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Reduction of spinach and parsley ferredoxin Fdl in thé /@' state with the 1,4,8,12-tetraazacyclopentadecane
complex [Cr(15-anely(H0);]2", here written as (L, provides the first evidence for two 1-equiv steps yielding

an FeF€' product. Rate constants (2&) for spinach Fdl are 2760 and 660 Ms™, respectively, at pH 7.5,

| = 0.100 M (NaCl). An important observation is that the''Crgenerated in the first step remains attached to

the FdFe" product and perturbs the protein active site sufficiently to make the second stage possible. The

second CIL reduction is of the “outer-sphere” type, and the''Crgenerated is not attached to the protein.
Anaerobic reoxidation of the fully reduced protein with [Co(}§fF" is rapid and can be achieved witt80%
recovery of the PBFe! oxidation state over 40 min. Air oxidation yields the"@r product Fd'Fe!'---Cr''L
(Fe:Cr= 2:1). WithAnabaenavariabilis only a one-step reduction is observed and there is Hd_@ttachment.
From a comparison of amino acid sequences with spinach (and parsley) Fdl, a likely poittloattachment

is indicated. Comparisons are made with dithionite as reductant. In addition, square-wave voltammetry on spinach

FellFel---Cr'L gives two reduction potentials273 and—410 mV vs NHE. The different redox products have
been characterized by EPR. Usitig NMR line-broadening techniques, evidence fol!'Cinding at a surface
site close to Tyr-25/Tyr-82 is obtained. Also from investigations with redox-inactive [G}té@s a competitive
inhibitor for Cr'L reduction of spinach Pé&Fe", Tyr-25/Tyr-82 is proposed as the site for'Crreduction. From
an extension of studies to include reduction of'Fe"---Cr''L with Cr''L, evidence is obtained for a second
reaction site when that at Tyr-25/Tyr-82 is no longer available.

Introduction arvensé? (resolutions 1.72.5 A) have been reported. The

The [2Fe-2S] ferredoxinsM, = ~10 500; 93-99 amino active site consists of two bjs{sulfido)-bridged high-spin
r— ' _ 5 . . .

acids) are an important class of redox metalloproteins found in tetrarlleccjiral Z'é;r?tor?s STEP/ZR) V\"IgligthTal’:e %ntlfeqromignetlcallly

the leaves of higher plants and in aldaeThe ferredoxins are coupied and theretore stent. 1he binuciear 7€ core 13

involved in processes as diverse as photosynthesis, nitriteCoord'm"ted to four cysteines (Rpat positions 41, 46, 49, and

) > - .
reductase, sulfite reductase, glutamate synthesis, nitrogen fixa-79 t(_) d glv((je _[F??(SR)“] IrF]Q tge chree ,[[ZF? fs]f pr;)htelns
tion, thioredoxin oxidoreduction, and lipid desaturatioh.It considered In this paper. - Reduction potentials for the one-

; 14
is now established that many plant (leaf) and algal sources haveE|eCtr°n redox process (1) are in the range30 £ 20 mv:
at least two different [2Fe-2S] molecules present. A distinction

2 , —
between the iso forms on the basis of their functionality has FeS,” +e =FeS," 1)
not so far been possibfe.The [2Fe-2S] ferredoxins are very
acidic, pl values from 3 to 4, with charge balanc#8 (+-2) at No previous evidence for reduction to the'Fe' state has been

pH ~7.5 from amino acid compositions. There are now over obtained even under strongly reducing electrochemical condi-
75 amino acid sequences of the protein from higher plants andtions. One of the metal atoms £&s closer to the surface-G
algae (prokaryotic and eukaryoti€)Five X-ray crystal struc- A), and the Cys-41 and Cys-46 residues bonded to it are partially
tures for the FBFd! state from blue-green algal (cyanobacteria) exposed. Although there is no crystal structure for theHeé
sourcesSpirulina platensi§ Aphanothece sacrufAnabaena state, it has been demonstrated by NMR that the extra electron

71201 Halobacteriumof the Dead Se& and Equisetium s localized on Fg.®
T CEA. (9) Tsukihara, T.; Fukuyama, K.; Mizushima, M.; Harioka, T.; Kusunoki,
* University of Newcastle. M.; Katsube, Y.; Hase, T.; Matsubara, Bl. Mol. Biol. 199Q 216,
® Abstract published if\dvance ACS Abstract&ebruary 15, 1997. 399.
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Two isoferredoxins Fdl and Fdll (in order of elution) have Complexes. A sample of chromium(ll) chloride, CrghH,0O, was
been isolated from spinach, parsley, akdvariabilis,'® and prepared anaerobically by a literature metAbdRequired amounts of
the reactivity of the major Fdl components has been explored. the ligand 1,4,8,12—tetraazacyc|c_>penpadecane (Strem ‘Chemicals), 15-
It has been shown in the case of spinach that the two forms 2n€N, were added to Creih;0 in Tris/HCl buffer, to give [Cr(15-
have a substantial number of amino acids (25) which are

differentl? In spite of this, the two forms exhibit similar m
reactivities with [Co(NH)e]3+ and [Cr(phenj]®™ as oxidants AN N
for the F&F€" statel® The reactivity of spinach Fdl with the C N:>
Cr'-macrocycle complex [Cr(15-angH.0),]%", referred to N

here as CH, where 15-anel is the saturated 1,4,8,12- H\—/H
tetraazacyclopentadecane ligand, provides the main focus in this 15-aneN,

study. The structure of [Cr(15-angi{NCS)(H:0)]?" has been
determined and indicates a trans structdré he product [Cr- aneN(H;0)]%", 1 = 0.10 M (NaCl). Rigorous air-free techniques using

(15‘aneN)(|_’|20)2]3+ has F_Ka (25 O_C) Ya|Ue$ c_>f 29 and 7.8 3 Miller-Howe glovebox (@ <2 ppm) were required at all times. Over
corresponding to the # ligand acid dissociation constaris. the pH range investigated, the 'Cr complex gives a UV-vis
The CHM'L/Cr'L couple has a reduction potential 66580 mV absorbance peak at 540 nen=€ 36.5 M1 cm™1). On air oxidation at
at [H™] = 0.40 M21 Comparisons with parsley ard variabilis pH 1.5, the CFL product [Cr(15-anely(H.0),]*" is formed; peak
Fdl are made. Absorbance changes are consistent with reactiongositionsi/nm (/M~* cm™) at 377 (88) and 454 (87) as previously
proceeding further than the eg!' state and two well-defined reportec?® Concentrations of Cit. were also determined by addition
redox steps. A communication reporting the initial parsley Fdi 0 [IrClel*"; peak positiom/nm (/M cm™) 487 (4075F"

findings has appearéd. More extensive characterizations of A Sample of tris(ethylenediamine)chromium(ill), [Cr(gg)ls-3H;0,

the reactions and products obtained, as well as evidence forIoeak pOSitiO;i/nm /M~ em™) 351 (63) and 457 (73), was prepared
! as describeé®

'T‘VO'}/eme“t OT a second redox site on the protein .When the Preparation and Metal Content of Cr-Modified [2Fe-2S] Protein.
first is not available, form a part of the present studies. Addition of a 2.4:1 excess of €& to [2Fe-2S] ferredoxin FEFe!,
Experimental Section followed by (rapid) air oxidation, DE52 column separation, and
purification by Mono-Q Pharmacia FPLC anion exchange column
chromatography, gave a ft-attached product written as E€g" ---
Cr'"L, referred to also as ®t.-modified protein. The product is stable
at 25°C under anaerobic conditions. Metal analyses carried out by
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
gave Cr:Fe ratios of 1:2.0 (spinach) and 1:2.2 (parsley). The Cr content
was also determined by a colorimetric method. This involved addition
of 9 M H,SO, and oxidizing with ammonium persulfate (reflus@0
min). Excess diphenylcarbazide solution was added to give tfie-Cr
diphenylcarbazide product peak at 540 ni8( 000 M cm?).2°

Other Reagents. Sodium dithionite, Ng5,0, (Fluka Chemicals),
was standardized spectrophotometrically using the [Fe{€Npeak
at 420 nm ¢ 1010 Mt cm™1). Samples used were found to $86%
pure. Using glovebox techniques, it was found tkdtmM solutions
of dithionite could be prepared quantitatively.

Protein Isolation. Procedures for the isolation of [2Fe-2S] ferre-
doxins from fresh spinach and parsley leaves have been regbrted.
Anabaenavariabilis blue-green algae (cyanobacteria) were grown in
20 L vessels at-30 °C over ~3 days, harvested, and stored frozen
after filtration?324 Samples of [2Fe-2S] were stored as thé' Fé"
protein at—20 °C under N. The purity was checked using ratios of
UV —vis absorbance at 422 and 278 nm. Ratas/Azzs (Fdl and
Fdll mixture) obtained for spinach# 0.46 (in this work 0.49), for
parsley,>0.60 (0.62), and\. variabilis, >0.58 (0.60), were used as a
check of purity*®

Separation of Fdl and Fdll Components. A phenyl superose HR
5/5 hydrophobic column attached to a Pharmacia FPLC system was
used?®> All buffers were made air-free with Noefore use to minimize
loss of ferredoxins. The buffers used for separation were, in solution

A, 20 mM Tris/HCI at pH 7.5 and, in solution B, 20 mM Tris/HCI Kinetic Studies. Reactions at 25.8- 0.1 °C were monitored using

containing 1.7 M ammonium sulfate at pH 7.5. The column was . . .
o : . . - the F&'Fé" ferredoxin absorbance peak at 422 nm, which givés a
equilibrated in buffer B, and the protein sample was loaded into this " 4900 M- -1 decrease on one-electron reduction to thidgs

; ’ - . - o=
igeo?%ﬁ_eéb; epp‘)a\\:l;attkl]og \f’}/:; arl;? ele;/;e ?) Lés::nmg niilrl‘?farE%%%f r::ﬁi.?S A)/stateﬁo A Dionex D110 stopped-flow spectrophotometer and a fitting

monitored at 280 nm using a UV-M control. Major (Fdl) and minor procedur_e from O_n—Li_ne _Instrument Systems (OLIS’ Bogart, GA) were
(Fdil) components were separated in ratios of 84% Fdl to 16% Fdll used. Biphasic kinetic fits were used as appropriate. Rate constants

(spinach), 70% Fdl to 30% Fdil (parsley), and 92% Fdl to 8% Fdll reported are an average of at least five stopped-flow traces for the same
(A uariab’ilis) ' reactant solutions. Tris buffer concentrations employed were 20 mM.

Electrochemistry. Square-wave voltammetry measurements were
d carried out using a standard three-electrode configuration of gold, Ag/
AgCl, and platinum as working and reference electrodes, respectively,
in conjunction with a Princeton Applied Research Model 173 poten-

Buffer. Solutions of tris(hydroxymethyl)methylamine (Trizma) were
used, here referred to as Tris (Sigma Chemicals), with dilute HCI adde
to give pH’s in the range 79 as required. A Radiometer PHM62
meter was used to measure pH. The ionic strength of solutions was

; - - tiostat interfaced to an IBM PC computer with software from EG&G.
adjusted td = 0.100 M with NaCl. The gold electrode was hand-polished using in turn 0.03 and/0m5
(16) (a) Armstrong, F. A.; Henderson, R. A.; Sykes, A.J5Am. Chem. aqueous a'“mif‘””_‘ oxide slurries as polishing materié_b_(”%r) and .

Soc 1979 101, 6912. (b) Lloyd, E.; Tomkinson, N. P.; Salmon, G.  ¢leaned by sonication for 30 s. The electrode was modified by soaking

A.; Sykes, A. G.Biochim. Biophys. Actd993 1202 113. in a solution of the promoter 2-(diethylamino)ethyl mercaptan (DEAE-
(17) Takahasi, Y.; Hase, T.; Wada, K.; MatsubaraPtant Cell Physiol SH) (Sigma), which gave a positively charged surface suitable for an

1983 24, 189. acidic proteirt! The procedure was tested first using native spinach

(18) '1-5393’3'7%;;0”1“”50“* N.P.; Sykes, A. &.Chem. SoeDalton Trans Fdl. A peak at—462 mV vs NHE was obtained for native spinach

(19) Clegg, W.; Leupin, P.; Richens, D. T.; Sykes, A. G.; Roper, E. S. [2Fe-23] ferredoxin, agreeing with a previous v&fumit more negative
Acta Crystallogr 1985 C41, 530.

(20) Richens, D. T.; Adzamli, I. K.; Leupin, P.; Sykes, A.Borg. Chem (26) Holah, D. G.; Fackler, J. P., dJnorg. Synth 1969 10, 26.
1984 23, 3065. (27) Sykes, A. G.; Thorneley, R. N. B. Chem. Soc. A969 655.
(21) samuels, G. J.; Espenson, J.lhbrg. Chem 1979 18, 2587. (28) Gillard, R. D.; Mitchell, P. RInorg. Synth 1972 14, 184.
(22) Im, S.-C.; Lam, K.-Y.; Lim, M.-C.; Ooi, B.-L.; Sykes, A. G. Am. (29) (a) Ege, J.; Silverman, lAnal. Chem1947 19, 693. (b) Sandell, E.
Chem. Soc1995 117, 3635. B. in Colorimetric Determination of Traces of Metal3rd ed.; Inter-
(23) Jackman, M. P.; Sinclair-Day, J. D.; Sisley, M. J.; Sykes, A. G.; Denys, science: New York, 1959; pp 39397.
L. A.; Wright, P. E.J. Am. Chem. S0d 987 109, 6443. (30) Fee, J. A.;; Mayhew, S. G.; Palmer, Biochim. Biophys. Actda971,
(24) Kratz, W. A.; Meyers, JAm. J. Bot 1955 42, 282. 245 196.

(25) Sakihama, N.; Shin, M.; Toda, H. Biochem 1986 100, 43. (31) Guo, L.-H.; Hill, H. A. O.Adv. Inorg. Chem 1991, 36, 341—375.
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than values close t6430 mV determined by procedures not involving

a promoter-3> Only a single redox process is observed. With the
Cr'"L-modified protein, the same procedure was adopted and two well-
defined peaks were observed.

EPR Spectra. These were recorded on an X-band Varian E-109
spectrometer. An Oxford Instruments EPR 900 helium-flow cryostat
was used to adjust the sample temperature to 10 K with a microwave
power of 0.01 mW. Quantification of the spin concentration was
performed by double integration and comparison with a purified sample
of C. pasteurianunf2Fe-2S] ferredoxin of known concentratigfOther
experimental conditions: microwave frequency, 9.230 GHz; modulation
amplitude, 1 mT. Solutions of spinach Fdl were reduced by dithionite
and CKL at pH 7.0 (20 mM Tris/HCI)] = 0.100 M (NacCl).

NMR Spectra. Samples were prepared in® (99.9%) at pH 7.5
uncorrected for BO (50 mM phosphate) using ultrafiltration methods
(Amicon; YM5 membrane). Concentrations of "Heg" and Fé'-
Fel'---Cr''L (1.5-2.0 mM) were determined by UWvis spectropho-
tometry at 422 nmg 9200 M1 cm™1). The pH values of solutions in
an NMR tube were determined using a narrow CMAWL/3.7/180 pH
probe (Russell) in combination with a Radiometer PHM62 pH meter.
After the protein solution was loaded into an NMR tube (5 mm o.d.
borosilicate glass), the tube was flushed with argon and sealed. All
IH NMR spectra were acquired at 500.14 MHz on a Bruker AMX500
spectrometer (25C). For one-dimensional spectra, free induction
decays were accumulated into 16K data points and transferred into 32K
data points after zero-filing. The residual HDO resonance was
suppressed by presaturation at its resonance frequency. All chemical
shifts are cited in parts per million (ppm) relative to HDOda#.81.
Two-dimensional NMR techniques NOESY and TOCSY were em-
ployed. The mixing times for NOESY experiments were-260 ms,
and the mixing time for the TOCSY experiments was 34 ms.

Results

Kinetic Studies on the Cr'L Reduction of Fdl. Spinach
(and parsle3d) Fdl in the Fd'Fe!! state give biphasic stopped-
flow kinetics on reduction with ¢t., and absorbance changes
(422 nm) are consistent with the reaction proceeding further
than the F&F€E!' stage. Earlier repoéthat, with SO42-, the
only product is F&F€', (2), were confirmed. The final spec-

2Fd'F" + 50,2 + 2H,0—
2Fd'Fe" + 2507 +4H" (2)

trum following reduction with 2 equiv of &t is shown
alongside spectra of Bge!' and FéFe'! forms in Figure 1A.

The inset illustrates the biphasic nature of absorbance changez?o

monitored at 422 nm. The product was allowed to air-oxidize
when the column-purified protein gave the same -tiNs
spectrum as that of native E€", and analyses gave a 2:1
Fe:Cr content , consistent with (3). No contributions to final

Fé'Fe" + 2cf'L — Fé'F'---Ccr'L +Cr'L  (3)

spectra of CFL (or Cr'L), which are relatively weakly
absorbing, were observed. Different behavior was observed for
Fe'Fée'' A. variabilis Fdl with excess CiL, which gave F&-

Fe' as the final product (UV-vis spectrum, Figure 1B) in a
monophasic reaction, (4).

Fe'Fe" + cr'L — Fé'FE" + Cr''L (4)

(32) Salamon, Z.; Tollin, GBioelectrochem. Bioenerd. 992 27, 381.

(33) Knaff, D. B.; Hirasawa, MBiochim. Biophys. Actd991, 1056 93.

(34) Cammack, R.; Roa, K. K.; Bargeron, C. P.; Hutson, K. G.; Andrew,
P. W.; Rogers, L. JBiochem. J1977, 168 205.

(35) Bthme, H.; Schrautemeier, Biochim. Biophys. Actd987 891, 1.

(36) Fujinaga, J.; Gaillard, J.; Meyer,Biochem. Biophys. Res. Commun
1993 194 104.

(37) E.g.: Lambeth, D. O.; Palmer, G. Biol. Chem 1973 248 6095.
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Figure 1. (A) UV —vis spectra for the two-stage 2-equiv reduction of
Fe''Fe" spinach FdI (upper trace) by the'Crreductant [Cr(15-anel+
(H20),]?" at pH 7.5 (20 mM Tris/HCI)] = 0.100 M (NacCl). The inset
shows a stopped-flow trace (2€) for the reaction of F&Fe" protein

(1 x 1075 M) with Cr'L (0.50 mM), and illustrates the two-phase
reaction. (B) UV-vis spectra for the single stage 1-equiv reduction of
Fe''Fe!' A. variabilis Fdl (upper trace) by the &t reductant [Cr(15-
aneN)(H20);]?" at pH 7.5 (20 mM Tris/HCI)] = 0.100 M (NacCl).
The insert is a stopped-flow trace for the reaction {23 of Fe' Fé"
protein (1 x 1075M) with Cr'"L (2.0 mM) and illustrates the single-
phase nature of the reaction.

Absorbance changes and kinetics were monitored at 422 nm
r the CHL (=15-fold excess) reduction of all three Fdl proteins
at pH 7.5. Thus two first-order rate constakigps and Kaops

for spinach and parsley ardqps only for A. variabilis were
obtained. Linear dependencieskaf,sandkzopson [Cr'L] for
spinach, Figure 2A (see also listings for parsley Andariabilis

in Table 1), are consistent with rate laws as in (5), which define

rate= k[Cr'L][Fe" Fe"] (5)
second-order rate constarksin turn k; andk,. For spinach
Fdl k; = 2760+ 60 M~1 st andk, = 660+ 20 M~1s71, for
parsley Fdlk; = 1510+ 64 M~ s7t andk, = 2104 19 M1
s™1 and forA. variabilis Fdl k; = 1250+ 40 M~1s71 all at
25°C, pH 7.5, and = 0.100 M (NacCl).

Reduction of the Cr'"' L-Modified Protein with Cr "L. The
spinach Fdl protein, initially present as'Hed'---Crl'L, was
reduced with CHL (=50-fold excess) to Fdé'---Crl'L.
Stopped-flow changes give a biphasic fit with first-order rate
constantsksops and kyops as listed in Table 2 (Supporting
Information). From the dependencies on'[0; Figure 2B,
second-order rate constants &ge= 700+ 48 M1 s1 andk,
=1154+90 M~1s™1. Although a biphasic treatment gives the
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Table 1. First-Order Rate Constanksgss and kaeps (25 °C) from a
8 Biphasic Kinetic Treatment for the Reduction of Spinach [2Fe-2S]
B Kiops Ferredoxin | by the CiL Reductant [Cr(15-ane)(H,0),]?* at pH
Ak, 7.5 (20 mM Tris/HCI),| = 0.100 M (NaCl)
6 1F[CrM'LYM  KkiondS™t kaobdS™t 10°[CILI/M  KiondS™t  KoondS™t
N Spinach [2Fe-2S] FdI
@ 0.17 0.36 0.03 1.08 3.02 0.81
-é' 0.33 0.51 0.27 1.11 3.17 0.76
~ 0.58 1.51 0.31 1.26 3.51 0.77
44 0.64 171 043 1.48 430 083
0.78 2.22 0.47 1.56 4.49 0.92
0.81 2.68 0.59 1.67 4.80 1.05
0.93 2.92 0.69 2.15 5.50 1.38
24 0.95 2.62 0.70 3.05 8.33 2.07
1.00 2.70 0.62
Parsley [2Fe-2S] FdlI
0.51 0.97 0.20 1.25 2.14 0.26
0 0.89 1.58 0.16 1.63 2.54 0.39
1.11 1.66 0.27 1.71 2.46 0.32
B Kaope A. variabilis [2Fe-2S] FdI
6- A Koo 0.49 1.50 1.65 2.01
O K, (B} 1.13 1.24 2.19 2.77
1
® K
A
o x
2 -
—E -
~
T !
10%[Cr'LI/M 4 D‘“‘D
Figure 2. (A) Dependence of first-order rate constakis,sandkaops o .07 (n] o
(25 °C) for the biphasic reaction of the ¥r reductant [Cr(15- AA—AL‘—“ T o
aneN)(H;0),]?* (reactant in excess) with &€' spinach Fdl £1 x A T
107% M) on concentration of reductant, at pH 7.5 (20 mM Tris/HCI),
| =0.100 M (NacCl). (B) Dependence of first-order rate constégis
andksops (25 °C) for the biphasic reactions of the 'Crreductant [Cr-
(15-aneN)(H20),])%" (reactant in excess) with B&e"---Cr!" spinach 0 0 1 é :'; 4

Fdl (~1 x 10" M) on concentration of reductant, at pH 7.5 (20 mM
Tris/HCI), | = 0.100 M (NaCl). Points fok,s (O0) from a uniphasic fit

10° [Cr(en),>"1/ M
are also shown.

Figure 3. Competitive inhibition by redox-inactive [Cr(efJ"™ on

second-order rate constakisandk;' (25 °C) for the biphasic reaction
¢of the CHL reductant [Cr(15-ane(H;0).]*" with Fe"Fé" spinach

Fdl (1 x 105 M) at pH 7.5 (20 mM Tris/HCI)J = 0.100 M (NaCl).

At the higher concentrations of [Cr(ef¥)" ask,’ approachek;, it was

not possible to separate the two stages, and a single rate cokistant

(O) is indicated. The best fit to point®j is extrapolated (---) to higher

[Cr(en)®'] values using the parameters derived.

best fit, second-order rate constakts= 590 4+ 42 M1 s71
from a uniphasic treatment could also be evaluated. Values o
ks andk are very similar. We note also thkg is similar in
maghnitude tdk; (660 M1 s71) in the previous section.

Effect of [Cr(en)3]®" on the Reduction with Cr'L. Reduc-
tion of spinach Fdl (1x 107° M) in the Fé'Fe" state with
excess CiL (1 mM) is inhibited by redox-inactive [Cr(eg}+.

A biphasic kinetic treatment gives first-order rate constants from (enk**], K =950+ 74 M~* andk; = 2740+ 60 M~* s, in
which second-order rate constams andky, Table 3 (Sup-  close agreement with the value (2760-Ms™) already
porting Information), are obtained. The dependencids' afind determined. Inclusion of a reaction step involving"Cr
ko' on [Cr(en}?t] are shown in Figure 3. At [Cr(eg)"] > 1.0

mM, k;' andk;' converged, and separate values could no longer . K

be determined with accuracy. From the data at smaller [Cr- 1 1+ K[Cr(en)33+] (8)
(en%®'], the latter inhibits thek;' step, butk,' is unaffected.
Assuming that complete blocking &f' by [Cr(en)]3" occurs

(see ref 38), the reaction scheme—6J) is proposed. From reduction of the adduct formed in (6) gives a rate constant of

—260+ 610 M~! s71, indicating negligible contribution from
this process. The rate constdtit = 650 & 60 M1 st is
similar in magnitude tok; above (660 M?! s71) and is not
affected by [Cr(eng®". To the right-hand side of Figure 3 the

Fd'Fd" + [Cren))®" = Fe"Fe", [Cr(en)}]*"  (6)

F'Fd" + o'l = Fd'F"-CrL 7

(38) Armstrong, F. A.; Henderson, R. A.; Sykes, A.I5Am. Chem. Soc

these, (8) can be derived, and from a graphkgf (! vs [Cr- 1979 101, 6912.
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Table 4. Effect of Redox-Inactive [Cr(eg)*" on Second-Order Rate Constakisandk,' (25 °C) for the Biphasic Reaction of the @r
Reductant [Cr(15-ane/\H0);]?" (1.0 x 1073 M) with Fe"'Fé"---Cr'"'L-Modified Spinach [2Fe-2S] FdI (% 10°° M) at pH 7.5 (20 mM

Tris/HCl), | = 0.100 M (NaCl)

1G¥[Cr(en)®t]/M ks/M~1st k¢M~1s? 1C[Cr(en)®t]/M ki/M~1st k¢M~1st
0.00 800 146 1.25 820 194
0.50 750 182 1.75 850 180
1 | | i
-0.90 — -
T -0.70 -
=
q
£
T
2

-0.50

-0.30

VAL
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L I [

( | ;
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Figure 4. Square-wave voltammetry (28), graph of currentij over unit of concentrationc] against potential vs NHE) for unmodified
protein (2.5x 104 M; broken line) and the P&Fe"---Cr''L modified form (5 x 1074 M; solid line) at a gold electrode treated with DEAE-SH

promoter, pH 7.5 (20 mM Tris/HCI), = 0.200 M (NaCl).

uniphasic rate constaktbecomes less thag but not suffici-

ently so for the system to revert to two separable rate constants. L

Similar experiments were carried out with"Hed"---Cr''L
modified spinach Fdl as reactant. No inhibition by [CregH),
(0—1.75) x 1073 M, was observed, Table 4. The two rate
constantks; = 805+ 107 Mslandk, =176+ 20 M1s?
are similar to those obtained previously (700™M and 115
M~ s71 respectively) with no [Cr(eg)*" added.

Electrochemical Studies. Square-wave voltammograms
were obtained for native fé=¢!' protein (one redox stage) and
for Fe'Fe!'---Cr'L (two redox stages), Figure 4. For the native
protein, the peak observed gives a reduction potential4§2
mV vs NHE, which like the value from Salamon and Tolfin
(—451 mV), is more negative than literature valued30 mV3!
The shift may be due to an effect of the promoter. Two well-
defined peaks are observed fof'fee! ---Cr'L protein (Figure
4) at—273 and—410 mV vs NHE. Both peak heights are the

same as for the native protein, suggesting one-electron redox

processes. The changes are assigned to the half-reactiens (9)
(10)and are consistent with kinetic steps and-tiNé spectro-
photometric changes as in Figure 1A.

Fé'"rFe"---c'L + e = Fe'Fe"---Cr''L 9)

Fé'Fé"---Ccr'L + e = Fe'Fe'---Cr''L (10)
EPR Studies. The EPR spectrum of the Hee" oxidation
state was obtained by reduction of'Feg! protein with excess
of dithionite (@ = 1.886, 1.955, and 2.044), Figure 5A, and is
as previously reporte#:*° On reduction with a~1.5-fold
amount of CYL, additional signals aj = ~1.52, 1.996, and
~5 are assigned to attached'Tr, Figure 5B. The last signal,

(39) Ohmori, D.; Hasimi, H.; Yamakura, F.; Murakami, M.; Fujisaura, K.;
Tameoka, Y.; Yamamura, Biochim. Biophys. Actd989 996, 166.
(40) Aliverti, A.; Corrado, M. E.; Zanett, GFEBS Lett.1994 343 247.

2.044 1.996 1.955 1.886

,:J&\W/_
://\/,
A

_E/—ﬁ//_

300

320 340 360
MAGNETIC FIELD (mT)
Figure 5. EPR spectra obtained at different gain settings inghe

2 region for spinach Fd{0.9 mM): (A) Fe"Fe'" proteins reduced to
the FdFe" state by 5 equiv of dithionite; (B) te=d'" protein reduced
by ~1.5 equiv of CL; (C) Fe'"Fe" reduced by a 5-equiv excess of
Cr'L; (D) Fe"Fé"---Cr'"L (0.80 mM) and (E) FE&Fe"---Cr'"L reduced
by 5 equiv of CfL, pH 7.0 (20 mM Tris/HCI),l = 0.100 M (NacCl).

not shown in Figure 5, is a broad asymmetric peak5mT
wide at half-height. Theg values for F&FE" are apparent
values and at the precision of the measurements are identical
in Figure 5A and Figure 5B. The apparent increase in line width
of the signals, in conjunction with a relative lowering of the
power saturation, indicates a possible additional influence of
the attached CfL on the Fé¢Fé&" signal. Contributions from
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Table 5. Chemical Shifts (ppm) ofH NMR Resonances in Aromatic Residues of Ferredoxins

Fe™Fe™ spinach Fd I Fe"Fe™ A. variabilis Fd 1™
residue H* H’(2,6) H'(3.5 HP H'(2,6) H°(3,5)
Tyr-3 287274 691  6.67
Tyr-25 3.293.1 693 630 2.7 6.39
Tyr-35 281,249 680  6.34
Tyr-39
Tyr-82 3.18274 692  6.32 321,288 7.3 643
Tyr-99 317,281 713 6.79
residuve  H°P  H®(2,6) H*(3,5) H°(4) HP H(2,6) H (3,5 H° (¥
Phe-3 330234 713 721 111
Phe-18 3.40,2.55 695  17.05
Phe-39 723 134
Phe-65 3.10,2.80 7.62  7.85 1.76 756 745 135
residuee  HP  H°(2) H®(4) H¥ (5) H™ (6) HZ (7)

Trp-75 335,269 7.19 768 671 7.11 1732

residuie  H* H"(2) H%@) o H'(Q2) H*@
His-16 257,255 799 6.89
His-92 3.19,3.05 7.73 692 339,331 781 7.18

aThis study; spinach FdI (1-52.0 mM), 25°C, pH 7.1 (50 mM phosphate buffef)Reference 41Anabaena~dl (~3.3 mM), 20°C, pH 7.2
(50 mM phosphate buffery.Reference 44Anabaenar120 (6.6-9.0 mM), 25°C, pH 7.1 (50 mM phosphate buffer).

Cr'"L (g= ~1.52, 1.996, and-5) are similar to those obtained

in separate experiments with free'@r added § = ~1.52,
2.149, and~5). With a 5-fold excess of CL, a nearly total
decrease in the signals gt = 1.886, 1.955, and 2.044 is
observed, Figure 5C, with no noticeable changg at 1.996.
The ~2-fold increase in intensity of thg = ~1.52 and~5
signals is attributed to the presence of unattachétL CrThe
EPR spectrum of Fé&Fe! protein with CH'L attached, Figure
5D, gives a prominent peak gt= 1.996, which is different
from that of a solution of free ®_. The peak aty = 1.996 is

experiment (there is a small residggt 1.89 signal). No EPR
signal is observed for E&e'!, and that shown in Figure 5C is
directly attributable to the ®_ component.

NMR Studies. Redox-inactive C¥ complexes, e.g. [Cr-
(en)]®" and [Cr(NH)g]®", behave similarly in blocking the
oxidation of F&F€" protein with e.g. [Co(NH)g]3".38 The site
of interaction of [Cr(NH)g]®™ with Fe''Fe!' protein has been
investigated by'"H NMR and °C spectroscop$* Selective
paramagnetic broadening results indicate that [Cr{yE"
associates (no covalent bonds) withvariabilis Fdl at regions

therefore due to GtL bound to the protein, where only one close to residues Tyr-25 and Tyr-82 (Tyr-83 in some papers).
Cr''L complex binds in this way in agreement with the ICP- From X-ray structure$;12 the aromatic rings of Tyr-25 and
AES analyses. That the decrease in number of peaks is notTyr-82 are stacked. Other studies ®nmaximaFdIl and spin-
explained by reoxidation of &€ (were this possible) is con-  ach ferredoxin have been reportddP. americanaFd| with a
firmed by monitoring simultaneously signals assigned t8ICr Phe-82 occupancy was also found to give line broadening at
From line-broadening and power saturation studies, a binding this position. As an extension of the approach, we were inter-
site for the CYL at a distance of-15 A from the cluster is  ested in determining the site of attachment of Cto spinach
indicated. In addition, the reduction of the "Gmodified Fdl.
protein, Figure 5D, has been investigated. When a sample of Ejght aromatic residues on the protein are the prime focus
FellFe!l---Crl'L protein is reduced with dithionite or €I, a of attention. *H resonances were assigned using two-dimen-
decrease in intensity of the signal from'lFe" is observed,
Figure 5E, corresponding to formation of "fe!'---Cr''L
product. Formation of the latter is not complete in this particular

(41) Chan, T.-M.; Ulrich, E. L.; Markley, J. LBiochemistry1983 22,
6002.
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Figure 6. Aromatic region of theH NMR spectra (25°C) of Fé''-
Fe" spinach FdI (2 mM): (a) F&Fe"; (b) Fe'Fe!---Cr'L; (c) Fe'-
Fe'" with 1:15 molar equiv of (unattached) '@t at pH 7.0 (20 mM
phosphate)l = 0.100 M (NaCl).

sional NMR techniques (NOESY and TOCSY). The chemical
shifts are listed in Table 5. Previously observed line-broadening
effects were confirmed on addition of 1:30 molar ratio of [Cr-
(NH3)g]3" to Fe''Fe'! spinach FdFf! The resonances (ppm) for
Tyr-25 (H 6.93 and M 6.3) and Tyr-82 (M 6.92 and M 6.32)
are similarly broadened by 1:15 ratios of unattache#iLCro
protein. The effect of increasing concentrations dff Cfrom
1:15 to 1:3 ratios was also studied. No broadening of other
aromatic resonances (Tyr-3, Tyr-39, Phe-18, Phe-65, and His
92) was observed, but substantial broadening of the Trp-75 peak
(ppm) (K 7.19, H3 7.68, H3 6.71, H2 7.11, and K¢ 7.32)
was noted at the higher concentrations of' Cr(1:3). This
residue is~11 A from the Fé'Fe! ferredoxin B-carbon of
residue 75 to F¢ but has not so far been considered relevant
in electron-transfer studies.

Figure 6 shows the spectrum of'Hed" ---Cr''L spinach FdlI
in the aromatic region of thtH NMR. The spectrum shows
that all the above peaks are more extensively broadened as i
to be expected with 1:1 amounts of "@r present and as
compared to the spectrum of native spinach Fdl with fré&lCr
Line-broadening effects were also determined with mixtures of
native and F8Fg"---Cr''L spinach Fdl. Peak widths in the

aromatic region of these spectra were determined using a line-

deconvolution program, and the peak widths at half-height are
listed in Table 6. Spectra obtained for thé''@nodified protein

are too broad to measure the widths very accurately. However
the change in width of the Tyr-82 resonance forisi~9 Hz
using a 3:1 ratio of native:H&=€'"---Cr''L-modified protein,

and in the case of Trp-75 (Bland H?) the differences are-57

Hz.

Discussion

The redox properties of three Fdl proteins from spinach
parsley, andA. variabilis have been explored in this work.

gate constants (2%C) for the reaction of spinach Fdl with tir

Im et al.

Table 6. Line Broadening ofH NMR Resonances (2%C) in the
Aromatic Region of Spinach Fdl as ''E€" and as CIL-Modified
Fe'Fd!'---Cr''L and of Mixtures As Indicated at pH 7.5 (20 mM
Phosphate), = 0.100 M (NacCl)

peak width at half-height/Hz

9:1 31
no? o/ppm Fdl Fdi:FdI-CM'L Fdi:FdI-Cr'L FdI—-Cr'L
1 7.87 19.3 20.6 20.7 27.5
2 7.77 7.0 8.6 8.8 14.4
3 7.73 20.6 18.8 21.1 30.4
4 7.68 25.3 26.7 30.0 47.4
5 7.62 6.7 7.3 9.0 20.0
6 7.42 7.5 9.5 8.5 11.8
7 7.41 55 8.0 8.4 12.1
8 7.19 6.2 6.2 7.1
9 6.71 234 27.8 30.1 37.2
10 6.66 11.7 9.8 10.9 12.9
11 6.44 25.7 24.8 24.8 29.3
12 6.35 21.3 26.3 24.8 26.6
13 6.32 11.3 16.9 20.7 36.7
14 6.30 10.7 17.0 20.0 36.7

aKey: (3) His-92 HY; (4) Trp-75 H3; (5) Phe-65 K (6) Trp-75
He2; (8) Trp-75 H; (9) Trp-75 H3; (10) Tyr-3 H; (13) Tyr-82 H;
(14) Tyr-25 H. ® Determined by line deconvolution.

Cr'L as reductant is rather special, since absorbance changes,
Figure 1A, indicate that the reaction proceeds further than the
Fe'Fe! stage. This contrasts with the behavior observed with
dithionite as reductarf€ The final UV-vis spectrum obtained
after consumption of 2 equiv of @& is shown in Figure 1A.
There is no contribution of Gt or Cr''L to observed spectra.
Whatever CtL concentration is employed, the product isolated
after air oxidation and DE52 ion-exchange chromatography is
Fe''Fe!---Cr''L, with only one CH'L attached. It is concluded
that the second ®L reduction is of the “outer-sphere” type
with no CH' attachment resulting.

From the biphasic kinetic treatment described, second-order

arek; = 2760 M1 s 1andk, = 660 M~ s tat pH 7.5. Similar
behavior is observed for parsley Fd4 (= 1510 M1 s™1 and
k, = 210 M1 s7%) at pH 7.5, butA. variabilis Fdl gives only
the first stage of reactiork{ = 1250 M~! s7%) and no C¥L
binding is observed. This is significant, suggesting that,
whichever amino acid or acids r binds to in the case of
spinach and parsley Fdl, the same or a similar amino acid is
ot available orA. variabilis Fdl, a point we return to later.
ariations of pH from 8.5 to 5.0 give a10-fold increase in
bothk; andk;, but we have not explored this effect in any detail.
The product of the second stage of reduction is assigned the
formula FéFe'---Cr''L. Reoxidation with [Co(NH)¢]3" is
rapid, and within a 40 min period some 80% of the original
Fe'Fe" absorbance is restored. There is however a slow
denaturation of both the spinach and parsleyHeé forms,
which may in part be due to air ingress and sensitivity, as is
observed also for the EE€! protein. In other experiments, it
was demonstrated that the'Fe'" protein obtained by £42~
reduction (no CFL attached) is not further reduced by'Cr
However dithionite is able to reduce'fr&" ---Cr''L, the product
of the first stage of CiL reduction. The presence of attached
Cr'L is therefore an essential component for the second stage
of reduction to occur. These various observations are sum-
marized in the scheme of Figure 7.
From square-wave voltammetry on column-purified spinach

Separation of Fdl from FdlIl protein by hydrophobic interaction FellFell---CrIL reduction potentials of-273 mV E:°) and

column chromatography is an essential part of the studies, thus_41g v E

eliminating any spurious Fdll contributions to the two-stage
kinetic behavior observed with spinach and parsley Fe!'.
Most emphasis is on the reactivity of spinach Fdl. The use of

°") vs NHE were obtained. Two separate one-

(42) Mayhew, S. G.; Petering, D.; Palmer, G.; Foust, Gl.mBiol. Chem
1969 244, 2830.
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Figure 7. Reaction scheme showing the reactivity of spinach and
parsley FdIA. variabilis Fdl gives no reaction past the 'fre" state,
and no CY'L is attached.

electron transfer steps are assigned to théRet Cr''L/Fe''-
Fe'Cr'L (=273 mV) and FéFe'Cr'L/Fe'FE'Cr'L (—410
mV) couples, respectively. Therefore, attachel[Cdecreases
the reduction potential of native spinach Fel462 mV) by a
very substantial amountas much as 189 mVor, on the basis

of the literatureE®' (—430 mV), by some 157 mV. This is the
first time that the Fé&Fe'! ferredoxin state has been generated
by chemical or electrochemical means. However special
conditions hold in that the attached'@r plays an essential
role. Comparisons with the behavior of the water-soluble
fragment of bovine heart Rieske’s [2Fe-2S] protein, which has
two His residues coordinated instead of two Cys to one of the
Fe atoms, are also relevant. The first reduction potential is
unusually high at~300 mV43 A further redox transition was
recently reported to give the superreducetifét form at—840

mV vs NHE*

The chemistry described has been confirmed by EPR
spectroscopy. In these studies, a spectrum dfFed with
Cr'L attached is obtained, which is not the same as that for
the CH'L complex or that for the PéF€" protein in the presence
of Cr'L, indicating that the CtL is in a different environment.
On comparison of the values for CYL in the three cases,
Fe'Fd" with unattached CftL, Fe''Fd"---Crl'L, and Fd-
Fé'---Cr'L, signals ay = ~1.5 and~5 are observed in addition
to a derivative type signal aj = ~2, and the shapes and
numbers of components differ in the three instances.

Extensive NMR studies have been carried out by Chan et
al*t on Fe'Fe! ferredoxins in the presence of [Cr(NJg|3T.

Inorganic Chemistry, Vol. 36, No. 7, 19971395

Val-80

Figure 8. Space-filling model from coordinates for the'feg" A.
variabilis Fdl structuré®showing the surface Tyr-82/Tyr-25 and acidic
patch region, as well as residue 20, in this structure Val but for spinach
and parsley Cys.

10 20 30 40 , « 450
(a) AA YKVTLVT- PTG-NVEFQC DDDVYILDAA EEEGIDLPYS CRAGSCSSCA
(b) AT YKVTLVT- PSG-SQVIEC GDDEYILDAA EEKGMDLPYS CRAGACSSCA
(c) AT YNVKLIT- PDG-EVEFKC DDDVYVLDQA EEEGIDIPYS CRAGSCSSCA
(d) AT FKVKLINE AEGTKHEIEV DDDEVILDAA EEQGYDLPFS CRAGACSTCA

60 70 +80 90

(a) GKLKTGSLNQ DDQSFLDDDQ IDEGWVLTCA AYPVSDVTIE THKEEELTA
(b) GKVTSGSVDQ  SDQSFLEDGQ MEEGWVLTCI AYPTGDVTIE THKEEELTA
(c) GKVVSGSIDQ SDQSFLDDEQ MDAGYVLTCH AYPTSDVVIE THKEEEIV
(d) GKLVSGTVDQ  SDQSFLDDDQ IEAGYVLTCV AYPTSDVVIQ THKEEDLY

- ~ - AAAAA A A A Asan AAA A PONIVON

Figure 9. Amino acid sequences for [2Fe-2S] ferredoxins relevant to
this study. Coordinated cysteines) (@and conserved residues) @re
indicated: (a) spinach Fdl; (b) spinach Fdll; (c) parsley Fdl; Ad)
variabilis Fdl.

Selective broadening of resonances assigned to Tyr-25 and Tyrnamely the conserved acidic residue at 28 (as well as those at

82 was observed. The complex [Cr(GN) had no similar
effect even at concentrations &fL:5 molar equiv, and it was
concluded that [Cr(NB)g]3" associates close to the aromatic
rings of Tyr-25 and Tyr-82. In addition, the physiological
partner ferredoxin-NADP oxidoreductase and [Cr(Ng]3"
have been shown to bind competitively and therefore interact
at the same site.

The NMR studies carried out as part of the present work were
aimed at determining the point of attachment of'Cr Some

broadening of the Tyr-82 resonance in particular was observed,

31 and 32) in the same locality, Figure 8. This region of surface
has therefore all the requisites of a functionally important site
for reaction with cationic reductants.

The results obtained withA. variabilis Fdl suggest that the
residue to which CFL is attached is no longer available on
this protein. From a comparison of amino acids close to Tyr-
25/Tyr-82 including 26-28, 59-62, and 79-84, Figure 9, only
two residues on spinach, parsley, édariabilis, namely Cys,
Cys, Val (residue 20) and Val, Val, Glu (residue 24), respec-
tively, show the sort of changes required to explain the different

and there is evidence therefore that this residue is attached ateactivities observed with €. In their studies o\ variabilis

or near the same site.

However other resonances wereferredoxin, Chan et df suggested the possible involvement of

broadened also and the effects observed were less specific, most|u-24 as a site for association. However, we can exclude this

likely due to the relatively high ratio of &L present. An
interesting feature of the Tyr-25/Tyr-82 binding site is the

position as the site for &L/Cr'"'L (covalent) binding on spinach
and parsley Fdl, since the valine residue at position 24 has an

number of conserved negatively charged residues in closeinactive side chain CECH(CHa),. On the other hand, the Cys

proximity, Figure 8. Attention has been dratfnto the

importance of Asp-22, Asp-23, and Asp-62, but there are others,

(43) Leigh, J. S.; Erecinska, MBiochim. Biophys. Actd975 95.

(44) Verhagen, M. F. J. M.; Link, T. A.; Hagen, W. REBS Lett.1995
361, 75.

(45) Oh, B.-H.; Markley, J. LBiochemistry1l99Q 29, 3993.

at 20 could provide such a site for'@/Cr'"'L binding in the
case of spinach and parsley Fdl. The distance to the active site
is of interest. No crystal structure information is available for
a Cys-20 containing [2Fe-2S] protein, but from the through-
bond-pathways prograff,the distance of a CHof Val-20 to

the active-site S atom of Cys-7912.8 A in theA. variabilis
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structurel® Since there is reasonable agreement with~#i&
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parsley forms (6081000 M™1).1838 The redox behavior

A from EPR studies, this residue has to be considered as a strongbserved clearly indicates therefore two surface sites for

candidat¢Y However the attached &L does have a significant

reaction. Furthermore, on @rre-reduction of FEFe!---CrllL,

effect on redox properties of the active site, and although two addition of [Cr(enj]3* has no effect on eithels or ks, which
cysteines are interposed between the Cr and Fe, the effect isagain can be understood in terms of'Cr(covalently attached)
quite remarkable. Such effects require better understanding intaking the site at which [Cr(eglf™ would otherwise associate.

the context of multisite metalloprotein systems.

In kinetic studies, it was shown that'EEé"---Cr'L can be
reduced to PE¢'---Cr''L by 2 equiv of CHL (k3 andks). The
rate constantks is appreciably smaller thatr;, and not
surprisingly the attached &t impedes reaction. Howeveks
(700 M1 s71) is similar in magnitude tdk, (660 M1 s71),
suggesting that the second site at whicH ICreduces F&
Fe''---Cr''L may be involved also in the reduction of 'lFe
Fe''---Crl'L. This suggestion gains further support from studies
in the presence of redox-inactive [Cr(gl8} as a competitive
inhibitor for Cr'L.

The first stage of reactiork{) appears to undergo complete
blocking by [Cr(enj]3*, as has been observed previously in the
oxidation of F&Fe" (spinach and parsley) by six oxidants: f€o
(NHs)1o{u-NH2)5*, [Pt(NHs)e]**, [Co(NHe)gl**, [Cr(phen)]?*,
[Co(NH3)sCl%", and [Co(NH)s(C204)]™.183848 |t has been
demonstrated that [Cr(esJ", like [Cr(NH3)e]®", associates at
the Tyr-25/Tyr-82 site. Whereds is inhibited by [Cr(eng]3*,

k. is unaffected. As the experimentally measukgdand k,'

[Cr(en)]3+ does not associate strongly at the second site at
which CI'L reacts. This suggests that a more neutral hydro-

phobic site is involved. The identity of the second site is at

this stage speculation, but one attractive possibility is clearly

the surface close to the active site where Cys-41 and Cys-46
are partly solvent exposed. This site will be a target for future

site-directed mutagenesis studies.

In conclusion, the present studies with''Cras reductant
provide the first evidence for reduction of [2Fe-2S] ferredoxins
to the FdF€' state. An essential requirement for'Fe' to be
generated is that the €L product remains bound to the protein.
The site at which the L is attached appears to be close to
Tyr-25/Tyr-82 at a site previously established as a region where
cationic inorganic complexes and the physiological oxidoreduc-
tase associate. Cysteine-20, present in the case of spinach and
parsley Fdl (but notA. variabilis), appears to be a strong
possibility as the point of attachment of'tIr. Evidence for a
second site on Fd at which @r reduction occurs has been
obtained, but in this case the 'fir product does not become

values converge, their separate determinations become moredttached to the protein. The identification of different “in” and

difficult. However, the constant for association of [Cr(g?r)
with Fe''"Fe" spinach Fdl obtained in this study & 950 M%)

“out” sites for electron transfer on [2Fe-2S] ferredoxin, as in
the case of plastocyanin, is a possible further outcome of this

is similar to values previously reported for association of both work.

[Cr(enk]®" and [Cr(NH)g]3 with the FéFe! spinach and

(46) E.g.: Beratan, D. N.; Onuchic, J. N.; Betts, J. N.; Bowler, B. E.; Gray,
H. B. J. Am. Chem. Sod99Q 112, 7915.
(47) In further on-going studies on the'Crreduction of maize [2Fe-25],
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