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An eight-iron, eight-sulfur ferredoxin from Rhizobium japonicum

bacteroids of soybean root nodules has been purified to apparent

homogeneity as judged by disc gel electrophoresis. The purifica-

tion procedure included chromatography on DEAE-cellulose, Biogel

P-60, and hydroxylapatite. Specific activities of several purified

preparations of bacteroid ferredoxin ranged from 1700 to 1900 nmol

C
2
H
4
produced.min

-1
-mg

1
in the reaction mediating electron transfer

between illuminated chloroplasts and bacteroid nitrogenase. A mol-

ecular weight of 6740 for the protein was determined by low speed

sedimentation equilibrium and a molecular weight of 6500 was estimated

from the mobility of bacteroid ferredoxin relative to the mobility of



standard proteins during sodium dodecyl sulfate disc gel electropho-

resis. All of the common amino acids were present except arginine,

methionine, and tryptophan. The absorbance spectrum of the oxidized

protein exhibited maxima at 285 nm and 380 gm with a shoulder near

305 nm. The A
380

/A
285

ratio was 0.76 and the extinction coefficient

at 380 rim for the oxidized protein was found to be 30,800 M -1.

Equilibration of bacteroid ferredoxin with methyl viologen at various

potentials revealed a midpoint oxidation-reduction potential of

-484 mV. Spectrophotometric examination of iron-sulfur clusters

extruded from bacteroid ferredoxin with benzenethiol and the transfer

of its iron-sulfur clusters to other ferredoxins established the

presence of two [4Fe-4S] clusters in a molecule of bacteroid ferre-

doxin. The EPR spectrum of oxidized ferredoxin consisted of a small

signal at g = 2.02 integrating to 0.19 spins per molecule. The EPR

spectrum of ferredoxin reduced with 5-deazaflavin exhibited a signal

with features at g values of 1.88, 1.94, 2.01, and 2.07 and integrated

to 1.7 spins per molecule. The EPR properties of bacteroid ferre-

doxin are characteristic of a ferredoxin operating between the 1+ and

2+ oxidation levels. Bacteroid ferredoxin mediated electron transfer

to clostridial hydrogenase, but was not reduced by the clostridial

phosphoroclastic system in the presence of pyruvate. Bacteroid ferre-

doxin reduced by illuminated 5-deazariboflavin also supported a high

rate of C
2
H
2
reduction by bacteroid nitrogenase which was free of

Na
2
S
2
0
4'

It was concluded on this basis that bacteroid ferredoxin

has the capability of functioning as the electron donor for nitrogen-

ase in R. japonicum.
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PURIFICATION AND PROPERTIES OF A FERREDOXIN
FROM RHIZOBIUM JAPONICUM BACTEROIDS

INTRODUCTION AND STATEMENT OF PROBLEM

Nitrogen is an essential element for all forms of life. All

animals and most plants and microorganisms, however, are unable to

utilize directly dinitrogen from the atmosphere. These animals and

plants must obtain nitrogen in oxidized or reduced forms as "fixed"

nitrogen. Only a relatively small number of species of bacteria are

capable of fixing atmospheric N2. These bacteria, in the free-living

state or in symbiosis with certain plants, possess the ability to con-

vert N2 to NH3.

The most common limiting factor for crop production other than

water is nitrogen. The two major sources of nitrogen for commercial

plant cultivation are biological N
2
-fixation and industrial fixation

of N
2

by the Haber-Bosch process. Although the use of commercial ni-

trogen fertilizers is widespread in developed nations, the production

of ammonia by the Haber-Bosch process for incorporation into fertil-

izers requires large inputs of energy, usually in the form of natural

gas. At the present, when there is increased concern over the short-

age of food and fossil fuels, much attention is being turned to bio-

logical N2-fixation as a means to increase world food production with-

out relying on dwindling sources of fossil fuel. Therefore, it seems

of great importance to understand the biochemical events involved in

the fixation of N
2

by bacteria.

A sizable portion of biological N2-fixation can be attributed to

species of the Leguminosae which, in symbiosis with various bacteria
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of the genus Rhizobium possess the ability to fix atmospheric N2.

Burns and Hardy (1973) have estimated that agricultural legumes fix

35 x 10
6
metric tons of N

2
throughout the world annually.

The N
2
-fixing enzyme, nitrogenase, requires a source of low poten-

tial electrons and ATP to reduce N
2

to NH
3

(Mortenson, 1964b). ATP is

provided by substrate-level or oxidative phosphorylation reactions

in vivo. In vitro, an ATP generating system such as muscle creatine

phosphokinase added with creatine phosphate and ATP is most often

used. Similarly the artificial reductant Na2S204 is used to provide

low potential electrons for nitrogenase reactions in vitro. An endog-

enous electron donor system for nitrogenase was first discovered in

extracts of Clostridium pasteurianum by Mortenson et al. (1962). The

component of this system which donated electrons directly to nitrogen-

ase was named ferredoxin. A ferredoxin has been isolated from extracts

of Rhizobium japonicum bacteroids and some properties were reported

(Koch et al., 1970).

The purpose of this investigation was to develop a procedure for

the purification of bacteroid ferredoxin and to determine its physical

and chemical properties in detail. In addition, a primary goal of this

investigation was to study the biological activity of bacteroid ferre-

doxin and to determine whether it was capable of donating electrons

directly to bacteroid nitrogenase.
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REVIEW OF LITERATURE

History of the Discovery of Ferredoxins and Their

Classification as Non-Heme Iron Sulfur Proteins

Low molecular weight proteins containing iron and acid-labile in-

organic sulfide and possessing a wide range (+340 to -482 mV) of oxida-

tion-reduction potentials have been isolated from bacteria, plants,

and mammals (Yates, 1977). They range in molecular weight from about

5500 to 17,500 and contain from two moles to eight moles each of iron

and sulfide (Yates, 1977).

A member of this class of proteins which was isolated from

Clostridium pasteurianum cells was named ferredoxin by Mortenson et al.

(1962). The name "ferredoxin" contained reference to its non-heme iron

content and its function as a cofactor in oxidation-reduction reactions.

In C. pasteurianum it was found to couple the formation of H2 by hydro-

genase to pyruvate oxidation by the clostridial phosphoroclastic re-

action (Mortenson et al., 1962). Previously, oxidation-reduction

factors from plant chloroplasts had been identified on the basis of

biological activities and given names such as "methemoglobin reducing

factor" (Davenport et al., 1952) and "photosynthetic pyridine nucleo-

tide reductase" (San Pietro and Lang, 1958). Later a "pyridine

nucleotide reductase" was isolated from the photosynthetic purple

sulfur bacterium Chromatium vinosum. The protein was capable of re-

placing the native chloroplast cofactor in mediating electron transfer

from chloroplasts to NADP (Losada et al., 1961). This provided the

first evidence that such factors were not found exclusively in photo-

synthetic plant tissues. Tagawa and Arnon (1962) found that the
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chloroplast factor and ferredoxin from C. pasteurianum were function-

ally and chemically similar. The chloroplast factor was reversibly

oxidized and reduced with concomitant changes in its visible absorp-

tion spectrum and like ferredoxin contained non-heme iron. Ferredoxin

from C. pasteurianum had a low oxidation-reduction potential (-417 mV

at pH 7.55) which was similar to that of the chloroplast factor (-432

mV at pH 7.55). Finally, ferredoxin was functionally interchangable

with the chloroplast factor in mediating photoreduction of NADP. These

similarities led Tagawa and Arnon (1962) to propose the extension of the

name ferredoxin to the chloroplast protein factors. They proposed that

iron-containing proteins with oxidation-reduction potentials close to

that of the H
2
/II+ couple and with at least partial functional inter-

changability in the photoreduction of NADP by plant chloroplasts be re-

ferred to as ferredoxins.

The presence of inorganic sulfide in ferredoxins was first observed

in spinach ferredoxin by Fry and San Pietro (1962), independently ob-

served in Chlorella ferredoxin by Gewitz and VOlker (1962) and later

reported in clostridial ferredoxins by Lovenberg et al. (1963). In-

organic sulfide in ferredoxins was referred to as "acid-labile" sulfide

because acidification of ferredoxin solutions resulted in liberation

of hydrogen sulfide. Acid-labile sulfide and iron were found in near-

ly equimolar amounts in many ferredoxins (Lovenberg at al., 1963).

The association of non-heme iron in proteins with an electron

paramagnetic resonance signal at g = 1.94 had been established for

mammalian mitochondrial iron-flavoproteins (Beinert and Sands, 1960).

The g = 1.94 signal responded to the addition of oxidizing and reduc-

ing agents, raising the possibility that iron might be involved in the
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oxidation-reduction reactions catalyzed by the iron-flavoproteins.

The ubiquitous g = 1.94 EPR signal was also observed in bacterial

cells (Nicholas et al., 1962). In 1964, Shethna et al. reported the

preparation of an 57
Fe containing non-heme iron protein from

Azotobacter vinelandii cultured in a medium containing this isotope.

Unresolved hyperfine interaction of the 57
Fe containing-nucleus which

resulted in signal broadening was observed with the g = 1.94 EPR sig-

nal, proving that iron was at least partially responsible for this EPR

signal. An EPR signal had not been observed for a ferredoxin until

Palmer and Sands (1966) reported a g = 1.94 type signal for reduced

spinach ferredoxin. The signal was observed at 40°K instead of the

higher temperatures (routinely 77°K) at which the g = 1.94 feature

was observed in other non-heme iron proteins. Unless very high concen-

trations of ferredoxin were used the signal was too broad to observe

due to rapid electron spin relaxation (Hall et al., 1966). A low

temperature (15°K) EPR spectrum centered at g = 1.96 was also_ob-

served for reduced ferredoxin from C. pasteurianum (Palmer et al.,

1966).

Chemical and Physical Properties of Ferredoxins

Molecular Weight and Amino Acid Composition

Ferredoxins are relatively small proteins. Of the two-iron ferre-

doxins, the plant and algal chloroplast ferredoxins have molecular

weights of near 12,000. Similar molecular weights for ferredoxins

from adrenal mitochondria and Pseudomonas putida have been reported

(Yasunobu and Tanaka, 1973). Other two-iron proteins which include
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the C. pasteurianum paramagnetic protein and Azotobacter vinelandii

Fe-S protein II are approximately twice as large, each having a molec-

ular weight of about 24,000 (Yasunobu and Tanaka, 1973). The four-

iron and eight-iron ferredoxins, which have been found only in bacteria,

range in molecular weights from 6000 for clostridial ferredoxins

(Lovenberg et al., 1963) to 14,500 for ferredoxin I from A. vinelandii

(Yoch and Arnon, 1972). The photosynthetic bacteria Chlorobium

thiosulphatophilum and Chloropseudomonas ethylicum possess ferredoxins

with molecular weights similar to those of the clostridial ferredoxins

(Buchanan et al. 1969; Rao et al. 1969), while ferredoxin from

Chromatium vinosum has a molecular weight of 10,000 (Sasaki and

Matsubara, 1967). Other large four-iron or eight-iron ferredoxins

include Bacillus polymyxa ferredoxins I and II, each with a molecular

weight of about 9000 (Stombaugh et al., 1973); Desulfovibrio gigas

ferredoxins I, I', and II with molecular weights of 18,000, 18,000

and 24,000, respectively (Bruschi et al., 1976); Corynebacterium

autotrophicum ferredoxins I and II with molecular weights of 12,400

and 12,800, respectively (Berndt et al., 1978); and Mycobacterium

flavum ferredoxins I and II, with molecular weights of 11,200 and

13,500, respectively (Yates et al., 1978). In addition to the 14,500

dalton ferredoxin I from A. vinelandii, a 6000 dalton ferredoxin was

found (Yoch and Arnon, 1972). It is interesting that the ferredoxins

in D. gigas are all oligomers of a common 6000. dalton monomer which

contains four iron atoms and four sulfide atoms (Bruschi et al., 1976).

The monomer unit had been isolated and the amino acid sequence re-

ported earlier (LeGall and Dragoni, 1966; Travis et al., 1971). Both

soluble and membrane-bound ferredoxins are found in the photosynthetic



bacterium Rhodospirillum rubrum. Soluble ferredoxins I and II from

this organism have molecular weights of 8800 and 14,500, respectively

(Yoch et al., 1975). The molecular weights of membrane bound ferre-

doxins III and IV from chromatophores were found to be 8500 and 14,000,

respectively (Yoch et al., 1977).

The amino acid compositions of ferredoxins are unusual in that

they contain a large number of aspartic and glutamic acid residues and

relatively few basic residues. This common property of virtually all

ferredoxins makes DEAE-cellulose chromatography a particularly useful

step in purification procedures. All ferredoxins also possess a

number of cysteine residues that is at least equal to the number of

iron atoms. Clostridia) ferredoxins, in general, lack methionine and

tryptophan and have one or two residues of tyrosine and/or phenylala-

nine out of a total of 54 or 55 residues. A notable exception is C.

thermoaceticum ferredoxin which contains one tryptophan residue and

only four cysteine residues instead of the usual eight (Yang et al.,

1977). Ferredoxins from thermophilic clostridia have an increased

number of basic amino acids (Devanathan et al., 1969). The larger

bacterial ferredoxins and the chloroplast ferredoxins have a full

complement of the common amino acids.

Optical Spectroscopy

The two-iron ferredoxins are generally reddish in color in the

oxidized form and eight-iron ferredoxins greenish-brown in the oxidized

state. The absorption spectrum of spinach ferredoxin is representative

of that of the two-iron ferredoxins. It exhibits peaks in the visible

region at 420 and 463 rim with a shoulder at 515 gm, a near UV peak at



330 gm and the protein absorption peak at 276 gm (Tagawa and Arnon,

1968). The molar extinction coefficient per mole iron ranges from

about 4000 to about 5000 M
1
in this class of ferredoxins (Malkin,

1973). The four and eight-iron ferredoxins have a visible absorption

peak in the region of 380 to 400 gm, a shoulder near 305 gm and the

protein absorption peak in the 275 to 285 gm region. The molar

extinction coefficient per iron for the visible peak is in the range

of 3850 to 4400 M
-1

(Malkin, 1973). Both types of ferredoxins under-_

go only a partial bleaching upon complete reduction with chemical or

biological reductants.

Optical rotatory dispersion (ORD), circular dichroism (CD), and

magnetic circular dichroism (MCD) measurements have been made on a

wide variety of ferredoxins. Optical rotary dispersion spectra ob-

tained from two-iron ferredoxins (Gillard et al., 1965; Kimura and

Suzuki, 1967) and eight-iron ferredoxins (Gillard et al. 1965) in-

dicated the presence of unresolved electronic transitions in the

absorption spectra of these proteins. It was concluded in these

studies that the binding of the ferredoxin chromophore is associated

with an optically active environment and that this environment changes

upon reduction. From the ORD spectra of three clostridial ferre-

doxins, Devanathan et al. (1969) calculated the ORD parameters from

the Moffit equation and found them indicative of a random coil con-

formation with little ordered secondary structure.

Palmer et al. (1967) investigated the optical activity of

spinach ferredoxins and adrenodoxin and found that the CD spectra of

the two proteins were remarkably similar in view of their dissimilar

functions. Comparison of these CD spectra to that obtained from the



9

eight-iron ferredoxin from Peptococcus aerogenes (Atherton et al.,

1966) led Palmer et al. (1967) to conclude that the two-iron and

eight-iron ferredoxins represented two distinct classes of iron-

sulfur proteins. The CD spectra of eight-iron ferredoxins are high-

ly structured in contrast to their relatively featureless absorption

spectra.

Recently, Stephens et al. (1978a) have extended the measurements

of absorption and CD spectra of two-, four-, and eight-iron ferre-

doxins into the infrared region and have obtained magnetic circular

dichroism (MCD) spectra of these representative ferredoxins. The CD

and MCD spectra of the two-iron ferredoxins were quite similar as ex-

pected (Palmer et al., 1967) The CD spectra of the four-iron and

eight-iron ferredoxins varied considerably in structure, whereas the

MCD spectra of these ferredoxins at the same oxidation level were simi-

lar, being relatively independent of the surrounding protein structure.

Stephens et al. (1978b) concluded that MCD spectra could be used to

characterize the iron-sulfur cluster type and oxidation level of iron-

sulfur proteins.

Non-heme Iron and Inorganic Sulfide Content

Although it was established early that chloroplast ferredoxins

contained two iron atoms per mole of protein (Fry and San Pietro, 1962;

Tagawa and Arnon, 1962), values ranging from five to eight atoms of

iron per mole of clostridial ferredoxin were reported (Lovenberg et al.,

1963; Malkin and Rabinowitz, 1966). A thorough, critical investigation

of the iron content of ferredoxin from C. acidi-urici (Hong and

Rabinowitz, 1970a) showed that it contained eight iron atoms per mole
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of protein. Preparations of eight-iron ferredoxins often yield values

ranging from seven to eight atoms of iron per mole of protein due to

a small amount of denaturation and the resultant iron loss during

purification and handling of the protein. Other bacterial ferredoxins

have been reported to contain four iron atoms per mole of protein (Yang

et al., 1977; Stombaugh et al., 1973; Zubieta et al., 1973, Yates et

al., 1978).

Ferredoxins also contain "inorganic" or "acid-labile" sulfide.

In virtually all ferredoxins studied, equivalent amounts of inorganic

sulfide and iron were found. Although it was proposed that sulfide

liberated from ferredoxins resulted from a cysteine sulfur 13-elimination

reaction (Gersonde and Druskeit, 1968), it has been established that

the H
2
S liberated upon acidification does not originate in cysteine

residues (Malkin and Rabinowitz, 1966; Jeng and Mortenson, 1968;

Hong et al., 1969).

Reaction with Sulfhydryl Reagents and Chelating Reagents

The reaction of ferredoxins with various sulfhydryl reagents has

been useful in identifying the nature of the chemical bondings of sul-

fide and cysteine residues. Spinach ferredoxin was found to react with

nine equivalents of phenylmercuriacetate (Petering and Palmer, 1970).

Since two moles of mercurial react with one mole of sulfide, these

results are compatible with the presence of five cysteine residues

(Matsubara and Sasaki, 1968) and two sulfide atoms per mole of spinach

ferredoxin. Lovenberg et al. (1963) and Devanathan et al. (1969)

found that various eight-iron clostridial ferredoxins reacted with

about 20 to 21 equivalents of p-chloromercuribenzoate. The results



are consistent with the reaction of eight cysteine residues and about

seven sulfide atoms (Lovenberg et al., 1963; Devanathan et al., 1969)

per mole of clostridial ferredoxin. The reactivity of ferredoxins

with p-CMB indicates that they possess no disulfide bonds.

Yoch and Arnon (1972) have studied the reaction of p-chloromercuri-

benzoate with ferredoxins and reported that spinach ferredoxin reacted

rapidly with this reagent while ferredoxin from C. pasteurianum reacted

somewhat less rapidly. Ferredoxin I from A. vinelandii reacted very

slowly with the mercurial. In the presence of 4 M guanidine-HC1,

ferredoxin I from A. vinelandii reacted much more rapidly with p-CMB

but yielded an endpoint value of only 14 equivalents of p-CMB per mole

of protein whereas 24 equivalents were expected to react on the basis

of the cysteine and sulfide content (Yoch and Arnon, 1972). The re-

sults indicated that ferredoxins differ with respect to the accessibil-

ity of their sulfur groups to p-CMB. This undoubtedly is due to

structural differences in the protein or to differences in the sulfur-

containing site(s).

The reaction of ferredoxins with 5,5'-dithiobis (2-nitrobenzoic

acid) has been studied thoroughly with clostridial ferredoxin by Malkin

and Rabinowitz (1967). The native protein did not react with DTNB and

in the presence of 6.4 M urea the reaction was very slow. In 4 M

guanidine-HC1 under aerobic or anaerobic conditions, 14 equivalents of

DTNB reacted per mole of ferredoxin. This reaction was due solely to

the inorganic sulfide present in the ferredoxin. Malkin and Rabinowitz

(1967) found that the addition of EDTA under anaerobic conditions was

necessary to prevent the oxidation of cysteine sulfhydryl groups by

ferric iron or oxygen and thus allow the reaction of the expected 24
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equivalents of DTNB per mole of protein.

The sulfhydryl alkylating reagents, iodoacetate and iodoacetamide

are unreactive with native clostridial or spinach ferredoxins (Loven-

berg et al., 1963; Petering and Palmer, 1970). Only under reducing

conditions in 8 M urea was clostridial ferredoxin readily alkylated

(Lovenberg et al., 1963), while spinach ferredoxin could be slowly

alkylated to completion in 8 M urea (Petering and Palmer, 1970).

These results suggested that the cysteine sulfhydryl groups in ferre-

doxins are blocked.

Iron chelating agents have been used to study the availability

and the valence of iron in ferredoxins. Ferrous or ferric chelating

agents react extremely slowly with native clostridial ferredoxin, how-

ever, in the presence of denaturing agents the reaction is quite rapid,

suggesting that the iron atoms in clostridial ferredoxin are buried

in the interior of the protein (Malkin and Rabinowitz, 1967). Nearly

all of the iron in oxidized spinach ferredoxin reacted with the ferric

iron chelator, Tiron (Palmer and Sands, 1966). Half of the iron in

clostridial ferredoxin reacted with the ferrous chelator, o-phenanthro-

line (Sobel and Lovenberg, 1966; Palmer et al., 1966) after treatment

with a mercurial to block sulfhydryl groups. Half of the iron in

clostridial ferredoxin was also found to react with Tiron under anaer-

obic conditions in the presence of guanidine-HC1 (Malkin and Rabino-

witz, 1967).

Ferredoxins, like other iron-sulfur proteins, have been found to

be oxygen sensitive. Lovenberg et al. (1963) reported a difference in

stability among clostridial ferredoxins, some undergoing severe de-

terioration in a few hours. Alfalfa ferredoxin was found to be
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relatively stable under N2, but deteriorated rapidly in air (Keresztes-

Nagy and Margoliash, 1966). Studies with ferredoxin from C. acidi

urici have suggested that the sites of 0
2
sensitivity in ferredoxins

are the inorganic sulfide atoms (Malkin and Rabinowitz, 1967).

Reconstitution of Ferredoxins

Apoferredoxin can be converted to ferredoxin indistinguishable

from native ferredoxin by the

and 2-mercaptoethanol (Malkin

ditions for reconstitution of

of an excess of both iron and

When less than stoichiometric

addition of iron, inorganic sulfide,

and Rabinowitz, 1966). The optimal con-

clostridial ferredoxins involve the use

sulfide (Hong and Rabinowitz, 1970b).

amounts of iron and sulfide were used

to reconstitute a clostridial ferredoxin it was found that ferredoxin

molecules existed only with the full complement of eight iron and

sulfide atoms or as apoferredoxin (Hong and Rabinowitz, 1970b). These

workers concluded that incorporation of iron and sulfide into the apo-

protein occurs by a cooperative process in which the binding of the

first iron atom facilitates the binding of the other iron and sulfide

atoms. In a similar fashion, attempted removal of part of the iron

and sulfide from ferredoxin resulted in only apoprotein and eight-iron

and sulfide ferredoxin (Hong and Rabinowitz, 1970b).

X-Ray Analysis of Ferredoxin Three Dimensional Structure

The study of high potential iron protein from Chromatium

(Carter et al., 1974) and ferredoxin from Peptococcus aerogenes (Adman

et al., 1973) by X-ray analysis has yielded the definitive informa-

tion about the structure of the iron-sulfur chromophore and the
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surrounding protein in these molecules. The X-ray analysis of a

two-iron ferredoxin has not been reported but is in progress (Carter,

1977). It was found that the iron-sulfur chromophores were arranged

as four-iron, four-sulfide containing tetragonally distorted cubes

in which iron atoms occupied opposite corners of the cubes. The cube

is joined to the peptide by four bonds between the cysteinyl sulfur

atoms and the cluster irons (Carter et al. 1974). The structure of

the so-called iron-sulfur "clusters" in both HiPIP and ferredoxin

from P. aerogenes were found to be surprisingly similar despite the

dissimilar oxidation-reduction properties and primary structure of

these two proteins. This result implies that the polypeptide as well

as the cluster itself is responsible for the oxidation-reduction

properties of ferredoxins. The relatively large oxidation-reduction

potential difference between HiPIP (E°' = +350 mV) (Flatmark and Dus,

1968) and ferredoxin (E°" = -400 mV) (Stombaugh et al., 1976) was

rationalized by Carter et al. (1972) in the three-state hypothesis.

They proposed that three oxidation levels existed for the [4Fe-4S]

cluster, designated C, C, and C+ (or 1+, 2+ and 3+ according to the

1978 recommendations of the Nomenclature Committee of the International

Union of Biochemistry).
I

Rather than requiring the polypeptide chain

to exert severe stereochemical constraints on the cluster or coupling

oxidation-reduction to unfavorable conformational changes, this

hypothesis allows that a different pair of oxidation levels be acces-

sible to each of the two proteins with the reduced (2 ) state of-

HiPIP analogous to the oxidized (2+) state of ferredoxin (Carter

'See European Journal of Biochemistry (1979) 93, 427-430.
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et al., 1972). However, under conditions in which the polypeptide

chain unfolds to some degree (80% DMSO), it was found that HiPIP

could be reduced to the 1+ level with a midpoint potential of less

than -640 mV (Cammack, 1973). This can be compared to the midpoint

potential of the analogous reduction of oxidized ferredoxin (-400 mV)

and indicates that in native ferredoxins the polypeptide must exert

some influence over the cluster to modify the potential by 240 mV

(Carter, 1977). The presence of peptide backbone amide-cluster sul-

fide hydrogen bonds has been verified from high resolution models of

HiPIP and ferredoxin structures and have been proposed to exert

sufficient modifying effects on the oxidation-reduction properties of

the iron-sulfur cluster to account for the greater-than-expected

midpoint potentials in these proteins (Carter, 1977). Three possible

structural features have been suggested to account for the accessibil-

ity of different oxidation levels to the two proteins (Carter, 1977).

Either the differences in location and number of amide-sulfide hydro-

gen bonds, the peptide primary structure, or the orientation of

aromatic side chains near the iron-sulfur cluster face may modify

the mechanism by which oxidation and reduction proceed and change

accessible oxidation states.

Oxidation-Reduction Properties of Ferredoxins

The midpoint oxidation-reduction potentials and number of elec-

trons transferred for various ferredoxins have been thoroughly in-

vestigated. Sobel and Lovenberg (1966) first established that

clostridial ferredoxin functioned as a two electron carrier. Earlier,

Tagawa and Arnon (1962) had found that equilibration of ferredoxin
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with H
2
in the presence of hydrogenase at various pH values yielded

results that fit Nernst's equation with n . 1.08 and concluded from

this that clostridial ferredoxin was a one electron carrier. Sub-

sequently, Tagawa and Arnon (1968) observed from the same type of

experiment that a value of n = 1 was appropriate for the results ob-

tained with spinach ferredoxin. Evidence for function as a two

electron carrier for clostridial ferredoxin was confirmed by Evans

et al. (1968) who also found that spinach ferredoxin was a one

electron carrier. These seemingly conflicting results were recon

ciled by Eisentein and Wang (1969) who pointed out that the Nernst's

equation value of n equal to 1 in a two electron carrier protein was

consistent with the existence of two equivalent, independent one

electron-accepting sites. Four-iron bacterial ferredoxins such as

those from B. polymyxa are one electron carriers (Stombaugh et al.,

1973). From what is known about ferredoxins and iron-sulfur cluster

analogs (Holm, 1977) it appears that [2Fe-2S] and C4Fe-4S] clusters

are capable of accepting or donating one electron when operating

between a pair of adjacent oxidation levels.

The midpoint oxidation-reduction potentials and their pH depen-

dencies for several ferredoxins were reported by Stombaugh et al.

(1976). The midpoint potential of spinach ferredoxin was -428 mV,

while those of three clostridial ferredoxins ranged from -403 to

-434 mV at pH 7.0 with pH coefficients ranging from -2 to -12 mV per

pH unit. The difference between the apparent redox potentials of

the two equivalent sites in clostridial ferredoxins was shown to be

36 mV at 25°C by statistical analysis (Eisenstein and Wang, 1969).

However, Stombaugh et al. (1976) pointed out that this value may be
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difficult to verify because of the accuracy demands made on experi-

mental data. By studying the differences in ring carbon nuclear

magnetic resonance shifts in the aromatic residues in two clostridi-

al ferredoxins, Packer et al. (1975) were able to estimate the differ-

ence to be about 10 mV.

The midpoint potential of Chromatium HiPIP was reported to be

+340 mV by Flatmark and Dus (1969). Other ferredoxins have been found

with one positive and one negative potential such as ferredoxin I

from A. vinelandii (Sweeney et al., 1975) and ferredoxin I from M.

flavum (Yates et al., 1978). Three distinct oligomeric forms of

Desulfovibrio gigas ferredoxins have been isolated in which the sta-

bilization of the ferredoxins at oxidation levels with different oxi-

dation-reduction potentials has been proposed to be under control of

modifications brought about by the oligomerization of the protein

(Moura et al., 1978).

Magnetic Properties of Ferredoxins

The EPR spectra of spinach and clostridial ferredoxins were

first reported by Palmer and Sands (1966) and Palmer et al. (1966),

respectively. The essentially rhombic EPR spectrum of reduced spinach

ferredoxin exhibits important features at gx = 1.89, gy = 1.96, and

g
z

= 2.04 (Palmer and Sands, 1966). Other two-iron ferredoxins such

as adrenal ferredoxin and ferredoxin from Pseudomonas putida have

more nearly axial EPR spectra in the reduced form due to the slower

spin relaxation (Cammack et al., 1977). The two-iron ferredoxin

from E. coli has an EPR spectrum in its reduced form which shows

axial symmetry similar to adrenal ferredoxin (Knoell and Knappe,
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1974). The oxidized forms of these proteins are all diamagnetic

showing no EPR spectrum.

In general, the ferredoxins with four irons and eight irons are

assumed to possess one E4Fe-4S3 or two C4Fe-4S3 clusters, based on

spectroscopic similarities between these ferredoxins and the two

ferredoxins for which the cluster structure is known from X-ray analy-

sis. This assumption is also supported by the results of cluster

extrusion experiments (Averill et al., 1977). Clostridial-type ferre-

doxins exhibit only a small EPR signal at g = 2.02 in the oxidized

form as isolated from the organism (Sweeney et al., 1974) but show a

strong rhombic EPR signal in the reduced form which integrates to one

electron in the four-iron ferredoxins and to two electrons in the

eight-iron ferredoxins (Stombaugh et al., 1973; Orme-Johnson and

Beinert, 1969). This signal is observable at temperatures less than

77 °K. The oxidized form of Chromatium HiPIP has an EPR spectrum

with features at g = 2.12 and g = 2.04 (Cammack, 1973). This signal

is somewhat more complex but similar to that shown by eight-iron

clostridial ferredoxins in the comparable "super-oxidized" form

(Sweeney et al., 1974). Although reduced HiPIP is diamagnetic, an

EPR signal somewhat similar to that observed for a four-iron low

potential ferredoxin was observed for HiPIP that had been "super-

reduced" in the presence of 80% DMSO, which causes a structural

change in the protein and allows the cluster to be, reduced to the

1+ oxidation level (Cammack, 1973).

The two [4Fe-4S] clusters in clostridial ferredoxins can be

titrated with dithionite to reduce the clusters one at a time. The

EPR spectrum of molecules with about one cluster reduced resembles
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that of the reduced four-iron ferredoxins (Orme-Johnson and Beinert,

1969; Stombaugh et al., 1973). It has been shown that the more

complex spectrum of the fully reduced form with additional features

at g = 1.97, 2.01 and 2.05 is the result of spin coupling between the

two paramagnetic clusters (Mathews et al., 1974). The observation

of a weak AM
s

= 2 transition at g = 3.88 in the reduced eight-iron

ferredoxin from Micrococcus lactyliticus (Mathews et al., 1974) but

not the reduced four-iron ferredoxin from B. stearothermophilus

(Mullinger et al., 1975) confirmed this. The lineshape of the signal

from reduced clostridial ferredoxin has been found to be somewhat

dependent on solvent effects. The presence of high salt concentra-

tions or DMSO may reduce the degree of spin coupling between the

clusters (Cammack, 1975). The EPR spectrum of reduced clostridial

ferredoxin in 80% DMSO is more nearly axial (Cammack, 1975) like that

of the reduced four-iron ferredoxins (Stombaugh et al., 1973).

The application of MOssbauer spectroscopy to ferredoxins has

been thoroughly reviewed by Cammack et al. (1977). MOssbauer spectros-

copy has the advantage that the properties of ferredoxin can be ob-

served in its diamagnetic form as well as paramagnetic forms. For

two-iron ferredoxins MOssbauer spectroscopy has provided evidence

that both iron atoms are ferric in the oxidized state, whereas one

is ferric and one is ferrous in the reduced form. In the oxidized

four-iron ferredoxins, it appears that iron d-shell electron

delocalization results in the equivalence of all of the iron atoms

so that formally the electronic state of the iron can be expressed

as 2Fe
2+

and 2Fe
3+

, but 4Fe
2.5+

describes the configuration more

accurately. Upon reduction the observed spectrum suggests that a
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four-iron ferredoxin has a d-electron delocalized Fe
3+

-Fe
2+

pair. The

eight-iron ferredoxins seem to contain iron atoms in a similar state

to those in four-iron ferredoxins. The iron atoms in reduced HiPIP

are seen to be in the same electronic configuration as those in ox-

idized four-iron ferredoxins which is in agreement with the EPR results

that indicate the magnetic similarity between the two proteins in these

oxidation levels. Oxidized HiPIP contains 3Fe3+ and 1Fe
2+

atom. Iron

atoms in all of these ferredoxins appear to be antiferromagnetically

coupled.

Proton magnetic resonance spectra of oxidized and reduced clos-

tridial ferredoxin reveals the presence of contact shifted resonances

attributed to 16 cysteine 13-CH2protons (Poe et al., 1970). These

indicate that cysteine residues are in close proximity to the para-

magnetic center in clostridial ferredoxin which is consistent with

the structure derived from X-ray analysis for ferredoxin from

Peptococcus aerogenes.

The use of magnetic spectroscopy in the study of ferredoxins has

shown that in oxidized ferredoxins and reduced HiPIP, where pairs of

identical iron atoms exist, the net electron spin is zero. In reduced

ferredoxins and oxidized HiPIP, there is a net spin of 2 (Cammack

et al., 1977).

Iron-Sulfur Cluster Extrusion and Transfer

Subsequent to the demonstration that iron-sulfur cluster analogs

undergo facile thiolate substitution reactions (Que et al., 1974), it

was found that iron-sulfur clusters could be extruded from ferredoxins

in mild denaturing solution in the presence of the appropriate thiol
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compound under strict anaerobic conditions (Que et al., 1975). The

displaced cluster complexes could be identified spectrally and in

every case with two-iron and eight-iron ferredoxins the reactions

paralleled those observed for the synthetic analogs (Que et al., 1975).

Specific thiol ligands were shown to give spectra upon reaction with

proteins containing the different cluster types that differed suffi-

ciently to allow quantitative estimations of the clusters present so

long as a solvent was chosen that minimized the rate of interconver-

sion of cluster types (Averill et al., 1977). The use of thiophenol

in 80% DMSO: 20% H2O (v/v) or 80% hexamethylphosphoramide: 20% H2O

(v/v) was found to give satisfactory results with ferredoxins (Averill

et al.,1977). In spite of differences in EFT and absorption spectral

properties, all two-iron ferredoxins studied gave identical results

in the cluster extrusion reaction. In a similar fashion, regardless

of native oxidation level or spectral differences, Chromatium ferre-

doxin, Chromatium HiPIP, and ferredoxin I from B. polymyxa gave essen-

tially the same spectra upon treatment with thiols in denaturing sol-

vents (Averill et al., 1977). Ferredoxin I from A. vinelandii, al-

though reported to contain eight iron and eight sulfur atoms per

molecule, appeared to have only one extrudable [4Fe-4S] cluster with

the remaining iron and sulfur being present in an anomalous unidenti-

fied structure. Averill et al. (1977) pointed out that the extrusion

technique used for quantitation of different types of iron-sulfur

clusters is applicable only to proteins having normal clusters attach-

ed through sulfhydryl or other similar labile ligands.

A technique has been developed for the transfer of iron-sulfur

clusters from a protein with an unknown cluster type to an apoprotein
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of a known cluster type and number (W.H. Orme-Johnson, personal

communication). The iron-sulfur cluster is removed from the unknown

protein under the normal cluster extrusion conditions with a thiol

ligand, the denaturing organic solvent concentration lowered and an

excess of the cluster acceptor apoprotein added. The transfer of

iron-sulfur clusters by this method was found to be nearly complete

as measured by double integration of the EPR signal of the reduced

acceptor protein with the same cluster type. Attempted transfer of

iron-sulfur clusters into an acceptor protein of the other cluster

type resulted in only a small incorporation of clusters as measured

by EPR quantitation. Apoferredoxin I from B. polymyxa and apoferre-

doxin from mammalian adrenals were used as [4Fe-4S] and E2Fe-2S3

cluster acceptors, respectively.

Biological Functions of Ferredoxins

Two-Iron Ferredoxins from Plants, Animals, and Bacteria

Higher plant ferredoxins were first discovered for their essential

role in the reduction of NADP by chloroplasts, an important step in the

transformation of light energy into chemical energy (San Pietro and

Lang, 1958). Chloroplast ferredoxin appears to be reduced by a bound

iron-sulfur protein which may be the acceptor of photo-excited elec-

trons from P-700 (Bearden and Malkin, 1972). Oxidized ferredoxin has

been shown to bind to NADP-ferredoxin reductase (Shin and San Pietro,

1968) and probably does so when reduced to transfer electrons for

NADP reduction. Plant ferredoxin also has a role in the regulation of

enzymes of photosynthetic carbon dioxide assimilation. It has been
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proposed that key regulatory enzymes in this pathway are photochem-

ically activated by a ferredoxin-thioredoxin system and deactivated

in the dark by oxidized glutathione, the level of which is also con-

trolled by photochemically reduced ferredoxin (Wolosiuk and Buchanan,

1977).

The two-iron, two-sulfide ferredoxins from Pseudomonas putida

and adrenal mitochondria participate in the hydroxylation of organic

substrates by cytochrome P-450. Ferredoxin from F. putida functions

as the electron carrier between the NADPH-ferredoxin reductase and

cytochrome P-450 (Gunsalus and Lipscomb, 1973). Although adrenal

ferredoxin also functions in electron transfer to cytochrome P-450 it

appears to be necessary for the release of hydroxylated substrate from

the P-450-substrate complex (Cooper et al., 1970). Ferredoxin from

P. putida also appears to have a similar additional function in hydroxyl-

ation (Gunsalus and Lipscomb, 1973).

In Anabaena cylindrica extracts it was observed that pyruvate

would support nitrogenase activity (Codd et al., 1974). Ferredoxin

mediated the reaction between a CoA dependent pyruvate: ferredoxin

oxidoreductase and nitrogenase at a rate that was sufficient to account

for 89% of the dithionite-supported nitrogenase activity in the extract.

However, other workers have been unable to reproduce these results

(Hallenbeck et al., 1979). It has been proposed that the main pathway

by which ferredoxin is reduced in heterocysts involves glucose-6-

phosphate dehydrogenase and ferredoxin-NADP + oxidoreductase (Apte et al.,

1978).

Other two-iron ferredoxins function in various reactions. Ferre-

doxin from Halobacterium holobium has been reported to serve as the
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coenzyme of (x-ketoacid oxidoreductases (Kerscher and Oesterhelt, 1977).

Reduced iron-sulfurprotein II from A. vinelandii appears to bind with

the nitrogenase components from Azotobacter in a 1:1:1 complex to

protect nitrogenase from 02 damage under conditions in which excess 02

is present in the growth medium (Scherings et al., 1977).

Four-Iron and Eight-Iron Ferredoxins from Anaerobic Bacteria

A variety of biological functions have been described for eight-

iron, eight-sulfide bacterial ferredoxins (Malkin and Rabinowitz, 1967;

Buchanan and Arnon, 1970). They function as electron carriers in the

reduction of nitrogen, protons, NAD(P), hydroxylamine and sulfite in

anaerobic heterotrophic organisms. Scherer and Thauer (1978) have

isolated a molybdenum, iron, and inorganic sulfide containing enzyme

from C. pasteurianum which uses electrons from reduced ferredoxin to

directly reduce CO2 to formate. Yang et al. (1977) have isolated an

anomolous clostridial ferredoxin from C. thermoaceticum which contains

only one [4Fe-4S] cluster and functions in the transfer of electrons

from pyruvate to NADP. The NADPH formed is used for acetate synthe-

sis from CO2. The original discovery of ferredoxin was made as a con-

sequence of its requirement in the phosphoroclastic breakdown of

pyruvate to acetyl CoA in saccharolytic clostridia such as C. pasteur-

ianum (Mortenson et al., 1962). It was also observed in this inves-

tigation that ferredoxin could couple pyruvate oxidation to hydrogen

production by hydrogenase. Ferredoxin can serve as the sole electron

donor or acceptor for purified hydrogenase from C. pasteurianum

(Chen and Mortenson, 1974). The requirement for ferredoxin in cell-

free nitrogen fixation in extracts from C. pasteurianum was
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demonstrated by Mortenson (1964b). It was shown later (Walker and

Mortenson, 1974) that ferredoxin could serve as the proximal re-

ductant for nitrogenase from C. pasteurianum.

Four-Iron and Eight-Iron Ferredoxins from Photosynthetic Bacteria

In the anaerobic photosynthetic bacteria some ferredoxins func-

tion in the reductive carboxylation of acyl-CoA derivatives in a CO2-

fixation cycle (Buchanan and Arnon, 1970). Ferredoxin I from

Rhodospirillum rubrum was found only in anaerobic photosynthetically

grown cells whereas ferredoxin II was found in both light and

aerobic dark grown cells (Yoch et al., 1975) implicating ferredoxin I

in the photosynthetic process in R. rubrum. In the green sulfur

bacterium Chloropseudomonas ethylicum bacterial photosynthesis was

shown to support nitrogenase activity in a ferredoxin mediated re-

action (Evans and Smith, 1971).

Four-Iron and Eight-Iron Ferredoxins from Aerobic Bacteria

The biological role of ferredoxins in aerobic N2-fixing organ-

isms is not yet entirely clear. A ferredoxin from an aerobe which

would couple the reducing capability of spinach chloroplast photo-

system I to nitrogenase was first isolated from A. vinelandii by

Yoch at al. (1969). Ferredoxin from Azotobacter was about six times

more effective in this reaction than the previously purified flavo-

doxin from Azotobacter (Yoch et al., 1969). Further work revealed

the presence of two ferredoxins in A. vinelandii (original one was

designated ferredoxin I) both of which transferred electrons from

photosystem I of spinach chloroplasts to nitrogenase or NADP. These
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two ferredoxins also functioned as cofactors in the phosphoroclastic

breakdown of pyruvate using a ferredoxin-free extract of C.

pasteurianum (Yoch and Arnon, 1972). The participation of ferre-

doxin I in electron transport from NADPH to nitrogenase in Azotobacter

extracts was demonstrated by Benemann et al. (1971), bUt without the

addition of NADP-ferredoxin oxidoreductase from spinach only low levels

of activity were observed indicating the near absence of the analogous

enzyme from the extracts employed. The presence of both ferredoxin

and flavodoxin was required for activity. This system has been

criticized on the basis of low endogenous activity as a physiologically

unimportant source of electrons for nitrogenase (Evans and Phillips,

1975). Similar experiments coupling NADH or NADPH to a crude extract

of nitrogenase from soybean root nodule bacteroids with benzyl viologen,

FAD, FMN, bacteroid ferredoxin (Koch et al., 1970), and Azotobacter

flavodoxin were reported by Wong et al. (1971). Only low activities

were obtained without the addition of proteins or compounds from non-

bacteroid sources.

Yates (1972) showed that the MoFe and Fe proteins of nitrogenase

from A. chroococcum and Klebsiella pneumoniae would oxidize flavo-

doxin hydroquinone to flavodoxin semiquinone but not reduced ferre-

doxin to oxidized ferredoxin. It was concluded that flavodoxin, not

ferredoxin, was the proximal electron donor for nitrogenase in

Azotobacter. This was verified by Scherings et al. (1977) who used

illuminated 5-deazaflavin to reduce electron carriers for electron

transfer to nitrogenase and showed that ferredoxin I from A. vinelandii

supported a low rate of C2H2 reduction compared to flavodoxin and

Na2S204. The greater effectiveness of ferredoxin I in coupling
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chloroplast photosystem I to nitrogenase is in disagreement with the

more direct results cited above and has not yet been explained

adequately.

The physiological function of the two ferredoxins from

Mycobacterium flavum is unknown (Bothe and Yates, 1976). The addition

of NADPH, NADH, pyruvate, and formate to extracts of M. flavum result-

ed in very low levels of C2H2 reduction, whereas the addition of spin-

ach chloroplasts or Na2S204 resulted in significant levels of nitro-

genase activity. Both ferredoxins mediated the transfer of electrons

from illuminated spinach chloroplasts to a nitrogenase preparation

from Azotobacter chroococcum.

Source of Reducing Equivalents for Nitrogenase in Aerobic Bacteria

Benemann and Valentine (1972) have argued. that the NAD(P)H/NAD(P)

ratio must be maintained high in order to poise the redox potential

sufficiently negative to reduce electron carriers for nitrogenase

activity and state that precedent exists for a high NAD(P)H/NAD(P)

ratio in aerobes. However, Haaker et al. (1974) have determined that

an inverse relationship exists between the NAD(P)H/NAD(P) ratio and

C
2
H
2
reduction with increasing 0

2
concentration in intact A. vinelandii

cells, implying that NADPH does not supply electrons for nitrogen fix-

ation in Azotobacter. They showed that energization of the bacterial

membrane correlated with nitrogenase activity. An NADH-flavodoxin

oxidoreductase has been detected in Azotobacter cells (Haaker and

Veeger, 1977) and it has been proposed that the pH gradient generated

by energization of the bacterial membrane is used to make possible

the thermodynamically unfavorable reduction of flavodoxin to the
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hydroquinone form by NADH. Reduced flavodoxin is then available as a

source of low potential electrons for nitrogenase.

The flow of reducing equivalents to nitrogenase in Rhizobium

leguminosarum bacteroids appears to be regulated by the energized

state of the membrane (Laane et al., 1978). Moreover, it has been

shown that the membrane potential in R. leguminosarum bacteroids is

correlated with nitrogenase activity in such a way that small changes

in membrane potential around -100 mV result in marked changes in ni-

trogenase activity (Laane et al., 1979). It is not known how membrane

potential is involved in the generation of reducing equivalents for

nitrogenase.

Ferredoxin from Rhizobium japonicum Bacteroids

A soybean root nodule bacteroid protein containing non-heme iron

and acid-labile sulfide was identified but no physiological function

for it was established (Koch et al., 1966). Yoch et al. (1969) dem-

onstrated the presence of a factor in crude extracts of R. japonicum

bacteroids that transferred electrons from photosystem I in heat-

treated spinach chloroplasts to nitrogenase from A. vinelandii. They

obtained a partially purified preparation of this protein and reported

that it contained non-heme iron and acid-labile sulfide. Addition of

the bacteroid protein to a reaction containing a crude bacteroid ni-

trogenase extract and spinach chloroplasts increased C2H2 reduction

by about two-fold. Koch et al. (1970) described the purification

and properties of a non-heme iron protein from bacteroids which con-

tained about three moles each of iron and acid-labile sulfide per

mole of protein based on an estimated molecular weight of 9400.
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The bacteroid non-heme iron protein was reported to function in the

transfer of electrons from illuminated photosystem I of spinach

chioroplasts to bacteroid nitrogenase, but was inactive as a cofactor

in the photochemical reduction of NADP in the presence of illuminated

spinach chioroplasts. It was also inactive as a cofactor in the phos-

phoroclastic degradation of pyruvate by a ferredoxin-free extract of

Clostridium pasteurianum (Koch et al., 1970).
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EXPERIMENTAL PROCEDURES

Materials

Creatine phosphokinase, catalase, glucose oxidase, glucose, Na2ATP,

guanidine-HC1, p-CMB, bathophenanthroline, DCIP, dithiothreitol, 2-

mercaptoethanol, tricine, TES, and coenzyme A were purchased from Sigma

Chemical Co. Sodium pyruvate was purchased from Calbiochem-Behring

Corp.; creatine phosphate from Pierce Chemical Co.; DTNB from Nutri-

tional Biochemicals Corp.; Coomassie blue R-250 from Colab Laboratories,

Inc.; SDS from Bio-Rad Laboratories; benzenethiol from Aldrich Chem

ical Co.; and methyl viologen from K and K Laboratories. Protein

molecular weight markers were purchased from Schwarz/Mann. DEAE-

cellulose (Whatman DE-32) was obtained from H. Reeve Angel Inc.; and

Biogel P-6, Biogel P-60, Biogel P-100 and Biogel HT from Bio-Rad Lab-

oratories. A gift of 5-deazaflavin was kindly provided by Dr. Vincent

Massey, Department of Biological Chemistry, University of Michigan,

Ann Arbor, Michigan and 5-deazariboflavin was donated by Dr. Robert

Spencer, Department of Biochemistry, University of Wisconsin, Madison,

Wisconsin. Sodium dithionite was kindly supplied by Professor Joseph

Chatt, ARC Unit of Nitrogen Fixation, University of Sussex, Brighton,

England. All other chemicals utilized were of the highest purity

obtainable. C
2
H
2
was generated by hydrolysis of technical grade

calcium carbide. High purity N2 and Ar and commercial H2 were freed

from residual 0
2
by passage over a 4 x 20 cm column of H

2
-reduced

BASF catalyst R3-11 (Chemical Dynamics Corp., S. Plainfield, New

Jersey) maintained at 130°C.

Stock solutions of creatine phosphate, creatine phosphokinase,
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Na2ATP, sodium pyruvate, coenzyme A, DCIP, and sodium ascorbate were

prepared in 25 mM TES buffer, pH 7.5. A stock solution of 0.1 M or

0.2 M Na
2
S
2
0
4

in deoxygenated 50 mM TES buffer, pH 7.5, was prepared

just prior to use. 5-Deazaflavin and 5-deazariboflavin were used

as 0.19% (w/v) solutions in DMSO.

Analytical Methods

Standard Ferredoxin Assay

The assay procedure was the same as that used by Koch et al.

(1970) except that 0.68 mg partially purified reconstituted bacteroid

nitrogenase were used (see Isolation and Assay of other Proteins).

Electrophoresis

Analytical disc gel electrophoresis was performed in 15% poly-

acrylamide gels by the method described by Davis (1964). Samples (10-

30 ug) of ferredoxin were diluted in sample buffer and subjected to

electrophoresis at 3°C and a current of 1 mA per tube. SDS disc gel

electrophoresis was performed by the method of Laemmli (1970) in 12.5%,

15%, 17.5%, and 20% polyacrylamide gels with a 1:37 bisacrylamide:

acrylamide ratio. For molecular weight determination, electrophoresis

was performed in 17.5% gels with a 1:20 bisacrylamide: acrylamide

ratio as suggested by Swank and Munkres (1971). In both cases samples

were treated for 10 min at 100 °C, diluted in sample buffer containing

5% (v/v) mercaptoethanol and 1% (w/v) SDS and subjected to electro-

phoresis with 0.1% SDS in the upper reservoir buffer at room tempera-

ture (23 °C) and 1.5 mA current flow per tube. The electrophoresis



32

apparatus was constructed in this laboratory and a Heathkit model

IP-2717 regulated high voltage power supply was used. Gels (5.5 x

100 mm) were polymerized in 5.5 x 125 mm glass tubes, stained after

electrophoresis with 0.075% (w/v) Coomassie blue R-250 in 25% (v/v)

isopropanol and 10% (v/v) acetic acid for 16 hours at 40°C and de-

stained by diffusion in 10% (v/v) methanol, 7.5% (v/v) acetic acid

at 40 °C.

Iron, Acid-Labile Sulfide and Amino Acid Analysis

Samples of ferredoxin were assayed for iron content by the method

of Van de Bogart and Beinert (1967). Samples dissolved in concentra-

ted H
2
SO

4
did not require the wet asking step of the procedure.

Analytical grade iron wire was degreased and dissolved in H2SO4 and

used as the iron standard. The acid-labile sulfide content of ferre-

doxin was determined using the procedure of Brumby et al. (1965). The

Na
2
S standard solution was standardized by iodometric titration.

The amino acid. analyses of acid hydrolysates were performed accord-

ing to the method of Spackman et al. (1958) with a Spinco model 120B

amino acid analyzer updated to a 6 mm single column system. Cysteine

and cystine were determined as cysteic acid by the method of Moore

(1963) and tryptophan determined by the method of Edelhoch (1967).

Protein Determination

The protein content of solutions was determined by the method of

Lowry et al. (1951). Bovine serum albumin (E
279 nm

10 mg/ml = 6.67

cm
-1

) (Foster and Sterman, 1956) was used as the standard for impure

extracts and purified proteins other than ferredoxins. Purified
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Clostridium pasteurianum ferredoxin (E
390 Om

= 29100 M
-1

) (Lovenberg

et al., 1963) was used as the standard for protein determination of

bacteroid ferredoxin solutions.

Reaction with Sulfhydryl Reagents

The sulfhydryl content of ferredoxin was determined with DTNB as

described by Habeeb (1972) and Malkin and Rabinowitz (1967). The ab-

sorbance at 412 gm was monitored with a Cary 118C spectrophotometer.

A molar extinction coefficient of 14,150 M
-1

at 412 rim (Riddles et al.,

1979) was used to calculate the sulfhydryl content.

Ferredoxin was reacted with p-CMB as described by Yoch and Arnon

(1972). A AE value at 250 nm of 7.6 mM-1 was used for p-CMB (1954).

Iron-Sulfur Cluster Extrusion and Transfer

The iron-sulfur clusters were extruded from ferredoxin into 80%

(v/v) DMSO in 50 mM TES buffer, pH 7.5, by use of benzenethiol as

described by Que et al. (1975). The amount of iron-sulfur complex

Fe
4
S
4
(SPh)

4

2-
was calculated using a molar extinction coefficient

of 17,600 M
1
at 458 Dm (Que et al., 1975).

Iron-sulfur clusters from bacteroid ferredoxin were transferred

to other iron-sulfur proteins for cluster type determinations by the

following procedure. Under anaerobic conditions, a sample of bacter-

oid ferredoxin was incubated for 30 min in 80% (v/v) DMSO in 0.1 M

tris buffer, pH 8.5 containing 12.5 mM o-xylene-a,c0-dithiolate, then

diluted to 40% (v/v) DMSO and an 8-fold excess of apoferredoxin I

from Bacillus polymyxa was added. After 1 hour, the solution was re-

duced with final concentrations of 10 mM Na
2
S
2
0
4

and 1 11M methyl
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viologen and quantitated by double integration of the EPR signal ob-

served at 13 K. A sample of bacteroid ferredoxin was incubated in

70% (v/v) DMSO -10% (v/v) NMF under similar conditions, diluted

two-fold and an excess of apoadrenodoxin added as the cluster

acceptor protein. The adrenodoxin EPR signal was quantitated at 13 K

in the same fashion as described above.

Electronic Absorption Spectra

Absorption spectra and absorbance measurements of ferredoxin and

other proteins were recorded on a Cary model 118C spectrophotometer.

Spectra and measurements requiring anaerobic conditions were conducted

in 1 cm light path quartz cuvettes (3 ml) with cylindrical openings

fitted with rubber serum stoppers.

Oxidation-Reduction Potential

The redox potential of bacteroid ferredoxin was determined by

equilibration of ferredoxin and methyl viologen after reduction by

Na
2
S
2
0
4

(Knoell and Knappe, 1974) and equilibration of ferredoxin

with hydrogenase from C. pasteurianum in the presence of H2 (Tagawa

and Arnon, 1968).

In the first method sufficient ferredoxin and methyl viologen

were added to a cuvette to obtain maximum absorbances in the range

of 0.6 to 0.8 after reduction by addition of a slight excess of 0.1 M

Na
2
S
2
0
4.

Stepwise reoxidation was accomplished by admission to the

cuvette of pl amounts of air. The degree of reduction of ferredoxin

and methyl viologen were monitored at 433 nm and 603 nm, respectively.

The ratio of absorbance of oxidized ferredoxin at 433 nm to the
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absorbance at 433 rim of the reduced protein was found to be 0.67.

Corrections were made for methyl viologen absorbance and ferredoxin

degradation at 433 ran and ferredoxin absorbance at 603 rm. A value

of E methyl viologen of -460 mV (Stombaugh et al., 1976) was

used.

In the second redox potential determination method ferredoxin

was equilibrated with 1.05 atm H2 in the presence of crude clostrid-

ial hydrogenase in 50 mM TES, pH 7.50, containing 50 mM NaCl. The

absorbance change at 380 gm was monitored. The contribution of

the hydrogenase to the absorbance at 380 nal was less than 1%.

Electron Paramagnetic Resonance Spectra

EPR measurements were made with a Varian E-6 spectrometer as

described in the legend of Figure 6.

Sedimendation Equilibrium Experiment

A Spinco model E ultracentrifuge, equipped with the RTIC tempera-

ture control unit, electronic speed control, photoelectric scanner and

monochromator was used for molecular weight determination by the low

speed method (LaBar, 1965). Concentration distribution was recorded

at 380 rim with the photoelectric scanner. The assembled 12 mm cen-

trifuge cells were filled with the appropriate solutions and sealed

in a glove box under N2, placed in an An-D rotor with a six-channel

center piece and run at 20.0°C. A 50 mM TES buffer, pH 7.5, con-

taining 50 mM NaCl was used as the solvent.
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Purification Procedure

Source and Preparation of Bacteroids

Soybean plants (Glycine max Merr. var. Wilkin) were inoculated

with Rhizobium japonicum strain USDA 122 DES and cultured as described

by Evans et al. (1972). Nodules were harvested and stored, and bac-

teroids isolated essentially as described previously (Klucas et al.,

1968), with the exceptions that no Na2S204 was added to the washing

buffer and the preparation was scaled up to accomodate 450 g of nodules.

Crude Extract

Washed bacteroids were collected by centrifugation, resuspended

in two volumes of N
2
saturated cold 0.1 M TES buffer, pH 8.5, and

ruptured by passage through a precooled Aminco French pressure cell

at 1.1 x 10
8

Nm
-2

. The ruptured cells were collected under N
2

in

centrifuge tubes, then capped and centrifuged for 75 min at 45,000 x g

at 0 °C. The supernatant fraction (100 - 120 ml), containing ferre-

doxin was removed for DEAE-cellulose chromatography.

DEAE-Cellulose Batch Chromatography

Sufficient degassed. DEAE-cellulose (as a slurry) was added to

the supernatant fraction so that the settled DEAE-cellulose volume

was about 1/12 that of the liquid fraction. The DEAE-cellulose

slurry containing adsorbed proteins was stirred gently for 5 min

at 3 °C under N
2
and then poured into a 2.5 cm diameter glass chroma-

tography column. The strongly adsOrbed ferredoxin remained on the

column of DEAE-cellulose and the remainder of the supernatant solution



37

was eluted and discarded. The column was washed with 25 ml N
2

satur-

ated 50 mM TES buffer, pH 7.5. Ferredoxin was then eluted with N2

saturated 50 mM TES buffer, pH 7.5, containing 0.30 M NaCl. This

DEAE-cellulose eluate (5 - 7 ml) was placed in a model 12 Diaflo

ultrafiltration cell (Amicon Corp.) equipped with a UM-02 membrane

and concentrated under a N
2
pressure of 310 KPa to about 2 ml.

Biogel P-60 Chromatography

The concentrated ferredoxin fraction from DEAE-cellulose was

further purified on columns of Biogel P-60 (1.4 x 82 cm). The

fraction was divided into two 1-ml aliquots and each applied to a

column. The columns were equilibrated and developed at 3 to 5°C with

50 mM TES buffer, pH 7.5, containing 50 mM NaCl. The buffer was con-_

tinuously sparged with N2 and the column was developed at a flow rate

of 4 ml/hr. The elution of the brown ferredoxin was followed visu-

ally and collected in 7-9 ml fractions after about 85 ml of buffer

had passed through the column. At this point gel electrophoresis

indicated that the ferredoxin was essentially free of contaminating

proteins but contained a considerable amount of 260 rim absorbing

material.

Biogel HT (Hydroxylapatide) Chromatography

The Biogel P-60 ferredoxin fractions were pooled and applied to

a 2.5 x 1.5 cm column of Biogel HT maintained at 3 to 5°C which had

been previously equilibrated with N2-saturated 50 mM TES buffer,

pH 7.5, containing 50 mM NaCl. The column with adsorbed ferredoxin

was washed with 10 ml of equilibration buffer and then the ferredoxin
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was eluted with N
2
-saturated 50 mM TES, pH 7.5, containing 0.15 M

NaCl. The ferredoxin was eluted in a volume of about 20 ml and con-

centrated to about 3 ml in a model 12 Diaflo ultrafiltration cell

equipped with a UM-02 filter. This fraction was stored in liquid N2

until used.

Isolation and Assay of Other Proteins

Bacteroid Nitrogenase from Rhizobium japonicum

Bacteroid nitrogenase proteins were isolated by the procedure of

Israel et al. (1974) with the exception that the polypropylene glycol

precipitation step was omitted. MoFe and Fe protein eluted from DEAE-

cellulose columns were then assayed by the method of Israel et al.

(1974) to determine the amount of MoFe protein necessary to provide

maximum enzyme activity of a given amount of Fe protein in the C2H2

reduction assay. To obtain a reconstituted nitrogenase preparation,

about 70% of the amount of MoFe protein solution that was required for

saturation in the C
2
H
2
reduction assay was added to a given amount of

Fe protein in solution. This was the partially purified reconstituted

nitrogenase that was used in the standard ferredoxin assay. Prepara-

tions of this type had specific activities (nmol C2H4 producedmin
-1

-1
)

.

mg in the assay described by Israel et al. (1974) of 50-100. The

reconstituted nitrogenase was stored in liquid N2. Sodium dithionite

was removed from reconstituted bacteroid nitrogenase by chromatog-

raphy on a 1.5 x 25 cm column of Biogel P-6 that had previously

been equilibrated with 700 ml of 50 mM TES buffer, pH 7.5, contain-

ing 0.1 M NaCl. The column reservoir buffer was sparged continuously
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during equilibration and elution with BASF catalyst treated high

purity N2. After chromatography the nitrogenase retained at least

60% of its initial specific activity.

Clostridium pasteurianum Ferredoxin

Ferredoxin from C. pasteurianum was purified by a method similar

to that used for bacteroid ferredoxin. Dried C. pasteurianum cells

were autolysed (Carnahan et al., 1960) and the lysate centrifuged at

48,000 x g for 20 minutes. The cell-free supernatant was chromato-

graphed on DEAE-cellulose, concentrated and chromatographed on Biogel

P-60 as described for ferredoxin, except that 50 mM TES buffer,

pH 7.5, containing 0.4 M NaC1 was necessary to elute C. pasteurianum

ferredoxin from DEAE-cellulose. Purified C. pasteurianum ferredoxin

isolated by this procedure had an A390 /A280 ratio of 0.80. The

ferredoxin solution was stored in liquid N2.

Clostridium pasteurianum Hydrogenase

Cell-free crude extract was prepared as described for ferredoxin

from C. pasteurianum and applied anaerobically to a 2.5 x 12 cm column

of DEAE-cellulose at 6 °C. Hydrogenase was eluted with H2-saturated

50 mM TES buffer, pH 7.5, containing 0.15 M NaCl. The golden brown

hydrogenase solution was stored in liquid N2. The hydrogenase prep-

aration was free of clostridia' nitrogenase activity and electron

carriers which could mediate electron transfer between spinach

chloroplast photosystem I and bacteroid nitrogenase.
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Clostridium pasteurianum Phosphoroclastic Enzymes

Cell-free crude extract was prepared from 5 g dried cells as

described for ferredoxin from C. pasteurianum and applied anaerobi-

cally to a 1.5 x 5 cm DEAE-cellulose column that previously had been

equilibrated with H2 saturated 50 mM TES buffer, pH 7.5. Ferredoxin

and nitrogenase were retained by the column, whereas hydrogenase and

the phosphoroclastic enzymes, which passed through the column,

were collected and stored in liquid N2.

Clostridium pasteurianum Flavodoxin

Flavodoxin from C. pasteurianum was isolated as a by-product

of hydrogenase purification. The flavodoxin which was eluted from

the DEAE-cellulose column with 50 mM TES buffer, pH 7.5, containing

200 mM NaCl was concentrated to 1 ml in a model 12 Diaflo ultra-

filtration cell equipped with a UM-2 membrane and was applied to a

1.4 x 93 cm column of Biogel P-60 that had been equilibrated with

50 mM TES buffer, pH 7.5, containing 50 mM NaCl. The yellow flavo-

doxin band which was followed visually during elution was collected

and stored frozen at -80°C. The preparation migrated as one band

in the SDS disc gel electrophoresis system of Laemmli (1970) with

15% polyacrylamide gels. The gels were stained as described under

Electrophoresis. The concentration of flavodoxin was determined

using the value for the molar extinction coefficient at 450 nm of

9100 M-1 (Knight and Hardy, 1966).

Azotobacter vinelandii Flavodoxin

A partially purified extract of flavodoxin from A. vinelandii
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that was obtained as a by-product of nitrogenase purification was

kindly supplied by Dr. Charles McKenna and Dr. Jay Jones, Department

of Chemistry, University of Southern California, Los Angeles. This

extract was concentrated by chromatography on a 5 x 5 cm column of

DEAE-cellulose. The concentrated flavodoxin was applied in 1.5 ml

aliquots to a 1.4 x 90 cm column of Biogel P-100 that previously had

been equilibrated with 50 mM TES buffer, pH 7.5, containing 50 mM

NaCl. The flavodoxin eluate was concentrated again on DEAE-cellulose

and rechromatographed on a Biogel P-100 column. These flavodoxin

fractions were concentrated in a model 50 Diaflo ultrafiltration cell

equipped with a UM-2 membrane and stored in liquid N2. The flavo-

doxin preparation migrated as a single band under the conditions of

electrophoresis described for C. pasteurianum flavodoxin. The con-

centration of Azotobacter flavodoxin was determined by use of the

molar extinction coefficient at 443 pm of 10,600 M-1 (Hinkson and

Bulen, 1967).

Bacillus polymyxa Ferredoxin and Adrenodoxin

Ferredoxin from B. polymyxa was prepared by the method of Shethna

et al. (1971) and adrenodoxin by the method of Orme-Johnson et al.

(1968). The apoproteins were prepared by a method similar to that

described by Hong and Rabinowitz (1970a) utilizing mersalyl treatment.

Coupling of Pyruvate Oxidation by the Phosphoroclastic
System to H, Production by Hydrogenase

The reactions coupling pyruvate oxidation to H2 production with

ferredoxin were conducted in a 2.0 ml water jacketed amperometric
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electrode cuvette at 30°. H
2
production was measured in solution with

a H
2 sensitive electrode as described by Schubert and Evans (1976).

The reaction mixture consisted of 15 'moles sodium pyruvate, 0.15 'mole

coenzyme A, 50 'moles TES buffer, pH 7.5, 20 pmoles glucose, 5000 units

catalase, 33 units glucose oxidase, 1.2 mg C. pasteurianum hydrogenase

(0.15 M NaC1 DEAE-cellulose eluate), 4.8 mg phosphoroclastic enzymes,

and 2.4 nmoles bacteroid ferredoxin or 1.9 nmoles of ferredoxin from

C. pasteurianum.

Reduction of Ferredoxin by Clostridium pasteurianum
Phosphoroclastic System

The reaction mixture consisted of 7.5 pmoles sodium pyruvate, 38

moles coenzyme A, 106 }moles TES buffer, pH 7.5, 1.2 mg phosphoroclas-

tic enzymes and either 25 nmol C. pasteurianum ferredoxin or 33 nmol

bacteroid ferredoxin. The gas phase in both cuvettes consisted of

0.15 atm CO and 0.85 atm N2.
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Chemical and Physical Properties

Purity

43

The data in Table I show a 120-fold purification of ferredoxin

from Rhizobium japonicum bacteroids relative to the crude extract

and a recovery of 32% of the ferredoxin activity present in the crude

cell extract. The Biogel HT chromatography step resulted in little

additional purification but was necessary to remove 260 nn absorbing

material present in the ferredoxin fractions from Biogel P-60.

Chromatography on Biogel HT also removed a small quantity of a red-

purple substance from the ferredoxin fraction. In a series of purifi-

cation experiments, specific activities ranged from 1700 to 1900.

The results of SDS disc gel electrophoresis of an SDS and

mercaptoethanol treated sample of ferredoxin is presented in Figure 1

(Gel A). All of the protein applied to the gel (44 pig) appeared to

migrate as a single band. Sodium dodecyl sulfate gel electrophoresis

of treated samples of ferredoxin (2 to 50 pg) on 12.5%, 15%, 17.5%,

and 20% gels resulted in migration of all the protein applied to the

gel as a single band. Electrophoresis of ferredoxin under nonde-

naturing conditions also resulted in a single protein band (Gel B).

The diffuse band in the upper half of Gel B was green in color before

and after staining and was not stained by Coomassie blue.

From the results of the electrophoresis experiments, it appears

that bacteroid ferredoxin has been isolated in a near-homogeneous

state.
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In the initial phase of this investigation, acetone extraction

procedures similar to those utilized by Mortenson (1964a) for



TABLE I

Summary of the purification of bacteroid ferredoxin

Purification step Volume Total A
380

/A
285

Total Specific Recovery

ml protein activityb activityb

mg unit unitmg-1

Crude extract 113 2690 0.06 40870 15.2 100

DEAE-cellulose eluate 5.3 93.3 0.08 19250 205 47

Biogel P-60 eluate 13.2 14.1 0.44 12650 897 31

Biogel HT eluate concentrate 2.9 13.1 0.76 13170 1005 32

(7.4)a (1790)a

a
Based on protein content determined with C. pasteurianum ferredoxin as the standard rather than bovine
serum albumin.

b
The assay used was the photochemical reduction of acetylene in a reaction containing illuminated chloroplast
fragments and bacteroid nitrogenase (see Experimental Procedure). A unit is defined as 1 nmol of C2H4
formed from C

2
H
2

per min.
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Figure 1. Electrophoretic gel patterns of purified R. japonicum
bacteroid ferredoxin.

The photograph of gel A shows the result of 44 pg of ferredoxin
subjected to electrophoresis on a 15% SDS polyacrylamide disc gel
by the method of Laemmli (1970). Gel B shows the result of 25 pg
of ferredoxin electrophoresed on a 15% disc gel by the method of
Davis (1964). The black band near the bottom (anode) end of each
gel represents the position of the bromphenol blue tracking dye
after electrophoresis.
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ferredoxin from C. pasteurianum and Yoch and Arnon (1972) for ferre-

doxins from Azotobacter vinelandii were attempted, but a contaminant

of molecular weight and charge properties similar to ferredoxin was

encountered that could not be easily eliminated.

Amino Acid Composition

The amino acid composition of bacteroid ferredoxin is presented in

Table II. The protein contains eight cysteic acid residues and a pre-

ponderance of acidic amino acids relative to those that are basic.

Tryptophan, arginine, and methionine are common amino acids not found

among the 54 residues resulting from ferredoxin hydrolysis.

Molecular Weight

The results obtained from low speed sedimentation equilibrium

of purified bacteroid ferredoxin are presented in Figure 2. The plot

of Qn A380 r2 -r2
380 a

as a function of r
2
-r was apparently linear. A molecular

weight of 6740 for bacteroid ferredoxin was calculated from photo-

electric scans at 380 pm made after sedimentation equilibrium was

reached at 30,043 rpm and 20.0 C in 50 mM TES buffer, pH 7.5, contain-

ing 50 mM NaCl. The partial specific volume used for ferredoxin

(0.638 mlg
-1

) was calculated from the amino acid composition as

described by Cohn and Edsall (1943) using a partial specific volume

value of 0.63 mlg
-1

for cysteine (McMeekin and Marshall, 1952).

SDS disc gels were calibrated by electrophoresis of known

molecular weight protein standards. Their mobilities relative to

that of the bromphenol blue tracking dye were plotted as a function

of their molecular weights (Fig. 3). Apoferredoxin was located on
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TABLE II

Amino acid composition of purified bacteroid ferredoxin

The analyses were performed by the methods described
under Experimental Procedure.a

Amino acid Residues
b

Lysine 2.70 (3)

Histidine 1.01 (1)

Cysteic acidc 7.93 (8)

Aspartic acid 5.29 (5)

Threonine
d

2.39 (2)

Serine
d

3.56 (4)

Glutamic acid 5.16 (5)

Praline 5.06 (5)

Glycine 1.99 (2)

Alanine 7.08 (7)

Valinee 5.06 (5)

Isoleucine
e

3.92 (4)

Leucine 0.93 (1)

Tyrosine 1.46 (1)

Phenylalanine 1.05 (1)

Tryptophang 0.20 (0)
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TABLE II (cont.)

a
Except as otherwise noted, the results are the means
obtained from 22, 48, and 72 hour hydrolysates.

b
Residue numbers calculated based on means of
histidine, leucine, and phenylalanine residue numbers
as 1.00. Numbers in parentheses are nearest integer
values.

c
Determined on 22 and 72 hour hydrolysates after
performic acid oxidation (Moore, 1963).

d
These values were obtained by extrapolating to zero
time.

e
These values are means of values obtained from 48 and
72 hour hydrolysates.

(This value is the mean of values obtained from 22 and
48 hour hydrolysates.

gDetermined by the method of Edelhoch (1967).



49

Figure 2. Results obtained from low speed sedimentation equilibrium
of purified bacteroid ferredoxin. The data are plotted
as the natural logarithm of the absorbance at 380 pm as a
function of r2-ri where ra is the radial position of the
menicus and r is the radial position of the indicated
point. The initial protein concentration was 17 pM in
N2 saturated 50 mM TES buffer, pH 7.5 containing 50 mM
NaCl.
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Figure 3. Molecular weight calibration curve for sodium dodecyl
sulfate polyacrylamide gel electrophoresis determination
of the molecular weight of bacteroid ferredoxin.
Molecular weights of protein standards as given by
Schwarz/Mann are: ovalbumin (46,000), chymotrypsinogen A
(24,000), myoglobin (17,800), cytochrome c (12,400),
glucagon (3,460) and by Tanaka et al. (1965): apoferre-
doxin from C. pasteurianum (5,490). Electrophoresis
of mixtures of standard proteins (12 ug of each protein)
were performed in 6 gels and bacteroid ferredoxin
(15 ug) in 6 gels by the method of Laemmli (1970). 17.5%
gels with 1:20 bisacrylamide: acrylamide ratio were
used. Bromphenol blue was included in all samples.
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the curve approximated by the calibration standards by its mobility

when subjected to electrophoresis on the same gel system. A molecu-

lar weight of about 5800 was found by this procedure. After adding

704 for the molecular weight contribution of eight moles of iron and

eight moles of sulfur, a molecular weight of about 6500 resulted. Al-

though linear behavior is normally observed for such SDS molecular

weight determination calibration plots, a nonlinear relationship has

been found to exist between the relative mobility on SDS disc gels and

the logarithm of peptide molecular weight for low molecular weight

peptides (Swank and Munkres, 1971).

The minimum molecular weight of ferredoxin calculated from the

amino acid, iron and sulfur content was 6300. A molecular weight of

6500 was used for ferredoxin in all subsequent calculations.

Iron and Acid-Labile Sulfide Content

The iron content of ferredoxin was found to be 7.6 ± 0.6 (standard

deviation) moles and the sulfide content was 7.2 ± 0.6 (standard devi-

ation) moles per mole of ferredoxin. These results were the means

of triplicate determinations on each of four different preparations

of ferredoxin.

Reaction with Sulfhydryl Reagents

The results of the reaction of ferredoxin with p-CMB and DTNB

are presented in Table III. Since two moles of p-CMB react with one

mole of inorganic sulfide (Lovenberg et al., 1963) and one mole of

p-CMB reacts with one mole of cysteine (Boyer, 1954), the reaction of

26 moles of p-CMB with one mole of ferredoxin is consistent with the
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TABLE III

Reaction of sulfhydryl reagents with bacteroid ferredoxin

The reaction with p-CMB was conducted in cuvettes containing 126
umol TES buffer, pH 7.5, 6.3 qmol ferredoxin and 0.5 umol p-CMB in
a volume of 2.53 ml. The reaction was started by addition of p-CMB
to both cuvettes.

The reaction with DTNB was conducted in cuvettes containing
106 umol TES buffer, pH 7.5, 12.2 nmol bacteroid ferredoxin, and
0.67 umol DTNB in a volume of 2.12 ml, with other conditions as noted
below. The reaction was started by adding DTNB to both cuvettes or
ferredoxin to one and an equal volume of 50 mM TES buffer, pH 7.5,
to the other cuvette. The temperature for all reactions was 2300.

Reagent and conditions Amount of reagent

reacted after 15 min

moles/mole ferredoxin

p-CMB 26

DTNB, aerobic 0.8

DTNB, anaerobic 0.7

DTNB, anaerobic in the presence

of 0.15% SDS 1.1

DTNB, anaerobic in the presence of

4 M guanidineHC1 12.5
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presence of seven to eight moles of inorganic sulfide and eight moles

of cysteine per mole of ferredoxin. The reaction of p-CMB with ferre-

doxin was essentially complete in 20 minutes, indicating a rapid

reaction like that which occurs with ferredoxin from C. pasteurianum

and unlike that of ferredoxin I from A. vinelandii (Ydth and Arnon,

1972).

Ferredoxin reacted rapidly with DTNB only in the presence of

4 M guanidine-HC1 (Table III). This result is consistent with the

conclusion that DTNB reacted with inorganic sulfide in a ratio of

2:1 (Malkin and Rabinowitz, 1967). According to Malkin and Rabino-

witz (1967) DTNB reacts with only the sulfide of C. acidi urici

ferredoxin in the presence of 4 M guanidine-HC1 and in the absence

of a ferric iron chelator. They concluded that ferric ion catalysis

of sulfhydryl oxidation during denaturation made cysteine sulfhydryl

groups unavailable for DTNB reaction.

After several hours, DTNB reaction with ferredoxin in air and

in the presence of 0.15% SDS was complete giving values of 9.1 and

13.7 moles DTNB per mole ferredoxin, respectively.

Effect of 0
2
and Temperature on the Loss of

Chromophore from Ferredoxin

The decrease in absorbance of a solution of ferredoxin was rapid-

ly accelerated in the presence of air and higher temperatures (Fig. 4).

The slight loss of absorbance at 380 rm in the N2 atmosphere control

cuvette may have been due in part to leakage of 02 through the rubber

serum stopper. The loss of chromophore from ferredoxin appears to be

related to the presence of 0
2
and accelerated by increased temperature.



Figure 4. Effect of 0
2.
and temperature on the loss of chromophore

from bacteroid ferredoxin.
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Each 3 ml cuvette contained 13 11M bacteroid ferredoxin in 1.98 ml
50 mM TES buffer, pH 7.5, containing 50 mM NaCl. One cuvette was
maintained at 23 °C under N

2
(), one at 23° under air (U), and one at

3.5°C under air (A).
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Iron-Sulfur Cluster Extrusion and Transfer

The treatment of ferredoxin with benzenethiol in 80% solution of

DMSO resulted in the shift of the wavelength of maximum absorption

from 380 rim to 458 nm. This is characteristic of the benzenethiol

extrusion reaction of [4Fe-4S] clusters from ferredoxins forming the

[Fe
4
S
4
(SPh)

4
]
2-

complex (Que et al " 1975). The extrusion of 1.89

moles of this complex per mole of ferredoxin indicates that bacteroid

ferredoxin contains two [4Fe-4S] clusters.

Further evidence of the nature of the iron-sulfur clusters in

bacteroid ferredoxin was provided by cluster transfer experiments.

Iron-sulfur clusters from samples of bacteroid ferredoxin were trans-

ferred into excess amounts of apoferredoxin from B. polymyxa and apo-

adrenodoxin by means of extrusion with o-xylene-a,a"-dithiolate.

The results of EPR quantitation indicated that 95% of the iron in

the original ferredoxin sample was present as [4Fe-4S] clusters in

B. polymyxa ferredoxin after transfer. Cluster transfer between bac-

teroid ferredoxin and apoadrenodoxin resulted in transfer of only 5%

of the iron originally present in the bacteroid ferredoxin sample to

adrenodoxin as [2Fe-2S] clusters. The data obtained with adrenodoxin

are consistent with data from control experiments where ferredoxin

from C. pasteurianum was used as a C4Fe-4S] cluster donor. It is

concluded therefore that bacteroid ferredoxin contains [4Fe-4S]

clusters.

Absorption Spectra and Extinction Coefficient

The UV-visible absorption spectra of a sample of oxidized



58

ferredoxin as isolated and a sample of ferredoxin reduced with a

slight excess of Na2S204 are shown in Figure 5. The spectrum of

the oxidized sample is similar to that of eight-iron clostridial

ferredoxins (Lovenberg et al., 1963). There are maxima at 285 nm

and 380 rim and a prominent shoulder at 305 rim. The maximum value ob-

served for A
380

/A
285 was 0.76, which is in the same range as the com-

parable absorbance ratio observed for many other eight-iron ferre-

doxins. The molar extinction coefficient at 380 rim was 30,800 ±

2000 M
1
which is also close to the value reported for other eight-

iron ferredoxins (Hong and Rabinowitz, 1970a). With the addition of

Na2S204, the absorption showed a general decrease in the region of

350-650 rim but the greatest decrease occurred near 380 rim. The ratio

of absorbance of the oxidized protein at 380 mm to the absorbance

at 380 ran of the reduced protein was 0.78. The degree of reduction

was not increased in the presence of 1 UM methyl viologen or by

Na2S204 concentrations in the range of 40 UM to 1 mM. Reoxidation

of ferredoxin with air resulted in a 5 to 10% loss of absorbance at

380 run compared to the absorbance of the original oxidized samples.

The addition of 1 mM dithiothreitol or 1.1 mM 2-mercaptoethanol

failed to prevent the loss of absorbance upon reoxidiation.

Electron Paramagnetic Resonance Spectra

The EPR spectra of oxidized and reduced bacteroid ferredoxin

are shown in Figure 6. The spectrum of the oxidized species shows

a small signal near g = 4.3 (not shown in Fig. 6), indicative of

a small amount of contaminating iron. Another signal at g = 2.02

was also present. This signal was probably similar in origin to



Figure 5. Electronic absorption spectra of oxidized and Na2S204-
reduced samples of R. japonicum bacteroid ferredoxin
recorded on a Cary 118C spectrophotometer at 23° in a
cuvette of 1 cm light path.
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The cuvette was sealed in an N atmosphere and contained 17 pM
ferredoxin in 50 mM TES, pH 7.5, with 50 mM NaCl. The ferredoxin
solution was reduced by addition of 1 pl of 0.1 M Na2S204 after
recording the oxidized spectrum.
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Figure 6. Electron paramagnetic resonance spectra of oxidized
and reduced samples of R. japonicum bacteroid ferredoxin.
The oxidized sample is that of the protein as isolated
and the reduced sample was prepared by illuminating
for 15 min under anaerobic conditions at 200C in the
presence of 10 uM 5-deazaflavin and 0.8 mM EDTA. Con-
ditions of EPR spectroscopy, oxidized sample: micro-
wave frequency, 9.05 GHz; microwave power, 3 mW;
modulation frequency, 100 KHz; modulation amplitude,
10 G; magnetic field scan rate, 50 Gmin-1; field scan
range, 200 G; receiver gain, 630; time constant, 1 s;
sample temp., 13 K; reduced sample: all conditions
the same except microwave power, 1 mW; magnetic field
scan rate, 500 Gmin-1; field scan range, 100 G;
receiver gain 2000; time constant, 0.1 s.
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analogous signals observed in oxidized preparations of other bacterial

ferredoxins (Sweeney et al., 1974). The g = 2.02 signal was small,

quantitating to 0.19 spins per molecule of ferredoxin. The spectrum

of the 5-deazaflavin reduced species revealed the classic g = 1.94

signal associated with bacterial ferredoxins (Orme-Johnson and

Beinert, 1969). Additional prominent features of this signal occurred

at g values of 1.88, 2.01, and 2.07. Small shoulders also appear to

be present at approximately g 1.98 and 2.05. The signal of the

reduced species quantitated to 1.7 spins per molecule of ferredoxin,

indicating that bacteroid ferredoxin is probably capable of accept-

ing two electrons upon reduction. An EPR signal obtained from ferre-

doxin reduced by 10 mM Na
2
S
2
0
4
in the presence of 1 UM methyl viologen

at pH 8.5 (not shown) was similar in structure to that obtained after

reduction by 5-deazaflavin, but quantitated to only 0.48 spins per

molecule. Ferredoxin apparently was not completely reduced under

these conditions.

Oxidation-Reduction Potential

The oxidation-reduction potential of bacteroid ferredoxin was

determined by equilibration with methyl viologen at various poten-

tials (Knoell and Knappe, 1974) and also by equilibration with H2 in

the presence of C. pasteurianum hydrogenase (Tagawa and Arnon, 1968).

A plot of the results obtained from the equilibration of bacteroid

ferredoxin with methyl viologen is presented in Figure 7. The

apparent oxidation-reduction potential estimated by least squares

analysis of plots of log (ferredoxin oxidized/ferredoxin reduced)

versus the oxidation-reduction potential calculated from the ratio of
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Figure 7. Results obtained from the equilibration of bacteroid
ferredoxin and methyl viologen at various oxidation-
reduction potentials.
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The stoppered sample cuvette (3 ml) contained 2.08 ml 50 mM TES
pH 7.50 with 50 mM NaC1, 72 1.1M methyl viologen and 30 11M bacteroid
ferredoxin under an N- atmosphere. The reference cuvette contained
50 mM TES buffer, pH 7.50 with 50 mM NaCl.
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oxidized and reduced methyl viologen was -484 ± 8 mV at pH 7.50 and

23
o
C. The value of n in Nernst's equation was 1.18 ± 0.11. The ox-

idation-reduction potential of ferredoxin determined by equilibration

with 1.05 atm H
2
in the presence of hydrogenase at pH 7.50 was found

to be -468 mV. The value determined by equilibration with methyl

viologen is considered more reliable because it is the mean of five

replicate determinations. The oxidation-reduction potentials de-

termined by the two different methods provide verification of the

unusually low oxidation-reduction potential of this ferredoxin.

A summary of some of the chemical and physical properties of

bacteroid ferredoxin is presented in Table IV.

Biological Properties

Coupling Between Photosystem I and Bacteroid Nitrogenase

Bacteroid ferredoxin functions as an electron carrier between

photosystem I of chloroplast fragments and bacteroid nitrogenase. The

ferredoxin dependence of the photosystem I supported reduction of

C
2
H
2
via nitrogenase is illustrated in Figure 8. The rate of C

2
H
4

production was linear with respect to ferredoxin concentration up to

about 0.5 uM ferredoxin. The reaction also was observed to be linear

with respect to time for at least 30 minutes. Koch et al. (1970)

previously had established the essential requirements for this re-

action using R. japonicum bacteroid proteins. As already indicated,

the requirement for bacteroid ferredoxin for coupling low potential

electrons from illuminated chloroplast fragments to bacteroid nitro-

genase was used as an assay for ferredoxin during the purification

procedure.
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TABLE IV

Properties of Rhizobium japonicum bacteroid ferredoxin

Parameter Value

Chemical analysis

Iron

Sulfide

Oxidation-reduction

7.6 ± 0.6 mole/mole ferredoxina,b

7.2 ± 0.6 mole/mole ferredoxina'b

E
o-

(pH 7.5) methyl viologen method -484 ± 8 mV
b

E
o-

(pH 7.5) H
2
-hydrogenase method -468 mV

1.18 ± 0.11
b

Light absorption

max 380 nm

E
380 nm 30,800 ± 2000a'b

A
380

oxidized/A
380

reduced 0.78

Molecular weight

Sedimentation equilibrium 6740

SDS gel electrophoresis 6500c

Amino acid analysis 6300 (minimum)
d

a
Based on a molecular weight of 6500.

b
Values are followed by the standard deviation.

c
Value was calculated using the protein molecular weight determined
in the procedure added to the weight of 8 moles of iron and 8 moles
of sulfur.

d
Value was calculated from the amino acid composition (nearest integer
values in Table II) assuming the presence of 8 iron and 8 sulfur atoms
per molecule.
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Figure 8. The effect of bacteroid ferredoxin concentration on the
transfer of electrons from illuminated chloroplast
fragments to bacteroid nitrogenase. The constituents
of the reaction were: spinach chloroplasts (0.4 mg
chlorophyll), 20 pmoles of sodium ascorbate, 0.05 pmoles
of dichlorophenolindophenol, 7.5 'moles of Na ATP,
6.7 pmoles of MgC12, 50 'moles of creatine phosphate,
0.2 mg of creatine phosphokinase, 30 'moles of TES
buffer, pH 7.5, 0.5 mg of reconstituted bacteroid ni-
trogenase and the indicated concentration of bacteroid
ferredoxin in a total volume of 1.5 ml. The C

2
H
2

assay
for nitrogenase was conducted at 25°C for 30 minutes
at a light level of 450 pEim-2s-1.
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Reduction of Ferredoxin in the Clostridium
pasteurianum Phosphoroclastic System

Ferredoxins were initially identified on the basis of their

capacities to serve as cofactors in the clostridial phosphoroclastic

reaction. Bacteroid ferredoxin was reduced to an insignificant extent

during a 30 minute incubation under anaerobic conditions with crude

C. pasteurianum phosphoroclastic enzymes, pyruvate, and coenzyme A.

A decrease in the absorbance of ferredoxin at 433 nm of only 0.7% was

observed and this may be accounted for by denaturation of a small

amount of ferredoxin during incubation. In a comparable control

experiment in which C. pasteurianum ferredoxin was utilized instead of

bacteroid ferredoxin the absorbance at 433 rim decreased 22% in 30

minutes. This result is consistent with that obtained by Koch et al.

(1970) who measured little or no bacteroid ferredoxin dependent

acetyl phosphate formation in the phosphoroclastic assay system.

Electron Transfer Between the Phosphoroclastic
System and Clostridial Hydrogenase

In C. pasteurianum, ferredoxin mediates the transfer of electrons

from the phosphoroclastic enzyme system to nitrogenase and hydrogen-

ase (Mortenson, 1964b). In the absence of added ferredoxin a crude

preparation of the phosphoroclastic system containing hydrogenase and

provided with pyruvate and coenzyme A evolved no measurable H
2

when

monitored by the amperometric technique (Schubert and Evans, 1976).

After a short lag period following the addition of C. pasteurianum

ferredoxin, H2 evolution commenced at the rate of 3.2 qmol H2min
-I

.

The lag period was presumably the result of a low level of residual
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0
2

in solution. When a comparable amount of bacteroid ferredoxin was

added instead of C. pasteurianum ferredoxin to a similar reaction

mixture no detectable H
2

(<0.02 nmol H
2
/min) was evolved. The ina-

bility of bacteroid ferredoxin to function in this reaction was ex-

pected since ferredoxin was not reduced by the phosphoroclastic system.

Ferredoxin as Electron Carrier in the Transfer of
Electrons from 5-Deazaflavin or Na

2
S
2
0
4

to Hydrogenase

The dependence of the transfer of electrons from 5-deazaflavin

and Na
2
S
2
0
4

to H
+

in the presence of partially purified C. pasteurianum

hydrogenase on ferredoxin concentration is illustrated in Table V. The

rate of H
2 production supported by C. pasteurianum ferredoxin with 5-

deazaflavin or Na
2
S
2
0
4
as reductant was approximately twice that ob-

served for comparable reactions containing bacteroid ferredoxin. The

rate of H
2
production supported by Na

2
S
2
0
4
-reduced bacteroid ferre-

doxin was linear for about 20 seconds then the rate began to decline.

Initial rates are reported in Table V. The nonlinearity of the H2

production rate in this reaction may be related to the observation that

some bacteroid ferredoxin is irreversibly denatured during an oxida-

tion-reduction cycle in the presence of Na2S204 or perhaps its oxi-

dation product HS0 Under the same experimental conditions the rate

of Na
2
S
2
0
4

s
u
pported H

2
production in the presence of C. pasteurianum

ferredoxin was linear with time.

Bacteroid Ferredoxin as Electron Carrier in the Transfer
of Electrons from Hydrogenase to Bacteroid Nitrogenase

Ferredoxin from C. pasteurianum was shown to mediate electron

transfer between hydrogenase and the Fe protein of nitrogenase from
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TABLE V

Rate of H
2

production with ferredoxins as electron transfer proteins
between 5-deazaflavin or Na

2
S
2
0
4
and clostridial hydrogenase

The reaction mixture consisted of 95 pmol tricine buffer, pH 7.5,
either 5 pmol Na2S204 or 0.5 pmol 5-deazaflavin, 60 ug partially
purified C. pasteurianum hydrogenase (0.15 M NaCl eluate from DEAE-
cellulose), and 8.0 nmol of the indicated ferredoxin in a volume of
2.0 ml. The temperature was maintained at 30 °C and the illumination
in reactions containing deazaflavin was provided by a 150 W flood
lamp with a quantum_ flux of 1000 pEim-2s-1.

Source of

Ferredoxin

Reductant H
2
production

nmol H
2
min

-1

C. pasteurianum Na
2
S
2
0
4

6.4

C. pasteurianum Deazaflavin 5.5

R. japonicum Na
2
S
2
0
4

2.2

R. japonicum Deazaflavin 3.1

None Na2S204 <0.02
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C. pasteurianum (Walker and Mortenson, 1974). The results of an

experiment designed to couple electron transfer between clostridial

hydrogenase and bacteroid nitrogenase using bacteroid ferredoxin,

clostridial ferredoxin, clostridial flavodoxin, and A. vinelandii

flavodoxin as electron carriers is presented in Table VI. Of the

four electron carrier proteins tested, only clostridial flavodoxin

appeared to be completely inactive in the support of C2H2 reduction

by bacteroid nitrogenase. Although clostridial ferredoxin was highly

effective in supporting electron transfer between clostridial hydro-

genase and bacteroid nitrogenase, both bacteroid ferredoxin and A.

vinelandii flavodoxin also were active in this reaction. Bacteroid

ferredoxin at 16 pM was observed to transfer electrons to nitrogenase

for C
2
H
2
reduction at a rate of 26 nmoles C

2
H
4
producedmin

-1
whereas

the rate of C
2
H
2
reduction in the presence of 6.7 mM Na2S2040

4
was

48 nmoles C
2
H
4

produced-min -1. Under these reaction conditions the

rate of C
2
H
4
production was proportional to bacteroid ferredoxin

concentration at concentrations of less than 16 pM (Table VI). The

rate of C
2
H
4
production at higher bacteroid ferredoxin concentrations

approached that obtained with a saturating concentration of Na2S204

(data not presented). The reactions in which either H2 and hydrogen-

ase or Na
2
S
2
0
4
were used to provide electrons were linear for at least

30 minutes.

Bacteroid Ferredoxin as Electron Carrier in the
Transfer of Electrons from Illuminated
5-Deazariboflavin to Bacteroid Nitrogenase

It has been reported recently that photochemically reduced

5-deazariboflavin has the capability of reducing many oxidized low
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TABLE VI

Rates of CoHh production with various electron transfer proteins as
mediators beween clostridial hydrogenase and bacteroid nitrogenase

The reaction mixture consisted of 29 umoles of TES buffer, pH 7.5,
7.5 umoles of Na2ATF, 10 umoles of MgC12, 50 umoles of creatine
phosphate, 0.2 mg creatine phosphokinase, 0.88 mg partially purified
clostridial hydrogenase, 0.54 mg reconstituted bacteroid nitrogenase,
and the indicated amount of electron transfer protein or 20 umoles of
Na

2
S
2
0
4

in a total volume of 1.5 ml. The reactions were conducted
with a gas phase of 0.1 atm H2, 0.1 atm C2H2, and 0.8 atm Ar at 30°.

Electron donor added
a

C
2
H
4
production

nmol C
2
H
4
min -1

Bacteroid ferredoxin (12 moles) 14

Bacteroid ferredoxin (24 moles) 26

Clostridial ferredoxin (1.8 moles) 8.2

Clostridial ferredoxin (3.7 moles) 19

Clostridial flavodoxin (12 nmoles) <0.05

Clostridial flavodoxin (24 nmoles) <0.05

A. vinelandii flavodoxin (12 nmoles) 2.8

A. vinelandii flavodoxin (24 moles) 5.1

Na
2
S
2
0
4 48

None <0.05

a
The amount of electron transfer protein added to a reaction was chosen
to give a linear response of the rate of C2H4 production to the con-
centration of the protein.
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potential electron transfer proteins (Massey and Hemmerich, 1977).

The use of 5-deazariboflavin instead of Na
2
S
2
0
4
as a means of reducing

possible electron donors to nitrogenase is advantageous because this

photochemically reduced compound is unable to donate electrons dir-

ectly to nitrogenase (Scherings et al., 1977). To conclusively dem-

onstrate the capacity of an electron carrier protein to donate

electrons to nitrogenase, all components of the reaction mixture must

be free of Na
2
S
2
0
4
or its oxidation product SO

3
(or HSO

3
) in order to

avoid artifacts due to the possible participation of the SO2 /S03

oxidation-reduction couple in the reaction (Scherings et al., 1977;

Mayhew, 1978).

The results of an attempt to couple electron transfer from 5-

deazariboflavin to Na
2
S
2
0
4
-free bacteroid nitrogenase with bacteroid

ferredoxin and A. vinelandii flavodoxin are presented in Table VII.

The rate of ethylene production in the presence of 12 rimoles of bac-

teroid ferredoxin was 4.9 moles C2H4 producedmin
-1

and the rate was

increased to 11 nmoles C2H4 producedmin-1 when the amount of ferre-

doxin added to a comparable reaction mixture was increased to 24 rmoles.

There was a similar proportional response of the rate of ethylene

production to increasing A. vinelandii flavodoxin concentration. The

reaction rate with 24 nmoles of ferredoxin was about half that observed

with 10 umoles of Na2S204, while the rate of ethylene production was

less than 0.05 nmoles C
2
H
4
producedmin-1 when either 5-deazariboflavin

or electron carrier proteins were omitted. Ethylene production was

linear for 20 minutes under the conditions described in Table VII.
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TABLE VII

Rates of C
2
H
4.
production with bacteroid ferredoxin and

Azotobacter vinelandii flavodoxin as mediators between
illuminated 5-deazariboflavin and bacteroid nitrogenase

The complete reaction mixture consisted of 17.3 Wholes of TES
buffer, pH 7.5, 37.5 Wholes of tricine buffer, pH 7.5, 7.5 umoles of
Na2ATP, 10 'moles of MgC12, 50 Wholes of creatine phosphate, 0.2 mg
of creatine phosphokinase, 67 nmoles of 5-deazariboflavin, 0.36 mg
Na

2
S
2
0
4-free reconstituted bacteroid nitrogenase, and the indicated

amount of electron carrier or reductant in a volume of 1.5 ml. The
reactions were conducted with a gas phase of 0.1 atm CoHo and 0.9 atm
Ar at 300. Illumination was provided at the level of 45b uEim-2s-1
during a 30 minute preincubation period prior to addition of nitro-
genase and throughout the reaction period.

Electron donor addeda C
2
H
4
production

nmol C
2
H
4
min-1

Bacteroid ferredoxin (12 nmoles)

Bacteroid ferredoxin (24 nmoles)

4.9

11

A. vinelandii flavodoxin (12 nmoles) 3.7

A. vinelandii flavodoxin (24 nmoles) 7.9

Na
2
S
2
0
4

(10 Wholes) 20

Without electron carrier proteins

and 5-deazariboflavin <0.05

Without electron carrier protein <0.05

a
The amount of electron carrier protein added to a reaction was chosen
to give a linear response of the rate of C2H4 production to the con-
centration of the protein.
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DISCUSSION

As isolated, bacteroid ferredoxin contained 7-8 moles each of iron

and inorganic sulfide per mole of protein and had a specific activity

of about 1000 moles of C
2
H
4
produced.min

-1
.mg

-1
in the reaction in

which the reducing capability of spinach chloroplast photosystem I

was coupled to bacteroid nitrogenase. In a previous account of the

purification of a ferredoxin from bacteroids (Koch et al., 1970)

(termed "non-haem iron protein") iron and inorganic sulfide contents

of 0.31 and 0.35 moles, respectively, per mg of protein were reported.

Koch et al. (1970) also reported a specific activity of 400 units/mg

in the chloroplast-nitrogenase reaction and an A390 ratio
390 Om/A nm

of 0.56. In view of the absorbance ratio value (A
380

/A
285

= 0.76)

found in this investigation the ratio of 0.56 of Koch et al. (1970)

indicates loss of chromophore during their purification procedure.

This possibility is supported by the recalculated iron and inorganic

sulfide content of 3.6 and 4.1 moles per mole of ferredoxin, respective-

ly, for the purified preparation of Koch et al. (1970). The loss of

iron-sulfur clusters during purification in the ferredoxin prepara-

tion of Koch et al. (1970) could also account for the lower specific

activity observed in the chloroplast-nitrogenase reaction. The sen-

sitivity of ferredoxin to 02 has been demonstrated (Fig. 4) and 02

inactivation of ferredoxin may account for the lower activity of the

preparation of Koch et al. (1970) since they apparently made no effort

to exclude 0
2
during their purification procedure. The presence of

0
2
has been reported to cause loss of inorganic sulfide and conse-

quently iron from clostridial ferredoxins (Malkin and Rabinowitz, 1967).
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Based on the iron and sulfide analyses and the A380/A285 ratio

reported in this study which is similar to the corresponding values

for C. pasteurianum and C. acidi-urici ferredoxins (Lovenberg et al.,

1963), the purified bacteroid ferredoxin obtained in this investiga

tion seems to have lost little iron and sulfide during purification.

The evidence from the iron-sulfur cluster extrusion and transfer

experiments showing the presence of nearly two [4Fe-4S] clusters per

mole of ferredoxin also indicates that our bacteroid ferredoxin lost

little iron or inorganic sulfide during purification.

The molecular weight, iron and sulfide content, molar extinction

coefficient (Table IV), oxidized absorption spectrum (Fig. 5), and

amino acid composition (Table II), of bacteroid ferredoxin are not

markedly different from comparable values reported for clostridial

ferredoxins (Lovenberg et al., 1963; Hong and Rabinowitz, 1970a).

Bacteroid ferredoxin does have a significantly higher basic amino acid

content than the mesophilic clostridial ferredoxins.

The oxidation-reduction potential of bacteroid ferredoxin (Table

IV) is significantly lower than that of many ferredoxins (Stombaugh

et al., 1976). The value of -484 mV measured at pH 7.50 by the methyl

viologen equilibration method is near the oxidation-reduction poten-

tial of -482 mV measured for ferredoxin from Chromatium vinosum at

pH 8.0 (Stombaugh et al., 1976). In addition, bacteroid ferredoxin

has a high A
380

oxidized/A
380

reduced absorbance ratio of 0.78 which

is close to the ratio observed at 385 rim for Chromatium ferredoxin

(Stombaugh et al., 1976). The relatively high oxidized/reduced ab-

sorbance ratio at 380 nm did not appear to be due to incomplete re-

duction by Na2S204, because titration of ferredoxin in solution with
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40 uM to 1 mM concentrations of freshly prepared Na
2
S
2
0
4
solutions

resulted in no change in the visible absorption spectrum of ferredoxin

after the initial reduction of the protein.

Clostridial ferredoxin has been reported to transfer two electrons

in oxidation-reduction reactions (Sobel and Lovenberg, 1966), whereas

the value of n in Nernst's equation in other experiments was reported

to be 1 (Tagawa and Arnon, 1962). Eisenstein and Wang (1969) recon-

ciled these findings by showing that clostridial ferredoxin has two

independent, equivalent one-electron reduction sites. The value of ri

and the number of electrons accepted by bacteroid ferredoxin upon

reduction indicate that it also must have two independent, equivalent

one-electron oxidation-reduction centers.

Bacteroid ferredoxin exhibits EPR signals both in the oxidized

and reduced forms (Fig. 6). The oxidized ferredoxin signal centered

at g 7. 2.02, may originate from the presence of a small amount of ferre-

doxin with one or both clusters in the "super-oxidized" (3+ oxidation

level) state as suggested by Sweeney et al. (1974) for the same type

of signal observed in clostridial ferredoxins. The g 7. 2.02 signal

integrated to 0.19 spins per molecule for bacteroid ferredoxin, which

is about ten times greater than the value reported for clostridial

ferredoxins (Sweeney et al., 1974) and about one-fifth that found for

ferredoxin .I from A. vinelandii (Sweeney et al., 1975). The EPR sig-

nal of reduced ferredoxin was similar to that obtained with partially

reduced C. pasteurianum ferredoxin (Orme-Johnson and Beinert, 1969),

even though bacteroid ferredoxin appears to be nearly fully reduced,

having accepted 1.7 electrons per molecule. The additional spectral

features present in the EPR signal of fully reduced clostridial



78

ferredoxin (Orme-Johnson and Beinert, 1969) at g= 1.97, 2.00, 2.05,

which are due to spin coupling between S = z spin state [4Fe -4S]

clusters (Mathews et al., 1974), appear to have their counterparts

in the signal of reduced bacteroid ferredoxin but at a lower intensity.

The resonance attributed to a single non-interacting, reduced S =

i center in clostridial ferredoxin (Orme-Johnson and Beinert, 1969) is

prominent in the EPR spectrum of bacteroid ferredoxin with features

at g = 1.88, 1.94, and 2.07. The two [4Fe-4S] clusters in bacteroid

ferredoxin appear to be spin coupled to a much smaller degree than the

clusters in other eight-iron ferredoxins.

The EPR properties of bacteroid ferredoxin are markedly different

from those of ferredoxins isolated from other aerobic nitrogen-fixing

bacteria. Ferredoxin I from A. vinelandii (Sweeney et al., 1975), and

the ferredoxins from A. chroococcum (Yates, 1977), Spirillum lipoferum,

and Mycobacterium flavum (Yates et al., 1978) are similar to Chromatium

HiPIP (Yates, 1977) being diamagnetic in the reduced state and para-

magnetic in the oxidized state. The iron-sulfur clusters in these

ferredoxins operate between the 2+ and 3+ oxidation levels (Yates, 1977).

At least one of the clusters in each ferredoxin, however, has a low

oxidation-reduction potential (ca. -420 mV) enabling these ferredoxins

to function in low potential biological reactions. (The exception to

this is the ferredoxin from S. lipoferum for which no biological activ-

ity has yet been reported)(Yates et al., 1978). The other clusters

in ferredoxin I from A. vinelandii and M. flavum have oxidation re-

duction potentials of +340 mV (Sweeney et al., 1975) and +230 mV (Yates

et al., 1978), respectively. Two eight-iron, eight-sulfide ferre-

doxins have been isolated from the aerobic nitrogen-fixing
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Corynebacterium autotrophicum (Berndt et al., 1978). Both ferredoxins

are paramagnetic in the oxidized and reduced forms, but the EPR

signals from either the oxidized or reduced form integrate to only

0.12 electrons per molecule. It is not clear what oxidation levels

these ferredoxins act between and no oxidation-reduction pOtentials

were reported (Berndt et al., 1978). Bacteroid ferredoxin appears to

act between the 1+ and 2+ oxidation levels and therefore most closely

2+)
resembles the 2 [4Fe-4S] 2+(l+,

clostridial ferredoxins. It is

possible that ferredoxin II from A. vinelandii has EPR and oxidation

reduction properties similar to bacteroid ferredoxin in view of its

known properties (Yoch and Arnon, 1972), but low yield and instability

hampered complete investigation of its characteristics.

Bacteroid ferredoxin has been reported to mediate the transfer of

electrons from photosystem I of spinach chloroplast fragments to

bacteroid nitrogenase. This ferredoxin, however, does not function

in the transfer of electrons from photosystem I of chloroplast frag-

ments to NADP or serve as a cofactor in the phosphoroclastic break-

down of pyruvate in the presence of clostridial phosphoroclastic en-

zymes (Koch et al., 1970). In contrast, both ferredoxins I and II

from A. vinelandii are functional in these three reactions (Yoch and

Arnon, 1972). Although ferredoxins I and II from M. flavum will mediate

electron transfer from chloroplast fragments to nitrogenase, only

ferredoxin II from M. flavum will support appreciable activity in the

reaction in which electrons are transferred from photosystem I to

NADP (Yates et al., 1978). This investigation has confirmed the effect-

iveness of bacteroid ferredoxin in the photochemical reduction of

C
2
H
2

(Fig. 8) and its ineffectiveness as a cofactor in the clostridial
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phosphoroclastic reaction. We also have demonstrated (Table V) that

bacteroid ferredoxin will transfer electrons to clostridial hydro-

genase in the presence of either Na
2
S
2
0
4
or illuminated 5-deazaflavin

as reductants.

The in vivo reductant for nitrogenase in C. pasteurianum is

probably ferredoxin under normal growth conditions and flavodoxin under

conditions of iron starvation (Knight and Hardy, 1966). The oxidation

of Azotobacter flavodoxin hydroquinone to flavodoxin semiquinone by a

partially purified preparation of Azotobacter nitrogenase (Scherings

et
Y

al. 1977) is strong evidence that flavodoxin is a proximal re-

ductant for nitrogenase in that organism. Similar experiments with

Azotobacter ferredoxin I indicated that it was unable to transfer

electrons to nitrogenase (Scherings et al., 1977). It should be point-

ed out, however, that provision of conclusive evidence for a proximal

electron donor to nitrogenase requires nitrogenase, electron carrier

protein, and the protein reducing system (if used) of sufficient purity

to rule out the presence of contaminating essential proximal donors.

Furthermore, Na2S204 and its oxidation product, sulfite, must be elim-

inated to avoid participation of S02 in the reaction as an intermediate

carrier as discussed by Scherings et al. (1977). In the author's

opinion, previous investigations of proximal nitrogenase reductants

have not met these criteria (Walker and Mortenson, 1974; Yates, 1972;

Scherings et al., 1977).

Bacteroid ferredoxin was found to mediate electron transfer be-

tween partially purified clostridial hydrogenase and reconstituted

partially purified bacteroid nitrogenase as shown in Table VI.

Clostridial ferredoxin and Azotobacter flavodoxin, but not clostridial
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flavodoxin also functioned in the reaction with varying degrees of

effectiveness. Because of the possibility of artifacts as discussed

previously, experiments were conducted which avoided as far as possible

=the use of partially purified enzymes and Na
2
S
2
0
4
/S03 containing en-

.zyme solutions. The results shown in Table VII which utilized illumin-

ated 5-deazariboflavin to reduce electron carrier proteins and a par-

tially purified bacteroid nitrogenase preparation free of Na2S204 and

=
S03 provided strong evidence that bacteroid ferredoxin is capable of

functioning as the proximal electron donor to nitrogenase in R. japoni-

cum bacteroids.

Based on the results of purification reported in Table I, a

molecular weight of 6500, and an assumed density of 1 gm1 -1 for bacter-

oids the concentration of ferredoxin in bacteroids can be estimated

to be about 60 UM. It is significant that ferredoxin concentrations

of this magnitude supported C2H2 reduction activities, when electrons

were supplied by 5-deazariboflavin or clostridial hydrogenase which

were comparable to rates obtained with Na2S204 as the reductant. A

concentration of approximately 14 UM was calculated for the MoFe

protein component of nitrogenase from bacteroids based on the purifica-

tion results and a molecular weight of 200,000 for MoFe protein reported

by Israel et al. (1974). Although these estimates are subject to error,

they provide semiquantitative evidence that ferredoxin is present in

the bacteroid at a concentration that is equivalent to or higher than

that of nitrogenase and at a level adequate to support appreciable ni-

trogenase activity.

Although Benemann et al. (1971) and Wong et al. (1971) successfully

reconstituted electron transport systems from NAD(P)H to nitrogenase
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using components from Azotobacter and Rhizobium bacteroids, respective-

ly, a protein component(s) from a non-N2-fixing organism had to be

included in reconstitution reactions and low activities were observed.

More recently, Haaker et al. (1974) showed that the NAD(P)H/NAD(P)

ratio in Azotobacter correlated negatively with nitrogenase activity

whereas the energized state of the membrane from Azotobacter correlated

positively with nitrogenase activity. They interpreted this to mean

that reducing equivalents for nitrogenase were generated by means of the

bacterial membrane which is energized during respiration. Similar

results were obtained with Rhizobium leguminosarum bacteroids (Laane

et al. 1978). Haaker and Veeger (1977) have proposed that the electro-

chemical potential across the bacterial membrane generated by respira-

tion provides the energy necessary to drive the full reduction of flavo-

doxin by NADH by means of an NADH-flavodoxin oxidoreductase in Azoto-

bacter. Laane et al. (1979) have shown a positive correlation between

the membrane potential and nitrogenase activity in R. leguminosarum

bacteroids. These results indicate that demonstration of a functional

reducing system for ferredoxin and flavodoxin in N2-fixing organisms

will require whole cell or spheroplast experiments of the type suggest-

ed by Yates (1977).
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SUMMARY

This investigation was conducted to develop a purification pro-

cedure for bacteroid ferredoxin and to determine its chemical, physi-

cal, and biological properties. The result of this investigation

may be summarized as follows:

1. The purification procedure for bacteroid ferredoxin included

chromatography on DEAE-cellulose, Biogel P-60, and hydroxylapa-

tite. The ferredoxin purified by this procedure appeared to

be homogeneous as judged by disc gel electrophoresis.

2. Purified bacteroid ferredoxin exhibited specific activities be-

tween 1700 and 1900 nmol C
2
H
4
produced.min

-1
.mg

-1
as measured

by the assay in which ferredoxin mediated electron transfer be-

tween illuminated spinach chloroplast fragments and bacteroid

nitrogenase.

3. A molecular weight of 6740 for ferredoxin was determined by low

speed sedimentation equilibrium and a molecular weight of 6500

was estimated from the mobility of bacteroid ferredoxin relative

to the mobility of standard proteins during sodium dodecyl sul-

fate disc gel electrophoresis.

4. Bacteroid ferredoxin contained seven to eight moles each of iron

and sulfide arranged in two [4Fe-4S] cube-like clusters per

molecule. The protein contained all of the common amino acids

except arginine, methionine, and tryptophan.

5. The electronic absorption spectrum of oxidized ferredoxin revealed

maxima at 285 nm and 380 nm with a shoulder near 305 nm. The

A
380

/A
285 ratio was 0.76 and the extinction coefficient measured



at 380 m was 30,800 M
1
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The absorption spectrum of the Na2S204-

reduced protein resembled that of the oxidized protein in the

visible region with generally reduced absorption in the region

from 350-650 nal. The electron paramagnetic resonance spectrum

of oxidized ferredoxin consisted of a small signal at g = 2.02

which integrated to 0.19 spins per molecule. The electron para-

magnetic resonance spectrum of ferredoxin reduced by illuminated

5-deazaflavin exhibited a signal with features at g values 1.88,

1.94, 2.01, and 2.07 and integrated to 1.7 spins per molecule.

6. Equilibration of bacteroid ferredoxin with methyl viologen at vari-

ous potentials revealed a midpoint oxidation-reduction potential

of -484 mV. The value of n in Nernst's equation of 1.18 and the

acceptance of 1.7 electrons per molecule upon reduction indicated

that bacteroid ferredoxin possess two independent single-electron

.accepting centers.

7. Bacteroid ferredoxin mediated electron transfer to clostridial

hydrogenase, but was not reduced by the clostridial phosphoroclas-

tic system in the presence of pyruvate. Bacteroid ferredoxin re-

duced clostridial hydrogenase in the presence of H2 or by illumin-

ated 5-deazariboflavin also supported a high rate of C2H2 reduction

by bacteroid nitrogenase. It was concluded from this evidence

that bacteroid ferredoxin has the capability of directly reducing

nitrogenase from R. japonicum.
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