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Sumiary : Similar absorption spectra to the spectrum of ferredoxin isolated 
from green plants were obtained by mixing ferric ion with an equal concentra- 
bion of sodil~m sulfide and an excess of 2-mercaptopropionic acid, N-acetylcys- 
teine, glutathione or pentapeptide (H.Ser-Cys-Val-Ser-Cys.0H) at pH 8.6. 

The release of sulfur from some sulfur-containing peptides such as gluta- 
thione and l-mercaptopropionyl glycine and incorporation of released sulfur to 
iron chelate of these peptides %o form peptide-iroD-sulfide chelates which show 
ferredoxin-like absorption spectrum were confirmed by the change of the absorp- 
tion spectra and the determination of released sulfur. 

Non-heme iron proteins have been studied actively in the field of bioche- 

mistry because of their importance in various biological processes(l-3). In ad- 

ditiou, novelty in their structures and spectroscopic properties have attracted 

keen interest in the field of coordination chemistry. Several iron complexes, 

such as dithiocarbamates(4), thioxanthates(5), dithiophosphates(6) and dithio- 

carboxylates(7) have been investigated as possible model complexes to interpret 

the physical properties of non-heme iron proteins. Recently, Yang and Huennekens 

(8) have reported that a complex formed from 2-mercaptoethanol, ferric ion and 

sodium sulfide @ffords an absorption spectrum which is sufficiently similar to 

that of ferredoxin isolated from green piant, and this complex was proposed as 

a possible model of ehromophore of non-heme iron proteins. We attempted %o find 

the model complexes formed from the ligands which have physiological signifi- 

cance instead of the above-mentioned ligands which are not related to the phy- 

siological significance. 

Materials and Methods 
Glutathione, l-mercaptopropionyl glycine, N-acetylcysteine, 2-mercaptopro- 

picnic acid, mercaptoacetic acid, l-mercaptopropionic acid, 2,3-dimercapto-l- 
prepanol, 2,3-dimercaptosuccinic acid, 1,2-ethanedithiol, 2-mercaptoethylamine, 
cysteine methyl ester, penicillamine and 2-ethanethiol were commercially avai- 
lable reagent grade materials. Purity of these reagents was checked by iodome- 
%ric tiirations. Peniapepiide (H.Ser-Cys-Val-Ser-Cys.0H) was synthesized by Dr. 
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Yajima as a peptide whose amino acid sequence is similar to that from position 
7 to ii in Clostridium ferredoxin, and its purity was checked by elemental ana- 
lysis and amino acid analysis. Solutions of ferric chloride and sodium sulfide 
were freshly prepared with deionized water and were standardized with EDTA and 
iodine respectively. 

Model complexes were formed by mixing the sulfur-containing ligands, so- 
dium sulfide and ferric chloride at pH 8.6. Sodium borate (0.05 M) m~d NaOH 
(0.i N) were used for the adjustment of pH. Absorption spectra ~ere measured 
with a Shimadzu recording spectrophotometer, model Double-40R and pH measure- 
ments were made with a Hitachi-Horiba p}I meter~ model F-5. 

Sulfide ion released from the sulfur-containing peptide iron chelate with 
time was determined by Rsbim's method(9), which based on the green color formed 
by the reaction of sulfide ion with iron(Ill) and an excess of nitrilotriacetic 
acid (NTA) in ammoniacal solution. Concentrated ammonia solution (4 ml) and iron 
(II~)-NTA reagent solution (i ml) were added %o the sample solution (5 ml), and 
the absorbance was measured at 635 nm after 15 minutes. 

Results and Discussion 

Spectral data of the iron complexes formed from various sulfur-containing 

ligands and sodium sulfide are summarized in Table I. Among the ligands exami- 

ned, some mercaptocarboxylic acids and sulfur-containing peptides such as 2- 

mercaptopropionic acid, N-acetylcysteine, glutathione and pentapeptide (H.Ser- 

Cys-Va!-Ser-Cys.0H) , which are expected to form six membered chelate ring, ex- 

hibit very similar absorption spectra to the spectrum of ferredoxin isolated 

from green plants. On the contrary, some mercaptocarboxylic acids such as mer- 

captoacetic acid and l-mercaptopropionic acid which are expected to form five 

membered chelate ring, form very stable chelate with ferric ion and do not af- 

ford any spectral change with the addition of sodium sulfide. In addition, the 

ligands of sulfur-sulfur and sulfur-nitrogen coordination types did not show 

ferredoxin-like absorption spectrum. The ferredoxin-like absorption spectra were 

observed in glutathione iron chelate with the addition of elemental sulfur, hy- 

drogen sulfide and 2-ethanethiol in stead of sodium sulfide as the source of the 

inorganic sulfur. A spectral datum obtained when elemental selenitur~ was added 

instead of sulfur to glutathione iron chelate is shown in Table I. Some blue 

shift of the absorption maxima in ferredoxin-like absorption spectrum on repla- 

cement of sulfur by selenium may suggest the possibility of charge transfer from 

metal to ligand, in consideration that ~ back-donation, namely lowering the 

energy of d~-orbitals occurs with seleni1~ to a larger extent than with sulfur 

(i0). The effect of the replacement of labile sulfur by selenium in putiaare- 

doxin, which is a typical non-heme protein, has been studied on the electronic 

and electron spin resonance spectra and the biological activity (ii, 12). In 

the selenium analogue of putidaredoxin, a red shift of 5 - 20 run on the prin- 

cipal visible absorption maxima of native putidaredoxin was observed(ll). ~or 

more reliable interpretation of the spectral change caused by the replacement 

of sulfur by selenium, further detailed study on the various types of native 
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Table I 

Spectral Data of Some Iron Complexes and Non-heme Iron Proteins 

o 

o 
~.D 

1 . 6  

• ~ F e r r e d o x i n  a) 

Rubredoxina) 

b '  Putidaredoxin ~ 

Spinach 

Chlorella pyrenoidosa 

Chromatium 

Desulphovibrio gigas 

Clostridium pasteurianum 

Clostridium sticklandii 

Pseudomonas p u t i d a  

Se len ium a n a l o g u e  

Glutathione-Fe 

Glutathione-Fe-S 

Glutathione-Fe-Se 

Pentapeptide-Fe-S 

Absorption Maxima, nm(Extinction Coefficients, x103) d) 

332 422 465 

330 420 460 

300 390 

305 390 

380 490 

355 375 490 

325 415 455 

330 433 477 

3 5 2 ( 5 . 5 )  4 8 2 ( 3 . 5 )  5 0 2 ( 3 . 4 )  

3 3 0 ( 6 . 5 )  4 1 5 ( 4 . 0 )  4 5 2 ( 3 . 6 )  

3 2 8 ( 6 . 7 )  3 9 8 ( 4 . 2 )  4 4 0 ( 3 . 8 )  

3 3 0 ( 7 . 0 )  4 1 5 ( 4 . 0 )  4 5 0 ( 3 . 7 )  

N-Acetylcysteine-Pe 345(4.7) 480(3.2) 

N-Acetylcysteine-Fe-S 333(5.9) 416(4.0) 453(3.7) 

2-Mercaptopropionic acid-Fe 350(5.7) 505(3.3) 

2-Mercaptopropionic acid-Fe-S 317(6.0) 412(3.8) 450(3.3) 

565 

a) Buchanan, B. B. and Arnan, D. I. in Advances in Enzymo]o~, Vol. 33, F. F. Nord, ed., Inter- 
science Publishers, New York, 1970, pp. 1]9-176. 

b) Tsibris, J. C. M., Namtvedt, M. J. and Gunsalns, I. C., Biochem. Biopbys. Res. Conmmm., 3_O, 
323 (1968) .  

c) All data were obtained by mixing sulfur-containing ligand(lO0 mM) and FeCI~(0.2 mM), or 
sulfur-containing ligand(100 mM), Na2S(0.2 mM) and PeCl3(0.2 mM) at pH 8.6~ 

d) Extinction coefficients were expressed per gram atom of iron. 

non-heme protein and the model complexes may be necessary. The effect of the 

concentration of sulfide on glutaihione iron chelate is shown in Fig. 1. When 

the molar ratio of sulfide to iron is 1 to l, ferredoxin-like absorption spec- 

trum was observed, whereas when the molar ratio comes up to 8 to I, an absorp- 

1 . 2  

~0.8 
o 

0 . 4  4 

f I i I i i i 

350 4 5 0  550  650  

}~ave length, nm 

Fig. i Effect of Na_S concentration on the for- 
Z 

marion of glutathione-iron-sulflde che- 
late at pH 8.6. 
Curve l, FeCI~(0.2 mM), glutathione(lO0 mM) 
and NanS(O.1 ~M) ; Curve 2, FeCI~(0.2 raM), 
glutat~ione(lO0 mM) and NaoS(O.2~mM) ; Cur~ 
3, FeCl~(0.2 mM), glutathiSne(lO0 mM) and 
Na~S(O.~ mM) ; and Curve 4, FeCl~(0.2 mM), 
gl~tathione(lO0 mM) and Na2S(1.6~mM). 
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tion spectrum which resembles to that of rubredoxin was observed. In rubredoxin, 

tetrahedral coordination of iron by four sulfur atoms of cysteine residues was 

proposed by x-ray studies(13, 14). Therefore, the spectral change induced by 

the increase of the ratio of sulfur to iron may be attributed to a geometric 

alteration from distorted octahedral coordination to tetrahedral coordination 

in glutathione iron chelate. The spectral characteristics of the glutathione- 

iron-sulfide chelate which differ entirely from those of the simple iron com- 

plexes may be considered as a reflection of unusual environment around iron 

atom. A dimeric structure has been suggested for ferredoxin isolated from green 

plants(15) and also sulfur-bridged dimeric structures have been proposed for 

some iron complexes(5, 16, 17). From the observations and discussions mentioned 

above, a highly distorted binuclear octahedral structure involving inorganic 

sulfur as bridging atom may possibly be assumed for the glutathione-iron-sul- 

fide chelate as a model of ferredoxin, (Fig. 2). 

coo- 

s 0 

• . CH2S- 
+ 

H3 NCHCH2CH2CON%ICH k~ 
! f C = 0 
/ 

Fig. 2 Probable structure of glutathione-iron- 
sulfide chelate 

In an attempt to find out a model reaction of incorporation of sulfur to 

form non-heme iron proteins, we investigated the release of sulfur from some 

sulfur-containing peptides such as glutathione and 1-mercaptopropionyl glycine 

and incorporation of released sulfur without the addition of inorganic sulfur 

into the iron chelate of these peptides to form peptide-iron-sulfide chelate. 

It was observed that the spectrum of glutathione iron chelate changes with time 

gradually and becomes to be identical to ferredoxin-like spectrum, after the 

time course of about 300 minutes. In the case of 1-mercaptopropionyl glycine 

iron chelate, the similar spectral change was observed distinctly, as shown in 

Fig. 3. The spectrum, which is similar to that of 1-mercaptopropionic acid iron 

chelate at the beginning stage of the time course, gradually changes to become 

identical to that of 1-mercaptopropionyl glycine-iron-sulfide chelate, which 

is formed by the addition of sodium sulfide tc 1-mercaptoprepionyl glycine 

iron chelate. These results indicate the incorporation of sulfur released from 

the iron chelate of these sulfur-containing peptides into the iron chelate to 

form iron-sulfide chelates which show ferredoxin-like spectra. The quantita- 

tive study of the release of sulfur from 1-mercaptopropionyl glycine in the 
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Fig. 3 Spectral change with time of l-mer- 
captopropionyl glycine iron chelate 
at pH 8.6. 
The sample solution contains l-mer- 
captopropionyl glyeine(150 mM) and 
FeClq(O.3 m_M). The numbers on each 
specZrum indicate minutes after mix- 
ing the reagents. 

presence or absence of ferric ion was carried out by the determination of sul- 

fide ion with Rahim's method(9). As seen in Table II~ sulfur is released from 

l-mercaptopropionyl glycine in the presence of ferric ion but not in the absence 

of it. The results of the determination of sulfide ion and ±he spectral change 

of the formation of peptide-iron-sulfide chelate comparably correspond each 

other in the quanity of sulfide ion required to form peptide-iron-sulfide che- 

late. This result may afford a strong support to consider that the labile sul- 

fur of iron-sulfide chelate of 1-mercaptopropionyl glycine comes from l-mercap- 

topropionyl glycine itself. On the contrary, in the case of 2-mercaptopropionic 

acid, ferredoxin-like spectrum was observed only when sodium sulfide was added 

to its iron chelate. Judging from these results, peptide bond seems to play 

very important role in release and incorporation of sulfur to form iron-sulfide 

chelate. The importance of ±he existence of peptide bond in the elimination of 

sulfur from some derivatives of cysteine has been suggested by Bayer et al. by 

the qualitative study(18). The release and incorporation of sulfur of the iron 

chelate of the sulfur-containing peptide may he regarded as a suggestive obser- 

vation for the source of labile sulfur in non-heme iron proteins. 

Table  I I  

Determination of Sulfide Ion Released from l-Mercaptopropionyl 
glycine(150 mM) at pH 8.6 

Reaction Time (minutes) 0 90 180 300 480 

in absence of 0 0 0 0 0 
Concentration FeCI 3 
of Sulfide Ion 

(mM) in presence of 
FeCl3(0.3 mM) 0 0.33 0.63 1.03 1.59 
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Iron-sulfide chelate of sulfur-containing peptide is considered to be sig- 

nificant as a mode] complex for the future study of the structure and the for- 

matlon of non-heme iron proteins. 
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