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Abstract Ferredoxin was purified from methanol-grown Methanosarcina barkeri strain MS. It was isolated as a dimer with a subunit molecular
weight of 6,200. The protein contained 7.4 mol iron and 7.2 mol acid-labile sulfur per monomer. In the reduced state the ferredoxin exhibited an
EPR spectrum characteristic of two spin-coupled [4Fe-4S]'* clusters. The E,, of the [4Fe-4S]**"'* couple was =322 mV + 3 mV vs. NHE at 21°C and
pH 7.0. The midpoint potential was temperature but not pH dependent. At the physiological temperature of 37°C the E,_ was —340 mV.
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1. Introduction

Ferredoxins are small, acidic proteins involved in the elec-
tron transport in a wide variety of redox reactions. The proteins
typically contain non-heme iron and acid-labile sulfur coordi-
nated by cysteines. Ferredoxins have been isolated from many
organisms including methanogenic bacteria [1,2].

Ferredoxins have been purified from various Methanosarcina
species, including M. barkeri strain MS [3,4], M. barkeri strain
Fusaro [5], and M. thermophila [6]. The ferredoxin of M. barkeri
strain MS is composed of 59 amino acids with a molecular mass
of 6,000. 1t has a 41% sequence homology with the 2[4Fe-4S]
ferredoxin from Clostridium pasteurianum [7]. The eight cyste-
ine residues involved in cluster formation in the C. pasteuria-
num ferredoxin are completely conserved in the ferredoxin
from M. barkeri [1,7]. However, as isolated the latter protein
was found to contain a 3Fe cluster [3]. The ferredoxin from
M. barkeri strain Fusaro has a molecular mass of 6,100. The
protein contains 7 iron and 7-8 acid-labile sulfur atoms per
molecule indicative of the presence of 2[4Fe-4S] clusters [5]. The
ferredoxin gene from M. thermophila has been sequenced and
encodes a 6,200 molecular weight protein with an eight cyste-
ine-spacing typical for a 2[4Fe-4S] protein [8]. Resonance
Raman and electronic paramagnetic resonance (EPR) spectros-
copy studies demonstrated that the protein indeed contained
two [4Fe-4S] clusters per monomer [9].

From the above it is clear that there is a notable difference
between the amount of iron and sulfur expected on the basis
of the amino acid sequence, and the iron-sulfur content present
in the as-isolated ferredoxin from M. barkeri strain MS [3]. In
this communication we demonstrate that the ferredoxin from
M. barkeri strain MS can be purified as a 2[4Fe-4S] protein. Its
redox properties were determined.

2. Materials and methods
2.1. Organism

Methanosarcina barkeri strain MS (DSM 800) was grown in a min-
eral medium with methanol as a substrate. Cell-free extract was pre-
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pared in 50 mM TES/K* buffer (pH 7.0) containing 15 mM MgCl, and
1 mM dithiothreitol and stored at —=70°C under H, [10].

2.2. Purification of ferredoxin

Because of the oxygen sensitivity of ferredoxin, all handlings were
performed under anaerobic conditions [10]. Cell-free extract (10 ml)
was applied to a DEAE-Sepharose-Cl-6B column (12 by 2.8 cm) equil-
ibrated in 50 mM TES/K" buffer (pH 7.0) containing 15 mM MgCl,
and 1 mM dithiothreitol. Bound proteins were eluted with a 400-ml
linear gradient of 0 to 0.6 M NH,CI as described before [10]. The
ferredoxin-containing fractions, eluting between 0.50 and 0.56 M
NH,CI, were concentrated by Amicon YM-3 ultrafiltration to a final
volume of 1 ml. Ethylene glycol was added as a stabilizing agent to a
final concentration of 10%. Ferredoxin was further purified by gel
filtration on Superose 6 (30 by 1 cm) equilibrated in 50 mM TES/K”*
buffer (pH 7.0) containing 15 mM MgCl,, | mM dithiothreitol, 150 mM
NH,C], and 10% ethylene glycol. Ferredoxin fractions that were judged
to be pure according to native PAGE were concentrated by Amicon
UM-05 ultrafiltration. Ferredoxin was stored at —20°C under H, in 10
mM TES/K* (pH 7.0) buffer containing 65 mM NH,Cl and 10% ethyl-
ene glycol.

2.3. Spectroscopy

EPR spectroscopy was carried out on a Bruker 200 D spectrometer
equipped with cryogenics, peripheral equipment and data-acquisition/
manipulation facilities as described previously [11]. Ultraviolet-visible
absorption spectra were measured at room temperature using a Hitachi
U-3200 spectrophotometer.

2.4. Electrochemistry

Direct electrochemistry (cyclic voltammetry) of 12 gl amounts of
ferredoxin (0.87 mg/ml) was performed under argon atmosphere with
the nitric acid treated glassy carbon electrode and the micro-apparatus
and methodology described before [12]. The response of the reduction
potential as a function of the temperature was determined by immersing
the electrochemical cell in a thermostatted water bath. For the determi-
nation of the pH dependence, the protein stock solution was diluted 1: 3
into 100 mM buffer mixtures (pH 6-10) of the desired pH.

2.5. Other procedures

Ferredoxin activity was assayed as described by Van der Meijden et
al. [4]. Protein concentrations were determined by means of amino acid
analysis. Ferredoxin was hydrolyzed in vacuo with 5.7 N HCl at 105°C
for 24 h. Amino acids were analyzed after derivatization with 9-fluoren-
ylmethyl chloroformate on a Lichrosorb RP-8 column with L-norleuc-
ine as an internal standard [13]. Total iron and acid-labile sulfur were
determined as described by Fish [14] and Rabinowitz [15], respectively.
Native and denaturing SDS-PAGE and isoelectric focusing were per-
formed with pre-fabricated minigels using the Pharmacia PhastSystem
equipment. The gels were fixed with 20% trichloroacetic acid and
stained with Coomassie brilliant blue R-350. The native molecular
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weight was determined by gel filtration on Sephadex-G50 (120 by 2.5
cm) equilibrated in 10 mM TES/K” (pH 7.0) containing 100 mM NH,Cl
and 1 mM dithiothreitol.

3. Results and discussion

3.1. Physical and chemical properties

Ferredoxin was anaerobically purified from M. barkeri strain
MS by a factor of 116 with a recovery of 16%. The native
molecular weight, estimated by gel filtration chromatography,
was 12,000. From SDS-PAGE a subunit molecular weight of
6,200 was measured. This suggested that ferredoxin was iso-
lated as a dimer. Determination of the total iron and acid-labile
sulfur content showed the presence of 7.4 Fe/mol and 7.2 S/mol
of monomer, respectively. From isoelectric focusing a pI of 4.6
was obtained.

3.2. Spectral properties

The ultraviolet-visible absorption spectrum of the as-isolated
oxidized ferredoxin showed absorption maxima at 276 and 384
nm, and Asg/A,,6 Of 0.84. After addition of dithionite the ab-
sorption at 384 nm decreased as the result of reduction of the
iron-sulfur clusters. From the absorption spectrum of the as-
isolated oxidized ferredoxin a molar extinction coefficient of
354 = 28,700 M~'-cm™! per monomer (&35, = 3,900 M™'-em™
per iron atom) could be calculated. This type of spectrum and
extinction coefficient per iron atom is typical of iron-sulfur
proteins containing [4Fe-4S]** centers [16].

The results described above suggested that the ferredoxin
was isolated with two [4Fe-4S] clusters per monomer. There-
fore, the protein was studied by EPR in two oxidation states.
In the oxidized state no signal was observed. After reduction
with dithionite a signal with g values at 2.03, 1.99, 1.96, 1.92,
and 1.88 appeared (Fig. 1). The complex spectrum had the
characteristics of a signal resulting from the spin-spin interac-
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Fig. 1. EPR-spectrum of the reduced M. barkeri ferredoxin. The protein
(0.66 mg/ml) was reduced with 2 mM dithionite and frozen in liquid
nitrogen. EPR conditions: microwave frequency, 9.1799 GHz; modula-
tion frequency, 100 kHz; modulation amplitude, 2 mT; microwave
power, 3.2 mW; temperature, 13 K.
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Fig. 2. Cyclic voltammograms of ferredoxin from M. barkeri. Condi-
tions: ferredoxin (12 ul, 0.87 mg/ml) in 10 mM TES/K* (pH 7.0) con-
taining 65 mM NH,Cl, 10% ethylene glycol, and 3.3 mM neomycin;
potential scan rates, from the inside outward, 10, 25, 40, and 75 mV/s,
respectively; temperature, 21°C. The potential axis is defined versus the
normal hydrogen electrode.

tion of two paramagnetic [4Fe-4S)'* clusters [17,18], and it was
nearly identical to the one reported for the M. thermophila
ferredoxin [9]. Except for the absence of a broad lateral line at
g = 2.12, the signal was similar to that reported for the fully
reduced C. pasteurianum ferredoxin [18,19]. The lateral line was
also absent in the spectrum of the M. thermophila ferredoxin
[9], which has a 92% sequence identity to the protein described
here [8]. From these results we concluded that the ferredoxin
of M. barkeri was isolated with 2[4Fe-4S] clusters per subunit.

3.3. Reversible electrochemistry

Ferredoxin showed a direct response at the glassy carbon
electrode in the absence of promotors or mediators. However,
in the presence of neomycin (3.3 mM), the signal became more
stable and fully reversible. Representative voltammograms are
shown in Fig. 2. At low scan rates (typically 10 mV/s) then = 1
electron transfer is reversible, as judged from the reproducible
cathodic-to-anodic peak potential separation of 57 mV * SmV.
At ambient temperatures and at neutral pH, no significant
deterioration of this response was observed over a period of one
hour. The reduction potential (E,) was —322 mV * 3 mV at
21°C and pH 7.0 versus the normal hydrogen electrode (NHE).
From Fig. 2 it is also clear that the midpoint redox potentials
of the individual [4Fe-4S] clusters do not differ significantly,
since only one symmetrical wave is observed.

The response of the reduction potential was also measured
as a function of the temperature. At all temperatures measured
between 2°C and 50°C, the peak-to-peak distance was 58
mV * 6 mV for a scan rate of 10 mV/s. For temperatures above
50°C reproducibility was not warranted due to desiccation of
the sample under the argon flow. At temperatures up to 18°C
the midpoint reduction potential decreased linearly with a slope
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Fig. 3. Temperature dependence of the midpoint redox potential of the
ferredoxin from M. barkeri. The midpoint redox potentials were ob-
tained from voltammograms at a scan rate of 10 mV/s. Except for the
temperature all other conditions were as described in Fig. 2.

of —0.39 mV/°C (Fig. 3). Hereabove, a linear decrease of —1.22
mV/°C was observed. This effect is probably the result of a
change in protein conformation at 18°C which influences the
immediate vicinity of the iron-sulfur clusters [16]. Ferredoxin
showed a midpoint potential of =340 mV versus NHE at the
physiological growth temperature of 37°C [20]. The E_, was pH
independent between pH 6-10 which indicates that the electron
transfer mechanism does not involve proton exchange. Gra-
hame [21], who isolated a ferredoxin from acetate-grown
M. barkeri, measured a significantly lower E_ of —420 mV at
pH 8.0. This ferredoxin may be different from the one discussed
here that was obtained from methanol-grown cells.

In conclusion, we have demonstrated that the ferredoxin
from methanol-grown M. barkeri strain MS contains 2[4Fe-4S]
clusters per monomer, which accords the eight cysteine-spacing
in the amino acid sequence [1,7]. The previously reported pres-
ence of a 3Fe cluster [3] could be an isolation artifact. Degrada-
tion of [4Fe-48] clusters was also found for the ferredoxin of
M. thermophila [8,9].
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