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ABSTRACT: SOUL is specifically expressed in the retina and pineal gland and displays more than 40%
sequence homology with p22HBP, a heme protein ubiquitously expressed in numerous tissues. SOUL
was purified as a dimer in the absence of heme fronEbeherichia coliexpression system but displayed

a hexameric structure upon heme binding. Heme-bound SOUL displayed optical absorption and resonance
Raman spectra typical of 6-coordinate low-spin heme protein, with one heme per monomeric unit for
both the Fe(lll) and Fe(ll) complexes. Spectral data additionally suggest that one of the axial ligands of
the Fe(lll) heme complex is His. Mutation of His42 (the only His of SOUL) to Ala resulted in loss of
heme binding, confirming that this residue is an axial ligand of SOUL. Khealue of heme for SOUL

was estimated as 4.8 10°° M from the association and dissociation rate constants, suggesting high
binding affinity. On the other hand, p22HBP was obtained as a monomer containing one heme per subunit,
with a Kq4 value of 2.1x 1071 M. Spectra of heme-bound p22HBP were different from those of SOUL

but similar to those of heme-bound bovine serum albumin in which heme bound to a hydrophobic cavity
with no specific axial ligand coordination. Therefore, the heme-binding properties and coordination structure
of SOUL are distinct from those of p22HBP, despite high sequence homology. The physiological role of
the new heme-binding protein, SOUL, is further discussed in this report.

Heme plays critical roles in £ransport by hemoglobin,  signals in response to changes in heme electronic and ligand-
O, storage by myoglobin, electron transfer by cytochromes, binding states are transferred to domains that regulate
and activation of the ©0 bond by P45benzymes and  catalytic functions [such as kinase for FixZ, §), guanylate
peroxidasesl(—3). New types of heme proteins, designated cyclase for sGCg, 10), phosphodiesterase f&ic DOS (11,
heme-based sensor proteind—6), have recently been 12), chemotaxis by HemAT13—15), and transcription by
identified. Specifically, heme functions as a sensor, and CooA (16, 17) and NPAS2 {8)]. In these proteins, associa-
tion (or dissociation) of the external gaseous axial ligand

' This study was in part supported by Grants-in-Aid from the Ministry - sych as @ NO, or CO to (or from) the heme iron or changes
of Education, Culture, Sports, Science, and Technology of Japan to.

1.S. (14580640) and T.K. (14001004) and from the Hayashi Memorial !N the heme redox state lead to protein conformational
Foundation for Female Natural Scientists to I.S. changes in the heme environment, which transmit signals to
* To whom correspondence should be addressed. Phoigd-75- the other functional domains to initiate catalytic function or

703-5672. Fax:+81-75-703-5672. E-mail: sagami@kpu.ac.jp. P _ ; ;
¥ Tohoku University. DNA binding. In other types of heme-sensing proteins,

s Present address: Graduate School of Agriculture, Kyoto Prefectural Signals are elicited from the association (or dissociation) of
University, Shimogamo-nakaragi-chol-5, Sakyo-ku, Kyoto 606-8522, heme per se to (or from) proteins, where transcription or

Japan. ; ;
' National Institutes of Natural Sciences. translation are controlled by heme as a ligand for regulatory

L Abbreviations: P450, cytochrome P450; FixL, an oxygen sensor factors in Bach119) or the eukaryotic initiation factor 2a
heme protein fronRhizobium melilotisGC, soluble guanylate cylase;  (elF2a) kinase (HRI1)Z0—22), respectively. These proteins

Ec DOS, heme-bound phosophodiesterase ffbseherichia colior sense heme per se and become active (or inactive) upon heme
heme redox sensor frofscherichia coli p22HBP, a heme-binding bindi Other i lular h b d . h
protein isolated from mammalian liver; HemAT, oxygen sensor heme P'NAING. _t er intracellu ar heme-based sensor prOtem_St at
proteins fromBacillus subtilis(HemAT-Bs) andHalobacterium sali- exert various unknown important physiological functions
narium (HemAT-Hs); CooA, a CO-sensing transcription factor from remain to be identified.

Rhodospirillum rubrumNPAS2, neuronal heme-bound PAS protein . . .

from mammals; Bach1, a heme-sensitive transcription regulatory factor; SOUL, the protein product from a chicken ge&sul is

HRI, a heme-sensitive eukaryotic initiation factar Rinase; Ni-NTA, highly expressed in the retina and pineal glariZzB)(

nickel nitrilotriacetic acid; CD, circular dichroism; SB®AGE, sodium ; ; ; e oirmi
dodecyl sulfate-polyacrylamide gel electrophoresis; CBB, Coomassie Interestingly, the amino acid sequence of SOUL is similar

Brilliant Blue; BSA, bovine serum albumirgnixL, soluble truncated  t0 that of the heme-binding protein, p22HBP, which was
domain of oxygen sensor heme protein fr@morhizobium meliloti initially purified from mouse liver 24). Mouse SOUL has

(formerly Rhizobium melilo)i Hb, hemoglobin; Mb, myoglobin; 0 ; ;
SwMb, sperm whale myoglobin: hh cgt horse heart cytochrome 44% homology to mouse p22HBP at the amino acid level.

IPTG, isopropyl 18-thiogalactoside; PMSF, phenylmethanesulfonyl Molecular analysis of the mammalian and chicken proteins
fluoride. suggests that SOUL and p22HBP are members of a new
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mSOUL MAEEPEPDLGVAEGSED QALEMPSWKAPEDIDPQPGSYEIR}):YGPAKWVSTCVESLDWDS 60

hSOUL MAEPLQPDPGAAEDAAA QAVETPGWKAPEDAGPQPGSYEI GPAKWVSTSVESMDWDS 60

mp22HBP —=-=———- MLGMIRNSLFGSVETWPWQVLSTGGKEDVSYEERELCEGGKFATVEVTDKPVDE 53
* . sk % s kkEk Kk ke, s, * *

mSOUL AIQTGFTKLNGYIQGKNEKEMKIKLTAPVTSYVEPGSSPFSESTITISLYIPSEQQPDPP 120

hsouL AIQTGFTKLNSYIQGKNEKEMKIKMTAPVTSYVEPGSGPFSESTITISLYIPSEQQFDPP 120

mp22HBP ALREAMPKIMKYVGGTNDKGVGMGMTVPV SFAVFPNEDGSLOQKKLKVWFRIPNQFQGSPP 113
ke e ke . . . e k% *

ke Kk _Kek o o ok _kkoe * * s k%
S TeTe S ITOTER ee o Seeltes H : .

Putative heme bind ing site
Ficure 1: Amino acid sequences of SOUL and p22HBP.

protein family. EST database searches further disclose rice,SOUL and p22HBP were generated by RT-PCR using RNA
tobacco, and\rabidopsisgenes with sequence similarity to  isolated from mouse eyes and livers, respectively. The
the SOUL/p22HBP family. On the basis of the observed primers for RT-PCR are'55CGGATCCATATGGCAGAG-
induction of p22HBP mRNA and protein levels in MEL cells GAGCCGGA-3 and 3-GGAATTCTTATTTGTTCTCGA-
during erythroid differentiation, it is proposed that the CGGAG-3 for SOUL and 5GCGGATCCATATGTTGGG-
p22HBP protein is involved in heme utilization and possibly CATGATCAG-3 and 3-GGAATTCTCATGCCTTCACA-
coupled to hemoglobin synthes4j. Although both mouse ~ AGCCAG-3 for p22HBP, respectively. The primers for 5
SOUL and p22HBP are cytoplasmic proteins, the hydro- ends containe@anH| and Ndd restriction sites, and those
phobic domain, which is a heme-binding site implied in for the 3 ends containe8al restriction sites for subcloning.
mouse HBP, human HBP, and chicken SOUL, is absent in PCR products were digested wiBanH| and Sal and
mouse and human SOUL (Figure 1). Therefore, we wished inserted into the corresponding sites of the cloning vector,
to establish whether SOUL binds heme and, if so, to pBluescript SK II¢-). The clones obtained were confirmed
determine its coordination structure to heme compared toby determination of the nucleotide sequence by Sanger’s
that of p22HBP and to further elucidate the role of heme in method using an automatic sequencer, DSQ-2000L (Shi-
the functions of these proteins. madzu Co., Kyoto, Japan). pBluescript-SOUL and pBlue-

In the present study, we developed expression systems ofscript-p22HBP were digested withldd and Sad and
both mouse SOUL and p22HBP proteinsgscherichia coli subcloned into thée. coli expression vector, pET284],
cells and compared the spectral properties of these proteinswhich introduces a 6-His tag at the N-terminus of the desired
Heme-binding studies indicate that SOUL specifically binds proteins.

one heme per monomer unit and becomes a hexamer upon Tq generate the His42Ala mutant of SOUL, polymerase
heme binding. The heme coordination structure and environ- chain reaction-based mutagenesis was performed with the
ment of SOUL in terms of optical absorption and resonance QuikChange mutagenesis kit from Stratagene, using pET28
Raman spectra of the Fe(lll), Fe(ll), and FetifO com- containing wild-type SOUL cDNA as a template. Primers
plexes are characteristic and distinct from those of p22HBP. employed for mutation were "ATGAGATCCGGGC-
Mutagenesis studies were additionally performed to identify cTACGGACCGGCTAAG-3and 3-CTTAGCCGGTCCG-

the axial ligand of SOUL. TAGGCCCGGATCTCAT-3 The desired substitution was

EXPERIMENTAL PROCEDURES confirmed by sequencing. .
Protein Expression and PurificatiorHis-tagged SOUL

Materials. The expression plasmid of H64Y/V68F apomyo- and p22HBP were expressed i coli BL21-CodonPlus-
globin was a kind gift of Dr. John S. Olson. Livers and eyes (RIL) harboring an expression vector (SOUL/pET28 and
were obtained from C57BL/6 mice. The mRNA purification p22HBP/pET28, respectively). Protein expression was in-
and RT-PCR kits were purchased from Amersham Bio- duced at Olgyonm= 1.2 for SOUL and Olghonm = 0.6 for
sciences K. K. (Tokyo, Japan) and Roche Diagnostics K. K. p22HBP at a final concentration of 0.05 mM IPTG. Cells
(Tokyo, Japan). Oligonucleotides were synthesized at thewere further incubated for 2624 h after IPTG additionE.
Nihon Gene Research Laboratory (Sendai, Japan). Thecoli cells expressing SOUL or p22HBP were suspended in
cloning vector, pBluescript SK Hf), and an expression buffer A [50 mM sodium phosphate (pH 7.8), 1 mM PMSF,
vector, pET28af), were purchased from Stratagene (La 2 ug/mL aprotinin, 2ug/mL leupeptin, 2«g/mL pepstatin,
Jolla, CA) and Novagen (Darmstadt, Germany), respectively. 2 mM 2-mercaptoethanol]. Cells were crushed by pulsed
E. coli competent XL1-Blue cells (for cloning) and BL21- sonication for 2 min (three times at 2 min intervals) on ice
Codon Plus(RIL) (for protein expression) were purchased using the Ultrasonic Disruptor UD-201 (Tomy Seiko, Tokyo,
from Novagen and Stratagene, respectively. Restriction andJapan) and centrifuged at 35000 rpm for 35 min &C4
modification enzymes for DNA recombination were obtained After centrifugation, ammonium sulfate was added to the
from Takara Bio Co. (Ohtsu, Japan), Toyobo (Osaka, Japan),resulting supernatant (up to 60% saturation in the case of
New England BioLabs (Beverly, MA), and Roche Diagnos- SOUL). Precipitates were collected and dissolved in buffer
tics K. K. Other chemicals purchased from Wako Pure A. The solution was passed through a Sephadex G-25 column
Chemicals (Osaka, Japan) were of the highest quality and(4 x 20 cm) preequilibrated with the same buffer. The eluted
were employed without further purification. solution was applied to a Ni-NTAagarose column pre-

Construction of SOUL and p22HBP Expression Plasmids. equilibrated with buffer A. In the case of p22HBP, the
His-tagged SOUL and p22HBP expression plasmids were supernatant was directly applied to a Ni-NFAgarose
generated by subcloning into the pET28x(expression column preequilibrated with buffer A. The column was
vector. The cDNA sequences encoding full-length mouse washed sequentially with buffer A containing 20 mM and
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50 mM imidazole. SOUL or p22HBP protein was eluted with 25 °C. A plot of ks Versus concentration of apo-SOUL
buffer A containing 100 mM imidazole. Protein fractions revealed direct correlation, i.e., a straight line. Khevalue
were pooled and concentrated. Purified proteins were quickly for the binding of CO-heme was estimated from the slope.
frozen in liquid nitrogen and stored at80 °C. Before Dissociation of heme from Fe(llI)SOUL was monitored as
analysis, the protein buffer was altered to 100 mM Tris- Fe(lll)Mb formation by measuring the increase in absorbance
HCI (pH 8.0) containing 0.5 mM EDTA using a Sephadex at 600 nm in a mixture of Fe(ll)SOUL, H64Y/V68F
G-25 column or Bio-Gel P-6 column (Bio-Rad, Hercules, apomyoglobin, 0.6 M sucrose, and potassium phosphate
CA). Concentrations were determined using the CBB dye buffer (pH 7.0) at 25C (25). All experiments were repeated
binding method for protein (Nacalai Tesque, Kyoto, Japan) at least three times. We obtained thgvalue of binding of
and pyridine hemochromogen method for heme. the CO-Fe(ll) heme complex to SOUL, whereas tkg

Gel Filtration. Gel filtration was performed using an value for dissociation of Fe(lll) hemin from SOUL was
AKTA liquid chromatography system equipped with a obtained according to the method of Hargrove et 25).(
Superdex75 HR10/30 column or Superdex200 HR10/30 Therefore, theKy values summarized in Table 4 calculated
column (Amersham Biosciences). The buffer used for gel from thesek,, and k. values may not reflect the correct
filtration contained 100 mM Tris-HCI (pH 8.0) and 0.5 mM  values for binding of the same heme species to SOUL.
EDTA. Molecular masses of protein peaks were estimated
relative to those of standard proteins, specifically, thyroglo- RESULTS
bulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), _ _ e .
aldolase (158 kDa), albumin (67 kDa), ovalbumin (43 kDa), Protein Expression and Purlflca_t|0|h-l|s-SOUL anq His-
chymotrypsinogen A (25 kDa), and ribonuclease A (13.7 p22HBP_we_re expressed IB. coh_cells and p_urlfled as
kDa). apoproteins in the absence of hemin. The proteins were more

Optical Absorption and Circular Dichroism (CD) Spectra. 11an 95% homogeneous, as determined by SBSGE
Optical absorption spectral experiments under aerobic condi-fo_llowed by staining with CBB .RZSO _(Flgure 2A). T_o
tions were performed on Shimadzu UV-2500 and Shimadzu €liminate the His tags, both purified His-SOUL and His-

Multi spec 1500 spectrophotometers for samples maintainedP22HBP were treated with dthgompin, and undigestled His-
at 25°C. CD spectra were obtained with a Jasco J-720 CD tag proteins were removed by Ni-NTAagarose column

spectrometer. To ensure that the temperature of the solutiorcromatography. The yields of SOUL and p22HBP were 33.1

was appropriate, the reaction mixture was incubated for 10 anq 55.0 mg/L of culture, respectively. Gel filtration analysis
min prior to spectroscopic measurements. Titration experi- USiNg @ Superdex200 HR10/30 column revealed that the
ments were repeated at least three times for each complex.SOUL apoprotein Is a d|_mer in solut_|on (Figure 2B gnd
Regression analyses were performed, and lines providing theSuPpPorting Information, Figure A), while apo-p22HBP is a
optimum correlation coefficient were selected. monomer (data not shown).

Resonance Raman Measuremefitee Fe(ll)SOUL and Reconstitution with Hemin and Optical Absorption Spec-
Fe(|||)p22HBP Comp|exes (ZEM in 100 mM Tris-HCl, pH tra. Incubation of apO-SOUL and apo-p22HBP with FE(”D
80) were p|aced in an a|rt|ght Spinning cell with a rubber hemin resulted in Soret peak shifts from 396 to 413 and 402
septum and reduced by the addition of sodium dithionite at "M, respectively, suggesting specific heme binding to these
a final concentration of 10 mM2C0 or 3C80 (Shoko, proteins. Titration experiments with hemin demonstrated that
Tokyo, Japan) gas was introduced into the Raman cell with purified SOUL has a high-affinity binding site per protein
an airtight syringe. Raman scattering was excited at 413.1With a heme:protein ratio of 0.8 (Supporting Information,
nm with a Kr ion laser (Spectra Physics, BeamLok 2060). Figure B). Quantification of heme by the pyridine hemo-
The excitation light was focused into the cell at a laser power chromogen method26) confirmed that heme-saturated
of 5 mW for the Fe(ll) and Fe(lll) complexes and 6:0.2 SOUL contains 0.94 mol of heme/monomer. On the other
mW for the Fe(ll)>CO complexes to avoid photolysis. hand, p22HBP bound 0.96 mol of heme/monomer, in
Raman spectra were detected with addoled CCD camera  agreement with previously published da2d)( Gel filtration
(Princeton Instruments, CCD-1100PB) attached to a single @nalyses showed that heme-bound SOUL and p22HBP are
polychromator (Ritsu Ohyo Kogaku; model DG-1000). The hexameric (Figure 2B and Supporting Information, Figure
resonance Raman spectra of CO-photolyzed products of theA) and monomeric (data not shown), respectively.
Fe(ll)-CO SOUL complex were measured using a 435.7  Absorption spectra of the Fe(lll), Fe(ll), and FeigCO
nm pulse with 10 ns width. The laser pulse was generatedcomplexes of reconstituted SOUL are depicted in Figure 3A.
by the H-first anti-Stokes shift of the second harmonic Soret absorption maxima of the Fe(lll), Fe(ll), and Fefll)
output of a Nd:YAG laser (Quanta-Ray, LAB-130), which CO forms of SOUL were located at 413, 422, and 418 nm,
produced 100 mJ pulses at 30 Hz. The laser power wasrespectively. Spectral parameters are compared with those
reduced to 8@J using a neutral density filter. Raman shifts of other heme proteins in Table 1. Spectral data of Fe(lll)-
were calibrated with indene, C£land an aqueous solution  SOUL indicate the presence of a typical 6-coordinate low-
of ferrocyanide. spin heme similar to those &c DOS 27, 28), cytochrome

Stopped-Flow ExperimentStopped-flow absorbance mea- bs (29), and cytochromésse, (29). The Soret peak position
surements were conducted using Unisoku RPS-1000 stoppedat 413 nm was a little blue-shifted relative to the model,
flow apparatus maintained at 26. Association of CO-heme  suggesting the presence of 6- and 5-coordinated high-spin
with apo-SOUL was monitored by measuring the increase complexes as minor species for the Fe(ll1)SOUL. The optical
in absorbance at 419 nm after mixing 160 volumes of apo- absorption spectrum of the Fe(I)SOUL complex contained
SOUL with one volume of CO-heme and sodium dithionite peaks at 422, 527, and 558 nm, signifying the presence of
in 50 mM Tris-HCI (pH 8.0) containing 150 mM NaCl at  6-coordinate low-spin heme with a 5-coordinate high-spin
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Table 1: Optical Absorption Maxima (nm) of SOUL and p22HBP
Compared with Other Heme Proteins
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ribonuclease A——

8 10 12 14 16 18

Elution volume (ml)

Ficure 2: Molecular sizes of purified SOUL and p22HBP
expressed irE. coli cells. (A) SDS-PAGE gel of SOUL and
p22HBP stained with CBB R250 including molecular mass marker
(lane 1), purified His-tagged SOUL (lane 2), purified SOUL without
the His tag (lane 3), purified His-tagged p22HBP (lane 4), and
purified p22HBP without the His tag (lane 5). (B) Correlation
between the elution volumes of gel filtration and molecular masses
of various proteins to estimate the molecular masses of apo-SOUL
and heme-binding SOUL.
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Ficure 3: Optical absorption spectra of (A) SOUL and (B)
p22HBP. Fe(lll) (solid line), Fe(ll) (dotted line), and FetHCO
(dashed-dashed line) complexes in 50 mM Tris-HCI, pH 8.0.

T
300 700

heme. The presence of these minor species in the Fe(lll)-
SOUL and Fe(l)SOUL complexes was confirmed by

protein Fe(ll) Fe(ll) Fe(ll)-CO ref

SOUL 413,535, 565 422,527,558 418,536, 563 thili
worl

p22HBP 402, 600 422,530,560 416,537,567 this
work,
24

EcDOS 416,530, 564 427,532,563 423,540,577, 28
(His/H,O 6¢LS) (His/Met 6¢cLS) (His/CO 6¢LS)

HRI 418, 538, 564 428,530,560 423, 540, 57022
(?/Cys 6¢CLS) (His/? 6¢LS) (His/CO 6¢cLS)

Coo0A 428,540, 574 425,530,559 422,540, 5696, 17
(Cys/Pro 6¢cLS)  (His/Pro 6¢cLS) (His/CO 6¢LS)

cytbs 412, 533, 562 423, 525, 556 29
(His/His 6¢cLS)  (His/His 6¢cLS)

cytbss, 418, 530, 564 427,531, 562 29
(His/Met 6cLS)  (His/Met 6¢cLS) (His/CO 6cLS)

SwMb 410, 505, 635 434, 556 423,542, 5791
(His/H20O 6¢HS) (His 5¢cHS) (His/CO 6¢LS)
414,542, 582 1
(His/OH™ 6¢cLS)

BSA 401, 532, 606 424,530,558 419,538,567 this

work,
30

a Putative coordination structures are noted in parentheses.

to be His and not Cys. The peak positions of the SOUL Fe-
(I —CO complex are similar to those of heme-bound bovine
serum albumin (BSA) (Table 180).

On the other hand, the Soret absorption maximum of the
Fe(lll) p22HBP complex was observed at 402 nm with a
broad peak at around 600 nm, suggesting the presence of a
5-coordinate high-spin heme (Figure 3B) (Table 1). Absorp-
tion peaks of Fe(ll) p22HBP were identified at 422, 530,
and 560 nm and those of the FeHTO complex at 416,
537 and 567 nm. These spectral data of p22HBP are similar
to those of SOUL.

To identify the specific axial ligands, the effect of pH
modulation on the absorption bands was examined (data not
sown). The Soret peak of Fe(Ill)SOUL at 413 nm remained
unchanged between pH 6 and pH 8 but gradually diminished
with a peak shift to 390 nm and broadened outside this pH
region. In the case of the Fe(ll) complex, absorption was
not altered between pH 5 and pH 10. The absorbance
diminished in the pH region lower than 5, indicating release
of heme from the protein.

Resonance Raman Spectieo further characterize the
nature of the heme environment of SOUL, resonance Raman
spectra were compared with those of other heme proteins.
Resonance Raman spectra of SOUL heme complexes in the
high-frequency region are depicted in Figure 4A and sum-
marized in Table 2. Bands at 1373 and 1358 tifor the
Fe(lll) and the Fe(ll) complexes of SOUL, respectively, were
assigned to redox-sensitivg In the Fe(IlI)SOUL complex,
the spin- and coordination-state marker bangwas located
at 1504 cm?, signifying the 6-coordinate low-spin state
(Figure 4A). The weak’s bands at 1471 and 1493 cin
indicated the 6- and 5-coordinate high-spin complexes,
respectively, as minor components in Fe(Il[)SOUL. On the
other hand, the; band in the Fe(l1)SOUL complex appeared
at 1470 cm?, which represents a 5-coordinate high-spin
complex. A weak band at 1498 cfascribed to a 6-coor-

resonance Raman spectra, as described below. The Soret peakinate low-spin complex was additionally observed as a

of the Fe(Il)-CO complex of SOUL was located at 418 nm,
but not 450 nm, suggesting that the proximal ligand is likely

minor component in Fe(l)SOUL. Upon binding of CO to
the Fe(ll) complexy; bands shifted to 1499 crmy while
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Ficure 4: Resonance Raman spectra of the high-frequency region of SOUL (A) and p22HBP (B) excited at 413.1 nm in 100 mM Tris-HCI

(pH 8.0) buffer.

Table 2: Resonance Raman Data on Fe(lll), Fe(ll), and FeQ
Complexes of SOUL and Other Heme Proteins (&m

coor-

protein 2 V3 vs  dinatior? ref
SOUL  Fe(Ill) 1580 1504 1373 6cLS this work
p22HBP Fe(lll) 1571 1490 1372 5cHS this work
EcDOS Fe(lll) 1577 1505 1372 6¢LS 34
CooA Fe(Iln) 1585 1504 1375 6¢LS 35

hh cytc  Fe(lll) 1585 1501 1371 6¢cLS 36
SwMb  Fe(Ill) 1563 1483 1373 6¢HS 37
SOUL  Fe(ll) 1582 1470/1498 1358 5cHS this work

6¢cLS

p22HBP Fe(ll) 1563 1475 1359 5cHS this work
EcDOS Fe(ll) 1580 1493 1361 6¢cLS 34
CooA Fe(ll) 1579 1491 1359 6¢LS 38
hh cytc  Fe(ll) 1596 1496 1364 6¢LS 36
SwMb  Fe(ll) 1564 1473 1356 5cHS 39
SOUL  Fe(Il)CO 1582 1499 1371 6cLS this work
p22HBP Fe(l)CO 1583 1499 1372 6cLS this work
EcDOS Fe(ll)CO 1581 1496 1370 6¢cLS 34
CooA Fe(I)CO 1580 1491 1371 6¢cLS 35,38
SwMb  Fe(Il)CO 1585 1501 1373 6¢cLS 39

a Abbreviations: 6cLS, 6-coordinate low spin; 5cHS, 5-coordinate
high spin; 6¢cHS, 6-coordinate high spin.

the presence of a band at 1469 ¢nindicated partial
photodissociation of CO from the heme. This was ac-
companied by the weak appearancespht 1358 cn?.

In the case of p22HBPy, bands of the Fe(lll) and the
Fe(ll) complexes were identified at 1372 and 1359 &m
respectively. The; bands of the Fe(lll) and Fe(ll) complexes
of p22HBP were located at 1490 and 1475 énrespec-
tively, indicating that both complexes are 5-coordinate high
spin (Figure 4B). The CO adduct of p22HBP is not as
photodissociable as that of SOUL.

and the 17062000 cnt! region in panel B (Figure 5)
represent?C%0—SOUL and'3C*0O—-SOUL, respectively,
whereas spectra ¢ in both panels depict the isotope difference
(c = a— D). It is evident from the difference spectra that
the 497 and 1960 cm bands of*?C'*0—SOUL are shifted
to 489 and 1868 cnt, respectively, upoR3C*®0 binding.
Accordingly, we assigned the 497 and 1960 érbands to
the vee-co andve—o modes, respectively (Table 3). In Figure
5A, the Fe-C—0 bending modejr.-c-o, was also identified
at 577 cmt. Similarly, for the Fe(Il})>CO complex of
p22HBP, we assigned the 523 and 1959 tivands to the
Vre-co andvc—o Modes, respectively (Table 3).

As shown in Figure 6, there._co versusvco plot for SOUL
falls on the line of the histidine-coordinated heme proteins,
while that for p22HBP is off the line, indicating a Hi$e—

CO 6-coordinate adduct with SOUL, in contrast to different
coordinate structures with p22HBP (presumably the 5-co-
ordinate CO adduct).

The reduced 5-coordinate heme with His as an axial ligand
conferred an FeHis stretching modevgenis) in the 200~
250 cnt! region @1—43). However, the Raman spectra of
the Fe(Il) complex of SOUL with excitation at 413.1, 428.7,
and 441.6 nm did not contain a band in this region (data not
shown). To characterize the proximal ligand in the Fe(ll)
complex of SOUL, a resonance Raman spectrum of the
photolyzed Fe(1)-CO complex was obtained with 10 ns
pulse at 435.7 nm. As shown in Figure 7B, the spectrum of
the photolyzed Fe(IyCO complex displayeds and v,
bands at 1468 and 1353 ci respectively, in the high-
frequency region, characteristic of a transient 5-coordinate
high-spin Fe(ll) complex. In the low-frequency region, an
intense band assignablenta. s was observed at 219 crh
(Figure 7A), confirming that a ligand of SOUL is neutral

The CO-isotope dependences of resonance Raman spectrélis in the Fe(ll) complex. The reason for the absence of

of the Fe(Il}>CO complex of SOUL are illustrated in Figure
5. Spectra a and b in the 35350 cn1? region in panel A

this band in the spectrum of the stationary state remains to
be clarified.
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Ficure 5: Resonance Raman spectra of the Fe{@P complex of SOUL in the low-frequency (A) and high-frequency (B) regions with
excitation at 413.1 nm. Spectra of the Fe(l)SOUL complexe¥@¥0 (a) and*C80 (b) and the difference!iC%0 — 13C'80) (c).

Table 3: Comparison of Raman Spectral Frequencies{cof the (A)
Fe(II)CO Complex of SOUL with Those of Other Heme Proteins
protein VFe-His VFe-CO Vc-0 ref
SOUL 219 497 1960 this work
p22HBP NI 523 1959 this work
EcDOS 214 486 1973 34 g’
CooA 217 496 1969 38 g
SnFixL* 209 498 1962 43-45 E
sGC 204 473 1987 46
SwMb 220 507 1947 39-41

2 Transiently observed immediately after CO photodissociafitiot
detected.

550 AmanY AmRaL
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Raman Shift (cm'l)
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Ficure 6: Inverse correlation between thge co and vco
frequencies. Points denoted with closed circles and squares represent N R R L S LR LS IR R R
SOUL and p22HBP, respectively. Open circles signify various 1200 1300 1400 1500 1600 1700
hemoglobins, myoglobins, peroxidases, and proteins that contain Raman Shift (cm )
histidine as their proximal ligand, except BSA that has no specific FiGure 7: Resonance Raman spectra of photolyzed CO adducts
axial ligand for heme. of the Fe(lIl)SOUL complex, using a 10 ns 435.7 nm pulse to both

photodissociate the ligand and observe Raman scattering off the
Mutation at His42.To identify the heme axial ligand of  sample in the low-frequency (A) and high-frequency (B) regions.

SOUL, His42 (the only His residue in the protein) was

mutated to Ala by site-directed mutagenesis. Reconstitution content estimated by the pyridine hemochromogen method
of the H42A mutant with heme resulted in a complex with was only 0.08 mol/protein, suggesting that His42 is an
a small Soret absorption peak at 395 nm, as shown in Figureendogenous ligand for Fe(ll)SOUL. This finding was
8A, suggesting weak nonspecific heme binding. The heme confirmed by resonance Raman spectra. Figure 8B depicts
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Ficure 9: Kinetics of heme association (A) and dissociation (B)
of SOUL at pH 8.0. (A) Association of CO-heme with apo-SOUL
was monitored by measuring the increase in absorbance at 419 nm
after mixing using a stopped-flow spectrometer. The inset shows
the correlation betweek,,s and concentration of apo-SOUL. (B)
Dissociation of heme from Fe(lI)SOUL was monitored as Fe(lll)-
Mb formation by measuring the increase in absorbance at 600 nm
in a mixture of Fe(Il)SOUL and H64Y/V68F apomyoglobin (25).
Details are provided in Experimental Procedures.

minus!3C80 difference. In comparison to wild-type spectra
(Figure 5), it is evident that a newte_co band for'2C®0O
appears at 529 cm, shifts to 511 cm?, and presumably
arises from the 5-coordinate CO complex. This.co band
was shifted to 493 cnt in the presence of exogenous
imidazole, as shown in Figure 8C. The frequency is close to
that of wild-type SOUL. It appears that exogenous imidazole
is bound to the 5-coordinate CO-heme instead of His42 in
the His42Ala mutant, while CO occupies the same site as
that in the wild-type protein. These data are consistent with
our theory that His42 is one of the heme axial ligands for
SOUL.

Heme Association and Dissociation Experimentge
obtained association rate constants for binding of the Fe-
(IN—CO heme complex to apo-SOUL according to the
modified methods described by Hargrove et &b5)( Fe-

(I —CO heme (23 uM) was mixed with 30, 35, 40, 45,
and 50uM apo-SOUL using a stopped-flow apparatus at 25
°C. The absorbance at 419 nm increased with a decrease at
408 nm, which was associated with FedJO heme binding

in the low-frequency region with excitation at 413.1 nm. Spectra g SOUL. Fe(l>CO heme binding to SOUL appeared to

of the Fe(Il)-CO complex of the H42A mutant were obtained with
12C160 (a) and®C'80 (b). (c) depicts thé?C%0O minus3C!80

be a slow first-order process, as monitored by the increase

difference spectrum. Experimental conditions and spectral assign-in absorbance at 419 nm with time (Figure 9A). The rate
ments are similar to those for Figure 4. (C) Resonance Ramanconstant of the association was dependent on the apoprotein
spectra of the Fe(I}CO complex of the mutant in the absence concentration (inset in Figure 9A). As summarized in Table

(dotted line) and presence (solid line) of 100 mM imidazole.

4, the association rate to apo-SOUL was very low, with a
kon value of 2.5x 10° M~ s™1. Thek,, value of p22HBP

the 413.1 nm-excited resonance Raman spectra of Fe(ll)was estimated as 2:4 10° M~* s~ under similar conditions.

12C180 (a) and'3C*0 (b) complexes of the H42A mutant in
the low-frequency region. Spectrum c representsi6&0

We additionally determined the dissociation rate of heme
from Fe(II)SOUL and Fe(lll)p22HBP by mixing an excess
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Table 4: Association and Dissociation Rate Constants and frequencies of bands assigned forare higher for CooA

Equilibrium Parameters for Heme Binding to SOUL and Other (Cys-Fe-Pro) 88) and cytochromee (His-Fe-Met) @3) at
Heme Proteins 1583 and 1585 cmni, respectively. In the case of Fe(lll)-
protein koo (M1SY) kot (59 Ka (M) ref SOUL, thev, band was observed at a lower frequency (1580
SoUL 5510  12<10° 48x10° this work cm 1) f[han the above. Although we cannot e>_<c|ud_e the
p22HBP  2.1x 10F  4.4x 10° 21x 101 this work possibility that an increase in the out-of-plane distortion of
SwMbP 7.0x 100 84x107 12x10“ 25 heme may decrease the frequencygf these findings
BSA® 57x100 77 14x107 25 suggest that an anionic amino acid is unlikely to be a
2 Determined at 25C. ® Determined at 20C. candidate for the sixth ligand of SOUL. While optical

absorption data indicate that the Fe(I)SOUL complex is a

of the HB64Y/V68F apomyoglobin mutar2§). The reaction 6-coordinate low spin type, the resonance Raman spectrum

was monitored as an increase in absorbance at 410 or 60¢"OWS that a 5-coordinate high-spin complex is the major
nm, accompanied by the formation of Fe(lll) heme-bound species for the Fe(I)SOUL complex. The reason for this

myoglobin (Figure 9B). The observegy rates were 1.% discrepancy is currently unclear. Equilibrium between two
10% and 4.4x 102 s for SOUL and p22HBP, respec- species dependent on the protein concentration is possible,

tively. Table 4 summarizeley as well as the calculaterd since optical absorption spectra are obtained for protein
values for SOUL and p22HBP together with those of other SClutions less than 10M, while resonance Raman spectra

heme-binding proteins. Th&y values of hemin were are obtained forsolutions more than 28M. Similar
estimated as 4.8 10-° and 2.1x 10~ M for SOUL and concentration-dependent coordination changes were observed

p22HBP, respectively. for heme sensor protein&2).

CD SpectraFrom the ultraviolet CD spectrum (Supporting ~ Fe.° frequencies have a linear inverse correlation with
Information, Figure C), thex-helix content of apo-SOUL ~ ¢© frequencies. Thereco versusve—o plot for SOUL
was estimated as 33% using the CONTINLL prograt#) ( Iocatgs on the central_ part of the _Ilne_ of the h|_st|(_j|n_e-
[22% with the SELCON3 progran#6, 46) and 48% with coordinated heme proteins, as shown in Figure 6. This finding
the CDSSTR 44)]. The -sheet contént was estimated as indicates_that the Fe(H).CO qomplex of SOUL contains a
18% using CONTINLL (33.1% with the SELCON3 program neutral His as the proximal ligand tra.ns to CO, and the CO
and 23% with CDSSTR). Neither heme binding nor the molecule O.f the _comp!ex does not interact strongly with
H42A mutation affected the-helix andS-sheet content. The nearby amino acid residues. On the other hand &0

versusvc—o plot for p22HBP is off the line but is close to
Soret CD band of the Fe(lll) complex was very weak. the point of BSA. These data suggest that the CO complex

DISCUSSION of p22HBP has a five-coordinate CO-heme, similar to BSA.
Theveenis frequencies of sGC (204 crt), SnfixL* (209
Soul was originally isolated by two-tissue suppression cm™1), and CooA (211 cm?) are located at relatively low
subtractive hybridization as a novel chicken gene that is frequencies (Table 3). On the other hand, the i
strongly expressed in the retina and pineal gla28).(A frequency at 219 cmt in the Fe(I)SOUL complex is
database search using the chicken SOUL protein sequencgomparable to that in Mb (220 cY. Theveenis frequency
also revealed homology with p22HBP isolated from mouse is sensitive to the hydrogen-bonding status ¢fN of the
liver (24). The search led to the identification of a class of coordinated His and the tension imposed on the axial His
proteins with sequence homology to SOUL and p22HBP in by the protein moiety. Therefore, the moderatg s
mouse, human, chicken, and zebrafish. Among these, p22HBFrequency suggests that a hydrogen bond of Fe(l))SOUL with
is a heme-binding protein with a Soret peak at 402 24).( proximal His is weak, similar to that of Mb. Moreover, the
To determine the possibility of heme binding to SOUL, we tension on the FeHis bond is not large, compared with that
expressed mouse SOUL and p22HBFEincoli cells in the in CooA andSnfixL*.
present study. Upon incubation of SOUL with hemin, a Soret  The heme-binding rate constant to SOUL was much lower
band with a peak at 413 nm characteristic of a heme-binding than that of other heme-binding proteins, while dissociation
protein with a definite coordination structure was observed, rates were comparable, as shown in Table 4. The calculated
indicating that mouse SOUL is in fact a heme-binding K, value of SOUL (4.8x 1072 M) is higher than that of
protein. Spectral analyses demonstrate that the SOUL hemeswMb but lower than that of BSA25). Other heme-binding
coordination environment is distinct from that of p22HBP. proteins, such as glutathioSdransferase (GST) and HBP23,
Optical absorption and resonance Raman spectra disclosedind heme withKy values (107—108 M) similar to that of
that both the Fe(lll) and Fe(ll) complexes of SOUL are the BSA (47—49). Accordingly, it is suggested that SOUL has
6-coordinate low-spin type, while both complexes of p22HBP significantly high affinity to heme and is a functional heme
are the 5-coordinate high-spin type. On the basis of analysesprotein in cells. We additionally estimated tKg value of
of the His42Ala mutant of SOUL, we propose that His42 is heme for His-tag-free p22HBP (after thrombin digestion) as
an axial ligand for heme. The Soret band of SOUL for Fe- 2.1 x 107 M using a similar method. Thky value of 2.6
(1) was broad with a peak at 413 nm. The peak position x 10°° M obtained for GST-fused p22HBR4) by titration
was close to that of the heme complex with water or hydroxyl with 5Fe heme is 2 orders higher than those obtained in
anion as an axial ligand trans to His, as shown in Table 1. this study. Similarly, theKy value obtained for tag-free
However, we could not confirm the hydroxyl anion as an p22HBP using the fluorescence quenching method was
axial ligand from resonance Raman spectra, since no obviousrelatively high (9 x 1077 M) (50). The character and/or
isotope shift in DO was observed for low-frequency modes quality of proteins with or without the tag, different methods
below 600 cm* (data not shown). As shown in Table 2, the for determination, or other experimental conditions may
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contribute to the differences in th€y value. sGC and a 5.

transcription factor, Bachl, that are regulated by heme
display Kq values of about 1¢ and 167 M for heme,
respectively 1, 52). However, these values were obtained 7
using other methods and are thus not comparable with the
data obtained for SOUL in the present study.

The physiological functions of the SOUL/p22HBP family

in cells are currently unknown. A heme-binding protein, 8.

HBP23, isolated from rat liver is a member of the peroxi-
redoxin family of peroxidases48). We examined the

peroxidase activities of p22HBP and SOUL by monitoring 9.

consumption of HO,. However, the turnover numbers of
p22HBP and SOUL were only 2.2% and 3.2% that of
horseradish peroxidase, respectively, suggesting that both 19
proteins do not serve as peroxidase in cells. The p22HBP
MRNA is ubiquitously expressed in various tissues and
extremely abundant in liveR@). It is reported that p22HBP

is induced during erythroid differentiation and the presence
of antisense oligonucleotides decreases heme biosynthesis
in dimethyl sulfoxide-induced mouse erythroleukemia cells,
indicating that the protein may be involved in heme utiliza-
tion for heme protein synthesi®4). On the other hand,
SOUL is specifically expressed in mammalian retina and
pineal gland 23). Heme proteins such as sG&3|, heme
oxygenase §4), and cytochrome P450$5%) have been
isolated from these tissues. Therefore, SOUL may play a
role in heme transfer to these proteins or bind free heme to
protect the retina from damage by reactive oxygen species.
It is additionally possible that SOUL functions as a heme
sensor by interacting with other proteins. In fact, we
identified proteins that specifically bound SOUL from mouse
eye cell extracts, depending on the presence of heme
(unpublished results). These interacting proteins were not
present in liver cell extracts. Further analyses are required
to elucidate the functions of SOUL in eye. Interestingly,
database analyses revealed that rice, tobacc\imidopsis
genes have appreciable sequence similarity to the SOUL/
HBP family, suggesting that SOUL plays a specific role in
plants as well as animals.

20.
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