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Chapter 1 

General Introduction 



GENERAL INTRODUCTION 

Preview 

In this chapter the reader will be introduced 

to the main aspects of the methane 

formation from acetate. In the first part the 

position of methanogenesis in the anaerobic 

degradation of organic matter is described. 

Thereafter a brief summary of the main 

characteristics of the methane bacteria will 

be given. This summary is followed by a 

historical overview of methanogenesis from 

acetate. Then an overview of the physiology 

and biochemistry of the acetoclastic methan

ogenesis is given. At the end of the intro

duction a short summary of the data availa

ble on the molecular biology of Methanothrix 

and an outline of this thesis are presented. 

Methanogenesis 

Microorganisms play an important role in 

the conversion of organic and inorganic 

matter [1]. Under anaerobic conditions 

organic matter is degraded by the 

cooperative interaction of several different 

physiological groups of micro-organisms 

[2-4]. A schematic presentation of the 

anaerobic degradation under methanogenic 

conditions is depicted in Fig. 1. The 

anaerobic degradation of organic matter 

starts with the hydrolysis of complex 

biopolymers into the corresponding 

monomers by fermentative bacteria [5,6]. 

These monomeric products (sugars, fatty 

acids and amino acids) are converted by 

fermentative bacteria to intermediate 

products like, acetate, propionate, butyrate, 

lactate and alcohols [7]. Most of these com

pounds are oxidized by obligate proton-

reducing acetogenic bacteria to acetate, 

hydrogen and C0 2 [7]. 

In the absence of light or electron acceptors 

as nitrate or sulfate terminal degradation 

steps are performed by the methane bacteria 

[8]. In this step the methane bacteria con

vert Hj/C02 and acetate to methane [1,8]. 

The methane bacteria play an important 

regulatory role in the proton and electron 

flow during the anaerobic degradation of 

organic matter [7,8]. The comsumption of 

hydrogen provides a low partial hydrogen 

pressure. This enables the obligate proton-

reducing bacteria to degrade the organic 

acids, which are thermodynamically very un

favourable reactions [7-10]. The com

sumption of acetate by the acetoclastic 

methanogens prevents acidification of the 

anaerobic ecosystem [11]. 

Acetate is quantitatively the most important 

intermediate in the anaerobic degradation of 

organic matter [11,12]. It is the most abun

dant precursor of methane formation. 

Seventy precent of the methane in anaerobic 

digestors is derived from acetate [13]. In 

sediments, flooded soils and rice-fields also 

60-80 % of the methane is formed from 

acetate [3,14-17]. Further the conversion 

rate of acetate by methanogenic bacteria is 

proposed to be the rate limiting step in the 

degradation of soluble organic matter under 

anaerobic conditions [18]. The study of 

acetoclastic methanogens, therefore, is of 

relevance to our understanding of anaerobic 

processes and their optimal application in 

treatment of waste water from various 

sources. 

Methanogenic bacteria 

Methanogenic bacteria have been isolated 

from nearly every habitat in which anaerobic 

degradation of organic material takes place, 

such as waste water digestors, fresh water 

and marine sediments, and intestinal tracts 
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of man and animals [20-24]. 

axonomically, methane bacteria comprise of 

a rather diverse group. Balch et al. proposed 

classification into three orders and six fami

lies on the basis of morphological differen

ces : Methanobacteriales (Methanobacteria-

ceae and Methanothermoceae), Methano-

coccales (Methanococceae) and Methano-

microb ia les (Me thanomic rob i a c eae , 

Methanosarcinaceae and Methanopla-

naceae) [25]. Although, taxonomically rather 

diverse, the methane bacteria were 

reorganized in a coherent group on the basis 

of their physiological similarities [26,27]. 

Methane bacteria produce methane from a 

limited number of compounds. The classical 

one- and two-carbon compounds are listed 

in Table I. Nearly all methanogenic bacteria 

use H2/C02, whereas many species are also 

able to utilize formate [28]. Until now only 

two genera of methane bacteria are descri

bed which can use acetate as carbon and 

energy source : Methanosarcina and 

Methanothrix [28]. Very recently it was 

shown that some methane bacteria are also 

able to use primary and secondary alcohols 

[29,30]. 

Methanogenic bacter ia show clear 

differences by comparison with other proca-

ryotes [25]. The cell wall consists of pro

teins, glycoproteins or contains pseudo-

murein instead of murein [31,32]. The mem

branes do not contain glycerol-esters of fatty 

acids, but are composed of the glycerol-

ethers of squalens or other isoprenoid hy

drocarbons [33,34]. Methane bacteria use a 

number of unique coenzymes in their 

metabolism [35,36]. Further differences were 

observed in the nucleotide patterns of the 

16S rRNA, the base composition of the 

tRNA and the length of the genome [37-39]. 

On the basis of all these differences Woese 

et al. classified the methane bacteria to the 

domain of the archae [40]. In the next 

section an overview is presented of the 

history of methane formation from acetate. 

Historic overview of the methane formation 

from acetate 

After the discovery of methane (aria 

infiammabile) by A. Volta in 1776, it took 

another century before the microbial origin 

of t he me t h an e fo rmat ion from 

d e compos i ng p l a n t m a t e r i a l was 

demonstrated by Bechamp (1868) and 

Popoff (1873) [41-43]. The methane 

production from acetate was firstly described 

by Hoppe-Seyler in 1876 [44]. Even before 

the classical thermodynamical concepts were 

totally formulated, he noticed the difficulties 

of the energy conservation in acetoclastic 

methanogenesis. Extensive description of 

acetoclastic methanogenic bacteria occurred 

in the first decade of this century by 

Sohngen (1906) [45]. He described two 

different organisms from enrichment cultu

res on acetate; a gram-negative sarcina and 

a non-motile rod shaped bacterium which 

often formed long filaments [46]. His cul

tures were lost after the end of his work. 

Barker conducted in 1936 further studies 

and got again enrichments of the bacteria 

described by Sohngen [47]. He named them 

Methanosarcina methanica and Methanobac-

terium soehngenii [48]. Barker was not able 

to obtain these bacteria in pure culture. It 

was Schnellen in 1947, who isolated the first 

methanogen in pure culture : Methanosar

cina barken [49]. However, after some 

taxonomic studies the sarcina was lost. New 

isolates of Methanosarcina were obtained 

and described from 1974 on [50,51]. 

The non-motile rod "Methanobacterium 

soehngenii" was described in various 

enrichment cultures on butyrate, benzoate 

and lignin [10,52-54]. But it lasted untill 

1980 before the bacterium was obtained in 

pure culture by Zehnder and coworkers [55]. 

They renamed the bacterium Methanothrix 

soehngenii, with as type strain, strain Opfi-

kon [56,57]. Thereafter several Methanothrix 

strains have described including the 



Table I : Substrates used by methanogenic bacteria 

AG'Q (kJ/mol CH„) 

4 HCOOH 
4 CO + 2 H P 
CHjCOOH 
CH3OH + H2 

4 CH3OH 

... > 

... > 

... > 

... > 

... > 
—> 
—> 

CH4 + 3 C0 2 + 2H20 
CH4 + 3 C0 2 

CH4 + C0 2 

CH4 + H 20 
3 CH4 + C0 2 + 2H20 
3 CH„ + C0 2 + 4 NH3 

-130 
-120 
-186 
-32 
-113 
-103 
- 74 

AG'0 = Gibbs free energy at pH 7, 25 °C, 1 atm and 1 M concentration. 

Table II : Comparison of the physiological parameters of Methanosarcina spp. and Methanothrix spp. 

Organism Methanosarcina Methanothrix 

Morphology 

Physiology 

Substrates 

Sarcina-type 

Clumps 

Rod-shaped 

Long filaments 

Generalist Specialist 

Hydrogen, Methanol Acetate 
Methylamines, Acetate 

I W (days)"1 0.3 

doubling time (days) 0.5-2 

Yield (g dw/mol Ac) 2.1 

K, (mM) 3.0 

Threshold (mM) 0.2 - 1.2 

0.1 

1-12 

1.4 

0.5 

0.007 - 0.07 



mesophilic Methanothrix soehngenii strain 

FE, and Methanothrix concilii GP-6 and the 

thermophilic strains Methanothrix CALS-1 

and Methanothrix thermoacetophila [58-61]. 

Although immunological studies with antjse-

ra showed only a weak relationship between 

the different Methanothrix species, Touzel 

unified the strains Opfikon, FE and GP-6 

into one species, Methanothrix soehngenii, on 

the basis DNA-DNA hybridization studies 

[58,62]. However, recently it has been pro

posed that these three Methanothrix species 

should be included in the genus 

Methanosaeta [63]. Since the discussion to 

maintain the name of Methanothrix is still in 

progress, throughout this thesis the name 

Methanothrix soehngenii will be used to avoid 

any confusion. 

Physiology and biochemistry of acetoclastic 

methanogenesis 

Only two genera of methane bacteria are 

known which degrade acetate; Methano-

sarcina and Methanothrix, The acetoclastic 

metabolism of Methanosarcina recieved 

considerable attention in the past decade, 

but hardly any atttention was paid to the 

enzymology a nd b i o chemi s t r y of 

Methanothrix [64]. In next part of the intro

duction the relevant knowledge about the 

acetoclastic methanogenesis is summarized. 

Physiology 

In Table II an overview is presented of the 

physiological properties of both Methanosar

cina and Methanothrix. Although not strictly 

a physiological property the table starts with 

the comparison of the morphological diffe

rences between the two genera [31,32,54-

62,65,66]. The two acetoclastic methane bac

teria have developped different strategies 

for growth on acetate. Methanosarcina is 

metabolically versatile [64]. It appears to be 

a generalist, capable of growing on several 

different substrates including, HJ /COJ , 

methanol, methylamines and acetate [13,67]. 

The bacterium grows on acetate as sole 

energy source with a doubling time of about 

one day and a growth yield of 2 g dry weight 

/ mol acetate. Its affinity for acetate is 

rather low (K, = 3-5 mM) [13,67]. 

Methanothrix species differ from Methanosar

cina species in that they use only acetate as 

energy source. The growth rate is low 

(doubling time 2-12 days) and the growth 

yield is low (1.4 g dry weight / mol acetate) 

[54,55]. However, its affinity for acetate is 

rather high (K, = 0.5 mM) [55]. 

The minimum threshold concentration of 

acetate utilization of Methanosarcina and 

Methanothrix was investigated by several 

research goups [68,69]. It was shown that 

Methanothrix reached lowest acetate concen

trations (<10 juM), where Methanosarcina 

did not consume acetate under con

centrations of 0.2-1.2 mM. The kinetic 

parameters ( / ^ , K, and threshold) of 

Methanothrix and Methanosarcina are depic

ted in Fig. 2. From this figure it can be seen 

that Methanothrix is favoured in ecosystems 

with acetate concentrations between 0 and 1 

mM [4,68,69]. 

Biochemistry 

Although Methanothrix and Methanosarcina 

produce methane from acetate their meta

bolism shows some differences [64], The 

general scheme of the acetoclastic pathway 

is depicted in Fig. 3. The conversion of 

acetate starts with the activation of acetate 

to acetyl-CoA [64,70,71]. Since both 

organisms have different kinetic parameters 

for growth on acetate, it is not surprising 

that they have developped different 

mechanisms for the activation of acetate 

[64]. In Methanothrix acetate is activated by 

the enzyme acetyl-CoA synthetase [70]. The 

enzyme activates acetate to acetyl-CoA, with 
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concomitant hydrolysis of one ATP to AMP 

and PPj. Methanosarcina uses acetate kinase 

and phosphotransacetylase to activate aceta

te [71]. Via acetyl-phosphate, acetyl-CoA is 

formed at the expense of one ATP, which is 

hydrolyzed to ADP and Pt. Both enzyme sys

tems have been purified from the respective 

organisms [72-74]. The properties of the 

Acetyl-CoA synthetase are described in 

chapter 3 and are compared with those of 

the acetate kinase and phosphotrans

acetylase of Methanosarcina. The kinetic 

properties of both enzyme systems support 

again the hypothesis that Methanosarcina 

predominates in systems with high acetate 

concentrations, whereas Methanothrix is do

minant in environments with low acetate 

concentrations [4,68,69,75]. 

In the acetate activation to acetyl-CoA by 

Methanothrix one ATP is cleaved to AMP 

and PPj. The AMP is converted to ADP at 

the expense of one other ATP by the 

enzyme adenylate kinase [74]. The PP, for

med is hydrolyzed to two Pj by the action of 

an inorganic pyrophosphatase. A sum of 

these reactions leads to the suggestion that 

for acetate activation in Methanothrix two 

ATP are needed [64]. The possible result of 

this high energy input to activate its 

substrate, may be the relatively low growth 

yield and growth rate of Methanothrix 

compared to Methanosarcina, who only 

invests one ATP in acetate activation. Since 

it is believed that methane formation from 

acetate can only yield one ATP, it is difficult 

to envisage how Methanothrix is able to grow 

at all [64]. One possible site of energy 

conservation may be coupled to the 

hydrolysis of pyrophosphate. To investigate 

the possibility that the energy of the PPj 

bound could be used to drive endergonic 

reactions, the pyrophosphatase was isolated 

from Methanothrix. The properties and 

purification of the pyrophosphatase from 

Methanothrix are described in chapter 4. 

In chapter 5 the interconversion of adenine 

nucleotides by Methanothrix during acetate 

consumption is described and compared to 

results obtained from experiments with 

other (methane) bacteria. 

After acetate activation, the formed acetyl-

CoA is supposed to be cleaved into C,-units, 

one at the oxidation level of methanol 

(methyl-group), the other at the oxidation 

level of CO (carbonyl-group) [64]. The 

methyl-group is reduced to methane, the 

electrons for the reduction are derived from 

the oxidation of CO-moiety [76-79]. The 

carbon-carbon cleavage and the oxidation of 

the carbonyl-group are probably catalyzed 

by the same enzyme: CO dehydrogenase 

(CDH) [80,81]. CDH is present in both 

Methanosarcina and Methanothrix and consti

tutes up to 5 % of the soluble cell protein 

of these bacteria [82-86]. The enzymes have 

similar subunit composition (<xB)2 and mole

cular masses (200 kDa) [82-86]. The enzyme 

contains Ni and Fe/S clusters [82-86]. 

The COimethylviologen oxidoreductase 

activity of Methanothrix was found to be 

insensitive to oxygen, whereas other CDH's 

from anaerobic bacter ia including 

Methanosarcina are inactivated by traces of 

oxygen [70,86]. The properties of this oxygen 

stable CDH are described in chapter 6. 

Since the enzyme contained Ni, Fe and acid-

labile sulfur, the presence of paramagnetic 

centers were investigated by EPR spectros

copy. The actual acetyl-CoA cleavage func

tion of the enzyme is difficult to 

demonstrate, since the functional acceptors 

of the cleavage products have to be 

available [87,88]. As an alternative for the 

cleavage function, the exchange reaction be

tween the carboxyl-group of acetyl-CoA and 

CO can be studied in absence of a 

functional methyl-acceptor [87-90]. The 

acetyl-CoA/CO exchange activity of the 

CDH and the paramagnetic centers of the 

anaerobically purified CDH are presented in 

chapter 7. In order to characterize the 
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possible Ni site and some unusual clusters in 

the CDH, the enzyme was isolated from 

Methanothrix grown in the presence of 61Ni. 

The EPR properties of these unusual 

clusters are presented in chapter 8. 

The methyl-group of acetyl-CoA is ultimate

ly transferred to coenzyme M by several 

methyltransferases [64,91-95]. In Methano-

sarcina tetrahydromethanopterin and corri-

noid containing proteins are involved in this 

transfer [91-95]. For Methanothrix this 

transfer proces is not yet studied, but the 

presence of both tetrahydromethanopterin 

and corrinoids in Methanothrix indicates that 

similar processes could be envisaged in this 

organism [96,97]. The last step in 

methanogenesis is reduction of methyl-

coenzyme M to methane [98]. This reaction 

is catalyzed by the methyl-CoM reductase. 

In chapter 9 of this thesis some of the pro

perties of the methyl-CoM reductase from 

Methanothrix are presented and compared 

with data from other methyl-CoM 

reductases. 

The direct electron donor for methyl-CoM 

reduction has been shown to be 7-mercapto-

heptanoyl-threoninephosphate (HS-HTP) 

[99]. HS-HTP and HS-CoM are regenerated 

by the reduction of the mixed heterodisul-

fide (CoM-S-S-HTP, HDS). This reaction is 

catalyzed by the heterodisulfide reductase 

(HDR) [100, 101]. HDR activity was also 

observed in cell extracts of Methanothrix 

[102]. The electrons necessary for reduction 

of HDS are probably derived from the oxi

dation of the CO-group by the CDH [64]. 

The exact mechanism and electron carriers 

involved in this proces in Methanothrix are 

not known. In Methanosarcina evidence was 

presented that a ferredoxin is involved in 

the transfer of electrons from the CDH to a 

membrane bound hydrogenase (electron 

transport chain) [103-105]. The coupling of 

electron flow to heterodisulfide reductase 

was studied in membrane vesicles of a 

sarcina like methanebacterium G6I [106-

110]. For this bacterium it was demonstrated 

that proton extrusion during HDS reduction 

could be used to drive ATP synthesis [106]. 

A similar mechanism may operate in 

Methanothrix, where 20 % of the HDR is 

membrane associated [102]. 

Molecular biology of Methanothrix 

Most of our knowledge about the molecular 

biology of Methanothrix is obtained from 

studies by Eggen et al., who recently 

reviewed their work [111-113]. Their results 

on the genes encoding for acetyl-CoA 

syn the ta se and c a rbon monox ide 

dehydrogenase are summarised here. 

The gene encoding for ACS was isolated 

from a genomic library in E. coli using poly

clonal antibodies raised against the purified 

ACS. After the gene was introduced in E. 

coli a major immunoreactive polypeptide 

was produced, which made up to 5 % of the 

cellular protein with a slightly smaller 

molecular mass than AGs purified from 

Methanothrix. Despite the difference in 

molecular mass, ACS activity could be 

detected in cell free extracts of E. coli, with 

even higher specific activities (11.2 (imol-

.min'1.mg"1) than measured in Methanothrix 

extracts. This indicated that functionally 

active ACS is efficiently produced by E. coli. 

Data base searches showed that the deduced 

amino acid sequence of Methanothrix ACS is 

homologous to that of proteins with similar 

functions found both in bacterial and 

eucaryal species. In addition, 2 putative ATP 

binding sequences could be deduced. 

The Methanothrix cdhA and cdhB genes that 

code for the large and the small subunit of 

CDH respectively, were also isolated from a 

genomic library using polyclonal antibodies 

raised against purified CDH. Subcloning of 

these genes into E. coli resulted in the pro

duction of two immunoreactive polypep

tides, which corresponded in size to the 

11 



purified CDH subunits. The CDH oxido-

reductase activity could not be observed in 

extracts of E. coli containing the cdh genes. 

The Methanothrix cdh genes are organized in 

an operon-like structure with the order 

cdhA - cdhB. Database searches showed 

that cdhA contained a strech of 110 amino 

acids, with 24 % identity to acyl-CoA 

oxidase from C. tropicalis. This is compatible 

with the acetyl-CoA cleavage function of the 

CDH. Another region consisting of 64 re

sidues could be identified as a ferredoxin 

domain, similar with archaeal type ferredox-

ins. This confirms the functions of the CDH 

as an electron carrier. The ferredoxin do

main contained 8 cysteine residues per cdhA 

molecule which could bind two [4Fe-4S] 

clusters. In the NH2 - terminal region of the 

cdhA another possible fixation site of sever

al cysteine residues for a iron-sulfur cluster 

was found. 

adenine nucleotides during acetate 

degradation by Methanothrix. 

The enzyme responsible for both the clea

vage of acetyl-CoA (into a methyl and 

carbonyl moiety) and the oxidation of the 

carbonyl-group in Methanothrix is CO 

dehydrogenase. In chapter 6 the oxygen 

stable CO oxidation activity of the enzyme is 

described. The paramagnetic centers and the 

acetyl-CoA/CO exchange activity of the 

enzyme are discussed in chapter 7. A more 

detailed description of a high spin system in 

the CDH is presented in chapter 8. In 

chapter 9 some of the properties of the 

methyl-CoM reductase, which catalyzes the 

common termimal step in all methanogenic 

bacteria, are presented. Finally in chapter 

10 some aspects of the preceeding chapters 

are discussed and summarized. 
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1. SUMMARY 

The minimum threshold concentrations of 
acetate utilization and the enzymes responsible for 
acetate activation of several methanogenic bacteria 
were investigated and compared with literature 
data. The minimum acetate concentrations re
ached by hydrogenotrophic methane bacteria, 
which require acetate as carbon source, were be
tween 0.4 and 0.6 mM. The acetoclastic Methano
sarcina achieves acetate concentrations between 
0.2 and 1.2 mM and Methanothrix between 7 and 
70 /iM. For the activation of acetate most of the 
hydrogenotrophic methane bacteria investigated 
use an acetyl-CoA synthetase with a relatively low 
Km (40-90 iiM) for acetate. Although the affinity 
for acetate was high, the hydrogenotrophic 
methane bacteria were not able to remove acetate 
to lower concentrations than the acetoclastic 
methane bacteria, neither in pure cultures nor in 
anaerobic granular sludge samples. Based on these 
observations, it is not likely that hydrogenotrophic 

Correspondence to: M.S.M. Jetten, Department of Microbi
ology, Agricultural University Wageningen, Hesselink van 
Suchtelenweg 4, NL-6703 CT Wageningen, The Netherlands. 

methanogens compete strongly for acetate with 
the acetoclastic methane bacteria. 

2. INTRODUCTION 

The conversion of H 2 /C0 2 or acetate by 
methanogens is the terminal step in the degrada
tion of organic matter under methanogenic condi
tions [1]. Only two genera of methanogenic 
bacteria, Methanosarcina and Methanotrix, are 
described which are capable of metabolizing 
acetate to methane. However, many hydro
genotrophic methane bacteria require acetate as a 
carbon source [2,3]. Acetate is assimilated via 
acetyl-CoA, which is the central metabolite for 
cell synthesis [4]. Autotrophic methanogens syn
thesize acetyl-CoA from one-carbon substrates, 
via the acetyl-CoA pathway [5]. Methanogenic 
bacteria, which require acetate for cell synthesis, 
lack this ability. Therefore, they must posses a 
similar mechanism of acetyl-CoA synthesis as the 
acetoclastic methanogens which activate acetate 
via an acetate kinase or an acetyl-CoA synthetase 
[6,7]. Since both hydrogenotrophic and acetoclas
tic methanogens use acetate for growth, competi-

0168-6496/90/S03.50 © 1990 Federation of European Microbiological Societies 
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tion for this substrate could occur in ecosystems 
where both types are present [8]. 

The aim of the present study was to examine 
the capability of hydrogenotrophic methanogens 
to use acetate and to investigate their acetate 
activating enzymes. The threshold values for 
acetate and the enzyme activities were compared 
with the data obtained for the acetoclastic methane 
bacteria. Further, the contribution of the hydro
genotrophic methane bacteria to the removal of 
acetate in methanogenic granular sludge was 
studied. 

3. MATERIAL AND METHODS 

3.1. Chemicals and gases 
All chemicals were at least of reagent grade and 

were obtained from Merck (Darmstadt, F.R.G.). 
Biochemicals were from Boehringer Mannheim 
(Almere, The Netherlands). Gases and gas mix
tures were supplied by Hoekloos (Schiedam, The 
Netherlands). Platinum catalyst was a gift of BASF 
(Arnhem, The Netherlands). [2-14C] sodium 
acetate (58 mCi/mmol) was purchased from 
Amersham (Houten, The Netherlands). Aqualuma 
scintillation cocktail was obtained from Lumac 
(Schaesberg, The Netherlands). 

3.2. Bacterial strains and culture media 
Methanobacterium thermoautotrophicum strain 

Marburg (DSM 2133), Methanobrevibacter arbori-
philus strain AZ (DSM 744), and Methanospiril-
lum hungatei strains JF-1 (DSM 864) and GP-1 
(DSM 1101) were from the German Culture Col
lection (Braunschweig, F.R.G.). Methanosarcina 
barkeri strain Fusaro (DSM 804) was a gift of Dr. 
C. van der Drift (Nijmegen, The Netherlands) and 
Methanothrix soehngenii strain Opfikon (DSM 
2139) was from our own collection. All strains, 
except M. barkeri, were cultivated on a mineral 
medium described by Huser et al. [9], For M. 
thermoautotrophicum and M. arboriphilus 0.2 g of 
yeast extract and 0.5 g of cysteine-HCl were added 
per liter, and for M. hungatei JF-1 and GP-1 0.1 g 
of yeast extract, 0.1 g trypticase and 0.5 g of 
cysteine-HCl were added per liter medium. M. 

barkeri was grown in an imidazole-buffered 
medium [10]. 

The bacteria were grown in 1-liter serum vials 
containing 300 ml of medium, supplemented with 
1.5 or 20 mmol of sodium acetate per liter. The 
gas phase was either H 2 / C 0 2 ( 8 :2) or N 2 / C 0 2 

(8 :2 ) . Growth was monitored by measuring 
methane production and acetate consumption. 

Methanogenic granular sludge was obtained 
from the Centrale Suiker Maatschappij (CSM) 
sugar factory at Breda, The Netherlands [11]. The 
sludge contained 2.1 • 1012 microorganisms per ml. 
Methanothrix constituted about 20%, Methano
sarcina about 10% and the hydrogenotrophic 
methanogens about 15% of the total bacterial 
population. The organic content expressed as VSS 
(Volatile Suspended Solids) was 0.7 g per g dry 
weight. 

3.3. Analytical procedures 
Methane was measured with a Packard-Becker 

417 gaschromatograph equipped with a molecular 
sieve column (60-80 mesh). The carrier gas was 
Argon at a flow rate of 20 ml m in" ' . Acetate was 
determined either by gaschromatography or by 
HPLC. A Varian 2400 gaschromatograph equipped 
with a chromosorb 101 column (80-100 mesh) 
and a F ID detector was used at 150°C. Carrier 
gas was N2 saturated with formic acid at a flow 
rate of 30 ml m i n ' . Prior to injection the samples 
were acidified with amberlite anion exchange resin 
(H + ). The detection limit of acetate by 
gaschromatography was about 10 fiM. A Chrom-
pack organic acids column (Chrompack, Middel-
burg. The Netherlands) run at 60 °C was used in 
the HPLC analysis. Acetate was determined by a 
2142 refractive index detector (LKB, Woerden, 
The Netherlands). The mobile phase was 5 mM 

3.4. Preparations of cell extract 
All operations were performed at room temper

ature (19°C) under strictly anaerobic conditions 
in an anaerobic chamber with N , / H 2 (95 : 5) gas 
phase; traces of oxygen were removed by a 
platinum catalyst. Cells (300 ml cultures) were 
harvested at the late log phase by centrifugation at 
20 000 x g for 30 min, washed twice in 50 mM 
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Tris-HCl pH 7.5, 5 mM MgCl2 and 1 mM DTT, 
and resuspended in 5 ml of the same buffer. Cell 
extracts were prepared by passing the cell suspen
sions through a French pressure cell at 130 MPa. 
The cell debris was removed by centrifugation at 
8 000 X g for 15 min. The protein content was 
determined according to Bradford [12]. 

3.5. Enzyme activity determinations 
Acetate kinase and Acetyl-CoA synthetase ac

tivities were determined as described previously 
[7]. 

3.6. [,4C] acetate measurements 
Since the detection of acetate concentrations 

below 10 juM was not accurate by gaschromato-
graphy, acetate removal by Methanothrix and 
methanogenic granular sludge was measured ra-
diometrically with [2-14C] sodium acetate (58 
mCi/mmol) as substrate. Concentrated cell sus
pensions of Methanothrix or washed sludge were 
incubated at 37 ° C in a mineral medium under an 
atmosphere of N 2 / C 0 2 (8 :2) [7]. The initial 
acetate concentration was 5 mM. 20 juCi of [2-
14C]sodium acetate were added when the acetate 

concentration had decreased to 50 fiM. At ap
propriate time intervals, 1-ml samples were re
moved and centrifuged at 10 000 x g. The super
natant of representative samples was separated on 
HPLC after 10 mM of carrier acetate was added. 
The acetate fractions were pooled and the radioac
tivity was quantified by counting 100-jul samples 
in 4 ml of aqualuma scintillation cocktail in a 
LKB Wallac scintillation counter (Pharmacia/ 
LKB, Woerden, The Netherlands). 

When the radioactivity did not decrease any 
further, 50 juM of non-labelled acetate was added, 
and radioactivity was monitored to confirm that 
the decline in radioactivity was caused by acetate 
consumption. 

4. RESULTS AND DISCUSSION 

4.1. Acetate threshold values 
The acetate thresholds of several methanogenic 

bacteria are summarized in Table 1. The thresholds 
obtained for the hydrogenotrophic methane 
bacteria under non-energy-limiting conditions 
were between 0.4 and 0.6 mM. Methanobrevibacter 

Table 1 

Lowest measured concentrations of acetate in pure cultures of methanogenic bacteria 

Species 

Methanothrix 
soehngenu 

Methanosarcina 
barkeri 

Methanohacterium 
thermoaulotrophicum 

Methanospiril/um 
hungatei 

Methanobrevibacter 
arboriphilus 

Strain 

Opfikon 
Opfikon 
Opfikon 
Sp. 
CALS-1 
Fusaro 
Fusaro 
CALS 
227 
mazei 
Marburg 

GP-1 
JF-1 

AZ 

Initial 
concentration 
(mmol/1) 

20 
2 
4.6 
3.5 
1.0 
20 
40 
10 
10 
10 
1.3 
5 
1.2 
1.4 

1.4 

End 
concentration 
(Mmol/1) 

<10 
<10 

7 
69 
12 

244 
200 
190 

1 180 
397 
345 
500 
560 
590 

1530 

References 

This study 
This study 
This study a 

13 
14 
This study 
9 

14 
13 
13 
This study 
15 
This study 
This study 

This study b 

Determined radiometrically. 
Strain AZ is able to convert cysteine to acetate and propionate. 
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Table 2 

Acetate activating enzymes in methanogens 

Species 

Methanothrix 
soehngenii 

Methanosarcina 
barkeri 

Methanobacterium 
thermoautotrophicum 

Methanospirillum 
hungatei 

Methanococcus 
marispaludis 

Methanococcus 

Methanobrevibacter 
arboriphilus 

Strain 

Opfikon 
MS 
Fusaro 

thermo-
phila 

227 

Marburg 
GP-1 
JF-1 

A3 

AZ 

Enzyme a 

ACS 
AK 
AK 

AK 
AK 

ACS 
ACS 
ACS 

ACS 
ACS 
AK 
AK 

Activity 
(nmol min ~ l 

mg_ 1 protein) 

2 700 
560 

9 000 

6 400 
319 

60 
97 
44 

425 
5 

757 
264 

(CM) 

860 
3 000 
7 000 

22 000 
N.D. b 

40 
78 
90 

90 
N.D. 

250 
280 

References 

This study 
1 
17 

6 
18 

15 
This study 
This study 

19 
19 
19 
This study 

ACS, Acetyl-CoA synthetase; AK, Acetate kinase. 
N.D. = not determined. 

arboriphilus did not use any acetate. Instead, it 
produced some acetate and propionate from cy
steine. For Methanosarcina barkeri strain Fusaro a 
threshold value of 0.244 mM was found, which 
was in the same range (0.2 mM to 1.2 mM) as 
observed by other authors [10,13,14]. Methanoth
rix reached the lowest acetate concentration (< 10 
/iM). This is in good agreement with the data 
reported [13,14]. The threshold value for 
Methanothrix was also determined radiometrically 
in cell suspensions. A representative acetate de
gradation curve is depicted in Fig. 1. After a brief 
lag, acetate was utilized at a rate of 60 nmol 
min"1 mg_1 of protein. The acetate consumption 
was linear until acetate concentration reached 
about 0.2 mM. Subsequently the rate levelled off 
very rapidly, attaining a threshold value of 7 + 2 
juM. Hang Min and Zinder observed similar curves 
for the acetate consumption by Methanothrix 
CALS-1 and Methanosarcina CALS-1 [14]. Their 
data as well as ours could not be to fitted to 
Michaelis-Menten kinetics, unless a high degree of 
cooperativity was invoked. The rapid decrease of 
the acetate consumption rate in the threshold range 
indicates that ATP generation in this range limits 

substrate activation or substrate transport. This is 
in good agreement with the weak sigmodial kinet
ics of the purified acetyl-CoA synthetase of 

u • 
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Fig. 1. Acetate utilization by washed and concentrated cell 
suspensions of Methanothrix soehngenii strain Opfikon. Two 
different 500-ml cultures (•, A) were washed and each resus-
pended in 40 ml medium (400 mg protein per liter). Acetate 
was added to an initial concentration of 5 mM. At appropriate 
time intervals 1-ml samples were removed and analysed for 
acetate by HPLC. When the acetate concentration had de
creased to 50 iiM, 20 /iCi of [2-14C] sodium acetate were added 
and the acetate concentration was determined radiometrically. 
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Methanothrix soehngenii which are observed with 
varying amounts of ATP. This enzyme, however, 
followed simple Michaelis-Menten kinetics with 
varying concentrations of acetate at high con
centrations of ATP [7]. 

4.2. Acetate activating enzymes 
All the investigated methanogenic bacteria were 

able to activate acetate to acetyl-CoA. The two 
enzyme systems for acetate activation, acetate 
kinase and acetyl-CoA synthetase, were found in 
both hydrogenotrophic and acetoclastic methano-
gens (Table 2). The difference in Km value for 
acetate of the acetate kinase of Methanosarcina 
and of the acetyl-CoA synthetase of Methanothrix 
are consistent with the general model by which 
Methanosarcina dominates in environments with 
high acetate concentrations while low acetate con
centrations favour Methanothrix [7,14], Meth-
anobacterium thermoautotrophicum, Methano-
spirillum hungatei and Methanococcus marispaludis 
had an acetyl-CoA synthetase with a very low Km 

value (40-90 (iM) for acetate as compared to the 
Km (860-22 000 juM) for the acetate-activating 
enzymes of Methanothrix and Methanosarcina. 
Although the Km of the acetate activating en
zymes of the hydrogenotrophic methanogens was 
very low, these bacteria in pure culture were not 
able to remove acetate to lower concentrations 
than Methanothrix did (Table 1). 

300 1400 2800 200 

Time (mm) 

Fig. 2. Acetate utilization and influence of hydrogen on acetate 
degradation in methanogenic granular sludge. Two portions of 
25 ml methanogenic granular sludge (•, A) were washed and 
resuspended in 25 ml of medium. Acetate was added to an 
initial concentration of 5 mM. At appropriate time intervals 
1-ml samples were removed and analysed for acetate by gas 
chromatography. When the acetate concentration had de
creased to 50 /iM, 20 ^iCi of [2-14C] sodium acetate were added 
and the acetate concentration was determined radiometrically. 
When the acetate concentration did not decrease further, the 
gas phase was changed from N 2 / C 0 2 (8:2) to H 2 / C 0 2 (8:2) 

and acetate was monitored. 

not likely that the hydrogenotrophic methane 
bacteria significantly compete with the acetoclas
tic methanogens for acetate in natural environ
ments. 

4.3. Acetate removal in methanogenic granular 
sludge 

The contribution of the hydrogenotrophic 
methane bacteria to acetate utilization was studied 
in methanogenic granular sludge where both types 
of bacteria were present. Acetate degradation in 
the sludge is depicted in Fig. 2. The acetate con
centration decreased rapidly and a threshold value 
of 4.1 /iM was obtained. This is in the same range 
(2.7-4.5 jiM) as observed for lake sediments [20]. 
When the threshold was reached, the gas phase 
was changed to H 2 / C 0 2 (8 :2) and acetate was 
monitored further (Fig. 2). No significant decrease 
in acetate concentrations was found thereafter, 
indicating that the hydrogenotrophic methane 
bacteria were not able to use acetate at very low 
concentrations. Based on these observations it is 
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In Methanothrix soehngenii, acetate is activated to acetyl-coenzyme A (acetyl-CoA) by an acetyl-CoA 
synthetase. Cell extracts contained high activities of adenylate kinase and pyrophosphatase, but no activities of 
a pyrophosphate:AMP and pyrophosphate:ADP phosphotransferase, indicating that the activation of 1 acetate 
in Methanothrix requires 2 ATP. Acetyl-CoA synthetase was purified 22-fold in four steps to apparent 
homogeneity. The native molecular mass of the enzyme from M. soehngenii estimated by gel filtration was 148 
kilodaltons (kDa). The enzyme was composed of two subunits with a molecular mass of 73 kDa in an et2 

oligomeric structure. The acetyl-CoA synthetase constituted up to 4% of the soluble cell protein. At the 
optimum pH of 8.5, the Vmm% was 55 pniol of acetyl-CoA formed per min per mg of protein. Analysis of enzyme 
kinetic properties revealed a Km of 0.86 mM for acetate and 48 p-M for coenzyme A. With varying amounts of 
ATP, weak sigmoidal kinetic was observed. The Hill plot gave a slope of 1.58 ± 0.12, suggesting two interacting 
substrate sites for the ATP. The kinetic properties of the acetyl-CoA synthetase can explain the high affinity for 
acetate of Methanothrix soehngenii. 

The terminal step in the breakdown of organic polymers 
under methanogenic conditions is the conversion of H2/C02 

or acetate by methanogens (9). The most abundant methano
genic substrate under these conditions is acetate (9, 33). 
Only two genera of methanogenic bacteria, Methanosarcina 
and Methanothrix, are capable of metabolizing acetate to 
methane. Methanosarcina spp., the most versatile methane 
bacteria, can use several compounds (H2/C02, methanol, 
methylamines, and acetate) as growth substrates (11,15, 18, 
32). Its affinity for acetate is rather low (/(,, 5 mM), the 
growth yield is 2.1 g (dry weight) per mol of acetate, and the 
doubling time is 2 days (11, 32). Methanothrix can use 
acetate as a sole growth substrate. The growth yield (1.4 
g/mol of acetate) and the growth rate (doubling time, 7 days) 
are low, but its affinity for acetate is high (K„ 0.5 mM) (10, 
40). 

The pathway for acetate degradation involves transfer of 
the methyl group of acetate to coenzyme M, forming methyl-
coenzyme M (methyl-CoM), which is then reductively de-
methylated to methane (6, 7, 19, 21, 22, 24, 37). The actual 
cleavage of the carbon-carbon bond in acetate is proposed to 
be catalyzed by carbon monoxide dehydrogenase (1, 5, 8, 
28). High activities of carbon monoxide dehydrogenase were 
found in both Methanosarcina and Methanothrix spp. grown 
on acetate (8, 12, 16, 17, 35). Prior to the cleavage of the 
carbon-carbon bond, acetate is proposed to be activated to 
acetyl-coenzyme A (acetyl-CoA) (1, 6, 34). Different mech
anisms of acetate activation were found in the two aceto-
clastic methanogens. For Methanosarcina spp., high activi
ties of acetate kinase (EC 2.7.2.1) and phosphate 
acetyltransferase (EC 2.3.1.8) were reported (1, 6, 34, 36). In 
Methanothrix spp., only an acetyl-CoA synthetase (acetate: 
CoA ligase [AMP forming], EC 6.2.1.1) was present (16, 26). 
Recently, the purification and properties of the acetate 
kinase of Methanosarcina thermophila were described (1). 
This report summarizes the purification and characterization 
of the acetyl-CoA synthetase from Methanothrix soehngenii 

* Corresponding author. 

and a comparison is made between the acetate-activating 
systems of Methanosarcina and Methanothrix spp. 

MATERIALS AND METHODS 

Organism and cultivation. Methanothrix soehngenii (DMS 
2139) was the Opfikon strain isolated by Huser et al. (10). 
The organism was mass cultured on 80 mM sodium acetate 
in 25-liter carboys containing 20 liters of the medium de
scribed previously (12). Cultures were incubated without 
stirring at 35°C in the dark under an 80% N2-20% C0 2 gas 
phase. Cells were harvested at the late log phase by contin
uous centrifugation (Carl Padberg Zentrifugenbau GmbH, 
Lahr/Schwarzwald, Federal Republic of Germany), washed 
in 50 mM Tris hydrochloride (Tris-HCl) (pH 8.0), and stored 
under N2 at -20°C. 

Chemicals. All chemicals were at least of analytical grade. 
Acetyl-CoA and P1,P5-di(adenosine-5')-pentaphosphate 
were purchased from Sigma Chemical Co. (Amsterdam). All 
other biochemicals were obtained from Boehringer Mann
heim (Almere, The Netherlands). Sodium dodecyl sulfate 
(SDS) and acrylamide were from Bio-Rad Laboratories 
(Utrecht, The Netherlands). Gases were purchased from 
Hoekloos (Schiedam, The Netherlands). Platina catalyst was 
a gift of BASF (Arnhem, The Netherlands). Mono-Q HR 5/5, 
Q-Sepharose, Phenyl Superose HR 5/5, Superose 6 HR 
10/30, and molecular mass standards for gel filtration and 
polyacrylamide gel electrophoresis (PAGE) were obtained 
from Pharmacia Fine Chemicals (Woerden, The Nether
lands). 

Analytical methods. Protein was determined with 
Coomassie brilliant blue G250 as described by Bradford (2). 
Bovine serum albumin was used as the standard. The purity 
of the enzyme after various chromatographic steps was 
determined by SDS-PAGE following the method of Laemmli 
(20). Molecular mass standards were a-lactalbumin, 14.4 
kilodaltons (kDa); trypsin inhibitor, 20.1 kDa; carbonic 
anhydrase, 30 kDa; ovalbumin, 43 kDa; bovine serum albu
min, 67 kDa; and phosphorylase B, 94 kDa. Gels were 
stained with Coomassie brilliant blue R250. Native enzyme 
molecular mass was determined on Superose 6 HR 10/30 
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equilibrated with 50 mM Tris-HCl (pH 8.0) with thyreoglob
ulin (669,000 Da), ferritin (445,000 Da), catalase (232,000 
Da), and aldolase (158,000 Da) as standards. 

Enzyme purification. The purification of the acetyl-CoA 
synthetase was regularly performed within 1 day. Unless 
indicated otherwise, all procedures were carried out aerobi-
cally at room temperature (± 19°C). A frozen cell paste was 
thawed, diluted with 50 mM Tris-HCl (pH 8.0) in a 1:3 ratio, 
disrupted by passing through a French pressure cell at 135 
MPa, and centrifuged for 30 min at 30,000 x g. The super
natant contained about 20 mg of protein per ml and is 
referred to as the crude extract. Membrane fractions were 
prepared by centrifugation of the crude extract at 110,000 x 
g for 75 min. The crude extract (25 ml) was applied to a 
column (3.3 by 10 cm) of Q-Sepharose (fast flow) equili
brated with 50 mM Tris-HCl (pH 8.0) (buffer A). After the 
column was washed with 40 ml of buffer A, the adsorbed 
protein was eluted in a 500-ml linear gradient of 1 M NaCl in 
buffer A. The flow rate was 4 ml/min. Fractions (10 ml) were 
collected and analyzed for acetyl-CoA synthetase activity. 
The acetyl-CoA synthetase eluted at 0.15 M NaCl. Fractions 
with activities higher than 2 U/mg were pooled and desalted 
in an Amicon ultrafiltration cell (Grace, Rotterdam, The 
Netherlands) with a PM 30 filter. The remaining steps in the 
purification were performed with a high-resolution fast pro
tein liquid chromatography (FPLC) system (Pharmacia/ 
LKB, Woerden, The Netherlands) equipped with a model 
2152 LC controller. Repetitively, four samples of 5 ml of the 
concentrated desalted enzyme solution were injected onto a 
Mono-Q HR 5/5 anion-exchange column equilibrated with 
Tris-HCl, pH 9.0. A 12-ml linear gradient from 0 to 0.4 M of 
NaCl in Tris-HCl, pH 9.0, was applied at a flow rate of 1.0 
ml/min. Fractions with acetyl-CoA synthetase activity were 
concentrated to 2.0 ml in a Centricon PM 30 (Grace, Rotter
dam, The Netherlands). The enzyme solutions of four runs 
were combined and mixed in a 1:1 ratio with 2 M (NH4)2S04 

in buffer A and applied to a Phenyl Superose HR 5/5 column. 
A 20-ml linear gradient from 1 to 0 M (NH4)2S04 in buffer A 
was applied at a flow rate of 0.5 ml/min. Fractions with 
acetyl-CoA synthase activity were concentrated to 2.0 ml in 
a Centricon PM 30. The concentrated enzyme solution was 
injected on a Superose 6 HR 10/30 gel filter equilibrated with 
buffer A. The column was developed at a flow rate of 0.5 
ml/min. Purified acetyl-CoA synthetase was collected, con
centrated in Centricon PM 30, frozen in liquid N2 , and stored 
at -80°C until use. 

Assays. Acetyl-CoA synthetase (EC 6.2.1.1) was assayed 
either by following the formation of acetyl-CoA as hydrox-
amate from acetate, HSCoA, and ATP or by coupling the 
acetyl-CoA synthetase reaction with adenylate kinase, pyru
vate kinase, and lactate dehydrogenase (25, 39). In the first 
assay, the standard reaction mixture included the following 
compounds (in micromoles per milliliter): ATP, 2; sodium 
acetate, 10; MgCl2, 2; glutathione, 2; Tris-HCl (pH 8.5), 100; 
neutralized NH2OH, 600; coenzyme A, 0.2; and enzyme. 
Acetyl-CoA was determined as the hydroxamate by the 
method of Rose et al. (27). For the second assay, the 
reaction mixture contained (in micromoles per milliliter): 
Tricine-KOH (pH 8.5), 100; MgCl24; phosphoenolpyruvate, 
2; NADH, 0.4; ATP, 2; sodium acetate, 10; coenzyme A, 
0.2; glutathione, 2.0; plus adenylate kinase, 1 U; pyruvate 
kinase, 0.8 U; lactate dehydrogenase, 3 U; and enzyme. The 
rate of NADH oxidation was followed continuously at 340 
nm in an LKB/Biochrom Ultrospec K spectrophotometer. 
All incubations were done at 35°C. One unit of enzyme is 

defined as the amount which catalyzes the formation of 1 
umol of acetyl-CoA per min. 

Acetate kinase (EC 2.7.2.1) and phosphate acetyltransfer-
ase (EC 2.3.1.8) concentrations were determined as de
scribed by Aceti and Ferry (1). 

Adenylate kinase (EC 2.7.4.3) was measured photometri
cally by following the formation of ADP from AMP and ATP 
at 340 nm by coupling the reaction to the oxidation of NADH 
via pyruvate kinase and lactate dehydrogenase or by follow
ing the formation of ATP from ADP at 340 nm by coupling 
the reaction to the reduction of NADP+ via hexokinase and 
glucose-6-phosphate dehydrogenase (25). The reaction mix
ture for the formation of ADP contained (in micromoles per 
milliliter): Tricine-KOH (pH 8.2), 100; MgCl2 4; phosphoe
nolpyruvate, 2; NADH, 0.4; ATP, 2; AMP, 2; glutathione, 
2.0; plus pyruvate kinase, 0.8 U; and lactate dehydrogenase, 
3 U. The reaction mixture for the formation of ATP con
tained (in micromoles per milliliter): Tricine-KOH (pH 8.2), 
100; MgCl2, 4; ADP, 4; glutathione, 2.0; NADP+ , 0.4; 
D-glucose, 100; plus glucose-6-phosphate dehydrogenase, 
0.7 U; and hexokinase, 0.7 U. 

Inorganic pyrophosphatase (EC 3.6.1.1) was measured by 
following the formation of P; (14). The reaction mixture 
contained (in micromoles per milliliter): Tricine-KOH (pH 
8.2), 100; MgCl2, 4; sodium pyrophosphate, 5; and glutathi
one, 2. Samples (200 |xl) were taken at 1-min time intervals 
and added to 100 p.1 of 5 M H 2S0 4 to stop the reaction. The 
precipitated protein was removed by centrifugation, and 
phosphate content was determined in the supernatant by the 
modified method of Fiske-SubbaRow as described by Josse 
(14). 

Pyrophosphate:AMP phosphotransferase was measured 
by following the formation of ADP from AMP and PPj by 
coupling the reaction to the reduction of NADP+ via ade
nylate kinase, hexokinase, and glucose-6-phosphate dehy
drogenase (38). The reaction mixture contained (in micro
moles per milliliter): Tricine-KOH (pH 8.2), 100; MgCl2, 4; 
PPi, 20; NADP+ , 0.4; AMP, 4; D-glucose, 100; glutathione, 
2.0; plus adenylate kinase, 1 U; hexokinase, 0.7 U; and 
glucose-6-phosphate dehydrogenase, 0.7 U. 

Pyrophosphate:ADP phosphotransferase was measured 
by following the formation of ATP from ADP and PPS by 
coupling the reaction to the reduction of NADP+ via hex
okinase and glucose-6-phosphate dehydrogenase. Adenylate 
kinase was inhibited by Ap5A [P^Pj-dKadenosine-S'J-pen-
taphosphate). The reaction mixture contained (in micro
moles per milliliter): Tricine-KOH (pH 8.2), 100; MgCl2, 4; 
PP;, 20; NADP+ , 0.4; AMP, 4; D-glucose, 100; glutathione, 
2.0; Ap5A, 0.2; plus hexokinase, 0.7 U; and glucose-6-
phosphate dehydrogenase, 0.7 U (25). 

ATPase (EC 3.6.1.3) content was determined by following 
formation of P, from ATP. The reaction mixture contained 
(in micromoles per milliliter): Tricine-KOH (pH 8.2), 100; 
MgCl2, 4; and sodium ATP, 5. Samples (200 |xl) were taken 
at 1-min time intervals. The reaction was stopped by the 
addition of 100 uj of 5 M H 2S0 4 . The precipitated protein 
was removed by centrifugation, and phosphate content was 
determined as described by Skrabanja et al. (31). 

In all assays, an appropriate amount of cell extract was 
used. The reactions were started by the addition of cell 
extract or substrate. 

The assays were performed under both strict anaerobic 
and aerobic conditions. Since no difference in activity was 
found under either condition, assays were routinely per
formed aerobically. 

Kinetic analysis. The kinetic parameters of acetyl-CoA 
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TABLE 1. Enzyme activities in cell extract of 
Methanothrix soehngenii" 

Enzyme 

Acetyl-CoA synthetase 
Adenylate kinase 
Pyrophosphatase 
ATPase 
Acetate kinase 
Phosphate acyltransferase 
PPjiAMP phosphotransferase 
PPjiADP phosphotransferase 

EC no. 

6.2.1.1 
2.7.4.3 
3.6.1.1 
3.6.1.3 
2.7.2.1 
2.3.1.8 

Sp act 
(H-mol/min per tng) 

2.7 ± 0.6 
4.2 ± 0.7 

0.92 ± 0.1 
0.041 ± 0.005 

ND* 
ND 
ND 
ND 

" The values represent mean activities of at least four extract preparations. 
Enzymatic activity for each extract was the average of five determinations. 

b ND, Not detected. 

synthetase were determined at 35°C and pH 8.5. The con
tinuous assay was used for the determination of the Km and 
V „ „ for acetate and coenzyme A. The Km for ATP was 
determined with the discontinuous assay. The inhibitory 
effects of AMP and PP; on the acetyl-CoA synthetase were 
tested with the discontinuous assay at different AMP, PPf, 
and ATP concentrations. 

RESULTS 

Acetate activation. Activities of enzymes possibly involved 
in the activation of acetate in Methanothrix soehngenii are 
summarized in Table 1. None of the enzyme activities was 
influenced by oxygen. A high activity of an acetyl-CoA 
synthetase and no acetate kinase activity were detected in 
cell extracts. Enzymes necessary for the conversion of AMP 
and PPi, which are formed in the acetyl-CoA synthetase 
reaction, were also present in high levels. This confirms 
earlier findings made by Kohler and Zehnder (16). After 
ultracentrifugation, these enzymes were found in the soluble 
fraction, whereas the control enzyme ATPase was com
pletely recovered in the particulate fraction. Since the en
ergy in the PP, represents metabolically useful energy, cell 
extracts were tested for the most obvious PPj-dependent 
enzymes. No PP^AMP or PP,:ADP phosphotransferase ac
tivities were found. 

Enzyme purification. The acetate-activating enzymes in 
Methanosarcina and Methanothrix spp. were reported to be 
insensitive to molecular oxygen (1, 15, 16). The purification 
of the acetyl-CoA synthetase therefore required no strict 
anaerobic conditions. The purification was carried out at 
room temperature and generally took only 1 day. In four 
steps, a 22-fold-purified enzyme was obtained (Table 2). 
Q-Sepharose chromatography proved to be an effective first 
step in the purification of the acetyl-CoA synthetase, since 
the enzyme was one of the first proteins to elute from the 

TABLE 2. Purification of acetyl-CoA synthetase 
of Methanothrix soehngenii 

Step 

Crude extract 
Q-Sepharose 
Mono-Q 
Phenyl-Superose 
Superose 

Protein 
(mg) 

400 
40 
16 
8 
1 

Activity 
(U) 

880 
392 
272 
192 
50 

Sp act" 
(U/mg) 

2.2 
9.8 

17.2 
24.1 
48.3 

Purification 
(fold) 

1 
5 
8 

11 
22 

Yield 

(%) 
100 
45 
30 
22 
6 

. 
1 Acetyl- CoA synthetase 

\ 

1 Micromoles of acetyl-CoA formed per minute per milligram of protein. 

0.5 

0.4 

0.3 

0.2 

0.1 

50 52 5A 5.6 5.8 6.0 

LOG MOLECULAR WEIGHT 
FIG. 1. Molecular mass estimation of the native acetyl-CoA 

synthetase on Superose 6 HR 10/30. Standards were aldolase (158 
kDa, 1); catalase (232 kDa, 2); ferritin (446 kDa, 3); and thyroglob-
ulin (669 kDa, 4). The position of acetyl-CoA synthetase is indicated 
by the arrow. 

column after application of the NaCl gradient. After concen
tration and desalting, the enzyme preparation was injected 
onto an FPLC system and purified to homogeneity. The loss 
in total activity as given in Table 2 mainly occurred because 
only those fractions with high specific activities were pooled 
in each purification step. 

Characterization of the purified enzyme. The molecular 
mass of the native acetyl-CoA synthetase was estimated by 
gel filtration on Superose 6 HR 10/30 and appeared to be 148 
kDa, compared with standards of known molecular mass 
(Fig. 1). SDS-PAGE of the purified enzyme revealed one 
subunit with relative molecular mass equal to 73 kDa, which 
suggests an a2 subunit stoichiometry for the native enzyme 
(Fig. 2). The activity of the purified enzyme did not decrease 
significantly in the presence of air. The enzyme could be 
stored at - 20 or —70°C without any loss of activity for at 
least 2 months. When the enzyme was kept at 4°C, aerobi-
cally or anaerobically, 50% of the activity was lost within 72 
h. 

Substrate specificity. In addition to acetate, a coenzyme 
A-dependent activation of some other organic acids was 
catalyzed to some extent by the purified enzyme (Table 3). 

Kinetic properties. The reaction rate at different acetate 
and coenzyme A concentrations followed Michaelis-Menten 
kinetics. Half-maximal rates were obtained at 0.86 mM 
acetate and at 48 u,M coenzyme A. The Vmax, at the optimal 
pH of 8.5 (100 mM Tricine-KOH) and at 35°C, was 55 u.mol 
of acetyl-CoA formed per min per mg of protein. With ATP, 
however, a weak sigmoidal velocity curve was found. The 
concentration of ATP which gave half-maximal rates was 
obtained from the double-reciprocal plot and appeared to be 
1 mM. These data suggest cooperative binding of ATP, as 
reported for the acetate kinase of Clostridium thermoaceti-
cum (29). A Hill plot of the data resulted in a Hill coefficient 
of 1.58 ± 0.12, suggesting two interacting substrate sites 
(Fig. 3) (29). 

Inhibition studies. Acetyl-CoA synthetase was inhibited by 
the end products AMP and PPj. When the activities at 
various concentrations of AMP, PPh and ATP were plotted 
by the method of Dixon (4), la K, of 4 and 6.5 mM was 
determined for AMP and PP,, respectively (Fig. 4A and B). 
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FIG. 2. SDS-PAGE of the different steps in the purification 
procedure. Lane 1, Molecular mass markers; lane 2, crude extract 
(80 u.g); lane 3, pooled fractions from phenyl-Superose (30 u.g); lane 
4, pooled fractions from Superose 6 HR 10/30 (50 u.g). 

DISCUSSION 

Methanosarcina and Methanothrix spp. have different 
enzyme systems for the activation of acetate. An acetate 
kinase and a phosphate acyltransferase convert acetate to 
acetyl-CoA in Methanosarcina spp., whereas this conver
sion is catalyzed by an acetyl-CoA synthetase in Methano
thrix spp. (1, 16). The acetate kinase of Methanosarcina 
thermophila and the acetyl-CoA synthetase of Methanothrix 
spp. have now been purified, and their properties can be 
compared. Acetyl-CoA synthetase is an abundant protein of 
Methanothrix soehngenii. From the increase in specific 
activity upon purification and from the 6% recovery, it can 
be calculated that up to 4% of the soluble cell protein of 
Methanothrix soehngenii is acetyl-CoA synthetase. This 
level is somewhat higher than the 1% acetate kinase that can 
be calculated for Methanosarcina thermophila (1). The 
acetyl-CoA synthetase has a homodimeric subunit composi
tion similar to that of the acetate kinase of Methanosarcina, 

TABLE 3. Substrate specificity of the purified 
acetyl-CoA synthetase 

Substrate- J ^ f ' ^ 
activity0 (%) 

Acetate 100 
Propionate 5 
Butyrate 1.6 
Benzoate 0.6 
Valerate 0.3 
Formate 0 
Succinate 0 

" 10 mM sodium salt was used in the assay. 
* Relative to activity with acetate (100%; 54 (xmol of acetyl-CoA formed per 

min per mg of protein). 
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FIG. 3. Relationship between ATP concentration and activity of 
the purified acetyl-CoA synthetase. Conditions and calculations are 
described in Materials and Methods. Inset: Hill plot of the same 
data. 

but the size of the subunits is somewhat larger, 73 versus 58 
kDa (1). Both enzymes exhibit the same temperature stabil
ity and are not sensitive to oxygen (1). Both enzymes are 
capable of activating some other fatty acids, like propionate 
(1). The rate of these conversions, however, is very low. The 

-i* - 2 0 2 4 6 

[AMP] (mM) 
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5 0.06 
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^^ 
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FIG. 4. Inhibition of acetyl-CoA synthetase by AMP (A) and PP; 
(B). The data are plotted by the method of Dixon (4). ATP 
concentration: # , 1 mM; A, 2 mM; • , 5 mM. 
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major differences b e tween the e nzymes are the kinetic 
p roper t ies . The ace ta te k inase of Methanosarcina thermo-
phila has a high V m a x (660 U/mg) , bu t a low affinity for 
a ce ta te (K„„ 22 mM) (1). The ace ty l -CoA syn the tase of 
Methanothrix soehngenii h a s a high affinity for a ce ta te (K„„ 
0.8 mM) , bu t has a l ower V m a x (55 U/mg) . The ace ta te k inase 
exhibi ts normal Michae l i s -Menten kinet ics t owards ace ta te 
and A T P . The ace ty l -CoA syn the ta se , howeve r , shows a 
weak sigmoidal velocity cu rve with varying amoun t s of 
A T P , which indicates the coopera t ive binding of A T P to the 
e n zyme . The Hill plot gave a s lope of 1.58, which suggests 
two in teract ing b inding sites for ATP . This might enable the 
cell t o r egula te the a ce ta te ac t ivat ion (30). 

The differences in V m a x and Km value for ace ta te of the 
two ace ta te ac t ivat ing e n zymes may explain the differences 
in the physiological p roper t ies and the ecological d istr ibution 
of t he two types of ace toc las t ic me thanogens in na tu re . 
Methanosarcina s pp . , which have a high maximal specific 
g rowth ra te and a low affinity for a ce ta t e , a re dominant in 
e nv i ronmen t s with high ace ta te concen t ra t ions , whe reas 
Methanothrix s pp . , which have the r everse p roper t ies , a re 
mos t abundan t in e nv i ronmen t s with low ace ta te concen t ra 
t ions (9, 33). It c anno t , howeve r , be exc luded that t he 
favorable surface-volume ratio of Methanothrix s pp . and 
differences in ace ta te up t ake sys tems are addit ional factors 
of impor tance in the affinity for ace ta te (23). The two sets of 
ace ta te-act ivat ing e n zymes were a lso found in Escherichia 
coli and function at different ace ta te concen t ra t ion . At high 
ace ta te concen t r a t ions , a ce ta te is ac t ivated with an ace ta te 
k inase -phospha te acyl t ransferase sy s t em, whe reas s tudies 
with mu tan t s showed tha t at low ace ta te concen t ra t ions , an 
ace ty l -CoA syn the tase activity is d isplayed (3 , 36). 

The p r e sence of t he a ce ty l -CoA synthe tase-adenyla te ki
nase -pyrophospha ta se sys t em in Methanothrix soehngenii 
implies that 2 A T P molecules a re required for the act ivat ion 
of 1 molecule of a ce t a t e . N o e n zymes we r e de tec ted which 
make use of t he energy p re sen t in the PPj bond . It is possible 
that t hese e nzymes we re inact ivated or tha t t he hydrolysis of 
PP; is j u s t needed to pull the act ivat ion p rocess at low 
ace ta te concen t ra t ions . It is r a ther intriguing how Methano
thrix is able to genera te metabol ic energy for g rowth , e spe
cially b ecause it was pos tula ted that the acetoclast ic cleav
age only yields 1 A T P (6, 36, 37). It has to be ensured , 
therefore , tha t t he t ransfer of e lec t rons formed in the oxida
tion of t he e nzyme-bound carbonyl moiety to the methyl-
C o M reduc tase forms an e lec t rochemical gradient which is 
high enough to enable the synthes is of more than 2 ATP . 
Fu tu re r e sea rch is c oncen t r a t ed on the e lucidation of t he 
e lec t ron t ransfer p rocesses in Methanothrix soehngenii. 
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