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Ferredoxin, flavodoxin, and rubredoxin were purified to homogeneity from Clostridiumformicoaceticum
and characterized. Variation of the iron concentration of the growth medium caused substantial changes in
the concentrations of ferredoxin and flavodoxin but not of rubredoxin. The ferredoxin has a molecular
weight of 6,000 and is a four iron-four sulfur protein with eight cysteine residues. The spectrum is similar to
that of other ferredoxins. The molar extinction coefficients are 22.6 x 10' and 17.6 x 103 at 280 and 390 nm,
respectively. From 100 g wet weight of cells grown with 3.6 ,uM iron and with 40 ,M iron, 5 and 20 mg offer-
redoxin were isolated, respectively. The molecular weight of rubredoxin is 5,800 and it contains one iron
and four cysteines. The UV-visible absorption spectrum is dissimilar to those of other rubredoxins in that
the 373 nm absorption peak is quite symmetric, lacking the characteristic 350-nm shoulder found in other
rubredoxins. The flavodoxih is a 14,500-molecular-weight protein which contains 1 mol offlavin mononucle-
otide per mol of protein. It forms a stable, blue semiquinone upon light irradiation in the presence of EDTA
or during enzymatic reduction. When cells were grown in low-iron medium, flavodoxin constituted at least
2% of the soluble cell protein; however, it was not detected in extracts of cells grown in high-iron medium.
TheL rubredoxin and ferredoxin expressed during growth in low-iron and high-iron media are identical as
judged by iron, inorganic sulfide, and amino acid analysis, as well as light absorption spectroscopy.

Ferredoxin, flavodoxin, and rubredoxin are low-molecu-
lar-weight electron-carrier proteins which are important in
anaerobic metabolism. In the metabolism of the acetogenic
bacteria, ferredoxin is an electron acceptor for numerous
low-potential oxidation-reduction reactions, including pyru-
vate:ferredoxin oxidoreductase (9, 38, 44), hydrogenase (8;
Pezacka and Wood, Arch. Microbiol., in press), NADH:fer-
redoxin oxidoreductase (38, 44), and CO dehydrogenase (6,
17, 34). Flavodoxin has been shown to substitute for ferre-
doxin in many redox reactions, but at a slower rate of
electron transfer (20, 21). Rubredoxin has been found to
substitute for ferredoxin in a few oxidation-reduction reac-
tions, but usually at a very low rate, since the redox potential
of rubredoxin is approximnately 400 mV higher than that of
ferredoxin. Recently, rubredoxin was found to be a superior
electron acceptor in the CO dehydrogenase reaction in
acetogenic bacteria (33, 34). The properties of rubredoxin
have been reviewed (10).
We studied these three electron carriers in Clostridium

formicoaceticum since flavodoxin has not been isolated from
acetogenic bacteria and ferredoxin (12, 44) and rubredoxin
(43) have been purified from only one acetogen, Clostridium
thermoaceticum. Characterization of the electron carriers
involved in the acetate biosynthetic pathway is important,
since the acetogens carry out a reduction of CO2 to acetate in
a sequence of reactions of four two-electron transfers from
some electron donor (CO, H2, pyruvate, glucose, etc.) to a
pathway involving formate dehydrogenase (42) and tetrahy-
drofolate enzymes (22).

MATERIALS AND METHODS
Thioglycolic acid, DEAE-Sephadex A50-120, and Sepha-

rose CL-6B-200 were obtained from Sigma Chemical Co.
Ultrapure hydrochloric acid was from Alfa Thiokol/Ventrol.

* Corresponding author.

Ultrogel AcA chromatography gels were from LKB Instru-
ments and Sephadex gels were from Pharmacia. DEAE-
cellulose was from Whatman Ltd.
Growth of C. formwcoaceticum. C. formicoaceticum ATCC

23439, described by Andreesen et al. (1), was maintained and
grown by using the medium of Moore et al. (29) containing
3.6 ,uM iron as described earlier (2). When high-iron medium
was used, the concentration of ferrous ammonium sulfate
was 40 ,LM.

Anaiytical methods. Protein concentration was determined
by the rose bengal dye-binding assay (11), using ovalbumin
as standard, or by the extinction coefficients, which were
determined as described below. Amino acid analysis was
carried out on the homogenous electron carrier proteins by
first dialyzing samples for 36 h against double-distilled water
and by hydrolyzing in vacuo in ultrapure 6.0 N HCI for 12,
24, 48, and 72 h at 110°C. Tryptophan was determined by
acid hydrolysis in 4.0 and 6.0% thioglycolic acid (26), and
cysteine was determined as cysteic acid (16). Norleucine
was included as internal standard. The partial specific vol-
ume was calculated from the amino acid composition (3).
The extinction coefficients were calculated by using amino
acid analyses to determine the nanomoles of protein relative
to the absorbance at a given wavelength. The rose bengal
protein assay was standardized for each protein by amino
acid analysis.

Sedimentation equilibrium and velocity experiments were
performed with a Beckman model E ultracentrifuge
equipped with absorption optics. In velocity experiments,
the sedimentation coefficient was determined by the moving
boundary method (35), using the schlieren peak to detect the
position of the boundary as a function of time. Temperature
was maintained at 20°C during the velocity and equilibrium
experiments. All samples were run in 50 mM potassium
phosphate-0.3 M potassium chloride buffer. The sedimenta-
tion coefficient was corrected to the condition of water at
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TABLE 1. Properties of ferredoxin, rubredoxin, and flavodoxin from C. formicoaceticum

Mol wt determined by:

Sodium
dodecyl Partial Stokes Iron per

Protein Sedimentation sulfate- Amino acid specific radiuSb mol of
Gel filtration equilibrium polyacryl- analysis volume" protein'

amide gel
electrophoresis

Ferredoxin 5,200 ± 500 6,700 ± 200 6,000 ± 100 0.663 9.5 ± 0.4 4.6 ± 0.4
Rubredoxin 5,600 ± 500 5,900 ± 100 5,800 ± 50 0.715 10.0 ± 0.4 1.2 ± 0.2
Flavodoxin 14,000 ± 1,000 16,500 14,500 + 500 14,000 ± 1,000 0.731 17.4 ± 0.7 ND

20°C. The molecular weights were calculated according to
the Svedberg equation (35), assuming a one-component
system.
The Stokes radii and molecular weights were determined

by using carbonic anhydrase, cytochrome c, ovalbumin,
chymotrypsinogen A, and RNase A as standards. The corre-
lation coefficient of the line obtained in the standardization
was 0.992.

Acid-labile sulfide was analyzed (32) by using sodium
sulfide as the standard. Iron was determined with batho-
phenanthroline (7) and by plasma emission spectroscopy
(19). Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis was done by the method of Weber et al. (41), and
standard alkaline electrophoresis was performed with Tris-
glycine (5). Preparative electrophoresis was carried out with
an LKB 7900 Uniphor system with pH 8.0 Tris-barbital (14).

Flavodoxin was immobilized to Sepharose CL-6B as de-
scribed by Mayhew and Strating (28) after cyanogen bromide
activation (4).

Purification of flavodoxin, rubredoxin, and ferredoxin from
C. formicoaceticum cells. Figure 1 gives a summary of the
purification procedure. This procedure describes the purifi-
cation from low-iron-grown cells; however, identical steps
were used in the purification of rubredoxin and ferredoxin
from high-iron-grown cells.
Crude extract. Frozen cells (205 g) were suspended in 600

ml of 50 mM potassium phosphate buffer, pH 7.2, and
extracted as described previously (2). The suspension was
centrifuged in a type 35 Beckman rotor at 57,000 x g for 90
min. The supernatant (21,000 mg of protein) was used in the
purification procedure.
DE23 cellulose. The supernatant of the ultracentrifugation

step was applied to a DE23 cellulose column (5.5 by 38 cm)
which was washed with 50 mM potassium phosphate, pH
7.2. The top layer of this column containing the electron
carriers was removed with a spatula and placed on a fresh
bed of DE23 cellulose equilibrated with Tris-hydrochloride
(0.2 M, pH 7.6). The column was washed with 0.25 M Tris-

Suspend cells in 50 mM potassium phosphate (pH 7.2)

I Centrifuge

Supernatant

DE23 cellulose

Ferredoxi n

j Concentrate

Gel filtrate

Pure Ferredoxin
(10 mg)

Flavodoxin, Rubredoxin (1125 mg)

Concentrate

Gel filtrate

Rubredoxin (29 mg)

I DE32 cellulose

Pure Rubredoxin
(10.5 mg)

Flavodoxin (960 mg)

I DEAE-Sephadex

Pure flavodoxin
(460 mg)

FIG. 1. Purification of rubredoxin, flavodoxin, and ferredoxin from 205 g of C. formicoaceticuum cells grown in low-iron medium. The final
yields of ferredoxin and flavodoxin were dependent upon the concentration of iron in the medium. See the text for details.
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TABLE 1. (Continued)

Molar extinction coefficient (liter mol-' cm-') at

Sulfur per Sedimentation
mol of coefficient
protein (S20 ) 280 nm 390 nm 490 nm 272 nm 373 nm 444 nm

4.3 ± 0.4 NDd 22,600 17,600
0 ND 18,200 7,300 9,200
0 2.1 ND 38,600 6,500 7,700

a Determined from amino acid analysis.
b Determined from gel filtration.
c Average of iron determinations by the Doeg-Ziegler method and by plasma emission spectroscopy, using the amino acid analysis for the

determination of the protein concentration.
d ND, Not determined.

hydrochloride extensively before the flavodoxin and rubre-
doxin were eluted together with 0.3 M Tris-hydrochloride.
The 2-liter eluate was concentrated to 50 ml by using a DE32
cellulose column (2.6 by 20 cm) and then to 15 ml with an
Amicon UM-2 ultrafiltration membrane. This concentrate
contained 1,125 mg of protein when cells grown in low-iron
medium were used. Ferredoxin was eluted from the first
DE23 column after the elution of flavodoxin and rubredoxin
with 0.5 M Tris-hydrochloride.
Tandem gel filtration. The rubredoxin-flavodoxin concen-

trate from the DE23 step was applied to a tandem AcA 54-
AcA 44 column setup (both 2.6 by 85 cm). When run in low-
salt buffers, flavodoxin seemed to aggregate, so 0.2 M KCI
was included in the 50 mM Tris buffer. Under these condi-
tions, flavodoxin eluted in a tight band. The flavodoxin
solution contained 960 mg of protein, whereas the rubre-
doxin eluate had 29 mg of protein. Rubredoxin eluted well-
separated from flavodoxin.
The ferredoxin from DE32 was applied to the same gel

filtration setup and run in the same buffer system. The
resulting ferredoxin was pure as judged by the absorption
ratio (absorbance at 390 nm [A390]/A280), and by sedimenta-
tion velocity and equilibrium experiments.
DE32 cellulose. Rubredoxin from the tandem column was

adsorbed to a 5-ml DE32 cellulose column equilibrated with
Tris-hydrochloride (0.1 M), and a 200-ml linear gradient from
0.2 to 0.5 M Tris-hydrochloride was run. The red, rubre-
doxin-containing fraction was concentrated on a small DE32
cellulose column from 75 to 2.5 ml. The yield of rubredoxin
was 10.5 mg with an absorption ratio (A280A490) between
2.35 and 2.50.
The rubredoxin from this step was judged to be pure by

sodium dodecyl sulfate and alkaline electrophoresis, sedi-
mentation velocity, and absorbance ratio. In sedimentation
equilibrium experiments the ln of the concentration versus r2
plot was linear, and the molecular weights calculated with
both 490- and 280-nm scans were equivalent, which also
indicates homogeneity.
DEAE-Sephadex chromatography and preparative electro-

phoresis. Final purification of flavodoxin could be accom-
plished by either DEAE-Sephadex chromatography or pre-
parative electrophoresis. Flavodoxin from the tandem
column was absorbed to a DEAE-Sephadex column (2.6 by
22 cm) in 50 mm Tris-hydrochloride (pH 7.6) and eluted with
a 2-liter gradient of 0 to 0.25 M sodium chloride in 0.1 M
Tris-hydrochloride. The yield of flavodoxin was 460 mg with
an absorption ratio (A272/A373:A444/A373) of 6.36:1.28. Prepar-
ative electrophoresis, described above, yielded a protein

with the same characteristics as that obtained in the DEAE-
Sephadex step. It was essential to use the pH 8.0 Tris-
barbital system in preparative electrophoresis since the Tris-
glycine pH 8.9 system caused loss of the flavodoxin
cofactor, flavin mononucleotide. Dissociation of flavin
mononucleotide from the protein is reversible, however, as
shown below. The protein from this step was homogenous as
judged by alkaline and sodium dodecyl sulfate electrophore-
sis and sedimentation equilibrium and velocity experiments.

RESULTS
Effect of iron on the relative amounts of electron carriers.

When grown in medium containing only 3.6 ,uM iron salts,
flavodoxin is a major component of the soluble cell protein.
Approximately 2% of the soluble cell protein (230 mg per 100
g wet weight of cells) was recovered as homogenous flavo-
doxin. Under these iron-poor conditions, approximately 5
mg of ferredoxin could be recovered per 100 g wet weight of
cells. When the medium was supplemented with 40 ,uM of
iron, the amount offerredoxin that could be recovered as the
homogenous protein increased four- to fivefold. Flavodoxin
was undetectable in extracts of high iron-grown cells. Rubre-
doxin amounted to 3 to 5 mg per 100 g of cells, and the
amount was unaffected by addition of supplemental iron to
the growth medium.

Properties of electron transfer proteins from C. formicoace-
ticum. The properties of the electron transfer proteins are
summarized in Table 1. The amino acid compositions, iron
and inorganic sulfur contents, and molecular weights of
ferredoxin, rubredoxin, and flavodoxin were the same
regardless of whether the cells were grown in high- or low-
iron medium. Only one type offerredoxin or rubredoxin was
seen during chromatography in the purification procedures
for high- or low-iron-derived proteins, which is in contrast to
results with C. thermoaceticum, which contains two ferre-
doxins (12, 44) and two rubredoxins (43).

Ferredoxin. The average molecular weight of ferredoxin,
calculated from gel filtration, amino acid analysis, and
sedimentation equilibrium, was 6,000. Amino acid analysis
(Table 2) gave eight cysteines and a partial specific volume
of 0.663 ml/g. By both plasma emission spectroscopy and the
method of Doeg and Ziegler (7), approximately four irons
were found per mole of protein. Four acid-labile sulfides
were found per mole protein. The molar extinction coeffi-
cients were 22,600 at 280 nm and 17,600 at 390 nm. It was
essential to determine protein concentration by using amino
acid analysis including an internal standard. Use of the rose

VOL. 157, 1984



4 RAGSDALE AND LJUNGDAHL

TABLE 2. Amino acid analysis of ferredoxin, rubredoxin, and
flavodoxin from C. formicoaceticum

Amino acid Ferredoxin Rubredoxin Flavodoxin

Asx 8 8 7
Thr 2 2 4
Ser 2 1 3
Glx 5 5 28
Pro 4 6 4
Gly 4 6 21
Ala 8 3 9
Cys 8 4 1
Val 5 6 8
Met 1 1 9
Ile 4 2 3
Leu 0 0 14
Tyr 2 3 2
Phe 0 2 2
His 0 0 0
Lys 1 3 8
Arg 0 0 2
Trp 0 1 1

bengal (11) or Lowry et al. (24) assay gave values for protein
concentration that were seriously in error. The purified
ferredoxin had an absorbance ratio (A390/A280) of between
0.74 to 0.78 and a spectrum similar to those of other
ferredoxins (30).

Rubredoxin. The average molecular weight of rubredoxin
was 5,800. As in other rubredoxins, four cysteines were

found. The number of irons per mole was approximately 1 to
1.5; however, since the extinction coefficients, absorption
ratio (A28d/A490), and cysteine content were so similar to
those of the one-iron rubredoxin, we feel that nonessential
iron must be absorbed to the protein. Plasma emission
spectroscopy revealed the presence of 3.0 Ca, 8.6 K, 4.2 Na,
and 2.0 P per mol protein, so it is reasonable that nonfunc-
tional iron could also be bound. By absorbing the purified
rubredoxin to DEAE-cellulose and then washing with pH 5.5
sodium citrate buffer (0.1 M), lower iron readings (approxi-
mately 1.0 mol of Fe per mol of protein) than those found in
the nontreated sample were obtained.
The spectrum of rubredoxin was unlike that of other

rubredoxins (Fig. 2) in that the 373-nm peak was quite
symmetric. Thus, the C. formicoaceticum rubredoxin lacks
a shoulder at 350 nm that is characteristic of other rubredox-
ins (10, 23, 43). The same spectrum was obtained from
rubredoxins isolated from both high- and low-iron-derived
cells.
Rubredoxin from C. formicoaceticum contains no histi-

dine or arginine (Table 2), a common characteristic of
rubredoxins. Tryptophan also is present in this rubredoxin.
The partial specific volume is 0.715 ml/g.

Flavodoxin. The average molecular weight of flavodoxin is
14,500. Extinction coefficients are shown in Table 1. A
partial specific volume of 0.730 ml/g was obtained from the
amino acid composition (Table 2). The spectrum (Fig. 3) of
the stable semiquinone formed by treatment with light in the
presence of EDTA (25) or CO plus CO dehydrogenase was

very similar to that of the Megasphaera elsdenii flavodoxin
(27). The cofactor was identified as flavin mononucleotide
by coupling the protein to a Sepharose-CL-6B and eluting
cofactor with 5% trichloracetic acid plus 0.3 mM EDTA as
described by Mayhew et al. (28). Flavin adenine dinucleo-
tide, flavin mononucleotide, and riboflavin were equilibrated
with the column, but only flavin mononucleotide would bind
to the Sepharose-bound apoprotein.

DISCUSSION
The concentration of iron in the growth medium signifi-

cantly affects the relative concentrations of ferredoxin and
flavodoxin, but not of rubredoxin, in cells of C. formicoace-
ticum. Similar findings have been reported for M. elsdenii
(27) and Clostridium pasteurianum (20). With C. pasteur-
ianum, the maximal amount of ferredoxin is formed by
bacteria grown in media containing 40 ,uM of iron salts (20).
From 100 g of C. formicoaceticum cells grown in 40 p.M iron
medium we isolated over 20 mg of ferredoxin but found no
evidence for a flavodoxin. In contrast, from the same
amount of cells grown with 3.6 pFM iron in the medium, only
about 5 mg of ferredoxin was isolated, whereas, flavodoxin
constituted almost 2% of the soluble protein.

It is apparent that ferredoxin is replaced by flavodoxin in
cells grown in low-iron media. In addition, Schonheit et al.
(36) have shown that degradation of ferredoxin occurs in C.
pasteurianum during periods of iron deprivation and it is
utilized as a source of iron. Therefore, it is interesting that
under low-iron conditions C. formicoaceticum and M. els-
denii (27) produce significant amounts of rubredoxin. This
may indicate an important role for rubredoxin in these
bacteria. However, the only postulated role so far for
rubredoxin in anaerobic bacteria involves CO dehydroge-
nase, since rubredoxin is the most active acceptor of CO
dehydrogenase electrons in the acetogenic bacteria (33, 34).
The molecular weights and other properties of ferredoxin,

flavodoxin, and rubredoxin from C. formicoaceticum were
similar to those reported for those proteins from other
bacteria. By using amino acid analysis to determine the
amount of protein and plasma emission spectroscopy as well
as a colorimetric method to determine iron, we found that
ferredoxin contained only four Fe and four S per mole of
protein. The extinction coefficient, using the same absolute
method for determination of protein concentration, agreed
with the conclusion that the C. formicoaceticum ferredoxin
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FIG. 2. Light absorption spectrum of C. formicoaceticum rubre-
doxin, 0.64 mg/ml in 50 mM Tris-hydrochloride, pH 7.6. Inset shows
rubredoxin, 0.25 mg/ml, oxidized ( ) and enzymatically re-
duced with C. thermoaceticum CO dehydrogenase ----) by bub-
bling with CO for 5 min before addition of enzyme.
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300 400 nm 500 600

FIG. 3. Light absorption spectrum of C. formicoaceticum flavo-
doxin, 1.80 mg/ml, in 50 mM Tris-hydrochloride, pH 7.6. Oxidized
flavodoxin ( ) was enzymatically reduced with C. thermoace-
ticum CO dehydrogenase (----) by bubbling with CO for 5 min
before addition of enzyme.

is a four-iron ferredoxin, like that of C. thermoaceticum
ferredoxin I (44) and ferredoxins from Desulfovibrio gigas
(39), Desulfovibrio desulfuricans (45), Bacillus stearother-
mophilus (31), Spirochaeta stenostrepa (18), and Bacillus
polymyxa (37). However, the C. formicoaceticum ferredoxin
contains eight cysteine residues, whereas B. stearothermo-
philus (15), Spirochaeta stenostrepa (18), and B. polymyxa
(37) ferredoxins contain four and C. thermoaceticum (13), D.
gigas (39), and D. desulfuricans (45) ferredoxins have six
cysteine residues. Since all ferredoxins so far isolated which
contain eight cysteines also contain eight Fe and eight S, it
seems that the C. formicoaceticum ferredoxin should be
convertible into an eight Fe-eight S protein. Even though the
purification procedure utilized in preparation of the ferre-
doxin was quick and rather mild, it is possible that a cluster
could have dissociated from the protein. Sequence analysis
should explain the difference between this and other eight
cysteine-containing ferredoxins.
The C. formicoaceticum rubredoxin light absorption

peaks and the ratio of the peak at 490 nm to that at 280 nm
were similar to those found for other purified rubredoxins.
However, the C. formicoaceticum we found lacked a shoul-
der at approximately 350 nm that has been characteristic of
other rubredoxins (10, 23, 43). In addition, the electron
paramagnetic resonance spectrum (not shown here) of the C.
formicoaceticum rubredoxin showed only the g = 4.3 reso-

nance, and we did not detect the g = 9.4 resonance seen in
other rubredoxins. This g = 9.4 signal is quite temperature
sensitive and is always weaker than the g = 4.3 resonance,

however, and electron paramagnetic resonance studies at
various temperatures have not yet been carried out. We have
not yet found the reasons for these spectral differences,
since the iron and amino acid analyses were so similar to
those of other rubredoxins.

Flavodoxin from C. formicoaceticum was similar to other
flavodoxins (21, 27). When cells were grown in a medium
containing 3.6 ,uM iron salts, it was a major component of
the cell and constituted at least 2% of the soluble cell
protein. The flavodoxin from C. formicoaceticum was used
in resonance coherent and anti-Stokes Raman scattering
spectroscopy and was found to resemble the M. elsdenii
flavodoxin, in contrast to the Desulfovibrio and Azotobacter
vinelandii flavodoxins (40).

Recently, ferredoxin, rubredoxin, and flavodoxin from C.
formicoaceticum have been used as electron acceptors for
C. thermoaceticum (33), C. formicoaceticum, and Acetobac-
terium woodii carbon monoxide dehydrogenases (34). We
found in all cases that rubredoxin is the best natural electron
acceptor, followed by ferredoxin and the flavodoxin. We
postulate that rubredoxin, therefore, is the primary natural
electron carrier for CO dehydrogenase in acetogenic bacte-
ria.

ACKNOWLEDGMENTS
This work was supported by Public Health Service grant AM-

27323 from the National Institute of Arthritis, Diabetes, Digestive
and Kidney Diseases and by project DE-AS09-79 ER10499 from the
U.S. Department of Energy at the University of Georgia. S.R. is the
recipient of a University of Georgia University-wide graduate
assistantship.
We are grateful to Joan E. Clark (University of Georgia) for

preparation of the C. formicoaceticum cells, Rick Thomas and
Ronald Makula for large-scale cell growth, and Dan V. DerVartan-
ian and Susan Holmes (University of Georgia) for carrying out
electron paramagnetic resonance experiments.

LITERATURE CITED
1. Andreesen, J. R., G. Gottschalk, and H. G. Schlegel. 1970.

Clostridium formicoaceticum nov. spec. Isolation, description
and distinction from Clostridium aceticum and Clostridium
thermoaceticum. Arch. Mikrobiol. 72:154-174.

2. Clark, J. E., and L. G. Ljungdahl. 1982. Purification and
properties of 5,10-methenyltetrahydrofolate cyclohydrolase
from Clostridium formicoaceticum. J. Biol. Chem. 257:3833-
3836. 4

3. Cohn, E. J., and J. T. Edsall. 1943. Density and apparent
specific volume of proteins, p. 370-381. In E. J. Cohn and J. T.
Edsell (ed.), Proteins, amino acids and peptides as ions and
dipolar ions. Rheinhold, New York.

4. Cuatrecasas, P. 1970. Protein purification by affinity chromatog-
raphy. J. Biol. Chem. 245:3059-3065.

5. Davis, B. J. 1964. Disc electrophoresis-II. Method and applica-
tion to human serum proteins. Ann. N.Y. Acad. Sci. 121:404
427.

6. Diekert, G. B., and R. K. Thauer. 1978. Carbon monoxide
oxidation by Clostridium thermoaceticum and Clostridium for-
micoaceticum. J. Bacteriol. 136:597-606.

7. Doeg, K. A., and D. M. Ziegler. 1962. Simplified methods for the
estimation of iron in mitochrondia and submitochondrial frac-
tions. Arch. Biochem. Biophys. 97:37-40.

8. Drake, H. L. 1982. Demonstration of hydrogenase in extracts of
the homoacetate-fermenting bacterium Clostridium thermoace-
ticum. J. Bacteriol. 150:702-709.

9. Drake, H. L., S.-I. Hu, and H. G. Wood. 1981. Purification of
five components from Clostridium thermoaceticum which cata-
lyze synthesis of acetate from pyruvate and methyltetrahydrofo-
late. J. Biol. Chem. 256:11137-11144.

10. Eaton, W. A., and W. Lovenberg. 1973. The iron-sulfur complex
in rubredoxin, p. 131-162. In W. Lovenberg (ed.), Iron-sulfur
proteins, vol. 2. Academic Press, Inc., New York.

11. Elliott, J. I., and J. M. Brewer. 1978. The inactivation of yeast
enolase by 2,3-butanedione. Arch. Biochem. Biophys. 190:351-
357.

VOL. 157, 1984



6 RAGSDALE AND LJUNGDAHL

12. Elliott, J. I., and L. G. Ljungdahl. 1982. Isolation and character-
ization of an Fe8-S8 ferredoxin (ferredoxin II) from Clostridium
thermoaceticum. J. Bacteriol. 151:328-333.

13. Elliott, J. I., S-S. Yang, L. G. Ljungdahl, J. Travis, and C. F.
Reilly. 1982. Complete amino acid sequence of the 4Fe-4S,
thermostable ferredoxin from Clostridium thermoaceticum.
Biochemistry 21:3294-3298.

14. Gabriel, 0. 1971. Analytical disc gel electrophoresis. Methods
Enzymol. 22:565-578.

15. Hase, T., N. Ohmiya, H. Matsubara, R. N. Mullinger, K. K.
Rao, and D. 0. Hall. 1976. Amino acid sequence of a four-iron-
four sulfur ferredoxin isolated from Bacillus stearothermophi-
lus. Biochem. J. 159:55-63.

16. Hirs, C. H. W. 1967. Determination of cystine as cysteic acid.
Methods Enzymol. 11:59-62.

17. Hu, S.-I., H. L. Drake, and H. G. Wood. 1982. Synthesis of
acetyl coenzyme A from carbon monoxide, methyltetrahydrofo-
late, and coenzyme A by enzymes from Clostridium thermoace-
ticum. J. Bacteriol. 149:440-448.

18. Johnson, P. W., E. Canale-Parola. 1973. Properties of rubre-
doxin and ferredoxin isolated from Spirochetes. Arch. Mikro-
biol. 89:341-353.

19. Jones, J. B., Jr. 1977. Elemental analysis of soil extracts and
plant tissue ash by plasma emission spectroscopy. Commun.
Soil Sci. Plant Anal. 8:349-365.

20. Knight, E., Jr. and R. W. F. Hardy. 1966. Isolation and
characteristics of flavodoxin from nitrogen-fixing Clostridium
pasteurianum. J. Biol. Chem. 241:2752-2756.

21. Knight, E., Jr., and R. W. F. Hardy. 1967. Flavodoxin. Chemi-
cal and biological properties. J. Biol. Chem. 242:1370-1374.

22. Ljungdahl, L. G., and H. G. Wood. 1982. Acetate biosynthesis,
p. 165-202. In D. Dolphin (ed.), B12, vol. 2. John Wiley & Sons,
Inc., New York.

23. Lovenberg, W., and B. E. Sobel. 1965. Rubredoxin: a new
electron transfer protein from Clostridium pasteurianum. Proc.
Natl. Acad. Sci. U.S.A. 54:193-199.

24. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

25. Massey, V., and G. Palmer. 1966. On the existence of spectrally
distinct classes of flavoprotein semiquinones. A new method for
the quantitative production of flavoprotein semiquinones. Bio-
chemistry 5:3181-3189.

26. Matsubara, H., and R. M. Sasaki. 1969. High recovery of
tryptophan from the acid hydrolysates of proteins. Biochem.
Biophys. Res. Commun. 35:175-181.

27. Mayhew, S. G., and V. Massey. 1969. Purification and character-
ization of flavodoxin from Peptostreptococcus elsdenii. J. Biol.
Chem. 244:794-802.

28. Mayhew, S. G., and M. J. J. Strating. 1975. Properties of
immobilized flavodoxin from Peptostreptococcus elsdenii. Eur.
J. Biochem. 59:539-544.

29. Moore, M. R., W. E. O'Brien, and L. G. Ljungdahl. 1974.
Purification and characterization of nicotinamide adenine dinu-
cleotide-dependent methylenetetrahydrofolate dehydrogenase
from Clostridium formicoaceticum. J. Biol. Chem. 249:5250-
5253.

30. Mortenson, L. E., and G. Nakos. 1973. Bacterial ferredoxins
and/or iron-sulfur proteins as electron carriers, p. 37-64. In W.
Lovenberg (ed.), Iron-sulfur proteins, vol. 1. Academic Press,
Inc. New York.

31. Mullinger, R. N., R. Cammack, K. K. Rao, D. 0. Hall, D. P. E.
Dickson, C. E. Johnson, J. D. Rush, and A. Simopoulos. 1975.
Physiochemical characterization of the four-iron four-sulfide
ferredoxin from Bacillus stearothermophilus. Biochem. J. 151:
75-83.

32. Rabinowitz, J. C. 1978. Analysis of acid-labile sulfide and
sulfhydryl groups. Methods Enzymol. 53:275-277.

33. Ragsdale, S. W., J. E. Clark, L. G. Ljungdahl, L. L. Lundie, and
H. L. Drake. 1983. Properties of purified carbon monoxide
dehydrogenase from Clostridium thermoaceticum, a nickel,
iron-sulfur protein. J. Biol. Chem. 258:2364-2369.

34. Ragsdale, S. W., L. G. Ljungdahl, and D. V. DerVartanian.
1983. Isolation of the carbon monoxide dehydrogenase from
Acetobacterium woodii and comparison of its properties with
the Clostridium thermoaceticum enzyme. J. Bacteriol. 155:
1224-1237.

35. Schachman, H. K. 1959. Ultracentrifugation in biochemistry.
Academic Press, Inc., New York.

36. Schonheit, P., A. Brandis, and R. K. Thauer. 1979. Ferredoxin
degradation in growing Clostridium pasteurianum during peri-
ods of iron deprivation. Arch. Microbiol. 120:73-76.

37. Stombaugh, N. A., R. H. Burris, and W. H. Orme-Johnson.
1973. Ferredoxins from Bacillus polymyxa. Low potential iron-
sulfur protein which appear to contain four iron, four sulfur
centers accepting a single electron on reduction. J. Biol. Chem.
248:7951-7956.

38. Thauer, R. K. 1972. CO2 reduction to formate by NADPH. The
initial step in the total synthesis of acetate from CO2 in
Clostridium thermoaceticumr. FEBS Lett. 27:111-115.

39. Travis, J., D. J. Newman, J. LeGall, and H. D. Peck, Jr. 1971.
The amino acid sequence offerredoxin from the sulfate reducing
bacterium, Desulfovibrio gigas. Biochem. Biophys. Res. Com-
mun. 45:452-458.

40. Visser, A. J. W. G., J. Vervoort, D. J. O'Kane, J. Lee, and L. A.
Carreira. 1983. Raman spectra of flavin bound in flavodoxins
and in other flavoproteins. Eur. J. Biochem. 131:639-645.

41. Weber, K., J. R. Pringle, and M. Osborn. 1972. Measurement of
molecular weights by electrophoresis on SDS-acylamide gel.
Methods Enzymol. 26:3-27.

42. Yamamoto, I., T. Saiki, S.-M. Liu, and L. G. Ljungdahl. 1983.
Purification and properties of NADP-dependent formate dehy-
drogenase from Clostridium thermoaceticum, a tungsten-seleni-
um-iron protein. J. Biol. Chem. 258:1826-1832.

43. Yang, S.-S., L. G. Ljungdahl, D. V. DerVartanian, and G. D.
Watt. 1980. Isolation and characterization of two rubredoxins
from Clostridium thermoaceticum. Biochim. Biophys. Acta
590:24-33.

44. Yang, S.-S., L. G. Ljungdahl, and J. LeGall. 1977. A four-iron,
four-sulfide ferredoxin with high thermostability from Clostridi-
um thermoaceticum. J. Bacteriol. 130:1084-1090.

45. Zubieta, J. A., R. Mason, and J. R. Postgate. 1973. A four-iron
ferredoxin from Desulfovibrio desulfuricans. Biochem. J. 133:
851-854.

J. BACTERIOL.


