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1. Introduction

The methanogenic bacteria are members of a
unique group of organisms (denoted Archaebacteria)
which are apparently only distantly related to

nrakarvntag and sulkarvatas [1 91 Mathanaoane are
PIroKaryOies ana CUKarysoils | 1,45, melilallOgoils alc

characterized by the ability to grow autotrophically
solely by the reduction of CO, by H, to produce
methane. Several electron carriers and ‘factors’
unique to methanogens have been isolated, including
coenzymes Fgyq [3,4], Fasp [5] and Fazp [5], as well
as coenzyme M (2-mercaptoethanesulfonic acid
[6,4]). While some light has been shed on the roles of

F450 and coenzyme M in CO, reduction [4,7], virtu-
ally nothing is known about the mm‘hamcm(d of
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energy transduction via electron transport from H, to
CO,. By using low-temperature EPR spectroscopy 1
report here the presence of oxidized and reduced
paramagnetic species, both soluble and membrane-
bound, in M. bryantii. Specifically, the signals
observed are:

1. A signal typical of an oxid

(either HiPIP-type Fe,—8,* or
soluble fraction, possibly hydrogenase.

2. A very unusual membrane-bound rhombic high-
temperature oxidized species with all three g-values
significantly above the free-electron value, which
may be either a new type of cluster or a transition

s | i Arema am ool Aleal fonn cam

metat Ulllcl Uldu llUll, PUbblUly lllbl\Cl \bCC SOL~
tion 4).

3. Upon reduction of the membrane fraction, the
appearance of at least two ‘g = 1.94’-type iron—sul-
fur centers as well as a radical signal (which may
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be a semiquinone-type species or possibly a ligand
radical—Ni (II) system, see section 4).

2. Materials and methods

Frozen cells of M. bryantii (grown autotrophically
on H, and CO, as in [1]) were generously provided
by Dr R. S. Wolfe, Dept. Microbiol., University of Illi-
nois. A thick suspension in buffer (50 mM potassium
phosphate (pH 7.7) plus 0.1 mM EDTA) was passed
through an Aminco French pressure cell twice
(15 000—18 000 ib. in?). Unbroken celis and debris
were removed by centrifugation at 7000 X g for
30 min. The pellet was resuspended in buffer and
passed through the cell again and spun as before. The
supernatants were combined and membranes were
pelleted by centrifugation at 150 000 X g for 45 min.
The supernatant was saved, and the pellet was washed
3 times in buffer by centrifugation. The membranes
were finally resuspended in a small volume of buffer

ta final caone 67 meo nraotein/ml and stared aero
LV 11ial vuJliv, U/ llls PlULVulI uu, aliu diLvivu aviuvu-

bically at —70°C. Ammonium sulfate was added to
the first high-speed supernatant to 65% saturation
and spun at 27 000 X g for 30 min. The pellet was
resuspended in a minimal amount of buffer, dialyzed
extensively against buffer, and frozen in small
aliquotsat final conc. 16 mg protein/ml at —70°C. Pro-
tein was deiermined by the microbiuret meihod {8].

EPR spectra were recorded on a Varian E-9 equip-
ped with an Air Products flowing helium cryostat.
Temperature was measured with a thermocouple
calibrated by a carbon resistor.
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3. Results

3.1. Soluble species

Fig.1 A shows an EPR spectrum of the concentrated
supernatant fraction at 20 K. Prominent features are
a thombic signal centered at g = 4.3 (characteristic of
high-spin ferric iron in an anvironment of low symme-
try) and a rather isotropic signal appearing just above
g =2.0. Fig. 1B shows the g = 2 region in more detail
at 12 K. The signal intensity is greater at this temper-
ature (note the difference in instrument gain between
1A and 1B) and exhibits a principal upward feature at
g = 2.02. Addition of dithionite to the sample causes
this signal to disappear completely with the appear-
ance of small signals which are probably due to
unpelleted membranes (not shown). The shape of the
signal, temperature characteristics, and disappearance
upon reduction suggest the presence of either a
HiPIP-type Fe,~S4* center or a Fe;—S3™* center
[9,10]. Very similar signals are exhibited by hydro-
genases in the oxidized state, from a variety of
bacteria, including facultative aerobes (e.g.,
Escherichia coli}, anaerobic sulfate reducers { Desulfo-
vibrio desulfuricans), photosynthetic bacteria (Chro-
matium vinosum and Rhodospirillum rubrum) and
hydrogen-oxidizing bacteria (4lcaligenes eutrophus)

[11].
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Fig.1. EPR spectra of soluble cell extract of M. bryantii.
Conditions: 16 mg protein/ml; 9.24 GHz microwave fre-
quency, 12.5 G modulation amplitude, 20 mW power. (A)
(Full-field scan, 20 K, 2.5 X 10® gain; (B) g = 2 region, 12 K,
2 X 10® gain.
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Fig.2. EPR spectrum of oxidized membranes. Conditions:
9.24 GHz frequency, 20 G modulation amplitude, 10 mW
power, 24 K, 4 X 10° gain. Field positions calibrated by
using a solution of reduced methyl viologen.

3.2. Membrane-bound species

Fig.2 shows the spectrum of the major paramag-
netic species present in the oxidized methanogen
membranes as isolated. This highly unusual signal has
all three g-values significantly above 2.0023 (the free
electron value), at g, = 2.30, g, = 2.23, and g5 = 2.02.
The signal is quite intense and the linewidth very
sharp up to 77 K (not shown), and begins to saturate
at 24 K below 5 mW (not shown). Since the g-values
are all significantly above the free electron value this
signal is most probably not from oxidized heme, and
the redox state of this species argues against a binu-
clear iron—sulfur center. Signals with the high-field
feature near [12,11] and even slightly above [13]

g = 2.0023 have been reported for HiPIP-type
Fey—S4* centers and for the recently discovered
Fe3—S8;* centers [9,10]. However, the large range in
g-values (from 2.3—2.02) and sharp rhombic features
of the signal as well as the temperature and saturation
characteristics [14] argue that if this is the case then
this center is very unlike any previously described. An
alternate possibility (see section 4) is that this signal
is of a transition metal other than iron.

Upon addition of dithionite to the membranes, the
signal in fig.2 disappears completely and is replaced
by the signals shown in fig.3A. The principal features
are a sharp radical-type signal with additional reso-
nances at slightly higher and lower field which are
fully developed only at low temperature, When
lowered to 8 K and-this area is expanded (fig.3B) at
least four features are recognizable, at g = 2.05, 1.96,
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Fig.3. EPR spectrum of reduced membranes A solution
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phosphate (pH 7.4) was added to 0.25 ml membranes
(67 mg/ml) and immediately frozen. Conditions: 9.24 GHz

frequency, 12.5 G modulation ampmude 10 mW power. (A)
Full-field scan, 30 K, 1.25 X 10? gain; {(B) g = 2 region, 8 K,
2 X 10° gain,

'1.92 and 1.89. Additional absorption also occurs at

g =2 as evidenced by the difference in magnitude
between the upward and downward features of the
‘radical’ signal at this low temperature. These signals
cannot be due to a single species since more than
three features are present. This pattern suggests the
presence of at least two membrane-bound iron—sulfur

clusters.

4. Discussion

This paper presents EPR: data reporting the pres-
ence of at least five paramagnetic species in
M. bryantii which are capable of being reduced by
dithionite. While no signals corresponding to heme were
observed (cf. [15]), this strain of methanogen appears
to possess iron—sulfur clusters, both ‘HiPIP’ (or possi-
bly Fe;—S3* [9,10]) and ‘g = 1.94"-type.

With regard to the rhombic signal present in
isolated membranes, the fact that all three g-values lie
above the free electron value eliminates low-spin
heme as a possibility [16], and the oxidation state
" (paramagnetic in the oxidized state) eliminates an
Fe,—S,* cluster. The spread of g-values (fromg =

32NN ok 3
2.3-2.02}, sharp rhombic features, and temperature
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and saturation characteristics are unlike any reported
for known 3 or 4-iron iron—sulfur clusters. It is
possible, however, that this signal represents a new
cluster signal.

The g-values are similar to those exhibited by a
d” system in an environment of strong octahedral
coordination with both tetragonal and rhombic
distortions [17,18]. In such a case, the metal ion is low-
spin (S = 1/2) with the unpaired electron in an orbital
having predominantly d,2 character, resulting in the
observed values of g| > g||. Among common a’
systems, the lack of nuclear hyperfine in this sharp
signal eliminates Co(Il) as a possibility, Cu(IT), which
would be expected to give similar g-values [17], can
also be eliminated for the same reason. Ni(III),
however, with a nuclear spin of the most abundant
isotopes (Ni*® and Ni®®, > 98% abundance) of zero,
gives no hyperfine splittings. A low molecular weight
(<4000) nickel-containing cofactor (called factor

Faso) has been reported |19] in heat-treated extracts

of the same strain of methanogen used here. The
Ni(II}—Ni(III) redox couple is normally very positive
in potential, so that Ni(III) would be quite an unlikely
species. However, it is known that formation of
coordinate complexes of Ni(II) by chelation to a
variety of compounds inciuding macrocyclic ligands -

{Z.U,Z.l] as well as smail pepuues [.’.L ,Z.JJ and also

bleomycin [23] makes quantitative oxidation possi-
ble, EPR examination of these Ni(III) complexes in

fact shows spectra very similar to the sngnal reported
here {20,22,23], indicative of low-spin Ni(III} in an
octahedral geometry with both tetragonal and rhom-
bic distortions. Nitrogen hyperfine lines in this sharp
signal are not observed, as is common for the g,
feature with model complexes having nitrogenous

P 1 A TN ~
axial ligands {20,22,23]. This, however, does not rule

out this possibility, since such splittings are not
always seen.

With regard to the radical signal which appears
upon dithionite addition, reduction of Ni(II) model
complexes containing conjugated systems (e.g., diim-
ines) results in the appearance of a radical-type g =

_____ JOUS PPy m ommtombamrcsata wlaumnl

L UU& blglku, 14uICt umu lllﬁ amauuupw digildl Ul a
Ni(I) d° metal complex [20]. This indicates that the
electron is highly delocalized and has predominantly
ligand character. This suggests the possibility that
such a conjugated system is involved in the complex-
ation of Ni in these membranes, and may be involved
in COz fixation and/or CH, production. In this regard,

s 7
it isimportant to note that Ni(IIl} is isoelectronic (d")
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with Cob(IDalamin (B,,,), which has been shown to
be the reaction product of methyl group transfer from
methylcobalamin to coenzyme M [24,25] (although it
is unclear whether this particular reaction is catalyzed
in vivo by methanogens {4]). Indeed, it is postulated
that production of an EPR-observable ligand radical
signal during turnover is a key event in the mechanism
of cobalamin-containing group-transferring enzymatic
reactions [26,27]. It is thus possible that a nickel-
containing cofactor in the membrane of methanogens
(possibly factor Fazo) is responsible for a key step(s)
in CO, reduction, either assimilatory or dissimilatory.
Methanogenesis may be described by two steps
[28]:
(1) Reduction of electron carrier(s) by hydrogen;
(2) Electron transfer to CO, and uptake of water
protons.
It is thus possible that the role of the membrane-bound
iron—sulfur clusters reported here is in the electron-
carrying ‘arm’ of this process. Such an arrangement
may be important in energy metabolism by these
bacteria and the mechanism of ATP synthesis and
reducing equivalent generation, possibly via transmem-
brane electrochemical gradients [4,29,31]. Further
experimentation is required to define the role(s) of
the centers reported here in these processes.
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