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ABSTRACT

Mammalian Iron Regulatory Proteins, IRP1 and IR&2, cytosolic RNA-binding proteins that

post-transcriptionally control the mRNA of proteinsolved in storage, transport, and utilization
of iron. In iron-replete cells, IRP2 undergoes @elgtion by the ubiquitin/proteasome pathway.
Binding of heme to a 73 amino acids domain (73aa:8@in) that is unique in IRP2 has been
previously proposed as the initial iron-sensing ma@ism. It is shown here that recombinant
IRP2 and the 73aa-Domain are sensitive to proteolgs the same site. Nuclear Magnetic
Resonance data suggest that the isolated 73aa-Bomanot structured. Iron-independent
cleavage of IRP2 within the 73aa-Domain also ocdéarsung cancer (H1299) cells. Heme

interacts with a cysteine residue only in truncdi@uns of the 73aa-Domain, as shown by a
series of complementary physico-chemical approaahekiding Nuclear Magnetic Resonance,
Electron Paramagnetic Resonance, and ultra-viaddble absorption spectroscopy. In contrast,
the cofactor is not ligated by the same residuénfuli-length peptide or intact IRP2, although
non specific interaction occurs between these rotdedorms and heme. Therefore it is unlikely
that the iron-dependent degradation of IRP2 is atedi by heme binding to the intact 73aa-
Domain, since the sequence resembling a Heme Reguldotif in the 73aa-Domain does not

provide an axial ligand of the cofactor unless ttosnain is cleaved.

Key words: iron, heme, NMR, proteolysis, regulatory motif.

Abbreviations used: 73aa-Domain, DMEM, Dulbecco’s modified Eagle madj DTT,

dithiothreitol; EDAC, 1-ethyl-3-(3-dimethylaminoggl)carbodiimide; HA, hemagglutinin;
IRP2 peptide encoded by exon 5; HRM, Heme Reguldtwtif; IRE, Iron Responsive Element;
IRP, Iron . Regqulatory  Protein(s); PBS, phosphatddsafi saline; PMSF,

phenylmethanesulphonylfluoride.

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2007 The Authors Journal compilation © 2007 Biochemical Society

THIS IS NOT THE FINAL VERSION - see doi:10.1042/BJ20070983



Bl Biochemical Journal Immediate Publication. Published on 31 Aug 2007 as manuscript BJ20070983

INTRODUCTION

Iron Regulatory Proteins (IRP) are ubiquitous ratuis of cellular iron homeostasis. They are
cytosolic RNA-binding proteins that post-transaopglly control translation of proteins
involved in storage (ferritin), transport (e.g.ns&errin receptor 1), and use (e.g. erythraid
aminolevulinic acid synthase) of iron. The two nze@n IRP, IRP1 and IRP2, bind with high
affinity to RNA stem-loop structures known as in@sponsive elements (IRE) located in the 3’
or in the 5-untranslated regions of mMRNA. Depegdon the 3’ or 5’ position of IRE with
respect to the coding sequence, the binding ofiildBces mRNA stabilization or translational
inhibition, respectively [1]. The relative impor@nof this regulatory system may change under
different conditions and for different cell type?].[For instance, IRP play a prominent role in
adjusting protoporphyrin synthesis to transferrouwdbd iron availability in erythroblasts as
suggested by the zebrafish anemia induced by seslaictivation of IRP1 [3]. But synthesis of
proteins participating in iron homeostasis does algtays fit with the IRE-IRP model of
regulation along differentiation of the lineage [8]. Other regulatory events, including
transcriptional ones, may combine with, or supersede translational control carried out by
IRP.

Therefore, the precise role of the IRP-IRE systemmiammalian iron homeostasis has
received a lot of attention over the last few yesdter knockout animals were generated. IRP2
mice develop microcytic anemia [6-8], whereas IRRtice are asymptomatic. Inactivation of
both IRP1 and IRP2 is lethal at an early stagenduembryonic development [9]. The disruption
of IRP2 has also been associated with brain iroerload and the development of a
neurodegenerative movement disorder [6, 9]. Howenttrer IRP2™ mice do not show obvious
signs of neurodegeneration [10]. Thus, despitestBemificant progresses, the respective roles of
IRP1 and IRP2 in cellular iron homeostasis remaibé fully delineated. However IRP2 is often
proposed to be the main regulator under normal itond, since IRP1 is mainly under a non-
IRE binding form in tissues, and it does not seerbd able to always replace IRP2 in animals
deficient for the gene of the latter protein [12].1

The cellular concentration of IRP2 results from dggilibrium betweemnde novasynthesis and
degradation [13]. In iron-replete cells, IRP2 ipidy degraded by the ubiquitin/proteasome
pathway [14, 15]. Early work led to the conclusitbat a proline and cysteine-rich stretch of 73

amino acids (73aa-Domain) encoded by the unique2{§ffecific exon 5 is necessary and
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sufficient for IRP2 degradation by a mechanism imvg oxidation of cysteines upon iron
binding and polyubiquitination [14, 16]. More reteesults have proposed that the 73aa-Domain
plays a role in IRP2 degradation in response toehemd that the cysteine residue of a Cys-Pro-
Phe-His, Heme Regulatory-like, motif in the domainds oxidized heme [17-19]. However,
studies by independent groups showed that an IRB&ich mutant lacking the full-length
domain remains sensitive to iron-dependent deg@dagimilar to wild type IRP2 [20, 21].

To get direct information about the role of the &Xomain in IRP2 degradation, the
recombinant protein and the 73aa-Domain were arifind their interaction with heme was
studied with a series of complementary methods. Nafee discovered a highly susceptible
proteolytic site in IRP2-specific 73aa-Domain. Setdavage site may have remained undetected
in previous studies and it strongly influences tteme-binding properties of the protein. Its
widespread occurrence, bath vitro and inside cells, may explain at least part of ghevious

conflicting results obtained with IRP2.

EXPERIMENTAL
Plasmids

IRP2 cDNA was extracted from the pET16b-IRP2 plaseonstructed at EMBL-Heidelberg.
Ndd and Clal sites were used to subclone the IRP2 cDNA int @l 7-7 bacterial expression
plasmid [22] to give pTIRP2.

The DNA fragment encoding the 73 amino acids donfaBaa-Domain), corresponding to
exon 5 of the hIRP2 gene, was obtained by PCR &ogilon with the 5'-
GACTTCAGCATATGGCAATACAGAATGCACC-3’ (forward) and 5
CTTGATTTTACACGAATTCTCATTCAGGCACTGG-3' (reverse) mmers from the above
pTIRP2 plasmid. The fragment was digested Wtd and EcdRl, and cloned into the pTYB12
plasmid (IMPACT System, New England Biolabs, InevBrly, MA, USA) to give pTYB12/73-
D. This plasmid encodes the 73aa-Domain sequeneminally fused to the intein gene. The

correct construction of pTYB12/73-D was checkedbguencing.

73aa-Domain production in E.coli
Plasmid pTYB12/73-D was used to transform ER2566petent cells (FA—fhuA2 [lon] ompT
lacZ::T7 genel gal sulAllA(mcrC-mrr)114::1S10 R(mcr-73:miniTn10-TetS)2 R(zgb

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2007 The Authors Journal compilation © 2007 Biochemical Society

THIS IS NOT THE FINAL VERSION - see doi:10.1042/BJ20070983



Bl Biochemical Journal Immediate Publication. Published on 31 Aug 2007 as manuscript BJ20070983

210::Tn10)(TetS) endAl [dcnifom New England Biolabs) and grown in Luria Braotiedium
(Gibco BRL, Paisley, UK) supplemented with 100 plgampicillin at 37°C until early log-
phase. Induction was carried out for 4 hr at 22f@raaddition of 0.5 mM isopropyp-D-1-

thiogalactopyranoside (IPTG).

73aa-Domain purification

Cells were harvested at 5090or 30 min at 10°C and the cell pellet was suspédnd 50 mM
potassium phosphate buffer pH 8 with 250 mM Na@Ff@r A). Oxygen was removed from the
gas phase by bubbling purified argon. Cell suspeissiwere broken by sonication and
centrifuged 30 min at 20 00§ and 4°C. The supernatant was loaded anaerobically chitin
beads column (New England Biolabs) equilibratechviatiffer A for affinity chromatography.
After two washes with the same buffer, cleavageheffused intein-73aa-Domain protein was
carried out on the column with 3 volumes of the saffer adjusted at pH 7.2 and containing
50 mM of dithiothreitol (DTT). The resin was lefttesr at room temperature for 40 hr or at 4°C
in the presence of 5 uM phenylmethanesulphonyliieo{PMSF), depending on the experiment
(see Results). Excess buffer was removed to dlet&3aa-Domain fragment and the column was
washed with 3 volumes of buffer A. Eluted fractionere analyzed by SDS-PAGE on a 15%
acrylamide gel. Fractions containing the expectegptide of ca. 8 kDa were pooled and
concentrated on a YM3 membrane (3000 Da cut offiejaAmicon Millipore, Danvers, MA,
USA). The concentrated fraction was further pudfigy gel filtration through a BioGel P10
(BioRad, Hercules, CA, USA) column equilibrated lwB0 mM potassium phosphate buffer at
pH 6.2 containing 250 mM NaCl. A single proteinctian was eluted and the purification yield
was 1.3 mg/l culture.

IRP2 production in E.coli

The pTIRP2 plasmid was used to transform K38 callsady containing the pGP1-2 plasmid
[22]. The latter plasmid bears the T7 RNA polymeragene under the control of thg,
promoter, and the cl-857 temperature-sensitiveessar. Cells were grown in Terrific Broth
(Gibco BRL, Paisley, UK) with 100 pg/ml ampicilland 50 pg/ml kanamycin at 30°C for 20 hr.
Induction ‘was carried out by increasing the temjpeeato 42°C for 1 hr 30 min, prior to
production at 30°C for 6 hr.
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IRP2 purification

All purification steps were carried out under argoravoid uncontrolled protein oxidatiofRP2
was monitored by electrophoretic mobility shift@gsto detect IRP2 RNA-binding activity [23].
Cells were harvested at 40Gand 25°C for 30 min: the cell pellet was resusgerid 20 mM
Tris-Cl, 5 uM PMSF, pH 7.4 and frozen. After thagitysates were prepared by sonication and
centrifuged at 45 00§ and 20°C for 1 hr. Ammonium sulfate (1.07 M, 30&tusation at 4°C)
was added to the supernatant prior to 30 min dagation at 12 00@ and 4°C. The resulting
supernatant was brought to 3.2 M ammonium sul@®8o saturation) and centrifuged 90 min at
12 000g and 4°C. The pellet was resuspended in 20 mM Jkis5 uM PMSF, 1% (v:v)
glycerol, pH 8 and dialyzed for 2 hr against thensabuffer, followed by overnight dialysis
against this buffer supplemented with 0.1 mM DTheialyzed supernatant was centrifuged 30
min at 45 000y and 20°C before being loaded on a 50-ml diethytaethyl cellulose column
(DE52 Whatman International Ltd Maidstone, UK) éituated with dialysis buffer. Elution was
carried out with a discontinuous gradient of sodicinoride in the same buffer: two column
volumes of 0.15 M NaCl were followed by 3 columnluroes of 0.3 M NaCl. Ammonium
sulfate (0.4 M) was added to the eluted activetivas, followed by centrifugation for 20 min at
18 000g and 20°C. The supernatant was loaded on a 20theriy Sepharose 6B column (GE
Healthcare, Orsay, France) equilibrated with 20 img-Cl, 5 uM PMSF, 1% Glycerol, 0.1 mM
DTT, 0.4 M (NH,),SO,, pH 8. Elution was carried out by decreasing thenamum sulfate
concentration in the same buffer. The active faactivas desalted by overnight dialysis and
loaded and filtrated on a 2L-Superdex 200 columk {(&althcare, Orsay, France) equilibrated
with 50 mM Tris-Cl, 1% Glycerol, 0.1 mM DTT, 50 mMaCl, pH 8. The active fraction was
loaded on 50 ml of hydroxyapatite (Bio-Gel Hydropgitite HTP, Bio-Rad, Hercules, CA, USA)
equilibrated with 20 mM Tris-Cl, 1% Glycerol, 0.1MnDTT, pH 7.4. Elution was carried out
using increasing potassium phosphate concentrabietvgeen 5 and 200 mM with 1% glycerol
and 0.1 mM DTT. The last step of IRP2 purificatiowvolved HPLC heparin-affinity (GE
Healthcare Orsay, France) by applying a gradiepotdéssium chloride in 20 mM Hepes-OH, 0.1
mM DTT, pH 7.4.

Heme-agar ose affinity gel resin synthesis
Two ml of Affi-Gel 102 cross-linked agarose (Biorddercules, CA, USA) suspension were

washed twice with water, twice with dimethylformalai(DMF) and resuspended in DMF. Ten
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mg of hemin chloride (Sigma Aldrich France, Sainte@tin Fallavier) were dissolved in 3 ml
DMF and added to the gel. EDAC (1-ethyl-3-(3-dinygdiminopropyl)carbodiimide) was used as
coupling reagent for carboxyl-containing ligandswrde hundred mg EDAC were dissolved in
800 pul of 50% DMF in water. One hundred pl of tHeAE solution was added to the heme-
agarose mixture before acidification with 1M HCI pdl 3. A further 400 pl of EDAC were
added before re-acidification to pH 4. The mixtwas left to react for 3 hr at room temperature
on a rotating rod and the pH was adjusted evemiB0 A last 700 ul of the EDAC solution were
added to the reaction mixture and left rotatingroight. After 21 hr the reaction was stopped by
adding 300 ul of 1 M NaOH to increase the pH ta The heme-linked resin was washed 3 times
in DMF. The supernatant was colorless on the fiiredle and the resin had a pale brown color
indicating the presence of heme. The resin waspeswed in 1.5 ml of 0.1 M NacCl.

Coupling efficiency was calculated indirectly. Uacged heme recovered in the resin washes
was quantitated using spectrophotometry and stbttdcom heme added to the initial reaction
mixture. Forty two pl of recovered supernatant fr@sin washes was diluted 100 times in water.
One ml pyridine was added followed by 0.5 ml of INdOH. Five mg of sodium dithionite were
added and absorbance of this solution was measurdd9 nm. Coupling yield was 1.5 pmol

heme / ml agarose resin.

I nter action between heme-agar oseresin and purified proteins

The heme bound resin was washed twice with watécetwith 8 M urea and twice with elution
buffer (50 mM sodium phosphate, 0.5 M NaCl, pH PB)r to incubation with purified proteins.
To check for the trapping efiiciency of the resoward apo-heme proteins, 50 pl of resin,
resuspended in elution buffer, were incubated fowo@rs on a rotating rod with 20 pg purified
apomyoglobin. The same amount of apomyoglobin wase acubated with 50 pl of non-
derivatized Affi-Gel as a control of binding spedty. The same procedure was applied to 5 pug
of purified IRP2 with 30 pl of resin under identiGanditions. Unbound proteins were first
eliminated in the supernatant of a 2 minute-, 10g@@ntrifugation, then by washing the resin
with 50 mM sodium phosphate, 0.5 M NaCl, pH 7.3uBa proteins were eluted after thorough
mixing with 8 M urea in the same buffer for 10 mPRrotein fractions were precipitated using
10% trichloroacetic acid and resuspended in sarpter (10% 2-mercaptoethanol, 6% SDS,
20% glycerol, 0.2 mg/ml bromophenol blue) beforéngedenaturated and analyzed by SDS-
PAGE and Western blot.
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Culture of the H1299 lung cancer cell line
H1299 lung cancer cells were maintained in Dulb&ccoodified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum, 2 mMaghihe, 100 U of penicillin/ml, and 0.1 mg
of streptomycin/ml. The clones producing HA-taggett type human IRP2 or hemagglutinin
(HA)-tagged IRP2 with deletion of the specific 7Biino acids domain, |IRPgs, under the
control of a tetracycline-inducible promoter weraintained in DMEM containing 2 pg of
tetracycline/ml, 2 pg of puromycin/ml and 250 pg3318/ml. H1299 cells were plated for 48 hr
in tetracyclin-free media to express IRP2-HA or IRR-HA cDNA. Tetracycline (2 pg/ml) was
then added back to shut off transcription. No mséeinhibitors were added to the culture
medium.

Plasmids expressing the IRP2-HA and IRRHA cDNA were prepared and transfected in

H1299 lung cancer cells as described elsewhere2@1,

Proteins extraction from the H1299 lung cancer cell line

H1299 cells were harvested and washed twice witisjpiiate-buffered saline (PBS). Cell pellets
were resuspended in lysis buffer (1% Triton X-128,mM Tris-Cl, pH 7.4, 40 mM KCI) in the
presence of protease inhibitors (a mixture of (@@thyl)benzenesulfonyl fluoride, pepstatin A,
L-trans-epoxysuccinyl-leucyl amido(4-guanidio)bwgabestatin, leupeptin and aprotinin, Sigma)
and incubated 20 min in ice prior to 15 min cengdtion at 4°C and 1500 Total protein
concentrations were determined with the Bio-Rado{Bad Laboratories GmbH, Muenchen,

Germany) protein assay.

Western blotting

Fifty ug of total proteins were resolved by SDS-HAG 8% gels, and proteins were transferred
to nitrocellulose membranes. The blots were satdratith 10% non-fat milk in PBS-Tween
0.2% and probed overnight at 4°C with antibodiesirssg HA (Santa Cruz Biotechnologies Inc,
Santa Cruz, California, USA) @-actin (Sigma) at dilutions 1:1000 in PBS-Tween%.&ith

5% non-fat milk. To directly probe IRP2, antibodiagainst the QKAGKLSPLKVQPKKLP
peptide (amino acids 151 to 167) of human IRP2r{d ift from Dr Cécile Bouton, ICSN, Gif-
sur-Yvette, France) were used at 1:2000 dilutiahlokving three washes with PBS-Tween 0.2%,
the blots were incubated with peroxidase-coupleat goti-rabbit immunoglobulin G at dilution

1:5000 for 2 hr at room temperature, before dedacby the enhanced chemiluminescence
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method (ECL, GE Healthcare Orsay, France). Altévabt the blots were incubated for 2 hr with
alkaline phosphatase-coupled goat anti-rabbit imoglobulin G at dilution 1:5000 at room
temperature, followed by colorimetric detectiongi8a Fast BCIP/NBT). The results shown in
the Figures are representative of several indeperedg@eriments.

NMR analysis

Peptide samples were prepared for NMR in 50 mM phate buffer, 250 mM NacCl, pH 6.2 in
H,0:D,0 90:10 under anaerobic conditions at concentratranging from 20QM to 300 pM.
NMR tubes were generally sealed with gas-tight capkess otherwise indicated.

'H NMR spectra were recorded at 25°C on a Variarvdn800 spectrometer equipped with a
penta’H/*'PACPHI*N resonance probe operating at 600 MHz on the protmnnel. Water
suppression on a 10 ppm spectral width was achiasgdy a classical watergate sequence [25]
after optimization of water-selective gaussian @sisA 2.5 s-recycle delay was used to collect
these data. During processing, residual water wekefr suppressed using a frequency filter and
truncation artefacts were removed using a stangaudsian window function over the 6913 Hz
spectral width. Chemical shifts were externallyereficed to 2,2-dimethyl-2-silapentane- 5-
sulfonate sodium salt at 25°C. To improve sensjij\2D 'H,'H-spectra were collected at 25°C
on a Varian Inova 800 spectrometer equipped withipge *H/**C/*°N resonance cold probe
operating at 800 MHz on the proton channel. Nud@aerhauser Effect SpectroscopY (NOESY)
and Total Correlation SpectroscopY (TOCSY) speutesie recorded with 150 ms and 70 ms
mixing times, respectively, using sculpting for erasuppression [26] and a 1.1 s relaxation
delay. Efficient water suppression was detrimetdaihe detection of backbone amide protons
exchanging with water, but beneficial for the d&tect of aromatic residues such as
phenylalanines. A HET-SOFASTH spectrum was also collected with acquisition pareers

suitable to assess peptide compactness [27].

Other methods
Absorption spectra, Electron Paramagnetic Resongpeetra [28], and N-terminal sequencing

[29] were obtained as previously described.
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RESULTS

The purified 73 amino acids domain of IRP2 is susceptible to proteolysis

The 73aa-Domain of IRP2 was producecEicoli using the intein-tag system and purified after
on-column cleavage under reducing conditions (sgefimental). The final fraction was loaded
on a 15% acrylamide gel and analyzed by Westernusiog antibodies raised against IRP2. Fast
migrating immunoreactive material was detectedexarected for the 73aa-Domain of IRP2 (not
shown). However, analysis by N-terminal Edman seoimg gave several sequences,
corresponding to 4 truncated forms of the 73aa-Dor(féigure 1A). Proteolysis occurred near
closely spaced lysine residues, resulting in trtet@eptides of ca. 45 amino acids (and a minor
one of 51), containing the C-terminus of the 73amBin and encompassing all cysteines
encoded by IRP2 exon 5. In the following this Gxtigral part of the peptide with heterogeneous
N-termini will be called the ‘truncated peptide’.

In order to reduce proteolysis, a similar purificat procedure was carried out at low
temperature by minimizing proteolytic activities-t&fminal sequencing revealed the presence of
one major sequence starting at the expected icleavage site, indicating purification of full-
length IRP2 73aa-Domain.

These results indicate that IRP2 73aa-Domain iklhigensitive to proteolytic cleavage, but
that proteolysis in bacterial lysates can be lgrgebided by adding the serine protease inhibitor
PMSF during the purification steps. Therefore, PM&#s added in all samples obtained by

breaking cells, except in the experiments aiminiga@tting cleaved proteins or peptides.

Recombinant IRP2 isalso efficiently cleaved at the same site

It was of interest to know whether the 73aa-Donwdéavage was limited to the isolated peptide
or if the same site in the complete IRP2 proteirs vaéso prone to proteolysis. Following
expression irk.coli and purification, the final fraction of human IRR2s active (Figure 1B) and
it was analyzed by electrophoresis (Figure 1C). Taagor bands of ~106 and ~80 kDa were
detected and subjected to N-terminal Edman sequgnthe 106 kDa band was found to be the
full-length puritied IRP2, whereas the N-terminustioe 80 kDa band was a mixture of two
sequences beginning with Lys-Val-GIn-Pro-Lys-Lyaitlero- and Lys-Leu-Pro-Cys-Arg-Gly-

GIn-Thr. In agreement with the data of Figure lAege fragments correspond to cleavage sites

10
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located in the 73aa-Domain. They indicate that tmmcated forms are significantly produced
from recombinant IRP2, despite the addition of PMiBFng the purification steps. These results
show that the 73aa-Domain is particularly suscégptib proteolysis in the whole molecule and
indicate that this region is probably highly acdeles as predicted from the 3D structure of the
homologous IRP1 protein [30].

Thus, analysis of the degradation products of Ipathified 73aa-Domain and IRP2 points to

the specific susceptibility of this domain to puaigic cleavage.

Proteolytic cleavage of IRP2 occursin H1299 cells producing IRP2-HA

The cleavage sites in the 73aa-Domain of IRP2 weigenced above with purified proteins. To
address whether cellular IRP2 is also sensitiveldavage at the same sites, H1299 lung cancer
cells producing HA-tagged IRP2 (IRP2-HA) or a versdevoid of the 73aa-Domain (IRB2

HA) were studied.

The cells were plated for 48 hr in tetracyclineefrenedia to accumulate IRP2-HA.
Tetracycline was then added to shut off IRP2-HAtlsgsis and IRP2-HA levels were monitored
at different time intervals by Western blot with H#tibodies. A second band of ca. 80 kDa was
clearly detected in addition to the 106 kDa bandesponding to full-length IRP2 (Figure 2A).
The ca. 80 kDa size matches that of the truncagedmbinant IRP2 determined vitro. The
intensity of the 80 kDa band changed in parallehwhe major 106 kDa band in all experiments,
indicating that the amount of the 80 kDa band weated to that of IRP2. Beyond 8 hr after
stopping IRP2 production, the protein concentrat@s largely decreased and the 80 kDa band
became undetectable, indicating further degradation

In order to establish whether proteolysis occullbetbre or after cell lysis, the experiments
were carried out either in the presence or in theeace of proteases inhibitors during the
preparation of extracts (see Experimental). Simié&sults to those shown in Figure 2A were
obtained by Western blot analysis under both sétexperimental conditions, indicating that
IRP2-HA proteolysis was probably not occurring ugample processing after cell lysis.

We next examined whether iron had some effect @80 kDa cleavage product. After
induction of IRP2 for 48 hr, tetracycline was addeatk and 50 pg/ml ferric ammonium citrate
or 100 uM of the iron chelator desferrioxamine wadeled after one hour. Seven hours later the
cells were lysed and the band at 80 kDa was ddtiecta Western blots under all conditions in

11
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proportion of the IRP2 amount (Figure 2B). Therefaihe specific cleavage of IRP2 was not
sensitive to these treatments.

To further assess whether the cleavage site evedienwitro (Figure 1) is responsible for the
appearance of the truncated form of IRP2 in célis,same experiments were cairied out with
H1299 cells producing HA-tagged IRB2in which the 73aa-Domain is absent (Figure 2C). Up
to 8 hr after the end of the induction period, adaf 98 kDa corresponding to intact IRP2
was observed. No smaller bands were detected, stiggehat degradation of IRR2 does not
generate sufficiently stable intermediates that bandetected on these gels. Comparison of
Figures 2A and 2C indicates that the IRP2 specl&avage occurs in the 73aa-Domain.

It has been established that iron accelerates I&&Rfzadation [14, 31] and it has been
proposed that IRP2 detects intracellular iron Ie\sl binding heme via the 73aa-Domain [17-19]
in a process triggering its degradation [19, 32)c8 the cleavage sites shown in Figure 1A leave
truncated fragments containing all four cysteined the histidine of the 73aa-Domain, but none

of the lysines, it was of interest to investigagente and metal binding to these peptides.

'H-NMR does not evidence folding of either truncated or full-length 73aa-Domain, even in

the presence of iron or heme

Purification of the 73aa-Domain was carried outarmargon and in the presence of dithiothreitol
to avoid oxidative damage to the peptide. The isntnaterial of the following experiments is
thus the reduced peptide in which cysteines ocsuree thiol groups. These experiments were
carried out in relatively dilute solutions, 300 pa¥imost, since purified 73aa-Domain precipitates
at higher concentrations. TH#l-watergate spectrum of the truncated peptide forted in
Figure 3A. In what follows, ‘truncated peptide’ ee$ to the mixture of cleaved peptides
identified in Figure 1A. All of the detected sigadhll into the 0.8 to 8.6 ppm range. A narrow
and intense signal centered around 1 ppm accoontsd methyl groups of the molecule, and the
spectra display a particularly low ratio of protanghe amide/aromatic region between 6 and 9
ppm as compared to the aliphatic region. Theseufestare indicative of the absence of
secondary and tertiary structure elements in tiptigee This is further confirmed by the absence
of any inter-residue correlation in an extendedeseof NOESY (and ROESY) experiments, as
well as by a 0.80\nee Value in the 1D-HET-SOFAST NMR spectrum [27] collected at 800
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MHz (data not shown). These results strongly sugtied the truncated peptide of the 73aa-
Domain does not fold under these experimental damdi.

Qualitatively similar results were obtained withllfiength 73aa-Domain (Figure 3B): the
region spanned by th#l-NMR signals is as narrow as in the case of thecaied peptide, and
no inter-residue NOE were detected. Therefore, filelength peptide does not display
secondary structure elements and the additionadepce of the lysine- and proline-rich N-
terminal sequence of the 73aa-Domain (Figure 1Agsdaot help folding of this domain.
Furthermore, théH-watergate spectrum in Figure 3B reveals a hunigvbsharp resonances in
the aromatic/amide region suggesting that thelémgth peptide has a tendency to aggregate or
to sample a series of different conformations ilutsan at the concentrations used for the NMR
study.

The truncated peptide was then oxidized either tlybbng oxygen into the sample or by
addition of an excess of ferricyanide. Neither luége treatments did significantly change the
initially recorded 'H-NMR spectrum of the truncated peptide (data rtmws). Therefore,
oxidation of the truncated domain did not favor f folding, or the'H-NMR spectra of the
folded fraction, if any, escaped detection undeséhexperimental conditions.

If the 73aa-Domain acts as a sensor, addition ¢dlsienay contribute to some conformational
changes and folding. Addition of zinc chloride didt induce any major changes in thé-
watergate spectrum of the full-lenath (data notatjoor the truncated peptide (Figure 3C). The
'H-spectra of the truncated peptide (Figure 3A) sliisplacement of amide proton resonances
from the 8 — 8.5 ppm range to the 7.5 — 8 ppm regs well as broadening of some resonances,
in the presence of ferrous iron (Figure 3D). Theswall effects are assigned to the
paramagnetism of Fe(ll) ions at room temperatucklacal perturbations arising from slight pH
changes or non specific iron-binding. Despite theseor changes, divalent cations, including
Fe(ll), do not induce folding of the two studiedrfes of the 73aa-Domain.

Next, reduced truncated 73aa-Domain was incubatiédexcess of hemin and gel-filtrated to
remove unbound cofactor. The filtrated protein ticac was colored, indicating that some heme-
containing compound co-eluted. However, no majanges, such as extensive signals spreading
or overall significant signal intensity alteratiomere observed in théH-watergate spectra
(compare Figure 3A and 3E). The same experimemtedaout with full-length 73aa-Domain

gave qualitatively similar results (see Figure 38 &F).
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Conformations of truncated or full-length 73aa-Domain studied by TOCSY

The information content of 1D-NMR is neverthelessrdy and the 73aa-Domain samples at
their low solubility limits are not likely to dispy strong NOE. Therefore these samples were
compared by a NMR method circumventing part of éh@®blems, namely by recording TOCSY
spectra. Since hemin-reacted and gel-filtratedl&nbth 73aa-Domain samples retained the color
of the cofactor, some interaction must occur. hagdd@®CSY spectra of such samples displayed
slightly less off-diagonal signals in the amide aalgbhatic regions than spectra of the same
peptide without hemin, although most of the spistesmns were clearly conserved between the
two samples. In contrast, only signals of 2 spistems, that were not present in spectra of the
73aa-Domain without heme, were observed in thetspe€ the hemin-reacted material (Table 3
of Supplementary Data). These data are not in fa¥ar clear, strong, and specific binding of
hemin to the full-length 73aa-Domain peptide, aengvthat should change a subset of spin
systems corresponding to residues in the vicirfityie binding site.

Comparison was then made between truncated antength peptides. The number of off-
diagonal signals over the full range TOCSY specirdemin-reacted truncated 73aa-Domain
was not significantly smaller than that detectethwine corresponding full-length sample (data
shown for only part of the aromatic region in Figd. Only a few correlations in the full-length
peptide, such as those annotatgebdin Figure 4B, were absent in truncated 73aa-Domain
spectra (Figure 4A). However, many spin systemsewdearly shifted between these two
samples. In most cases, the signals could notdueesee-specifically assigned because the 73aa-
Domain contains many occuirences of the same amias. One important exception is for
phenylalanines: the 73aa-Domain sequence has temyfaianine residues in its C-terminal part,
so that both are present in truncated 73aa-DonTdin. two phenylalanine side-chain proton
signals can be identified in the TOCSY spectrahef truncated (Figure 4A, inserts A1 and A2)
and full-length (Figure 4B, inserts B1 and B2) pags. Both phenylalanine rings appear as
intense and narrow signals, in the truncated peptith spectroscopic signatureg and a;
(Figure 4A, Inserts A1 and A2, Figure 4C) and ie tlull-length peptide with spectroscopic
signatures b and b; (Figure 4B, inserts B1 and B2, Figure 4M)etailed analysis of these
phenylalanine signals can be found as Supplemematg. It indicates that heme interaction
perturbs the NMR signatures of these residuesfferdnt ways for the two forms of the 73aa-

Domain.
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Furthermore, some of the TOCSY signals that wenmendoto shift or disappear upon
association of hemin with full-length 73aa-Domaiere/recovered for truncated 73aa-Domain in
the presence of hemin (Table 1 of Supplementarga)D&ne likely explanation for these data is
that hemin interaction with full-length 73aa-Domaiocurs through non-speciiic association of
the high-spin ferric cofactor with the peptide,agreement with other spectroscopic data (see
below). As a result, the relaxation properties e signals for protons close enough to heme
change, and the corresponding signature becomesbilevin conventional TOCSY experiments.
In the case of truncated 73aa-Domain, hemin maiiigs to a specific site and paramagnetic
relaxation does not perturb the same signals. Ttrerethe signals lost in hemin-reacted full-
length 73aa-Domain are recovered in hemin-reactettated 73aa-Domain as they occurred for
the peptide in the absence of heme. Support feritierpretation is provided in the following, by

implementation of complementary methods.

Additional spectroscopic evidence for interaction between heme and the truncated peptide

In order to further characterize the interactiotmteen heme and the 73aa-Domain, absorption
spectra were recorded. The absorption spectramfrhsolutions displayed overlapping intense
bands between 350 and 450 nm with a maximum an898Figure 5A, dashed lines) as already
observed [33]. The truncated 73aa-Domain was aduhel] after reaction for 10 min in the
absence of oxygen, the sample was gel-filtrategtmove unbound heme. The visible absorption
band of hemin sharpened and its maximum shift@V@®nm (Figure 5A, full line). No increases
of the baseline toward shorter wavelengths werear@gop excluding any aggregation problem
detected at higher concentrations (see above)hypsochromic shift of the Soret band has been
already observed by interaction between heme dhilate axial ligand [34, 35].

Similar experiments were carried out with full-léing/r3aa-Domain. The maximum of the
hemin absorption spectrum in the presence of thefugth domain did not shift significantly as
compared to free hemin (Figure 5B). This observaitoa strong indication that no residues of
the 73aa-Domain contribute an axial ligand to héha¢ would be detected by a change in the
electronic properties of the cofactor.

To further evaluate the interaction between henuethe truncated form of the 73aa-Domain,
EPR measurements were carried out. The truncata@8main was reacted with a 5 fold molar

excess of heme, followed by gel filtration (Figw€). A low spin ferric iron signal in the g~2
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region was detected, with g values at 2.45, 2.2i71a80. This pattern has already been observed
for ferric heme with a thiolate axial ligand [367]3Integration of the signal indicated that only
part of the iron present in the sample contributedhe spectrum, suggesting that binding of
heme to truncated 73aa-Domain was not quantitaditernatively, heme may occur in a mixture
of spin-systems contributed by ligation in slighttjfferent modes, as borne out by the
observation that, in addition to the low spin sigaund g~2, a high-spin signal was recorded
around g~6. Since the sample had been filtratemt fiEPR measurements, it is unlikely that the
g~6 signal corresponds to unbound heme, and a pgiop®f heme is probably bound to the
sample as a pentacoordinated species contributinghaspin signal.

The g values of the low spin signal indicate thespnce of a weak sixth ligand. These data are
similar to those of hexacoordinated heme iron edcyrome P450 binding to the cysteine of the
enzyme active site and to the oxygen atom of a rwaielecule. There are different from
cytochrome P450 experiencing bis-thiolate axightign [38]. Our EPR data thus exclude that
two truncated domains bind to the heme iron in eaxial position. The sixth coordination
position of heme bound to the truncated peptidaast probably KO or OH, since the low spin
ferric iron g values shifted from 2.45, 2.27 an@0Lto 2.36, 2.27 and 1.92 when the pH of the
sample was increased from 6.8 to 8.

The EPR spectrum of full-length 73aa-Domain in firesence of hemin was strikingly
different from the one of the truncated peptidehigh-spin signal at g~6 dominated the spectra
(data not shown). Therefore, heme does associdtethe full-length peptide since it is not
separated by gel filtration, but this interactiared not display signs of strong axial ligation with
specific residues of the peptide. This conclusigrees with those obtained from the NMR and

UV-visible spectra.

Purified IRP2 does not bind to the synthesized heme-agaroseresin

In order to discriminate between the full-lengtt6 Da and the truncated 80 kDa purified IRP2
(Figure 1C) with respect to heme binding, a hemer@ge resin was synthesized. The efficiency
of the heme-agarose resin to bind hemoproteinspnased with purified apomyoglobin. A band
of 17 kDa corresponding to apomyoglobin interastéiti the heme containing resin, but not with

non derivatized agarose (Figure 6A).
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The purified mix of truncated and full-length IRPRigure 1C) was reacted with the heme-
agarose resin to determine whether any of them ddweme. Neither the 106 kDa band,
corresponding to full-length IRP2, nor the 80 kzand, corresponding to the truncated forms of
the protein (see above), interacted with the hegaease resin (Figure 6B). The same experiment
was not carried out with the 73aa-Domain sincestaitlied molecular forms of this peptide were
found above in NMR and EPR experiments to intenaitt heme in different ways, and no useful

information was expected from such studies.

EPR analysesreveal that purified IRP2 does not provide an axial ligand to heme

The EPR spectra of purified IRP2 and hemin showdigh-spin signal at g~6 that was quite
similar to the one observed with full-length 73aarfiain. No low-spin ferric signal was

detected. Therefore EPR measurements of purifi&2 JRontaining the cleaved products of ca.
80 kDa (Figure 1C), did not show any interactionhwieme similar to that characterized with
truncated 73aa-Domain (Figure 5C). The heme-agaresia experiment (Figure 6), together
with EPR results, showed no specific interactiortveen heme and purified IRP2, as it was
concluded for full-length 73aa-Domain. From thesalgses it appears that purified IRP2 does
not provide a specific axial ligand to the cofac&ithough weak non-specific binding cannot be

excluded by our experiments.

DISCUSSION

Production inE. coli and purification of IRP2 73aa-Domain afforded seleersions of the
peptide: the expected full-length domain and trteatgdorms lacking N-terminal amino acids
including most of the lysines, but retaining alktsines (Figure 1A). The potential interactions of
these peptides with heme were studied with a sefieemplementary methods.

'"H-NMR spectra did not provide any evidence thaklerigth 73aa-Domain or its truncated
~45-50 amino acids forms are folded. The presefd¢beoN-terminal amino acids of the 73aa-
Domain in the full-length form did not trigger tbheilding of secondary structure elements or the
occurrence of long range interactions between gditise domain. Moreover, the addition of iron
and zinc salts, or heme did not promote foldingthe# peptide, whether intact or truncated.
However, heme addition to the 73aa-Domain shiftethes proton signals. Evidence for
Interaction between heme and the truncated peptadeprovided by the ca. 25 nm hypsochromic

shift of the heme Soret band and by the appearandehe characteristics of a low-spin ferric
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EPR heme signal. Contrary to globins or cytochrothasprovide non-cysteine axial ligands and
induce a bathochromic shift of the Soret band e flhemin, the shift observed in our
experiments with the truncated peptide, but nobwhe full-length domain, agrees with cysteine
axial ligation to ferric heme. Such cysteine maycbatributed by the Heme Regulatory Motif-
like sequence (-CPFH-) of the peptide [34, 35, 3blese data are in agreement with results of
TOCSY experiments. Whereas heme interaction withldagth 73aa-Domain obscured some
spin systems, probably through relaxation effelaggtion of heme by truncated 73aa-Domain
selectively shifted a subset of signals includingeiassigned to one of the two phenylalanines.
The latter may belong to the Heme Regulatory Midt#-sequence (Cys-Pro-Phe-His) close to
the C-terminus of the 73aa-Domain. It is also ingualr to point out that heme binding to this
specific site of truncated 73aa-Domain has nevenlipiantitative, i.e. a fraction of our peptide
preparations never specifically interacted with bexa deduced from EPR aftdtNMR results.

The different heme-binding properties of truncated full-length 73aa-Domain may be
related to different accessibilities of the potahtieme-binding sit¢H-NMR results showed that
none of the peptide forms fold under any of thelenented conditions. Therefore both of them
are most probably subject to extensive conformatiodynamics with a few favored
conformations, as deduced from the seviaNMR signatures assigned to the same amino acid
(Figure 4). The relatively large size of the fidhbth peptide may not then stabilize axial
coordination to heme. This interpretation is natiled to the situation with isolated peptides
since recombinant IRP2 also failed to bind heme amitized on cross-linked agarose (Figure 6)
and to produce a low spin EPR signal with the dofadt is noteworthy that not all sequences
containing a potential HRM have the ability to bimeime, as shown for the C-terminal portion of
the heme-regulated-subunit of eukaryotic initiation factor-2 kinastd].

Collectively, the'H-NMR, EPR and UV-visible absorption results demmts a different
behavior of truncated and full-length 73aa-Domawards heme. Clear evidence was obtained
indicating a specific, but probably not quantitatiinteraction between heme and a cysteine of
the truncated peptides, possibly &¥sof the Cys-Pro-Phe-His motif. In contrast, fuligh
73aa-Domain does not provide specific ligands tméyein apparent contradiction with previous
conclusions [16-19]. Yamanakat al [17] showed that the absorption spectrum of heme
incubated with purified His-tagged IRP2 had a mawximat 420 nm; this result was used as

evidence for heme binding to IRP2, but later diseisas contributed by the His-tag [19]. Jeong
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et al [18] reported that the absorption spectrum of ptide from the specific IRP2 domain
showed two maxima upon incubation with hemin, & @Ad 420 nm. The material used in this
work was a ~63 amino acids peptide spanning tisé riesidue encoded by exon 5 of the human
IRP2 gene up to L&EP. Thus, this peptide did not contain the Cys-Pre-Plis fragment of the
Heme Regulatory Motif-like sequence from &Ydo Hi% but it had the other three cysteines
(Figure 1A). The modified form in which all thesgsteines were replaced by alanines still
showed two major peaks at 370 and 420 nm with helmihof lower intensity than for the wild-
type peptide. This would indicate that the pepstk binds heme in the absence of all cysteine
residues, otherwise the spectrum should be blatkeirvisible region (Figure 5, dotted spectra).
Instead of showing that one of the three cysteafidbe peptide is a heme binding site [18], these
results are rather indicative of weak interactibesnveen heme and the 63 amino acids peptide,
the specificity of which remains to be established.

The interaction between untagged purified IRP2latie has been previously addressed [19].
The maximum of the absorption spectrum was found@7i nm, as determined here with
truncated 73aa-Domain. This preparation was dewbidis-tag, a potential interaction site with
heme. The same spectrum also showed a should20 atrd, as for the bacterial protein Irr [34].
This shoulder is said to indicate a second hemditgnsite [34], without any further details. It
was concluded that IRP2 degradation is triggeretddige binding [19], but the material used in
these experiments was not thoroughly charactefreplossible proteolysis. It is thus difficult to
reconcile these findings with our data. Yet it sswnclear that IRP2 proteolysis close to the lysine
residues of the 73aa-Domain is a very efficientcpss that must be taken into account in any
studies addressing the turnover mechanism of toigin.

In the present report both full-length and trundai@aa-Domain peptides contain the exact
number of cysteines encoded by exon 5 of the IRE®& gand the sequences were confirmed
prior to analysis. Our data indicate that intacadB®omain of IRP2 does not display signs of
site-specific axial binding to heme. Importantlyee though the isolated truncated form of IRP2
73aa-Domain can bind henme vitro, we evidenced that purified untagged IRP2 doesbirat
heme immobilized on cross-linked agaro#temay thus be suspected that heme-binding to
truncated 73aa-Domain has little biological mearang that heme interaction with IRP2 is an

experimental artefact.
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The data in Figure 2A show that, as concluded fromitro experiments, IRP2 is readily
cleaved in mammalian cells, presumably near thedysesidues of the 73aa-Domain, to yield a
relatively stable intermediate. A cleavage prodadginating from truncation in the 73aa-
Domain has already been reported in rat liver edrawith the IENTPVL... N-terminal
sequence [31]. This cleavage occurs very closénéoN-side of the HRM-like sequence. It is
different from the fragment characterized hereirt,ipdifferent biological materials were used in
both studies,ii) the Ser-Ser-Gin|lle-Glu-Asn cleavage site is wmoe of a conventional
endoprotease, anii) the lle-Glu-Asn ... starting sequence may resulimfrexoproteolytic
processing of a longer product. In both the previf@l] and the present studies (Figure 2),
cleavage occurs in the 73aa-Domain and it is inmependent. The ca. 80 kDa C-terminal end of
IRP2 does not bind to heme agarose (Figure 6)gatteer these results do not support a function
for this degradation intermediate as an efficieeitmh sensornn vivo. Nevertheless, the
demonstration of the occurrence of this intermedratveals an as yet unsuspected mechanistic
hint of IRP2 degradation, in which endoproteases@ the protein at closely-spaced specific
sites located within the 73aa-Domain.

The results presented herein indicate that IRP2 bmydegraded in cells by additional
pathways to the one leading to the proteasomedl43]. The mechanism by which this protein
senses intracellular iron awaits further investagat It is conceivable that intracellular iron or
heme levels may control IRP2 abundance in an iodireanner, possibly involving iron- or

heme-dependent properties of accessory partners.
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FIGURESLEGENDS

Figure 1: Cleavage of purified 73aa-Domain and IRP2.

(A) N-terminal sequencing of the purified 73aa-Don@ilRP2 reveals the preserice of truncated
products. The 73aa-Domain sequence is indicatatieofirst line. The underlined amino acids at
the N- and C-termini are those encoded acrosspiiee gunctions and the first cysteine does not
belong to the construction used. The phenylalanidissussed in the text are starred, the
cysteines are squared, and the HRM-like sequent®xed. The N-termini of other detected
products are shown on the other lines, with thespective proportionsBj Electrophoretic
Mobility Shift-Assay of purified recombinant IRP2: labeled IRE probe alone; 2: recombinant
IRP2 incubated with an excess of IRE probe. Twdsxfebm the same gel were put side by side
for the Figure. C) Two major bands were obtained after the last stepecombinant IRP2
purification. Active fractions from each purificati step, 1: crude extract; 2: DE52; 3: Phenyl
Sepharose; 4: Superdex; 5: heparin-affinity, wemgagted on 8% SDS-PAGE and stained with

Coomassie blue. The left lane displays moleculaghitanarkers.

Figure 2: Cleavage of IRP2in H1299 cells.

(A) IRP2-HA turnover in H1299 cells. After inductidor 48 hr, tetracycline was added back to
cells for different times, indicated in hours beleach lane. The tetabel corresponds to extracts
of control cells kept in the presence of tetracyglii.e. without induction of IRP2-HA cDNA
expression. Fifty pug of total cell lysates werelgred by SDS-PAGE on 8% gels. Western blots
were probed using anti-HA (upper part) or g¥actin (lower part) antibodies on two pieces of
the membrane. In some cases, only a few wells ®fstime gel are presented, as these gels
contained more samples than needed for the coeslidégure. B) IRP2-HA specific cleavage is
iron-independent. After induction for 48 hr, tetyaline was added back to cells for 4 hr (lane -),
with 50 pg/ml of iron ammonium citrate (FAC) or tvit00 pM desferrioxamine (DFO). Fifty pg
of total cell lysates were analyzed as in (A). Beeond faint band above the ca. 80kDa product
is non specific as it can be seen in the tet+ @uged) well in the absence of IRP2-HA)(
IRP2\73-HA Is not specifically cleaved in H1299 cells. &ft48 hr-induction of IRP£3sHA by
removal of tetracycline, cells were put back in thacycline-containing medium for 0, 2, 4, 8,

or 24 hr and analyzed as above.
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Figure 3: H-water gate spectra of the 73aa-Domain.

Spectra were recorded for the truncated pep#def(ll-length 73aa-DomailiB), the truncated
peptide in the presence of ZnC), of FeSQ (D), or hemin E), and for the full-length peptide
in the presence of hemirfr), Peaks labeled with * have been identified as exchangeable
protons on spectra recorded inand are considered in the TOCSY spectra discugstte
text. In (F) s stands for peaks of residual DMFdusedissolve the added hemin. The intensity of
the signals in the amide region on the left is iplidd by ten as compared to that in the aliphatic

region on the right.

Figure 4: Analysis of heme-binding on full-length and truncated 73aa-Domain peptides
through 2D TOCSY experiments.

Aromatic region of the TOCSY spectra collected véitiensive water suppression and with 70
ms mixing time on truncated\j and full-length B) 73aa-Domain peptide. Samples in 50 mM
phosphate buffer in #:D,0O 90:10 (v:v) at pH 7 were reacted with hemin ascdbed in
Experimental. Corresponding 1D spectra collecteith wWie same water suppression scheme on
the truncated and full-length peptide samples apsited in C) and D), respectively. Circles
emphasize differences between the two 2D-spectna. tWo phenyalalanines found in both
truncated (a) and full-length (b) 73aa-Domain atstaarily labeled with subscripts 1 and 2. As
they occur in different local conformations, theresponding spin-systems are labeled i, ii, and
iii (see Supplementary data). The correlationsdaagvn with dashed lines. Additional unassigned

spin-systems are labeled with subscripts 4, 56and

Figure 5: Interaction of heme with the IRP2 73aa-Domain studied by absorption
spectroscopy and EPR.

(A) Absorption spectra of the truncated peptide im®@ phosphate buffer, 0.25 M NaCl, pH 8
in the absence (dotted line) and in the presenamefequivalent of heme (continuous line). The
hemin absorption spectrum is shown for referente@atinuous line).§) Absorption spectra of
the intact peptide with symbols as in (A). Maxinoa the heme-peptide complexes are indicated.
(C) EPR spectrum in the g ~ 2 region of the completwken heme and the truncated form of
IRP2 73aa-Domain. Microwave frequency 9.655 GHzrawave power 4 mW; receiver gain

4x10”: modulation amplitude 1 mT, temperature 13 K.

Figure 6: Apomyoglobin bindsto heme agar oseresin whereas purified IRP2 does not.
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(A) interaction between purified apomyoglobin and tieene-agarose resin or non derivatized
agarose resin. Fractions were analyzed by SDS-PA&GE 12% gel, followed by silver nitrate

staining. The loaded fractions were: heme-agaresi@ pass-through after loading (PT), purified
apomyoglobin as a control (myo), apomyoglobin eufi®m the heme resin agarose with 8M
urea (E), and control sample eluted after washirmgnfthe interaction between the non-
derivatized agarose resin and apomyoglobin (B).liiteraction between purified IRP2 and the
heme-agarose affinity resin: pass-through frac{l®n), first rinse with washing buffer (W), and

material eluted using 8 M urea (E).
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Dycke et al. Figure 2
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Dycke et al. Figure 3
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Dycke at al. Figure 4
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Dycke et al. Figure 5
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Dycke et al. Figure 6
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