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Abstract The X-ray crystallographic analysis of single-crystal mugineic acid-Cu(Il) complex showed
that the mugineic acid acts as a hexadentate ligand. The coordination of Cu(II) involved the azetidine nitrogen,
N(1), secondary amine nitrogen, N(2), and both terminal carboxylate oxygens, O(1) and O(5), in an approximate
planar coordination, while hydroxyl oxygen, O(8), and intermediate carboxylate oxygen, O(4), are bonded axially.
Mugineic acid is one of the low molecular weight naturally occurring hexadentate chelators. Mugineic acid, a
typical phytosiderophore, shows a remarkably stimulating effect on **Fe-uptake and chlorophyll synthesis in the
rice plant. A salient feature is the higher reduction potential (Ei»=-102mV vs. NHE) of the mugineic acid-Fe(l11)
than those of bacterial siderophores. The X-ray diffraction study for the structurally analogous Co(III) complex
of the mugineic acid-Fe(II) complex demonstrates that the azetidine nitrogen and secondary amine nitrogen, and
both terminal carboxylate oxygens, coordinate as basal planar donors, and the hydroxyl oxygen, intermediate
carboxylate oxygen bind as axial donors in a nearly octahedral configuration. The iron-transport mechanism in
gramineous plants appears to involve the excretion of mugineic acid from the roots which aids Fe(III)-solubiliza-
tion and reduction of Fe(l11) to Fe(ll).

Manganese peroxidase (MnP) is a component of the lignin degradation system of the basidiomycetous fungus,
Phanerochaete chrysosporium. This novel Mn(II)-dependent extracellular enzyme contains a single protoporphy-
rin IX prosthetic group and oxidizes phenolic lignin model compounds. To elucidate the heme environment of
this enzyme, we have studied its electron paramagnetic resonance and resonance Raman spectroscopic properties.
Consequently, it is most likely that the heme environment of MnP resembles those of HRP, cytochrome c
peroxidase, and lignin peroxidase. In addition, the degradation methods using basidiomycetous fungi or Fe*'-
H202 mixed reagent were developed for dioxins and PCBs.

The resonance Raman spectroscopic studies were undertaken for iron-sulfur proteins (chloroplast-type
ferredoxins (Fds), [4Fe-4S] Fds, and high-potential iron proteins). The information about the environment of each
cluster was described. Furthermore, the complete amino acid sequence of respective [2Fe-2S] Fds from mainly
solanaceous plants were determined and compared with the primary structures of Fds of other higher plants. The
taxonomic relationship was also discussed. Finally, the toxic effect of iron on our health and the development for

novel antibacterial drugs capable of inhibiting the iron transport system of Viblio vulnificus were described.

Key words — mugineic acid; siderophore; iron transport; ferredoxin; amino acid sequence; resonance Raman

spectroscopy; manganese peroxidase
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Fig. 1. Iron Chelators of Plant Origin
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Fig. 2-1. Stereoscopic Drawing of the Mugineic Acid-Cu(II) Complex
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Fig. 2-2. Bond Lengths and Angles of the Cu(II) Coordination Site in the Mugineic Acid-Cu(II) Complex
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Fig. 4. 360 MHz FT-'H NMR Spectra of 1:1 Mugineic Acid-Fe(III)
Complex (A), 1:1 Mugineic Acid-Co(IlI) Complex (B),
1:1 Mugineic Acid-Zn(II) Complex (C),
2:1 Mugineic Acid-Zn(II) Complex (D), and
Ligand Only (E) at pD 4.5
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Fig. 5. Effect of Some Chelators on Iron-Uptake and Chlorophyll Synthesis in a Water-Cultured Rice Plant

Table 1 Iron-Solubilizing Abilities of Mugineic Acid and Its Related Compounds
iron concentration {(ppm) of filtered solutions
+ all + CaCl, + MgSO,  + NaH,PO, three
chelators buffer only nutrients (0.5 mM) (0.8 mM) (0.5 mM) nutrients the other

controt <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
mugineic acid 3.9 2.0 3.0 2.9 3.0 2.3 3.0
2'-deoxymugineic acid 3.7 1.6 a

nicotianamine 0.4 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
HEDTA 4.8 <0.3 0.5 1.3 31 <0.3 4.7
EDTA 7.5 <0.3 <0.3 0.4 33 <0.3 6.0
desferrioxamine 9.3 7.9 8.1 8.2 8.4 1.9 93
citric acid 0.4 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3

8 The experiment was not done.
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Table 2 Reduction Potentials of Some Iron Transport Compounds

Complex

E (pH 7.0) vs. NE, mV

Mugineic acid — Fe(III)
Nicotianamine — Fe(III)
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Fig. 6-1. Proposed Mechanism for the Iron Transport in Gramineous Plants
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Fig. 14-1. Blue Copper Center of Azurin from Alcaligenes
denitrificans

Fig. 14-2. Binuclear Iron-Sulfur Cluster of ferredoxin from
Spirulina platensis

T T
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]
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SPINACH FERREDOXIN
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_ ]
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| 1
332 368

Fig. 15-1. Resonance Raman Spectra of A. denitrificans
Azurin in H20 (-) and D20 (---)

FREQUENCY, cm™!

Fig. 15-2. Resonance Raman Spectra of Oxidized Spinach
Ferredoxin in H20 (=) and D20 (---)
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Nes”
Fdoy Cluster I HiPIPeq

Fig. 16-1. Schematic Drawing of Cluster II of Peptococcus Fig. 16-2. Schematic Drawing of FesSs Cluster in Reduced
aerogenes Chromatium vinosum

Iron atoms (@), sulfur atoms (O), and
hydrogen bonds (---).
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Frequency, cm™! Frequency, cm!

Fig. 17-1. Resonance Raman Spectra of Oxidized Fig. 17-2. Resonance Raman Spectra of Oxidized and
Ferredoxins from Clostridium pasteurianum and Reduced Cv HiPIPin H20 (-) and D20 (---)
C. acidi-urici in H20 (-) and D20 (---)
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Gleichenia japonica

TV gy TP RGP0V L DD PYSURAGSCSSCAGLVAGDUSDG g LODDOIREGFVLTCYAYP D
g PO RO DL AP PYSCRAGSCoSCAGK LVACQVDUSDCAF LODDOIREGHYLTCUAYP SsD el
PSS [ 31 T O . o 6 T BT O -
PSS [ 31 L A TGSl T T BT o 14
QT DV O DY SCRACSCoSCAG VR DUSDCyT LODDOIRET L TCUAYP o e I
TRV TPOGPEFDCPDDUY LD UAEEE e, Y SURACSCoSCAGKVRAGTVDUSDCAF LODDOQA QG YLTCUAYPUSDV T ETPKEEELTC
LY TP OGP VEF JCP DDV 1LDCHEEE g PYSURACSCoSCAGYAG TVDUSDCLF LODDO G YLTCUAYPUSDY TETHREER. TG
UKLV TPDCPJEF OGP DDV DO EEE g Y SCRACSCoSCAGKVAG VOGS LODDO G- VLTCHAYP SOV TETPKEERL T
PSRN AT TGS 1 TG RGN o
PGP e LCPDDY 1D gAEEE G PYSURACLCoSCAG VRSV DUSDLSF LODDO. G VL TCYAYP (o TETHREEL 1
YUKV TPOCPEF 2D DG EEEGHDL PYSCRAGSCoSCAGKIACRYDUSDG F LODDO G VLTCYAYPUSDV TETHKEEEL T
TRV TPOGPVEF DCPDDY T DU EEE G, PYSURAGSCSSCAGRSAGTVOUSDGAF LODDOQ AT YLTCVAYPUSDY TETHREEELT
T YRVKLVTPDGPVEFDCPDDVY | LDOAEEE g Y SCRAGSCoSCAGKVGAGTVDUSDG4F LDDDO 4G YLTCYAYPUSDV TETHKEEILTq
VK PGP JEFDCPDDVY I LDOAEERGHDLPY SCRAGSCoSCAG I DDA LODDOREE QY LTCYAYPUSDY TETPKEREL D
e DO DU DL Y SCRACSCoSCAGKVUACLDUSDCgF LODDOQARGF LTCHAYPCSDY TETHREEEL T}
OGPV Do LD Y SCRACECoSCAGKVAGTVDUSDCgF LODDOJAAGT YLTCHAYP SOV TETHREEELTY
TRV TPOCPVEFJoPDDU T LD UAEEE DL PYSURACSCoSCAGYGAGTVDUSDC L DDDOLA T YLTCHAYPCSDY TETHREEELT]
UKV TPDCPVEF DCPDDVY | LDSEEE DL PYSCRAGSCoSCAGKVUAG TVDUSDG U DDDOLAEGH YLTCYAYPUSDV TETAKEEELT]
Y TP OGP VEF DO DDV LD UAEEE G, PYSCRACSCoSCAGVUAGTVDUSDGgF LODDOLA e YLTCHAYP SOV TETHREEELT]
I s T TN LR s S B 0.+ R D IR oM
KT PGP T SoPDDVY L 0GHEEJLPY SCRAGSCSCACKIZC D USUSFLODHO! QUL TCRA PGSOV IETTREEELT]
VKLV TP 270D DB EE L PYSCRAGSCoSCAGKVACRY USDGSF LODDOTdEGUVLTCY AUV TETAKEEELTY
PO 2PV LD DL Y SCRACSCoSCAGKY V8 DUSDGSF OO QG L TCUAYP LSO ETREER T
TP S DDV OB PYSCRACSCoSCAC VA DCor OO UYL TCYAg o0V TETIREEELTY
T g a0V L DD Y SCRACSCoSCAGVRL Y DUS DS LODDOTAEGFYLTCRAY POV TETHHEEE I
VK 2t 2oPDDUY | LDOAEE DL PYSCRAGSCoS ARGV VDSOS D00 TC OISO T
IS0 G T T 3 R GSmY s R S o (e ol (e v-
T TR CP OO O DL Y SURACSCoS QU TgAG VDL ESF LODDO G VLTOVRg OV TETHEE U
T TP a RGP DD Y SCRACSCoS GV AG VDU EDESF LODDO T SAG YLTCUAY DV TETHHEE T
TPy EF DDV | LD EE O PYSCRACSCoSCAG R DL LODDO Uy LTCA VPOV TETHREEELTY
Ty TPOCP T ZCPDDY T 1 DY SCRACSCoSCAGACRYDUSDLSF OO SEGUYLTCVAYP JoDV TETHREEELTY
YL P DDV LD e JeDL Y SCRAGSCoSCAGK BACRYDUSDGSF LODDOQRIGUVLTCHAYP SOV TETPKEEELTY
YUKV TP SOOI LDUAEEJ LY SCRAGSCSSCAGKY EAVDUSDGSF LD EGUVLTCHAYP JSDRTTETPKEEELTY
PSR 5 [ AT eSO, s B S T e 16 AN 5 I
YKV ST R DDV DG EEE DL PYSCRAGSCoSCAG R QD USDUSF LODDOGE UYL TCANP D ETPKEEELTY
T PO GaVE DDV ILDCAEEE LY SCRAGSCoSCAGK Ve A USDLSF LoD JoQLTCN (SO TR
TV B 1B TS G SR . B e G v S 5 T -

a4 TPC RO ECIRY 1L DA EERGHDLPESCRAGHGS SCHGKVVRIGRVD 258GSF LDDRO TG VLTCAIPESDRYIETHKEEFL
ALK VKT PDGZRRIRTPODLG L DAGEEAGIDL PYSCRAGRCSSCLIGKRRNGV DOSESF LDDDORAEGFVLTCVAYPIDIIT IETHUEE U g

Fig. 18. Comparison of the Sequences of [2Fe-2S] Ferredoxins from Higher plants

Amino acids are represented by one-letter abbreviations. J, E. distachya I, E. equisetina 1, E. viridis, and E. intermedia; $, E.
distachya Il and E. equisetinaIT; £ , minor Fd from E. intermedia; *, Physalis alkekengi var. francheti; ¥, var. stramonium
and var. tatula, and D. quercifolia, %, D. metel, D. innoxia, and D. fastuosa.
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Fig. 19. Phylogenetic Tree Based on the Amino Acid Sequences of Ferredoxins from Higher Plants

The phylogenetic tree was constructed using the UPGMA method of Nei (1987) (GENETYX software). Genetic distances are
represented by the proportion of amino acid differences between each taxon (1.0 = 100%).

5. %SF4EESTDODNA ICRIZFTHE FETEEIZoWTHM L. 2ofER, OXE
DEEH X VI EE, H0:2 (264 M~260mM)
F1ET, DNA O3 %5 Sz 9, QU X7 —
LLERNVAFVE—XITIEZED & D ToBimm
BOLNLT, OBEHAEMEST D DNA HFE
P, %X v— bHloEEFETHHs NG, &
LA % (Fig. 20).
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Fig. 20-1. DNA Degradation in Myoglobin(Mb)-H202 (Low Fig. 20-2. Effect of Deferoxamine (DF) on DNA
Concentration) System Degradation in Ferritin-H202 System
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DTEWHEEELIH 2 Z L 252 1ED T (Fig.
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(2-hydroxyphenylacetic acid) (EDDHA) X D B35
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1%, Vibrio vulnificus &1 X 2 BUMAE #2112 %)
ROHFTS 2.

Fig. 21. Biological Iron Transport System in Vibrio vulnificus (V.v) and the Structure of Vulnibactin
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Fig. 22. Effect of Hinokitiol on Growth of V. vulnificus
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