
Vol. 123, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

August 30, 1984 Pages 238-246 

INHIBITION OF THE METHYLCOENZYME M METHYLREOLICTASE SYSTEM BY NAD+ AND NADP+ IN 
CELL-EXTRACTS OF METHANOSARCINA BARKER1 

Douglas 0. Mountfort and Rodney A. Asher 

Cawthron Institute, Nelson, New Zealand 

Received July 17, 1984 

Summarv In cell extracts of Methanosarcina barkeri, 
methylreductase 

the methylcoenzyme M, 

NADP , 
system with H2 as the electron donor was inhibitad by NAD and 

but NADH end NADPH had no effect on enzyme activity. NAD (4 and 8 mM1 
shifted the saturation curve for methylcoenzyme M from hyperbolic (Hill 
coefficient [n 1 = 1.0; concentration of substrate giving half maximal velocity 
[K I = 0.21 mMy to sigmoidal 
O.g4 mM1, and slightly 

[n 
decrease 

j ; I.” and 2.01, increased Km [Km = 0.25 and 
SimiLarLy NADP at 4 and 8 mM increased 

“ct 
to 1.6 and 1.85 respectively, b!!fxtha K values (0.3 end 0.56 mM1 indicated 

t at NADP+ was a more efficient inhibitor Then NAD+. 

The soluble enzyme system, methylcoenzyme M methylreductase, is currently 

accepted as catelysing the terminal step of methanogenesis in which CH3-S-CoM is 

reductively demethytated to produce methane end HS-CoM in a reaction requiring 

ATP, magnesium ions, and a H2 atmosphere (I-3). In Methanobacterium 

thermoautotroohicum the methylreductase complex [or system) hes been resolved 

into three components: [il, component A, en oxygen-sensitive protein fraction 

comprising four subcomponents, having hydrogenase activity and a mass of 500,000 

deltons (41; [ii], component B, an oxygen-sensitive, colorless, heat-stable 

cofactor of unknown structure; and [iii], component C, an acidic protein (51. 

Component C has recently been identified as the methylcoenzyme M methylreductase 

protein (61. 

Important to the acceptance of the methylreductase step as terminal to the 

energy-producing pathways of methanogenesis is a knowledge of the enzyme’s 

response to metabolic effecters. With the exception of the studies by Mountfort 

(71 demonstrating that ATP activation of methylreductasa was allosterically 

Abbreviations: CH3-S-CoM, methylcoenzyme M or 2-Imethylthiol ethenesulfonic 
acid; HS-CoM, 2-merceptoethanesulfonic acid; TES, 
N-tris[hydroxymethyL)mathyL-2-eminoethane sulfonic acid. BBL, Baltimore 
Biological Laboratories. 
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inhibited by AMP in cell-free extracts of M. barkeri, there have been no 

attempts to define the possible regulatory mechanisms for the control of the 

enzyme. This communication describes inhibition of the methylreductese system 

by oxidised pyridina nucleotides. 

METHOOS AND MATERIALS 

Culture of the oraanism. Methanosarcina barkeri strain 227 was kindly supplied 
bv R.A. Mah. Division of Environmental and Nutritional Sciences, School of 
P;blic HeetCh, University of California. The medium for growth.of the 
methanogen was based on that described by Mah et al. (81 and contained the 
following components per 100 ml: KH PO 

2 
30 mg; NH CL, IO mg; MgCL .6H 0, 

mg; yeast extract IBBL, Cockeysville, &, U.S.A.l,40.2 g; Trypticage [ BLI 2 
0.1 
, 0.2 

g; and rezezurin; 0.1 mg. The medium was adjusted to pH 6.8, sterilised, and 
cooled while ftushing with 100% N . Sterile reducing agent (2 ml of a 1.25% 
Na S.9H20 - 1.25% cysteina hydroc 
&I 

2 Loride solution1 and methanol (2-ml of a 50% 
solution) were added prior to inoculation. 

Large scale cultivation of the organism was carried out in 12-litre 
fermentors and with a 5% inoculum, growth yields of epproximately 6 gm wet 
weight of cells were obtained per Litre after eight days incubation. An open 
gas Line was connected to the fermentors at the onset of active gas production 
to prevent a buildup of pressure in the headspace. 

Preoaration of cell extracts. Cells were harvested by centrifugation at 7,000x9 
for 20 min at 2°C in stoppered stainless steel centrifuge tubes that had 
previously been gassed with hydrogen. Harvested cells were diluted with a equal 
volume of 50 mM TES buffer [pH 7.01 frozen to -7O'C and broken by passage 
through a Hughes Press. The frozen contents were transferred to e centrifuge 
tube in an anaerobic glove box [Coy Lab. Prod., Ann Arbor, Mich., U.S.A.1 in a 
3% Hd97% N2 atmosphere. 
atmosphere, 

The contents were thawed, placgd under a 100% H2 
and centrifuged at 30,000 xg for 30 min at 2 C after addition of 1 

mg of ONase (EC 3.1.4.51. The supernatant solution was stored under a H2 
atmosphere at -2O'C until used. 

Crude cell extract 13 ml] was dialysed in tubing with average pore size, Mr 
= 3500 (Arthur H. Thomas Co., Philadelphia, Pa, U.S.A.1 at 2'C against 1.5 
Litres of deoxygenated 50 mM TES buffer [pH 7.01 conteining 10 mM MgC12 and 3.3 
mM dithiothreitol. Ouring dialysis (24 hl the buffer was sparged with hydrogen 
for the first 4 h and stirred under a hydrogen atmosphere for the remaining 20 
h. Transfer of cell extract to end from the dialysis chamber was carried out in 
the anaerobic glove box. Oialysed cell extract wa8 quick frozen using an 
ethanol-dry ice mixture and stored under H 2 et -20 C until required. 

Methvl CoM methvlreductese assav. Methylreductase wes assayed in 2 ml reaction 
vials sealed with butyl rubber septum stoppers. The standard reaction mixture 
CO.25 ml1 contained 20 HmoL of potassium TES buffer [pH 6.01, 5 umoL of MgCL2, 1 

,umol of ATP end 1 pmol of CH3-S-CoM. Dialysed call extrect was added es 
indicated in the protocol of each experiment. The gas atmosphere was hydrogen. 
The reaction was initiated by addition of CH3-S-CoM and vials were incubated in 
a water bath at 37'C for 48 min. Gas samplss [50 ,uull were withdrawn et 
appropriate intervals using a 50 1.11 gas sampling syringe [Precision Sempling 
co., Baton Rouge, LA., U.S.A.1 and methane was determined at 72'C on a Carle 
model 5900 gas chromatograph equipped with a flame ionisetion detector. Rates 
were determined from the linear portion of the CH production curve. In most 
experiments methane production was linear after ad initial Leg of 3-5 min. In 
csses where low concentrations of CH -S-CoM were used, methane production often 
declined towards the end of the 40 m?n time-course due to exhaustion of 
substrate. 
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Soectroohotometric assav of ovridine nucleotide-linked hvdroaenasa. In 
examining the effects of oxidised pyridine nucleotides on the methylreductase 
sys$em, pyriqine nucleotide-linked hydrogenase was assayed to determine Loss of 
NAD or NADP due to the formation of NADH or NADPH. The essay mixture (2.0 ml] 
in sealed 3.5 ml anaerobic cuvettas contained: TES buffer LpH 6.01, 160 ,umol; 
WL2, 40 umol; ATP, 6 umol; NADP or NAD , 6 to 16 umol; and dialysed cell-free 
extrect. The gas %tmosp$er% w%s 100% He. The reaction w%s started with 
eddition of NAD or NADP and cuvettes were incubated et 37'C for 30 min. 
Enzyme activity was essayed by following the chenge in absorption at 340 nm 
using a Beckman ACTA CII spectrophotometer. Reection mixtures with argon gas 
were used as controls. 

Protein determination. Protein w%s determined by the method of Gornell et al. 
(91 using bovine serum albumin es a standard. 

Chemical& DNase, NAD+, NADP+, NADH, NADPH end TES were obtained from Sigma 
Chemical Co., St. Louis, MO, U.S.A. Coenzyme M was obtained from 
Merck-Schuchardt Co., Munich, end CH3-S-CoM was kindly supplied from Professor 
R.S. Wolfe's Leboretory, Depertment of Microbiology, University of ILLinois, 
U.S.A. 

RESULTS 

Summarv of ootimel conditions. In all assays dielysed crude cell extract was 

used beceuse undielysed extrect ectively produced methane in the absence of 

added CH3-S-CON. Dielysis removed methanogenic precursors present in the 

extract eliminating endogenous methane production. Near optimal retes of 

methane production occurred with %n ATP concentration of 1 mM, and increasing 

ATP to 4 mM resulted in only % slight increase in activity. The amount of 

CH3-S-CoM required for optimal ectivity was 4 mM, end for MgCL2, 20 to 30 mM. 

The pH optimum for the methylreductase system was in the range 5.5 to 6.0. No 

temperature optimum w%s determined, and esseys were carried out et 37'C as in 

previous studies (7,101. Hydrogen was the electron donor and no activity was 

detected when hydrogen or ATP wes omitted from the reaction mixture. Under 

standard conditions the rate of methene production was in the range 1.6 to 2.2 

nmol.min 
-1 

.Lmg cell extract proteinI-'. 

Effect o ftnuclaatidesse comD& . In 

the sc%n for pyridine nucleotide effects the standerd reaction mixture was used, 

except that the concentretion of CH3-S-CoM was equivalent to its Km value LO.21 

mM1. This w%s in the range where the greetest response to metebolite effectors 

w%s expected to occur. The ranges of pyridine nucleotide concentretions chosen 

were based on the physiological Levels found in other anaerobically grown 

bacterie [II, 121 and the effects on the methylreductase system are summarised 
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Table 1. Ability of various matabolites to iniibit or stimulate 
the methylraductasa system 

Compound Concentration % % 

[mMl Inhibition Stimulation 

NAD+ 4-8 14-50 

NADH 4-8 D D 

NADP+ 4-S 48-74 

NADPH 4-g D 0 

'The reaction mixture and experimental conditions were as 
described in Materiels and Methods. The amount of cell-free 
extract added to the assay mixture was in the range, 1.8 to 2.0 
mg protein, and the gas atmosphere was 100% H2. In the absence 
of added effe tor the mean activity of ma hylreductase was 1.1 
nmol CH 4.min 

-F -1 .mg [cell extract protein1 . 

in Table 1. NAD+ and NADP+ both inhibited the mathylraductasa system, but no 

effect was observed with NADH and NADPH. For all pyridine nucleotide additions 

pH was monitored at the and of the assays and was always within the range, 5.8 

to 6.2. 

In the presence of NAD+ total methane produced (range, 48 to 55 nmoll 

indicated that methane was formed in approximately stoichiometric amounts from 

50 nmol of added CH3-S-CoM. With NADP+ at 4 and 8 mM, values for total methane 

ware 93% and 85% of the stoichiometric value, respectively. 

Characterisation of inhibition bv oxidised ovridine nucleotide6. Addition of 

NAD+ and NADP+ to the reaction system resulted in transformation of the 

saturation curve for CH3-S-CoM from hyperbolic to sigmoidal [Figs. la, 2el. 

NAD+ at 4 and 8 mM increesed the Hill coefficient Ln,l from 1.0 to 1.5 and 2.0 

respectively LFig.lbl. The concentration of substrate giving half maximal 

velocity [Km1 increased indicating decreased affinity of the enzyme system for 

methyl CoM, end Vmax slightly decreased so that at 8 mM NAD', Vmax was 3.6 nmol 

CH4.min 
-1 

compared to 4.1 nmol CH4.min 
-1 

in the absence of the effector. 

Addition of NADP+ at 4 and 8 mM increased nH to 1.6 and 1.65 respectively 

LFig.2bl and the increase in K m was greater than occurred with the same 

concentrations of NAD+. As with NAD+, there was a decrease in Vmax. At 0 mM 
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Fig.1. Effect of NAD+ on the saturation curvs for CH3-S-CON cLeavage by the 
methylreductese system Tel, end [bl, Hill plots of the same dete. V 
were determined from Liyeweaver-Burke plots of l/v [(nmol of methane 
yersus l/CH -S-CoM (mM 1 

a 
Each reaction mixture contained 1.65 mg of 

cell-extrac protein. NAi+ concentrations (mMl;W, O;O, 4.0;0, 6.0. 

NACJP+, Vmax was 3.2 nmol.min 
-1 

compared to 4 nmol.min -' in the absence of the 

effector. 

To determine whether or not the effects of NADC and NADP+ were due to 

oxidation of He-reduced electron terriers involved in electron transport to 

methane, activity of pyridine nucleotida-linked hydrogenase was measured. Also, 

Methylccmzyme M (mMI 

Fig.2. Effect of NADP+ on the saturation curve for CHS-S-CoM cleavage by the 
methylreductase system [al, and [bl, Hill plots of the same data. V va ues 
were determined from Lipeweaver-Surke plots of l/v [Lnmol of methene%:nl 

-1 

yersua l/CH [mM 1. 
B 

-S-CoM Each reaction mixture contained 1 .S mg of 
cell-extrac protein. NADP+ concentrations (mM1; n , 0; 0, 4.0; 0. 8.0. 
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Table 2. Comparison of NADH and NADPH with H2 as electron 
donors for the methylreductase system of M. barkeri a 

Electron Reaction rateb % activity with H2 

donor [nmol CH4.min-'I as electron donor 

H2 4.5 + 0.2 

NADHC 0.8 + 0.15 17.7 

NADPHC 1.2 + 0.03 26.6 

aThe reaction mixture and experimental conditions were as 
described in Materials and Methods. The concentrations of 
NADPH and NADH were 4 mM each, and the reaction mixtures all 
contained 1.9 mg of call extract protein. 

bData represent the mean + SE for triplicate determinations. 

'The gas phase was lDO% argon. 

since both NAOPH and NADH were found to act as electron donors for the 

methy Lreductase reaction [Table 21 measurement of the reduction of oxi dised 

pyridine nucleotides was made in the absence of CH3-S-CoM. Under conditions 

where call-extract protein was at the same concentrations as for the experiments 

described in Figs.1 and 2, losses of NAD+ and NADP+ due to pyr i 

nucleoti de-l inked hydrogenase were SO.32 and SO.8 nmoL.min 
-1 

.mL' 

dine 

-' (Tab Le 31. 

Table 3. Pyridine nucleotide-linked hydrogeanase activity in 
cell extracts of M. barkeri 

Pyridine Pyridine nucleotide Pyridine nucleotide 

nucleotide concentration TmMl linked hydrogenaseb 

[nmol.min .ml -1 -11 

NAD+ 4.0 0.20 + 0.01 

8.0 0.32 + 0.03 

NADP+ 4.0 0.52 + 0.05 

8.0 0.8 + 0.06 

aThe complete reaction mixture and e%perimental conditions were 
as described in MateriaLs and Methods. CelL-extract protein 
concen ration in thf reaction+mixtures (2 ml] was 6.6 and 7.2 
mg.ml 4 far the NAO and NADP linked hydrogenases 
respectively. The hydrogen concentration in the gas phase was 
100%. 

bData represent the mean ) SE for triplicate determinations. 
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Thus the predicted rates of NADH and NADPH formation in a 0.25 ml reaction 

system would be SD.08 and <D.2 nmol.min 
-1 

respectively . 

DISCUSSION 

Although the methylreductsse system has been resolved into component 

fractions with component C being the true methylreductase LP. Hartzell and R.S. 

Wolfe, Abstr. Ann. Meet. Am. Sot. Microbial. 1983, I 12, p. 141; 61 there are 

difficulties in studying the effects of metabolitas on this protein. Principle 

among these is that an enzyme system Lhydrogensse, or NADPH : F42D 

oxidoreductasel together with other components is required to provide electrons 

to the methylreductase and a method for studying the effects of metsbolites on 

the methylreductase protein independent of the other components of the system is 

not yet accessible. The approach used in this study has been to examine the 

effects of NAD+ and NADP+ on the methy Lreductase system before consideration is 

given to the components which are affected. 

The kinetic response of the methylreductase system to NAD+ and NADP+ 

suggested that these effecters interacted with the enzyme complex 

a 1 Losteri ca 1 Ly . The saturation curves for CH3-S-CoM showed positive 

co-operativity during inhibition suggesting that the binding of CHS-S-CoM was 

faci Litatsd by the binding of other CHS-S-CoM molecules (131. NADP+ was a more 

efficient inhibitor than NAD+ as there was a Larger Km increase resulting from 

its addition. Oxidation of H2-reduced carriers involved in electron transport 

to the site of CH3-S-CoM reduction by NAD+ or NADP+ was unlikely to be a cause 

of inhibition since rates of NADH and NADPH formation were very low L(O.1 

nmol.min -’ . Lmg protei nl-’ compared to $2 nmol CH4.min -’ .Lmg proteinI-’ for the 

methy Lreductase system assayed undsr standard condi tionsl . Furthermore, if a 

significant decrease in electron flow had occurred, then at the higher 

concentrations of CH3-S-CoM, a greater inhibition by NADP+ and NAD+ would have 

been expected than was observed. 

Absence of any effect with NADH and NADPH suggested that these compounds 

did not act as metabolic effecters. However, both NADPH and NADH were found to 

substitute for H2 in the supply of reducing equivatents for CH3-S-CoM cleavage 
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(Table 21. Thus, absence of an NADPH or NADH effect must be qualified since 

either cofactor may have contributed a portion of reducing equivalents along 

with H2 although no net increese in activity occurred. Whether NADPH or NADH 

piay an important role in the supply of reducing equivalents to CH6-S-CoM via 

various carriers in vivo remains to be clarified, but it is known that NADPH and 

NADPH: F42D oxidareductase can substitute for hydrogenese as the electron donor 

for the methyl coenzyme M methylreductase protein [component Cl in 

M. thermaautotrouhicum (61. 

Inhibition of the methylreductase system by NAD+ and NADP+ complements a 

previous report describing inhibition by AMP (71. Yet it is not obvious why the 

methylraductase system should be inhibited by oxidised pyridine nucleotides and 

AMP. In the cell when the levels of axidised pyridine nucleotidea and AMP 

increase indicating a decrease in the supply of energy and reducing power, 

stimulation of the energy-producing pathways usually results [141. However, the 

in vitro studies described here and in previous studies (71 indicate that the 

methylreductase complex responds in the opposite manner. Such observations 

would appear to be inconsistent with the accepted role of the enzyme complex in 

the catelysis of the terminal step of methanogenic pathways coupled to energy 

production. In order to resolve this apparent anomaly it will be important to 

further elucidate the effects of NAD+, NADP+ and AMP on the methylreductase 

reection. We ere now attempting to determine the components of the 

methylreductase system which interect with these effectars. It is anticipated 

that these studies together with whale cell investigations relating 

intracellular adenylate and pyridine nucleotide levels to methanoganesis, should 

contribute to a clearer understanding of the response to methylreductase to 

metabolic inhibitors. Consequently the role of the methylreductase reaction in 

methanogenesis might be better evaluated. 
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