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Carbon monoxide dehydrogenase, corrinoid, and methylreductase can be observed with EPR spectroscopy during active 
methanogenesis from acetate in whole cells of Methanosarcina barkeri. During methanogenesis, center 2 of carbon 
monoxide dehydrogenase (g = 2.01, 1.91, 1.76) shows similar changes to those seen in the isolated enzyme upon 
addition of CO, with the appearance of a new feature at g = 1.73. This indicates that the cleavage of acetate yields a 
moiety that carbon monoxide dehydrogenase recognizes as CO. Cyanide rendered center 2 of carbon monoxide 
dehydrogenase EPR-silent, suggesting that this potent inhibitor of methanogenesis from acetate acts at the level of this 
enzyme. Cyanide also induced formation of two very fast relaxing centers with overlapping rhombic signals in the 
iron-sulfur region of the specta~mn. Transient electron flow through iron-sulfur clusters could be correlated with 
methanogenesis, and could be prevented by iodopropane or cyanide. Cells before and after methanogenesis possessed a 
putative nickel signal at g = 2.28, 2.27 and 2.18. During methane production this signal was replaced by an axial signal 
(g = 2.24, 2.05). These signals are similar to those reported for methylreductase from Methanobacterium. EPR-detecta- 
ble corrinoid underwent no significant change during methanogenesis and was unaffected by the presence of either 
cyanide or iodopropane. 

Introduction 

The few substrates which have been demonstrated to 
serve as precursors of biologically produced methane 
are generally one-carbon compounds such as carbon 
dioxide, methanol or methylamine. Only one compound 
possessing a carbon-carbon bond can act as a direct 
precursor of methane, and this is acetic acid [1]. During 
methanogenesis from acetate, methane is produced 
primarily from the methyl group, while carbon dioxide 
is derived from the carboxyl [2]. A schematic describing 
how this is accomplished and coupled to ATP forma- 
tion is presented in Fig. 1. The splitting of the acetate 
carbon-carbon bond apparently occurs following an 
ATP-dependent activation of acetate [3], probably to 
acetyl-CoA [4,5] and leads to generation of methyl- 
coenzyme M and a carbonyl moiety [3,6-8]. Current 
models of energy conservation during this catabolic 
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reaction invoke chemiosmosis, the membrane potential 
being generated by a membrane-bound electron trans- 
port chain cormecting oxidation of the carbonyl moiety 
to the reduction of methyl-CoM (Refs. 7, 9, 10, Fig. 1). 

Numerous studies support that carbon monoxide 
dehydrogenase catalyzes the oxidation of the carbonyl 
moiety, as well as mediating the actual splitting of the 
acetyl carbon-carbon bond [1]. Carbon monoxide dehy- 
drogenase activity is highest in cells cultured on acetate 
relative to other substrates [11]. Precipitation of the 
enzyme by antibodies in cell free extract removes both 
CO dehydrogenase activity and acetate-dependent 
methanogenesis [3]. Cyanide, a potent inhibitor of 
methane formation from acetate, but not other sub- 
strates [12], will also inhibit CO oxidation by CO dehy- 
drogenase at similar concentrations [13]. Carbon mon- 
oxide dehydrogenase has been isolated from organisms 
in which it is apparently involved in the synthesis 
[14,15] or the breakdown [13,16,17] of acetyl-CoA; in all 
cases it is a nickel/iron-sulfur enzyme. In Clostridium 
thermoaceticum, one of the former type, the isolated 
enzyme can catalyze the exchange of CO 2 into acetyl- 
CoA [18]. 

0005-2728/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division) 
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Fig. 1. Carbon and electron flow coupled to ATP formation during 
methanogenesis from acetate. The number of methylated inter- 
mediates between the corrinoid protein and methylcoenzyme M are 
unknown. Carbon monoxide dehydrogenase is implicated in both the 
cleavage of acetyl-CoA and oxidation of the subsequent carbon- 

yl group. 

A corrinoid protein is thought to directly receive 
methyl groups following the cleavage of acetate prior to 
the methylation of coenzyme M. Corrinoid levels are 
quite high in methanogens, especially in Methanosarcina 
[19]. Iodopropane is an especially potent inhibitor of 
methanogenesis from acetate [20,21]. Inhibition is easily 
reversed by exposure to light, consistent with inhibition 
occurring via propylation of corrinoid cobalt. Radioac- 
tive acetate has recently been shown to label part of the 
corrinoid pool in methanogenic extracts of Methano- 
sarcina [23]. 

Tracer experiments have shown that methyl-CoM is 
the final intermediate of methanogenesis from acetate 
[3,6]. The reduction of methyl-CoM to methane is cata- 
lyzed by methylreductase, an enzyme which possesses a 
unique nickel tetrapyrrole, Factor F430 [23]. The direct 
reductant of methyl-CoM is HTP, mercaptoheptanoyl- 
threonine phosphate. Methane and the mixed disulfide 
of HTP and coenzyme M are released as the products of 
methylreductase [24,25]. 

We have found that several of the components im- 
plicated in the formation of methane from acetate, such 
as carbon monoxide deliydrogenase, methylreductase 
and corrinoid, are paramagnetic and can be observed in 
intact cells and extracts of Methanosarcina barkeri using 
electron paramagnetic resonance spectroscopy. We 
therefore studied these paramagnetic centers during 
methanogenesis from acetate, and during inhibition by 
cyanide and iodopropane. 

Materials and Methods 

Growth of organism and preparation of cell suspensions or 
extracts 

Methanosarcina barkeri strain MS (DSM 800) was 
cultivated in 40 liters of phosphate-buffered medium 
with acetate as sole carbon and energy source, as previ- 
ously described [26]. After 12-14 days of growth the 
active cells were allowed to settle and the majority of 
the cleared medium displaced with positive nitrogen 
pressure. The remaining 0.5 liter of cells was cooled on 
ice and centrifuged anaerobically at 5000 x g under a 
95 : 5 nitrogen/hydrogen gas phase. The cells were then 
resuspended in anaerobic 50 mM potassium phosphate 
buffer (pH 7.0) with 150 mM NaCI and again centri- 
fuged. The pellet was suspended in 50 ml of the same 
buffer, flush/evacuated with nitrogen and kept on ice 
until the experiments were performed. 

Cell extract was prepared from cells harvested in the 
same manner, but washed with 50 mM Mops buffer 
(pH 7.0) prior to passage of a 1 g cells/2 ml buffer 
suspension through a French pressure cell at 20000 
p.s.i. The lysate was collected anaerobically under hy- 
drogen, then centrifuged at 27000 x g to obtain the 
supernatant. Carbon monoxide dehydrogenase was iso- 
lated as described previously [26]. Protein was de- 
termined by Coomassie blue binding [27]. Cobalt was 
determined by plasma emission spectroscopy by the 
Analytical division of Exxon Corporate Research 
Laboratories. Methane was determined using a Varian 
6500 gas chromatograph equipped with a Poropak R 
column and a flame ionization detector. 

Electron paramagnetic resonance spectra 
Spectra were recorded using a Varian E-109 Spec- 

trometer (Varian Instruments, Palo Alto, CA) equipped 
with an EIP model 548A microwave frequency counter 
(EIP Industries, San Jose, CA). Samples were cooled 
using liquid helium delivered to an ESR-900 cryostat 
(Oxford Instruments, Bedford, MA). Unless otherwise 
indicated, the following parameters were used during 
recording of spectra: 1 mT modulation amplitude, 80 
mT/min  scan rate, 0.128 s time constant, 100 kHz 
modulation frequency, and microwave frequency of 9.25 
GHz. Cell suspension experiments were conducted in 70 
ml vials under a nitrogen atmosphere. Additions of 
acetate, iodopropane or cyanide were made prior to the 
addition of 5 ml of chilled cell suspension. Reactions 
were initiated by transfer of the vials from ice to a 
37 °C water bath. Methane was monitored by removal 
of 25/~1 of gas phase, and at indicated timepoints 0.3 ml 
of cell suspension were removed and transferred to a 
nitrogen gassed EPR tube. The tube was then im- 
mediately frozen in chilled isooctane ( - 5 0  o C), then 
transferred to liquid nitrogen. In order to prevent possi- 
ble cleavage of photolabile bonds, reactions were per- 



formed in dim light and the EPR tubes were kept in 
covered Dewar  flasks. During experiments  with 
iodopropane, vials were kept covered with aluminum 
foil prior to light reversal of inhibition. 

Results 

Identification of some EPR-detectable centers in cell-free 
extracts 

EPR spectra taken at 12 K of M. barkeri extracts, 
prepared under hydrogen, display several prominent  
signals (Fig. 2A and B). One feature, at g = 2.25, was of 
lineshape and position appropriate for the g± of a 
Co(II)  corrinoid, as illustrated by comparison to spectra 
of Co(II) cobalamin (Fig. 2C and D). Similar spectra 
have been obtained of Co(II)  corrinoid proteins isolated 
from methanogenic bacteria [28-30], although an un- 
usually low gx value was reported by Lino et al. [28]. 
The broad g = 2.25 line observed in extracts and Co(II) 
cobalamin at 0.1 mW (Fig. 2, traces A and C) shar- 
pened substantially upon application of higher micro- 
wave power (Fig. 2, traces B and D). Spectra recorded 
at 70 K of cell extracts under hydrogen were dominated 
by the lineshape of Co(II) corrinoid. 
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Fig. 2. EPR spectra of M. barkeri extract and Co(II) cobalamin 
recorded at 12 K. (A) 28 mg protein/ml cell free extract in 50 mM 
Mops buffer (pH 7.0), incubated under hydrogen. 0.1 mW microwave 
power, gain set at 2.104. All other instrument settings are as de- 
scribed in Materials and Methods. (B) As in (A), but 100 mW power. 
Gain was shifted from 8 - 1 0  3 tO 1.25'103 at the arrow. (C) COO1) 
corrinoid in 50 mM Tris (pH 8.0) obtained by partial reduction of 0.5 
mM hydroxycobalamin by dithiothreitol. 0.1 mW microwave power, 
gain of 1.6-104. (D) Same as (C), but 100 mW power, gain of 10-103. 
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for spectral analysis. 

Complex signals are seen in spectra of extracts taken 
at temperatures up to 40 K (Fig. 2). These arise prim- 
arily f rom iron-sulfur proteins such as hydrogenase [31], 
carbon monoxide dehydrogenase [26], and the several 
iron-sulfur clusters which have been identified in the 
membrane  fraction of M. barkeri [32]. The power and 
temperature saturation characteristics of the g = 1.76 
line, and its behavior during redox titrations of extracts, 
allow its identification as the gx feature of the rhombic 
signal ( g =  2.01, 1.91, 1.76) from center 2 of carbon 
monoxide dehydrogenase [26]. 

EPR-detectable changes in intact cells during met/zano- 
genesis from acetate 

The Co(II)  corrinoid and carbon monoxide dehydro- 
genase signals, both  arising from participants in methane 
formation from acetate, could also be readily identified 
in suspensions of intact, log-phase, cells prepared under 
anaerobic conditions. In order to observe these centers 
during active methanogenesis, cell suspensions on ice 
were transferred to nitrogen flushed vials at 37 ° C  and 
given a pulse of sodium acetate. After a lag of 4 rain, 
the rate of methane formation was linear for approx. 20 
min (Fig. 3); little methane was observed in samples 
incubated without acetate. Samples for EPR were re- 
moved at the indicated times and the resultant spectra 
are displayed in Fig. 4. All spectra were dominated by 
the g j_ of Co(II)  corrinoid and center 2 of carbon 
monoxide dehydrogenase, but control samples (without 
acetate) showed no changes during incubation. 
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Changes in the EPR spectra of cells, after the ad- 
dition of acetate, but before the onset of active methane 
formation, became more pronounced during linear 
methane formation. 1 min after the addition of acetate 
(Fig. 4) a shoulder is detectable at higher field near the 
g = 1.76 feature of center 2. This feature intensified 
during steady state methane formation, as seen at 10 
and 21 min after the addition of acetate. The ap- 
pearance of this feature correlates with a decrease in the 
intensity of the g = 1.76 line by approximately 50%. 30 
min after addition of acetate, after methane formation 
had nearly ceased, the g = 1.76 line had returned to its 
original intensity, while the g = 1.73 feature was no 
longer discernible. Brief exposure of purified carbon 
monoxide dehydrogenase to carbon monoxide results in 
a similar loss of the g = 1.76 line and appearance of the 
line at g = 1.73 [26]. 

Several other changes were notable in EPR-detecta- 
ble centers. Before the onset of methane formation there 
is evidence of a new peak near g = 1.95. During linear 
methane formation the signal intensity at g = 1.95 has 
greatly increased. Since this is a typical value for the gy 
of iron-sulfur dusters, it suggests electron flow through 
such clusters during active methanogenesis. Again, this 
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Fig. 4. EPR spectra recorded at 12 K of cells before, during, and after 
methanogenesis.  Samples were removed from the suspension in Fig. 3 
at the times indicated. The minus  acetate sample was taken from a 
suspension incubated for 30 min without substrate. All other spectra 
were taken from the vial pulsed with acetate. Microwave power was 

10 mW, gain of all spectra was 8-104. 
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Fig. 5. EPR spectra recorded at 70 K of cells during and after 
methanogenesis from acetate. The samples are those from the cell 
suspension in fig. 3 and were removed at the times indicated. Spectra 
of cells without acetate were identical to the top spectrum. The 
spectrum of Co(II) cobalamin (B-12r) was obtained by quantitative 
reduction of hydroxocobalamin with dithiothreitol. Power in all cases 
was 10 mW, gain for cell samples was 2.104 and 1.6.104 for Co(II) 

cobalamin. 

effect was transient, and following cessation of 
methanogenesis the cells returned to essentially their 
resting state. 

Surprisingly, we could detect little change in the 
intensity of g± of Co(II) corrinoid during methanogen- 
esis. At most, we could detect a decrease of 8% mea- 
sured from baseline to top of the g--- 2.33 peak, which 
was within sampling error. Spectra recorded at 70 K 
(Fig. 5) of the same samples examined in Fig. 4 lead to 
the conclusion that the pool of EPR-detectable cor- 
rinoid remains relatively constant both before, during 
and after methanogenesis from acetate. Comparison of 
the peak intensity of the Co(II) corrinoid signal in 
intact cells to that of Co(II) cobalamin under identical, 
nonsaturating conditions yielded a concentration of 0.12 
mM Co(II) corrinoid in the cell suspension. Cobalt in 
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Fig. 6. Difference spectra of cells before, during, and after methano- 
genesis from acetate. The spectra used for data manipulation were 
those in Fig. 5, all recorded at 70 K. (A) Cells incubated for 4 min at 
37 o C without acetate minus cells incubated for 1 min in the presence 
of acetate, before the onset of active methanogenesis. (B) Cells after 
cessation of linear methane formation (30 rain, with acetate) minus 
cells during active methanogenesis (21 rain, with acetate). (C) Cells 
during active methanogenesis (21 min, with acetate) minus cells after 

cessation of linear methanogenesis (30 min, with acetate). 

the washed cell suspension was found to be 0.18 mM by 
plasma emission spectroscopy. The pool of EPR-detec- 
table cobalt thus appears to be the major pool of cobalt, 
and therefore corrinoid, in the cell. 

Several changes coincident with methanogenesis can 
be seen in the region above g = 2.0 in the spectra taken 
at 70 K (Fig. 5). These signals could be observed at 
temperatures from 45 K to 95 K. Notable are the 
disappearance and reappearance of a feature at g = 2.28, 
the decrease in the intensity of features at g = 2.22 and 
2.18, and the appearance of an intense signal at g = 
2.055. Difference spectra in which the the spectra of 
actively methanogenic cells were subtracted from those 
of cells before the onset of methanogenesis show a clear 
rhombic signal at g=2 .28 ,  2.22, 2.18 (Fig. 6), the 
converse subtraction shows a strong feature at g = 2.04. 
These features are similar to two signals identified as 
Ni(I) of methylreductase in Methanobacterium thermo- 
autotrophicum by Albracht and co-workers [33]. 

Effect of inhibitors of methanogenesis from acetate on 
paramagnetic centers 

Cyanide is a potent inhibitor of methanogenesis from 
acetate, much more so than for methanogenesis from 
methanol or H 2 and CO 2 [12]. The effect has been 
attributed to the inhibition of CO dehydrogenase. We 
found that cyanide did induce EPR-detectable changes 
in CO dehydrogenase which correlated with cessation of 
methanogenesis from acetate. Methane formation by a 
suspension exposed to cyanide and acetate coincident 
with incubation at 37°C is presented in Fig. 3. In the 
presence of cyanide, methane was initially evolved more 
slowly than in its absence, and ceased completely by 12 
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min. Center 2 was still observable 1 min after addition 
of cyanide, but by 10 min was no longer EPR detectable 
(Fig. 7). The loss of the feature was not accompanied by 
the appearance of the feature at g =  1.73, but was 
accompanied by a decrease in the intensity of the g = 
2.005 feature, and a distinct broadening of the trough at 
g = 1.89. This was due to the development of a complex 
set of signals which could only be resolved below 8 K. 
Spectra taken at 6 K show that KCN induced formation 
of rapidly relaxing features at apparent g values of 
2.05, 2.03, 1.96, 1.94, 1.91 and 1.88. These signals, as 
well as the loss of EPR-detectable center 2, could be 
observed independent of the presence of acetate. Spec- 
tra taken at 6 K of cells not exposed to either acetate or 
cyanide did not possess either of the fast relaxing centers, 
but were essentially similar to spectra taken at 12 K. We 
did not observe any cyanide induced changes in centers 
detectable by EPR at 70 K, including Co(II) corrinoid 
and the rhombic signal attributed to methylreductase. 

We also investigated the effect of iodopropane in- 
hibition of methane formation from acetate on EPR-de- 
tectable species. Fig. 8 illustrates a methane production 
curve for cells in the presence and absence of iodopro- 
pane. The inhibitor and acetate were added at the start 
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Fig. 7. EPR spectra recorded at 6 K and 12 K of M. barkeri exposed 
to cyanide. Methane formation from acetate by the cell suspension 
exposed to 50 /~M cyanide is shown in Fig. 4, and samples for EPR 
were removed at the times indicated. The bottom spectrum is a 
sample from the uninhibited cell suspension. The temperature at 

which each spectrum was recorded is indicated to the left. 
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Fig. 8. Methane formation f rom cell suspensions  in the presence and 
absence of iodopropane.  Addit ions were made to 5 rrd of  cell suspen-  
sion in a luminum foil wrapped vials at the start  of incubat ion at 37 C. 
After  22 min, foil was removed and both  vials were exposed to an 100 

W incandescent bulb, 20 cm distant. 

of incubation, and at 22 min inhibition was reversed by 
exposure to light. Iodopropane prevented the occur- 
rence of methanogenesis related changes in EPR-detec- 
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Fig. 9. EPR spectra of  ceils before and after light reversal of inhibi- 
tion of  methane format ion by  iodopropane.  The spectrum labelled 0 
min was taken of a cell suspension of  ice before the addition of 
iodopropane  and acetate. Other  spectra are taken of the samples 
described in Fig. 8. All spectra were recorded at 12 K, 10 m W  power,  

and a gain of 10.103. 

table centers. However, no iodopropane-induced 
changes could be detected in any paramagnetic center, 
aside from intensification of the trough at g = 2.00. 
Spectra taken of inhibited cells at 12 K (fig. 9) or 70 K 
(data not shown) were essentially identical to cells not 
exposed to iodopropane. No decrease in the intensity of 
the Co(II) corrinoid signal could be detected despite the 
fact that sampling was performed in dim light and 
frozen samples were protected from exposure to light. 
Upon light reversal of inhibition, changes associated 
with the formation of methane could be observed, such 
as the decrease in the intensity of the g = 1.76 feature, 
the appearance of the g =  1.73 line, an increase in 
electron flow through iron-sulfur clusters, and the ap- 
parent interconversions of the two signals arising from 
methylreductase. The signal changes are therefore de- 
pendent on active methane formation and are not in- 
duced by the mere addition of acetate to intact cells. 

D i s c u s s i o n  

EPR detectable changes can be observed in carbon 
monoxide dehydrogenase when the enzyme is examined 
in intact cells during acetate catabolism, notably the 
decrease in the g = 1.76 feature and the appearance of a 
g = 1.73 line. Similar changes were noted in the isolated 
enzyme during exposure to carbon monoxide [26]. This 
strongly suggests that during methane formation from 
acetate an intermediate is generated which is recognized 
as carbon monoxide by carbon monoxide dehydro- 
genase. The approx. 50% decrease in the intensity of the 
g = 1.76 line indicates that, during steady-state 
methanogenesis, half the enzyme was in the form in- 
duced by carbon monoxide. The physical significance of 
the shift is unknown, and could be attributed to several 
events; such as, direct interaction of center 2 with 
water, or with either nucleus of a bound carbonyl 
moiety; or, a global conformational changes of the 
enzyme upon carbonyl binding. We cannot interpret 
our data further in this regard, since the intense signals 
due to iron-sulfur clusters interfere with observation of 
the other features of center 2 during acetate catabolism 
or in the presence of carbon monoxide. Understanding 
the nature of the shift should provide insight into the 
mechanism of carbon monoxide dehydrogenase. It is 
notable that the carbon monoxide dehydrogenases from 
Clostridium thermoaceticum [34] and Rhodospirillum 
rubrum [35] also possess centers with similar EPR sig- 
nals, that is, gav below 2.0 and a very high field gx. 

Our results show that carbon monoxide dehydro- 
genase is the site of cyanide inhibition of methane and 
carbon dioxide formation from acetate. Cells exposed to 
cyanide lost EPR-detectable center 2 coincident with 
cessation of methanogenesis. Center 2 is likely to re- 
main reduced during turnover, since its Era,9. 2 is  - 3 5  

mV. We have observed the reduced center at Eh as low 



as -550  mV. Cyanide acts to convert the center into a 
non-detectable form, either by oxidation or destruction 
of the center. In any case, the center becomes unavaila- 
ble for participation in the aceticlastic reaction. 

The involvement of methylCoM in methanogenesis 
from acetate is well established. We have noted several 
changes in the lineshape of intact cell signals recorded 
at 70 K in the region between g = 2.0 and 2.3 before 
and after onset of methanogenesis. Difference spectra 
of resting and actively methanogenic cells indicate the 
signals are similar to the rhombic and axial signals 
identified as Ni(I) F430 in methylreductase from 
Methanobacterium thermoautotrophicum by Albracht et 
al. [33], which they termed MCR-red2, and MCR-redl,  
respectively. They proposed the difference between the 
two signals is axial ligation of HTP to F430 in the 
MCR-red2 form of the coenzyme, which is removed 
during production of methane and the heterodisulfide. 
Our data indicate that that MCR-red2 is seen only in 
resting cells, whereas MCR-redl is predominant during 
methanogenesis, consistent with this suggestion. Further 
work is warranted to confirm the identity of these 
signals in M. barkeri. 

During steady-state methanogenesis we observed no 
decrease in EPR-detectable corrinoid. In Methano- 
sarcina strain Fusaro, 90% of the corrinoid is soluble, 
the remainder is membrane-bound [36]. At least 60% of 
the corrinoid in these cell suspensions was EPR-detecta- 
ble, which suggests most of the signal arises from solu- 
ble corrinoid. Methylation of the isolated corrinoid 
from M. barkeri DSM 800 [30] or the corrinoid/iron- 
sulfur protein from C. thermoaceticum [37] results in 
EPR-silent Co(Ill). Thus, it appears that under condi- 
tions in which half of the carbon monoxide dehydro- 
genase was carbonylated, and much of methylreductase 
was in apparently active state, there was little steady- 
state methylation of this corrinoid pool. It appears 
certain that a corrinoid protein is involved in methano- 
genesis from acetate [21,22]. Our data suggest it is either 
not the major form of corrinoid in the cell, or is rapidly 
demethylated during acetate catabolism. 

The Co(II) corrinoid signal was also unaffected by 
iodopropane at concentrations sufficient to inhibit 
methane formation. Significant alkylation of the cor- 
rinoid pool to EPR-silent Co(III) propylcorrinoid is 
therefore not a prerequisite of inhibition. The Co(II) 
corrinoid we observe is not the target of this specific, 
light reversible inhibition. It has been suggested that 
several corrinoids are present in Methanosarcina, only 
one of which is sensitive to inhibition by iodopropane 
[38]. If the site of inhibition is a corrinoid, it is ap- 
parently a minor species. It is notable that while two 
corrinoid proteins have been isolated from Clostridium 
thermoaceticum [37,39,40], only one serves as direct 
methyl donor to carbon monoxide dehydrogenase- 
dependent acetyl-CoA synthesis [37]. 
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