
 

Instructions for use

Title Mechanistic insights into heme-mediated transcriptional regulation via a bacterial manganese-binding iron regulator,
iron response regulator (Irr)

Author(s) Nam, Dayeon; Matsumoto, Yuki; Uchida, Takeshi; O'Brian, Mark R.; Ishimori, Koichiro

Citation Journal of Biological Chemistry (JBC), 295(32), 11316-11325
https://doi.org/10.1074/jbc.RA119.011855

Issue Date 2020-08-07

Doc URL http://hdl.handle.net/2115/82428

Rights

This research was originally published in the Journal of Biological Chemistry. Dayeon Nam, Yuki Matsumoto, Takeshi
Uchida, Mark R. O'Brian and Koichiro Ishimori. Mechanistic insights into heme-mediated transcriptional regulation via
a bacterial manganese-binding iron regulator, iron response regulator (Irr) . J. Biol. Chem. 2020; Vol295:pp11316-
11325 © the American Society for Biochemistry and Molecular Biology or © Dayeon Nam, Yuki Matsumoto, Takeshi
Uchida, Mark R. O'Brian and Koichiro Ishimori.

Type article

File Information J. Biol. Chem. 295-32_11316-11325.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


Mechanistic insights into heme-mediated transcriptional
regulation via a bacterial manganese-binding iron
regulator, iron response regulator (Irr)
Received for publication, November 13, 2019, and in revised form, June 15, 2020 Published, Papers in Press, June 17, 2020, DOI 10.1074/jbc.RA119.011855

Dayeon Nam1, Yuki Matsumoto1, Takeshi Uchida1,2 , Mark R. O’Brian3 , and Koichiro Ishimori1,2,*
From the 1Graduate School of Chemical Sciences and Engineering, Hokkaido University, Sapporo, Japan, 2Department of
Chemistry, Faculty of Science, Hokkaido University, Sapporo, Japan, and 3Department of Biochemistry, Jacobs School of
Medicine and Biomedical Sciences, University at Buffalo, Buffalo, New York, USA

Edited by Ruma Banerjee

The transcription factor iron response regulator (Irr) is a key
regulator of iron homeostasis in the nitrogen-fixating bacterium
Bradyrhizobium japonicum. Irr acts by binding to target genes,
including the iron control element (ICE), and is degraded in
response to heme binding. Here, we examined this binding ac-
tivity using fluorescence anisotropy with a 6-carboxyfluores-
cein-labeled ICE-like oligomer (FAM-ICE). In the presence of
Mn21, Irr addition increased the fluorescence anisotropy, corre-
sponding to formation of the Irr–ICE complex. The addition of
EDTA to the Irr–ICE complex reduced fluorescence anisotropy,
but fluorescence was recovered after Mn21 addition, indicating
that Mn21 binding is a prerequisite for complex formation.
Binding activity toward ICE was lost upon introduction of sub-
stitutions in a His-cluster region of Irr, revealing that Mn21

binds to this region. We observed that the His-cluster region is
also the heme binding site; results from fluorescence anisotropy
and electrophoretic mobility shift analyses disclosed that the
addition of a half-equivalent of heme dissociates Irr from ICE,
likely because of Mn21 release due to heme binding. We
hypothesized that heme binding to another heme binding site,
Cys-29, would also inhibit the formation of the Irr–ICE complex
because it is proximal to the ICE binding site, which was sup-
ported by the loss of ICE binding activity in a Cys-29–mutated
Irr. These results indicate that Irr requires Mn21 binding to
form the Irr–ICE complex and that the addition of heme disso-
ciates Irr from ICE by replacing Mn21 with heme or by heme
binding to Cys-29.

Iron is a necessary micronutrient for all organisms, as it plays
a key role in cellular functions, acting as a chemical catalyst in
addition to influencing electron transport, oxygen transport,
and mitochondrial energy generation (1). However, excessive
intracellular iron is cytotoxic; this is because of its ability to
convert molecular oxygen into reactive oxygen species (ROS)
that can cause damage to cellular components. Because of this,
iron homeostasis is strictly regulated, and iron acquisition, stor-
age, and consumption are balanced to maintain a constant cel-
lular iron level (2). Defects in this regulation lead to severe dis-
eases, such as anemia, pica, liver cirrhosis, and neurological
deficits. Despite its biological importance, the molecular con-
trol mechanisms of iron homeostasis are still undiscovered, and

functional characterization of the essential regulatory proteins
is also still quite limited.
To investigate the molecular mechanisms of cellular iron ho-

meostasis, Bradyrhizobium japonicum, a nitrogen-fixing bacte-
rium that exists as an endosymbiont in root nodule of plants, is
used as the typical model system. In this species of bacteria, var-
ious types of iron-containing proteins or heme, which is an
iron-protoporphyrin IX complex, are used to support nitrogen
fixation. The nitrogenase complex, which comprises more than
10% of cellular proteins in nitrogen-fixing bacteria, such as
some cyanobacteria and azotobacteraceae, includes 30–34 iron
ions per molecule (3). B. japonicum is known to possess a global
regulator protein, known as the iron response regulator (Irr),
which regulates iron homeostasis and associated metabolic
processes (4–6).When cells are grown under iron-limiting con-
ditions, Irr functions as a transcriptional repressor of the hemB
gene, which encodes one of the heme biosynthetic enzymes,
d-aminoleuvulinic acid dehydratase; this prevents accumula-
tion of a cytotoxic heme precursor, protoporphyrin IX. Under
iron-replete conditions, Irr is thought to degrade, allowing
hemB transcription to resume and promoting heme biosynthe-
sis (7–9).
Using a yeast one-hybrid system, the in vivo interaction of Irr

with the iron control element (ICE), which is an incomplete
inversed repeat cis-performing AT-rich DNA region, has been
reported (10). This motif is located upstream of Irr- and other
iron-regulated genes (4, 11), and two B. japonicum genes that
contain ICE-like motifs within their promoter regions were
previously shown to be negatively regulated by Irr (4, 11, 12).
By occupying the promoter-binding site in iron-limited cells,
Irr represses gene transcription (12). The mRNA transcripts of
Irr-regulated genes as well as the promoter occupancy by Irr
were only seen under iron-depleted conditions, indicating that
the interactions between Irr and the ICE-like motif depend on
the iron status of the cells.
Interestingly, interactions between Irr and the ICE-like motif

are also dependent on manganese (Mn21) (12). In media sup-
plemented with Mn21, genes including ICE-like motifs were
strongly regulated by iron, whereas this iron-dependent regula-
tion was lost under low-manganese conditions. Thus, Mn21

contributes to the expression of genes including ICE-like
motifs, suggesting that the binding of Irr to the ICE-like motifs*For correspondence: Koichiro Ishimori, koichiro@sci.hokudai.ac.jp.
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requires Mn21 binding to Irr. Despite this evidence, Mn21

binding to purified Irr protein has not yet been confirmed.
To detect the iron status of the intracellular environment, Irr

has been found to utilize heme as a regulatory molecule (8). Irr
degrades in iron-replete cells, restarting transcription of the
genes it was repressing; this degradation is thought to be
induced by the direct binding of heme. Irr has two heme bind-
ing sites, the first of which is Cys29 in the heme-regulatory
motif (HRM), which contains a short consensus sequence com-
posed of Cys and Pro and is found in many heme-regulated pro-
teins, such as heme-regulated inhibitor kinases (13), heme activa-
tor proteins (14), and circadian factors (15). The other heme
binding site is in the His-cluster region far from the HRM region.
Heme binding to these sites in Irr induces the oxidativemodifica-
tion of the proteinmoiety, leading to Irr degradation (9).
It should be noted here that heme binding to Irr and the suc-

cessive oxidative modification are inhibited in the presence of
Mn21, and that the addition of Mn21 to heme-bound Irr
releases the heme from the protein (16). In a heme-deficient
mutant strain, DhemAH, the addition of Mn21 suppressed the
degradation of Irr under the moderated heme concentrations
(200 nM); however, cells grown under conditions with large
excesses of heme (5 mM) did not accumulate Irr in the presence
of Mn21, suggesting that the effectiveness of Mn21 on prevent-
ing Irr degradation depends on the heme concentration (16).
Therefore, Mn21 is likely a competitive inhibitor of heme bind-
ing to the Irr protein; however, the binding site of Mn21 in Irr
has not yet been determined.
In this paper, we confirmed that the binding of Mn21 is

essential for Irr to bind to the ICE-like motif, using purified
proteins and a fluorophore-labeled ICE-like oligomer DNA.
The Mn21 binding site was found to be in the His-cluster
region of Irr, which overlaps one of the heme binding sites in
Irr. Heme binding to Irr likely induces the release of Mn21

from the binding site in the His-cluster region, dissociating Irr
from the ICE-like motif. In addition, the conformational
changes associated with heme binding to another heme binding
site, Cys29 in the HRM region located near the ICE binding
site, also inhibit binding to ICE. Although heme bound to Irr
would trigger oxidative modification of the protein, which has
been thought to be essential for the dissociation of Irr from the
ICE-like motif, the heme-induced oxidative modification
would be initiated after the dissociation of Irr from the target
gene to protect the target gene from the ROS produced by
heme-bound Irr. Because of this, the oxidative modification
and protein degradation would inhibit the rebinding of Irr to
the target gene and/or the formation of cytotoxic free heme.

Results and discussion

Effects of Mn21 on Irr-ICE binding

Previous studies have reported that the promoter occupancy
for genes including ICE-like motifs was suppressed under
Mn21-limited conditions, suggesting that Mn21 binding is
essential for the binding of ICE to Irr (16). To confirm this, a 6-
carboxyfluorescein-modified DNA oligomer (FAM-ICE) was
prepared as a model for the ICE-like motif, and the formation
of the complex between Irr and FAM-ICE was monitored using

fluorescence anisotropy. In the presence of Mn21, fluorescence
anisotropy of FAM-ICE was increased by the addition of Irr,
corresponding to complex formation (Fig. 1, green). In the ab-
sence of Mn21, this increase was much smaller than that in the
presence ofMn21 (Fig. 1, orange), indicating that binding of the
ICE-like motif to Mn21-free Irr was nonspecific and Mn21 is
essential for Irr to bind to the ICE-likemotif.
The Mn21-mediated binding of Irr to ICE was also con-

firmed by the addition of a metal chelator, EDTA, to the Irr-
ICE complex. When EDTA was added to the Irr-ICE complex,
fluorescence anisotropy of FAM-ICE was decreased (Fig. 2A),
indicating that removal of Mn21 led to dissociation of Irr from
FAM-ICE. The inductively coupled plasma-optical emission
spectrometer (ICP-OES) measurements confirmed the com-
plete dissociation of Mn21 from Irr after the EDTA treatment
(Table 1). Supporting this, in the presence of FAM-ICE, the
addition of Mn21 to Mn21-free Irr enhanced the fluorescence
anisotropy, indicating that Mn21 restored the binding ability of
Irr (Fig. 2B). This type of essential role for metal binding in the
binding activity to target DNA for transcriptional regulators is
one of the characteristics of metal-responsive transcriptional
regulators, including Fur. The apo (metal-free) state ofMagne-
tospirillum gryphiswaldense MSR-1 Fur (MgFur) is unable to
bind to the target DNA site; however, metal binding results in
the restoration of this activity (17, 18). The binding of two
metal ions to apo MgFur stabilizes the hinge conformation
associated with conversion of the DNA binding domain into its
DNA binding state.
To determine the Mn21-binding affinity of Irr, competition

experiments with a fluorimetric dye, Mag-fura-2 (19), were car-
ried out. However, the competition experiments required
excess amounts of Mn21-free Irr to that of the dye, and rather
higher concentrations of Mn21-free Irr (.10 mM) resulted in
less accurate estimation of Kd(Mn21), varying from the nM to mM
range because of the structural instability of Irr under the high-
concentration range. The Mn21 binding affinity of Irr seemed
rather high compared with those of other Fur family proteins,
such as Escherichia coli Fur (EcFur) [Kd(Mn21), 24 mM] (20) and
manganese transport regulator (MntR) [Kd(Mn21), 50 and 160
mM] (19), which would be close to the heme binding affinity of
Irr [Kd(heme), 1 and 80 nM for two heme binding sites] (21). The
comparable Mn21 affinity to the heme binding affinity of Irr
was supported by the competitive binding between heme and
Mn21. As previously reported (16), the addition of 20mMMn21

to 4mM heme-bound Irr completely displaced heme from Irr.
The metal binding in Fur superfamily proteins also affects

oligomerization status to regulate the binding affinity to target
DNA (22). We examined the oligomerization status of Irr upon
the binding of Mn21 using size-exclusion column chromatog-
raphy. Fig. 3A shows chromatograms for Irr in the absence and
presence of Mn21; a major peak appeared at 14.7 ml, corre-
sponding to an estimated molecular mass of 40 kDa (Fig. 3B).
As the calculated molecular mass of monomeric Irr is 18 kDa,
this result indicates that the Mn21-bound and Mn21-free Irr
forms dimers. Irr, therefore, forms a stable dimeric state, which
is similar to that seen in the group including EcFur (23) and
Helicobacter pylori Fur (HpFur) (24).

Heme-dependent regulation of manganese-bound Irr protein
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In the chromatogram of Mn21-free Irr, two additional peaks
around 12.4 and 17.3 ml were observed, indicating the appear-
ance of high- and low-molecular-mass species of Irr in the solu-
tion without Mn21. In the presence of EDTA, Mn21-free Irr
was unstable and gradually formed precipitates under the con-

centrated conditions. The appearance of the high-molecular-
mass species suggested the formation of oligomers by partially
denatured Irr during gel chromatography. On the other hand,
the reasons for the appearance of the low-molecular-mass spe-
cies are unclear. Because the apparent molecular mass of the
low-molecular-mass species was less than that of monomeric
Irr, the interaction between partially denatured Irr and gels in
column may retard the moving of the protein, resulting in the
slow-moving species in the chromatogram. That the longer
incubation with EDTA before applying the column enhanced
the intensity of the low-molecular mass species also supports
the gradual denaturation of Irr in the absence of Mn21.
A trough around 18 ml also would be because of perturbations
of the column conditions induced by nonspecific interactions
between partially denatured Irr and gels in the column.

Mn21 binding site in Irr

The Fur superfamily has two metal binding sites (25). Site 1
is found in the C-terminal dimerization domain, and site 2 is
found in the histidine-rich hinge region, known as theHis-clus-
ter region, between the DNA binding and dimerization
domains. To confirm the metal binding to purified Irr, we uti-
lized ICP-OES, which showed that Irr incubated with 0.1 mM

MnCl2 contained 1.82 6 0.32 mol Mn/mol protein (Table 1).
Other metals were present at less than 0.1 mol metal/mol pro-
tein. Although we found that Irr as isolated bound Zn21, the
binding affinity of Zn21 to Irr was much lower than that of
Mn21, and incubation of purified Irr in a solution containing
0.1mMMnCl2 completely replaced Zn21withMn21. The func-
tional significance of the binding of Zn21 in Irr as isolated is
unclear, and considering that the expression level of Irr and the
ICE binding depended only on Mn21, not on Zn21, in B. japo-
nicum (16), and overexpressed Bacillus subtilis Fur (BsFur)
incorporated Zn21 into the metal binding site (26), the Mn21

binding sites of newly synthesized Irr in cells was occupied by
Zn21 because of the overexpression of Irr and the abundance of
Zn21 in E. coli cells (27).
MgFur, one of the Fur proteins possessing two metal binding

sites, similarly has two metal binding sites; site 1 is in the dime-
rization domain (green), and site 2 is in the histidine-rich hinge
region (gray) near the DNA binding domain (blue) (Fig. 4). The
amino acid residues His33, Glu81, His90, and Glu101, which
constitute the histidine-rich hinge region in MgFur, are con-
served in Irr (17), corresponding to His63, Asp111, His119, and
Asp130, respectively. Most of the amino acid residues forming
these two metal binding sites are conserved across all Fur
superfamily proteins. For Bacillus subtilis PerR (BsPerR), which
is one of the Fur superfamily proteins and an iron-dependent
peroxide sensor, functional characterization using mutant

Figure 1. Irr titration to ICE. The fluorescence anisotropy changes for Irr WT
with Mn21 (green), C29A (light blue), H63A (blue), H117-119A (black), heme-
bound Irr (red), and Mn21-free Irr (orange). The reaction solution contained
0–1,400 nM protein and 0.5 nM FAM-ICE. After 10 min of incubation at 25 °C,
fluorescence anisotropy was measured by excitation at 495 nm and emission
at 515 nm.

Figure 2. Time course of fluorescence anisotropy for FAM-ICE in the
presence of Irr by addition of EDTA and MnCl2. A, the change of fluores-
cence anisotropy for 0.5 nM FAM-ICE in the presence of 1 mM Irr and 10 mM

Mn21 by the addition of EDTA. The EDTA concentration was 1 mM. B, the
change of fluorescence anisotropy for FAM-ICE in the presence of Irr by the
addition of MnCl2. 10 equivalents of MnCl2 was added to Mn21-free Irr.
The concentrations of Irr and FAM-ICE are 1mM and 0.5 nM, respectively.

Table 1
Mn21 binding property of Irr

Protein Mn21 content (mol/monomer)

Holo-Irr 1.826 0.32
Apo-Irr ,0.1
Heme–Irr complex ,0.1
C29A 2.086 0.23
H63A ,0.1
H117-119A 0.446 0.07

Heme-dependent regulation of manganese-bound Irr protein
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proteins (24, 28), crystal structures (29), and in silico study of
free energy calculations, including molecular dynamics (30),
revealed that metal occupancy at site 2 is necessary for the con-
formational changes required for binding to the operator
sequence of genes. Although the metal binding sites in Irr have
not yet been identified, the consensus amino acid sequence for
site 2 in BsPerR is completely conserved in this protein, sug-
gesting thatMn21 binds to site 2 in a similar manner in Irr.
To confirm Mn21 binding to site 2 in Irr, we mutated amino

acid residues constituting this site (H63A and H117-119A).

These His-cluster mutants were quite unstable at higher con-
centrations (.10 mM), and, as illustrated in Fig. 3A, high- and
low-molecular-weight species were detected in the gel chro-
matogram, as found for Mn21-free Irr. Longer incubation of
these mutants under high concentrations before applying the
column resulted in aggregation and precipitation. In the
His117-119Amutant, we detected substantial amounts of high-
molecular-weight species, probably because of the aggregation
of the partially denatured proteins. The destabilized structures
of these mutants also suggest that the His-cluster region is the
keystone for the protein structure of Irr.
On the other hand, no aggregation or precipitation was

observed for these His-cluster mutants at lower concentrations
(;1 mM), and the fluorescence anisotropy of FAM-ICE was
measured during titration of these mutants to FAM-ICE using
1mM Irr. As shown in Fig. 1 (blue and black circles), the increase
of the fluorescence anisotropy by the addition of Irr in the pres-
ence of Mn21 was significantly suppressed for both mutants
compared with theWT protein, indicating the mutant proteins
failed to convert into the conformer suitable for DNA binding;
this suggests that Irr binds Mn21 at site 2 in the His-cluster
region of Irr, and that this binding is essential for ICE binding.
The ICP-OES measurements for these His-cluster mutants
revealed reduced amounts of the Mn21 contents (Table 1),
which also supports the Mn21 binding at site 2 in the His-clus-
ter region.

Effects of heme binding on Irr-ICE complex formation

As previously reported, Irr utilizes heme as the regulatory
molecule for the cellular iron status, and, under iron-replete
conditions, Irr binds heme to inhibit binding to the ICE-like
motif and to dissociate from the ICE-like motif (9). Because one
of the heme binding sites is located in the His-cluster region in
Irr (6), one possible mechanism of heme-induced inhibition of
binding to the ICE-like motif and dissociation of Irr from the
ICE-like motif is that heme binding to the His-cluster region in
Irr induces the release of Mn21 from site 2, which then triggers
the inhibition of binding to the ICE-like motif and dissociation
of Irr from the ICE-likemotif.
The heme-induced inhibition of binding to the ICE-like

motif in Irr was confirmed by using electrophoretic mobility
shift analysis (EMSA). As illustrated in Fig. 5A, the band with
slower mobility was enhanced with increased concentrations of
Irr (0, 1, 2.5, 5, 10, 15, 20, 30, 40, and 50 nM) with the compensa-
tion of the intensity of the fast-moving band from the unbound
ICE-like motif. This band shift corresponds to complex forma-
tion between Irr and the ICE-like motif. On the basis of the
band intensities, the dissociation constant for ICE binding to
Irr [Kd(Irr,ICE)] was estimated to be 15.76 0.7 nM (Fig. 5B), con-
sistent with the previous report (12). Although the fluorescence
anisotropy measurements (Fig. 1) also provide the Kd(Irr,ICE)

value, the accurate determination failed because of the nonspe-
cific changes of the fluorescence anisotropy, as observed for the
Mn21-free andmutant Irr.
In the presence of heme, only a single band with faster mobil-

ity appeared (Fig. 5C). The intensities of the faster mobility
bands in the presence of heme were comparable with those in

Figure 3. Size-exclusion chromatogram for Irr in the presence and ab-
sence of manganese and Irr mutants. A, the Irr solution in the presence
(WT) or absence (2Mn21) of Mn21 and Irr mutant solutions of C29A, H63A,
and H117-119A were applied to the size-exclusion column (Bio-Rad, SEC650)
equilibrated with 10 mM Tris-HCl, 100 mM NaCl, 10% glycerol at pH 8.0 with
and without 100 mM MnCl2. 120 ml of sample solution containing 10–50 mM

protein was used for the measurements. Irr was detected by the absorbance
at 280 nm. B, the linear calibration curve determined by the standard pro-
teins. The peak at 14.7 ml corresponds to themolecular weight of 40 kDa (red
square), showing that Irr forms dimers.

Heme-dependent regulation of manganese-bound Irr protein
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the absence of heme (Fig. 5A), indicating that the binding to the
ICE-like motif was completely inhibited by the addition of
heme. Thus, we can conclude that heme binding to Irr inhibits
the binding of the ICE-like motif to Irr.
To examine the heme-induced dissociation of Irr from the

ICE-like motif, we measured fluorescence anisotropy changes
associated with the titration of heme to the Irr-ICE complex.
As depicted in Fig. 6, the addition of heme to the Irr-ICE com-
plex decreased the fluorescence anisotropy, clearly showing the
heme-induced dissociation of Irr from the ICE-like motif. Note
that the decrease of the fluorescence anisotropy was almost
constant after the addition of a half-equivalent of heme, imply-
ing that this was enough for the full dissociation of Irr. Consid-
ering that Irr forms dimers, as shown in Fig. 3, and a half-equiv-
alent of heme dissociates the ICE-like motif from Irr, the
dissociation constant [Kd(Irr-ICE,heme)] for the heme binding to
the Irr-ICE complex, which can be defined in the following
reaction, was estimated.

In this reaction Scheme, the heme-bound Irr-ICE complex
would immediately release Mn21 from the complex, resulting
in the dissociation of the fluorophore-labeled ICE-like motif
from heme-bound Irr. The concentration of the transient heme-
bound Irr-ICE complex can be estimated from the fluorophore-la-
beled ICE-like motif. Thus, the equation for the single binding
model, Equation 2 in Materials and methods, can be used to esti-
mateKd(Irr-ICE, heme). The calculatedKd(Irr-ICE, heme) value was 746
13 nM, which is comparable with the dissociation constant of one

of the heme binding sites [Kd(heme)] in the absence of the ICE-like
motif (80 nM) (8), suggesting that the Mn21 binding sites are
located near one of the heme binding sites and supporting the
Mn21 binding site in theHis-cluster region, one of the heme bind-
ing sites of Irr.
The heme-induced dissociation of Mn21 from the binding

sites of Irr is also confirmed by the ICP-OES measurements. In
the presence of heme, the ICP-OES measurements revealed
that only less than 0.1 mol Mn/mol protein was bound to Irr
(Table 1). The heme binding to Irr, therefore, seriously affected
the metal binding sites, which almost completely dissociated
Mn21 from Irr. Such metal displacement was also reported for
site 2 of HpFur (24). HpFur has three Zn21 binding sites, but
site 2 is the only site that can be replaced by another metal ion.
Considering that metalation of site 2 triggers a conformational
change to a conformation suitable for specific interaction with
target DNA, it is more plausible that the heme binding, con-
comitant with release of Mn21 from site 2, converts the protein
structure into one not suitable for target DNA binding.
It should be noted here that another heme binding site in Irr

is Cys29, which is located close to the ICE binding site (6); this
suggests that the heme binding to Cys29 would perturb the
conformation of the ICE binding site, resulting in the dissocia-
tion of Irr from the ICE-like motif. The conformational effects
of Cys29 on the ICE binding was evident by the suppression of
the ICE binding in the Cys29 mutant. We prepared a mutant
having an Ala residue at position 29 (C29A) and monitored the
fluorescence anisotropy change of FAM-ICE when the Cys29
mutant was added. UnlikeWT Irr (Fig. 1, green), the addition of
the Cys29 mutant (Fig. 1, light blue) showed only a small
increase in anisotropy, indicating the suppression of ICE bind-
ing and suggesting that the mutation at Cys29 displaced Mn21

in the His-cluster region of Irr to inhibit the ICE binding to Irr.
However, the Mn21 contents were unchanged by the mutation

Figure 4. The sequence alignment of Fur family and the X-ray structure ofMgFur (Protein Data Bank code 4RAZ). A, the black background is the pre-
dicted metal binding sites and sequence identity. B,MgFur is composed of a dimerization domain (green), hinge (gray), DNA binding domain (blue), and Mn21

(yellow). In the protein structure, ligands for site 2 for Mn21 are near the hinge. The black and red residue numbers of metal ligand correspond toMgFur and
Irr, respectively.

Ă

Heme-dependent regulation of manganese-bound Irr protein

11320 J. Biol. Chem. (2020) 295(32) 11316–11325

 at H
O

K
K

A
ID

O
 D

A
IG

A
K

U
 on O

ctober 11, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


at Cys29 (Table 1), suggesting that, by being in close proximity
to the ICE-like motif, conformational changes induced by the
mutation at Cys29 inhibited the binding to the ICE-like motif
without the dissociation ofMn21 from theHis-cluster.
Another function of heme bound to Irr is the generation of

ROS. As previously reported (31), heme binding to Irr resulted
in the oxidative modification of the protein moiety in the pres-
ence of a reducing agent, leading to the loss of target DNA
binding activity. However, the reaction mixture for the fluores-
cence anisotropy in Fig. 6 did not contain any reducing agents,
such as dithiothreitol (DTT), which are required for the genera-
tion of ROS and oxidation of amino acid residues. The heme-

induced oxidative modification was also found in iron regula-
tory protein 2 (IRP2) (32), which is recognized by E3 ubiquitin
ligase for protein degradation in a ubiquitin-proteasome system
(33); these oxidative modifications of the protein moiety and
the successive protein degradation have been believed to be
essential for regulation mechanisms. However, we recently
reported that the release of IRP2 from the target RNA requires
only direct heme binding to IRP2 but not heme-induced oxida-
tive modification and protein degradation (34).
The functional advantage of the dissociation mechanism

without oxidative modification would be the protection of the
target gene or mRNA from ROS. In the oxidative modification
of Irr, we identified the production of H2O2 and further activa-
tion of H2O2 tomore reactive species, such as hydroxyl radicals,
which oxidized amino acid residues near the His-cluster region
(31). However, ROS produced in the ICE-bound Irr would also
damage the target gene, as already reported (35). To protect the
target gene, it is more reasonable that the oxidative modifica-
tion would be induced after the release of the target gene from
Irr.

Conformational effects of heme binding on Irr

To gain insights into the heme-induced structural changes in
Irr that inhibit target DNA binding, we measured the CD spec-
tral changes induced by the addition of heme. As displayed in
Fig. 7A, the addition of heme resulted in the decrease of the
negative ellipticity in the region from 205 to 230 nm, showing
significant perturbations in the secondary structure of Irr. The
decreased negative ellipticity at 222 nm corresponds to the
reduction of a-helical contents from 14 to 6% that occurred
with increasing heme from 0 to 10 equivalents. Considering
that metal binding site 2 is located in the hinge region regulat-
ing the conformation of the DNA binding domain, the signifi-
cant decrease of the a-helical contents associated with heme
binding corresponds to conformational perturbations of the
DNA binding domain (25). Such decreased negative ellipticity
was also observed for the Mn21 binding to Irr (16), and loss of
Mn21 in the His-cluster region resulted in the enhanced ellip-
ticity in the region from 210 to 230 nm, as found for the C29A

Figure 5. EMSA for Irr-ICE complex formation. A, gel image of 32P-labeled
ICE in the presence of 0, 1, 2.5, 5, 10, 15, 20, 30, 40, and 50 nM Irr. B, relative
intensities of the bands from the Irr-ICE complex (open circle) and the fitting
curve as described in Materials and methods. The band intensities estimated
by ImageJ software and the relative intensity of the band in the absence of Irr
were set to 1. The dissociation constant for the binding of ICE-like motif to Irr
[Kd(Irr,ICE)] was estimated using a linear least-square method. C, gel image of
32P-labeled ICE in the presence of 100mM heme and the same concentrations
as those described above.

Figure 6. Fluorescence anisotropy changes by addition of heme to Irr-
ICE complex. The reaction solution contained 1 mM Irr and 0.5 nM FAM-la-
beled ICE. The fluorescence anisotropy at 515 nm was measured by excita-
tion at 495 nm after 10min of incubation with heme at 25 °C.
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and H117-119A mutant (Fig. 7B). On the other hand, another
His-cluster mutant, H63A, showed drastically decreased nega-
tive ellipticity (Fig. 7B), probably because of the low structural sta-
bility of the mutant. Such a destabilized protein structure having
a tendency to be partially denatured was also suggested by the
appearance of the high- and low-molecular-weight species in its
gel filtration (Fig. 3A). The similar CD spectral changes with
heme andMn21 binding suggest that the heme binding site over-
laps the Mn21 binding site, supporting the replacement of Mn21

with heme.
Whereas both heme andMn21 binding reduced thea-helical

contents in Irr, the Mn21 binding to EcFur resulted in the
increase of the a-helical contents, whereas the a-helical con-
tent was decreased by the binding of heme (16). One of the rea-
sons for the opposite effect of Mn21 binding on the CD spectra
between EcFur and Irr would be the differences in the Mn21

binding site. In EcFur, the reversible metal binding site is
reported to be constituted by His31, His32, and His131 (36),
which is different from the composition of Irr site 2. These dif-
ferences would result in different conformational changes, cor-
responding to the opposite spectral changes in the CD spectra.
Although heme andMn21 binding induced similar CD spec-

tral changes in Irr, the effects of heme binding to the ICE-like

motif binding were completely different from those caused by
Mn21 binding; heme binding abolishes the ICE-likemotif bind-
ing in Irr, whereas the ICE-like motif binding requires Mn21 to
bind. Because of the lack of the overall structure of heme- and
Mn21-bound Irr, detailed structural perturbations induced by
heme and Mn21 binding to Irr are still unclear. However, one
of the apparent structural differences between heme andMn21

binding is the size of these molecules, as heme is much larger
thanMn21. Another major difference is the coordination num-
ber; five amino acid residues coordinate to the metal ion in Fur
superfamily proteins, whereas heme is coordinated by only one
or two amino acid residues (6). Therefore, the differences in the
molecular size and coordination structure between heme and
Mn21 would reflect different perturbations in the conforma-
tions of the DNA binding domain of Irr, although both heme
andMn21 binding decrease thea-helical contents.

Heme-induced dissociation mechanism of Irr from ICE-like
motif

Based on the present data, we can propose a mechanism for
the heme-induced dissociation of Irr from the ICE-like motif,
as illustrated in Fig. 8. Irr consists of the dimerization domain
(green square), hinge (gray curve), DNA binding domains (blue
square), and Mn21 (brown circle), as found forMgFur. At first,
binding of heme to Irr releases Mn21 from site 2 in the His-
cluster region of the hinge, and the larger molecular size and
different coordination structure of heme (pink color) compared
with that of Mn21 induces substantial structural changes in the
His-cluster region. This facilitates the dissociation of Irr from
the ICE-like motif without oxidative modification (Fig. 8A). As
clearly shown in Fig. 6, a half-equivalent of heme was required
for dissociation, indicating that the conformational changes by
heme binding of one of the protomers in dimeric Irr would per-
turb the relative positions of two protomers, resulting in the
destabilization of the dimeric forms for the binding of the target
DNA and dissociation from the ICE-like motif. After heme-
bound Irr dissociates from the ICE-like motif, heme in Irr is
reduced, and molecular oxygen binds to the heme iron to be
activated to form ROS (Fig. 8B). The generated ROS would

Figure 7. CD spectra of Irr mutants and CD spectral changes in Irr by
addition of heme. A, CD spectra of Irr were recorded in the absence (black)
and presence (red, blue, green, and orange, representing 2, 4, 6, and 10 equiv-
alents, respectively) of heme. The sample concentration is about 5 mM Irr in
50 mM NaPi, pH 8.0, at room temperature. B, CD spectra of Irr (black) and the
C29A, H63A, and H117-119A mutants (red, blue, and green, respectively) are
shown. The sample concentration is about 5 mM Irr mutant in 50 mM NaPi, pH
8.0, at room temperature.

Figure 8. A proposed mechanism of heme-induced dissociation of Irr
from the ICE-like motif in the target gene and heme-induced oxidative
modification. A, Irr is composed of a dimerization domain (green square),
hinge (gray curve), DNA binding domain (blue square), and Mn21 (brown
circle) based on MgFur. Irr dissociates from the ICE-like motif in the target
gene (black curve) by the replacement of Mn21 with heme (pink) in the His-
cluster region (gray curve). Heme binding to Irr changes the conformation,
and Irr becomes unstable to dissociate from the ICE-likemotif. B, after the dis-
sociation of Irr from the target gene, oxidative modification is induced, lead-
ing to protein degradation.
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attack amino acid residues adjacent to the heme binding site
in the His-cluster region (31), destabilizing the protein
structure through oxidative modification and leading to
protein degradation.
Although the functional significance of the oxidative modifi-

cation and successive protein degradation as found for heme-
bound Irr and IRP2 is still unclear, one of the possible reasons
for inducing protein degradation would be to avoid the release
of heme from the protein, as free heme is highly cytotoxic. As
we previously reported (31), oxidative modification often leads
to heme degradation as well as protein degradation, which
drastically reduces the cytotoxicity of heme. To ensure the
heme-induced regulation and suppress the cytotoxic effects of
free heme, the heme-induced oxidative protein degradation
would be required after the dissociation of Irr from the ICE-like
motif.
In conclusion, Irr requires Mn21 binding to form its DNA-

bound complex, and the addition of heme replacesMn21 at site
2 in the His-cluster region, resulting in dissociation of Irr from
the ICE-like motif in the target gene. Oxidative modification
was not a prerequisite for dissociation of Irr from the ICE-like
motif. The heme-induced oxidative modification would be ini-
tiated after the dissociation of Irr from the target gene to pro-
tect the target gene from ROS produced by heme-bound Irr,
and oxidative modification followed by the degradation of the
protein would inhibit the rebinding of Irr to the target gene as
well as the formation of cytotoxic free heme.

Materials and methods

Protein expression and purification

The irr gene was amplified by PCR and cloned into the
pETM-11 vector. Expression and purification of WT and mu-
tant Irr were carried out as described previously (37). To com-
pletely replace Zn21 with Mn21 in Irr as purified, 10 ml of 0.5
M EDTA solution was added to 5 ml of the Irr solution and, af-
ter a 3-h incubation with mild stirring, the Irr solution was
applied to the gel filtration column (€AKTAprime plus system,
GE Healthcare), the eluate was concentrated by ultrafiltration,
and 0.7 ml of 0.1 M MnCl2 solution was added to 0.5 ml of the
Irr solution. The metal contents were then determined by ICP-
OES measurements (Table 1). The concentration of Irr was
determined on the basis of absorbance at 280 nm using an
extinction coefficient of 18.3 mM

21 cm21 (38). Irr mutants
were constructed using a PrimeSTAR mutagenesis basal kit
(Takara Bio). For the H117-119A mutant, a His6 tag was
attached to the C terminus for purification.
The presence of transition metal ions was determined by

ICP-OES under operating conditions suitable for routine mul-
tielement analysis. The instrument was calibrated using 0,
0.001, 0.002, 0.005, 0.01, 0.02, and 0.05 mg/liter certified 100-
mgMn21 and Zn21 standard calibration solutions (Wako Pure
Chemical Industries, Osaka, Japan). Before the ICP-OES meas-
urements, protein samples were passed through a PDMinitrap
G-25 column (GE Healthcare Bio-Sciences AB, Uppsala, Swe-
den) equilibrated with 50 mM HEPES, pH 7.5, to remove the
excess amount of metal ions. All the protein samples were incu-
bated for at least 30 min in a solution containing 0.1 mM MnCl2

to completely replace Zn21 with Mn21, which was confirmed
by the ICP-OES measurements (typically, 1.826 0.32 mol Mn/
monomer and less than 0.1 mol Zn/monomer) before the spec-
troscopicmeasurements and gel chromatography.

Size-exclusion column chromatography

Size-exclusion experiments were performed at 4 °C with
an €AKTAprime plus system (GE Healthcare). Irr sample sol-
utions were loaded on a size-exclusion column (Bio-Rad,
SEC650) equilibrated with a standard buffer of 10 mM Tris-
HCl, 100 mM NaCl, 10% glycerol, and 100 mM MnCl2 (pH
8.0) at a flow rate of 1 ml min21. A heme solution was pre-
pared at a concentration of about 500 mM in 0.1 M NaOH.
Irr was detected by absorbance at 280 nm. Blue dextran
(2,000,000 Da), ferritin (440,000 Da), catalase (232,000 Da),
aldolase (158,000 Da), BSA (67,000 Da), ovalbumin (43,000
Da), chymotryosinogen (25,000 Da), and RNase (13,700 Da)
were used for the standard samples. Blue dextran was used
to determine column exclusion limits. The retention vol-
umes observed for the standard proteins were transformed
with the partial coefficient, Kav (39).

Fluorescence anisotropy spectroscopy

The target DNA oligomer used for the fluorescence anisot-
ropy measurements was the ICE-like motif of the blr7895 gene
(CAGAATTTAGAATCATTCTAAACTGAC) (4). A fluores-
cent group, 6-carboxyfluorescein (6-FAM), was covalently
bound to the 59 end of this synthetic oligomer, which was pur-
chased from Eurofins Genomics at HPLC grade. The 6-FAM-
labeled ICE-like motif of blr7895, designated FAM-ICE, was
dissolved in 10 mM Tris-HCl, 150 mM NaCl, and 1 mM EDTA
(pH 8.0). All buffers were sterilized using a 0.2-mm filter. After
dissolving in a black microtube, FAM-ICE was annealed by
heating to 95 °C for 5 min and cooled to room temperature for
;12 h. The prepared FAM-ICE was divided into 100-ml ali-
quots and stored at220°C until further use.
The fluorescence anisotropy was recorded with an FP-8500

fluorometer (JASCO). The measurements were taken at excita-
tion and emission wavelengths of 495 and 515 nm, respectively.
The concentration of FAM-ICE for the titration with Irr was
0.5 nM. To monitor complex formation between Irr and FAM-
ICE, Irr was titrated into a reaction mixture containing FAM-
ICE, 50 mM HEPES, 10 mM KCl, 5% glycerol, 100 mM MnCl2,
and 1 mM MgCl2 at pH 7.5, and the anisotropy was measured
after 10 min of incubation for the formation of the Irr-ICE
complex.
To monitor the heme-induced dissociation of FAM-ICE

from Irr, 0.1, 0.2, 0.5, 1, and 2 equivalents of heme were added
to the Irr-ICE complex solution. The sample contains 1.0 mM

Irr and 0.5 nM 6-FAM-labeled ICE. The fluorescence anisot-
ropy at 515 nm was measured by excitation at 495 nm after 10
min of incubation with heme at 25 °C. The data presented were
averaged from three independentmeasurements. Total fluores-
cence anisotropy was calculated using Equation 1,
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Anisotropy ¼ IVV � GIVH

IVV � 2GIVH
(Eq. 1)

where I is fluorescence intensity, the first character of the sub-
script is polarization direction of the excitation light, and the
second character is the direction of the emission. V and H
mean the vertical and horizontal, respectively, and G is an
instrument correction factor determined by excitation of the
Irr solution with horizontally polarized light. Kd(Irr-ICE,heme)

for the heme binding to the Irr-ICE complex was determined
by using the following equation and the nonlinear least-
squares method (IGOR Pro, Wavemetrics, Lake Oswego, OR):

FA¼FA0

1DFA
Pt1Lt1KdðIrr�ICE;hemeÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pt1Lt1KdðIrr�ICE;hemeÞ
� �2�4PtLt

q

2Pt
(Eq.2)

where FA is the fluorescence anisotropy at a given hemin
concentration, FA0 is the fluorescence intensity in the ab-
sence of hemin, DFA is the fluorescence anisotropy differ-
ence between Irr-bound and free fluorophore-labeled ICE-
like motifs, and Pt and Lt are the total Irr and hemin concen-
trations, respectively.

EMSA

EMSA was used to observe the inhibition of the formation of
the Irr-ICE complex by heme. Irr was incubated with 1 mg lit-
er21 (dI-dC)n · (dI-dC)n DNA, 100 mg ml21 BSA, 100 mM

MnCl2, and 0.1 nM 32P-radiolabeled ICE probe in a 20-ml vol-
ume of EMSA binding buffer (10 mM Bis-Tris borate, 1 mM

MgCl2, 40 mM KCl, 5% glycerol, 0.1% NP-40, 1 mM DTT, pH
7.5) for 30min at room temperature.
After incubation for 30 min, the reaction mixtures were

applied to 5% nondenaturing polyacrylamide gels in an electro-
phoresis buffer (20 mM Bis-Tris borate and 100 mM MnCl2, pH
7.5) and were prerun for 30 min at a 220-V constant voltage
and 4 °C. After the electrophoresis, gels were dried and autora-
diographed. To observe the effect of heme, 2.5 mg ml21 hemin
solved in 50% ethanol–50% H2O solution containing 0.02 N
NaOH was added to the electrophoresis buffer. The intensities
of the bands were quantitated by using ImageJ. The dissociation
constant for the binding of the ICE-like motif to Irr (Kd(Irr, ICE))
was estimated using Equation 3 and the nonlinear least-squares
method (IGOR Pro,Wavemetrics, Lake Oswego, OR):

½ICE�IIrr�ICE

¼
½Irr�1½ICE�IICE1KdðIrr;ICEÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Irr�1½ICE�IICE1KdðIrr;ICEÞ
� �2�4½Irr�½ICE�IICE

q

2

(Eq.3)

where [Irr] is the concentration of Irr, [ICE] is the initial con-
centration of the fluorophore-labeled ICE-like motif, and
IIrr-ICE and IICE are the normalized band intensities of the Irr-
bound and free ICE-like motifs, respectively, at a given Irr
concentration.

CD

CD spectra in the far-UV region were measured with a J-1500
CD spectrometer (JASCO) over the spectral range 200–250 nm
at room temperature. Spectra were acquired at 0.2-nm intervals
with a scan rate of 20 nm min21 using a quartz cuvette with a
path length of 10 mm; values presented are averages from three
scans. The sample concentration was ;5 mM in 50 mM sodium
phosphate (pH 8.0). A buffer spectrummeasured under the same
conditions was subtracted to obtain the actual sample spectrum.
Two equivalents of heme weremixed with Irr, and after;15min
at room temperature, the spectra weremeasured.

Data availability

All data are contained within themanuscript.
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