-form DNA are 

separated by 34 Å.  Previous studies of DtxR crystal structures reported a small 1 Å difference 

between the DNA recognition helixes when comparing apo- vs. holo-forms, 32 Å vs. 31 Å, 

respectively39.  A small bend in the DNA was proposed for the explanation of the narrower 

DNA-recognition helixes compared to the distance between the major grooves.  The small 

distance change between active and non-active forms of DtxR provided limited insight into why 



53 
 

the repressor needed to bind metal to be active for DNA binding.  The distance between the 

DNA-recognition helixes was measured here to compare.  The distances of the bound state, 28.2 

Å, and unbound state, 43.6 Å are very different than the DtxR measurements, probably due to 

apo and holo structures both being a fixed crystal structure without the relaxation of the structure 

seen in the molecular dynamics snapshot.  The 28.2 Å is smaller than the grooves of canonical 

B-form DNA, suggesting that when a metal is bound in the structural site the helixes are 

positioned closer, but not in the optimal distance or possible orientation for DNA binding.  This 

is supported from data that shows that a single equivalent of Zn(II) is not sufficient to activate 

IdeR for DNA binding30.    

 

Figure 5.5:  C RMSD differences of different regions in IdeR dimer.  The plots display the 
RMSD distributions of the N-terminal helix involved in metal binding (D6:G22), the first helix 
in the helix-turn-helix motif (L26:D35), the DNA binding helix (S37:D51), and the dimerization 
interface region (P93:N121).  Symbols: (-) bound state; (-) unbound state. 
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The RMSD distributions for dimerization interface residues P93:N121 show two separate 

distributions for the metal bound and unbound state.  The bound state displays a rearrangement 

of the W104 residue located at the dimer interface.  The rearrangement is consistent with the 

monomer simulation trajectory.  The change in conformation of W104 is shown in the dimer 

interface between two monomers in Figure 5.6. 

 

Figure 5.6:  W104 interface.  Snapshots of the tryptophan located at the dimer interface of IdeR 
with Zn(II) bound and unbound.  The Zn(II) bound state is colored in red and the Zn(II) unbound 
state is colored in yellow.  The W104 dimer interface residues are shown with a stacked interface 
in the Zn(II) bound state colored in red and separated end-to-end in the Zn(II) unbound state 
colored in tan.  
 

5.4 IdeR Monomer Zn(II) Binding at the Structural Site 

The monomer system does not contain another monomer that can provide some 

stabilization due to inter-monomer interactions therefore the amount of sampling during the 

simulation is increased from that needed in the dimer system to converge.  The simulation is 

beginning to converge after 25 ns.  The diagnostic plots of the simulation are shown in Figure 

5.7.   
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Figure 5.7:  Diagnostic plots for IdeR monomer.  The plots are based on 25 ns of simulation 
time.  Top panel: Plot of the order parameter, , as a function of simulation time.  Middle panel: 
Plot of free energy as a function of simulation time.  The inset is an expanded portion of the 
converging free energy.  Bottom panel: Plot of the potential gradient as a function of the 
simulation time. 
 

The free energy for the monomer is converging to a value of 409.5 kcal/mole.  The 

simulation does not display convergence yet based on the three diagnostic plots.  More order 

parameter plot oscillations between bound and unbound states are expected.  The free energy 

plots is beginning to show deviations smaller than 0.01 kcal/mole from the current 409.5 

kcal/mole and the potential energy plots are expected to oscillate between similar dU/d  values.  
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The trajectory analysis showed some changes when IdeR monomer contained Zn(II) in 

the structural site.  The overall RMSD change was calculated to be 2.95 Å between the Zn(II) 

bound and the Zn(II) unbound states.  An overlay comparison of the two structures is shown in 

Figure 5.8a.  The axes of the -helixes of the monomer were examined for changes between the 

Zn (II) bound and Zn(II) unbound state.  Figure 5.8b shows changes in the length and orientation 

of the -helixes at dimer interface and small shift in the DNA binding helix.  

 

Figure 5.8:  IdeR monomer overlay.  Dynamic simulation snapshots of IdeR with Zn(II) bound 
and unbound.  The Zn(II) bound state is colored in red and the Zn(II) unbound state is colored in 
tan.  (a) Entire monomer structures overlaid with Zn shown in the primary site.  (b) The helixes 
from the monomer structure are shown as cylinders.  The cylinders are of different length or 
orientation with Zn(II) bound or unbound.  

 

The same residues shown in Figure 5.4 were used in the trajectory analysis of the 

monomer as used in the dimer analysis including: N-terminal helix involved in the metal binding 

site (Residues D6:G22), DNA binding helixes (Residues L26:D35 and S37:D51), and 

dimerization region (Residues P93:N121).  The trajectories were aligned with the core helix that 

showed little change throughout the simulation (Residues T65:V89).  The entire protein 

(Residues M1:V230) was used to align the dimerization region residues P93:N121 due to the 

proximity of the core helix residues T65:V89.  Figure 5.9 shows the RMSD distribution 

contributions of the metal bound and unbound states of IdeR.  
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Figure 5.9:  C RMSD differences of different regions in IdeR monomer.  The plots display the 
RMSD distributions of the N-terminal helix involved in metal binding (D6:G22), the first helix 
in the helix-turn-helix motif (L26:D35), the DNA binding helix (S37:D51), and the dimerization 
interface region (P93:N121).  Symbols: (-) bound state; (-) unbound state. 
 

The trajectory analysis of the data showed that the N-terminal helix (Residues D6:G22) 

involved in metal binding displayed a larger distribution of RMSD differences suggesting that 

the movement of this helix is involved with metal binding at the structural site. The residues 

involved in the HTH motif (L26:D35) and (S37:D51) display broadening in the unbound state 

suggesting flexibility in these helixes in the unbound state.  The dimerization interface residues 

(P93:N121) display a small shift in the RMSD distribution when metal is not bound to IdeR.  

Further analysis reveals that the residues involved in the dimer interface displayed a shift 

of 4.5 Å and 2.8 Å in residues V112 and L116, respectively.  Figure 5.10 illustrates the location 
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of these residues in the dimer interface.  Interestingly, the bound state displays a small shift and 

rotation of 78.2° of the W104 residue located at the dimer interface shown in Figure 5.9c.  The 

rearrangement suggests that an optimized conformation for the W104 from another monomer 

could be needed to configure the interface for dimerization.  The conformational change could 

provide stability by positioning the tryptophan rings for π-stacking interactions with a second 

tryptophan located across the dimer interface as was seen in the dimer analysis.  This would also 

explain the shift in the emission wavelength due to dimerization seen in previous studies27.  

 

 

 

Figure 5.10:  IdeR monomer dimerization interface.  Dynamic simulation snapshots of IdeR with 
Zn(II) bound and unbound.  The Zn(II) bound state is colored in red and the Zn(II) unbound state 
is colored in tan.  The residues with a shift greater than 2.7 Å are shown along with the rotation 
of the W104.  (a) Leucine 116 (b) Valine 112 (c) Tryptophan 104. 
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5.5 Discussion 

The molecular dynamic simulations provide molecular level insights that would 

otherwise be impossible to probe experimentally.  Studies of DtxR and IdeR have shown subtle 

changes to the structure of apo-IdeR compared to holo-IdeR.  The small changes seen could be 

due to the comparison of crystal structures that are biased by the crystallography conditions 

which are much different from conditions present in a cell.  The dynamic states found in solution 

were simulated in this work and residues involved in the dimerization interface and DNA 

binding region showed changes when Zn(II) was present.  The changes were larger in the 

dimeric state when two monomers were present to interact.  The changes to the DNA binding 

helixes when Zn(II) was present in one site did bring the helixes closer together, but the distance 

was smaller than the distance between the major groove of B-form DNA.  A single equivalent of 

Zn(II) bound has been shown to not be active for DNA binding30 therefore the binding of Fe(II) 

in the regulatory site probably further orientates the DNA binding helixes for optimal DNA 

binding.   

Using the data from the AUC studies we were unable to determine the increase in the 

dimerization when Zn(II) was bound.  Using the free energy from the simulations we were able 

to calculate the increase using the thermodynamic cycle shown in Figure 5.11.  Since free energy 

is a state function, the free energy of all paths in the thermodynamic cycle must add to 0:   

 

   ΔGA+ ΔGB + ΔGC + ΔGD = 0  (5.1) 

 

Rearranging equation 5.1 yields the free energy of Zn(II) binding by IdeR in the 

dimerization process.  The binding of a single Zn(II) provides a 2.1 kcal/mole stabilization over 

apo-IdeR which leads to a 28.5 fold increase in the dimerization constant vs. apo dimerization.   

 



60 
 

 

 

Figure 5.11:  Zn(II) binding and dimerization thermodynamic cycle.  The energy difference 
when a single Zn(II) is bound by IdeR can be calculated using a thermodynamic cycle by 
measuring the changes in energy involved when a single Zn(II) is bound in monomeric and 
dimeric states.   

 

Simulations are currently running to look at the effect of a single equivalent of Zn(II) 

bound in the primary site of both monomers of IdeR in a dimer system.  The most recent 

diagnostic plots are shown in Figure 5.12. 

The data from the trajectory analysis suggested that the dimerization interface (Residues 

P93:N121) undergo a change when Zn(II) is bound to the structural site suggesting that metal 

binding at this site has an effect on the dimerization of IdeR including changing the orientation 

of the W104 residue to provide a larger surface area for π-stacking to occur between the 

tryptophan residues.  The analysis also showed changes at the DNA-binding interface that were 

synchronized with the opening of the metal binding site when Zn(II) was not bound.     
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Figure 5.12:  Diagnostic plots for IdeR dimer with Zn(II) in both structural sites.  The plots are 
based on 7.5 ns of simulation time.  Top panel: Plot of the order parameter, , as a function of 
simulation time.  Middle panel: Plot of free energy as a function of simulation time.  The inset is 
an expanded portion of the converging free energy.  Bottom panel: Plot of the potential gradient 
as a function of the simulation time. 
 

The effects of Zn(II) binding could provide two features to IdeR to bind DNA.  First, it 

pre-organizes some of the dimer interface residues, helping IdeR to form dimers.  Secondly, 

there is a noticeable change in the compact fold of IdeR when metal is bound linking several 

helixes together and possibly helping to organize the metal binding sites for sensing of Fe(II) by 

the regulatory site and activating DNA-binding.  
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CHAPTER SIX 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Activation Model of IdeR 

The work done here provides new insights into how the function of IdeR is regulated by 

metal levels in the cell, especially with regards to Fe(II), the biological co-repressor, and Zn(II).  

Previous in vivo and in vitro studies have broadly defined the function of DtxR and IdeR in the 

cell and characterized the role of the structural domains in DtxR in metal induced folding and 

metal binding.  IdeR has not been characterized to the level that DtxR has been. 

The model of activation of the DtxR family of repressors includes two states.  The 

inactive form the protein is not bound by metal and is in a loosely folded molten globule state.  

The apo state does not bind DNA and exists in an equilibrium of monomer-dimer species with 

the C-terminal bound to the polyproline linker.  When the co-repressor metal concentration is 

high enough, IdeR binds the metal co-repressor and undergoes conformational rearrangements so 

the N-terminal forms a more ordered structure and the C-terminal region releases the polyproline 

linker and donates two ligands to the ancillary metal binding site.  The saturated metal bound 

form of IdeR binds DNA and the monomer-dimer equilibrium is shifted towards the dimeric 

state. 

Although IdeR has not been studied as extensively as DtxR, the high degree of sequence 

identity, structural similarity, and overlapping DNA binding preferences has led to the proposal 

that the model for activation of DtxR is essentially the same in IdeR.  The data regarding the 

molecular details of Fe(II) binding was not established to a great extent.  The aims of this work 

was to characterize the binding of Fe(II) in hopes of understanding the mechanism by which 

IdeR selects Fe(II) as a co-repressor instead of other metals available in the biological cell and 

the ascertain the functional roles of each of the two metal binding sites found in IdeR. 

Metal binding studies of IdeR showed that Fe(II) and Zn(II) model of binding was 

different than Ni(II) or Mn(II).  Fe(II) and Zn(II) did not exhibit cooperativity.  Fe(II) and Zn(II) 

binding was best fit to a stepwise binding model in which each step was assumed to represent 

either the primary or ancillary metal binding site.  The site binding affinities for each stepwise 
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binding of Fe(II) and Zn(II) were different.  The mutagenesis studies showed that Fe(II) binding 

was most affected by mutation of the ancillary site leading us assign the ancillary site as the high 

affinity site, while the mutation studies were not as clear on Zn(II) binding.  Our mixed metal 

binding assays in which two metals were added did show that Fe(II) did displace Zn(II) from one 

site leading us to assign the high affinity Zn(II) site to the primary site.  Interestingly, Fe(II)- 

induced DNA binding displayed a lower affinity than other DNA-binding proteins, but when 

Zn(II) was present the net affinity was 30 nM, consistent with other DNA-binding proteins. 

Spiering21 noted that the primary site mutant (M10A) bound more metal than the 

ancillary site mutant (H79A).  Love41 also showed through in vivo assays that the (H79A) mutant 

was more susceptible to dipyridyl-induced repressor inactivation.  Together these data suggest 

that the ancillary site is the high-affinity site in DtxR. The conclusions from the DtxR work are 

consistent with what we reported for IdeR in Chapter 3.   

Chou et al.20 proposed a model for IdeR activation that includes a multiple step 

mechanism.  Apo-IdeR exists in a monomer-dimer equilibrium and the binding of metal to the 

ancillary site induced a shift in the monomer-dimer equilibrium to the dimer state by stabilizing 

the dimer.  The ancillary metal binding also increases the binding affinity of primary site to bind 

a second equivalent of metal to completely saturate the metal binding sites and activate repressor 

DNA-binding. 

Our data leads us to propose a new model of the activation of IdeR shown in Figure 6.1.  

The new data presented in this work supports a multi-step activation process, but is much 

different than the model proposed by Chou.  The metal binding data suggests that not one species 

of metal is bound to both metal binding sites, but two different species, Fe(II) and Zn(II), work in 

a synergistic way to complement the Fe(II) sensing capabilities of IdeR in the cell.  The 

sensitivity of IdeR to small changes in Fe(II) concentration is enhanced with Zn(II) present, 

without Zn(II) present IdeR can still be activated by two equivalents of Fe(II) bound, but requires 

a Fe(II) concentration about 10-fold greater to fill both the ancillary and primary sites to activate 

repressor activity.  The dimerization studies showed qualitatively that Zn(II) binding in IdeR 

formed more dimer than Fe(II).  The ability of Zn(II) to bind to the primary site at very low 

concentrations pre-forms the dimeric state of IdeR needed to bind to DNA.  The dynamic 

simulations trajectories displayed a change in the tryptophan orientation and secondary structure 

changes at the dimer interface of IdeR.  The simulations also exhibited a change in the overall 
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tertiary structure of the N-terminal leading to more organized metal binding site residues and an 

overall change in the distance of the DNA-binding helices. 

 

 

 

Figure 6.1:  Schematic model of the activation of IdeR.  Apo-IdeR exists in a monomer-dimer 
equilibrium.  At low concentrations of Zn(II), IdeR binds Zn(II) in the primary site and 
dimerizes, but is not active in DNA-binding.  When Zn(II) is present IdeR is nearly completely 
dimer and when a low concentration of Fe(II) is added Fe(II) binds in the ancillary site and the 
conformation of IdeR is changed to be active for DNA-binding.  Symbols: No Metal ( ); Fe(II) 
(●); Zn(II) (●). 

6.2 Future Directions 

There are several unanswered questions regarding the functional activation of IdeR.  The 

SH3 like domain has been investigated for its role in intra-molecular interactions with the 

polyproline linker region of DtxR but has not been investigated to any extent for its involvement 

in intermolecular interactions with other proteins.  SH3 domains are more common in eukaryotes 

than prokaryotes, but the SH3 domains are usually involved in protein-protein interactions.  This 

raises the question of what might interact with IdeR.  Is there an interaction between IdeR and 

another protein to directly transfer metal between sidereophores located at the cell surface and 
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the IdeR repressor?  Could the SH3 domain interactions control whether IdeR is an activator or a 

repressor due to possible interactions with other transcription factors? 

Another interesting question to address is what residues are the most important for 

dimerization.  While there are studies that have looked at mutations effect on the repressor 

activity it has not been investigated whether the mutations effects are due to an effect on the 

secondary or tertiary structure, dimerization, or change in metal binding.  Several residues are 

mentioned to be involved in the dimerization interface from the crystal structure studies of DtxR, 

but a mutational analysis has not been performed.  The dynamic simulations trajectories of 

residues H106, E105, and W104 show noticeable changes when Zn(II) was bound.  Leading to 

the question of what affect they have on dimerization and ultimately the activity of IdeR.  

Finally, addressing the effect of the presence of Fe(II) on the metal dependent folding 

could provide some clues to how Fe(II) activates the DNA binding of IdeR.  Dynamic 

simulations were setup with Fe(II) in the ancillary site in the same manner as the Zn(II) 

simulations presented in this work, but due to limited computational resources they are still 

running and are only partially completed. 
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