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Local Structure around Iron(III) Ion in Lamprey Hemoglobin
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Abstract 

X-ray absorption near-edge structure�(XANES)�measurements at Fe K absorption edge were 
performed for iron(III)-tetrakis(p-sulfonatophenyl)porphyrin�(FeTSPP)�and Lamprey Hemoglobin �
(L-Hb). The spectral shapes differ in the Fe K XANES spectra. The electronic states of FeTSPP 
and L-Hb were also estimated by the analysis using discrete variational (DV)-Xα molecular orbital �
(MO)�method. The combination of XANES spectra and DV-Xα MO calculation shows that the Fe 
ion in L-Hb  takes the oxidation state of divalent and is linked with one oxygen molecule.

1. Introduction

　X-ray� absorption� near-edge� structure� (XANES)�
is� a� powerful� tool� for� investigating� electronic� and�
steric� structure� around� an� absorption� atom,� and�
has� extensively� been� applied� for� heme� irons� in�
heme� proteins,� for� example,� peroxidases� including�
horseradish�peroxidase,�[1-3] cytochrome-c�peroxidase,�
[1,�4] lacto-peroxidase,�[5] chloroperoxidase,[6］and�
lignin�peroxidase.�[7,�8] 
　Hemoglobin�(Hb)� is� also� a�kind�of�heme�protein,�
which� is� particularly� in� blood� of� vertebrates,� and�
serves�as�a�transport�protein�not�only�of�O2,�but�also�of�
CO2�and�H+.�[9-11] The�chemical�state�and�interaction�
between�O2�molecules�and�active�center�Fe� ions� in�
Hb,�especially�human�Hb,�have�been�discussed�using�
various� spectroscopic� techniques,［12-19］including�
XANES�near� the�Fe� absorption� edge.［20］Human�
Hb� consists� of� four� subunit� proteins� which� are�
divided� into� two� types� of� polypeptide� chain,�α� and��
β� chains.� This� means� that� there� are� at� least� two�
types�of�Fe�ion,�the�coordination�structure�of�which��
differs.� In� the� point,� the� studies� described� above�
should� provide� the� average� structure� of� two� Fe�
species.� Accordingly,� the� electronic� and� steric�
structure�around�the�Fe�ion�in�human�Hb�have�been�

insufficiently�understood.
　Lamprey�belongs�to�cyclostomata�in�fishes,�which�
has�the�most�primitive�Hb�in�vertebrates.�Lamprey�
Hb�consists�of�one�type�of�polypeptide�chain�unlike�
human�Hb.�Lamprey�Hb�which�was�crystallized�by�
isolation� and� refinement� (L-Hb)� is� triclinic� crystal,�
three-dimension�structure�of�which�is�very�similar�to�
that�of�human�Hb�β�chain�(Fig.�1).�[21] Therefore,�L-
Hb�instead�of�human�Hb�enables�to�obtain�more�clear�
information�on�electronic�and�steric�structure�around�
the�Fe�ion�by�means�of�Fe�K�XANES.�
　This�paper�is�intended�to�report�the�electronic�and�
local�structure�of�Fe�ion�in�L-Hb,�especially�with�an�
O2�molecule� coordination,� using�XANES�near�Fe�K�
absorption�edge.�The�experimental�XANES�spectra�
are�theoretically�analyzed�using�a�discrete�variational��
(DV)-Xα� molecular� orbital� (MO)� method� as� an�
electronic�state�calculation�method.

2. Experimental 

2-1. Materials   
　Lamprey� Hb� was� purified� from� river� lamprey�
Lampetra japonica using� DEAE-Toyopearl� column�
chromatography.� [22] The� aqueous� solution� of� L-
Hb�was�prepared�to�ca.�30�–�40�mg/ml.�Tetrakis(p-
sulfonatophenyl)porphyriniron(III)(FeTSPP)�was�
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synthesized�as�a�reference�sample�for�L-Hb�according�
to�the�procedure�as�reported�by�Fleischer�et�al..[23]
2-2. XANES
　The� Fe� K� XANES� measurements,� which� were�
performed�in�the�X-ray�fluorescence�yield�mode�using�
Lytle�detector,�were�made�at�BL7C�with�a�two�Si�(111)�
crystal�monochromator�in�the�Photon�Factory�(PF),�
KEK,�Tsukuba,�Japan.�During�the�measurements,�the�
PF�operated�in�the�multi-bunch�mode,�the�strage-ring�
energy�was�2.5�GeV�and�the�current�decayed� from�
400� to� 300� mA.� The� measurement� of� the� aqueous�
solution�of�L-Hb�was�carried�out,�while�it�was�cooled�
by�the�ice.�The�measurement�of�the�aqueous�solution�
of�FeTSPP�was�carried�out�at�the�room�temperature.�
The�spectral�acquisition�range�was�7100�eV�to�7150�
eV,�counting�at�intervals�of�0.5�eV.�The�dwell�time�of�
a�data�point�was�4�sec�for�L-Hb�and�3�sec�for�FeTSPP.�
Photon� energy� was� calibrated� at� 8979.0� eV� of� Cu��
K-edge�of�Cu�foil.

2-3. Calculation
　The�structural�models�of�L-Hb�and�FeTSPP�were�
constructed� from�single-crystal� structure�data� of�
Tetraphenylporphyrin,� [24] and�were� optimized�
using� the�Amsterdam�density� functional� (ADF)�
program�package.� [25-27] Computational� details�
of� the�DV-Xα MO�method� have� been� described�
elsewhere.� [28] Figure� 2� shows� the� structural�
models� of� L-Hb� and� FeTSPP� for� DV-Xα  MO�
calculations.�The�calculations� for�both�models�were�
carried� out� using� the� numerical� atomic� orbitals�
of� 1s� to� 5p� for�Fe,� 1s� to� 3d� for�S,� 1s� to� 3p� for�N�
and�O,� �1s� to�2p� for�C,�and�1s� for�H�as�basis�sets.�
The�DV�numerical� integration�was�made�at� 1000�
points�per�atom.�Convergence�of�self-consistent-field�
iterations�was�set� to�0.001�electrons�which�means�

Fig.�2���Structural� models� of� FeTSPP� and� L-Hb� for��
DV-Xα� calculations.� These� models� were�
optimized�in�advance�using�the�ADF�program�
package.

Fig.�1���Comparing�of� the� steric� structures�of�β� chain�
in�L-Hb�and�human�Hb.�Structures�of�L-Hb�and�
human�Hb� indicate� red�and�green�colors,� and�
heme�indicates�stick�model.
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the�difference�before�and�after�an�iteration.�Densities�
of�states�(DOSs)�and�electron�transition�probabilities�
(ETPs)�were�calculated�using�electron-state�data�of�
MOs�obtained�by�DV-Xα MO�calculations.

3. Results and Discussion

　Figure�3�shows�experimental�Fe�K�XANES�spectra�
(solid� line)� in� the�range�of�7100�eV�to�7150�eV� for�
FeTSPP�and�L-Hb.�Characters�of�A� to�E�represent�
remarkable� features� around� 7114,� 7123,� 7130,� 7135,�
and�7140�eV�in�the�spectrum�for�L-Hb,�respectively,�
which� is� compared� with� that� for� FeTSPP� at� the�
points�of�the�features�to�discuss�the�coordination�and�
electronic� structure� of� each� Fe� ion.� Pre-edge� peak�
A,� in� general,� is� assigned� to� the� electron� transition�
from�Fe�1s�orbital�to�an�Fe�3d�orbital,�and�indicates�
the� oxidation� state� of� Fe.［29-36］Accordingly,� the�
oxidation�states�of�Fe�in�L-Hb�and�FeTSPP�would�be�
assigned� to� two� and� three� in� positive,� respectively.�
Therefore,�an�O2�molecule� is� linked�by�coordination�
to�the�active�center�Fe(II)�ion�in�L-Hb.
　The�calculated�ETPs�(bars)�for�FeTSPP�and�L-Hb�
models� in�Fig.� 2� are� shown� in�Figs.� 4� and� 5� along�
with�the�corresponding�experimental�Fe�K�XANES�
spectrum�(solid�line)�in�the�range�of�7100�eV�to�7150�
eV,�respectively.�The�theoretical�curve�(broken�line)�
was�obtained�by�convoluting�ETPs�using�a�Gaussian�
function�with�2.0�eV�of�FWHM.�The� labeled�a-e� on�
ETPs�in�both�Figs.�4�and�5�are�correspondent�with�
the�labeled�A-E�as�defined�in�Fig.�3,�respectively.�For�
FeTSPP�in�Fig.�4,�the�MO�for�ETP�a�consists�of�Fe�
3d�orbital,�and�all�the�MOs�for�ETP�b-d�consist�of�Fe�
4p,�N�3p,�and�C�2p�orbitals.�For�L-Hb�in�Fig.�5,�on�the�
other�hand,�the�MO�for�ETP�a�consists�of�an�Fe�3d�
orbital,� and� all� the�MOs� for�ETP�b-d� consist� of�Fe�
5p,�Fe�4p,�N�3p,�and�O�3p�orbitals.�The�differences�of�
intensity�for�peak�B,�C,�and�E�between�FeTSPP�and�
L-Hb� originate� from� the� intensities� and� position� of�
ETPs�b,�c,�and�e�as�can�be�seen�from�the�comparison�
of�the�theoretical�curve�between�FeTSPP�and�L-Hb.�
The�lower�energy�shift�for�feature�D�of�L-Hb�than�that�
of�FeTSPP�is�connected�with�the�position�of�ETP�c�of�
L-Hb.�These�results�suggest�that�the�O�3p�orbital�of�
O2�molecule�and�the�N�3p�orbital�of�histidine�residue�
concern�the�spectral�feature�of�Fe�K�XANES�for�L-
Hb.�However,�the�influence�of�the�O�and�N�3p�orbital�
on�the�experimental�spectral�feature�of�L-Hb�can�be�
seen�by�PDOS� for�3p�orbitals� of�O�atoms�proximal�

(denoted� Oprox,� solid� line)� and� distal� (denoted� Odist,�
broken� line)� to� the� Fe(II)� ion,� and� of� the� N� atom�
calculated�by�DV-Xα MO�method�in�Fig.6.�Main�peak�
in�each�PDOS�appears�at�7135�eV�for�Oprox�3p�orbital,�
at�7126�eV�for�Odist�3p�orbital,�and�at�7124�eV�for�N�3p�
orbital.�Therefore,� it� is�considered�that�Oprox�3p�and�
N�3p�orbitals,�and�Odist�3p�and�N�3p�orbitals�mainly�
affect�features�D�and�B,�respectively.
　The� influence� of� O2� molecules� coordinating� to�
the�Fe(II)� in�L-Hb�on�the�spectral� feature�of�Fe�K�
XANES� has� been� investigated� from� the� calculated�
ETPs� (bars)� for� L-Hb� and� deoxygenated� L-Hb�
(L-Hbdeoxy)� models� as� shown� in� Fig.� 7,� where� the�

Fig.�3���Observed� Fe� K� XANES� spectra� of� FeTSPP�
(solid�line)�and�L-Hb�(broken�line).

Fig.�4���Calculated� ETPs� (bars),� gaussian� convoluted�
curve,�and�experimental�Fe�K�XANES�spectra��
(solid�line)�for�FeTSPP
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theoretical� curve� (solid� line)� was� obtained� by�
convoluting� ETPs� using� a� Gaussian� function� with�
2.0�eV�of�FWHM.�Electron�transition�probabilities�in��
L-Hbdeoxy,�which�two�arrows�indicate�at�7126�eV�and�
7134�eV,�are�lower�intensity�than�that�in�L-Hb.�The�
result�of�this�simulation�indicates�that�an�O2�molecule�
which�is�linking�by�coordination�to�Fe(II)�ion�in�L-Hb�
affects�features�B�and�D�as�shown�in�Fig.�6.�Therefore,�
features�B�and�D�on�Fe�K�XANES�spectrum�for�L-Hb�
enable�to�obtain�information�on�chemical�interaction�
between�an�O2�molecule�and�the�Fe(II)�ion�in�L-Hb�in�
the�process�of�the�transport.

4. Conclusion

　Iron� K� XANES� spectrum� for� L-Hb� is� first� data�
for�Hb� consisting� of� one� type� of� polypeptide� chain,�
which� is� similar� in� steric� structure� to�human�Hb�β�
chain.�The�spectrum�has�indicated�that�the�oxidation�
state�of�the�Fe�ion�linking�with�O2�molecule�becomes�
divalent,�and�that�the�O2�molecule�and�N�atom�of�the�
histidine�residue�affect�the�features�around�7135,�7126,�
and�7124�eV�by�the�electronic�state�analysis�and�the��
XANES�simulation�using�the�DV-Xα�MO�method.�The�
spectrum�of�L-Hb�will�allow�to�discuss�the�change�of�
the� oxidation� state� of�Fe� ion� on� the�process� of� the�
transport� of� an� O2� molecule,� and� to� provide� useful�
information�on�the�electronic�state�and�local�structure�
of�Fe�ion�in�human�Hb�and�other�heme�units.

Fig.�6���Calculated�O�3pprox�PDOS�(bold�solid�line),�O�3pdist�
PDOS�(bold�broken�line)�and�experimental�Fe�
K�XANES�spectrum�(solid�line)�for�L-Hb.

Fig.�7���Calculated�ETPs�(bars)�and�gaussian�convoluted�
curves�(solid� line)� for�L-Hb�and�L-Hbdeoxy.� are�
shown�at�lower�and�upper�sides,�respectively.

Fig.�5���Calculated� ETPs� (bars),� gaussian� convoluted�
curve,�and�experimental�Fe�K�XANES�spectra��
(solid�line)�for�L-Hb.
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