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CHAPTER |

GENERAL INTRODUCTION






Iron is a transition metal, which is an essential element for many organisms and 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. In mammals, iron is required for oxygen transport
as a component of hemoglobin, DNA synthesis as a component of ribonucleotide reductase,
and as an electron acceptor/donor in cytochromes and so on (1). Iron deficiency, therefore,
causes many health problems, immunological deterioration, and impairing physical and mental
development in children (2). On the other hand, once the iron level in cells exceeds the capacity
of organisms, iron can be toxic, resulting in oxidation of lipids, proteins, and other cellular
components (3, 4). High levels of iron have been supposed to be associated with increased
incidence of certain cancers and dysfunction of organs, such as heart, pancreas, or liver. Thus,
the intracellular iron metabolism is regulated in mammal. In this chapter, the general
information of the heme-regulated mechanism for the iron metabolism and homeostasis is

described.

1.1. Iron Metabolism.

Mammalian cells regulate expression of proteins involved in iron uptake and sequestration
to ensure that iron supplies are sufficient for metabolic needs. Mammals possess a network of
proteins that promote the transport, use, and storage of iron as shown in Figure 1.1 (5). First,
iron is released from the intestinal enterocyte to the blood vessel, and binds to an iron-
transporting protein, transferrin (Tf). Tf transports iron to tissues and binds to transferrin
receptor (TfR) on the cell surface (6). The Tf-TfR complex is internalized to deliver iron to the
cytoplasm, and, after the dissociation of iron, TfR and apo-Tf are recycled to the cell surface
(6, 7). Iron delivered to the cytoplasm is used for synthesis of iron containing prosthetic group
such as heme and iron-sulfur clusters, while an excess of iron is stored in a multi-subunit iron

storage protein, ferritin (8). Therefore, TfR and ferritin are crucial proteins and the coordinated
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iron-dependent modulation of TfR and ferritin synthesis plays a key role in iron homeostasis

9).

1.2. Coordinate post-transcriptional Regulation of Cellular Iron Metabolism via IRE/IRP

Interactions.

The regulation of the ferritin and TfR synthesis is linked to the cellular iron status of
cytosolic RNA binding proteins, iron regulatory proteins (IRPs) (5, 9). As shown in Figure 1.2,
IRPs are the primary regulators of the iron metabolism through the modulation of the expression
level of the genes that are involved in the iron metabolism such as iron uptake, storage,
utilization, and export (10). In iron-depleted cells, IRPs bind to the specific mMRNA, iron
responsive-elements (IREs) sequence. IREs have highly conserved hairpin structures of 25-30
nucleotides (11). H- and L-ferritin mMRNAS contain a single IRE in their 5’-untranslated regions
57 UTR, which is located relatively close to the cap structure at the 5’ end, while TTR1 mRNA

contains five IREs in its 3 UTR.

The IRE/IRP regulatory system was first described in the late 1980s with the discovery of
IREs in the UTRs of the mRNAs encoding the H- and L-subunits of ferritin and TfR1 (12-14).
Under conditions of iron deficiency, IRPs bind with high affinity to the IRE in H- and L-ferritin
MRNAs, and thereby inhibit their translation by a steric hindrance mechanism (Figure 1.2). On
the other hands, IRPs bind to the IREs in TfR1 mRNA to protect them against endonucleolytic
degradation. These homeostatic responses prevent storage of cellular iron by Ft and mediate
increased cellular iron uptake by Tf. By contrast, in iron-replete cells, the IRE-binding activities
of IRPs are diminished, allowing degradation of mRNA coding TfR1 and ferritin mRNA
translation. The loss of binding activity for IRP1 inhibits iron uptake and stimulates storage of
excessive intracellular iron within ferritin. Therefore, the iron content in cells is regulated by

the association/dissociation of IRPs to IRE.



1.3. Sensing of Intracellular Iron by IRP1 and IRP2.

Two IRP homologues, IRP1 and IRP2, are identified, which share the high sequence
homology. The IRE binding activity of both IRPs is regulated by cellular iron concentration.
However, their regulatory mechanisms definitely differ between the two proteins (Figure 1.3).
IRP1 assembles an aconitase-type 4Fe-4S cluster in response to the increased intracellular iron
levels. Assembly of the 4Fe-4S cluster alters the conformation of IRP1 and precludes the IRE-
binding (15, 16). On the other hand, holo-IRP1 acquires enzymatic activity as cytosolic
aconitase, which catalyzes isomerization of citrate to iso-citrate. Thus, IRP1 is a bifunctional

protein that is regulated by the 4Fe-4S cluster assembly.

Contrary to IRP1, IRP2 does not assemble the 4Fe-4S and is regulated by iron-induced
ubiquitination and degradation. IRP2 is oxidized and ubiquitinated in iron-replete cells, leading
to subsequent degradation by proteasomes, along with loss of its IRE binding activity (17-20).
For this degradation of IRP2, oxidation of a domain specific to IRP2, the iron-dependent
degradation (IDD) domain, which is not found in the sequence of IRP1, is essential (15, 21),
and lack of the IDD domain results in no degradation of the protein (19). A previous study
revealed that 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 the ubiquitination (22).

1.4. Heme Binding to IRP1 and IRP2 Using Heme as Signaling Molecule.

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 (23) and
heme was found to be crosslinked to the specific region of IRP1 (24). The previous studies

suggested that the IRE binding of IRP1 is also regulated by heme, but without the heme-induced



oxidation.

Heme is a prosthetic group best known for essential roles in oxygen transport, oxidative
catalysis, and respiratory electron transport. More than 95% of functional (not storage) iron in
the human body is in the form of heme (25). Recent years, the roles of heme is further evident
from identification of the proteins, called “heme-regulated” proteins, that bind heme reversibly,
using it as a signal to regulate gene expression in circadian rhythm pathways and control heme
synthesis itself (26, 27). Most of such “heme-regulated” proteins have heme regulatory motifs
(HRMs) (28, 29), and the cysteine residue of the HRM in “heme-regulated” proteins often serve
as the axial ligand for heme. Two homologues of IRPs, IRP1 and IRP2, also have HRM in their
sequence. The heme binding sites in IRP2 was reported to be 2°!Cys in the IDD domain, and
heme binding underpins its iron-sensing mechanism (30). On the other hands, IRP1 shares heme
binding sites as HRM (Cys-Pro) in IRP2 (Figure 1.4) and has other HRM (Cys-Ile). However,
the specific heme binding has been reported only for IRP2, which is essential for oxidative
modification and loss of binding to IRE. The ligation of heme for IRP1 has not yet been

confirmed.

In Chapter 11, I found that IRP1 also specifically binds two molar equivalents of heme, and
the absorption and resonance Raman spectra of heme-bound IRP1 were quite similar to those
of heme-bound IRP2, showing that the heme environmental structures in IRP1 are close to those
of proteins using heme as a signaling molecule. Using pulse radiolysis, we successfully
identified the structural factors differentiating heme binding to HRM in the IDD domain of
IRP2 from those of other HRMs outside of the IDD domain. Considering that the oxidative
modification is only observed in heme-bound IRP2, but not IRP1, | suggest that functional
significance of heme binding to IRP1 is different from that to IRP2, although both IRPs seem

to utilize heme as the signaling molecule for sensing cellular iron concentration.

In Chapter 111, to examine the functional significance of heme binding to IRP1, | focused
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on the affinity of heme for hemoproteins. Typical hemoproteins such as hemoglobin and P450
tightly binds heme as the active center, but “heme-regulated” proteins, which bind heme as the
signaling molecule, have decreased heme binding affinity. To estimate the heme binding affinity
of IRP1, I followed the association/dissociation kinetics for the heme binding to IRP1. The
Kinetics data revealed that the affinity of heme for IRP1 was similar to that of “heme-regulated”
protein, and the heme binding to IRP1 inhibited the IRE binding to IRP1. The addition of heme
to IRP1 resulted in the dissociation of IRE from IRP1, supporting the idea that heme functions

as the signaling molecule for IRP1.

In Chapter IV, the crystal structure of IRP1 in the complex with heme was solved to
structurally characterize the heme-regulated IRE binding mechanism in IRP1. The crystal
structure clarified that IRP1 binds heme to >®Cys, not to HRM, and this cysteine residue located
in the IRE recognition site in the cleft formed by domains 3 and 4 in IRP1. The heme binding
to °%Cys would induce conformational changes around the IRE recognition site to inhibit the

IRE binding to IRP1, which is a different regulation mechanism from that of IRP2.

In Chapter V, based on the results in Chapters 11, Il and IV, | proposed a mechanism of
the heme-regulated IRE binding in IRP1, where IRP1 binds heme as the signaling molecule for
the intracellular iron concentration. The results and discussion in this thesis shed new light on
molecular mechanisms for iron homeostasis in cells, which will, I believe, provides important
clues to new drug design and therapies for various kinds of deceases derived from the defects

in iron homeostasis.
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Figure 1.1 Intracellular iron metabolism.

Extracellular iron binds to transferrin (Tf). Tf binds to transferrin receptor (TfR) to be taken in iron into
cell. The Tf-TfR complex is internalized by receptor-mediated endocytosis, and iron released from Tf.
The iron released Tf-TfR complex is exposed to the cell surface, and T is released and reused. Released
iron is utilized or stored in ferritin.

Iron-Deplete Cells Iron-Replete Cells

IRP

=
-

mRNA
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Figure 1.2 A regulation mechanism of cellular iron level by IRP. (Ex. Iron Storage)

Left: IRP binds to IRE in iron-deplete cells. In Ft mMRNA, IRP prevents the initiation of the translation
by endosome, and its expression is down regulated. As a result, cellular iron level is going to be high.
Right: IRP cannot bind to IRE in iron-replete cells and Ft is translated stably. As a result, cellular iron

level is going to be low.
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Figure 1.3 The mechanism of regulation of the function in IRPs.
Iniron-replete cells, IRP1 assembles a Fe-S cluster and it induces some conformational changes in IRP1,
while IRP2 bind to heme and is ubiquitinated to be degraded by proteasome. Both of them lose its

activity to binding IRE in iron replete cells.

HRM ...................................
Cys375
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HRM
Cys1 20 .....................

Figure 1.4 Heme binding sites in IRPs.

IRP1 binds two equivalents of heme, and IRP2 binds three equivalents of heme. One of the binding sites,
Cys201, in IRP2 is located in the IDD domain. This domain mediates the oxidative modification and
subsequently degradation. Other two heme binding sites (Cys118 and Cys300 in IRP1, Cys120 and
Cys375 in IRP2) are conserved between IRP1 and IRP2.
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Abstract

IRP1 and IRP2, regulators of iron homeostasis in mammalian cells, control the translation
of proteins involved in iron metabolism by binding to IRE. Although two IRPs share the
significant homology and have the HRM sequence, a consensus sequence found in “heme-
regulated proteins”, specific heme binding has been reported only for IRP2, which is essential
for oxidative modification and loss of binding to target mRNAs. In this chapter, |
spectroscopically confirmed that IRP1 also specifically binds two molar equivalents of heme,
and the absorption and resonance Raman spectra of heme-bound IRP1 were quite similar to
those of heme-bound IRP2. While these spectroscopic properties show that the heme
environmental structure in heme-bound IRP1 is close to that of IRP2, the heme binding to IRP1
does not induce the oxidative modification as found for heme-bound IRP2. To identify the
structural factors to differentiate the functional significance of the heme binding between two
IRPs, | focused on the reduction process of heme iron bound to IRPs, which is supposed to be
one of the crucial processes for the heme-induced oxidative modification in IRP2. | utilized
pulse radiolysis experiments to follow the reduction process, and the time-dependent spectra of
heme-bound IRPs after reduction of the heme iron 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. However, 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, |
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.

15



2.1. Introduction.

As described in General Introduction, two IRPs, IRP1 and IRP2, have been identified to
date, and share the significant homology. However, IRP2 has a specific domain of 73 amino
acid residues, the IDD domain, between domains 1 and 2. This domain contains one HRM
sequence and heme binding to the HRM in 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 (1). The
spectroscopic data clearly showed that the IDD domain specifically binds ferric heme via a
cysteine residue (*°!Cys) in the HRM (2). This binding triggers the oxidative modification of
the IDD domain. Such heme binding at the cysteine residue in the HRM 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 (lIrr), in a nitrogen fixing bacterium,
Bradyhizobium joponicum (3, 4).

Although heme binding to Cys in the HRM is observed for various “heme-regulated”
proteins including IRP2 and Irr (3-5), heme-dependent oxidative modification has only been
confirmed in IRP2 and Irr (3-5). Heme-regulated proteins that use heme as a signaling or
effector molecule, such as Hapl (6), ALASL1 (7), ALAS2 (7), HRI kinase (8), and Bach1l (9),
can specifically bind heme, but no heme-induced protein oxidation has been reported. Based
on a sequence alignment of heme-regulated proteins containing HRMs, both IRP2 and Irr found
to 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 (1).

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 (10). Although

heme-induced oxidation was not observed for IRP1, incubation of IRP1 with heme prevented
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subsequent repression of ferritin synthesis in a wheat germ extract (11) and heme was found to
be crosslinked to the specific region of IRP1 (12), suggesting that the IRE binding of IRP1 is
also regulated by the heme binding. As indicated in Figure 2.1, 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. However, heme binding to these HRMs has not yet been

examined.

In this chapter, | found that IRP1 also specifically binds heme, and spectroscopically
characterized the heme environments of both heme-bound IRP1 and IRP2. In particular, using
pulse radiolysis, | 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.

IRP1  —AVCPADLVIDHSIQVDFNR— == === === oo oo 134
IRP2  -PACPTDLTVDHSLQIDFSKCAIQNAPNPGGGDLQKAGKLSPLKVQPKKLPCRGQTTCRGS 177
TRP1 == ——m—m—mmmmmm e RADSLOKNQDLEFERNRERFEFLKWGSQ- 162
IRP2 CDSGELGRNSGTFSSQIENTPILCPFHLQPVPEPETVLKNQEVEFGRNRERLOQFFKWSSR- 237
IRP1 -PGVAQLSIADRATIANMCPEYGATAAFFPVDEVSITYLVQTGRDEEKLKY IKKYLOAVGM 342
IRP2 -SGVSQLSIVDRTTIANMCPEYGAILSFFPVDNVTLKHLEHTGFSKAKLESMETYLKAVKL 417

Figure 2.1. Amino acid sequences including the HRM regions in IRP1 and IRP2.
HRMs are shown as bold letters. HRMs in IRP1: 18Cys-1°Pro, 30Cys-31pro, HRMs in IRP2: 12°Cys-
121pro, 201Cys-202Prg-X-?%His (IDD domain, red), *°*Cys-3Pro.
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2.2. Experimental Procedures.

2.2.1. 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.

2.2.2. Protein Expression and Purification.

Procedures for the protein expression and purification were described by our previous
paper (1). High Five cells were cultured at 27 °C in Express Five serum-free medium
(Invitrogen) supplemented with 16.5 mM L-glutamine, 100 1U/mL penicillin G and 100 pg/mL
streptomycin, and infected with P3 baculovirus to express Hise-tagged IRPs. At 60 hours after
infection, the infected cells were harvested and centrifuged. The cells were washed and
subsequently suspended in lysis buffer containing 50 mM Tris-HCI (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 minutes 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-HCI (pH 7.4),
and the mixture was incubated for 2 hours at 4 °C. After extensive washing, the bound protein
was eluted with 50 mM Tris-HCI (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-HCI (pH 8.0)
containing 10 mM 2-mercaptoethanol to remove imidazole. The Hise-tag was cleaved by TEV
protease (Accelagen, San Diego, CA, USA) for 16 hours at 4 °C. After cleavage, the reaction

mixture was again applied to Ni-NTA agarose pre-equilibrated with 50 mM Tris-HCI (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-HCI and 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-HCI, 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-HCI, 100 mM
NaCl (pH 7.4). The protein concentrations of IRP1 and IRP2 were estimated using the
absorbance at 280 nm with extinction coefficients (e2s0) calculated in ProtParam

(http://web.expasy.org/protparam/) of 84,690 and 77,240 Mt cm™, respectively.

2.2.3 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 (esss) of 58.44 mM™* cm™. Aliquots
of a hemin solution (500 uM) were added to both the sample cuvette containing 5 uM 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.

2.2.4 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
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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 (IK5651R, 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, CCls,
acetone, and an aqueous solution of ferrocyanide. The accuracy of the peak positions of well-
defined Raman bands was +1 cm™ . Heme-reconstituted protein concentrations for Raman
experiments were approximately 40 uM in 50 mM Tris-HCI (pH 7.4), in the presence of two

molar equivalents of heme, at room temperature.

2.2.5 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 (11). 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 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 (Osaka, Japan) data analysis system. All

data points at different wavelengths were obtained in separate measurements.
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2.3. Results.
2.3.1 Absorption Spectra of Heme-bound IRP1 and IRP2.

The specific heme binding to IRPs was confirmed by the absorption spectra of IRPs in the
presence of heme. The absorption spectrum of IRP1 in the presence of ferric heme (solid line,
Figure 3.2A) exhibits a broad Soret peak at 372 nm, with a shoulder at approximately 420 nm.
This was also found for IRP2 (solid line, Figure 2.2B), where Cys in the HRM is ligated to the
ferric heme iron (1), suggesting heme binding to Cys of the HRM in IRP1. To determine the
heme stoichiometry of IRPs, spectrophotometric titration of heme to IRP1 was performed (inset,
Figure 2.2A). It is clear that two equivalents of heme bind to IRP1, which corresponds to the
number of HRMs in IRP1 (Figure 2.1), and supports the heme binding to Cys in the HRM. In
IRP2, the spectrophotometric titration of heme to IRP2 (inset, Figure 2.2B) 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 homologues (Figure 2.1). The close similarity of the absorption
spectra between the two IRPs suggest that the heme environments for both IRP1 and IRP2 are

quite similar, and characteristic of heme-regulated proteins (12).

Upon reduction of the heme iron with sodium dithionite, the Soret band shifted to 423 and
425 nm for IRP1 and IRP2, respectively (Figure 2.2A, 2.2B). Both peak positions can be
categorized into the 6-coordinate ferrous low-spin heme such as observed for cytochrome bs
(13) and the acidic form of CBS (14), where neutral Cys/His or 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 (15), 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, Figure 2.2A and 2.2B), distinctly
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different from that of P450cam (450 nm) (16), but similar to that of myoglobin (421 nm) (17)
or P420cam (420 nm) (18, 19). The axial ligand for IRP1-CO and IRP2-CO is, therefore, a

neutral His or Cys, rather than an anionic Cys. The absorption maxima for typical hemoproteins

are summarized in Table 2.1.
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Figure 2.2 Optical absorption spectra of heme-bound IRP 1(A) and IRP2 (B).
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 uM in 50 mM
Tris-HCI buffer, 100 mM NaCl, pH 7.4, in the presence of one molar equivalent of heme.
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Table 2.1 Absorption peaks for hemoproteins.

Proteins Coordination Soret Visible Reference
Fe(I11) complexes
IRP1 Cys, Cys/His 372, 4151 broad This work
IRP2 Cys, Cys/His 373, 4151 broad This work
Irr Cys, His/His 372,414 broad (20)
HRI Cys/? 418 538 (21)
HRI-NTD His/His 415 533 (22)
CBS His/Cys 428 550 (14)
CooA Cys/Pro 424 541, 566 (23)
P450cam Cys 391 511, 646 (24)
P450cam(Imidazole) Cys/Imidazole 425 542,574 (24)
P420 Cys 422 541, 566 (19)
Aquomet Mb His/H-O 409 505, 630 a7
Cytochrome bs His/His 412 530-5602 (25)
Fe(Il) 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 (26)
HRI His/? 426 531, 560 (21)
HRI-NTD His/His? 428 530, 560 (22)
CBS, pH 8.0 His/Cys 448 540, 571 (14)
CBS, pH 6.0 His/Cys 425 530, 558 (14)
CooA His/Pro 426 529, 559 (23)
P450cam Cys 408 543 (16)
P450cam(pyridine) Cys/pyridine 444 538, 566 (16)
P420cam Cys 424 530, 558 (19)
Deoxy Mb His 434 559 @an
Cytochrome bs His/His 423 525, 556 (25)
Fe(11)-CO complexes
IRP1 His 421 540, 568 This work
IRP2 His 421 540, 569 This work
HRI(CO) His 421 539, 565 (21)
HRI-N-terminal domain(CO) His 422 537, 569 (22)
CBS(CO) His 420 540, 570 (14)
Co0A(CO) His 422 540, 568 27)
P450cam(CO) Cys 446 551 (16)
P420cam(CO) His 420 540, 572 (19)
MbCO His 420 541,576 17)

1Shoulder peak
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2.3.2 Resonance Raman Spectra of Ferric Heme-bound IRP1 and IRP2.

To further characterize the heme environmental structures of IRPs, | utilized resonance
Raman spectroscopy. The resonance Raman spectra can provide valuable information about the
heme coordination structure (28). In the high-frequency region, the intense Raman band at
approximately 1360-1370 cm™, 14, serves as an oxidation marker band. In the presence of heme,
IRP1 and IRP2 displayed the v4 band at 1372 cm™, characteristic of ferric heme (28). The spin-
state marker band for the heme iron, 13, was also detected in the high-frequency region, and
both IRPs displayed two 15 bands. In ferric heme-bound IRP1, the Raman band at 1489 cm™
can be assigned to the 5-coordinate high-spin heme, and a shoulder band at 1500 cm is derived
from the 6-coordinate low-spin heme (Ferric, Figure 2.3A). The high-frequency region of the
resonance Raman spectrum for ferric heme-bound IRP2 also has two 15 bands at 1490 and 1500
cm™. Thus, the heme coordination states in ferric heme-bound IRPs were 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, | measured the
low-frequency region of the resonance Raman spectra of ferric heme-bound IRPs excited at
363.8 nm, in which the Fe-Cys stretching mode is expected to be detected in the region of 310
350 cm® (29). The resonance Raman spectra for ferric heme-bound IRP1 and IRP2 showed
broad bands at approximately 331 and 333 cm™, respectively (Figure 2.4). To unambiguously
assign the Fe-S stretching mode, | used **Fe-substituted heme and the Raman bands were fitted
by two Gaussian bands. The broad band consisted of two bands at 331 and 345 cm™, and only
the band centered at 331 cm for ferric ®Fe-heme-bound IRP1 displayed an 5*Fe-isotopic shift
to 333 cm (Figure 2.4A). In the resonance Raman spectrum of ferric ®Fe-heme-bound IRP2,
the band centered at 333 cm™ was also shifted to 335 cm™ after substitution with >*Fe-heme
(Figure 2.4B). These isotopic shifts (2 cm™) were also reported for Irr (20), where Cys in the

HRM is ligated to the heme iron, and correspond to the calculated value (2.2 cm™) (29) that
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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™) when compared with those of the typical Cys-
ligated hemoprotein, P450cam (Fe-S frequency: 351 cm?, line width: ~15 cm™) (29). 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 (20). The marker bands of the resonance Raman

spectra for typical hemoproteins are summarized in Table 2.2.
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Figure 2.3 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-HCI buffer, pH7.4. The protein
concentration was approximately 40 uM in the presence of two molar equivalents of heme.
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Figure 2.4 Resonance Raman spectra of ferric heme-bound IRPs in the low frequency region.
Fe and %*Fe 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-HCI buffer, pH 7.4. The protein
concentration was approximately 40 uM in the presence of two molar equivalents of heme. The spectra
show enlarged Raman lines at approximately 340 cm™ for the 54Fe- and **Fe-heme-bound IRPs and their
difference spectra (*°Fe - 54Fe). The Raman lines were fitted by two Gaussian functions (dotted lines).
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Table 2.2 Frequencies of spin state markers for hemoproteins.
Proteins Coordination v (Fe-ligand) va V3 V2 Reference

Fe(I11) 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 (14)
P450cam Cys 351 1368,1372 1488 1570,1582 (30)
P420cam Cys n.d.! 1374 1491,1503  1572,1588 (30)
Aquomet Mb His n.d. 1373 1503 1584 (31)
Cytochrome bs His/His n.d. 1374 1506 1583 (32)
Fe3*(PP)Im,? Im/Im n.d. 1374 1503 1582 (32)
Fe(Il) 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 (14)
P450cam Cys n.d. 1345 1468 1563 (30)
P420cam Cys n.d. 1361 1470,1493  1560,1583 (30)
Deoxy Mb His 220 1357 1473 1564 (33,34)
Cytochrome bs His/His n.d. 1360 1492 1582 (32)
Fez*(PP)Im; Im/Im n.d. 1360 1492 1582 (32)
Fe(11)-CO complexes v (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 (30)
P420cam(CO) His 496 1372 1498 1583 (30)
MbCO His 510,1944 1372 1500 1587 (35, 36)
Mb(®*His—Leu)(CO) His 489,1966 n.d. n.d. n.d. (37, 38)

INot determined, 2bis-imidazole-ligated porphyrin.
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2.3.3 Resonance Raman Spectra for Ferrous Heme-bound IRP1 and IRP2.

In the proposed mechanism for oxidative modification in IRP2 (1) and Irr (3), 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, | measured the resonance Raman
spectra for reduced heme-bound IRPs (Figure 2.3). The v4 band appeared at 1359 and 1360 cm”
! 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™ for IRP1;
1470 and 1492 cm™ 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’
! while the Fe-C stretching mode is detected at 470-530 cm™ (39). As shown in Figure 2.5A1,
the Raman band at 494 cm™*, which was down-shifted to 484 cm™, upon *3CO substitution, were
assigned to the »(Fe-CO) bands in the CO adduct of ferrous heme-bound IRP1. Meanwhile, in
the high-frequency region (Figure 2.5B1), one isotope-sensitive band appeared at 1962 cm™ in
the spectrum of the CO adduct of ferrous heme-bound IRP1 was assignable to the 1{C-O) band.
In the CO adduct of heme-bound IRP2 (Figures 2.5A2 and 2.5B2), the isotope-sensitive bands
at 495 and 1961 cm™ were assigned to {Fe-CO) and 1{C-O), respectively. Based on the inverse
correlation of the frequencies between (Fe-CO) and 1{FeC-O) (Figure 3.6), the ligand trans to
CO was proposed to be a neutral His, but not an anionic Cys. In addition to the {Fe-CO) band
from His-ligated heme, the isotope-sensitive Raman bands were observed at 525 and 526 cm™*
for the CO adducts of ferrous heme-bound IRP1 and IRP2, respectively (Figures 2.5A1 and

2.5A2). These Raman bands can be assigned to (Fe-CO) of the 5-coordinate heme, suggesting
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the release of the axial ligand upon reduction.

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 (34), the Fe-His stretching mode was observed at 200-250 cm™* for the 5-coordinated
ferrous heme. Because the 6-coordinate heme was dominant for ferrous heme-bound IRP1 and
IRP2 (Figure 2.2), | 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?, respectively (Figure 2.7), as found for deoxymyoglobin (220 cm™) (34), 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 C-O stretching modes also reflect the heme
environment, particularly polarity in the exogenous ligand binding sites (40). In the CO adduct
of myoglobin, the WFe-CO) and C-O) bands were observed at 510 and 1944 cm™,
respectively (35, 36). Down-shifted 1{Fe-CO) and up-shifted (C-O) bands were also
encountered for the “distal mutant” of myoglobin (1{Fe-CO): ~489 cm™, 1{FeC-0): ~1966 cm"
1y, where the distal histidine, 84His, was replaced with leucine or alanine (37, 38). 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.
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Figure 2.5 Resonance Raman spectra of Fe(11)-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 position of laser
plasma lines.
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Figure 2.7 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 uM

in 50 mM Tris-HCI buffer, pH 7.4, in the presence of two molar equivalents of heme. Excitation
wavelength was 441.6 nm.
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2.3.4 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 (20), 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
His-ligated hemoproteins including myoglobin and hemoglobin. Using mutations in the HRM
region of the IDD domain in IRP2, Ishikawa et al. (1) have shown that the axial ligand for ferric
heme-bound IRP2 is 2°!Cys in the HRM and one of the axial ligands for reduced heme-bound
IRP2 is 2%His, allowing them to propose a redox-dependent axial ligand exchange. Similar
axial ligand replacement was also found for Irr (11). 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 (11).

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 (Figure 2.8). The
kinetic difference spectrum for heme-bound IRP1 (Figure 2.8A) exhibited a broad positive
absorption band in the region between 410 and 450 nm, whereas in the kinetic difference
spectrum at 100 us for heme-bound IRP2 (Figure 2.8B), an absorption maximum at 435 nm
was detected, indicating formation of 5-coordinate His-ligated heme, as found for heme-bound
Irr (11). The absorption maximum at 435 nm remained 2 ms after the reduction (dashed line,
Figure 2.8B), while the difference spectrum between ferric heme- and ferrous heme-bound
IRP2 showed an absorption maximum at 425 nm, not at 435 nm (solid line, Figure 2.8B), which

corresponds to the Soret peak of ferrous heme-bound IRP2 (425 nm) (Figure 2.2B). Because
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our previous mutational study reported that ferrous heme-bound IRP2 has a 6-coordinate His-
ligated heme (1), the 6-coordinate His-ligated heme would, therefore, be formed more than 2

ms after the reduction of the heme.

On the other hand, the difference spectra at 100 us and 2 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 2.1) 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 (1), immediately after the reduction, the axial cysteine residue, 2°!Cys,
in the 5-coordinate heme is dissociated from the heme iron, and the adjacent histidine, 2**His,
is then rapidly ligated to the ferrous heme iron to form the 5-coordinate His-ligated heme. In
the 6-coordinate heme, | could not unambiguously determine the axial ligands immediately

after the reduction of ferric heme-bound IRP2.

After more than 2 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 2 ms after the
reduction has not yet been identified, but the IDD domain has only one histidine residue, 2**His,
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 (1).

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 (Figure 2.8A).
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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 at 100 us 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) (16). In
addition, another absorption maximum at approximately 410 nm was detected both 100 ps and
2 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) (41). 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 (1), 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 column, 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 the presence of the 5-

coordinate His-ligated heme. The contribution of the heme binding spectral characteristics
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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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Figure 2.8 Comparison of kinetic difference spectra for IRPs after pulse radiolysis.
Spectra were measured at 100 ps (circle and dotted line) and 2 ms (plus and dashed line) after pulse

radiolysis of IRP1 (A), IRP2 (B). The difference spectrum between dithionite-reduced and oxidized
IRPs is shown as a solid line. The left axis shows the change in absorbance (AA) for the kinetic

difference spectrum, and the right axis shows the change in absorbance for the static difference spectrum.
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2.4. Discussion.

As we previously reported (20) and reviewed (12), “heme-regulated” proteins that use
HRMs as their heme binding sites have some unique spectral characteristics. In IRP2, the heme
environmental structures of both of the ferric heme- and ferrous heme-bound forms have been
already examined, revealing that the heme environment is significantly different from that of
the conventional Cys-ligated hemoprotein such as P450cam (1). In this paper, | successfully
identified the Raman band for the Fe-Cys stretching mode in the ferric heme-bound form, and
this band was broad and down-shifted to approximately 330 cm™, compared to those of a typical
Cys-ligated hemoprotein, such as P450cam, and more closely resembles those of ferric heme-
bound Irr (20). The lower frequency for the Fe-S stretching mode has also been reported for
nitric oxide synthase (338 cm™), where the axial cysteine has only one hydrogen bond to
stabilize ligation to the heme iron (42) (two hydrogen bonds are formed in P450cam (43)), and
for heme-bound Bachl, which is also a HRM-containing heme-regulated protein using heme
as the regulatory molecule (44). 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 (1).

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 (Figure 2.8). 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.
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
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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, | can propose
model structures of hemes in ferric heme- and ferrous heme-bound IRPs schematically

represented in Figure 2.9.

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, Figure 2.9). In heme-bound
IRP1, the ligated cysteines are 8Cys and 3%°Cys in the HRMs, while in IRP2, three cysteine
residues (?°*Cys in the HRM of the IDD domain, *2°Cys, and 3">Cys 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, Figure 2.9), 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 (Figure 2.8A).
These complexes are relatively stable, since they are detected at 2 ms after the reduction (dashed
line, Figure 2.8A). 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, Figure 2.9). 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

37



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, Figure 2.9), 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 Figure 2.9) 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, Figure 2.9) and our previous mutational study
(1) clearly indicates that the reduction of the heme iron in the HRM of the IDD domain in IRP2
induces dissociation of 2°2Cys from the heme iron and ligation of the adjacent histidine, 2%*His,
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 2°!Cys by 2°*His might occur to
form the 6-coordinate His/His-ligated heme, but we cannot exclude the possibility that
protonated °'Cys is ligated to the 6-coordinate heme after the reduction.

Although 2%*His is located near 2°*Cys 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, °Cys, is replaced by ""His upon the
reduction of the heme iron (45), and the distance between the heme iron and sulfur atom of
>Cys is 4.8 A in ferrous CooA (46). The x-ray structure of CooA indicates that only one
hydrogen bond exists within 10 A 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 (45). The rapid dissociation of 2°'Cys from the
heme iron and ligation of 2His 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
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around the axial ligand. In addition, NMR measurements for the isolated IDD domain suggest
that the structure of the IDD domain is disordered (47), and the heme binding site in the HRM
of Bach2 is also disordered (48). Such structural flexibility in the IDD domain would promote
the axial ligand replacement from 2°Cys to 2%His.

In the HRM of the IDD domain, more than 2 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, Figure 2.9). By addition of CO,
replacement of one of the ligands, possibly 2**His (1) or protonated 2°!Cys, 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, Figure 2.9).

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 (49), the 6-coordinate His-ligated 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.

In conclusion, | 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
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such as P450. In the IDD domain of IRP2, ?°!Cys in the HRM is ligated to the ferric heme iron,
while, upon reduction of the heme iron, 2°'Cys is dissociated and 2**His 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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CHAPTER |11
FUNCTIONAL SIGNIFICANCE OF HEME BINDING
IN IRON RESPONSE ELEMENT BINDING
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Abstract

In Chapter 11, I clarified that IRP1 specifically binds heme as observed for IRP2, and the
characteristic of heme environments of heme-bound IRP1 showed that the heme binding site
was HRM (Cys-Pro), suggesting that heme binds to IRP1 as the signaling molecule for sensing
the intracellular iron concentration status. Although the heme binding to IRP2 induces the
oxidative modification and ubiquitin-mediated protein degradation to lose the IRE binding
affinity, heme-bound IRP1 showed no oxidative modification and functional significance of

heme binding to IRP1 is still unknown.

In Chapter 11, to examine the functional significance of the heme binding in IRP1, |
focused on the affinity of heme in IRP1. As previously reported, typical hemoproteins using
heme as the active center, such as hemoglobin and P450, tightly bind heme to the protein, while
“heme-regulated” proteins have relatively low heme binding affinity, which is supposed to
facilitate the reversible heme binding in cells. Using various kinds of spectroscopies, |
successfully determined the heme binding affinity of IRP1, showing that the affinity of heme
in IRP1 is much lower than that of the prevalent hemoproteins, and rather close to that of the
“heme-regulated” protein. To further confirm the heme binding as the signaling molecule for
the IRE binding in IRP1, | followed the dissociation of IRE from the IRP1-IRE complex by the
addition of heme using fluorescence anisotropy of the fluorescent-labelled IRE. As | expected,
the addition of heme dissociated IRE from the IRP1 complex, but a large excess amount of
heme was required for the dissociation, and it is highly unlikely that intracellular heme
concentration, particularly free heme, would be so high to promote the dissociation. Although
mechanisms for the heme-induced dissociation of IRE from the IRP1 complex are still
controversial, it is clear that the heme binding to IRP1 facilitates the dissociation of IRE from
the IRP1 complex, and | suppose that some specific heme carrier or heme chaperone proteins

would transfer heme to IRP1 to dissociate IRE from the IRP1 complex.
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3.1. Introduction.

In Chapter II, I clarified that IRP1 binds heme at the cysteine residue in the HRM as
observed for IRP2, suggesting that IRP1 also utilize heme as the signaling molecule for sensing
intracellular iron concentration. In IRP2, the heme binding is the trigger for the oxidation
modification of the protein moiety of IRP2 and oxidized IRP2 is degraded by the ubiquitin-
proteasome protein degradation system to lose the IRE binding affinity (1). Such heme-
mediated oxidative modification was not reported in IRP1 and heme-mediated regulation of the
IRE binding in IRP1 has not yet been confirmed. The functional significance of heme binding
to IRP1 is, therefore, still unknown, although IRP1 can specifically bind heme at the cysteine

residue in the HRM.

One of the characteristics of the heme binding in “heme-regulated” proteins is lower heme
binding affinity (2). In conventional hemoproteins using heme as the active center, such as
hemoglobin and P450 (3), they show very high heme binding affinity with smaller dissociation
constant (Kg) for heme of less than 102 M, while the heme binding affinity of the “heme-
regulated” proteins such as HRI and Bach2 is much lower (Kq: ~10” M) to facilitate the
reversible heme binding in cells (4-6). However, the heme binding affinity of IRP1 and heme-

induced inhibition of the IRE binding in IRP1 have not yet been reported.

In Chapter 11, to examine the functional significance of the heme binding to IRP1, |
measured the heme binding affinity of IRP1 by using spectroscopies, and found that K4 for the
heme binding in IRP1 was the range of 10’ M, which was much lower than that of the typical
hemoproteins, and rather close to that of the “heme-regulated” protein, supporting the heme
binding as the signaling molecule in IRP1. I also successfully observed the dissociation of IRE
from the IRP1-IRE complex by the addition of heme, suggesting a heme-mediated regulation
of the IRE binding in IRP1. As previously reported, heme did not induce the oxidative

modification of IRP1, which allows us to speculate a heme-mediated regulation mechanism for
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the IRE binding without oxidative modification, but a large excess amount of heme was
required for the dissociation. Based on the heme binding affinity of IRP1 and the heme-
mediated IRE dissociation, | discus the functional significance of heme binding to IRP1 to

dissociate IRE from the IRP1 complex and possibility that heme binds to IRP1 in cells.
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3.2. Experimental Procedures.
3.2.1. Materials.

All chemicals were purchased from Wako Pure Chemical Industries (Osaka, Japan),
Nacalai Tesque (Kyoto, Japan) or Sigma-Aldrich (St. Louis, MO, USA) were used without

further purification.

3.2.2. Protein Expression and Purification.

The expression and purification of IRP1 and IRP2 are described in Chapter Il. The purified
IRP1 was concentrated to 5~10 uM using Vivaspin concentrators with 50 000 molecular-weight

cutoff (Sartorius, Goettingen, Germany).

3.2.3. Fluorescence Anisotropy Measurements.

Human ferritin IRE (Figure 3.1A) (7-9), whose 5’-end is covalently bound to 6-FAM
(Figure 3.1B), was purchased from Eurofins Genomics as HPLC grade. In this chapter, 6-FAM-
labeled IRE is simply depicted as IRE. IRE was dissolved in 50 mM HEPES-NaOH and 100
mM NaCl (pH 7.4). After dissolving in the buffer, IRE was annealed by heating to 94 °C for 3
minutes with slow cooling to 25°C over 6 hours in a water bath. The prepared IRE was stored
at -20 °C until use. Fluorescence anisotropy was recorded with a fluorometer FP-8500 (Jasco,
Tokyo, Japan). The configuration for fluorescence anisotropy measurement is illustrated in

Figure 3.1C. Fluorescence anisotropy r is defined as follows:

p= dw =G lw (3.1)
IW + ZG * IVH

LY (3.2)

IHH

where 1 is the intensity of fluorescence with two letters of subscript indicating the directions of

excitation and emission polarized lights. “V”” and “H” in the eqations represent vertical and
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horizontal, respectively. For example, lvn is depicted for the fluorescence intensities by passing
through vertical-polarized excitation and horizontal-polarized emission light. The instrumental
function, G, is used to calibrate the detector sensitivity between the vertical and horizontal light.
The G value was calculated using Equation 3.2 by the measurement for a buffer containing 1
nM IRE. The concentrations of IRE for titration by IRP1 and IRP2 were 1 nM. To examine the
effect of heme on the IRE-binding, IRPs were mixed with heme for approximately 15 minutes
prior to the addition of IRE. The excitation and emission wavelengths were 495 and 515 nm,
respectively. Each data point represented the integration of five consecutive measurements. A
plot of fluorescence anisotropy, r, versus protein concentrations, x, was analyzed using the Hill

equation as follows:

b-a
+—
1+ (Kg/ x)"

(3.3)

where a is the minimum anisotropy difference, b is the maximum anisotropy difference, n is
Hill coefficient and Kg is the dissociation constant. All instruments were treated with RNase
remover (RNase ZAP, Ambion, TX, USA) to remove the contamination of RNase, and all

buffers were sterilized by 0.2 um filter.
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Figure 3.1 Outline of fluorescence anisotropy measurement.

(A) Structure of fluorescent molecule, 6-carboxyfluorescein, termed 6-FAM, conjugated to the 5’-end
of IRE. (B) Schematic secondary structure of human ferritin IRE. IRE was composed of a hairpin
hexaloop (CAGUGC), stems, and internal loop/bulge (CGU). (C) Schematic representation of apparatus
of fluorescence anisotropy. Both excited and emission lights pass through the polarizer.
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3.2.4. Dissociation Rate Constant of IRP1.

The dissociation rate constant measurements were made in a 0.5-mL reaction mixture
containing 2 uM heme-IRP1 and 20 uM apo-myoglobin in 50 mM Tris-HCI and 100 mM NaCl
(pH 7.4) at 5 °C. Apo-myoglobin was prepared by extracting heme from equine skeletal muscle
myoglobin using the acid/methylethylketone method (12). The Soret peak of myoglobin (408
nm) was traced using a JASCO V-660 UV-vis absorption spectrophotometer. The dissociation
rate (korr) of heme was calculated by fitting the data to a double-exponential (Equation 3.4)
equation using lgor Pro (WaveMetrics, Portland, OR, USA) as follows:

A = A + A exp(— Korst) + Ay exp(— Ko ot) (3.4)

where Ao is the initial absorbance, A: and Az are the proportional constants and kot is the

dissociation rate constants (s™).
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Figure 3.2 Determined of the dissociation rate constants of IRP1 using apo-myoglobin.

The dissociation rate constants measurements were made in a 0.5-mL reaction mixture containing 2 pM
heme-IRP1 and 20 uM apo-myoglobin in 50 mM Tris-HCI and 100 mM NaCl (pH 7.4) at 5 °C. The
Soret peak of myoglobin (408 nm) was traced, and the increase in the absorbance at 408 nm was plotted
against time.
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3.2.5. Measurements of the Heme Binding Affinity of IRP1 Using SPR.

The interaction between IRP1 and heme was examined by surface plasmon resonance
measurements using a Biacore T200 (GE Healthcare). In Figure 3.3, GST-tagged IRP1 was
immobilized on a sensor chip CM5. The sensor chip was activated by injection of 15 uM EDC
and NHS buffer for 3 min, and then IRP1 (1 uM) in HBS-P buffer (10 mM Hepes, 150 mM
NaCl, 0.005% (v/v) Surfactant P20, pH 7.4) was passed over the chip at flow rate of 10 uL/min
for 26 min. The solution of heme was prepared in 0.1M NaOH. Heme of 0.0137-1.11 uM were
passed over the sensor chip for a 700 sec association, followed by a 1000 sec dissociation at
4 °C. The chip was regenerated with 10 mM glycine-HCI (pH 2.1) for 2 min. Data were fit to a
1:1 binding model, produced a less random residual contribution than the other binding models,

using the BlAevaluation software provided by Biacore.

Sensor Chip CM5 IRP1
(GST Tag)

Figure 3.3 Outline of Surface Plasmon Resonance.

GST-tagged IRP1 was immobilized on a sensor chip CM5. The sensor chip was activated by injection
of 15 uM EDC and NHS buffer for 3 min, and then IRP1 (1000 nM) in HBS-P buffer (10 mM Hepes,
150 mM NaCl, 0.005% (v/v) Surfactant P20, pH 7.4) was passed over the chip at flow rate of 10 uL/min
for 26 min. The solution of heme was prepared in 0.1 M NaOH. Heme was passed over the sensor chip
at 4°C.
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3.3. Results.
3.3.1. Heme-Binding Kinetics of IRP1.

To determine the heme binding affinity of IRP1, surface plasmon resonance (SPR) analysis
was utilized. Surface plasmon resonance (SPR) allows real-time, label-free detection of
biomolecular interactions (Figure 3.3) to estimate the association and dissociation rates for the
complex formation (5). The change of molecular weight due to the heme binding and the
dissociation of heme from the IRP1-IRE complex was recorded in real time. In Chapter 11, IRP1
binds to heme with a stoichiometry of 1:2, but, as shown in Figure 3.4, the heme
association/dissociation kinetics fits well to a 1:1 binding model, suggesting that two binding
site were similar to the heme environmental structures. | calculated association (kon) and
dissociation (kofr) rate constants from the SPR data and the Kq value was estimated by these rate
constants, as summarized in Table 3.1. The association and dissociation rate constants are 2.8
x 10° MIs and 1.3 x 10° s, respectively, and Kq of the heme binding to IRP1 was determined

as4.7x 10" M, which are close to that of HRI and Bach2 rather than hemoglobin (Table 3.1).

Hemoglobin using heme as the active center tightly binds heme to transport oxygen, while
“heme-regulated” proteins such as HRI and Bach2 have relatively low heme binding affinity to
sense the heme as the signaling molecule in the cells. The heme binding affinity of IRP1

supports the idea that the heme functions as the signaling molecule for IRP1.

I measured the heme dissociation rate using the heme transfer reaction from heme-bound
IRP1 to apo-myoglobin with very high heme binding affinity. | mixed the IRP1-heme complex
with a 10-fold excess of apo-myoglobin and then monitored changes in the absorption spectra.
The increase in the absorbance at 408 nm, indicating the formation of myoglobin, was plotted
against time (Figure 3.5). The heme dissociation Kinetics fit best to a double exponential
equation, yielding dissociation rate constants for IRP1 of Koft-slow1 = 3.4 x 10 s (about 66%)

and Kofr-fast,2 = 3.3 x 102 s (about 34%) (Table 3.2). The fast phase makes up 34% of the total
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absorbance change, indicating that the second slower phase is the major component for the

heme dissociation from heme-bound IRP1. Kott-stow Of IRP1 was also comparable to that of HRI

and Bach2, suggesting that IRP1 binds heme as the signaling molecule.
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Figure 3.4 Kinetic analysis of IRP1 interactions with heme examined by surface plasmon

resonance.

Heme samples were injected over GST immobilized apo-IRP1 at five concentrations (0.014, 0.04, 0.12,

0.37, and 1.11 uM). The heme concentration was adjusted below 1.11 uM to suppress the nonspecific

heme binding.

Table 3.1 Comparison of the dissociation constants (Kq) with other hemoproteins.

Protein Ka (M) Kon (M1s1) Kof (51) Reference
IRP1 47 x 100 28 x 10° 13 x 10° Thisstudy
hemoglobin 25 x 10 29 x 10 71 x 10° ©)
HRI 14 x 10° 11 x 100 15 x 10° @)
Bach2 17 x 107 28 x 100 46 x 10° (5)
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Figure 3.5 Time course of the displacement of hemin from heme-IRP1 to apo-myoglobin.

Time course of the transfer of hemin from heme-IRP1 to apo-myoglobin, measured as the change in the
absorption at 408 nm. Dissociation rate constants were calculated by both double-exponential (red line)
equations. Spectra were measured at 5-minutes intervals over a period of 5000 sec.

Table 3.2 Heme dissociation rates for IRP1 using apo-myoglobin.
Protein Koff slow (S Koff fast (S™) Reference
IRPL 34x 10" 33x 10°  Thisstudy

Rate constants calculated assuming a double-exponential equation (Eq. 3.4)
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3.3.2. Detection of Complex Formation by Fluorescence Anisotropy.

To investigate the heme-mediated regulation of the IRE binding in IRP1, | followed the
change of the fluorescence anisotropy of the IRP1- fluorescent-labelled IRE complex by the
addition of heme. The differences of anisotropy (Ar) were obtained by the comparison of the
anisotropy between free IRE and the IRP1-IRE complex as shown in Figure 3.6. The value of
Ar is related to the remaining polarization of the fluorescence shown in Equation 3.4, reflecting
speed of the Brownian motion of IRE. When the Brownian motion of the fluorescent-labelled
IRE becomes fast associated with the dissociation of a complex, the polarization in the
fluorescence intensity is reduced, leading to the decreased value of Ar. Thus, the decrease in Ar

corresponds to the dissociation of IRE from the IRP1-IRE complex.

In Figure 3.6, the addition of heme dissociated IRE from the IRP1-IRE complex, but a
large excess amount of heme was required for the dissociation. Although a large excess amount
of heme was required for the dissociation, it was clear that the IRP2-IRE complex was
dissociated, as the heme concentration in the solution was increased (Figure 3.7). The results

indicate that the heme binding to IRP1 facilitates the dissociation of IRE from the IRP1 complex.
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Figure 3.6 Fluorescence anisotropy measurement following titration of heme to IRP1-IRE
complex.
Fluorescence anisotropy (Ar) measurements for the detection of interactions between IRP1 and IRE with
heme. The fluorescence was measured following the titration of heme to the IRP1-IRE complex in 50
mM HEPES-NaOH and 100 mM NaCl (pH 7.4). The excitation and emission wavelength were 495 and
515 nm, respectively.
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Figure 3.7 Fluorescence anisotropy measurement following titration of heme to IRP2-IRE
complex.

Fluorescence anisotropy (Ar) measurements for the detection of interactions between IRP2 and IRE with
heme. The fluorescence was measured following the titration of heme to the IRP2-IRE complex in 50
mM HEPES-NaOH and 100 mM NaCl (pH 7.4). The excitation and emission wavelength were 495 and

515 nm, respectively.
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3.4. Discussion
3.4.1. Heme-Induced Complex Dissociation in the IRP-IRE Complex.

In this chapter, to clarify the functional significance of the heme binding to IRP1, |
measured the heme binding affinity of IRP1, and dissociation of IRE from the IRP1-IRE
complex by the addition of heme. The heme binding affinity of IRP1 (Kg = 4.7 x107" M) was
lower about 10° than that of hemoglobin, and close to that of HRI and Bach2 (~107) (Table
3.1), due to the large kofr value for IRP1 close to that of HRI and Bach2. These results suggest
that IRP1 can reversibly binds heme in responses to the heme concentration in cells, since
relatively weak binding of heme is important to act as a trigger for “heme regulated” proteins
(10). The kon value for IRP1 was different from that of HRI, and the heme association rate with
IRP1 was slower about 10% compared with those of HRI and hemoglobin. However, the Kon
value for IRP1 was close to that of the other “heme regulated” protein, Bach2. Although it is
not clear the localization and concentration of heme in cells, different kon may be due to the

heterogeneity of the heme concentration and these “heme regulated” proteins in cells.

In the dissociation measurements of IRE from the IRP1-IRE complex by the heme binding,
the apparent dissociation constant of heme for IRP1-IRE complex was estimated to be
approximately 1.5 x 10° M, which is ~ 30-fold higher than that for IRP1 (Table 3.1), indicating
that the heme binding affinity is lower than that in the absence of IRE. The IRE-binding activity
for IRP1 is inhibited by the heme binding competitively, and IRE-binding activity of IRP1 was
suppressed in a heme-dependent manner. However, a large excess amount of heme was required
for the dissociation. Although the intracellular heme concentration is not yet been determined,
the heme concentration, particularly free heme, would not be so high to promote such
dissociation of IRE from the complex (11). I, therefore, suspect that IRP1 dissociates IRE from
the IRP1-IRE complex by transferring heme from some specific heme carrier or heme

chaperone proteins, which are still unidentified.
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Figure 3.8 The heme-induced IRP1-IRE complex dissociation.
The heme-induced complex dissociation was clearly observed. However large excess amount of heme
was required for the dissociation.
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OF HEME-DEPENDENT REGULATION MECHANISM
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Abstract

In Chapters Il and 111, I structurally and functionally characterized the heme binding in
IRP1 and revealed that the heme environmental structures of heme-bound IRP1 are quite similar
to that of heme-bound IRP2 and other “heme-regulated” proteins such as Irr, suggesting that
IRP1 binds heme as the signaling molecule for the intracellular iron concentration. The heme
binding affinity of IRP1 was significantly lower than those of the conventional hemoproteins
using heme as the active center, but close to those of the “heme-regulated” proteins, supporting
the function of heme as the signaling molecule for IRP1. Further experimental evidence for the
heme binding as the signaling molecule in IRP1 was the heme-induced dissociation of IRE from
the IRP1-IRE complex. However, heme-induced dissociation of IRE from the IRP complex
required a large excess amount of heme, which is much higher concentration than that we expect

in cells. The heme-dependent regulation for the IRE binding in IRP1 is, therefore, still unclear.

In this chapter, to structurally examine the heme-dependent regulation mechanism for the
IRE binding in IRP1, | solved the crystal structure of IRP1 in the complex with heme,.
Diffraction data of the IRP1-heme complex was 2.3 A resolution. Unexpectedly, the crystal
structure clarified that IRP1 binds heme to 5°®Cys in HRM (Cys-1le), not a cysteine residue in
HRM (Cys-Pro). However, *®Cys is located in the cleft region in IRP1, where IRE binds to
form the IRP1-IRE complex, and the crystal structure of the IRP1-heme complex was in a
“closed” conformation that does not allow access of IRE to the IRE binding site. The
conformational changes by heme binding to IRP1, therefore, inhibit the IRE binding to IRP1.
Based on the structural information from the crystal structure, | proposed a mechanism of the
heme-regulated IRE binding regulation in IRP1, which would be one of the crucial steps for

sensing cellular iron concentration to maintain iron homeostasis in cells.
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4.1. Introduction.

In Chapter 11, I structurally characterized the heme binding to IRP1 and spectroscopically
confirmed that IRP1 specifically binds heme, and the heme environments structure was
characteristic of the ligation of the cysteine residue in HRM, as observed for other “heme-
regulated” protein, suggesting that the heme binds to IRP1 as the signaling molecule for sensing
iron concentration in cells. In Chapter 111, I functionally characterized the heme binding in IRP1
by estimating the heme binding affinity of IRPs. The heme binding affinity of IRP1 was much
lower than those of the conventional hemoproteins binding heme as the active center, but it was
rather close to those of “heme-regulated” proteins, supporting the binding of heme as the
signaling molecule for IRP. I also confirmed the heme-induced dissociation of heme from the
IRP1-IRE complex in the presence of high concentration of heme. However, the dissociation
of IRE from the IRP-IRE complex required a large excess amount of heme, which is much
higher concentration than that we expect in cells. The regulation of the heme-induced

association/dissociation between IRP1 and IRE is, therefore, still unclear.

In this Chapter 1V, to structurally characterize the heme binding in IRP1 and get structural
insight into the heme-regulated IRE binding in IRP1, | solved the crystal structure of the
complex of IRP1 with heme and compare with the structure of the IRP1-IRE complex in the
absence of heme. | successfully crystallized the complex of IRP1 with heme and the crystal
structure was obtained. The crystal structure of the IRP1-heme complex and the comparison
with the structure of the IRP1-IRE complex in the absence of heme showed that the heme
binding to IRP1 drastically changed relative positions of the domains to form a “closed”
conformation that does not allow access of IRE to the binding site of IRE. Based on the
structural information from the structure of heme-bound IRP1 and other structural data
discussed in the previous chapters, I will propose a mechanism for the heme-regulated IRE

binding in IRP1, which is definitely different from that in IRP2 and a novel mechanism utilizing
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heme as the signaling molecule for sensing intracellular iron concentration essential to maintain

iron homeostasis in cells.

4.2. Experimental Procedures.

4.2.1. Materials.

All chemicals were purchased from Thermo Scientific (Waltham, MA, USA), Nacalai
Tesque (Kyoto, Japan), or Sigma-Aldrich (St. Louis, MO, USA) and used without further

purification, Hampton research (Aliso Viejo, CA, USA).

4.2.2. Protein Expression and Purification.

The protein expression and purification of IRP1 are described in Chapter Il. The sample
was applied to a HiLoad 16/600 Superdex 200 preparatory grade gel-filtration column (GE
Healthcare) pre-equilibrated with 50 mM Tris-HCI and 100 mM NaCl/10% Glycerol (pH 7.4).
The purified IRP1 was concentrated to 80~170 uM using Vivaspin concentrators with 50 kDa

molecular-weight cutoff (Sartorius).

4.2.3. Absorption Spectroscopy.

The procedures for the sample preparations and spectroscopic measurements are followed

by those described in Chapter II.
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4.3. Results.
4.3.1. Expression, Purification and Construction of IRP1.

The purified IRP1 protein was estimated to be ~95% pure by SDS-PAGE (Figure 4.1). An
apparent molecular mass of 98 kDa for purified IRP1, which contains 889 amino acid residues,
was consistent with a calculated molecular mass of 98,399 Da. A major peak on the size-
exclusion chromatogram was detected at the elution volume of 70.2 mL (Figure 4.2), indicating

that IRP1 was purified as monomer.

Size-exclusion chromatography showed a broad peak, suggesting that wild type IRP1
(IRP1 WT) was not homogeneous (Figure 4.2) and, aggregation might be induced at higher
concentrations, while a sharp peak in the chromatography was observed for purified His-tag
attached IRP1, compared to that for the intact protein without His-tag, and the attachment of
the His-tag improved the homogeneity of the protein (Figure 4.3). However, the Soret
absorption maximum of ferric heme-bound His-tagged IRP1 appeared at 418 nm, not at 372
nm, which was significantly different from that of the intact protein. The heme environmental
structures of His-tagged IRP1 are, therefore, substantially perturbed by the addition of the His-

tag at the N-terminal (Figure 4.5).

To increase the amount of homogeneous IRP1, I introduced the mutations which did not
affect the heme binding of IRP to suppress the protein oxidation and improve the homogeneity
as previously reported, enabling single crystal growth of the IRP1-IRE complex (8). The IRP
mutant having the mutations at “*’Cys and 5%*Cys were mutated Ser (IRP1C437S/C503S)
retained the heme binding activity as found for IRP WT (Figure 4.6), and IRP1C437S/C503S
showed no heterogeneity (Figure 4.7 B). In addition, Flag tag used for the Baculoviruses
expression system was not so bulky to interrupt the protein packing in the crystals (Figures 4.4,

4.7 C, D). The constructs of the proteins for the crystallization are shown in Figure 4.8-9.
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The IRP1C437S/C503S and IRP1 with Flag-tag were expressed in a soluble form in the
baculovirus-infected insect cell system and was purified to homogeneity by Ni affinity and gel
filtration chromatography. The pattern of SDS-PAGE showed a single band and the molecular
weight was approximately 100 kDa, which is in agreement with the predicted molecular weight
of IRP1, 98 kDa. The purified IRP1 protein was estimated to be ~95% pure by SDS-PAGE. The

yield of purified IRP1 was 16.0~17.0 mg from 600 mL of High Five culture.

SDS-PAGE
Baculovirus expression system

Purification

l Ni affinity | 972 S IRP1
R 2

| TEV-cleavage | 664
.

| Ni affinity |
B

|  Size exclution | -

Figure 4.1 SDS-PAGE of IRP1.
SDS-PAGE of IRP1 stained with CBB Stain One. Lane 1: molecular mass marker, Lane 2: IRP1 purified
by size-exclusion chromatography
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Figure 4.2 Size-exclusion chromatography of IRP1 WT.

Profile of IRP1 on a gel-filtration column (HiLoad 10/600 Superdex 200 pg) pre-equilibrated with 50
mM HEPES-NaOH/100 mM NaCl (pH 7.4). Analytical gel filtration was performed using a Superdex
200 pg column with a flow rate of 1 mL/min.
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Figure 4.3 Size-exclusion chromatography of His Tag-IRP1 WT.

Profile of His Tag-IRP1 on a gel-filtration column (HiLoad 10/600 Superdex 200 pg) pre-equilibrated
with 50 mM HEPES-NaOH/100 mM NaCl (pH 7.4). Analytical gel filtration was performed using a
Superdex 200 pg column with a flow rate of 1 mL/min.
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Figure 4.4 Crystal structure of IRP1-IRE complex with His-tag (PDB : 3NSP).
The length of His-tag (red) may be involved in the crystal packing of the IRP1-IRE complex.
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Figure 4.5 Absorption spectrum and titration curve of His Tag-IRP1 WT.

Absorption difference spectra of the heme binding to IRP1. Absorption difference spectra of heme
binding to IRP1 were measure by following stepwise addition of heme (1 — 20 uM) to IRP1 (5 uM)
versus buffer blank in 50 mM Tris-HCI and 100 mM NaCl at pH 7.4. Inset: Absorbance difference at

417 nm as a function of heme concentrations.
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Figure 4.6 Absorption spectra and titration curves of IRP1 C437S/C503S.

Left: Solid, dotted and dashed lines represent the ferric heme-bound, ferrous heme-bound, and CO
adducts of reduced heme-bound IRP1, respectively. Right: Absorption difference spectra of the heme
binding to IRP1. Absorption difference spectra of the heme binding to IRP1 following stepwise addition
of heme (1 — 15 uM) to PRX1 (5 uM) versus buffer blank in 50 mM Tris-HCI and 100 mM NacCl at pH
7.4. (Inset): Heme titration of IRPs was followed by measurements of the absorbance at 370 nm and 418

nm.
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Figure 4.7 Size-exclusion chromatography of IRP1.

Profile of IRP1LWT (A), IRP1 C437S/C503S (B), IRP1 N-terminal Flag tag (C) and IRP1 C437S/C503S
N-terminal Flag tag (D) on a gel-filtration column (HiLoad 10/600 Superdex 200 pg) pre-equilibrated
with 50 mM Tris-HCI and 100 mM NaCl at pH 7.4. Analytical gel filtration was performed using a
Superdex 200 pg 16/60 column with a flow rate of 1 mL/min.
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Cys*37Ser

CysSO3S

Cys*3’Ser,
Cys®93Ser

Figure 4.8 Constructs of IRP1 for Crystallization.

N-terminal Flag Tag IRP1: Constructs of IRP1 with Flag-tag at the N-terminus. IRP1 C437S/C503S:
Cys/Ser double mutant. IRP1 WT: Wild type. N-terminal Flag Tag IRP1 C437S/C503S: Constructs of
IRP1 with Flag-tag at the N-terminus and Cys/Ser double mutant.

v
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His Tag

Figure 4.9 The position of construct design for Crystallization for IRP1.
Designs of IRP1 constructs with Flag-tag at the N-terminus and/or Cys/Ser double mutant.
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4.3.2. Screening of Crystallization Conditions.

Initial attempts to crystallize the IRP1-heme complex were performed with wild-type IRP1
fused with Flag-Tag and its mutant (Figure 4.10). IRP1 and heme (2.68 mM of heme was
dissolved in 0.1 M NaOH) were combined in 1:2.4 molar ratios and incubated on ice for 30
minutes ~1 hour. Crystallization conditions of the proteins were screened by sitting-drop vapor
diffusion method. 0.4 pL crystallization drops composed of 0.2 pL protein solution and 0.2 puL
reservoir solution were made on siliconized cover slide glass (HR8-090, Hampton reseach) and
vapor equilibrated to 150 pL reservoir solutions on 48 well plate (HR3-275, Hampton research).
Initial screening of crystallization conditions was carried out with several commercially
available screening kits (Crystal Screen 1 and 2, PEG/lon Screen [Hampton research], Wizard
1, 2, 3 and 4 [Emerald BioSystems]) at 277 K or 293 K. As a result, protein crystals of IRP1
C437S/C503S was obtained (Figure 4.11). The IRP1 C437S/C503S-heme complex formed
clusters of needles after two weeks in the following two conditions, (a) Crystal screen 1 No.
38 : 0.1 M HEPES sodium pH 7.5, 1.4 M sodium citrate tribasic dehydrate, and (b) Crystal
screen Il No. 28 : 1.6 M sodium citrate tribasic dehydrate pH 6.5. Other construction of IRP1
failed to give crystals under the same conditions, as well as under any conditions attempted

(Figures 4.12-13).
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PEG/ion I No. I~ 48 20°C
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Figure 4.10 Initial screening condition.

Initial screening of crystallization conditions against four constructs were carried out with several
commercially available screening kits (Crystal Screen 1 and 2, PEG/lon Screen [Hampton research],
Wizard 1, 2, 3 and 4 [Emerald BioSystems] at 277 K or 293 K.

Figure 4.11 Crystals of IRP1 C437S/C503S at initial screening.

Photographs of crystals obtained by (a) Crystal screen I No.38 : 0.1 M HEPES sodium pH 7.5, 1.4 M
sodium citrate tribasic dehydrate, and (b) Crystal screen II No.28 : 1.6 M sodium citrate tribasic
dehydrate pH 6.5.
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Flag-IRP1 2 mg/mL heme 2 4eq IRP1 C437S/C503S 5.3 mg/mL heme 2.4eq

Figure 4.12 Crystals of IRP1 at initial screening.
Photographs of crystals obtained by 0.1 M HEPES sodium pH 7.5, 1.4 M sodium citrate tribasic
dehydrate.

Flag-IRP1 2 mg/mL heme 2 4eq IRP1 C437S/C503S 5.3 mg/mL heme 2.4eq

©

IRP1WT 2.3 mg/mL heme 2 Aoq Flag-IRP1 C4375/C503S 12,7 mg/mL heme 2 d4eq

1

Figure 4.13 Crystals of IRP1 at initial screening.

Photographs of crystals obtained by 1.6 M sodium citrate tribasic dehydrate pH 6.5.
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4.3.3 Optimization of Crystallization and Post Crystallization Treatments.

The crystallization conditions of IRP1 C437S/C503S (Figure 4.11), was used as a starting
point to determine the optimal conditions for crystal growth at a constant temperature of 277 K.
Sample preparation of the complex of IRP1C437S/C503S with heme was followed by the same
procedure described above (Figure 4.14 right). To optimize the crystallization conditions, IRP1
C437S/C503S was crystallized by the hanging-drop vapor diffusion method at 277 K (Figure
4.14, left). The 2 pL crystallization drops composed of the 1 pL protein and 1 pL reservoir
solutions were vapor-equilibrated to the 150 puL reservoir solutions for 2 weeks.

Crystallizations were improved by varying pH and concentrations of the precipitants and
additive screening. After the optimization, crystals suitable for X-ray diffraction were obtained
after 2 weeks under the following three conditions, (a) 0.1 M HEPES sodium pH 6.5, 1.4 M
sodium citrate tribasic dehydrate, (b) 1.6 M sodium citrate tribasic dehydrate pH 6.0, and (c)
0.1 M HEPES sodium pH 6.5, 1.4 M sodium citrate tribasic dehydrate, 0.01 M TCEP (Figure
4.15). Under the conditions of (a) and (c), IRP1 C437S/C503S with heme produced clusters of
needles. Under another condition (b), the mutant IRP1 with heme produced small hexagonal
crystals. The obtained crystals were soaked into the reservoir solutions including 20 % glycerol,

and picked up from crystallization drops and flash-cooled by liquid nitrogen.

82



Hunging Drop Vapor-diffusion

IRPI I uL
Reservoir 1 pL.

&

W

Reservoir 150 pL.

Figure 4.14 IRP1 C437S/C503S was crystallized by hanging-drop vapor diffusion method.

Left: Hanging-drop vapor diffusion method at 277K. The 2 pL crystallization drops composed of the 1
ML protein and 1 pL reservoir solutions were vapor-equilibrated to the 150 pL reservoir solutions for 2
weeks. Right: IRP1C437S/C503S and heme were mixed in 1:2.4 molar ratios and incubated on ice for
30 min~1h.

a. 0.1 M HEPES sodium pH7.5
1.4 M Na-citrate
b. 1.6 M, pH6.5 Nacitrate b 1.6 M, pH6.0, Na-citrate

g 1M pHGSHE PES sod!
1.4 M Na-citrate

Figure 4.15 Crystals of IRP1 C437S/C503S after optimization.

Photographs of crystals obtained by (a) 0.1 M HEPES sodium pH 6.5, 1.4 M sodium citrate tribasic
dehydrate, (b) 1.6 M sodium citrate tribasic dehydrate pH 6.0 and (c) 0.1 M HEPES sodium pH 6.5, 1.4
M sodium citrate tribasic dehydrate, 0.01 M TCEP.
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4.3.4 X-ray Data Collection.

Diffraction data were obtained from three crystals (Figure 4.15 a, b, c¢) at liquid nitrogen
temperature using X-ray of 1.0000 A wavelength at the synchrotron beamlines; BL44XU,
SPring-8. The diffraction limit of the crystals of IRP1 C437S/C503S with 1.6 M sodium citrate
tribasic dehydrate pH 6.0 and 20% glycerol reached ~1.89 A (Figure 4.16 and Table 4.1). In
other crystals, the complete data set was not collected because of the low resolution of the X-

ray diffraction.

Molecular replacement using the previously reported aconitase form (PDB ID: 2B3X) or
IRE-binding form (PDB ID: 3SNP) of IRP1 as a search model was tested to obtain the initial
phase angles. The IRP1-heme complex structure was solved by the molecular replacement
using the aconitase form (PDB 2B3X), and has been refined to an Rfree = 22.3% and Rwork =
17.8% at 2.3 A resolution. Only the data set of 2.3 A resolution from a glycerol treated crystal
provided an interpretable electron density map for the model building. Collected data are listed

in Table 4.1-2.

Figure 4.16 X-ray diffraction pattern from IRP1 C437S/C503S crystal.
The X-ray diffraction pattern of the crystal of IRP1 C437S/C503S collected at the synchrotron beamline

BL44XU in SPring-8 is shown.
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Data collection

Beamline SPring-8 BL44XU

Wavelength (A) 0.98
Resolution range (A)  86.9 - 2.30 (2.42 - 2.30)

Space group P3:21

Cell dimensions

a, b, c(A) 100.45, 100.45, 204.18
a B y(°) 90, 90, 120
Total reflections 272865 (39512)

Unique reflections 53865 (7749)
Multiplicity 5.1(5.1)
Completeness (%) 100.0 (100.0)
<l/o(l)> 7.9 (2.0)

Reym (%) 15.3 (75.9)

Table 4.1 Crystallographic statistics of IRP1 C437S/C503S crystals.

Values in parentheses are for the highest resolution shells. a R merge(I) = ZhklZi|li(hkl)|/
ThklZili(hkl), where li (hKl) is the value of the i th measurement of the intensity of reflection hkl, is the
mean value of the intensity of the reflection hkl and the summation is the overall measurements.

Refinement
Rwork 0.1750
Riree 0.2356
Number of atoms 7497
Protein residues 862
RMS (bonds) (A) 0.0141
RMS (angles) (°) 1.7615

Table 4.2 Crystallographic statistics of the final model.

b R facter = Z||Fobs(hkl)| — |Fcalc(hkl)||/Z|Fobs(hkl)|. ° Reee is the R-factor computed for the test
set of reflections that were omitted from the refinement process.
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4.3.5 Structure Determination of IRP1 C437S/C503S.

All diffraction images were processed by HKL-2000 software (9). Structure solution and
refinement were performed by CCP4 software suite, which is a collection of disparate programs
covering most of the computations required for macromolecular crystallography (10). The
phase angles were initially determined from 2.3 A resolution dataset using the molecular
replacement method. The interpretable electron density map to build the structural model was
provided by the calculation with CCP4 (10). This calculation confirmed that the protein was
packed into a space group of P3:21 with one molecule per asymmetric unit. The Matthews
coefficient (VM) of the crystal was estimated as 3.03 A% Da? and its solvent content was
59.49% (11). The model was built using COOT software (12) along with the experimental
electron density map. We fitted the aconitase form structure (PDB ID: 2B3X (13)) to the
electron density map and extended the N-terminal and C-terminal helices from the fitted
aconitase form structure. CCP4i.refine was used for the model refinement of the native structure
at 1.89 A resolution (14). The model was refined to the values of Rwork = 0.17 and Reree = 0.22.
The final structure was validated using MOLPROBITY (15). The resolution achieved was 2.3
A. This analysis showed that 100.0% of the residues were in Ramachandran favored, with no
residues as outliers. The final structure contained 100% of all possible atoms of the complexes,
plus 490 solvent molecules. All atoms of one heme and one citric acid were present, as well as
all residues of one IRP1 molecules. The final statistics of the crystallographic refinement are

shown in Table 4.2.
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4.3.6. Structure of the IRP1-Heme Complex and Functional Significance.
4.3.6.1. Overall Structure of IRP1-Heme Complex.

The crystal structure of IRP1 in the complex with heme is shown in Figure 4.17. Each
asymmetric unit contains a single IRP1 monomer. Except for several amino acid residues in the
N- and C-terminus, the residues have good electron density, because the complete native data

set has been collected to the high resolution, 2.3 A.

IRP1 consists of four globular domains, domain 1 (residue 2- 240), domain 2 (241-367),
domain 3 (368-604), and domain 4 (661-888), where domains 3 and 4 are connected via an
extended linker (605-660) (Figure 4.17). Previous crystallographic studies have unveiled the
structures of IRP1 in the complex with IRE (3) as well as in the complex with the Fe-S cluster
(13). Comparison of the two structures of IRP1 in the complexes with different ligands
highlighted drastic conformational changes of IRP1 upon the binding of IRE. In the IRE-bound
state, an ‘L-shape’ conformation having a large cavity between domains 3 and 4 to bind to IRE
(Figure 4.19) was formed, while overall conformation of IRP1 in the complex with the Fe-S
cluster is ‘U-shape’, where domains 3 and 4 are in a “closed” conformation. It should be noted
here that 5°Cys is involved in cysteine residues constructing the Fe-S cluster (Figure 4.18) (6),
which allowed us to speculate that structural effects on the overall structure of IRP1 is quite
similar to those induced by the formation of the Fe-S cluster in IRP1. Consequently, the overall
conformation of IRP1 in the complex with heme resembles that of the complex with the Fe-S
cluster (r.m.s.d., 0.808 A for 889 residues, core domains 1-2 were fixed (3)) rather than that of
the IRE-binding form (r.m.s.d., 5.125 A for 889 residues core domains 1-2 were fixed (3))

(Figure 4.18).

By binding of heme to >°®Cys, domain 3 displayed the largest conformational difference
in the IRP1-heme complex, with a rotation of 52° resulting in a translation of ~13 A , whereas

domain 4 rotates by 32° and translates ~14 A. As a result of the largest conformational change,
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the residues used for the recognition of IRE are widespread to domains 2 - 4 (Figure 4.19A),
and buried in the cleft between domains 3 and 4 in the IRP1-heme complex (Figure 4.19.B).
Thus, the crystal structure of the IRP1-heme complex does not allow access of IRE to binding

site of IRE.
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Figure 4.17 The determined X-ray structure of IRP1 with heme.

IRP1-heme complex showing the central core domains 1 (yellow) and 2 (green), domain 3 (blue), linker
(black), and domain 4 (red). The heme is colored magenta. Heme is located in the cavity formed between
domains 3 and 4, and binds to %°Cys. Schematic diagram of IRP1 domains. Numbers at lower represent
amino acids at domain borders (13).
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Figure 4.18. Superposition of IRP1-Ligand complex.

Left: Superposition of the IRP1-IRE complex and the IRP1-heme complex. The root-mean-square
deviation (RMSD) between two structures is 5.125. Right: Superposition of IRP1-Fe-S cluster complex
and IRP1-heme complex. RMSD between two structures is 0.808.
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The crystal structure of the IRP1-IRE complex (A). The residues involved in the interaction sites spread

Figure 4.19. The conformational change of IRP1 by binding IRE, heme.

over the concave opening of IRP1 (bold). Loop region (500-511) including Cys is disordered. IRP1-
heme complex (B). IRP1 adopts a “closed” conformation. Heme (pink) binds to %Cys in the loop region
(500-511). Heme interacts with “*Ser, *lle, **®Arg (blue). Domain 3 moves with domain 2 and the

residues for the mRNA binding are located inside of the cavity between domains 3 and 4.
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4.3.6.2. Heme Binding Site of the IRP1-Heme Complex.

The crystal structure of the IRP1-heme complex shows that the protein binds a single heme
molecule (Figure 4.20), which is located in the cavity formed between domains 3 and 4. The
ligand for the heme iron is °®Cys in the loop region (500-511) disordered in the IRP1-IRE
complex (3) and interacted with “®Ser, *lle, and °*Arg. In Chapters Il, the spectral
characteristics of the heme binding in IRP1 suggested that heme binds to the cysteine residue
in the HRM (Cys-Pro), but the crystal structure of the IRP-heme complex clearly showed the
heme binding to **®Cys in the HRM (Cys-lle), one of the three iron-binding residues for the Fe-
S cluster in c-aconitase (13). In Figure 4.6. (right), the absorption spectra of the heme-bound
IRP1 contained two Soret peaks at 370 and 418 nm, and the Soret peak at 370 nm was derived
from been the heme binding to the HRM, while the absorbance at 418 nm was typical of the
six-coordinate Cys-Fe-HO structure as shown in d-camphor-bound cytochrome P450 (16). The
spectroscopic heme titration for IRP1 C437S/C503S was monitored by the Soret band at 418
nm (Figure 4.6 Inset, Lower), showing that IRP1 C437S/C503S can bind 1 equivalent of six-

coordinate heme, which might correspond to the 5°Cys-ligated heme.

| also found that the electron density above the heme was similar to that of water, although
the electron density around heme was unresolved (Figure 4.22, left). As previously reported, a
water molecule can be a ligand for the heme iron, which is stabilized by a hydrogen bond as
observed for the deoxy form of myoglobin, in which adjacent 84His forms the hydrogen bond
with the iron-bound water molecule (Figure 4.22, Right) (17). Although the electron density of
water molecule above heme was unresolved in the IRP1-heme complex, the crystal structure
revealed that 12His was located near *°®Cys (Figure 4.22, Left), suggesting that 1?°His stabilizes

the water ligand of heme bound to >%°Cys.

These observations suggest that IRP1 binds a single heme molecule and has the six-

coordinate 5°Cys-Fe-H,0. To further characterize the environmental structure of the heme
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binding site, 5°°Cys, | compared the absorption spectra of wild type and 5%°Cys-mutated IRP1
(C506S). The Soret peak at 418 nm was shifted to 414 nm by the mutation of 3%Cys to Ser

(Figure 4.21). Such a peak shift supports the ligation of >%®Cys to the heme iron bound in IRP1.
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Figure 4.20. Structure of human IRP1 in the complex with heme.

The IRP1-heme complex showing the central core domains 1 (yellow) and 2 (green), domain 3 (blue),
linker (black), and domain 4 (red). Heme is colored magenta, and located in the cavity formed between
domains 3 and 4 with binding to 5°®Cys. Lower: Schematic diagram of IRP1 domains. Numbers at lower

represent amino acids at domain borders (13).
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Figure 4.21 Absorption spectra and titration curves of IRP1 C506S.

Absorption difference spectra of heme binding to IRP1 followed by the stepwise addition of heme (1 —
20 uM) to IRP1 (5 uM) versus buffer blank in 50 mM Tris-HCI and 100 mM NaCl at pH 7.4. Inset:
Absorbance difference at 370 nm and 423 nm.
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Figure 4.22. The electron density around heme of the IRP1-heme complex.

Left: The electron density around heme of the IRP1-heme complex. The candidate for hydrogen-
bonding partner for water ligand with neighbor %His. Right: The heme pocket of deoxy myoglobin
(PDB ID: 1VXH). The water molecule is hydrogen-bonded with %His.

Table 4.3 Absorption maxima of the heme-IRP1 complex and other heme proteins.

Protein Ligand Soret (nm) Reference
IRP1 Cys, Cys/H0 372,418 This study
rr Cys 372 (18)
bP450cam (HZO) CyS/HZO 417 (16)
HrtR His/His 413 (19)

3Jron response regulator protein; °d-camphor-bound P450cam

94



4.4. Discussion.
4.4.1. The Functional Features for Heme Binding to 5%Cys.

In the crystal structure of the IRP1-heme complex, heme binds to *®Cys in HRM (Cys-
lle), not in HRM (Cys-Pro), and the structure of the IRP1-heme complex was in a ”closed”
conformation that does not allow access of IRE to binding site of IRP1. From the previous
studies in my laboratory, the native-PAGE showed that the heme binding to 3®°Cys, not to 18Cys,
in IRP1 inhibits the association of IRE with IRP1. The structure of the IRP1-heme complex
showed that '8Cys is far from the IRE-binding site and exposed to the protein surface of IRP1,
but 3%Cys is closer to the IRE-binding site, and the residues around *°Cys participates in the
interaction with IRE (Figure 4.23). Although the experiments of several mutant IRP1 having
the mutation at one of the cysteine residues in the HRM and the Fe-S cluster regions are required,
it is plausible that the two heme binding sites of IRP1 in Chapter 11 would be 8Cys and °%Cys.
Although %%Cys is not in the HRM (Cys-Pro), the amide group of the main chain at **’Ile in the
IRP1-heme complex seems to interact with heme as well as the indie group of Pro in HRM, and
the similar structural environment in HRM (Cys-Pro) might be formed around 5%®Cys in HRM
(Cys-lle) (Figure 4.19.B), suggesting that the heme binding affinity with 5®Cys in HRM (Cys-

Ile) may be the same as that with HRM (Cys-Pro).

R
Figure 4.23 The location of HRM on the crystal structure of the IRP1-IRE complex (PDB: 3SNP).

U8Cys is far from the IRE-binding site and exposed to the protein surface of IRP1, but *®Cys is close to
the IRE-binding site, and the residues around 3*Cys participates in the interaction with IRE.
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4.4.2. The Conformational Change of IRP1.

In the IRP1-heme complex, three residues, “3'Ser, **Ser and *®Cys, involved in the Fe-S
cluster, lie close to the space taken by the Fe-S cluster in c-aconitase (Figure 4.24). In iron-
replete cells, IRP1 dissociates from IRE, and, by the complicated protein machinery, the Fe-S
cluster is assembled (21). The overall reaction can be dissected into two major steps. First, a
transiently bound [4Fe—4S] cluster is assembled on the scaffold protein complex (21). In the
second step, the transiently bound [4Fe—4S] cluster on the scaffold protein is transferred to IRP1,
and, then, IRP1 becomes c-aconitase. Although the detailed mechanism to transfer the 4Fe—4S
cluster to IRP1 remains to be elucidated (21), it may be reasonable for transferring the
transiently bound [4Fe—4S] cluster that the residues involved with the Fe-S cluster lie close to

the space taken by the Fe-S cluster.

Vi . 50
)\ ,/ " 506
Fe-S P ~ Loop
cluster &~ 500-511
Y ot
heme mRNA

Figure 4.24. Superposition of the models of three IRP1 crystal forms.
Structural differences between ligand binding regions in the IRP1-Fe-S cluster (green), —IRE (orange)
and —heme (magenta) complex. The unresolved loops spanning residues 500 to 511 are drawn as dotted

lines.
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4.4.3. The Heme-Induced Regulation Mechanism of IRE Binding in IRP1-IRE Complex.

Based on the structural information from the IRP1-heme complex, | propose a novel
mechanism of the heme-induced regulation of the IRE binding in IRP1 as follows (Figure 4.25).
In the first step, heme binds to Cys in the loop region (500-511), and interacts with “*Ser,
S7]1e, and >*¢Arg. Domain 3 is close to domain 2 in the IRP1-IRE complex, thus the structure
of IRP1 becomes a “closed” conformation that does not allow access of IRE to binding site of
IRE. Although the functional significance of the heme binding to 8Cys has not yet been
clarified, the mechanism would be one of the crucial steps for sensing cellular iron

concentration to maintain iron homeostasis in cells.

Iron-Normal Cells v ~ Iron-Replete Cells
IRP1-IRE Complex IRP1-Heme Complex
PDB : 35NP H )
% ‘4 Closed conformation ,97%
2 7 ?'*-";z
1 '
storage
a — ‘

Figure 4.25. The novel mechanism of regulatory processes controlling IRP1 by heme.

In iron-repleate cells, heme binds to %Cys in the loop region (500-511). Domain 3 is close to domain 2
in comparison to the IRP1-IRE complex. The conformational changes by heme binding to IRP1 inhibits
the IRE binding to IRP1.
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Iron metabolism is tightly regulated for iron homeostasis by IRP1 and IRP2, but the iron
regulatory mechanisms by IRPs remain to be established. In mammalian cells, heme-induced
oxidation of IRP2 leads to lose the IRE binding activity. The IRE binding activity in IRP1 is
also regulated by heme without the heme-induced oxidation, but the ligation of heme for IRP1
had not yet been confirmed. To clarify the mechanism of heme-mediated regulation of iron
hemostasis for IRP1, | focused on the interaction to IRP1 with heme and the functional

properties.

Redox-Dependent Axial Ligand Replacement and Its Functional Significance in Heme-

bound IRPs (Chapter I1)

In Chapter Il, I clarified that IRP1 specifically binds heme to HRM (Cys-Pro), as observed
for IRP2, and the heme environmental structures in IRP1 was close to those of “heme-
regulatory” proteins, suggesting that heme binds to IRP1 as the signaling molecule for sensing
the intracellular iron concentration status. Furthermore, using pulse radiolysis, | 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. Considering that the oxidative modification
is only observed for heme-bound IRP2, but not IRP1, probably owing to the structural flexibility
of IRP2, | proposed 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.

Functional Significance of Heme Binding in Iron Response Element Binding of Iron

Regulatory Proteins. (Chapter I11)
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The typical hemoproteins using heme as the active center tightly bind heme to the protein,
while “heme-regulated” proteins have relatively low heme binding affinity. To examine the
functional significance of the heme binding in IRP1, | focused on the affinity of heme in IRP1.
| found that the heme binding affinity of IRP1 (Kq = 4.7 x10”" M) was lower about 10° than that
of hemoglobin, and close to that of HRI ( ~1071° M). These results suggested that IRP1 binds or
dissociates heme in responses to heme concentration in the cells. Furthermore, to further
confirm the heme binding as the signaling molecule for the IRE binding in IRP1, | observed
that the addition of heme dissociate IRE from the IRP1-IRE complex, suggesting that the heme
binding to IRP1 facilitates the dissociation of IRE from the IRP1 complex. However, a large
excess amount of heme was required for the dissociation. | supposed that some specific heme

carrier or heme chaperone proteins would transfer heme to IRP1.

Structural Characterization of Heme-dependent Regulation Mechanism of Iron Response

Eement Binding in Iron Regulatory Protein 1. (Chapter 1V)

In Chapter IV, to structurally examine the heme-dependent regulation mechanism for the
IRE binding in IRP1, | solved the crystal structure of IRP1 in the complex with heme. The
crystal structure clarified that IRP1 binds heme to Cys in HRM (Cys-lle). The IRP1-heme
complex was in a “closed” conformation that did not allow access of IRE to the IRE binding
site. The conformational change induced by heme binding to IRP1 indicated that IRP1 could
not bind to IRE. The heme binding to IRP1 regulated the interaction between IRP1 and IRE

without oxidative modification mediated by heme.

Heme-Mediated Regulation between IRP1 and IRE in the Intracellular Iron Metabolism.

While heme binds to HRM (Cys-Pro) in Chapter 11, the binding site of heme is HRM (Cys-
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lle) in Chapter IV. The structural environment in HRM (Cys-lle) is similar with that in HRM
(Cys-Pro), suggesting that binding heme to HRM (Cys-lle) may have the spectral characteristics
of heme binding to HRM (Cys-Pro). I propose that heme binds to HRM (Cys-lle) for signaling
molecule, and inhibits the interaction between IRP1 and IRE although it has not yet been

clarified whether IRP1 uses two types of HRM as the cellular iron concentration.

To date for IRP2, heme binds to the IDD domain, and IRP2 undergoes proteasomal
degradation after the oxidative modification, suggesting that IRP2 binds heme as a signaling
molecule for iron metabolism. The oxidative modification near mRNA may cause disease. For
example, cytoplasmic RNA oxidation is a prominent feature of vulnerable neurons in the brains
of Alzheimer's disease patients (2). The oxidative modification requires the activation of

molecular oxygen and this process might be induced some unexpected damages in cells.

On the other hands, the inhibition process with association of IRP1 to IRE only is the
conformational change by heme binding, without oxygen. The regulation mechanism |
proposed here does not involve the generation of the reactive oxygen species, which would be
a more “safe” mechanism in vivo. For IRP2, these conformational changes is a safe manner of
dissociation from IRE without oxygen. Together with the results in previous studies, | propose
that IRP1 and IRP2 have the common iron control mechanism by heme binding, without oxygen.
My studies about the heme-mediated regulation between IRP1 and IRE may contribute to the

elucidation of the regulatory mechanism for iron hemostasis in the cells.

The human disorders that are causatively linked to defects in the IRE/IRP system. In
previous studies, the IRP2 gene lies within a lung cancer-associated locus, and exhibit increased
IRP2 mRNA and protein expression (3). It was speculated that this might contribute to iron
accumulation in the lungs. The IRE-binding activity of IRP1 was reported to be increased in
Parkinson's disease (4). However, the molecular mechanisms by which IRPs may contribute to

pathogenesis of the disorders remain to be established.
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A large excess amount of heme was required for the dissociation for IRP1-IRE complex.
| propose that some specific heme carrier or heme chaperone proteins would transfer heme to
IRP1 although the proteins are unknown. These findings in my thesis may be expected to the

understanding the IRP/IRE regulatory system underlies the molecular basis of iron metabolism.
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