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Abstract The iron-sulfur clusters of a pyruvate:ferredoxin
oxidoreductase isolated from a methanogenic archaeon, Metha-
nosarcina barkeri (Fusaro), have been unambiguously identified
for the first time. In agreement with the estimated iron and sulfur
contents (Bock and Schénheit, Eur. J. Biochem., 237 (1996) 35—
44), the enzyme is shown to contain three [4Fe—4S]**'"* clusters,
which in the reduced state give a complex EPR spectrum
resulting from three distinct centres, magnetically interacting.
The catalytic cycle of the enzyme was studied by visible and EPR
spectroscopies. A thiamine diphosphate based radical is also an
intermediate in the M. barkeri enzyme catalytic cycle. However,
under anaerobic conditions, the enzyme or Clostridium pasteur-
ianum ferredoxin iron-sulfur clusters are reduced only in the
presence of both substrates, pyruvate and coenzyme A.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Pyruvate:ferredoxin oxidoreductases catalyze either the
oxidative decarboxylation of pyruvate to acetyl CoA or the
reductive carboxylation of acetyl-CoA, using ferredoxin as an
electron donor or acceptor. The enzyme has been found in all
the three life domains: bacteria, archaea and eukarya. In par-
ticular, it has been found in all archaea tested for its presence,
both aerobic and anaerobic. Until recently, methanogenic
archaea were assumed to be exceptional, apparently using
the deazaflavin coenzyme Fiop rather than ferredoxin as the
electron carrier, suggesting the presence of pyruvate:F420
oxidoreductases. However, upon purification of pyruvate ox-
idoreductasc from the methanogenic Methanosarcina barkeri
(Fusaro) the enzyme could be clearly defined as pyruvate:fer-
redoxin oxidoreductase [1].

All pyruvate:ferredoxin oxidoreductases contain thiamin
diphosphate (TPP) and [4Fe—4S]**/1* centres. However, the
number of iron-sulfur centres per enzyme has been estimated
in most cases by colorimetric determinations of the iron and
sulfide contents, showing variable results (see e.g. [1]). An
exact quantification and characterisation of the Fe/S centres
by EPR spectroscopy has been made only in a few cases [2-5].
Apparently, there is not a correlation between the number of
centres and either the enzyme subunit composition or the
enzyme source. We report on this article the quantification
and characterisation of the iron sulfur centres of the M. bar-
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keri enzyme. The catalytic mechanism and electron transfer to
the ferredoxin were also probed. Although it has been com-
monly assumed that the oxidation of pyruvate, by the super-
family of pyruvate:ferredoxin oxidoreductases, occurs by a
generally common mechanism, based on the formation of a
hydroxyethyl thiamine radical intermediate [2,3], unequivocal
experimental evidence is still lacking. In particular, it should
be stressed that for the enzymes isolated from Clostridia, such
a radical has not been observed [4,5].

2. Materials and methods

The enzyme was prepared as previously described [1]. All experi-
ments were done under argon atmosphere, in buffers containing 5-10
mM dithioerythrol. Clostridium pasteurianum ferredoxin was prepared
as in [6]. EPR experiments were performed as in [7]. Myoglobin-azide
[8] was used as a standard for EPR quantification. Spectra obtained
under non-saturating conditions (24 uW) were used for double inte-
gration, and corrections for the g-value anisotropy were performed
using the Aasa and Vanngard correction factor [9]. Visible spectra
were recorded on a Beckman DU-9 spectrophotometer.

3. Results and discussion

As isolated, under anaerobic conditions, the enzyme exhib-
its a low-intensity radical signal, with unresolved hyperfine
structure and an overall linewidth of ~ 1.5 mT, similar to
those observed in other PORs [10,11] (Fig. 1AFig. 2A), which
has been assigned to a hydroxyalkyl thiamine diphosphate
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Fig. 1. EPR spectra at 134 K of M. barkeri POR: (A) native; (B)

incubated with 10 mM sodium pyruvate; (C) incubated with 10

mM sodium pyruvate labelled at C-2 with 3C. Microwave power:

2.4 mW; modulation amplitude: 0.1 mT
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Fig. 2. EPR spectra of M. barkeri POR: (A) native; (B) incubated
with 10 mM sodium pyruvate; (C,D) upon addition of 0.1 mM
CoA. Temperature: (A-C) 8 K; (D) 25 K. Microwave power: 2.4
mW; modulation amplitude: 1 mT.
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based radical. In some preparations, a very low-intensity
rhombic signal is observed at low temperatures, with g-values
at ~2.03, 1.96 and 1.88, typical of reduced [4Fe—4S]*+/1+
centres (not shown). Upon incubation of the enzyme with
10 mM sodium pyruvate, the intensity of this signal i1s unal-
tered, while the intensity of the radical species increases by
about 100 times, but there are no changes in its lineshape
(Fig. 1BFig. 2B). Spectra recorded at low-temperature do
not show new EPR resonances, indicating that the enzyme
iron-sulfur centres remain in the same redox state (Fig. 2B).
It has been suggested that this may be due to the presence of
oxygen [2,3]. Using redox mediators, the solution redox po-
tential was determined to be stable at ~—200 mV, which
seem to exclude the presence of oxygen. Pyruvate labelled
with 13C at C-2 was also used as a substrate. Apart from a
very slight loose of resolution in the central part of the spec-
trum (Fig. 1C), there are no differences on the radical EPR
spectra obtained with natural abundance or *C-labelled pyr-
uvate, as was observed on the enzymes from Pyrococcus fu-
riosus and Thermotoga maritima [12]. This clearly shows that
the spin density at C-2 is negligible, in contrast to previous
formulations of the radical structure [12,13]. Although the
actual radical structure has not yet been demonstrated, either
in enzymatic systems or using thiazolium salts, the former
proposal [14] in which the electron density is clearly distrib-
uted on the pentadienylic group, is compatible with the negli-
gible effect observed upon labelling pyruvate at C-2:
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After addition of CoA the EPR spectra change drastically
(Fig. 2C,D). A complex spectrum appears, with an average g-
value at 1.94. Lines are observed from g~2.11 to ~1.81,
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with main features at g~2.11, 2.06, 2.04, 1.93, 1.92, 1.88,
1.86 and 1.81. These features are accounted by a minimum
of three distinct centres. Even at the maximum attainable
microwave power (246 mW) and at 4.6 K no other resonances
are observed in the entire magnetic field range, indicating the
absence of S>1/2 spin systems. Change of the microwave
power, at 4.6 K or 15 K do not result in a simplification of
the spectra and above 40 K the spectrum broadens beyond
detection. At ca. 20 K the spectrum is slightly simplified and a
main set of resonances at g=2.04, 1.92 and 1.86 is detected
(Fig. 2D). Both the EPR g-values and the relaxation behav-
iour observed are typical of reduced [4Fe—4S]**/1* centres, in
an S=1/2 ground state, magnetically interacting. By double
integration of the spectrum at 15 K, a value of 2.7 spin/mol
was obtained. This value shows that the enzyme contains
three 4Fe centres, as expected from the previously published
iron quantitation [1]. Also, it indicates that in the presence of
both substrates an almost complete reduction of all the Fe
centres is achieved. Upon addition of excess sodium dithionite
there are no changes of either the EPR line-shape or of the
EPR signal intensity. The minor difference from the expected
value of 3 spin/mole may result from several factors. It is
possible that not all the enzyme centres are fully reduced; in
fact, as observed for other PORs, the reduction potentials of
these centres are extremely low. At pH 7.0 the reduction po-
tentials estimated by an EPR monitored redox titration (data
not shown) are well below —350 mV, and hence at this point
it was not possible to determine the reduction potentials by
chemical reduction with sodium dithionite, at this pH value.
Furthermore, due to the magnetic interaction between the
reduced Fe centres, the total spectral intensity may be lower
than that expected for magnetically isolated centres.

The temperature behaviour of the spectrum suggests that
two of the clusters have a stronger magnetic interaction be-
tween them, while the third cluster, which yields an essentially
isolated species at higher temperature, has a weaker interac-
tion with the other centre(s). Although no three-dimensional
structure has yet been reported for this enzyme, these obser-
vations may be tentatively explained on the basis of the avail-
able amino acid sequences for the four subunit enzymes, as
previously advanced for the Clostridium pasteurianum homo-
dimeric enzyme [5]. The N-terminal amino acid sequences of
the four subunits of M. barkeri POR [1] show a considerable
homology with the corresponding subunits of the PORs from
T. maritima and P. furiosus [15], as well as with the amino
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Fig. 3. Visible spectra of M. barkeri POR: (A) native; (B) incubated
with 10 mM sodium pyruvate; (C) upon addition of 0.1 mM CoA.
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Fig. 4. EPR spectra of M. barkeri POR mixed with C. pasteurianum
ferredoxin. (A) M. harkeri POR native; (B) M. barkeri plus C. p.
ferredoxin (0.3 mM each); (C) after incubation with 10 mM pyru-
vate; (D) C after addition of 0.1 mM CoA; (E) Cp Fd reduced
with excess sodium dithionite. Temperature: 8 K; other experimen-
tal conditions as in Fig. 2.

acid sequences deduced from the Methanococcus jannaschii
genome [16]. From the complete sequences of these enzymes,
it was found that 3-subunit contains two cluster binding mo-
tifs Cys-XX-Cys-XX-Cys—XXX-..Cys-Pro, as observed in
two [4Fe—4S]>~/'* ferredoxins. In these proteins, magnetic
interactions between the two clusters are always observed,
due to their close spatial proximity [8,17,18]. The third cluster
in the multi-subunit PORs is located in the f-subunit, which
besides the TTP-binding domain contains four cysteine resi-
dues, in an atypical sequence. Hence, the electron transfer
pathway may be assured from the B-subunit cluster, close to
the catalytic (TPP) site, to the &-subunit centres, which as
evidenced by the EPR data, are also close to the B-subunit
cluster.

A parallel set of experiments monitored by Visible spectros-
copy, under anaerobic conditions, was performed (Fig. 3),
which fully corroborate the EPR data; as deduced from the
bleaching of the absorbance at 410 nm, only in the presence of
both pyruvate and CoA a reduction of the Fe centres is ob-
served.

M. barkeri POR was shown to transfer electrons efficiently
to C. pasteurianum ferredoxin [1]. Hence, the reduction of this
protein was also probed by EPR spectroscopy. A ferredoxin
sample (30 uM) prepared in deaerated buffer, containing
5 mM DTT, exhibits an almost isotropic signal, with gy«
at 2.03, typical of oxidised [3Fe-4S] centres (Fig. 4B). Inte-
gration of this signal in relation to the EPR signal of the
dithionite reduced ferredoxin indicates that in this preparation
~25% of the [4Fe-4S] centres were converted into [3Fe—
48]'+/ clusters, a behaviour common in bacterial ferredoxins.
The ferredoxin was mixed with an almost equimolar amount
of enzyme, and the EPR spectrum of the mixture was re-
corded (Fig. 4B). Besides the resonance from the 3Fe centre,
a low intensity superimposed radical signal is observed, due to
the enzyme. After incubation of the mixture with 10 mM
sodium pyruvate for 10 min at room temperature, the EPR
spectrum shows an increase of the intensity of the radical
signal. but the intensity of the 3Fe centre resonance remains
unchanged (Fig. 4C), indicating that there is no reduction of

211

the Fd at this stage. This observation was corroborated by
parallel mode EPR: no low-field resonances, due to the re-
duced 3Fe centre (S=2 ground state), were observed [7]. Lon-
ger incubation with pyruvate did not change the spectrum.
Upon addition of 0.1 mM CoA a complex spectrum is ob-
tained, in the g=2.1-1.8 region (Fig. 4D). This spectrum is
assigned to the superposition of the signals from the reduced
enzyme and ferredoxin. For comparison, the EPR spectrum of
the dithionite reduced ferredoxin is also shown in Fig. 4E. As
the EPR signal of the reaction mixture is not completely re-
produced by adding the individual spectra of reduced enzyme
and Fd, it may be that either a slightly different degree of
reduction of one of the components or a change on the
EPR spectra of the 4Fe centres due to protein—protein inter-
actions occur.

4. Conclusion

The data presented above unambiguously show that the
pyruvate ferredoxin oxido reductase from M. barkeri contains
three [4Fe-48]>~/1* centres, all with very low reduction po-
tentials and with an S=1/2 ground state in the reduced form.
The centres interact magnetically, indicating that they are in
close proximity, as expected for at least two of the centres
from the primary structures available for these enzymes.
The overall EPR characteristics of the M. barkeri enzyme
are similar to those of Desulfovibrio africanus POR [2], in spite
of the completely different subunit composition of these en-
zymes: the methanogenic enzyme is of the offyd type. while
the Desulfovibrio enzyme is a single subunit. Recent sequence
comparisons of several pyruvate oxidoreductases have shown
that the one and two subunit enzymes contain domains ho-
mologous to the four subunit enzymes [15].

Two types of experiments, using three independent sets of
experiments probed the catalytic mechanism. Both in the pres-
ence and in the absence of Cp Fd, only after addition of both
pyruvate and CoA the reduction of the Fd or the enzyme
iron-sulfur centres is observed. The same results were ob-
tained with the enzyme isolated from Sulfolobus strain 7
[19]. Although in the M. barkeri enzyme the decarboxylation
of pyruvate also proceeds through a thiamine based radical,
the exact nature of this radical as well as the electron transfer
steps and electron acceptor(s) remain to be unequivocally
demonstrated.

Acknowledgements: This work was supported by Praxis XXI (Praxis/
2/2.1/Bi0/20/94 and 1075/95) to M.T., Fonds Der Chemischen Indus-
trie to P.S. and by the European Union G-Project on Biotechnology
of Extremophiles (Bio2-CT93-0274 and Bio-4-CT96-0488) to M.T.
and P.S.

References

[1] Bock, A.K.. Kunow, J., Glasemacher. J. and Schonheit, P. (1996)
Eur. J. Biochem. 237, 35-44.

[2] Pieulle, L., Guigliarelli, B., Asso, M., Dole, F., Bernadac, A. and
Hatchikian. C.E. (1995) Biochim. Biohys. Acta 1250, 49-59.

[3] Kerscher, L. and Oesterhelt, D. (1981) Eur. J. Biochem. 116,
595-600.

[4] Wahl, R.C. and Orme-Jonhson, W.H. (1987) J. Biol. Chem. 262.
10489-10496.

[5] Moulis, J.-M., Davasse, V., Meyer, J. and Gaillard. J. (1996)
FEBS Lett. 380, 287-290.

[6] Schonheit, P., Wischer, C. and Thauer. R.K. (1978) FEBS Lett.
89, 219 222,



212

[7] Teixeira, M., Batista, R., Campos, A.P., Gomes, C., Mendes, J.,
Pacheco, 1., Anemiiller, A. and Hagen, W. (1994) Eur. J. Bio-
chem. 227, 322-327.

[8] Bolard, J. and Garnier, A. (1972) Biochim. Biophys. Acta 263,
535-549.

[9] Aasa, R. and Vanngard, T. (1975) J. Magn. Reson. 19, 308-315.

[10] L. Kerscher, and D. Oesterhelt, Trends Biochem. Sciences, (1982)
371-374.

[11] Cammack, R., Kerscher, L. and Oesterhelt, D. (1980) FEBS Lett.
118, 271-273.

[12] Smith, E.T., Blamey, J.M. and Adams, M.W.W. (1994) Biochem-
istry 33, 1008-1016.

[13] Docampo, R., Moreno, S.N.J. and Mason, R.P. (1987) J. Biol.
Chem. 262, 12417-12420.

[14] Riegge, D. and Fischer, H. (1989) J. Chem. Soc. Perkin Trans.
11, 1993-1997.

[15] Kletzin, A. and Adams, M.W.W. (1996) J. Bacteriol. 178, 248-
257.

A.-K. Bock et al.I[FEBS Letters 414 (1997) 209-212

[16] Bult, C.J., White, O., Olsen, G.J., Zhou, L., Fleischmann, R.D.,
Sutton, G.G., Blake, J.A., FitzGerald, L.M,, Clayton, R.A., Go-
cayne, J.D., Kerlavage, A.R., Dougherty, B.A., Tomb, I.F,,
Adams, M.D., Reich, C.1., Overbeek, R., Kirkness, E.F., Wein-
stock, K.G., Merrick, J.M., Glodek, A., Scott, J.L., Geoghagen,
N.S.M., Weidman, J.F., Fuhrmann, J.L., Nguven, D., Utterback,
T.R., Kelly, J.M., Peterson, J.D., Sadow, P.W., Hanna, M.C,,
Cotton, M.D., Roberts, K.M., Hurst, M.A., Kaine, B.P., Boro-
dovsky, M., Klenk, H.P., Fraser, C.M., Smith, H.O., Woese,
C.R. and Venter, J.C. (1996) Science 273, 1058-1073.

[17] Magliozzo, R.S., McIntosh, B.A. and Sweeney, W.V. (1982)
J. Biol. Chem. 257, 3506-3509.

[18] Bentrop, D., Bertini, 1., Luchinat, C., Mendes, J., Piccioli, M.
and Teixeira, M. (1995) Eur. J. Biochem. 236, 92-99.

[19] Zhang, Q., Iwasaki, T., Wagaki, T. and Oshima, T. (1996)
J. Biochem. (Tokyo) 120, 587-599.



