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Abstract 

Iron regulatory proteins (IRPs), regulators of iron metabolism in mammalian cells, 

control the translation of proteins involved in iron uptake, storage and utilization by binding 

to specific iron-responsive element (IRE) sequences of mRNAs. Two homologs of IRPs 

(IRP1 and IRP2) have a typical heme regulatory motif (HRM), a consensus sequence found in 

“heme-regulated proteins”. However, specific heme binding to HRM has been reported only 

for IRP2, which is essential for oxidative modification and loss of binding to target mRNAs. 

In this paper, we confirmed that IRP1 also specifically binds two molar equivalents of heme, 

and found that the absorption and resonance Raman spectra of heme-bound IRP1 were quite 

similar to those of heme-bound IRP2. This shows that the heme environmental structures in 

IRP1 are close to those of proteins using heme as a regulatory molecule. Pulse radiolysis 

experiments, however, clearly revealed an axial ligand exchange from Cys to His immediately 

after the reduction of the heme iron to form a 5-coordinate His-ligated heme in heme-bound 

IRP2, whereas the 5-coordinate His-ligated heme was not observed after the reduction of 

heme-bound IRP1. Considering that the oxidative modification is only observed in 

heme-bound IRP2, but not IRP1, probably owing to the structural flexibility of IRP2, we 

propose that the transient 5-coordinate His-ligated heme is a prerequisite for oxidative 

modification of heme-bound IRP2, which functionally differentiates heme binding of IRP2 

from that of IRP1. 
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1 Introduction 
 

Iron is an essential element for biochemical reactions in many organisms. It has the 

ability to readily accept and donate electrons, allowing it to function as an oxidant or 

reductant in a large number of biochemical reactions, including respiration, photosynthesis, 

and various types of metabolism. On the other hand, excess iron, particularly iron released 

from proteins or deposited iron in organs, is highly cytotoxic because it catalyzes the 

generation of free radicals that damage proteins, DNA and other cellular components. 

Therefore, iron metabolism is tightly regulated. 

In mammalian cells, iron regulatory proteins (IRPs) are the primary regulators of iron 

metabolism, controlling the translation of proteins involved in iron uptake, storage and 

utilization by binding to specific iron-responsive element (IRE) sequences of mRNA [1]. IRPs 

have two homologs proteins, IRP1 and IRP2, both of which belong to the iron-sulfur cluster 

isomerase family and share significant homology [2]. Despite their high sequence homology, 

their mechanisms for iron sensing are distinctly different. In cells with abundant iron, a 

cubane type [4Fe-4S] cluster is formed in IRP1, which inhibits binding to IREs and converts 

IRP1 to a cytosolic aconitase, whereas the [4Fe-4S] cluster is disassembled in iron-depleted 

cells and apo-IRP1 acquires IRE-binding activity [3-6].  

On the other hand, IRP2 is oxidized and ubiquitinated in iron-replete cells, leading to 

subsequent degradation by proteasomes, along with loss of its IRE binding activity [7-12]. 

For this degradation of the IRP2 protein, the oxidation of a domain specific to IRP2, the 

iron-dependent degradation (IDD) domain, which is not found in the sequence of IRP1 [13, 

14], is essential. Lack of the IDD domain results in no degradation of the protein [10]. A 

previous study revealed that the oxidation of the IDD domain is triggered by heme binding to 

IRP2 and IDD domain-oxidized IRP2 is preferentially recognized by heme-oxidized IRP2 

ubiquitin ligase-1 (HOIL-1) for ubiquitination [15].  
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Heme binding to the IDD domain in IRP2 and its functional significance has been 

examined by spectroscopy methods, including absorption, resonance Raman, and EPR spectra, 

and biochemical analysis of the oxidative modification [16]. The spectroscopic data clearly 

showed that the IDD domain specifically binds ferric heme via a cysteine residue (201Cys) in 

the heme regulatory motif (HRM), a short consensus sequence for the heme binding site in 

heme-regulated proteins [17]. This binding triggers the oxidative modification of the IDD 

domain. Heme binding at the HRM cysteine residue is also thought to be the first step for the 

oxidative modification of a heme-dependent transcription factor important for bacterial heme 

biosynthesis, iron-responsive regulator (Irr), in a nitrogen fixing bacterium, Bradyhizobium 

joponicum [18, 19].  

Although heme binding to Cys in the HRM is observed for various “heme-regulated” 

proteins [17, 20], heme-dependent oxidative modification has only been confirmed in IRP2 

and Irr [14, 18, 19]. Heme-regulated proteins that use heme as a signaling or effector 

molecule, such as heme activator protein 1 (Hap1) [21], 5-aminolevulinate synthase 

(ALAS)-1 [22], ALAS2 [22], heme-regulated inhibitor (HRI) [23], and BTB and CNC 

homology 1 (Bach1) [24], can specifically bind heme, but no heme-induced protein oxidation 

has been reported. Based on a sequence alignment of heme-regulated proteins containing 

HRMs, we found that both IRP2 and Irr have His at the same position in the HRM 

(Cys-Pro-X-His), unlike other heme-regulated proteins, and positionally shifting of this His 

(Cys-Pro-X-X-His) in the HRM suppressed protein oxidation [16].  

The crucial role of His in the HRM for protein oxidation was also supported by the fact 

that another homologous protein, IRP1, which has two HRMs lacking histidine residues, was 

not oxidized in the presence of heme under conditions where IRP2 is oxidized [15]. Although 

heme-induced oxidation was not observed for IRP1, incubation of IRP1 with heme prevented 

subsequent repression of ferritin synthesis in a wheat germ extract [25] and heme was found 

to be crosslinked to the specific region of IRP1 [26], suggesting that the IRE binding of IRP1 
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is also regulated by the heme binding. As indicated in Fig. 1, the two HRM sequences in IRP1 

are conserved in IRP2, which allowed us to speculate that IRP1 specifically binds heme at 

HRMs to regulate the IRE binding. A mouse expressing the IRP1 mutant with Cys in one of 

the HRMs displayed defects in iron regulation [27]. However, heme binding to these HRMs 

has not yet been examined.  

In this paper, we found that IRP1 also specifically binds heme, and spectroscopically 

characterized the heme environments of both heme-bound IRP1 and IRP2. In particular, by 

using pulse radiolysis, we focused on the heme coordination structure of intermediates after 

reduction of the heme iron, revealing the structural factors differentiating heme binding to 

HRM in the IDD domain of IRP2 from those of other HRMs located outside of the IDD 

domain. 
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2 Experimental 

 

2.1 Materials  

All chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan), 

Nacalai Tesque (Kyoto, Japan), or Sigma-Aldrich (St. Louis, MO, USA) and used without 

further purification.  

 

2.2 Protein expression and purification  

Procedures for the protein expression and purification were described by our previous 

paper [16]. High Five cells were cultured at 27 °C in Express Five serum-free medium 

(Invitrogen) supplemented with 16.5 mM L-glutamine, 100 IU/mL penicillin G and 100 

µg/mL streptomycin, and infected with P3 baculovirus to express His6-tagged IRPs. At 60h 

after infection, the infected cells were harvested and centrifuged. The cells were washed and 

subsequently suspended in lysis buffer containing 50 mM Tris-HCl (pH 7.4), 10 mM 

2-mercaptoethanol, 0.2 mg/mL heat-treated ribonuclease A (Roche Diagnosis, Basel, 

Switzerland) and 1 tablet/50 mL protease inhibitor cocktail tablet (Complete EDTA-free, 

Roche Diagnosis). After incubation for 10 min on ice, the suspended cells were homogenized 

with a Dounce homogenizer (WATSON, Tokyo, Japan). The supernatant was applied to 

Ni-NTA agarose resin (QIAGEN, Hilden, Germany) pre-equilibrated with 50 mM Tris-HCl 

(pH 7.4), and the mixture was incubated for 2 h at 4 °C. After extensive washing, the bound 

protein was eluted with 50 mM Tris-HCl (pH 7.4) buffer containing 300 mM imidazole and 

10 mM 2-mercaptoethanol.  

For the purification of IRP1, the eluate was dialyzed against 50 mM Tris-HCl (pH 8.0) 

containing 10 mM 2-mercaptoethanol to remove imidazole. The His6-tag was cleaved by TEV 

protease (Accelagen, San Diego, CA, USA) for 16 h at 4 °C. After cleavage, the reaction 

mixture was again applied to Ni-NTA agarose pre-equilibrated with 50 mM Tris-HCl (pH 7.4) 
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containing 10 mM 2-mercaptoethanol. The flow-through was concentrated and applied to a 

HiLoad 16/600 Superdex 200 pg gel-filtration column (GE Healthcare, Uppsala, Sweden) 

pre-equilibrated with 50 mM Tris-HCl, 100 mM NaCl (pH 7.4). 

The purification procedure for IRP2 was essentially the same as that for IRP1. However, 

after the eluate was concentrated, buffer was exchanged to 50 mM Tris-HCl, 0.5 mM EDTA, 

and 1 mM dithiothreitol (DTT) (pH 8.0) using a PD-10 MidiTrap column (GE Healthcare) 

instead of a HiLoad 16/600 Superdex 200 gel-filtration column to avoid partial aggregation 

during purification. The collected flow-through was exchanged with 50 mM Tris-HCl, 100 

mM NaCl (pH 7.4). The protein concentrations of IRP1 and IRP2 were estimated using the 

absorbance at 280 nm with extinction coefficients (ε280) calculated in ProtParam 

(http://web.expasy.org/protparam/) of 84,690 and 77,240 M-1 cm-1, respectively. 

 

2.3 Absorption spectroscopy  

All absorption spectra were obtained using a V-660 UV-Vis spectrophotometer (JASCO 

Corporation, Japan). Heme binding studies were conducted with difference absorption 

spectroscopy. Hemin was dissolved in 0.1 M NaOH and its concentration was determined 

based on the absorbance at 385 nm using an extinction coefficient (ε385) of 58.44 mM-1 cm-1. 

Aliquots of a hemin solution (500 µM) were added to both the sample cuvette containing 5 

μM apo-IRPs, and the reference cuvette at 4 °C. Spectra were recorded 2 min after the 

addition of hemin. The absorbance difference at 372 nm for IRP1 and 373 nm for IRP2 was 

plotted as a function of heme concentration. In the measurements of the absorption spectra, 

the addition of stoichiometric amounts of heme to IRPs resulted in an increase in free hemin, 

due to the low heme binding affinity of IRPs, and a broad absorption band from free hemin 

overlapped with the absorbance from heme-bound IRPs. We added one molar equivalent of 

heme to avoid appearance of the broad absorbance of free hemin in the Soret region. 
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2.4 Resonance Raman spectroscopy  

Resonance Raman spectra were recorded with a single monochromator (SPEX500M, 

Jobin Yvon, Edison, NJ, USA), equipped with a liquid nitrogen-cooled CCD detector 

(Spec-10:400B/LN, Roper Scientific, Princeton, NJ, USA). The spectra were obtained by 

excitation with 363.8 nm light from an argon ion laser (BeamLok 2065, Spectra Physics, 

Santa Clara, CA), 413.1 nm light from a krypton ion laser (BeamLok 2060, Spectra Physics), 

or 441.6 nm light from a helium-cadmium laser (KR1801C, Kimmon Electrics, Tokyo, Japan). 

The laser power at the sample point was adjusted to ∼5 mW for the ferric and ferrous forms 

and to 0.1 mW for the CO-bound form to avoid photodissociation. Raman shifts were 

calibrated with indene, CCl4, acetone, and an aqueous solution of ferrocyanide. The accuracy 

of the peak positions of well-defined Raman bands was ±1 cm−1. Heme-reconstituted protein 

concentrations for Raman experiments were approximately 40 μM in 50 mM Tris-HCl (pH 

7.4), at room temperature. We added two molar equivalents of heme to IRPs for the 

measurements. In the resonance Raman spectra, a larger amount of heme was added to IRPs 

to improve the signal-to-noise ratio of the spectra, compared to that of the absorption spectra. 

However, non-specific scattering from free heme interferes with the detection of the Raman 

lines from the protein samples and less than the stoichiometric amounts of heme were added 

to IRPs for the measurements. 

 

2.5 Pulse radiolysis  

Pulse radiolysis experiments were performed with a pulse width of 8 ns and an energy of 

27 MeV, using a linear accelerator at the Institute of Scientific and Industrial Research at 

Osaka University [28]. Samples for the pulse radiolysis measurements were solutions of 

heme-bound IRP1 or IRP2 in 50 mM phosphate (pH 7.4). The sample was placed in a quartz 

cell with an optical path length of 1 cm, and the temperature of the sample was maintained at 

25 °C. The light source for the monitoring light was a 150 W halogen lamp or a 200 W xenon 
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lamp. After passing through the optical path, the transmitted light intensity was monitored 

using a fast spectrophotometric system composed of a Nikon monochromator and a 

Hamamatsu R-928 photomultiplier, and then analyzed using a Unisoku data analysis system. 

All data points at different wavelengths were obtained in separate measurements.  
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3 Results 

 

3.1 Absorption spectra of heme-bound IRP1 and IRP2 

The absorption spectrum of IRP1 in the presence of ferric heme (solid line, Fig. 2A) 

exhibits a broad Soret peak at 372 nm, with a shoulder at approximately 420 nm. This was 

also found for IRP2 (solid line, Fig. 2B), where Cys in the HRM is ligated to the ferric heme 

iron [16], suggesting heme binding to Cys of the HRM in IRP1. To confirm specific heme 

binding to IRP1, spectrophotometric titration of heme to IRP1 was performed (inset, Fig. 2A). 

It is clear that two equivalents of heme bind to IRP1, which corresponds to the number of 

HRMs in IRP1 (Fig. 1), and supports the heme binding to Cys in the HRM. In IRP2, the 

spectrophotometric titration of heme to IRP2 (inset, Fig. 2B) indicates that three equivalents 

of heme can bind to IRP2, consistent with the presence of three HRMs in IRP2. One of the 

HRMs is located in the IRP2-specific domain, the IDD domain, and other two HRMs are 

conserved in both IRP homologs (Fig. 1). The close similarity of the absorption spectra 

between the two IRPs suggests that the heme environments for both IRP1 and IRP2 are quite 

similar, and characteristic of heme-regulated proteins [29]. Due to the addition of 

sub-stoichiometric amount of heme, the heme binding sites in IRPs were not fully occupied 

by heme. Based on the absorption intensities of the Soret peaks, the heme occupancies for 

IRPs are approximately 40 %, but the positions of the absorption peaks for heme-bound IRPs 

are insensitive to the amount of heme added to the solutions. The low heme occupancy in the 

heme binding sites of IRPs would not affect the spectroscopic characterization of heme-bound 

IRPs. 

Upon reduction of the heme iron with sodium dithionite, the Soret band shifted to 423 

and 425 nm for IRP1 and IRP2, respectively (Fig. 2A and B). Both peak positions can be 

categorized into the 6-coordinate ferrous low-spin heme such as observed for cytochrome b5 

[30] and the acidic form of cystathionine β-synthase (CBS) [31], where neutral Cys/His or 
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His/His are ligated to the heme iron. In addition to the peak at approximately 425 nm, 

however, both spectra showed a broad peak or shoulder at approximately 390 nm, assignable 

to the Soret band of a neutral Cys-ligated heme [32], implying that the axial cysteine is 

protonated in a part of ferrous heme-bound IRPs. On the other hand, the absorption peaks in 

the Soret region of the carbon-monoxide (CO) adducts of heme-bound IRPs appeared at 421 

nm (dotted lines, Fig. 2A and B), distinctly different from that of P450cam (450 nm) [33], but 

similar to that of myoglobin (421 nm) [34] or P420cam (420 nm) [35, 36]. The axial ligand 

for heme-bound IRP1-CO and IRP2-CO is, therefore, a neutral His or Cys, rather than an 

anionic Cys. As shown in Fig. 2, the absorption intensity of the Soret peak for the CO adduct 

of heme-bound IRP2 was substantially larger than that of CO-bound heme-IRP1. Although we 

have not yet identified the structural factors for the different absorption intensity between two 

proteins, the different heme environment of the HRM in the IDD domain from that outside of 

the IDD domain would result in the larger molar extinction coefficient of the CO adduct of 

heme-bound IRP2. Another possible factor is the different heme binding affinity of the CO 

adducts, and some amount of heme might be released from ferrous heme-bound IRP1 by the 

binding of CO. The absorption maxima for typical hemoproteins are summarized in Table 1. 

 

3.2 Resonance Raman spectra of ferric heme-bound IRP1 and IRP2. 

To further characterize the heme environmental structures of IRPs, we utilized resonance 

Raman spectroscopy. The resonance Raman spectra can provide valuable information about 

the heme coordination structure [37]. In the high-frequency region, the intense Raman band at 

approximately 1360–1370 cm-1, ν4, serves as an oxidation marker band. In the presence of 

heme, IRP1 and IRP2 displayed the ν4 band at 1372 cm-1, characteristic of ferric heme [37]. 

The spin-state marker band for the heme iron, ν3, was also detected in the high-frequency 

region, and both IRPs displayed two ν3 bands. In ferric heme-bound IRP1, the Raman band at 

1489 cm-1 can be assigned to the 5-coordinate high-spin heme, and a shoulder band at 1500 
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cm-1 is derived from the 6-coordinate low-spin heme (Ferric, Fig. 3A). The high-frequency 

region of the resonance Raman spectrum for ferric heme-bound IRP2 also has two ν3 bands at 

1490 and 1500 cm-1. Thus, the heme coordination states in ferric heme-bound IRPs are a 

mixture of 5-coordinate high-spin and 6-coordinate low-spin hemes. 

To spectroscopically examine the axial ligand for the heme iron in IRPs, we measured the 

low-frequency region of the resonance Raman spectra of ferric heme-bound IRPs excited at 

363.8 nm, in which the Fe-S stretching mode is expected to be detected in the region of 310–

350 cm-1 [38]. The resonance Raman spectra for ferric heme-bound IRP1 and IRP2 showed 

broad bands at approximately 331 and 333 cm-1, respectively (Fig. 4). To unambiguously 

assign the Fe-S stretching mode, we used 54Fe-substituted heme and the Raman bands were 

fitted by two Gaussian bands. The broad band consists of two bands at 331 and 345 cm-1, and 

only the band centered at 331 cm-1 for ferric 56Fe-heme-bound IRP1 displayed 

an 54Fe-isotopic shift to 333 cm-1 (Fig. 4A). In the resonance Raman spectrum of 

ferric 56Fe-heme-bound IRP2, the band centered at 333 cm-1 was also shifted to 335 cm-1 after 

substitution with 54Fe-heme (Fig. 4B). These isotopic shifts (2 cm-1) were also reported for Irr 

[39], where Cys in the HRM is ligated to the heme iron, and correspond to the calculated 

value (2.2 cm-1) [38] that confirms the ligation of cysteine to the heme iron in ferric 

heme-bound IRPs.  

As found for ferric heme-bound Irr, lower Fe-S stretching frequencies were observed for 

IRPs and their line-widths were broad (∼30 cm-1) when compared with those of the typical 

Cys-ligated hemoprotein, P450cam (Fe-S frequency: 351 cm-1, line width: ∼15 cm-1) [38]. 

These spectral features are also encountered for heme-bound Irr that uses the cysteine residue 

in the HRM as the axial ligand for the heme iron [39]. The marker bands of the resonance 

Raman spectra for typical hemoproteins are summarized in Table 2. 

 

3.3 Resonance Raman spectra for ferrous heme-bound IRP1 and IRP2 
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In the proposed mechanism for oxidative modification in IRP2 [16] and Irr [19], the 

reduced state of heme-bound forms binds molecular oxygen, which is one of the crucial steps 

for the generation of reactive oxygen species (ROS) in the oxidation of the protein moiety. To 

examine the environmental structures of reduced heme-bound IRPs, we measured the 

resonance Raman spectra for reduced heme-bound IRPs (Fig. 3). The ν4 band appeared at 

1359 and 1360 cm-1 for IRP1 and IRP2, respectively. As found for ferric heme-bound IRPs, 

the reduced states of the heme-bound IRPs also gave two spin-state marker bands (1469 and 

1492 cm-1 for IRP1; 1470 and 1492 cm-1 for IRP2), and reduced heme-bound IRPs had two 

spin states: the 5-coordinate high-spin and 6-coordinate low-spin states.  

To get further insights into the heme environmental structures of reduced heme-bound 

IRPs, the resonance Raman spectra of the CO adducts were measured. In the high-frequency 

region, the C-O stretching mode of CO ligated to the heme iron is observed at 1920–1980 

cm-1, while the Fe-C stretching mode is detected at 470–530 cm-1 [40]. As shown in Fig. 5A1, 

the Raman band at 494 cm-1, which was down-shifted to 484 cm-1, upon 13CO substitution, 

were assigned to the ν(Fe-CO) bands in the CO adduct of ferrous heme-bound IRP1. 

Meanwhile, in the high-frequency region (Fig. 5B1), one isotope-sensitive band appeared at 

1962 cm-1 in the spectrum of the CO adduct of ferrous heme-bound IRP1 was assignable to 

the ν(FeC-O) band. In the CO adduct of heme-bound IRP2 (Fig. 5A2 and 5B2), the 

isotope-sensitive bands at 495 and 1961 cm-1 were assigned to ν(Fe-CO) and ν(FeC-O), 

respectively. Based on the inverse correlation of the frequencies between ν(Fe-CO) and 

ν(FeC-O) (Fig. 6), the ligand trans to CO was proposed to be a neutral His, but not an anionic 

Cys. In addition to the ν(Fe-CO) band from His-ligated heme, the isotope-sensitive Raman 

bands were observed at 525 and 526 cm-1 for the CO adducts of ferrous heme-bound IRP1 

and IRP2, respectively (Fig. 5A1 and 5A2). These Raman bands can be assigned to ν(Fe-CO) 

of the 5-coordinate heme, suggesting the release of the axial ligand upon reduction. 
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The ligation of His to the ferrous heme iron in heme-bound IRPs was further examined 

by the low-frequency regions of the resonance Raman spectra for heme-bound IRPs. As 

previously reported [41], the Fe-His stretching mode was observed at 200–250 cm-1 for the 

5-coordinated ferrous heme. Because the 6-coordinate heme was dominant for ferrous 

heme-bound IRP1 and IRP2 (Fig. 2), we measured resonance Raman spectra of 

photo-dissociated CO adducts of ferrous heme-bound IRPs to detect the Fe-His stretching 

mode. In both IRP1 and IRP2, the characteristic Raman bands assignable to the Fe-His 

stretching mode were observed at 220 and 221 cm–1, respectively (Fig. 7), as found for 

deoxymyoglobin (220 cm-1) [41], supporting the idea that a neutral His is the axial ligand for 

the CO adducts of heme-bound IRPs. 

The frequencies for the Fe-CO, and FeC-O stretching modes also reflect the heme 

environment, particularly polarity in the exogenous ligand binding sites [42]. In the CO 

adduct of myoglobin, the ν(Fe-CO) and ν(FeC-O) bands were observed at 510 and 1944 cm-1, 

respectively [43, 44]. Down-shifted ν(Fe-CO) and up-shifted ν(FeC-O) bands were also 

encountered for the “distal mutant” of myoglobin (ν(Fe-CO): ∼489 cm-1, ν(FeC-O): ∼1966 

cm-1), where the distal histidine, 64His, was replaced with leucine or alanine [45, 46]. The 

spectral similarity between the distal mutant of myoglobin and reduced heme-bound IRPs 

implies that the ligand-binding site of heme-bound IRPs is apolar.  

 

3.4 Axial ligand exchange evident by pulse radiolysis 

As shown in the absorption and resonance Raman spectra, the spectroscopic properties of 

ferric heme-bound IRPs were quite similar to that of ferric heme-bound Irr [39], a bacterial 

iron regulatory protein that uses heme as an effector molecule to regulate transcription activity, 

where Cys in the HRM is ligated to the heme iron. After reduction of the heme iron, however, 

the spectral features of heme-bound IRPs were significantly different from that of a typical 

anionic Cys-ligated hemoprotein such as P450cam, which were rather similar to those of the 
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His-ligated hemoproteins including myoglobin and hemoglobin. Using mutations in the HRM 

region of the IDD domain in IRP2, Ishikawa et al. [16] have shown that the axial ligand for 

ferric heme-bound IRP2 is 201Cys in the HRM and one of the axial ligands for reduced 

heme-bound IRP2 is 204His, allowing them to propose a redox-dependent axial ligand 

exchange. Similar axial ligand replacement was also found for Irr [28]. In Irr, the axial ligand 

replacement of Cys in the HRM with His is induced immediately after the reduction of the 

heme iron to transiently form a 5-coordinate His-ligated heme, which is one of the 

intermediates for the oxidative modification and successive loss of the ability of Irr to bind to 

target DNA [28].  

Formation of the 5-coordinate His-ligated intermediate in heme-bound IRPs was 

examined by the spectral changes after reduction of the heme using pulse radiolysis (Fig. 8). 

The kinetic difference spectrum for heme-bound IRP1 (Fig. 8A1) exhibited a broad positive 

absorption band in the region between 410 and 450 nm, whereas in the kinetic difference 

spectrum at 100 µs for heme-bound IRP2 (Fig. 8B1), an absorption maximum at 435 nm was 

detected, indicating formation of 5-coordinate His-ligated heme, as found for heme-bound Irr 

[28]. The time course of the absorbance changes at 435 nm (Fig. 8B2) was fitted well to a 

single exponential curve, yielding a calculated rate constant of 2.3 × 104 s−1, but the constant 

absorbance was observed for the time range from 0.1 to 1.0 ms after the decay, indicating that 

the 5-coordinate His-ligated heme is a stable intermediate after the reduction of heme-bound 

IRP2. The absorption maximum at 435 nm remained 1.0 ms after the reduction as shown in 

Fig. 8B1 (dashed line), supporting the formation of the 5-coordinate His-ligated heme as the 

intermediate. On the other hand, the absorbance difference spectrum between ferric heme- 

and ferrous heme-bound IRP2 showed an absorption maximum at 425 nm, not at 435 nm 

(solid line, Fig. 8B1), which corresponds to the Soret peak of ferrous heme-bound IRP2 (425 

nm) (Fig. 2B). Because our previous mutational study reported that ferrous heme-bound IRP2 

has a 6-coordinate His-ligated heme [16], the 6-coordinate His-ligated heme would, therefore, 
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be formed more than 1.0 ms after the reduction of the heme.  

On the other hand, the difference spectra at 100 µs and 1.0 ms after heme reduction 

showed no distinct absorption minimum at approximately 425 nm, where the absorption peak 

for the 6-coordinate neutral Cys/His-ligated heme appears, suggesting that the 6-coordinate 

neutral Cys/His-ligated heme is insensitive to the reduction of the heme iron. However, 

considering that the 6-coordinate His/His-ligated ferrous heme exhibits a Soret band similar to 

that of the 6-coordinate neutral Cys/His-ligated ferric heme (Table 1) and that axial ligand 

replacement from Cys to His is induced for the 5-coordinate Cys-ligated heme, the axial 

cysteine residue for the 6-coordinate neutral Cys/His-ligated heme might be also replaced by 

His to form the 6-coordinate His/His-ligated heme after the reduction. Together with the 

results from the mutational study of IRP2 [16], immediately after the reduction, the axial 

cysteine residue, 201Cys, in the 5-coordinate heme is dissociated from the heme iron, and the 

adjacent histidine, 204His, is then rapidly ligated to the ferrous heme iron to form the 

5-coordinate His-ligated heme. In the 6-coordinate heme, we could not unambiguously 

determine the axial ligands immediately after the reduction of ferric heme-bound IRP2.  

After more than 1.0 ms, the 5-coordinate His-ligated heme is further converted into a 

6-coordinate His-ligated heme as shown in the difference spectrum between 

dithionite-reduced and oxidized IRP2. The amino acid residue ligated to the heme iron more 

than 1.0 ms after the reduction has not yet been identified, but the IDD domain has only one 

histidine residue, 204His, and we speculate that a histidine residue from a region outside of the 

IDD domain coordinates to the heme iron, as suggested in our previous study [16].  

In contrast to the difference spectrum for IRP2, the intermediate species with the 

absorption maximum at 435 nm was not observed for ferric heme-bound IRP1 (Fig. 8A1). 

The time course of the absorption change at 435 nm after the pulse radiolysis showed a rather 

slow decay with the rate constant of 3.3 × 103 s−1, compared to that of heme-bound IRP2 (2.3 

× 104 s−1). Although such slow absorbance changes after the pulse radiolysis might reflect the 



17 
 

unstable baseline of the measurements, it is clear that the time course of the absorption 

changes in heme-bound IRP1 contained no fast phase observed for heme-bound IRP2. Instead 

of the absorption maximum at 435 nm, a broad positive absorption band in the region between 

410 and 450 nm appeared in the difference spectrum 100 µs after the reduction. It is likely 

that the absorption maximum at approximately 430–450 nm is derived from a 6-coordinate 

Cys/His-ligated heme, as found for pyridine-ligated P450cam (444 nm) [33]. In addition, 

another absorption maximum at approximately 410 nm was detected both 100 µs and 1.0 ms 

after the pulse radiolysis. The increased absorbance intensity at approximately 410 nm can be 

assigned to the formation of a ferrous 5-coordinate Cys-ligated heme, similar to ferrous 

P450cam (409 nm) [47]. The appearance of the absorption maxima at approximately 410 and 

440 nm suggests that the axial ligand for heme-bound IRP1 immediately after the reduction is 

the cysteine residue, and reduction of the heme iron in ferric heme-bound IRP1 does not result 

in the rapid replacement of the axial cysteine, which is distinctly different from the case of 

ferric heme-bound IRP2. 

Although IRP2 has two HRMs outside of the IDD domain, absorption maxima at 

approximately 410 and 440 nm were not detected. We cannot completely exclude the 

possibility that all of the heme binding sites in IRP2 form the transient 5-coordinate 

His-ligated heme after the reduction. As previously reported [16], the intensities of the 

absorption bands in the Soret and visible regions of the heme-bound IRP mutant lacking the 

IDD domain were more substantially decreased after gel filtration, compared to those of intact 

heme-bound IRP2, suggesting that the heme binding affinities of the HRMs outside of the 

IDD domain is lower than that of the HRM in the IDD domain. After gel filtration during 

sample preparation for the pulse radiolysis experiments, some amounts of heme might be 

released from the HRMs outside of the IDD domain. In addition, the absorption bands for the 

5-coordinate and 6-coordinate Cys-ligated heme in the difference spectra were broad and 

rather featureless, which would make their detection in the difference spectra more difficult in 
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the presence of the 5-coordinate His-ligated heme. The contribution of the heme binding 

spectral characteristics located outside of the IDD domain would be much less than those of 

the IDD domain to the difference spectra of heme-bound IRP2. 
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4 Discussion 

 

As we previously reported [39] and reviewed [29], “heme-regulated” proteins that use 

HRMs as their heme binding sites have some unique spectral characteristics. In IRP2, we 

have already examined the heme environmental structures of both of the ferric heme- and 

ferrous heme-bound forms, revealing that the heme environment is significantly different 

from that of the conventional Cys-ligated hemoprotein such as P450cam [16]. In this paper, 

we successfully identified the Raman band for the Fe-S stretching mode in the ferric 

heme-bound form, and this band was broad and down-shifted to approximately 330 cm-1, 

compared to those of a typical Cys-ligated hemoprotein, such as P450cam, and more closely 

resembles those of ferric heme-bound Irr [39]. The lower frequency for the Fe-S stretching 

mode has also been reported for nitric oxide synthase (338 cm-1), where the axial cysteine has 

only one hydrogen bond to stabilize ligation to the heme iron [48] (two hydrogen bonds are 

formed in P450cam [49]), and for heme-bound Bach1, which is also a HRM-containing 

heme-regulated protein using heme as the regulatory molecule [50]. The lower frequency of 

the Fe-S stretching mode in ferric heme-bound IRP2, therefore, means weak interactions 

between the axial ligand and surrounding amino acid residues and supports a role for heme as 

the signaling molecule for IRP2 [16]. Ferric heme-bound IRP1 also showed the lower 

frequency of the Fe-S stretching mode as observed for ferric heme-bound IRP2, suggesting 

that heme functions as the signaling molecule for IRP1 to derepress the ferritin synthesis [25]. 

Although spectral characteristics observed for heme-bound IRP2 were also found for 

heme-bound IRP1, the spectral changes after the reduction of the heme iron in heme-bound 

IRP1 were significantly different from those of IRP2 and Irr, as shown by our pulse radiolysis 

experiments (Fig. 8). The spectral changes immediately after the reduction of heme-bound 

IRP2 indicates formation of a 5-coordinate His-ligated ferrous heme, whereas 5-coordinate 

Cys-ligated and 6-coordinate Cys/His-ligated ferrous hemes were transiently formed in IRP1. 
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Taking into account that the two HRMs outside of the IDD domain are conserved in both 

IRP1 and IRP2, the intermediate species with the 5-coordinate His-ligated ferrous heme is 

formed in the HRM of the IDD domain in IRP2, and hemes in the other HRM regions, outside 

of the IDD domain, are a mixture of 5-coordinate Cys-ligated and 6-coordinate 

Cys/His-ligated ferrous hemes. Together with the results from the present spectroscopic 

measurements, we can propose model structures of hemes in ferric heme- and ferrous 

heme-bound IRPs schematically represented in Fig. 9.  

In the presence of heme, both IRP1 and IRP2 can specifically bind heme in their HRMs, 

and the coordination structures of these ferric heme-bound IRPs are a mixture of 5-coordinate 

Cys-ligated and 6-coordinate Cys/His-ligated hemes (Ferric State, Fig. 9). Although we have 

not yet identified the structural factors for the mixed heme coordination states, the Soret peak 

with a shoulder was observed in the presence of less than one equivalent of heme, indicating 

that these two conformers are in the equilibrium. Such conformational equilibrium was also 

encountered for some hemoproteins [51], where the ligand field of one of the heme ligands is 

rather weak. The lower frequencies of the Fe-S modes of ferric heme-bound IRPs would 

correspond to the weak ligand fields of the axial cysteines in heme-bound IRPs, compared to 

that of conventional Cys-ligated proteins such as P450, leading to the conformational 

equilibrium in heme-bound IRPs. In heme-bound IRP1, the ligated cysteines are 118Cys 

and 300Cys in the HRMs, while in IRP2, three cysteine residues (201Cys in the HRM of the 

IDD domain, 120Cys, and 375Cys in the HRMs outside of the IDD domain) are ligated to the 

heme iron. All of the heme environments including the heme-binding site in the IDD domain 

of IRP2 are quite similar and almost indistinguishable.  

After the reduction of the heme ion (Reduction of Heme Iron, Fig. 9), the heme in IRP1 is 

reduced to maintain axial ligands to form the reduced 5-coordinate Cys-ligated and the 

6-coordinate Cys/His-ligated hemes, as indicated by the absorption at approximately 410 and 

440 nm, respectively, in the difference spectra of the pulse radiolysis experiments (Fig. 8A1). 
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These complexes are relatively stable, since they are detected at 1.0 ms after the reduction 

(dashed line, Fig. 8A1). After the transient formation of reduced Cys-ligated hemes, the axial 

cysteine would easily dissociate from the heme iron, due to the decreased relative affinity for 

ferrous heme iron compared to ferric heme. Once the axial cysteine is dissociated, a histidine 

residue will be coordinated to the ferrous heme iron to form the 5-coordinate His-ligated and 

6-coordinate His/His-ligated heme (Ferrous State, Fig. 9). Due to the similar spectral pattern 

of the absorbance spectra between the His/His-ligated and Cys/His-ligated heme, we could 

not confirm the axial ligand replacement in the Cys/His-ligated heme and some amount of 

ferrous-heme bound IRP1 would maintain the Cys/His heme after reduction. The resonance 

Raman spectrum for reduced heme-bound IRP1 indicates two spin state markers arising from 

5-coordinate high spin and 6-coordinate low spin hemes, but the absorption spectrum has no 

distinct absorption maximum at approximately 430 nm, which is characteristic of a 

5-coordinate His-ligated heme. Therefore, the 5-coordinate His-ligated heme population is 

rather small, compared to that of the 6-coordinate heme. Upon addition of CO (CO Adduct, 

Fig. 9), the CO adduct of the His-ligated heme is formed in heme-bound IRP1. 

The coordination structures of hemes in the HRM outside of the IDD domain in IRP2 

(“HRM outside of IDD domain” in Fig. 9) would be identical to that of IRP1. However, the 

appearance of the absorption maximum at 435 nm in the difference spectra of the pulse 

radiolysis experiments (Reduction of Heme Iron, Fig. 9) and our previous mutational study 

[16] clearly indicates that the reduction of the heme iron in the HRM of the IDD domain in 

IRP2 induces dissociation of 201Cys from the heme iron and ligation of the adjacent 

histidine, 204His, to form the 5-coordinate His-ligated heme. In the 6-coordinate 

Cys/His-ligated heme in the HRM of the IDD domain, similar axial ligand replacement 

of 201Cys by 204His might occur to form the 6-coordinate His/His-ligated heme, but we cannot 

exclude the possibility that protonated 201Cys is ligated to the 6-coordinate heme after the 

reduction.  
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Although 204His is located near 201Cys on the amino acid sequence, such ligand 

replacement requires a large structural change in the heme binding site. In CooA, one of the 

heme-containing transcription factors, the axial ligand of the ferric heme, 75Cys, is replaced 

by 77His upon the reduction of the heme iron [52], and the distance between the heme iron and 

sulfur atom of 75Cys is 4.8 Å in ferrous CooA [53]. The x-ray structure of CooA indicates that 

only one hydrogen bond exists within 10 Å from the heme iron in the proximal pocket, and a 

smaller number of the hydrogen bond in the heme binding site will reflect the flexibility of the 

polypeptide around heme binding site in CooA [52]. The rapid dissociation of 201Cys from the 

heme iron and ligation of 204His in heme-bound IRP2 would, therefore, be due to the 

flexibility of the polypeptide in the IDD domain as suggested for CooA. The lower frequency 

of the Fe-S stretching mode in ferric heme-bound IRP2 also supports less number of the 

hydrogen bonds around the axial ligand. In addition, NMR measurements for the isolated IDD 

domain suggest that the structure of the IDD domain is disordered [54], and the heme binding 

site in the HRM of Bach2 is also disordered [55]. Such structural flexibility in the IDD 

domain would promote the axial ligand replacement from 201Cys to 204His.  

In the HRM of the IDD domain, more than 1.0 ms after the reduction, the 6-coordinate 

His/His-ligated or Cys/His-ligated heme is dominated by the ligation of the histidine residue 

from the region outside of the IDD domain (Ferrous State, Fig. 9). By addition of CO, 

replacement of one of the ligands, possibly 204His [16] or protonated 201Cys, in the 

6-coordinate heme and the ligation of CO to the 5-coordonate His-ligated heme are induced to 

form the CO adduct, in which the histidine serves as the trans ligand (CO adduct, Fig. 9).  

Our spectroscopic characterization of heme-bound IRPs immediately after reduction of 

the heme iron revealed that the 5-coordinate His-ligated heme is specifically formed in the 

HRM of the IDD domain in IRP2, although both ferrous heme-bound IRP1 and IRP2 showed 

the 6-coordinated His-ligated heme. Considering that IRP1 was not oxidized in the presence 

of heme under the conditions where IRP2 was oxidized [10], the 6-coordinate His-ligated 
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heme after the reduction of the heme iron in IRPs would not effectively generate ROS to 

oxidize the protein moiety or the amino acid residues in the binding site of the 6-coordinate 

His-ligated heme would not be susceptible to oxidation by ROS. This allows us to speculate 

that molecular oxygen can bind to the 5-coordinate His-ligated heme and the amino acid 

residues constituting the oxygen binding site for the 5-coordinate His-ligated heme in the IDD 

domain of IRP2 are sensitive to the oxidation of ROS, leading to oxidative modification that 

is recognized by the ubiquitin ligase and results in proteasomal degradation. Such degradation 

of IRP2 is also promoted by binding F-box and leucine-rich repeat protein 5 (FBXL5) to IRP2 

[11, 12]. We have examined the correlation between two degradation mechanisms, but no 

evidence has been provided to link the heme-mediated degradation to the FBXL5-mediated 

degradation of IRP2.  

In conclusion, we revealed the heme environmental structures of ferric heme- and ferrous 

heme-bound IRPs, including the intermediate species after reduction of the heme iron. 

Although ferric heme bound IRPs have the axial cysteine residues in the HRMs, the heme 

coordination structures were significantly different from those of typical Cys-ligated proteins 

such as P450. In the IDD domain of IRP2, 201Cys in the HRM is ligated to the ferric heme 

iron, while, upon reduction of the heme iron, 201Cys is dissociated and 204His will be ligated. 

Despite similar spectral characteristics in ferric heme- and ferrous heme-bound IRPs, the 

5-coordinate His-ligated heme is specifically formed in the HRM of the IDD domain in IRP2, 

probably due to the structural flexibility of the IDD domain. The specific formation of this 

5-coordinate His-ligated heme would be essential for oxidative modification of IRP2, which 

differentiates the functions of heme between these two IRPs.  
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FIGURES & TABLES 
 

IRP1    -PVCPADLVIDHSIQVDFNR-----------------------------------------  134 
IRP2    -PACPTDLTVDHSLQIDFSKCAIQNAPNPGGGDLQKAGKLSPLKVQPKKLPCRGQTTCRGS  177 
 

IRP1     --------------------------------RADSLQKNQDLEFERNRERFEFLKWGSQ- 162 
IRP2     CDSGELGRNSGTFSSQIENTPILCPFHLQPVPEPETVLKNQEVEFGRNRERLQFFKWSSR- 237 
 

IRP1    -PGVAQLSIADRATIANMCPEYGATAAFFPVDEVSITYLVQTGRDEEKLKYIKKYLQAVGM 342 
IRP2     -SGVSQLSIVDRTTIANMCPEYGAILSFFPVDNVTLKHLEHTGFSKAKLESMETYLKAVKL 417 

 

Fig. 1: Amino acid sequences including the HRM regions in IRP1 and IRP2. Cys, Pro, 

and His in the HRM regions are shown as bold letters. 118Cys-119Pro and 300Cys-301Pro in IRP1, 

and 120Cys-121Pro, 201Cys-202Pro-X-204His (IDD domain, underlined), and 375Cys-376Pro in 

IRP2. 
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Fig. 2: Optical absorption spectra of heme-bound IRP1 (A) and IRP2 (B). The solid, 

dashed, and dotted lines represent the ferric heme-bound, ferrous heme-bound, and CO 

adducts of reduced heme-bound IRPs, respectively. (Inset) Heme titration of IRPs was 

followed by measurement of the absorbance at 372 nm and 373 nm. The protein concentration 

was approximately 5 μM in 50 mM Tris-HCl buffer, 100 mM NaCl, pH 7.4, in the presence of 

one molar equivalent of heme. 
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Fig. 3: Resonance Raman spectra of ferric heme-bound, ferrous heme-bound, and CO 

adducts of IRPs in the high frequency region. Resonance Raman spectra of IRP1 (A) and 

IRP2 (B) are shown. These spectra were obtained by excitation with 413.1 nm. Samples were 

dissolved in 50 mM Tris-HCl buffer, pH7.4. The protein concentration was approximately 40 

µM in the presence of two molar equivalents of heme. 
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Fig. 4: Resonance Raman spectra of ferric heme-bound IRPs in the low frequency 

region. 56Fe and 54Fe heme-bound IRP1 (A), IRP2 (B). The spectra were obtained by 

excitation with 363.8 nm light from an argon ion laser. Samples were dissolved in 50 mM 

Tris-HCl buffer, pH 7.4. The protein concentration was approximately 40 µM in the presence 

of two molar equivalents of heme. The spectra show enlarged Raman lines at approximately 

340 cm-1 for 54Fe- and 56Fe-heme-bound IRPs and their difference spectra (56Fe - 54Fe). The 

Raman lines were fitted by two Gaussian functions (dotted lines). 
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Fig. 5:  Resonance Raman spectra of Fe(II)-CO complexes of IRPs. The low-frequency 

(A) and high-frequency (B) regions of the resonance Raman spectra for CO adducts of 

reduced heme-bound IRP1 (1) and IRP2 (2) excited at 413.1 nm. Asterisks mark the positions 

of laser plasma lines.  
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Fig. 6: Correlation plot between νFe-CO and νFeC-O of hemoproteins and porphyrin 

model compounds. Proteins with an anionic ligand (◆), proteins with a neutral ligand (●), 

and model complexes with an anionic ligands (▲). Data for IRP1 and IRP2 are represented as 

○.  
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Fig. 7: Resonance Raman spectra of photodissociated products of CO adducts of IRPs in 

the low-frequency regions. Ferrous-CO complexes of IRP1 (A) and IRP2 (B). The protein 

concentration was approximately 30 µM in 50 mM Tris-HCl buffer, pH 7.4, in the presence of 

two molar equivalents of heme. Excitation wavelength was 441.6 nm. 

  



35 
 

 
Fig. 8: Comparison of kinetic difference spectra and absorbance changes for IRPs after 

pulse radiolysis. Spectra were measured at 100 μs (circle and dotted line) and 1.0 ms (plus 

and dashed line) after pulse radiolysis of IRP1 (A1), IRP2 (B1). The difference spectra 

between dithionite-reduced and oxidized IRPs are shown as solid lines. The left axis shows 

the change in absorbance (ΔA) for the kinetic difference spectra, and the right axis shows the 

change in absorbance for the static difference spectrum. Absorbance changes of IRP1 (A2) 

and IRP2 (B2) was monitored at 435 nm. The fitting curves shown in the figures were 

obtained by the single-exponential fitting. 
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Fig. 9: Model structures of heme coordination at the HRM region outside of (left) and in 

(right) the IDD domain. 

The species not confirmed by spectroscopy are gray. The wavelengths of the peak in the Soret 

region are shown below.  
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Table 1: Absorption peaks for hemoproteins. 

    Proteins Coordination Soret Visible Reference 

Fe(III) complexes         

IRP1 Cys, Cys/His 372, 415a broad This work 

  IRP2 Cys, Cys/His 373, 415a broad This work 

  Irr Cys, His/His 372, 414 broad [39] 

    HRI Cys/? 418 538 [51] 

    HRI-NTD His/His 415 533 [56] 

    CBS His/Cys 428 550 [31] 

    CooA Cys/Pro 424 541, 566 [57]  

    P450cam Cys 391 511, 646 [58] 

    P450cam(Imidazole) Cys/Imidazole 425 542, 574 [58] 

    P420 Cys 422 541, 566 [35] 

  Aquomet Mb His/H2O 409 505, 630 [34] 

  Cytochrome b5 His/His 412 530-560b [59] 

Fe(II) complexes        

IRP1 His/(Cys or His) 423 532, 559 This work 

  IRP2 His/(Cys or His) 425 530, 559 This work 

  Irr His, His/His 423 broad [60] 

    HRI His/? 426 531, 560 [51] 

    HRI-NTD His/His? 428 530, 560 [56] 

    CBS, pH 8.0 His/Cys 448 540, 571 [31] 

    CBS, pH 6.0 His/Cys 425 530, 558 [31] 

    CooA His/Pro 426 529, 559 [57] 

  P450cam Cys 408 543 [33] 

    P450cam(pyridine) Cys/pyridine 444 538, 566 [33] 

P420cam Cys 424 530, 558 [35] 

  Deoxy Mb His 434 559 [34] 

 Cytochrome b5 His/His 423 525, 556 [59] 

Fe(II)-CO complexes         

IRP1 His 421 540, 568 This work 

  IRP2 His 421 540, 569 This work 

    HRI(CO) His 421 539, 565 [51] 

    HRI-N-terminal domain(CO) His 422 537, 569 [56] 

    CBS(CO) His 420 540, 570 [31] 

    CooA(CO) His 422 540, 568 [57] 

    P450cam(CO) Cys 446 551 [33] 

    P420cam(CO) His 420 540, 572 [35] 

  MbCO His 420 541, 576 [34] 
aShoulder peak 
bBroad peak   
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Table 2: Frequencies of spin state markers for hemoproteins. 

    Proteins Coordination Fe-axial 
ligand ν4 ν3 ν2 Reference 

Fe(III) complexes        
IRP1 Cys, Cys/His 331 1372  1489, 1500 1571 This work 

  IRP2 Cys, Cys/His 333 1372  1490, 1500 1583 This work 

    CBS His/Cys 312 1372 1500 1575 [31] 

    P450cam Cys 351 1368,1372 1488 1570,1582 [61] 

  P420cam Cys n.d.a 1374 1491,1503 1572,1588 [61] 

  Aquomet Mb His n.d. 1373 1503 1584 [62] 

  Cytochrome b5 His/His n.d. 1374 1506 1583 [63] 

  Fe3+(PP)Im2
b Im/Im n.d. 1374 1503 1582 [63] 

Fe(II) complexes           

IRP1 His/(Cys or His) 220 1359 1469,1492 1580 This work 

  IRP2 His/(Cys or His) 221 1360 1470,1492 1582 This work 

    CBS, pH 8.0 His/Cys n.d. 1358 1493 1585 [31] 

  P450cam Cys n.d. 1345 1468 1563 [61] 

  P420cam Cys n.d. 1361 1470,1493 1560,1583 [61] 

  Deoxy Mb His 220 1357 1473 1564 [41, 64] 

 Cytochrome b5 His/His n.d. 1360 1492 1582 [63] 

 Fe2+(PP)Im2 Im/Im n.d. 1360 1492 1582 [63] 

Fe(II)-CO complexes   Fe-CO, FeC-O        

IRP1(CO) His 494,1962 1371 1497 1582 This work 

  IRP2(CO) His 495,1961 1373 1496 1583 This work 

    P450cam(CO) Cys 465 1371 1497 1588 [61] 

    P420cam(CO) His 496 1372 1498 1583 [61] 

  MbCO His 510,1944 1372 1500 1587 [43, 44] 
 Mb(64His→Leu)(CO) His 489,1966 n.d. n.d. n.d. [45, 46] 
aNot determined, bbis-imidazole-ligated porphyrin. 
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Synopsis for the Graphical Abstract:  

Both iron regulatory protein (IRP)-1 and 2 bind heme to the heme regulatory motif (HRM), but only IRP2 

forms a 5-coordinate His-ligated heme immediately after the reduction. The formation of the 5-coordinate 

species probably due to the structural flexibility of IRP2 would differentiate function of heme in two IRPs. 


