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CHAPTER I 

INTRODUCTION 





INTRODUCTION 

Photosynthesis accounts for the production of about 230.10 g 

organic matter per day (1) and its turnover constitutes the biogeo-

chemical cycles of elements. Anaerobic degradation forms an important 

part of this recycling. The first steps in this decomposition are the 

hydrolysis of biopolymers into their monomers by hydrolytic, such as 

pectinolytic and cellulolytic, bacteria and the subsequent fermen

tation of the monomers to various products as butanol, butyrate, 

propionate, acetone and ethanol. In the acetogenic phase most of these 

products are oxidized to acetate by hydrogen-producing acetogens while 

also formate and CO2 are formed. The last step in anaerobic degrada

tion is the formation of methane and CO2 by methanogenic bacteria. 

This step is important in two aspects: the conversion of acetic acid 

to methane and CO2 prevents the acidification of the ecosystem, and 

secondly hydrogen, produced during acetogenesis, is removed which 

enables the producing bacteria to obtain metabolic energy from the 

oxidation of reduced fermentation products to acetate (2). This 

phenomenon of interaction, known as interspecies hydrogen transfer (3) 

is observed in ecosystems as the rumen of herbivores and fresh water 

sediments, where methanogens are found in epi- and endosymbiotic 

association with many anaerobic protozoa (4,5). 

Part (3.10 g per day) of the produced methane is released into 

the atmosphere and contributes for at least 80% to the atmospheric 

methane concentration (1.4 ppm). It plays an important role in the 

atmospheric carbon cycle (6). 
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Methanogenia baoteria. 

Methanogenic bacteria are found in totally different environments, 

which have in common a complete anaerobicity and a redox potential 

lower than -330 mV. In most of these habitats oxygen is removed by the 

activity of aerobic bacteria, while the low redox potential is 

established by the production of H2 and sulphide by various anaerobes. 

Recently it was reported (7) that methanogens themselves can create 

the anaerobic environments by H2S formation. 

Methane production was observed in temperate glacier ice (8) as 

well as in hot water springs with temperatures up to 970C (9). 

Recently methanogenesis was reported for hot submarine hydrothermal 

vents under a pressure of 265 atm and temperatures up to 250oC (10). 

However, most methanogens prefer moderate environments such as 

sediments of fresh and salt water, sewage sludge, paddy fields, peat 

bogs and the rumen or cecum of herbivores. 

On the basis of a comparative study of the nucleotide sequences in 

the 16S rRNA methanogens were recognized to be phylogenetically as 

distant from the eubacteria as are the eucaryotes (11) and they were 

placed in the third primary kingdom of the archaebactena (12) . This 

kingdom consist also of the extreme halophiles as Halobaaterium, that 

grow in concentrated salt solutions, of the thermoacidophilic bacteria 

as Thermoplasma and Sulfolobus, living in extreme acid (pH 1) environ

ments and temperatures between 70° and 90oC, and of the thermophilic 

anaerobes as Thermoproteus. The archaebactena share some charac

teristics that make them a unique group. The cell walls lack murein 

(13) and some contain N-acetyltalosaminuronic acid and L-amino acids 

instead of D-ammo acids. The organisms are therefore insensitive to 
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antibiotics like penicillin. The cell membranes are composed of 

glycerol ethers of polyisoprenoid hydrocarbons and squalenes instead 

of glycerol esters of fatty acids. The lack of thymine and dihydro-

uracil in t-RNA (14) constitute other differences between the archae-

bacteria and eubacteria. Besides these general differences methanogens 

also possess an almost unique set of cofactors that enable them to 

gain energy by methanogenesis. 

Methanogenic bacteria are able to use various one-carbon compounds 

and in some cases acetate for methanogenesis according to the 

following equations: 

CO2 + 4H2 — CHi, + 2H2O 1) 

4HC00H СНц + 2H20 + ЗСОг 2) 

4CO + 2H
2
0 — CHi, + ЗСО2 3) 

СН3СООН — СНц + С02 4) 

4СНзОН — ЗСНц + СОг +2Н20 5) 

4CH3NH2 + гнгО — Зснц + СОг + 4 N H
3
 6) 

2(СНэ)2МН + 2Н20 — ЗСНц + СОг + 2МНз 7) 

4(СНз)зМ + бНгО — 9СНц + ЗСОг + 4NH3 ) 

Among all methanogenic bacteria isolated sofar only MethanosarcLna 

mazei (15), two strains of Methanosaroina (16,17)» Methanothrix 

soehngenii (IB), Methanolobus t-Lndnpius (19) and Methcmoaooaoides 

methylutens (20) are not able to reduce СОг. About half the species 

examined contain a formate dehydrogenase which enables these bacteria 

to grow on formate. Aceticlastic methanogens convert acetate to 

methane (eq. 4) and although this reaction contributes for some 70% of 

the non-rumen methane formed on earth (21), only a few methanogens 

able to perform this reaction are isolated sofar: several Methanosar

oina strains, as Methanosaroina barkeri (22), Methanosaroina vaouolata 

(23) and M. mazei (15), and M. soehngenii (18). 

Only four species of methanogens are isolated that are able to grow 

on methanol: M. barkeri (22), M. mazei (15), M. tindarius (19) and 
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M. methylutens (20) . These are also the only methanogens known to use 

various methylamines for grovrth and methane formation. 

Up till now some 26 different species of methanogenic bacteria have 

been isolated which are currently thought to comprise three orders 

(24): Methanobaateriales, Methanooooaales and Methanomierobiales. In 

recent years both the number of isolated new species and strams, and 

the reviews dealing with methanogenesis extended drastically (25,26, 

27). 

The main organism studied in this thesis is Methanosareina barkeri 

strain MS (DSM 800) which is able to grow on CO2/H2 as well as on 

acetate, methanol or methylamines (22,28). 

Bioahemistry of methanogenesis. 

In 1956 Barker (29) proposed a stepwise scheme to account for 

methanogenesis from the various substrates mentioned above (Fig. 1). 

XH + CO nTLU2 

a w a ^ * 

CMH+XH 

-H20 

+ 2H 
XC00H_-jj-jj-»- XCHO • XCH20H Г Т ^ Х С Н з — - : L - + ' C H 4 + X H 

-C02 -2H 

CH3COOH+XH 

Fig. 1. Scheme for methanogenesis proposed by Barker (29). 

In this scheme CO2 is reduced in a bound form to the level of formate, 
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formaldehyde and methanol and an unknown compound X acts as a carrier 

of these Ci-units. Methanol and acetate were thought to enter this 

pathway at the methyl level. With the discovery of novel coenzymes new 

schemes were proposed (30,31,32). 

One of the first aberrant compounds found in methanogens was 

coenzyme Гц 20. Its blue-green fluorescence and its presence in all 

methanogens allow the differentiation between methanogens and other 

bacteria by the use of fluorescence microscopy (33). The structure of 

coenzyme Рцго was elucidated by Einch et al. (34) and confirmed by 

chemical synthesis of the chromophore (35). Coenzyme Fi,20 functions as 

an electron acceptor from hydrogen and formate in the enzymic 

reactions catalyzed by hydrogenase and formate dehydrogenase, 

respectively (36,37) and serves as an electron carrier in the 

reduction of NADP (37) and in the activity of a-ketoglutarate 

dehydrogenase and pyruvate dehydrogenase (3Θ). Coenzyme Гцго was also 

suggested to be the electron donor in the last step of methanogenesis 

(39). This coenzyme is not unique for methanogenic bacteria as it was 

found in Streptomyaes griseus where it functions as the chromophonc 

compound of the photoreactivating enzyme (40) . Recently a derivative 

of coenzyme Гц 20 was shown to be involved in the reduction of tetra

cycline derivatives in Streptomyces aureofaciens (41). 

A novel Ci-carrier in methanogenesis was isolated by McBride and 

Wolfe (42) and identified as 2-mercaptoethanesulfonic acid (coenzyme 

M, HS-CoM) by Taylor and Wolfe (43). Coenzyme M is methylated to form 

2-(methylthio)ethanesulfonic acid (CHaS-CoM) by various substrates as 

methanol, methylated cornnoids and CO2 (44,45,46). The reduction of 

the methyl moiety of CH3S-C0M involves a complex methylreductase 
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system (47) which was resolved into three components А, В and C. 

Component С displays the methylreductase activity and its purification 

from Methanobacterium thermoautotrophiaum (4Θ) revealed the role of 

yet another unique cofactor, coenzyme МГцзо (49). It is a yellow, 

heat-stable, nickel-containing tetrapyrrole derivative (50,51,52), 

that contains coenzyme M (53) and 6,7-dimethyl-8-ribityl-5,6,7,8-

tetrahydrolumazme (54) . Vogels and Visser (32) suggested that elec

trons from the lumazine moiety are transferred via the central Ni-atom 

to the methylated coenzyme M, resulting in the reduction of the 

methyl moiety to methane. Component A is oxygen-sensitive and shows 

hydrogenase activity. Recently component A was resolved into three 

protein fractions and FAD (55) . Component В is an oxygen-sensitive, 

low molecular weight compound with an unknown structure and function. 

The pathway of the reduction of CO2 to the methyl level is now 

partly resolved and involves the participation of the carbon dioxide 

reduction (CDR) factor and tetrahydromethanopterin. The structure of 

the CDR factor was elucidated by Leigh (56) and it contains a primary 

amine to which a formyl group can be bound. The formyl group is 

transferred to another coenzyme, tetrahydromethanopterin (THMP) and 

5,10-methenyl-THMP is formed, which is reduced to 5-methyl-THMP via 

5,10-methylene-THMP. On the basis of NMR studies and degradation 

experiments the structure of methanoptenn (57) and 5,10-methenyl-THMP 

were elucidated by van Beelen et al. (58,59). Based on the resemblance 

of methanoptenn with folic acid the participation of a folate-like 

biochemistry in methanogenesis was proposed (32). 

As this thesis deals with the metabolism of methanol in methanogens 

and acetogens, the biochemistry of methanol in these anaerobes is 
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discussed in more detail. 

Methanol conversion in methanogens. 

The first study on methane formation from methanol was reported by 

Groenewegen (60) in 1920. In 1938 Schnellen (61) obtained a pure 

culture of a sarcina-like methanogen, which he named Methanosaraina 

barkeri and which was able to grow at the expense of methanol. From 

that time on many attempts were made to elucidate the pathway by which 

methanol was reduced to methane. 

After the discovery that methylcobalamin could serve as a precursor 

for methanogenesis by extracts of M. barkeri Blaylock and Stadman (62) 

suggested that methanol fermentation may involve an enzymic transfer 

of the methyl group from methanol to cobalamin, followed by a 

reductive cleavage to yield methane. Later they reported the enzymic 

formation of methylcobalamin from cob(I)alamin and methanol (63) and 

the responsible enzyme system was resolved into four components (64). 

A high molecular weight corrinoid-containing enzyme, a ferredoxin-like 

compound, a protein with unknown function, and a heat- and acid-stable 

cofactor were needed in the formation of methylcobalamin from methanol 

and electrochemically prepared cob(I)alamin in the presence of ATP and 

Ha. Another indication for the possible involvement of corrinoids was 

the presence of rather copious amounts of an aberrant corrinoid 

(Factor III) (67) in methanogens, especially in M. barkeri which was 

grown on methanol (Table 1). 

Recently Pol (66) isolated the corrinoids from a pure culture of 

M. barkeri and studied their structures (Fig. 2). The only difference 

between these compounds and the commonly found cobalamines was the 
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e 1. Corrinoid levels in methanogenic bacteria (from Krzycki and 
Zeikus (65). 

Organism nmoles corrinoid/mg 
cell dry weight 

Methanobacterium arboph-ùlicum 
Methanobaaterium formícicum 
Methanobrevibaoterium ruminantium 
strain PS 
Methanobaoterium thermoautotrophiavm 
Methanosaroina barkeri strain MS 

Energy source: 
Acetate 
Methanol 
H2/CO2 

0.91 ± 0.18 
0.65 ± 0.12 

0.Θ6 ± 0.17 

0.66 ± 0.11 

1.6 ± 0.7 
4.1 ± 0.95 
2.5 ± 0.6 

C0NH
2 

Fig. 2. Structure of 5-hydroxybenzimidazolylcobamide (66) 



structure of the α-ligand which is 5-hydroxybenzlmidazole (HBI) in W. 

barkexn- instead of 5,6-dimethylbenzimidazole (DMBI) . 

After the discovery of coenzyme M and its central role as methyl 

carrier in the process of methanogenesis from both CO2 and methanol 

(68,44) the role of Bi2
-
HBI derivatives in methanogenesis became 

uncertain. Although Taylor and Wolfe (45) reported the purification 

of a methylcobalamin: HS-CoM methyltransferase from Methanobaateriim 

Ъгуапігг, the physiological significance of this enzyme could not be 

established. 

Recently it was suggested that corrinoids participate in cell-

carbon synthesis by methanogenic bacteria (69,70). Inhibition of 

acetate production from methanol was observed in the presence of 1-io-

doalkanes, while the CH3S-C0M production was not inhibited. Moreover, 

addition of methylcobalamin to cell-free extracts of M.barkevL 

stimulated acetate production while CHaS-CoM was found to be 

inhibitory (70) . 

Cell-free extracts of M. Ъагкегг are able to convert methanol to 

methane both in the presence (eq. 9) and in the absence (eq. 5) of Hz 

(71). 

СНэОН + Иг — CH., + H2O 9) 

In the absence of H2 1 out of 4 mol of methanol is oxidized to CO2 to 

gain reduction equivalents for methane formation from methanol. Part 

of the pathway by which CO2 is formed is thought to be the reverse of 

the pathway of CO2 reduction (70,72). 

The reduction of methanol occurs via CH3S-C0M and was found to be 

catalyzed by an ATP-Mg dependent methanol : HS-CoM methyltransferase 

present in M. barkeri grown on methanol as well as on H2/CO2 (44). The 
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enzyme was inhibited by QÎ and tripolyphosphate and a time-dependent 

activation was observed upon addition of ATP (44) . Shapiro (73) 

suggested a hysteretic activation of the inactive enzyme with Mg-ATP 

and subsequent Mg + release, resulting in an activated enzyme. 

In contrast to non-methylotrophic methanogens, methanogenic 

bacteria able to grow on methanol, methylamines or acetate contains 

various cytochromes (74), and at this moment ferredoxins were only 

determined in strains of Methanosavaina barkeri (64,75,76,77). 

In this thesis the enzymes involved in the methylation of HS-CoM 

from methanol are studied and the role of corrinoids (B12-HBI) and 

ferredoxin is explained. 

Aaetogenesis. 

Acetate formation by acetogenic bacteria is characterized by the 

condensation of two more or less reduced Ci-compounds. The metabolism 

of Ci-compounds is recently reviewed by Zeikus (78) and acetogenesis 

from CO or CO2 and H2 in Clostridium thermoaoetiaum was studied in 

great detail and reviewed by Wood et al. (79) (Fig. 3). 

71 
о / " со * Η,Ο -^&^ Β ω β — ' « г * 2Н* • г ' 

... .... . ... - ι ρ Χ ^ Π CHj-THF^CI^THF^ [IO]EMZ 

CoASH, 

ÀTP 
CoASH 

t 

F, 
CHiCOSCoA * P . — · * * • huiL-P 

PYRUVATE—>-IAti>Bousn| 1 ^ " ' ' 

COj^j f ACETATE 

O V A I A C E T A T E — - ^ 

Fig . 3 . Taken from Hu e t a l . (80). 
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Reduced folic acid (THF) and an enzyme-bound corrinoid were found 

to be involved in the last steps of acetogenesis. A formyl inter

mediate [HCOOH] is formed from CO or CO2 by the action of CO-dehydro-

genase (79) and converted to formyl-THF. Subsequently formyl-THF is 

reduced to methyl-THF by a series of reactions. Via a corrinoid-

containing enzyme the methyl group combines with a second formyl 

intermediate and coenzyme A yielding acetylcoenzyme A (79). 

Aoetobacterium woodii is an acetogenic bacterium that can grow on 

H2/CO2, CO and methoxylated aromatic acids by using the methyl 

moieties and leaving the aromate intact (81). Eubacterium limosum, 

which is closely related to A. woodii (82) is able to grow on methanol 

(83) and this is reported for Butyribaeterivm methylotrophicum (84), 

Clostridium thermoautotrophiaum (85) and Clostridium, strain CV-AA1 

(86) as well. Acetate synthesis from methanol in acetogens was 

studied recently by Kerby et al. (87). They suggested a pathway by 

which methanol enters the acetogenic pathway as an immediate methyl-

precursor which together with activated formate yields acetate, but 

the exact biochemistry is not yet understood. 

Methanol formation and conversion by other microorganisms. 

In this thesis the methanol conversion by methanogens and acetogens 

is discussed and the question arises: where does methanol come from? 

It was reported by Schink and Zeikus (88) that various pectinolytic 

strains of Clostridium, Erwinia and Pseudomonas produce methanol as a 

major product during growth on pectin. Pectin, pectinic acid and 

pectic acid are the more abundant polysaccharides in cell walls of 

higher plants (89) and green algae (90), and in the mucilaginons cell 
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wall layers of cyanobacteria (91). Pectin contains carboxyl groups 

esterified up to 75 percent with methanol, while pectinic acid 

contains less esterified methyl groups. Pectic acid does not contain 

methyl esters at all (92). Pectin methylesterase releases methanol and 

the pectic acid formed is hydrolyzed by glycosidases and lyases (93). 

Methanol was also reported as a metabolic product of Pseudomonas 

putida grown on methoxylated aromatic acids (94), but the significance 

of this reaction in the production of methanol in nature remains to 

be established. 

Methanol can be metabolized aerobically by various microorganisms. 

All aerobic methanol-utilizing bacteria contain a methanol dehydro

genase which is responsible for the first step of the metabolism and 

results in the formation of formaldehyde (95) . The structure of the 

prosthetic group of methanol dehydrogenase has recently been 

elucidated (96) and is called pyrolo quinoline quinone (PQQ). It 

functions as an electron carrier (via one-electron steps) and it has 

been demonstrated in Hyphomierobiim X to couple with cytochrome с 

(97). Methanol oxidation in the yeasts Candida boidinii, Hansenula 

polymorpha and Kloeckera species involves the participation of an 

alcohol oxidase and catalase both located in peroxisomes (98). 

Short outline of this study. 

Though methanol conversion to methane was already reported some 75 

years ago, the exact mechanism by which methanol enters the 

methanogenic pathway is not yet understood. The presence of copious 

amounts of corrinoids in methanogens, specially in Methanosavaina 

bavkeri, was previously related to this process. 
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The present investigation elucidates the pathway by which the 

methyl moiety of methanol is transferred to coenzyme M to form methyl-

coenzyme M, a central intermediate in methane formation. 

In chapter II the phenomenon of activation and inactivation of the 

methanol: coenzyme M methyltransferase system in crude cell-free 

extracts of M. barkeri is described. 

The resolution of two different methyltransferases, designed as 

MTi and MT2 and involved in the methylcoenzyme M formation from 

methanol in M. barkeri, and the purification of MT2 are reported in 

chapter III. The purification and properties of MTi are described in 

chapter VI. 

It is shown that MTi contains a firmly bound corrinoid as a 

prosthetic group (chapter IV) which can be present at three oxidation 

levels. Only at its most reduced level, the corrinoid is active in 

methyltransfer. The proteins involved in the activation of MTi, viz 

the reduction of the corrinoid, were found to be a hydrogenase and a 

ferredoxin. Ferredoxin was purified and some of its properties were 

studied (chapter V). 

In addition the first step of acetate formation from methanol by 

Eubacterium limosum was studied in chapter VII, where it is shown that 

this bacterium possess a methyltransferase which is similar to MTi of 

M. barkeri.. 
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Methanol is converted to methane by crude extracts of Methanosarcina 
barken The first reaction involved in this process, is catalyzed by methanol 2-
mercaptoethanesulfonic acid methyltransferase (EC 2 1 1 -) The methyltransfer
ase has an optimum at pH 6 5 and is not inhibited by 2-bromoethanesulfonic acid 
Pyndoxal-5'-phosphale acts as an inhibitor (K, = 0 30 mM) The methyltransfer
ase was tested in the presence of 2-bromoethanesulfonic acid, which inhibits the 
conversion of 2-(methylthio)ethanesulfonic acid to methane The reaction is 
subject to activation and inactivation Inactivation is brought about by the 
presence of oxygen, flavin mononucleotide, flavin adenine dinucleotide, and 2-
(methylthio)ethanesulfonic acid, the product of the reaction Activation of the 
system requires the presence of ATP and Mg2^ and of hydrogen Hydrogen can be 
replaced by enzymatic systems, such as pyruvate dehydrogenase, which deliver 
free hydrogen 

Methanosarcina barken is one of the most 
versatile methanogenic bacteria It converts 
CO2 plus H2, acetate, various methylamines, 
CO plus H2, and methanol to CH4 (12,13,18, 22, 
27) Methanol is converted to CH4 and CO2 
according to the following equation (13) 

4CHjOH -• 3CH4 + CO2 + 2H2O 

In the presence of Hj methanol is completely 
converted to CH4 

The reduction of methanol to CH4 was the 
subject of previous studies (2, 7, 23, Τ J 
Hutten, Ph D thesis, University of Nijmegen, 
1982) Blaylock and Stadtman (2, 5) suggested 
that the methyl moiety of methanol was trans
ferred to a cobalamin to form mcthylcobalamm 
which was subsequently reduced to CH« (3, 4) 
They reported the resolution of a methanol 
cob(I)alamin methyltransferase system into four 
components, including a red cornnoid protein, a 
ferredoxin, and a heat-stable, dialyzable cofac-
tor (2, 6) The reaction required ATP and H2 

2-Mercaptoethanesulfonic acid (coenzyme M, 
HS-CoM), a unique coenzyme of methanogens 
(1, 19, 24), participates in methanogenesis from 
methanol as well as from CO2 (7, 9, 10,14) HS-
CoM is methylated, and the product formed is 
reduced by 2-(methylthio)ethanesulfonic acid 
(CH3S-C0M) reductase (10) that contains the N1-
contaimng cofactor F430 (8) 

The isolation and purification of a methylco-
balamin HS-CoM methyltransferase from Meth-
anobactenum bryantu was desenbed by Taylor 
and Wolfe (25) 

Previously, Shapiro and Wolfe (21) described 
the presence of a methanol HS-CoM methyl
transferase from M barken The enzyme re
quires catalytic amounts of ATP and Mg2*, the 
lag phase, which was observed on incubation of 
cell-free extraUs with methanol and HS-CoM, 
was shortened when a preincubation with ATP 
and Mg2+ was performed 

Here we report on properties of this enzyme 
in crude extracts and on the activation and 
inactivation reactions which occur on incubation 
of the enzyme under vanous conditions 

MATERIALS AND METHODS 

Culture methods and preparation of cell-free extracts. 
Cells of M barken strain MS (DSM800) were mass 
cultured in a 350-liter fermenter in a mineral medium 
with methanol as substrate and under a gas atmo
sphere of N2 C02 (80 20, vol/vol) as desenbed before 
(14) Cells were harvested in the late exponential 
phase and stored under H, at -80°C 

Cell free extracts were prepared after washing the 
cells twice with 10 mM N tns(hydroxymethyl)methyl-
2-aminoethanesulfonic acid buffer (pH 7 2) A suspen
sion of 40% wet cells was made in the same buffer 
containing 15 mM MgCb, and the cells were broken by 
passage through a French pressure cell (14) After 
centnfugation for 30 mm at 25,000 χ g and 4°C the 

31 



VOL 153, 1983 METHANOL COENZYME M METHYLTRANSFERASE 7 

cell-free extract was stored under H? at -80°C in 10-ml 
serum bottles closed with black butyl rubber stoppers 
and cnmped aluminum seal caps 

Enzyme assays. Incubation mixtures were prepared 
in an anaerobic glove box (14) containing 97 5% N2, 
2 5% H2, and oxygen at a concentration below 1 ppm 
(1 μΙ/Ι) Incubations, supply of the gas mixtures, and 
measurements of concentrations in the gas and liquid 
phase took place outside the anaerobic glove box 

A typical reaction mixture (final volume, 100 μ|) 
contained 12 5 mM methanol, 7 0 mM 2-propanol, 9 38 
mM ATP, 6 25 mM MgCI2, and 50 μΜ bromoethane-
sulfomc acid (BrES) in 10 mM N-tns(hydroxymeth-
yl)methyl-2-aminoethanesulfonic acid buffer (pH 7 2) 
The amount of protein vaned between 0 4 and 1 mg 
The reaction was performed in 10-ml serum vials 
which were closed with red rubber stoppers and 
cnmped aluminum seal caps The vials were kept on 
ice, and the appropriate gas or gas mixture was added 
Incubation mixtures under N2 were prepared by a 
threefold cycle of evacuation and gassing of an assay 
mixture which did not contain methanol and 2 pro
pano! These compounds were then added with a gas-
tight Hamilton syringe The incubation was started by 
placing the vials in a water bath at 37°C The course of 
the reaction was followed by incubation of a senes of 
reaction vials, after each time interval, one vial was 
placed on ice and opened to stop the reaction 

Activation of the enzyme was performed by prein
cubation of the cell-free extract together with ATP and 
Mg2+ under H T - N , (50 50. vol/vol) for 10 to 30 mm 
After preincubation the gas phase was replaced by N2, 
and the reaction was started by the anaerobic addition 
of methanol, 2-propanol, HS-CoM, and BrES 

Inactivation expenments were performed in a simi
lar way The compounds tested for their inactivating 
effect were present during a second preincubation 
under N2 

The pH optimum of the enzymic reaction was 
measured in a mixture of 300 μΐ of cell-free extract and 
100 μΙ of 250 mM piperazine-N N'-bis(2-ethanesul-
fonic acid) (pH 6 5) containing ATP, Mg2 +, BrES, HS-
CoM, methanol, and 2-propanol at concentrations that 
resulted in final values as given above and small 
amounts of HCl and KOH to adjust the pH of the 
mixture The final volume of the assay mixture was 
450 μΙ The mixture was incubated for 6 mm under 
H2-N2 (50 50, vol/vol), the reaction was stopped, and 
the pH and the final concentration of methanol were 
measured 

Analytical procedures. Methanol was measured with 
a Pye Unicam GCD gas Chromatograph The following 
conditions were used SS column (6 ft by '/« in, ca 1 83 
m by 3 2 mm), 0 2% Carbowax 1500 on Carbopack (80/ 
100), column temperature, 130°C, injection tempera
ture, 170°C, flame ionization detector at 170°C, N2 as 
earner gas, 25 ml/mm, and sample size, 0 1 μΐ 

Together with methanol (final concentration, 12 5 
mM), 2-propanol (final concentration, 7 0 mM) was 
routinely added to the final incubation mixture as an 
intentai standard 2-Propanol did not affect the reac
tions studied When an incubation was performed 
under 100% N2, methanol and 2-propanol were added 
with a gas-tight Hamilton synnge To define the exact 
assay volume for gas chromatography, 10 μΙ of 125 
mM 1-propanol was added at the end of the incubation 
to serve as a second internal standard 

Methane was measured on a Poropack Q (80/100) 
column as desenbed by Hutten et al (14) Ethane was 
used as an internal standard in the gas phase of the 
incubation mixture 

HS-CoM derivatives were determined by isotacho-
phoresis by the method of Hermans et al (11) 

Protein was determined with the Coomassie brilliant 
blue G 250 method (20) with bovine serum albumin as 
a standard The values obtained are about 0 7 times 
lower than those obtained by the method of Lowry et 
al (17) 

Materials. Black butyl rubber stoppers were ob
tained from Rubber В V , Hilversum, The Nether
lands, and were used for anaerobic storage of cells, 
cell-free extracts, and stock solutions Red rubber 
stoppers were purchased from Helvoet В V , Belgium, 
and were used m incubation expenments 

The biochemicals were purchased from Boehnnger, 
Mannheim, West Germany Serva Blau G was ob
tained from Serva Feinbiochemica, Heidelberg, West 
Germany BrES was obtained from Aldnch Europe, 
Beerse, Belgium HS-CoM was purchased from 
Merck-Schuchardt A G , Darmstadt, Germany 
СНэ5-СоМ was prepared by methylation of HS-CoM 
with dimethyl sulfate, the preparation was pure as 
judged by isotachophoretic analysis and Ή nuclear 
magnetic resonance, and it was active in the CHjS-
CoM reductase system Coenzyme F420 was a gift of 
A Pol from our department 

Gases were obtained from Hoek Loos, Schiedam, 
The Netherlands To remove traces of oxygen, H2 was 
passed over a catalyst (BASF R0-20) at room tempera
ture, and Ντ was passed over a prereduced catalyst 
(BASF R3-Í1) at 150°C Both catalysts were gifts of 
BASF Aktienge-sellschafl, Ludwigshafen, West Ger
many 

RESULTS 

Effect of BrES. Methane formation is known 
to be inhibited completely by small amounts of 
BrES (19), an analog of 2-mercaptoelhanesul-
fonic acid (HS-CoM) This effect is obvious in 
the tests of methane production from methanol 
by crude cell-free extracts (Fig 1), but BrES 
does not affect the methanol conversion and 
CH3S-C0M formation by the methanol HS-CoM 
methyltransferase reaction These expenments 
provide a method to measure the methyltrans
ferase activity separate from the methanogenic 
CH3S-C0M reductase activity In previous stud
ies (21, R Ρ Gunsa lus .PhD thesis. University 
of Illinois, Urbana, 1977) either N2 was applied 
as a gas phase or polyphosphate was added to 
stop the latter activity However, these methods 
did not allow a study on the effect of H,, and the 
use of polyphosphates interferes with the need 
of Mg 2 + ions in the conversion of methanol to 
CH3S-C0M (21) 

In the expenments desenbed below the meth
anol HS-CoM methyltransferase reaction was 
studied in the presence of BrES at a concentra
tion five times higher than the K, (11 μΜ), which 
we measured for the CH3S-C0M reductase sys
tem. 
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FIG 1 Effect of BrES on methane formation and 
methanol conversion by a cell-free extract of M 
barken under Hr-Nj (50 50, vol/vol) The reaction 
mixtures (final volume, 0 4 ml) contained the follow
ing 7 5 mM ATP, 5 mM MgClj, 25 mM HS CoM, 25 
mM methanol, 10 mM 2-propanol, 10 mM N lris(hy 
droxymethyDmethyl 2 aminoethanesulfomc acid buff
er (pH 7 2), 2 2 mg of protein, and BrES as indicated 
The gas phase was HT-NJ together with 100 μΐ of 
ethane m a total volume of 12 ml Since Hj, ATP, and 
Mg2* were present during the incubation, no separate 
activation step was performed Incubation was for 30 
mm at 37°C Methane production (O) and methanol 
conversion ( · ) were measured 

pH dependence. The methyltransferase reac
tion shows an optimum at pH 6 5, and 50% 
activity was found at pH 5 6 and 7 5 Most 
expenments were canned out at pH 7 2, at which 
the activity was 70% of the optimal value, but 
buffering capacity was optimal 

Influence of different gas phases. The methyl
transferase was tested with various H2-N2 mix
tures as the gas phase At low H? concentrations 
(from 0 up to 2 5%) the specific activity was 30 
nmol of methanol converted per mm per mg of 
protein A 10-fold higher value was found in 
tests performed with 50 to 100% H, in the gas 
phase 

The enzymatic activity was lost by exposure 
to air for 30 mm, on subsequent incubation 
under an atmosphere of N2, after thorough re
moval of the air, no activity was found Howev

er, when the reaction was performed with Hj as 
the gas phase the specific activity was 50 nmol/ 
min per mg 

Effect of preincubation. H2 was important in 
the enhancement of the specific activity of the 
methyltransferase, but the activation was opti
mal only when ATP and MgClj were present 
(Fig 2) The activation of the methyltransferase 

Methanol converted (μπιοΙ) 

20 25 
Time I mm I 

FIG 2 Effect of various preincubation conditions 
on the activity of the methyltransferase in cell-free 
extract of M barken Reaction mixtures, containing 
0 7 mg of protein, were preincubated for 15 mm at 
УГС in the presence of the following 11 5 mM ATP 
and 7 7 mM MgCfe (O), 15 4 mM HS-CoM (D), 10 7 
mM ATP, 7 15 mM MgCI2, and 14 3 mM HS-CoM (+), 
no additions (Δ) These preincubations took place 
under H2-N2 (50 50, vol/vol) In a second senes N2 
was used as the gas phase, and the reaction mixtures 
contained the following 11 5 mM ATP and 7 7 mM 
MgCl2 (A) and no additions ( · ) The incubation at 
37°C was started after the reaction mixture was placed 
under N2 and completed to the standard composition 
as described in the lext 
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required a penod of about 15 to 30 mm and 
occurred in the absence of HS-CoM (Fig 2) 
Once the extract is activated in this way, the 
methyltransferase reaction does not require the 
further presence of H2 (data not shown) 

Inactivation with electron acceptors other than 
oxygen. Some oxidized electron earners were 
added under N2 to the extract, in which the 
methyltransferase had been activated under H2, 
to check for possible inactivation The addition 
of F420. NAD, and NADP (all tested al a final 
concentration of 1 mM) did not affect the activi
ty, but the addition of flavin adenine dinucleo-
tide and flavin mononucleotide (final concentra
tion, 1 mM) resulted in a reduction of the 
activity to 30%, the observed inactivation was 
small when Hi was present in the final incuba
tion mixture (Table 1) The presence of CH3S-
CoM, the product of the transmethylation reac
tion, also caused inactivation This inactivation 
was not observed when BrES, which could 
inhibit the reduction of CH3S-C0M, was present 
simultaneously, or when the final incubation 
was performed in the presence of Hi (Table 1) 

Activation by other reducing systems. A num
ber of reducing systems was tested for the ability 
to replace Hi in the activation process of the 
methyltransferase (Table 2) The reducing sys
tems were incubated under N2 as the gas phase 
for 15 mm with the methyltransferase which had 
been inactivated by incubation of the extract 
with CH3S-C0M and ATP and MgCb under N2 
The methyltransferase was activated in the pres
ence of pyruvate and coenzyme A, which to
gether may deliver electrons to coenzyme F420 
through the pyruvate dehydrogenase system as 
described previously for Methanobaclenum 

TABLE 1 Influence of some electron acceptors on 
activated methyltransferase" 

% Aclivity 
Addition (mM)' 

N,' tV 

None 100" IOC 
Flavin adenine dinucleotide (1) 30 90 
Flavin mononucleotide (1) 30 90 
CH,S-CoM (0 5) 50 ND' 
CHj-S-CoM (1) 10 ND 
CHjS-CoM (1) + BrES (0 05) 100 ND 

° Cell free extract was activated under Hz-N; 
(50 50, vol/vol) in the presence of 11 5 mM ATP and 
7 7 mM MgClj for 15 mm at 37°C Additions were 
made under N2 as desenbed m the text The mixtures 
were incubated for another 15 mm before the reaction 
was started by the addition of the substrates 

* Final concentration in the incubation mixture 
c The gas phase of the final incubation mixture 
0 Equivalent to a specific activity of 0 26 μπιοί of 

methanol converted per mm per mg of protein 
' ND, Not determined 
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TABLE 2 Influence of various H; donating systems 
on inactivated melhyltransferase" 

Addition (mM)* Aclivity 

None 0 
IV (2 atm) 100a 

NADH (2) 10 
NADPH (2) 10 
Pyruvate (2 5) 0 
CoA' (1 25) 0 
Pyruvate (2 5) + CoA (1 25) 90 

° Cell free extract was inactivated by preincubation 
for 15 mm at 37°C in the presence of 1 4 mM CHjS-
CoM, 10 7 mM ATP, and 7 1 mM MgCI2 under N2 as a 
gas phase After this preincubation, a second preincu
bation was performed for 15 mm at 37°C in the 
presence of the above-mentioned additions under N2 
as a gas phase Thereafter, en/ymic activity was tested 
as desenbed in the text with N1 as the gas phase 

* Final concentration m the incubation mixture 
r Hi was added after inactivation After 15 mm, H2 

was replaced by N2 and enzymic activity was tested 
d Equivalent to a specific activity of 0 18 μιηοΙ of 

methanol converted per mm per mg of protein under 
N2 

' CoA, Coenzyme A 

thermoaulotrophicum (29) NADH and NADPH 
had only low activities in the activation process 

Catalytic role of ATP. The transmethylase 
requires the presence of catalytic amounts of 
ATP, as was shown by Shapiro and Wolfe (21) 

The catalytic effect was counteracted by the 
presence of small amounts of air, which was 
injected in the gas phase of the incubation mix
ture (Fig 3) The presence of oxygen (500 ppm) 
in the gas phase required about a threefold 
higher amount of ATP to obtain a similar con
version of methanol 

Role of ATP in the transmethylation reaction. 
H2 and ATP were required to obtain full activity, 
but once activation had proceeded Hi was no 
longer required. To study the function of ATP, 
the extract was activated first, and ATP was 
removed by the addition of a mixture of hexoki-
nase, glucose, and adenylate kinase in a second 
preincubation (Fig 4) It appeared that ATP was 
needed in the activation process, but once the 
enzyme was brought into the activated form, the 
presence of ATP was less essential 

Inhibition of methyltransferase. Various com
pounds were tested on the ability to inhibit the 
enzyme Pyndoxal-5'-phosphale inhibited (K, of 
0 30 mM) the reaction when added before or 
after preincubation and both under N2 and H2 
Cyanide (2 mM), sodium azide (2 mM), and 
sodium dithionite (1 mM) inhibited the reaction 
10, 10, and 90%, respectively 
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Methanol converted Ι μιποί] 

J. B A C T E R I O L . 

1 2 3 t 5 

AIP ImMl 

FIG. 3. Effect of oxygen on the ATP requirement of the methyltransferase reaction in cell-free extract of M. 
barken. Standard incubation mixtures (see text) containing 0 6 mg of protein with increasing amounts of ATP 
were incubated under Hj-Nz (50.50. vol/vol) without О г ( · ) , with 250 ppm O j ( + ) , and with 500 ppm O j (O). The 
incubation was performed for 15 mm al 3TC. 

DISCUSSION Methanol convened ΙμιποΙ] 

U) 
Time I mm ) 

FIG. 4. Effect of the removal of ATP on the activi
ty of activated methyltransferase in cell-free extract of 
M. barkeri. A mixture of hexokmase (0 8 U). adenyl
ate kinase (0.4 U). and glucose (50 mM) was added to 
extracts, containing 0.7 mg of protein, before activa
tion ( · ) and after activation ( + ) with ATP and M g 2 * 
(see text). The resulting mixture was then premcubat-
ed for 15 mm al ÌTC In a separate expenmeni N-
tns(hydroxymethyl)methyl-2-aminoethanesulfonic 
acid buffer (pH 7 2) was added to the activated extract 
(O). After the preincubation the reaction was started 
by completing the reaction mixture to the composition 
as given m the text. 

M e t h a n o l : H S - C o M methyltransferase of M. 
barkeri was found to be insensitive to the power
ful inhibitor of methanogenesis, B r E S , whereas 
C H 3 S - C 0 M reductase was very sensitive to it. 
This demonstrates that B r E S is not an inhibitor 
in all reactions which involve H S - C o M . The 
inhibiting effect may be restricted to those reac
tions in which H S - C o M functions in an activated 
state (14), v iz . , in a form in which it is bound to 
factor F4io (15, 26). 

Catalytic amounts of A T P are required in the 
conversion of methanol to C H 3 S - C 0 M (21). The 
present results demonstrate that A T P is required 
in an activation process. 

T h e activation process requires the presence 
o f H2 , which is most probably involved in a 
reduction. A 5- to 100-fold enhancement of the 
activity was obtained, depending on the quality 
of the extract tested. The beneficial effect of H j 
was brought about also by pyruvate in the 
presence o f coenzyme A , but N A D H and 
N A D P H , together with F420, were unable to 
activate the methyltransferase. 

Inactivation probably involves an oxidation. 
This oxidation occurs when C H j S - C o M , the 
product o f the transmethylation reaction, is pre
sent and is reduced to methane in the absence of 
a potent electron donor like H2. The inactivation 
by the presence of C H j S - C o M does not occur 
when B r E S is present in the reaction mixture. 
Also flavin adenine dinucleotide and flavin 
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mononucleotide, but not NAD or NADP, inacti
vate the system; however, in the presence of H2 
the mactivation by flavin adenine dinucleotide 
and flavin mononucleotide was greatly dimin
ished. 

The inhibiting effect of pyndoxal-5'-phos-
phate requires further study, the compound ap
pears to interact in the transmethylation reac
tion The methyltransferase was not inhibited by 
cyanide or azide. This may indicate that no 
metal ions participate in the enzymic reaction. 

Recently Wood et al. (28) reported the pro
duction of methane from a chemically methylat
ed 8,2 protein from M. barken. Preliminary 
results indicate a possible role of a Bn (factor 
III) protein in the methyltransferase reaction 
(unpublished results) This may explain the in
hibiting effect of pyndoxal-5'-phosphate, which 
is known to inhibit the dioldehydrase reaction in 
which aBi2 protein participates (16). 
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Abstract. 2-(Methyllhio)ethanesulfonate (CH3S-C0M) is 
formed as an intermediate in methanogencsis from methanol 
by cell-free extracts of Methanosarcina barken. I he enzyme 
system involved in the methyltransfer from methanol to 
2-mercaptoethanesulfonate (HS-CoM) was resolved into 
two enzyme fractions. One en/ymc (methanol. 5-hydroxy-
benzimidazolylcobamide mcthyltransferase) appears to be a 
cobalamin-containing protein, which is oxygen sensitive The 
other enzyme (Co-methyl-5-hydroxybenzimidazolylcob-
amide' HS-CoM mcthyltransferase) was punfied It is in
sensitive to oxygen and it transfers also the melhylgroup from 
Co-methyl-5,6-dimethylbenzimidazolylcobamide to HS-
CoM. 

Key words: Methanowrcina barken — Methanol conversion 
to methane — Methanol cobalamin methyltransferase -
Melhylcobalaimn. coenzyme M melhyllransferase 

Methanosarcina species are among the few methanogens 
which convert methanol to methane (Smith and Mah 1978; 
Hutten et al 1980) Cells and cell-free extracts of Methano
sarcina barken reduce methanol not only in the presence of 
H 2 , but also in its absence, in the latter case C 0 2 is formed 
together with methane (Hutten et al. 1981). 

The pathway of methanogemc conversion of methanol 
was the subject of previous studies Λ role ofcobalamins was 
proposed after the discovery that methylcobalamin (CHj-
B 1 2 -DMBI) could serve as a precursor for methane pro
duction (Blaylock and Stadtman 1963,1964) Further studies 
demonstrated that crude extracts of M. barken convert 
methanol to CH,-B 1 2 -DMBI in a reaction which requires the 
presence of ATP, Mg 2 + , H 2 , ferredoxin, a corrmoid protein, 
an unknown protein and a heat stable cofactor (Blaylock and 
Stadlman 1966, Blaylock 1968) 

After the identification of CH3S-C0M as the coenzyme 
involved in the final reduction step of mcthanogenesis 
(McBnde and Wolfe 1971, Taylor and Wolfe 1974a) the 
involvement of a methylcobalamin as an intermediate of 
methanogenesis was doubted (Wolfe and Higgins 1979) 

Offprint requests to Ρ van der Meijden 
Abbreviations HS-CoM, 2-mcrcdptoethane5uironic acid, CH3S-CoM, 
2-(methylthio)cthanesulfonic acid, BrFS, 2-bromoethanesulfonic acid, 
TES, N-tris-íhydroxymethyll-methyl^-aminoethanesulfonic acid, UBI, 
5-hydroxybenzimida7ole, and DMBI, 5,6-dimelhylben¿imida/ole, are 
a-ligandsof cobalamins, Bi2r, cob<II)alamin, Bi2S, cob(I)alamin, MT^ 
methanol B^-HBI methyltransferase, MT2, СНз-В12-НВІ HS-CoM 
methyltransferase, SDS, sodium dodecyl sulfate 

СНэ5-СоМ can be produced from methanol and HS-
CoM by cell-free extracts of M barken (Shapiro and Wolfe 
1980, Van der Meijden et al. 1983) The enzyme system 
involved was found to be dependent of catalytic amounts of 
ATP and the presence of H 2 was needed to produce maximal 
activity of the system Such an activation could be achieved in 
the absence of substrates, once activated, the enzyme system 
did not require the further presence o f H 2 ( V a n der Meijden et 
al. 1983) 

Here we report the resolution of this enzyme system, 
responsible for the transfer of the methyl moiety of methanol 
to HS-CoM First, an enzyme (MT^-bound cobalamin is 
methylated, then, a second methyltransferase (MT 2 ) me-
thylates HS-CoM. 

Materials and Methods 

Materiali Black butyl rubber stoppers were obtained from 
Rubber B.V (Hilversum, The Netherlands). Red rubber 
stoppers were purchased from Hclvoct В V (Alken, 
Belgium). DEAE-cellulose, Whatman grade Db-52, was 
obtained from Tamson (Zoclermeer, The Netherlands) 
DbAE-Sepharose-Cl-6B and Sephadex G-100 were from 
Pharmacia Fine Chemicals A В (Uppsala, Sweden) Serva 
Blue Ci, used for protein determination, was purchased from 
Serva Feinbiochemica (Heidelberg, FRO). 2-Mercapto-
ethanesulfomc acid (IIS-CoM) was purchased from Merck-
Schuchardt A G . (Darmstadt, F R G ) 2-Bromoelhane-
sulfomc acid was from Aldrich Europe (Beerse, Belgium) 
Methylcobalamin was obtained from Sigma, Chemical 
Company (St. Louis, USA). Gases were obtained from Hoek 
Loos (Schiedam, The Netherlands) To remove traces of 
oxygen H 2 was passed over a catalyst (BASF RO-20) at room 
temperature and N 2 was passed over a prereduced catalyst 
(BASF R3-11) at Í50 С Both catalysts were a gift from 
BASF (Ludwigshafen, F R G ) 

Culture Methods and Preparation of Cell-Free Extracts Cells 
of Methanosarcina barken strain MS (DSM 800) were mass-
cultured in a 350-1 fcrmentor in a mineral medium with 
methanol as substrate and a mixture of 8 0 " 0 N 2 and 20"ó 
C 0 2 as the gas phase (Hutten et al. 1981) Cells were 
harvested in the late exponential phase and stored under H2 at 
- 8 0 С 

Cell-free extracts were prepared after twofold washing of 
cells with lOmM TES-K + buffer p H 7 2. A suspension of 
50 % wet cells was prepared in 10 mM TES-K* buffer pH 7 2 
containing 15mM MgCl 2, and cells were broken by passage 
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through a French pressure cell (Hutten et al 1981) Thecell-
Ггее extracts obt.iined on centrifugation for 40 mm at 20 000 
xg<ind4 C, were stored under ll2 at —80 С in 10-ml or 250-
ml serum bottles, dosed with black but>l rubber stoppers and 
scaled with crimped aluminum seal caps or screw caps 

Overall Malumol Hb-CoM Mitlnlliamferase Α\τα\ ÍMT1 

plus MT2 /isïai / The activity was assayed m crude extracts 
b) the use of a gaschromatographical measurement of the 
conversion of methanol The reaction mixtures (0 I ml) were 
prepared in an anaerobic glove box (Hutten et al 1981) m 
10-ml serum vials and contained 10 mM TfS-K* buffer 
pH7 2 9 4mMATP 6 3mM MgCI2, 12 5mM HS-CoM. 
12 5 mM methanol 7 0 mM 2-propanol as internal standard. 
50μΜ BrLS to inhibit the reduction of ( HjS-CoM to 
methane. 0-75μΙ extract (10-15mg protein per ml) The 
vials were closed with red butyl rubber stoppers sealed with 
aluminum caps and placed on ice The gas phase (50 n

0 

H^SO",, N2) was added and the leaction was started by 
incubation at 47 Cina water bath At various time intervals a 
vial was placed on ice and immediately opened to stop the 
reaction Then, the methanol concentration was measured on 
a Pye Unicam GCV Gaschromaiograph with a 0 2°,, 
Carbowax 1500 on Carbopack (80 100) column (Van der 
Meijden et al 1984) 

Activation of the melhyltransfcrase system was perform
ed by preincubation of extract in the presence of 11 4 mM 
ATP, 7 6mM MgClj and 50"„ H2 50 o

o N 2 as a gas phase 
(Van der Mei|dcn et al 1983) 

The enzymatic activities of column fractions were de
termined as described for the overall assay but 65 μΙ fraction 
together with 10 μΐ crude extract were used This amount of 
crude extract showed an almost negligible melhyltransferase 
activity in the absence of active fractions 

Methylcobalaimn НЧ-СоМ Меііпіігапфіаче Лнаі The 
reaction mixture contained lOmM I hS-K* buffer pH 7 2, 
lOmM HS-CoM, lOmM melhylcobalamm, 50μΜ BrLS, 
10 μΐ of an adequate protein solution, total volume 40 μΙ The 
mixtures were prepared anaerobically and were kept on ice 
until the gas phase consisting of 50 ο

0 Η2 50 "„ N2 was added 
and the reaction was started by incubation at 47 С At 
various lime inlervals a vial was placed on ice and opened the 
remaining HS-CoM was oxidized immediately under aerobic 
conditions due to the presence of hydroxycobalamin Protein 
was removed by precipitation in 80 "„ methanol and CH3S-
CoM formed was measured by isolachophorcsis (Hermans 
et al 1980) 

Rcwluuon of the Methanol HS-CoM Melhyltranrferaw 
Sistem Column materials and buffers were freed of oxygen 
by five cycles of evacuation (1 h) and sparging (5 mm) with 
hydrogen The resolution of the system was carried out at 4 С 
in an anaerobic glove box Crude cell-free extract was applied 
to a DbAF-ccllulose column (20 χ 6cm) equilibrated with 
10 mM ΤΕ5-Κ+ buffer pH 7 2 Flution was performed by 
successive washings with 200 ml of the TFS buffer, 200 ml of 
this buffer containing 0 15 M NHjCl and 21 ot a linear 
gradient of 0 15 - 0 50 Μ N H4C 1 in the buffer F raclions of 
9 ml were collected at a flow rate of 2 8 ml mm 

Fractions active in Ihe overall assay were stored anaerobi 
cally at —20 С in 12-ml serum vials closed with black butyl 
rubber stoppers Two activity peaks were obtained which 
were denoted MT2 and MT,, respectively 
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Purification of M12 The MT2 pool (150 ml) was submitted to 
(МЦЬЬС^ precipitation The fraction precipitated between 
50-70",, (NH 4 ) 2 b0 4 saturation contained more than 80 "„ 
of the activity and was dissolved in 50ml of 10 mM TFS-K" 
butfer pH 7 2 The Iraction was concentrated under N2 to 
one-tenth ol its volume by ultrafiltration with an Amicon 
PM-10 filter and resolved in 40 ml of buffer The solution 
obtained was applied to a DLAl -Sepharose-Cl-6B column 
(16x2 6cm) equilibrated with lOmM TES-K' buffer 
pH 7 2 and the column was washed with 100 ml ofthis buffer 
Elution was performed with 600 ml of a linear gradient of 
NIi4CI ( 0 - 0 3M) in the U S buffer The active fractions 
were pooled and concentrated to 3 ml by ultrafiltration 
(Amicon PM-10 filter) under N2 The concentrate was 
applied to a Sephadex G-100 column (100 χ 2 6cm) equilib
rated with lOmM TFS-K' buffer pH 7 2 containing 0 1 M 
NH4C 1 and the elution was performed with the same buffer at 
a flow rate of 8 9 ml h 

Determination of Protein Protein was determined with the 
G250 Coomassie brilliant blue method (Sedmak and 
Grossberg 1977) Bovine serum albumin was used as a 
standard 

OcMeitroplioiem The purity of protein preparations was 
checked by the use of gelcleclrophoresis according to 
Lacmmh (1970) with 8 o

0 Polyacrylamide in the absence of 
SDS or 13 0

u Polyacrylamide in its presence 

Results 

Actum of Oterall Assai Influencedb\ Dilution 

A rather strong decrease of the activity of the methanol HS-
CoM mcthyllransferasc activity of crude cell-free extracts 
upon dilution, and the resulting nonlinear response in the 
activity versus protein plot indicate a complex structure of the 
enzyme system involved Such a strong decrease was obtained 
upon dilution with either 10 mM TLS-K* buffer or an 
ultiafiltrale obtained anaeiobically by the use of Amicon 
L'M-2 filtration However, dilution with extract, exposed to 
oxygen and consequently inactive in the overall assay, 
resulted in a linear response of the assay of activity versus 
protein concentration A linear response was also obtained on 
dilution of activated extract with TES-K* buffer 

Effect о/ Salti 

To determine, which salt could be used in gradients for lon-
exchangc chromatography the effect of salts on the overall 
assay was examined (Fig 1) The cn/ymic activity was 
inhibited by NaCI KCl and MgClj at concentrations usually 
applied in gradients, but activity was not affected by NH4CI 
up to 0 5 M Therefore NH4CI was used in the purification 
procedures 

Resolution of the Melhyltransferase System 

Crude cell-free extracts were applied lo a DLAL-cellulose 
column and two major peaks (MTj and MT,) were found 
when the fractions were tested in the overall assay in the 
presence ofa small amount of extract (Fig 2) No activity was 
found in the absence of extract 
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Punßtalion of MT2 

MT2 was pooled and purified аь described (sec Materials and 
Methods) Table 1 gives the results of the purification proce 
dure and the Sephadcx G-100 elution pattern is shown in 
Fig 3 A parallel increase was obtained for the enzymic 
activity 0ГМТ2 as measured in the overall assay and for CH j -
Bi2 DMB1 HS CoM methyltransferase 

Properties of МГ2 

Purified MT2 was submitted to gelelectrophoresis in the 
presence and absence of SDS In both cases one strong 

protein band together with some faint bands was obtained 
The molecular weight estimated by the use ol Sephadcx G 100 
gelfiltration and geleleclrophoresis in the presence of SDS 
yielded values 0П8 000 and 41 000 respectively On exposure 
of M 12 to oxygen for one day no loss of activity was found in 
both enzymic assays 

Reeomtitution of Methanol HS-CoM Melhiltranv/eraw 
Actnit} »Uh the Rewheil Atlmuei 

When increasing amounts of MTj were tested in the overall 
assay together with a constant amount of crude cell free 
extract a saturation curve was obtained The saturation level 

Methanol conwrled ijumot) 
Methanol convened 

(nmol/nun) · — · 

- NHtCI concentration 

03 01 OS 

Sail concentration (H] 

big 1 hffcLt of venous salts on Ihc methanol conversion by crude cell 
free extracts of Mi thunosun ma harki η The overall assay was performed 
and salts were present at the indicated concentrations NH4CI IO) KCl 
( · ) NaCl (Δ) and MgC I2 (D) Incubation was perlormed fbr 20 mm 
under 50o

o Нг 50°„N2 at 37 С 

. . · ' - Ì »Я « 

Л 
/ \ 

I \ 

Protein 
|mg/ml| <. 

JVK. 
Fraction number 

Fig 2 Resolution of the niclh>ltr<mi.ftrabc s-ysltm of Mahanosanma 
barken by the use of DFAI cellulose ion exchange chromatography 
Llulion οΓςϋΙ free LxlrdU (70 mg) w is performed b> means, ofsucccbsivc 
washings with lOmM Ttb K+ buffer pH 7 2 »uh 100mM N]I4C1 m 
this buffer and with a linear gradu-nt of 100 SOOmM NH4CI in tht 
bufTcr Methanol conversion was mt isurcd in the overall assay with 65 μΐ 
of each fraction togethei with ΙΟμΙι,πιϋι LLII frctcxlratt Incubation was 
performed for 70 mm under SQ H2 50 N2at17 С The activity peak 
clutcd at 0 28 M NH4C1 was MT, 

Table 1 Purification of MT2 from Methanosarcma barken 

Fraction 

Crude extract 
D h A h cellulose 
Ammonium sul 

phale saturation 
<50-70"„) 

DEAb Sepharose 
C16B 

Sephadcx G 100 

Protein 
(mg) 

2900 
560 
155 

80 

9 

Overall methyltransferase activiiy" 

Specific 
activity 
(U/mg) 

0 20 
015 
0 27 

12 

6 1 

Total 
aclivily 
(U) 

580 
84 
96 

96 

57 

Punfi 
cation 
factor 

1" 
18 

80 

42 6 

Recovery 

C.) 

-
too" 
114 

114 

68 

C H J B . J DMBI HS CoM 
methyltransferase activity' 

Specific 
activity 
(U mg) 

11 
144 

n d ' 

641 

266 6 

Total 
aclivily 
( I ) 

9000 
8064 
n d 

5131 

2403 

Punfi 
cation 
factor 

t 
46 

n d 

20 7 

86 0 

Recovery 

Co) 

100 
90 

n d 

57 

27 

One unii of activity is the amount of protein which converts 1 μπιοΙ substrate per mm 
The overall activity of the DbAt- cellulose fraction wab taken as reference This and the following fractions were leslcd in the presence of a small 
quantity of crude extract 
η d = not determined 
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Pnrtein («J/ml CH) Bu conveiled 
ßiem ] « " 

Methanol confined 

\ 
I \ 

Ì ! 

V S 4 
_̂  .-

Fig.3 ílutionprolllL üf MT* from a ScphjdcxG-100 column Λ column 
( 1 0 0 x 2 6cm)Ädsduted.ll.ir.iteor8 9ml hwilhlOmM ГЬЬ К'buffer 
p H 7 2 containing lOOmM NH4CI f-гасііопь (1 ml) »crc tested on (I) 
the activity of CHj B,, DMB1 HS-C oM methyltranslerasL on in 
tubationforöminal Ì7 CunderSO „ H z S C u N j i A ) and (2) methanol 
conversion in the overall as-̂ a) in the presence of crude cell-free extract 
(0 12mg of protein) on incubation for Wmin at 37 С under 5 0 o

o 

Η 2 5 0 \ Ν 2 ( · 1 

Hethanot comerteit temoli 

» » M I , 

о ViiA ΜΓ, 

Κμ\ MT, 

И lOjUMT, 

МТт or М Т г added (ли 

Fig 4 Methanol conversion by the combination of MT, and MT2 

Reaction mixtures (total volume ΙΟΟμΙ) contained 9 4 m M AIP 
6 3mMMgCI 2 1 2 S m M H b C o M 12 5mM methanol 5 0 ц М В г І 5 
7mM 2-propanol the indicated amounts of solutions ol MT, (Smg 
protein ml) and MT 2 (1 3mg protein ml) The mixtures were incubated 
for lOmin at 17 С under 50° o H2 SO". N 2 

could be enhanced by the addition of MT, which »as 
obtained by the use of DFAF-cellulosc chromatography 

I he formation of CH3S-C0M from methanol and HS-
CoM could be brought about by the combtnalton of MT, and 
MT2 (Fig 4) Both components showed saturation cur\es 
with respect to each other 

Properties oj MT", 

The MT, pool obtained by DFAF-cellulosc chromatography 
was brown and turned red on exposure to oxygen simul
taneously the activity was destroyed A (NIU)2S04 pre
cipitation was earned out with a small amount of MT, pool 
The protein fraction precipitated between 60-80" o satu
ration, contained 40 "„ of the original activity and was used to 
record spectra under anaerobic and aerobic conditions 

big 5 Spectra of partially purified MT, Records were made under 
anaerobic conditions (full line) and after exposure ol the sample to air tor 
S mm (dashed line) 

(Fig 5) These spectra show characteristic peaks at 356, 411, 
506 and 545 nm in the aerobic sample, and only one peak at 
423 nm and a shoulder at 355 nm in the anaerobic sample 
These data indicate the presence of an oxygen sensitive 
cobalamin in the MT, fraction 

Discussion 

Themethanol HS-CoM methyltransferasesystemorMfiAano 
larcma barken was shown to consist of two enzymes (MT, 
and Ml,) which were resolved by DEAE-cellulose column 
chromatography The enzymes were identified by means of 
their stimulating effect on the conversion of methanol and 
HS-CoM into CH3S-C0M in the presence of a small aliquot 
of crude cell-free extract It was shown that the combination 
of the two en/ymes was able to catalyze this conversion as 
well One ofthe compounds, MT2, was purified and catalyzed 
also the methyltransfer from СНз-В,2-ОМВІ to HS-CoM 

The further purification of MT, was hampered by its high 
sensitivity to oxygen oxidation was accompanied by change 
of color from brown to red which indicates the involvement 
of a cobalamin in the enzymatic reaction The spectral 
properties of native and oxidized Μ Г, sustain this evidence, 
but definite proof will be obtained only from tests performed 
with pure MT, 

Indirect evidence for the involvement of cobalamins in the 
MT, reaction could be derived from the fact that MT2 

catalyzes also the methyltransfer from CHj-B^-DMBI to 
HS-CoM 

The results arc summarized in Fig 6 Methanol is con
verted to CH3S-CoM in a two-step enzymtc reaction MT,, 
which is thought to be a B12-conlaining enzyme, is methyl
ated first and is probably subject to activation- and in-
acttvalion processes (Van der Meijdcn et al 1983) The 
activation could be a reduction of B,2 to B,2, or B,2, The 
inactivalion is possibly accompanied by an oxidation of the 
reduced B,2-forms to HO-B,2 I he cobalamin concerned 
must be Β,,-HHl, instead of a B,2-DMB1 as was shown by 
Scherer and" Sahm (1981) and Polet al (1982) The possible 
involvement of Bi2-compounds in mclhanogencsis was prc-
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CM« 

в, нві 

діР toi dation 

β,, UBI 

Ν Η β Γ ON 

BrES 

СНз5 СоМ \ / HS CoMFjjj 

' I M I , ][MT. 

снз В] mi/\ HS сом 
or 

CH] В, DM81 

M I , Mtlhanol B ¡ HBI melhjllranslerase 

M I ) СИ] Bi; HBI HS СоИ melhyUranslerase 

M í j CHjS СоМ HS CoM F m melhiltranslera» 

MR CHjS C o M F l i g mcl^lredoctase 

Fig 6 Proposed reaction sequence оГ the conversion of meth ino! to 
mclhdnc by Withaiiownina harbtn An tn/ymt. (M I ^ b o u n d B ^ HHI 
is mcthyUtcd The methyl group of this bound cobaldirun and the methyl 
group оГІгее С Hj B | 2 DMBI are trmsferred by a second enzyme (MT ) 
lo HS CoM The muhyldtion of HS С о М Ь 4 з 0 is nol studied m this 
paper It could be catalyzed directly by MT or by a separate enzyme 
Μ Τ λ This re iclion is inhibited by BrFS The activation ind in ictiv mon 
of the system (\ап der Mujdcn et al 19НЧ) are thought to be due to 
reduction and oxidation of the B! protein M T ! 

v ious ly r e p o r t e d by W o o d et al (1982) w h o puri f ied a B 1 2 -

p r o t e m w h i c h c o u l d be d e m c l h y l a l e d e n z y m a u c a l l v lo C H 4 

af ter c h e m i c a l m e t h y l a t i o n w i t h C I I 3 I a n d s o d i u m b o r o h y d 

r i d e Perhaps, t h e 8 , 2 p r o t e i n is ident ica l t o m e t h a n o l B i 2 

H B I m e t h y l t r a n s f e r a s e Blay lock (1968) r e p o r t e d the m e t h y l 

a l i o n of B12, D M B I f rom ' 4 С Н з О Н by л s y s t e m c o n s i s t i n g 

o f t h r e e p r o t e i n s O n e of t h e p r o t e i n s w a s t h o u g h t t o be a B u 

p r o t e i n H o w e v e r t h e p a r t i c i p a t i o n o f c o b a l a m i n s in C H 3 S -

C o M f o r m a t i o n w a s d o u b t e d by S h a p i r o (1982) on t h e bas is 

of t h e o b s e r v a t i o n (hat t h e m e t h y [ t ransfer of C H j B , , D M B I 

t o H S C o M w a s i n h i b i t e d by a lkyl В¡2 de r iva t ives these 

c o m p o u n d s did no t alfect C H 3 S C o M f o r m a t i o n from 

m e t h a n o l 

M T ^ is t h o u g h t t o t r ans fe r t he m e t h y l moie ty f rom the 

M T , b o u n d c o b a l a m i n t o U S C o M C I I 3 üi2 D M B I H S 

C o M me thy l t r ans f e r a se of MethanobaiUnum br\aiiiii was 

first purif ied by T a y l o r a n d Wol fe ( 1 9 7 4 b ) b u t n o funct ion 0! 

m e t h y l c o b a l a m i n as a n a t u r a l m e t h y l ca r r i e r cou ld be g i \ c n 

H S C o M is a defini te m e t h y l a c c e p t o r in the M T 2 -

ca t a lyzed reac t ions H o w e v e r in t h e p r o c e s s of m c t h a n o -

genesis I r o m m e t h a n o l a d i rec t M T j ca t a lyzed t ransfer of the 

m e t h y l g r o u p may occu r f rom Μ I , b o u n d c o b a l a m i n to 

CoMti30 the p r o s t h e t i c g r o u p of C H j S C o M r e d u c t a s e 

(El lefson a n d Wolfe 1980 Kel t jens el al 1982) 

B r L S d id n o t inhib i t t h e c o n v e r s i o n of m e t h a n o l a n d H S 

C o M m i o C H j S C o M b u t is a s t r o n g i n h i b i t o r of m e t h a n e 

f o r m a t i o n from C H j S C o M A p p a r e n t l y B r b S is act ive only 

in r e a c t i o n s in w h i c h H S C o M is invo lved in a s u l f o n a t e -

b o u n d f o r m a s is t h e case in С о М І - 4 з 0 
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INTRODUCTION 

Methanosarcina harken converts methanol to 
methane [1,2] through a reaction sequence involv
ing 2-(melhyllhio)elhanesulfonic acid (CH,S-
CoM) as an intermediate Methylation of 2-
mercaptoelhancsulfonic acid (HS-CoM) by 
methanol is catalyzed by the joint action of the 
enzymes MT, (methanol 5-hydroxybenzimidazo-
lylcobamide (B12-HBI) methyl transferase) and MT2 

(Co-melhyl-5-hydroxybenzimidazolylcobamide 
( С Н т В ^ HBI) HS-CoM methyl transferase) [3] 
Catalytic amounts of ATP and hydrogen are 
needed to activate the system [4] MT2 has been 
purified 86-fold [3] and also exhibits Co-methyl-
5,6-dimethylbenzimidazolylcobamide (СНз-В12-
DMBI) HS-CoM methyltransferase activity The 
purification of MT, is hampered by its sensitivity 
to oxygen 

The observation that MT2 transfers the methyl-
group from СНз-В|2-НВІ as well as from CH3-
B|2-DMBI to HS-CoM gives indirect evidence that 
MT, may contain a corrmoid [3], such a cornnoid 
would—be expected to contain 5-hydroxybe-
nzimidazole as o-hgand, as was found for all cor
rinoids from M barken [5,6] 

In this paper direct evidence for the involve
ment of strongly protein-bound corrinoids in the 
catalytic action of MT, will be inferred from spec-

tropholomelric measurements, high pressure liquid 
chromatography (HPLC) analysis and labeling of 
the enzyme with ' " C H ^ H 

2 MATERIALS AND MhTHODS 

M barken, strain MS (DSM 800) was grown in 
a 350-1 fermentor containing a mineral medium, 
methanol as substrate, and N 2 -C0 2 (80% 20%) as 
the gasphdse [1] Cell-free extracts were prepared 
by passage through a French pressure cell and 
tentnfugation at 20000 X g and 4°C as described 
previously [4] MT, and MT2 were separated by 
DFAF-cellulose column chromatography per
formed with a linear NH4C1 gradient [3] MTj was 
eluled at 0 15 M NH4C1 and MT, was collected in 
the fractions containing between 0 25 and 0 30 M 
NH4C1 MT2 was further purified by the use of 
( N H 4 ) 2 S 0 4 precipitation, DEAfc-Sepharose-Cl-
6B and Sephadex G-100 column chromatography 
as described previously [3] The fractions contain
ing MT, activity were concentrated by anaerobic 
Amicon (UM-10 filter) ultrafiltration For spectral 
studies MT, was further purified by means of 
( N H 4 ) 2 S 0 4 precipitation The protein pellet ob
tained between 60 and 80% saturation was dis
solved in 10 mM JV-tris(hydroxymethyl)methyl-2-
amino-elhanesulfomc acid (TES)/K+ buffer (pH 
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7 2) The specific activity (methanol-converted) of 
this preparation was 0 13 /»mol mm ' mg pro
tein ' 

MT, activity was measured in incubation mix
tures (total volume 100 μΐ) containing 10 mM 
TES/K + buffer (pH 7 2), 9 4 mM ATP, 6 3 mM 
MgCl2, 12 5 mM HS-CoM, 12 5 mM methanol, 
7 0 mM 2-propanol as internal standard, 50 μΜ 
2-bromoetlianesulfonic acid (BrES) to prevent re
duction of CH3S-C0M to methane [4], 13 /ig of 
MT2 protein (3/»mol min" 1 mg prolein"') and 
0-40 μ\ of MT, solution (17 mg protein/ ml, 0 2 
μ mol min ' mg protein"1) The reaction mix
ture was prepared in an anaerobic glove-box in 
10-ml vials, which were closed with red rubber 
stoppers (Hclvoet b ν , Beerse, Belgium) After ad
dition of H 2 - N 2 (50% 50%) as the gasphase the 
incubation was started at 370C and it was slopped 
by exposure of the reaction mixture to oxygen 
Activity was measured as methanol consumption, 
which was determined by gaschromatography as 
described before [4] 

Samples for Η PLC analysis of comnoids from 
MT, were prepared by healing the incubation mix
tures in the dark under anaerobic conditions for 
20 mm at 80CC in the presence of 80% methanol 
Protein was removed by centnfugation and the 
remaining supernatant was evaporated to dryness 
in the dark The residue was dissolved in 0 2 ml 
water and used for HPLC analysis 

The HPLC analysis of cornnoids was per
formed with a reversed phase system on a 10 jum 
C 1 S LiChrosorb-RP18 (Merck) column [7] A lin
ear gradient of 0 50% methanol in 25 mM potas
sium acetate buffer (pH 6 0) was applied for a 
period of 10 mm Co-methyl and Co-aquo deriva
tives of 5-hydroxybenzimidazolylcobamide were 
used as standards and were a gift from A Pol 

Spectra were recorded with a Cary 118 record
ing spectrophotometer in anaerobic glass cuvettes 
containing 1 5-2 0 ml solution under an atmo
sphere of H 2 - N 2 (50% 50%) 

Labeling of MT, with [ l4C]methanol was per
formed by incubating MT, together with 10 mM 
'"CHjOH (1 mCi/mmol, 1CN, Irvine, CA, USA) 
under H 2 - N 2 (50% 50%) in the dark at 370C 
Subsequently 80% cold methanol was added and 
after 10 nun the precipitate was filtered on a 

Millipore filter (Millipore, Bedford, USA) and 
washed 3 times with 5 ml of cold 80% methanol 
The filters were dried in the dark at ЬО'С and 
counted in 5 ml Bray's counting solution [8] 

Protein was determined with G-250 Coomassie 
brilliant blue according to Sedmak and Grossberg 
[9] Bovine serum albumin was used as a standard 

2-Mercaptoethanesulfonic acid (HS-CoM) was 
purchased from Merck Schuchardt A G (Darms
tadt, FRG) 2-Bromoethanesulfonic acid (BrES) 
was from Aldnch Europe (Beerse, Belgium) ATP 
was from Boehnnger (Mannheim. FRG) Methanol 
(HPLC grade) was from Baker Chemicals b ν 
(Deventer, the Netherlands) Gasses were obtained 
from Hoek Loos (Schiedam, the Netherlands) To 
remove traces of oxygen, N2 was passed over a 
prereduced catalyst (BASF R3-11) at 150oC and 
H 2 was passed over a catalyst (BASF RO-20) at 
room temperature Both catalysts were a gift from 
BASH (Ludwigshafen, FRG) 

3 RFSULTS 

3 I Spectral measurements 

The involvement of a corrmoid in the trans
methylation was evident from spectra of MT, re
corded under various incubation conditions (Fig 
1A) On incubation of the enzyme with HS-CoM 
together with ATP plus MgCl2 the spectrum 
changed drastically and an absorption peak ap
peared at 390 nm This spectral change was not 
observed when either HS-CoM or ATP plus MgCl2 

were added alone A similar spectrum was re
corded when the reaction with methanol had been 
completed (Fig IB) and the compound concerned 
called here Сз 9 0 , appeared to be oxygen-sensitive 
since it was destroyed on exposure to air for 1 
mm The compound formed on oxidation showed 
spectral peaks at 356, 411, 506 and 535 nm This is 
indicative of an oxidized corrmoid 

Addition of methanol to C,, 0 resulted in an 
immediate spectral change and peaks appeared at 
356, 423 and around 520 nm These results indi
cate that C „ 0 was converted, but they did not 
allow the conclusion that Co-methyl-5-hydroxybe-
n/imidazolylcobamide was formed since the char-
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Fig 1 Spectra of MT! were recorded under H 2 - N 2 (50% 
H 2 50% Nj) al 37 0C on a Cary 118 spectrophotometer against 
a reference containing the same components except MT, 
which was replaced b> 10 mM T b S / K * buffer (pH 7 2) The 
following solutions all dissolved in 10 mM T E S / K + buffer 

actenstic peaks of these compounds are located 
between 300 and 350 nm, a spectral region which 
could not be analyzed due to interference of the 
proteins 

3 2 H PLC analysis of the conversion of the cor-
nnoid from MTi 

The effect of various reaction conditions on the 
corrmoid present as an indigenous part of MT, 
was analyzed after aerobic removal from the pro
tein (Fig 2) No corrmoids could be detected when 
extraction was performed with cold methanol (re
sults not shown) instead of hot methanol, which 
indicates that the corrmoids are rather firmly 
bound A mixture of corrmoids was obtained from 
MT, on direct examination (Fig 2A) The cor
rmoid obtained on incubation of MT, and HS-
CoM either in the absence (Fig 2B) or presence 
(Fig 2C) of methanol had the same retention time 
(8 mm) as the product obtained on aerobic incuba
tion of Co-aquo-5-hydroxyben7imida7olylcoba-
mide with HS-CoM (coenzyme M) and is probably 
the Co-coenzyme М-5-hydroxybenzimidazolyl-
cobamide When ATP was included in the reaction 
mixture the only corrmoid present was Co-melhyl-
5-hydroxybenzimidazolylcobamide (retention time 
12 7 mm) (Fig 2D) The formation of this product 
was not dependent on the presence of HS-CoM 
(data not shown) The retention times of the 
methyl- and aquo-denvatives of the corrmoids 
confirm that the pertinent compounds contain 5-
hydroxybenzimidazole as the a-ligand [5,6] 

(pH 7 2) were mixed 0 45 ml buffer 0 8 ml (5 5 mg of protein) 
MT, solution, 0 15 ml (1 8 mg of protein) crude extract as a 
source of hydrogenase and MT 2 and 0 1 ml 0 8 mM BrES 

Incubations at 37°C were as follows (A) ( ) no further 

additions, ( ) addition of 0 1 ml 0 15 M ATP plus 0 I M 
MgClj and incubation for 15 mm ( ) further addition of 
0 1 ml 0 2 M HS-CoM and incubation for 5 mm, ( ) 
further addition of 50 μΐ 0 2 M methanol and immediate 

recording of the spectrum (B) ( ) the mixture with 

methanol was incubated for 1 h and methanol was converted 

completely, ( ) the mixture was then exposed to air for 1 

mm 
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Pig 2 HPI С analysis of the effect of various reaclion cünditions on the cornnoids of MT, Incubations were performed anaerobically 
under M N2 (50* 50%) for 10 min at 37°C Incubation mutures (total volume 200 μΙ) contained in 10 mM TFS/K* buffer (pH 
1 2) ( M 2 4 mg of Ml, (B) 2 4 of MT, and 12 5 mM HS CoM (C) 2 4 mg of Ml, 12 5 mM HS-CoM amt fM-mM methanol (D) 
24mgVÍT, l25mMHSCoM 12 5 mM methanol 9 3 mM ATP and 6 3 mM MgC^ Fxtractions and analysis were performed as 
described under MATFRIALS AND MfcTHODS 

Í 1 labeling of MT, wilh '"CHfiH 

Increasing amounts of MT, were incubated with 
, ' ,CH1OH either in the presence or in the absence 
of ΛΤΡ plus MgCl2 After incubation, protein was 

precipitated and counted for radioactivity (see 

MAll-RIAIS AND METHODS) (Fig 3) When ATP 

was absent no incorporation ot label in protein 

«as observed, while in the presence of ATP a 

linear response was observed between the amount 

of label incorporated and the amount of protein 

ipplied This result points to an ATP-dependenl 

protein labeling of MT, with the l4C-labeled 
methyl moiety of methanol 

4 DISCUSSION 

The data described above demonstrate that MT, 

contains a firmly bound cornnoid as a prosthetic 

group The cornnoid is probably a 5-hydroxybe-

nzimidazolylcobamide and is involved in an ATP-

dependenl transmethylation reaction in which 

methanol acts as substrate The previously de-
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Fig 3 Incorporation of ^ΟΗ,ΟΗ in the prolem moiety of the 

MT, fraction Increasing amounts of MT, (17 2 mg of 

protein/ml) »ere incubated in the presence of Ι μΟι MCH¡OH 
(1 mCi/mmol) in a total volume of 100 μΐ in the absence of 

ATP and MgClj ( · ) , or in the presence of 9 3 mM ATP and 

6 3 mM MgCl, ( O ) Incubations under H, N 2 (30% SO*) 

were performed for 10 mm at 37 e C Precipitation and fittralion 

of the labeled protein were as given in MATERIALS AND 

METHODS 

scribed activation [4] of the methanol HS-CoM 
melhyltransferase system was dependent both on 
hydrogen and ATP and might be due to a reduc

tion of the bound comnoid The role of ATP is 
still unknown, but it is noteworthy that ATP is 
required both in the formation of ΜΊ,-bound 
Co-melhyl-5-hydroxybenziniidazolylcobamide 
from methanol in a HS-CoM-independent reaction 
and in the production of the unidentified reaction 
product Сз,0 from MT, and HS-CoM This might 
indicate that the presence of ATP is required for 
the addition of /Migands to MT|-bound hydroxy-
benzimidazolylcobamides Further study is needed 
to elucidate the mechanism of the MT, reaction 
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REDUCTIVE ACTIVATION OF METHANOL: 5-HYDROXYBENZIYIDAZOLYLCOBAMIDE 

METHYLTRANSFERASE OF METHAIIOSARCIM BARKEPI 

SUMMARY 

Methanol: 5-hydroxybenzimidazolylcobamide methyltransferase (MTi) 

from Methanosarc-Lna barkeri, which is one of the enzymes responsible 

for the transmethylation from methanol to coenzyme M, was found to be 

activated in the presence of hydrogenase and ferredoxin. This 

activation was shown to involve a reduction of the bound cornnoid to 

the Co(I) level, and was demonstrated by spectrophotometry and 

chemical conversion of reduced MTi to its methylated form. The 

reducing system of hydrogenase and ferredoxin was able to reduce 

dithiols, like dithiodiethanesulfonate and cystine to their monomers, 

in the presence of a cornnoid, which acts as an electron carrier. 

The ferredoxin was purified 133-fold and was tentatively identified 

on the basis of spectral properties and iron content of 3.8-4.0 atoms 

iron per molecule ferredoxin (12,000 daltons). 

INTRODUCTION 

The pathway of methanogenic conversion of methanol by Methano-

saraina barkeri was subject of various studies. A role of corrmoids 

was proposed after the discovery that Co-methyl-5,6-dimethylbenzimida-

zolylcobamide (methylcobalamin, CH3-B12-DMBI) could serve as a 
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precursor for methane production (1). It was demonstrated that 

methanol could be converted to СНэ-Віг-ОМВІ by extracts of M. barkeri 

in the presence of ATP, Mg
 +
 and H2 (2). Resolution of the enzymic 

system concerned demonstrated the involvement of a corrinoid protein, 

ferredoxin, a heat-stable cofactor and an unknown protein (3). 

Recently (4), it was found that the enzymic system which was 

responsible for the formation of 2-(methylthio)ethanesulfonate 

(CHaS-CoM) from methanol consists of two enzymes, methanol: 5-hydroxy-

benzimidazolylcobamide (B12-HBI) methyltransferase (MTi) and Co-

methyl-5-hydroxybenzimidazolylcobamide (CH3-B12-HBI): 2-mercapto-

ethanesulfonate (HS-CoM) methyltransferase (MT2). MTi is a corrinoid-

containmg, oxygen-sensitive enzyme. The bound corrinoid, which 

contains S-hydroxybenzunidazole (HBI) as a-ligand, was methylated by 

methanol in the presence of ЛТР (5). MT2 is insensitive to oxygen and 

transfers the methyl moiety from Co-methyl corrinoids to HS-CoM. The 

enzyme system, as measured in crude cell-free extracts, was sub]ect 

to activation and inactivation (6). Activation was performed by 

preincubation in the presence of H2 and catalytic amounts of ATP. 

Another hydrogen-donating system, pyruvate dehydrogenase, could 

replace H2 in the activation process (6). 

Here we report the resolution of the system effective in the 

reductive activation of MTi. Hydrogenase and ferredoxin (which was 

purified 133-fold) are shown to be involved. These compounds can 

bring about also a cornnoid-dependent reduction of oxidized thiols 

like dithiodiethanesulfonate (S-CoM)2, cystine and dithiodiethanol. 
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MATERIALS AND METHODS 

Methanosarcina barkeri, strain MS (DSM 800) was grown on methanol 

and harvested as described before (7). Cell-free extracts were 

prepared in 10 mM ff-tris(hydroxymethyl)methyl-2-aminoethaneEUlfonic 

acid (TES)/K buffer, pH 7.2, (6) and stored at -20
o
C under N2. All 

preparations of assay mixtures, purifications and the determination of 

free thiol groups were performed anaerobically. Resolution of cell-

free extracts into components was achieved by DEAE-cellulose (Whatman, 

DE-52) chromatography (4). MT2 was purified as described before (4). 

MTi was purified with successive DEAE-cellulose and QAE-A50 Sephadex 

chromatography (publication in preparation). The activity of MTj was 

tested in a reaction mixture containing 13 pg of MT2 (specific 

activity 3 yraol.min
-
 .mg of protein" ) as described before (4). 

Ferredoxin was obtained from crude cell-free extracts by DEAE-

cellulose chromatography and elution with 0.35-0.40 M МНцСІ. 

Ferredoxin-containing fractions were pooled, concentrated with a PM-05 

Amicon filter, then applied to a Sephadex G-100 column (120 χ 2.6 cm) 

equilibrated with 10 mM TES/K buffer, pH 7.2, and eluted (Θ ml/h) 

with the same buffer. Fractions containing ferredoxin were pooled. 

Ferredoxin was tested in an assay mixture of 0.1 ml in 10-ml vials 

containing: 1 mM hydroxycobalamin (HO-B12-DMBI) ; 20 mM (S-CoM)2,· 20 μΐ 

hydrogenase (22 μιηοΐ benzylviolgen reduced.min
-1
 .ml

- 1
 ) ; 10 mM TES/K 

buffer, pH 7.2, and an adequate amount of ferredoxin. The reaction 

mixture was placed under H2-N2 (50%:50%) and incubation was started at 

37
0
G. At various time intervals a vial was placed on ice to stop the 

reaction, then the HS-CoM concentration was measured spectrophoto-
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metrically at 412 nm after anaerobic reaction with 2,2'-dinitro-5,5'-

dithiodibenzoic acid (DNTB) (8). Total and non-heme iron were 

determined with bathophenantroline and mercaptoacetic acid (9). 

Hydrogenase and ferredoxin proteins were determined according to 

Lowry (10) using bovine serum albumin as standard. MTi and MT2 

proteins were determined with coomassie brilliant blue G-250 (11). 

Hydrogenase was obtained as a fraction of not-retained protein after 

DEAE-cellulose chromatography of cell-free extracts and was used 

without further purification. Hydrogenase activity was measured by its 

reduction of benzylviologen according to Doddema et al. (12). HPLC 

analysis of cornnoids was performed as described before (5). 

Quantification of cornnoids as CN-Biz derivatives was performed 

according to Pol et al. (13). 

RESULTS AND DISCUSSION 

The purification procedure of ferredoxin is described in Materials 

and Methods. Ferredoxin was purified 133-fold (Table 1) and was 

Table 1. Purification of ferredoxin from M. barkeri 

Purification 

Crude extract 

DEAE-cellulose 

Sephadex G-100 

Total 

Activity
a 

(U) 

224 

154 

79 

Specific 

Activity 

(U/mg) 

0.066 

2.1 

8.8 

Purification 

Factor 

31.8 

133.0 

Recovery 

(%) 

100 

63 

32 

a. Activity was measured in the presence of hydroxycobalamin (1.0 mM) 

and hydrogenase (0.44 μιηοΐ benzylviologen reduced.min
-
 ) as 

described in Materials and Methods and was expressed in units (U). 

One unit was equivalent to one vmol (S-CoM)2 reduced per m m . 
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tentatively identified on the basis of its spectral properties (Fig. 

1; absorption maxima at 276 and 384 nm; A384/A276 = 0.67). The 

ЬОО 600 
WAVELENGTH I n m l 

Fig. 1. Absorption spectra of purified ferredoxin from 
M. barkeri. The spectra were recorded in 10 mM 
TES buffer, pH 7.2, in anaerobic quartz cuvettes 
under 100% Hz with a Gary 118 spectrophotometer; 
— , purified ferredoxin; , purified 
ferredoxin reduced with sodium dithionite 
(0.02 mM). 

molecular weight of the ferredoxin was estimated to be 12,000 daltons 

by Sephadex-G50 gelfiltration. The total iron content was determined 

to be 3.8-4.0 iron atoms per molecule ferredoxin as determined on the 

basis of a molar extinction coefficient reported for Desulfovibrio 

gigas Fd II (Сщз = 15,700 М^спГ
1
) (14,15). Heme-bound iron was 
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absent. 

In cell-free extracts of M. Ъагкегг the methanol: HS-CoM methyl-

transferase system is known to be inactivated by various compounds, 

such as 02/ FAD, FMN and СНзЗ-СоМ, which act either as direct 

oxidizers or as electron acceptors in the presence of other components 

of the extracts. Activation of the system was achieved by 

preincubation under reductive conditions in the presence of ATP (6). 

During purification of MTi a drastic decrease of activity was observed 

which resulted in an almost inactive ΜΤχ after QAE-A50 Sephadex 

chromatography. 

Reactivation of MTi, obtained after DEAE-cellulose chromatography, 

which was previously exposed to air for 5 min, was performed in the 

presence of hydrogenase and ferredoxin (Fig. 2). The presence of only 

one of these compounds resulted in a small reactivation probably due 

to impurities in the preparations of MTi or hydrogenase. 

Incubation of purified, inactive MTi together with hydrogenase and 

ferredoxin caused spectral changes (Fig. 3), which indicate a reduc

tion of the bound corrinoid (absorption maximum at 472 ran) while a 

parallel increase of MTi activity was observed. The reduction 

procedure was further studied both with hydroxycobalamin and with MTi 

which contains a bound corrinoid. After reduction of hydroxycobalamin 

in the presence of hydrogenase and ferredoxin, the addition of 

methyliodide caused a decrease of absorption at 310 nm (Fig. 4 ) . Both 

hydrogenase and ferredoxin were required in the process. The product 

formed was identified spectrophotometrically as methylcobalamin. These 

results are indicative for the formation of Co (I) cornnoids in the 

reduction process (16). Incubation of inactive ΜΤχ in the presence of 
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METHANOL CONVERTED ( μ m o l ] 
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10 20 30 ί.0 
time (mm) 

Fig. 2. Influence of hydrogenase and ferredoxin on the 

reductive activation of MTj (methanol: 5-hydroxy-

benzimidazolylcobamide methyltransferase) from 

U. Ъатке ъ. The activity of ΜΤχ (0.14 mg protein 

obtained after DEAE-cellulose chromatography and 

previously exposed to air for 5 min) was measured 

as given in Materials and Methods. 0.6 U МТг and 

extra additions: none (o); 0.022 U hydrogenase 

(Δ); 0.008 U ferredoxin (A); and 0.022 U hydro

genase plus 0.008 U ferredoxin (·) . Incubations 

were performed under H2-N
2
 (50%:50%) at 37

0
C. 

both hydrogenase and ferredoxin and addition of methyliodlde resulted 

in the formation of СНэ-Віг-НВІ, as judged by analysis of MTi by HPLC. 

In the absence of hydrogenase and ferredoxin no CH3-B12-HBI could be 

detected. These observations lead to the conclusion that hydrogenase 

together with ferredoxin is able to reduce free and protem-bound 

corrinoids to the Co(I) level. 

The reduction of (S-CoM)2 to HS-CoM in cell-free extracts of 
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Fig. 3. Absorption spectra of MTi (methanol: 5-hydroxy-

benzimidazolylcobamide methyltrnnsferase) from 

M. barkeri. The spectra were recorded anaerobi-

cally in glass cuvettes under 100% Нг. , 

Inactive MTi, obtained after QAE-A50 Sephadex 

chromatography; , MTi reactivated in the 

presence of ferredoxin (0.08 U) and hydrogenase 

(2.2 U). 

M. barkeri incubated under Нг was stimulated 24-fold upon addition of 

1 mM hydroxycobalamin. This reduction could also be achieved in a 

mixture, containing hydrogenase, ferredoxin and hydroxycobalamin 

(Table 2). All three components were required in this process. The 

system reduced cystine and dithiodiethanol at the same rate as 

(S-CoM)г. B12-HBI and B12-DMBI derivatives were equally effective and 

reduction of (S-CoM)2 proceeded faster if aquo- or hydroxycobalamins 

were applied as compared to cyanocobalamin (Table 2). The enzyme MTi, 
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ABSORBANCE AT 310 nm 

1 6 'pt-

50 60 
time (mm) 

Fig. 4. Influence of ferredoxin on the reduction of 

hydroxycobalamin by hydrogenase of M. barkeri. 
The absorbance at 310 nm was measured in an 

anaerobic quartz cuvette containing a mixture 

(2 ml) of 0.1 mM HO-B12-DMBI, 10 mM TES buffer, 

pH 7.2, and hydrogenase (2.2 U) (·). A second 

mixture contained also ferredoxin (0.08 U) (o). 

At the time indicated by an arrow 5 mM CH3I was 

added. Reactions were carried out under 100% H2 

at 37
0
C. 

which contains a firmly bound corrmoid, is also active in this 

corrinoid-dependent reduction of dithiols. The results demonstrate 

that both bound and free corrinoids are reduced by hydrogenase plus 

ferredoxin and function as electron carriers in the reduction process 

of dithiols. 

The above results indicate that the reduction process which 

activates MTi requires the presence of hydrogenase and ferredoxin. 

Most probably the firmly bound corrinoid present in ΜΤχ is the target 
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Table 2. Influence of corrinoids on the reduction of dithioethane-

sulfonate, (S-CoM)ζr in the presence of hydrogenase and 

ferredoxin from M. barkevi. 

Comnoid 

None 

H0-Bi2-DMBI
b 

HO-B12-HBI 

CN-BJ2-DMBI 

Ado-Bi2-DMBI 

MTl
C 

Concentration 

(mM) 

_ 

1.0 
0.4 
1.0 

1.0 
0.015 

Activity 

(%)
a 

0 

100 
100 
40 

60 
10 

a. Activity was measured as indicated in Materials 

and Methods in the presence of hydrogenase 

(0.44 U) and ferredoxin (0.016 U). 

b. Activity in the presence of HO-B12-DMBI was 

0.014 pmol (S-CoM)2 reduced.mm
-1
 and was set 

at 100%. 

c. The comnoid content of MTi was measured 

spectrophotometrically as CN-B12-HBI (ssso = 

86.5 mM"
1
.cm

_ 1
). 

which requires reduction to the Co (I) level. This was demonstrated by 

spectral changes of ΜΤχ, by the chemical conversion of the reduced 

bound comnoid into Co-methyl-5-hydroxybenzimidazolylcobamide in the 

presence of methyliodide, and by coupling the reduction process to 

the reduction of dithiols. The role of ATP in the activation process 

requires further study. 

Two other methyl-transferring enzymes with firmly bound corrinoids 

are known, the "comnoid" enzyme involved in the synthesis of acetate 

by Clostridium thermoaaetiaun (17) and 5-methyltetrahydrofolate: homo

cysteine methyltransferase, which is involved in methionine bio

synthesis of many microorganisms and animal liver. Reductive pre-

activation of the latter enzyme was reported before (18,19,20,21) and 

a similar process was suggested for the former enzyme (17). Pre

reduction of the bound corrinoids appears to be a common prerequisite 

in the functioning of methyl-transfer. 
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PURIFICATION AND PROPERTIES OF 

METHANOL: S-HYDHOXYBENZIMIDAZOLYLCOBAMIDE METHYLTRANSFERASE 

FROM METHANOSARCINA BARKERI 

SUMMARY 

Methanol: 5-hydroxybenzimidazolylcobamide methyltransferase from 

Methanosarcina barkeri has been purified to approximately 90% 

homogeneity by ion exchange chromatography on DEAE-cellulose and QAE-

A50 Sephadex columns. The molecular weight, estimated by gel 

electrophoresis, was found to be 122,000 and it contained two 

different subunits with molecular weights of 34,000 and 53,000, 

respectively, which indicates an 028 structure. The enzyme contains 

3-4 molecules of 5-hydroxybenzimidazolylcobamide, which could be 

removed by treatment of the enzyme with 2-mercaptoethanol or SOS. In 

both cases the enzyme dissociated into its subunits. For stability, 

2 + 2 + 
the enzyme required the presence of divalent cations as Mg , Μη , 

2 + 2
+
 2 + 

Sr , Ca or Ba ATP, GTP or CTP were needed in a reductive 

activation process of the enzyme. This activation was brought about 

by a mixture of H2, ferredoxin and hydrogenase but also by CO which 

is thought to reduce the corrlnoid chemically. The CO dehydrogenase-

like activity of the methyltransferase is discussed. 
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INTRODUCTION 

Methanosaroina Ъагке і. is a methanogenic bacterium which can grow 

on various one-carbon compounds as CO2¡ methylamines, methanol and 

CO, and on acetate (3,10,11,25). Growth on methanol has been reported 

both in the presence and absence of H2; in the latter case the 

reduction equivalents needed in methanogenesis were derived from the 

oxidation of part of methanol to CO2 (11). 

The reduction of methanol to СНц in cell-free extracts of M. 

barkevi. was found to depend on the presence of coenzyme M (2-

mercaptoethanesulfonic acid, HE-CoM) and ATP under an atmosphere of 

H2 (12). Firstly, HS-CoM is methylated to 2-(methylthio)ethanesulfonic 

acid (methylcoenzyme M, СНзЗ-СоМ) (18,20). CHaS-CoM is subsequently 

reduced to methane by a methylreductase system which contains an 

enzyme-bound coenzyme МРц30 (7,8,13). 

The involvement of two distinct methyltransferases in the formation 

of CH3S-C0M from methanol was recently reported (21). Methanol: 5-

hydroxybenzimidazolylcobamide methyltransferase (MTi) binds the 

methylgroup of methanol to a corrinoid bound to this enzyme (22) . The 

enzyme is subject to activation and inactivation. Inactivation is 

brought about by O2 and other oxidizing agents and activation is 

achieved in the presence of ATP and H2 (20) . Activation of the 

partially purified MT], requires also the presence of hydrogenase and 

ferredoxin and leads to the formation of a Co(I) corrinoid (B12 )(23). 

Ξ 

The role of the catalytic amount of ATP in this activation has not 

been elucidated. The second methyltransferase, methyIcobalamin: HS-CoM 

methyltransferase (MT2) is oxygen stable and ATP is not required in 
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in its activity (21). It transfers the methylgroup of the bound 

cornnoid of MTi to HS-CoM. The activity of MT2 is not limited towards 

the bound methylated corrinoid of MTi but also free methylcorrmoids 

with either 5-hydroxybenzimidazole (HBI) (15) or 5,6-dimethylbenzimi-

dazole (DMBI) as the a-ligand could be demethylated (19,21). 

Here we report on the purification and properties of MTi from t'. 

barkeri, and on the effects of ATP, various other nucleotide triphos

phates and some inhibitors and inactivators. 

MATERIALS AND METHODS 

Culture methods and preparation of cell-free extracts. 

Cells of M. barkeri strain MS (DSM 800) were mass-cultured in a 

350-1 fermentor with a mineral medium and methanol as substrate under 

an atmosphere of N2-CO2 (80:20, vol/vol) as described before (20). 

Cells were harvested in the late exponential phase and stored under 

N2 at -80°C. 

Cell-free extracts were prepared in 10 mM iV-tns (hydroxymethyl) 

methyl-2-aminoethanesulfonic acid buffer (pH 7.2) containing 15 mM 

МдСІг by passage through a French pressure cell and centrifugation 

for 30 m m at 20,000 χ g at 40
C as described before (20). Extracts 

were stored under N2 at -20
o
C in 15-ml serumvials closed with black 

butyl rubber stoppers and sealed with aluminum caps. 

MTi assay. 

Incubation mixtures were prepared in an anaerobic glove box with 
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an oxygen concentration below 1 ppm. A typical reaction mixture con

tained (final volume, 100 μΐ): 12.5 mM methanol; 12.5 mM HS-CoM; 9.35 

mM ATP; 6.25 mM МдСІг; 50 μΜ 2-bromoethanesulfonic acid to prevent 

possible enzymic reduction of CH3S-C0M to methane (20); 7.0 mM 2-

propanol as internal standard; 10 μΐ МТг (60 μιηοΐ CH3B12 converted . 

min
- 1
.ml

- 1
); a sufficient amount of MTi and 10 mM N-tris(hydroxy-

methyl)methyl-2-aminoethanesulfonic acid (pH 7.2). The reaction was 

performed in 10-ml serumvials, closed with red rubber stoppers and 

aluminum seal caps under a given gas phase (20) . The reaction was 

started at 37°C and at various time intervals a vial was placed on 

ice and air was injected. Activity was measured gaschromatographi-

cally by measuring the methanol concentration. 

In experiments with partially purified ΜΤχ also hydrogenase (5 μΐ; 

22 vimol benzylviologen reduced.min
-
 .ml ) and ferredoxin (10 μΐ; 0.6 

μπιοί disulfide reduced.min
-
 .ml

- 1
 in the test system described earlier 

(23)) were added. Purified MTi was tested in the presence of these 

components and an unknown enzymic component (component S, 10 μΐ; 9.6 

mg protein.ml" ) which stimulated the activity of MTi. 

Purifiaation of MTi. 

All purification procedures were carried out in an anaerobic glove 

box with buffers and column materials that were freed of oxygen by 

several cycles of evacuation and gassing. Crude cell-free extract 

(160 ml) was applied to a DEAE-cellulose (DE-52) column (14 χ 4.θ cm) 

equilibrated with 10 mM ДО-tris(hydroxymethyl)methyl-2-aminoethane-

sulfonic acid buffer (pH 7.2) containing 15 mM MgClz (buffer A ) . 

Elution with buffer A yielded a hydrogenase-containing fraction which 

72 



was used for activation of MTi without further purification. Elution 

with buffer A containing 0.15 M NHi,Cl yielded MT2 which was purified 

further as described earlier (21). Elution of MTi was performed with 

a linear gradient of ШцСІ in buffer A (0.15 - 0.6 M, 1.6 1). Frac

tions eluted between 0.25 - 0.30 M NIUCl contained MTi activity. 

Ferredoxin was obtained at 0.35 M МНцСІ and was purified as described 

before (23) . MTi-containing fractions were pooled and concentrated by 

ultrafiltration (Amicon, PM 30 filter) under N2. The concentrated 

MTi solution was applied to an identical DEAE-cellulose column and 

eluted with a linear gradient of МНцСІ (0.1 - 0.4 M, 1 1). Active MTi 

fractions were pooled and applied to a QAE-A50 column (13 χ 4.8 cm) 

equilibrated with buffer A. Elution was performed with a linear 

gradient of МНцСІ (0.25 - 0.8 M, 1 1 ) . Fractions eluted between 0.4 -

0.5 M contained comnoids, but were inactive in the MTi assay. After 

concentration of these fractions and washing on an Amicon filter (PM 

30) with buffer A, activity could be measured. The concentrated pool 

(about 8 ml) was applied to a Sephacryl S-200 column (100 χ 2.6 cm) 

equilibrated with buffer A and elution was performed with the same 

buffer at a flow rate of 6 - 7 ml.h
- 1
. Fractions of 4 ml were 

collected and assayed for MTi activity in the presence of component S. 

Active fractions were pooled and concentrated. 

Analytical methods. 

The molecular weight of the purified native MTi was determined with 

Polyacrylamide gel electrophoresis with various gel concentrations 

(6%, 8%, 10% and 12%) according to Hednck and Smith (9) . The 

following reference proteins were used: trypsin inhibitor (20,000); 
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ci-amylase (45,000); bovine serum albumin, monomer (68,000), dimer 

(136,000) and tnmer (204,000). Molecular weight determination of MTi 

subumts was performed with SDS Polyacrylamide gel electrophoresis 

according to Laemmli (14) using cytochrome с (12,400); trypsin 

inhibitor (20,000); lactate dehydrogenase (36,000); bovine serum 

albumin (68,000) and Phosphorylase В (94,000) as references. Protein 

was determined with Coomassie brilliant blue G-250 according to 

Sedmak and Grossberg (17) using bovine serum albumin as standard. 

Methanol was measured with a Pye Unicam GCD qaschromatograph as 

described before (20). Cornnoids were analyzed by HPLC with a 

reversed phase system on a 10 ym Cie LiChrosorb-RP18 column. Samples 

were prepared by extraction in 80% methanol at 80
o
C in the dark as 

described before (22). 

Materials. 

Black butyl rubber stoppers were obtained from Rubber B.V., 

Hilversum, The Netherlands. Red rubber stoppers were from Heivoet B.V., 

Aiken, Belgium. DEAE-cellulose, grade DE-52, was purchased from 

Whatman, Maidstone, England. QAE-A50 Sephadex and Sephacryl S-200 

were obtained from Pharmacia Fine Chemicals A.B., Uppsala, Sweden. 

Serva Blue G used for protein determination was from Serva Feinbio-

chemica, Heidelberg, West Germany. #-Tris(hydroxymethyl)-methyl-2-

aminoethanesulfonic acid, vitamin B12 (CN-B12-DMBI), ATP and other 

nucleotide triphosphates were from Sigma, Chemical Company, St. 

Louis, USA. HS-CoM was obtained from Merck-Schuchard A.G., Darmstadt, 

West Germany. 2-Bromoethanesulfonic acid was purchased from Aldnch 

Europe, Beerse, Belgium. Methanol (HPLC grade) was obtained from 

74 



Baker, Deventer, The Netherlands. Reference proteins for molecular 

weight determinations were obtained from Boehringer, Mannheim, West 

Germany. Gasses were obtained from Hoek Loos, Schiedam, The 

Netherlands. To remove traces of oxygen H2 was passed over a catalyst 

(BASF RO-20) at room temperature, and N2 was passed over a prereduced 

catalyst (R3-11) at 150oC. Both catalysts were a gift from BASF 

Ludwigshafen, West Germany. 

RESULTS 

Metal ion requirement. 

Methanol: 5-hydroxybenzimidazolylcobamide methyltransferase (MTi) 

obtained after the first DEAE-cellulose purification step (see 

Materials and Methods) was freed of metal ions by addition of 50 mM 

EDTA and subsequent removal of the EDTA-metal complex by Sephadex 

G-25 gel filtration. Activity of the metal-free WÏ1 preparation was 

tested immediately in the presence of various metal ions (Table 1). 

The addition of Mg restored the original activity for 66% whereas 

2+ 2"*" 2 ̂" 2"̂  2"̂  2"̂  

addition of Co , Ca , Mn , Ba , Ni and Sr yielded activities 

between 20% and 46% of the untreated enzyme. In the absence of any 

metal ion no activity was found. The effect of the various metal ions 

on the stability of MTi was also studied (Table 1). Various metal ions 

were added to a metal-free МТд. preparation which was then stored at 

-20
o
C. The activity was measured after one week both in the presence 

and absence of extra added МдСІг. Only the MTi preparation stored in 

the presence of МдСІг showed activity (44%) without extra МдСІг 
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Table 1. Influence of metal ions on the activity of MTi from M. 
barkeri after treatment with EDTA. 

Addition 

(10 mM) 

None 

Na
+ 

K+ 

Mg
2 + 

Sr
2 + 

Ca
2 + 

Ba
2 + 

Mn
2 + 

Ni
2 + 

Co
2 + 

Cu
2 + 

Zn
2 + 

Fe
2 + 

Сг
э + 

Direct 

0 
6 
2 
66 

20 
35 
27 
27 
21 
46 
0 
5 
5 
0 

Activity 

After 
(%) 
1 

MgCl 

0 

10 

ND
d 

44 

4 

3 

0 

9 

0 

0 

ND 

ND 

ND 

ND 

a 

week
b 

2 added
c 

0 

28 

ND 

59 

60 

33 

55 

20 

6 

7 

ND 

ND 

ND 

ND 

a. The activity of untreated MTi was set at 100% and was 
equivalent to 0.35 umol methanol converted.min

-1
.mg of 

protein
-1
. 

b. The indicated metal ions were added to metal-free MTi and 
the stability of the enzyme was tested upon storage for 
one week at -20

o
C. 

c. Activity was measured in the presence of МдСІг in the 
assay mixture. 

d. ND: not determined. 

addition. The presence of extra MgClj during incubation revealed the 

stabilization of MTi in the presence of Ca
2 +

/
 Sr

2+
, Mn

2+
, Ba

2+
 and 

Na ions. Because of the activating and stabilizing effect MgClz was 

added to all buffers used in handling MTi. 

Purification of MTi. 

MTi was purified as described (see Materials and Methods) (Table 

2). During the purification procedure the specific activity decreased 

drastically. Addition of hydrogenase and ferredoxin resulted m a 

reactivation m all purification steps, but only a 2.8-fold increase 
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Table 2. Purification of MTi from M. barkeri. 

Purification Specific Activity B12 content
3 

step (ymol.min .mg protein
-
 )

a 

+ Hydrogenase 
+ Hydrogenase ' -1. 
„ , + Ferredoxin (nmol.mg protein ) 

+ Ferredoxin „ ^ _ 
+ Component S 

Crude extract 0.24 0o24 0.24 5.1 

DEAE-cellulose 

(I) 0.52 0.67 0.70 16.0 

DEAE-cellulose 

(II) 0.01 0.67 ND 19„8 

QAE-A50 

Sephadex 0.00 0.52 0.76 28.5 

Sephacryl 

S-200 0.00 0.01 0.13 6.2 

a. Activity and Βχ2 content were determined as given m Materials and 

Methods. 

b. ND, not determined. 

of specific activity was obtained. Addition of an unknown component 

(Component S) which was eluted just in front of ΜΤχ at the first 

DEAE-cellulose purification step, stimulated the transmethylation 

when added together with hydrogenase and ferredoxin. During Sephacryl 

S-200 gel filtration a very drastic decrease of MTi activity took 

place. The activity was only partly restored when component S was 

added. 

On the basis of the B12-HBI content per mg of protein a 5.7-fold 

purification factor was achieved. Measurement of the cornnoids, 

learned that the observed loss of enzyme activity upon Sephacryl S-200 

gel filtration was probably due to loss of the bound cornnoid from 

the enzyme. 

Polyacrylamide gel electrophoresis of the MTi fractions after the 

successive purification steps showed an almost pure MTi preparation 

after QAE-A50 Sephadex chromatography (Fig. 1), while the Sephacryl 
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А В С D 

Fig. 1. Polyacrylamide gel elec

trophoresis of the pooled 

MTi-containing fractions, 

obtained after the various 

purification steps. Lane A, 

crude cell-free extract of 

M, barkeri; lane B, DEAE-

cellulose (I) chromato

graphy; lane C, DEAE-cellu

lose (II) chromatography; 

lane D, QAE-A50 Sephadex 

chromatography. Electropho

resis was performed on a 104 
Polyacrylamide gel. 

S-200 fractions were electrophoretically less pure. 

Component S was found to be sensitive to boiling but insensitive 

to oxygen. The molecular weight was estimated to be larger than 

30,000 but less than 100,000, on the basis of its behaviour during 

gel filtration and Amicon filtration. 

Subunit structure of ΜΤχ, 

The molecular weight of the native MTi molecule was estimated by 

gel electrophoresis with different gel concentrations, and was found 

to be 122,000. MTi could be observed prior to staining of the gels as 

a red colored band due to the presence of bound B12-HBI. MTj contained 

two different subunits of 34,000 and 53,000 as estimated by SDS Poly

acrylamide gel electrophoresis. No red colored bands could be seen 
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even at high MTi concentrations on these gels, but a red band migrated 

]ust in front of the bromophenol blue marker. 

The B12-HBI content of MTi was calculated from the amount of B12-

HBI present m the QAE-A50 Sephadex fraction and was 3.4 mol B12-HBI 

per mol enzyme with a molecular weight of 122,000. 

As was clear from SDS gel electrophoresis, B12-HBI was removed by 

treatment of MTi with SDS and 2-mercaptoethanol. Gel electrophoresis 

in the presence of only one of these compounds showed that 2-mercapto

ethanol could dissociate the enzyme partially into a corrinoid and 

some protein products (results not shown). SDS had a similar but some

what stronger effect. 

Nucleotide vequivement and specif-ioity. 

The methylation of HS-CoM from methanol depends on the presence of 

catalytic amounts of ATP (18,20). In cell-free extracts the amounts of 

CH3S-C0M formed per ATP reach values up to 80. Upon increase of the 

concentration in the 0 to 0.3 mM range both the amount of methanol 

converted and the rate of this conversion were enhanced. This rate 

plotted as a function of the catalyst ATP showed a hyperbolic curve 

and a half-maximal activity at 0.16 mM ATP for the purified MTi 

preparation obtained after QAE-A50 Sephadex chromatography. When ATP 

was removed by a trap of glucose, adenylate kinase and myokinase after 

a preincubation period of 30 min, an initial activity was measured 

similar to the activity in the absence of the trap, but after a short 

period of time the activity declined (Fig. 2). Addition of extra ATP 

during the incubation resulted in an increased activity. 

The specificity of MTi toward ATP was studied by addition of 
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Methanol converted Ijimol) 
1 2 V 

0.9 

0.6 

03 

60 Θ0 
Time (min) 

Effect of the removal of ATP on the activity of MTi 

from M, barkeri. The activation mixture (total 

volume: 100 ul) contained the compounds given in 

Materials and Methods for the MTi assay including 

22.5 yl MTi (taken from the first DEAE-cellulose 

step: 3.5 ymol.min" .ml
- 1
), but HS-CoM and methanol 

were absent* Activation of MTi was achieved by 

preincubation for 30 m m at 37"С under H2-N2 

(50:50, v/v). If indicated ATP was then removed 

by incubation with a mixture of adenylate kinase 

(4 mU), myokinase (4mU) and glucose (24 mM) for 

30 m m at 30
o
C. After addition of the substrates 

methanol and HS-CoM, the reaction was started at 

37
0
C under H2-N2 (50:50, v/v). (·) ATP was not 

removed; (Δ) ATP was removed; (A) ATP was removed 

and at the time indicated by the arrow extra ATP 

(9.4 mM) was added; (o) Prior to the activation, 

ATP was converted by the adenylate kinase mixture, 

as a control of the effectivity of ATP removal. 



various other nucleotides instead of ATP (Fig. 3). Replacement of ATP 

Methanol converted ljumol) • 

1.2 

0.9 

0.6 

0.3 -

200 
Time (min) 

Fig. 3. Influence of various nucleotide triphosphates on the 

activity of MTi from M. barkeri. The reaction 

mixtures (total volume 100 μΐ) were described in 

Materials and Methods and 15 μΐ MTi (taken from the 

QAE-A50 Sephadex step, 0.6 ymol.min
-
 .ml

-1
) was 

used. As nucleotide triphosphate (9.4 mM) were 

used: (o) ATP; (Δ) GTP; (·) CTP; (O) UTP; (A) ITP; 

(•) TTP and (*) none. Incubation was performed at 

37
0
C under H2-N2 (50:50, v/v) as the gas phase. 

by GTP resulted in the same activity after a short time. CTP was also 

active but after a much longer lag time (28 min) and addition of UTP 

resulted in only about 43% of the maximal activity. The addition of 

ITP, TTP and dATP (result not shown) did not resulted in a significant 

activity at all. 
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Inhibition and inaativation of MTi. 

Various compounds were tested for their ability to inhibit CH3S-C0M 

formation from methanol (Table 3). Possible inhibitors can be divided 

Table 3. Effect of various compounds on the activity of MTi from 

M. barkeri. 

Compound 

tested 

None 

Pyndoxal phosphate 

HgCl2 

HgClz 
ff-Ethylmaleimide 

p. Chloromercunbenzoate 

NaN02 

NazSOs 

NH2OH 

m4cl 
Benzylνιοlogen (ox) 

Benzylviologen (red) 

Concentration 

(mM) 

_ 

1 

0.1 

1.0 

1.0 

0.1 

0.1 

1.0 

0.1 

400 

0.05 

0.05 

Activity
3 

22 

0 

(%) 

100 

26 

90 

10 

90 

100 

10
b 

50 

to 100
C 

7 

to 100
e 

100 

a. The activity measured in the absence of the compounds 

listed was used as reference activity set at 100% and 

amounted to 0.52 μιηοΐ methanol converted.min
-
 .mg of 

protein
-1
. 

b. An apparent K^ of 0.04 mM was determined. 
c. An increase of activity was observed after addition of 

extra hydrogenase. 

d. Ox and red refer to the oxidized and reduced forms of 

benzylviologen, respectively. 

e. The activity increased during the incubation caused by 

reduction of the benzylviologen. 

into three groups, namely: (1) those acting on the MTi cornnoid, (ii) 

those acting on the ΜΤχ enzyme and (111) those inhibiting MT2 or one 

of the enzymes involved in MTi activation (i.e. hydrogenase, ferre-

doxin, component S). 

None of the compounds tested, was able to inhibit MT2 in the 

conversion of СНз-Вхг-ОМВ! to CH3S-C0M. Compounds which act on the 

+ - 9 _ + 

B12-HBI of MTi were NHi, , NO2 and SO3 . High concentrations of NHi, 
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ions inhibit MTi, probably due to the formation of NH3-B12-HBI since 

HPLC analysis showed that this compound was the predominant B12 

derivative present in the enzyme under these conditions (16) . In the 

presence of 0.1 mM NO2 only NO2-B12-HBI was found in samples of MTi. 

Upon addition of SO3 to the incubation mixture equimolar amounts of 

CH3-B12-HBI and SO3-B12-HBI were found in the enzyme. 

The inhibitory effects of NH2OH and benzylviologen were transitory 

and disappeared upon reduction of these compounds by the H2 -

hydrogenase - ferredoxin system. The formation of NH^ could be 

demonstrated in the former case. 

The effect of sulfhydryl-reactive reagents was observed only at 

rather high concentrations. 5,5
,
-Dithiobis-(2-nitrobenzoic acid) 

(DTNB) could not be tested because it was converted by the reducing 

system. 

Pyndoxal phosphate inhibits the transmethylation in crude extracts 

(20) and also inhibits the conversion of methanol to CHaS-CoM by 

the purified enzymes. It does not inhibit the activity of MT2 and 

HPLC analysis did not show the formation of a BJ2-HBI derivative other 

than СНэ-Віг-НВІ. Extra addition of ATP (6 mM) or CHa-B^-DMBI (0.1 

mM) could not prevent the inhibition. The inhibiting effect could be 

increased by preincubation of MTi with pyndoxal phosphate; addition 

of a large (10 fold) molar excess of lysine abolished the inhibition. 

Activation of MTi by carbon monoxide. 

The transmethylation of methanol to HS-CoM m crude extracts 

requires the presence of H2 or a H2-donating system such as pyruvate 

plus coenzyme A for maximal activity (20) . The activation of partially 
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N2 

H2 

СО 

СО 

со 

0 
100 
65 
60 
30 

purified MTi was dependent on the presence of H2 together with hydro-

genase and ferredoxin (23) . A chemical reduction of B12-DMBI to the 

Co(I) level by CO was reported before (2) and one might expect a 

possible activation of MÍi by CO. This was found by the use of CO 

instead of H2 as the gas phase (Table 4). The presence of ferredoxin 

Table 4. Effect of the gas phase on the activity of partially purified 
MTia from M. barkevi. 

Q 

Changes of the Gas phase Activity 
reaction mixture (1 ato) (%) 

None 
None 
None 
- ferredoxin 
- hydrogenase 
- ferredoxin and 
hydrogenase CO 30 

- ferredoxin and 
hydrogenase 

+ KCNd 

+ KCN 

a. An MTi preparation obtained from the first DEAE-
cellulose step was used. 

b. The complete reaction mixture is described in 
Materials and Methods. 

c. The activity of the complete reaction mixture under 
H2 was set at 100% and was equivalent to 0.49 ymol. 
min" .mg protein- . 

d. A concentration of 1 mM was used. 

was not needed for activation, while the presence of hydrogenase 

resulted in an extra stimulation. The effect of 1 mM cyanide on the 

activation differed for the two gasses: with CO only 20% activity, and 

with H2 full activity was observed. The presence of CO dehydrogenase-

like activity was measured according to Diekert and Thauer (5) by the 

reduction of methylviologen (MV). This activity was found in the MTi 

preparation, obtained after the first DEAE-cellulose purification step 

H2 
CO 
H2 

10 
20 
100 
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(0.21 ymol MV reduced.mm" .mg of protein" ) as well as in the hydro-

genase fraction (0.11 ymol MV reduced.min" .mg of protein" ). 

DISCUSSION 

Methanol: 5-hydroxybenzimidazolylcobamide methyltransferase (MTi) 

from M. barkeri was purified to about 90% homogeneity as judged by gel 

electrophoresis in the presence or absence of SDS. On the basis of the 

specific activity a 2.8-fold purification was obtained by four 

purification steps and a 5.7-fold purification on the basis of the 

B12-HBI content per mg of protein. These results suggest that a rahter 

large (about 15%) part of the protein in the crude extract might 

consist of this enzyme. MTi with a molecular weight of 122,000 is 

composed of two different subunits of 34,000 and 53,000 respectively, 

and thus most likely has an 02β composition. Approximately 3-4 mole

cules B12-HBI were found per molecule of protein. Dissociation of the 

enzyme into its subunits by SDS plus 2-mercaptoethanol resulted in a 

complete loss of the bound cornnoids and a partial dissociation and 

loss of the cornnoids was observed upon treatment of MTi with 2-

mercaptoethanol. The specific activity and the B12-HBI content of MTi 

decreased drastically upon gel filtration with Sephacryl S-200. 

As was previously reported (20,22) MTi activity is dependent upon 

the presence of catalytic amounts of ATP. The required ATP concen

tration for maximal MTi activity of purified MTi was 0.3 mM. In this 

experiment the B12-HBI concentration, present in a form bound to MTi, 

was 0.016 mM. Thus 19 molecules of ATP were present per molecule of 

85 



bound B12-HBI. Removal of ATP from the reaction mixture before 

incubation of the enzyme with the substrates was started showed that 

ATP is not needed for the enzymic reaction itself, but that ΜΤχ is 

quickly inactivated in the absence of ATP. It may be concluded that 

the reductive activation of MTi is catalyzed by a process requiring 

ATP which is converted during this process. As oxygen increases the 

need for extra ATP (20) it is possible that activation of MTi, pure 

or in crude extracts, is based upon the withdrawal of remaining traces 

of oxygen or other oxidizing agents. By this process the redox 

potential of the medium is lowered to allow the formation and 

stability of B12 -derivatives needed in the receipt of the methyl-

group from methanol. The complete process of the suggested reduction 

of B12 to B12 with H2 at the expense of ATP might be an example of 

possible routes for ATP-dnven reversed electron transport. 

ΜΤχ can be activated by the use of CO as the gas phase. The 

activation involves most probably a reduction of the B12-HBI to the 

cobalt(I) level and might be brought about by CO in a chemical way. 

The CO dehydrogenase-like activity measured with the purified sample 

of MTi is probably the net result of a reduction of the enzyme-bound 

cornnoid by CO and the oxidation of the reduced corrinoid by methyl-

viologen. The inhibition of this corrinoid reduction by cyanide might 

be explained by the fact that CO is not able to react with a Co-C band 

whereas CN-B12-DMBI can be reduced by the action of hydrogenase, 

ferredoxin and H2 (23) . These results indicate that the measurement of 

CO dehydrogenase activity in enzyme-bound corrinoid-containing 

extracts and cells should be interpreted with caution. However a 

cornnoid-free N1
 +
-containing CO dehydrogenase is found in 

86 



methanogenic and acetogenic bacteria (3,6) . 

Inhibition of the transmethylation from methanol to HS-CoM by NOa", 

2- + 

SO3 , NH2OH and МНц may be explained by the fact that these 

compounds can be bound to the Co-atom of the corrinoid (16) and thus 

prevent reduction and subsequent methylation. Possibly the transient 
2 _ 

effects of NH2OH and SOs result from a reduction of these compounds 

by a combined action of the corrinoid and hydrogenase, as is the case 

in N2O inhibition of methionine synthetase in rat liver which results 

in the oxidation of cob(I)alamin to cob(Ill)alamin and the 

concommitant production of N2 (1,4). 

The observation that only rather high concentrations of the 

sulfhydryl-reactive reagents НдСІг, p-chloromercunbenzoate and 11-

ethylmaleimide inhibit MTi indicates, m contrast to the suggestion 

of Wood et al. (27), that no sulfhydryl groups are involved in the 

enzymatic process. 

From the observation that pyndoxal phosphate inhibits the MTi 

reaction, but neither reacts with the corrinoid nor influences the 

cornnoid-protein binding, one may conclude that pyndoxal phosphate 

binds to the enzyme and alters its configuration in such a way that 

the enzyme becomes less active. 

The cornnoid-containing methyltransferase of Clostridiun 

thermoaoetiovm (26) , an anaerobic acetogen, is involved in acetate 

formation from CO2 and has some properties similar to MTi from M. 

barkeri. It is quite labile under aerobic conditions and requires ATP 

for a reductive activation. Gel electrophoresis in the absence of SDS 

resulted in a dissociation of the enzyme into its subunits (26) . ΜΤχ 

is also a labile enzyme with respect to its subunit structure since 
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treatment with 2-mercaptoethanol resulted in a partly dissociated 

enzyme preparation as was shown by means of gel electrophoresis. 

Eubaeterium limoswi, an anaerobic acetogen, thas uses CO2 as well 

as methanol for acetate production, contains a methyltransferase, 

which is active with methanol and is very much alike to MTi from M. 

barkeri with respect to its functioning and activation and inactiva-

tion phenomena described for it (24). 
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METHANOL CONVERSION IN EUBACTERIUM LIMOSUM 

SUMMARY 

The conversion of methanol by cell-free extracts of the acetogenic 

bacterium Eubacteriim limosum was studied. Incubation of mixed cell-

free extracts of both E. limosum and Methanobaeterium fomriciaum 

resulted in methane formation from methanol in the presence of ATP 

and 2-mercaptoethanesulfonic acid. The separate extracts were not 

able to perform this reaction. Addition of ferredoxin obtained from 

Methanosar•dna Ъагкегі to the mixed extracts resulted in an 

increased methane formation. The enzyme, responsible for methanol 

binding in cell-free extract of E. limosum, was inactivated by FAD 

under N2 and exhibited maximal activity under an atmosphere of H2. 

This enzyme contains a firmly bound cobalamin which was methylated 

by methanol in the presence of ATP. It was demethylated in the 

presence of methylcobalamin: coenzyme M methyltransferase obtained 

from M. barkeri under concomitant formation of methylated coenzyme 

M. These properties are similar to those of methanol: 5-hydroxy-

benzimidazolylcobamide methyltransferase from M. barkevL. It was 

proposed that methylotrophic acetogens and methylotrophic methanogens 

use similar enzymes in the first step of methanol conversion. 

ABBREVIATIONS: HS-CoM, 2-mercaptoethanesulfonic acid; CHsS-CoM, 

2-(methylthio) ethanesulfonic acid; BrES, 2-bromoethanesulfonic 

acid; TES, í/-tris (hydroxymethyl) -methyl-2-aminoethanesulfonic acid; 
MTi, methanol: 5-hydroxybenzimidazolylcobamide methyltransferase; 
MT2, methylcobalamin: HS-CoM methyltransferase; DMBI, 5,6-dimethyl-
benzimidazole and HBI, 5-hydroxybenzimidazole, are a-ligands of 
corrinoids; (S-CoMJz, 2,2,-dithiodiethanesulfonic acid. 
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INTRODUCTION 

Eubaaterium limosum (Butyr-ùbacterium rettgeri) (Moore and Cato 

1965) is a nonsporulating acetogenic bacterimn. It grows 

anaerobically on various substrates, forming acetate and butyrate 

(Genthner et al. 1981; Muller et al. 1981). Recently E. limosim was 

isolated as a methanol-consuming organism from sheep rumen and from 

sewage sludge (Genthner et al. 1981). It converts methanol to 

acetate in the presence of CO2 as follows: 

4СНэОН + 2C02 •* ЗСНэСООН + 2H20 

The ability of acetate formation from methanol was also found in a 

few other acetogens as Aoetobaoterium woodii, Clostridium thermo-

autotrophicwn and Butyribaoterium methylotrophioum (Bache and 

Pfennig 1981; Wiegel et al. 1981; Lynd and Zeikus 1981), but the 

pathway of methanol conversion is still unknown. The formation of 

acetate from CO2 in these organisms was studied in detail (Schoberth 

1977; Wood et al. 1982): Acetate is produced by condensation of one 

CO2 molecule, reduced to the methyl level and transferred to a 

corrinoid-containing enzyme, with another CO2 molecule in an 

activated state (Welty and Wood 1978). 

The conversion of methanol to methane by Methanosareina barkeri 

was studied recently. Firstly, methanol was bound by a corrinoid-

containing methyltransferase (methanol: 5-hydroxybenzimidazolyl-

cobamide (B12-HBI) methyltransferase, MTi) as a methyl comnoid 

(Van der Meijden et al. 1983 ), then the methyl moiety was 

transferred to coenzyme M (2-mercaptoethanesulfonic acid, HS-CoM) 

by a second methyltransferase (methylcobalamin (СНэ-Віг-ОМВІ): 

HS-CoM methyltransferase, MT2) (Van der Heijden et al. 1983 ). 

Methylated coenzyme M (2-(methylthio)ethanesulfonic acid, CHaS-CoM) 
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was then reduced to methane by a methylreductase system (Ellefson 

et al. 1980; Keltjens et al. 1982). MTi was subject to activation 

in the presence of a catalytic amount of ATP and H2 and was 

inactivated by oxidizing agents (Van der Heijden et al. 1983 ). 

Partially purified MTi could be reductively activated in the 

presence of hydrogenase and ferredoxm with catalytic amounts of 

ATP (Van der Meijden et al. 1984). 

Here we report evidence for the presence of methanol : cobalamin 

methyltransferase m Eubaatevivm limosim. This enzyme is probably 

involved in the first reaction step of methanol to acetate and 

possesses characteristics similar to those of MTi from M. barken. 

MATERIALS AND METHODS 

Materials. 

Black butyl rubber stoppers were obtained from Rubber B.V. 

(Hilversum, The Netherlands). Red rubber stoppers were from Helvoet 

B.V. (Aiken, Belgium). Serva Blue G, used for protein determination, 

was purchased from Serva Feinbiochemica (Heidelberg, FRG). ff-tris 

(hydroxymethyl)-methyl-2-aminoethanesulfonic acid (TES) and flavin 

adenine dinucleotide (FAD) were from Sigma, Chemical Company (St. 

Louis, USA). ATP and flavin mononucleotide (FMN) were obtained from 

Boehnnger (Mannheim, FRG) . Methanol (HPLC grade) was from Baker 

Chemicals B.V. (Deventer, The Netherlands). 2-Mercaptoethanesulfonic 

acid was purchased from Merck-Schuchardt A.G. (Darmstadt, FRG). 

Gases were obtained from Hoek Loos (Schiedam, The Netherlands). 

Traces of oxygen were removed by passing ^-containing gases over 

a catalyst (BASF RO-20) at room temperature. N2 and CO2 were passed 
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over a prereduced catalyst (BASF R3-11) at 150
o
C. Both catalysts 

were a gift from BASF (Ludwigshafen, FRG). Methylcobalamin: HS-CoM 

methyltransferase (MT2) and methanol: 5-hydroxybenzimidazolylcobamide 

methyltransferase (MTi) were purifed from cell-free extracts of 

Methanosorcina barkeri- (Van der Heijden et al. 1983 ). Ferredoxin 

from M. barkeri was purified as described before (Van der Meijden et 

al. 19Θ4). 

Culture methods and preparation of aell-free extracts. 

M. barkeri strain MS (DSM 800) was mass-cultured in a 350-1 

Chemap fermentor in a mineral medium with methanol as substrate and 

80% N2/20% CO2 as the gas phase (Hutten et al. 1981). Methano-

bacteriim formicicum (DSM 1535) was mass-cultured in a 12-1 fermentor 

in a mineral medium (Van Bruggen et al. 1984) supplemented with 

yeast extract (Difco, 1 g/1) and trypton soy broth (Oxoid, 1 g/1). 

80% H2/20% CO2 was·used as substrate and gas phase. Eubaoteriwn 

limosum (DSM 20402) was a gift from Gist-Brocades N.V. (Delft, The 

Netherlands). It was mass-cultured in a 20-1 fermentor on the same 

medium as was used for M. formicicwn. Methanol (1%, v/v) was used 

as a substrate and 80% N2/20% CO2 was the gas phase. All three 

microorganisms were grown at 37
0
C and harvested in the late 

exponential phase. 

After twofold washing of the cells with 10 mM TES-K buffer, pH 

7.2 containing 15 mM МдСІг» cell-free extracts of these 

microorganisms were prepared by anaerobic passage through a French 

pressure cell (Van der Meijden et al. 1983 ). Cell-free extracts 

were stored at -20°C in 10-ml serum vials, closed with black butyl 

rubber stoppers and sealed with crimped aluminum caps. 

96 



Overall methanol: HS-CoM methyltransferase assay. 

The activity of the methanol: HS-CoM methyltransferase system 

was measured gaschromatographically (Van der Meijden et al. 1983 ). 

The reaction was performed anaerobically in 10-ml serum vials, 

closed with red rubber stoppers and sealed with aluminum caps. 

Incubation mixtures (total volume 100 Ul) contained: 10 mM TES-K 

buffer, pH 7.2; 9.4 mM ATP; 6.3 mM МдСІг; 12.5 mM HS-CoM; 12.5 mM 

methanol; 5.5 mM 2-propanol as internal standard; 50 μΜ 2-bromo-

ethanesulfonic acid (BrES); 10 yl MT2 (activity: 40 ymol CH3-B12-DMBI 

converted/min.ml) from M. barkeri and an adequate amount of MTi from 

M. barkeri or cell-free extract of E. limosum. The gas phase was 50% 

H2/50* N2 or otherwise as indicated, and the reaction was started 

by incubation at 37
0
C. At various time intervals a vial was opened, 

placed on ice and the methanol concentration was measured. 

Corrinoid analysis. 

The formation of methylated corrinoids was analyzed by HPLC as 

described before (Van der Meijden et al. 1983 ). Hydroxycobalamin 

(HO-B12-DMBI), cyanocobalamin (CN-B12-DMBI) and methylcobalamin 

(CH3-B12-DMBI) were used as references. Unknown corrinoid mixtures 

were exposed to daylight for 30 min to analyze photosensitive 

corrinoids. Addition of 0.1% KCN was used to detect corrinoids 

sensitive to cyanide such as HO-B12-DMBI. 

Methane formation. 

Incubation mixtures (total volume 500 μΐ) prepared anaerobically 

in 12-ml vials contained: 10 mM TES-K buffer, pH 7.2; 7.5 mM ATP; 

5.0 mM МдСІг; 10 mM methanol; 10 mM HS-CoM; 200 μΐ cell-free extract 

of M. formioioum (10.5 mg protein/ml) and 200 μΐ cell-free extract 
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of E. limosum (11.9 mg protein/ml). The gas phase was 100% H2 (1 ato) 

with 100 yl ethane as internal standard. Incubation was started by 

placing the vials at 370C. At various time intervals gas samples 

(0.1 ml) were analyzed gaschromatographically on a Porapak Q column 

(Hutten et al. 1981). 

Determination of •protein. 

Protein was determined with G250 Coomassie brilliant blue (Sedmak 

and Grossberg 1977). Bovine serum albumin was used as standard. 

Détermination of coenzyme M dérivâtes. 

HS-CoM, CH3S-C0M and oxidized HS-CoM (2,2'-dithiodiethanesulfonic 

acid, (S-CoM)2) were determined by isotachophoresis (Hermans et al. 

1980). 

RESULTS 

Methane formation from methanol in mixed extracts. 

Methanobacterium formiaicum cannot grow on methanol and does not 

use it for methane formation, but cell-free extracts form methane 

from CH3S-C0M in the presence of ATP and H2 (Gunsalus and Wolfe 

1978). Eubacterium limosum is able to use methanol for growth and 

acetate production, but no methane is formed. When cell-free 

extracts of both M. formLcicvm and Έ. limosum were incubated 

together in the presence of methanol, HS-CoM and ATP under an 

atmosphere of H2, methane was formed (Fig. 1). In the presence of 

ferredoxin obtained from Methanosarcina barkeri methane formation 

in the mixed extracts was increased (Fig. 1). 
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CHÍ, production (yumol) 

Fig. 1. Methane production in mixed cell-free extracts 
of Eubaateriim limosum and Methanobaoteriim 
formioi-ovm. Incubation mixtures (total volume 
500 μΐ), contained 10 mM TES-K+

 buffer, pH 7.2; 

7.5 mM ATP; 5.0 mM МдСІг; 10 mM methanol; 10 mM 
HS-CoM and 200 yl (11.9 mg protein/ml) cell-
free extract of E. limosum (i); 200 yl (10.5 mg 
protein/ml) crude cell-free extract of M. 
formicicim (Δ); 200 yl of both extracts (ο), and 

200 yl of both extracts plus 9 yg ferredoxin 

from MethanosavcLna barken (·) . Incubation was 

performed under 100% Hz at 37
0
C. 

Methanol conversion in cell-free extracts of E. limosum. 

The above-mentioned experiment shows that an intermediate formed 

during conversion of methanol by E. limosum is used by M. formicicum 

to produce methane. Methanol conversion by cell-free extracts of 

E. limosum was not detected on incubation in the presence of Нг, 

СОг and ATP. Incubation of E. limosum extract with HS-CoM, ATP and 

purified methylcobalamin: HS-CoM methyltransferase (MT2) from M. 

barkeri under an atmosphere of 50% H2/50% N2 resulted in methanol 

conversion (Fig. 2). Analysis of the reaction mixture by 
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н 

20 
Time (min) 

Fig. 2. Methanol conversion in cell-free extracts of 

Eubacteriim limoswn in the presence of MT2 from 

Methanosareina barkeri. The overall methanol: 
HS-CoM methyltransferase assay was performed 

with 50 μΐ cell-free extract of E. limosum (11.9 

mg protein/ml) (A); 50 μΐ cell-free extract of 

E. limosim plus 10 μΐ МТг (·), or 10 μΐ МТг plus 

20 μΐ MTi (17 μmol methanol converted/min.ml) 

from M. barkeri- (Δ) . Incubation was performed 

under 50% H
2
/50% N2 at 37

0
C. 

isotachoforesis showed that CH3S-C0M was formed. In the absence of 

either one of HS-Cotl, ATP or MT2 no formation of CH3S-C0M could be 

demonstrated. 

Inhibition of the methanol conversion. 

The effect of various reaction conditions on the conversion of 
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methanol and HS-CoM by cell-free extracts of E. limsoum in the 

presence of MTz from M. barkeri was studied. When 100% N2 was used 

as the gas phase instead of 50% Hz/50% N2 a similar initial activity 

of methanol conversion was observed but the activity decreased 

after a short period (Fig. 3). Cell-free extract of E. Zimosum, 

incubated in the presence of FAD showed no activity under an 

atmosphere of 100% N2, but when a gas phase of 50% H2/50% N2 was 

used, maximal activity could be measured after a lag phase of about 

θ min (Fig. 3). 

Methanol converted (jumol) 

OB 

06 

04 

02 

0 S 10 16 
Time I mm ) 

Fig. 3. Effects of FAD and gas phase on methanol conver

sion by cell-free extract of Eubaaterium limosum. 
The overall methanol: HS-CoM methyltransferase 

assay was performed with 50 μΐ cell-free extract 

of E. limosum (11.9 mg protein/ml). Incubations 

were performed under a gas phase of 100% N2 (Δ); 

under 50% H2/50% N2 (·); under 100% N2 in the 

presence of 1 mM FAD (A) or under 50% H2/50% N2 

in the presence of 1 mM FAD (o), at 37
0
C. 
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HPLC analysis of corrinoids present in E. limosum. 

The effect of various reaction conditions on the formation of 

different endogenous corrinoids in cell-free extracts of E. limosum 

was studied. The corrinoids were extracted with 80% methanol at 

80"C in the dark and analyzed by HPLC (Materials and Methods) 

(Fig. 4). When cell-free extract was analyzed before incubation, 

only small amounts of corrinoids could be detected (Fig. 4A). By 

addition of cyanide or by exposure for 30 m m to daylight it was 

shown that H0-B 12"
D M B I a n â СНз-Bj^-DMBI were present in such 

® 
10 (|2 M i l IK) l i ; IHBI 

' 

Φ CH, β,, ΟΗΘΙ 

-if-

© 

W l 

® 

-fr- w^Vj \ 
К 20 П 

lime (mm) 

Fig. 4. HPLC analysis of corrinoids in cell-free extract 

of Eubaaterium limosum. Incubations were 

performed with 100 μΐ cell-free extract of E. 
limosum (11.9 mg protein/ml) under an atmosphere 

of 50 H2/50% N2 for 10 min, if not otherwise 

indicated, and at 37
0
C. Incubation mixtures 

(total volume 200 μΐ) contained in 10 mM TES-K 

buffer, pH 7.2: (A) no additions and without 

incubation; (B) 5 mM methanol; (C) 5 mM methanol, 

9.4 mM ATP and 6.3 mM МдСІг; (D) 5 mM methanol, 

9.4 mM ATP, 6.3 mM МдСІг, 12.5 mM HS-CoM and 10 

μΐ МТг (40 μπιοί CH3-B12-DMBI converted/min.ml) 

from Methanosaraina barkeri. 
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extracts. Incubation of cell-free extract in the presence of methanol 

resulted in a small increase of the amount of СНэ-Віг-ПМВІ (Fig. 4B). 

When incubation was performed in the presence of ATP and methanol a 

drastic increase of the amount of СНэ-Віг-ОМВІ was observed (Fig. 

4C). A similar increase was observed when ATP was added solely, since 

the extract contained endogenous methanol (3mM). When the incubation 

was performed in the presence of HS-CoM, methanol, ATP and MT2 from 

M. barken the amount of CH3-B12-DMBI was decreased drastically 

(Fig. 4D). The presence of both MT2 and HS-CoM was essential to 

bring about this decrease. 

DISCUSSION 

The conversion of methanol to acetate in Eubacteriim timosum was 

not studied before whereas the formation of acetate from CO2 in 

acetogenic bacteria was studied in great detail. Studies with 

Clostridibjrt thermoacetiown (reviewed by Wood et al. 19Θ2) and 

recently with Aoetobaateriim woodii (Kerby et al. 1983) revealed 

the role of a corrmoid-containing enzyme in the transmethylation 

from methyltetrahydrofolic acid to an activated CO2 in the process 

of acetogenesis. It is reasonable to assume that the pathways of 

acetogenesis from CO2 are similar in the closely related (Tanner 

et al. 1981) E. limosum and A. woodii and one might expect a role 

of a corrmoid-containing enzyme in the reaction sequence from 

methanol to acetate in Έ. Ъгтовгт as well. 

The methanogenic bacterium MethanosavcLna barkeri can use methanol 

for growth and methane production. The first steps in the conversion 

of methanol to methane are catalyzed by a corrmoid-containing 
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methyltransferase (MTi) and a second methyltransferase (MT2) which 

transfers the corrinoid-bound methyl group to HS-CoM (Van der Meijden 

b с 
et al. 19Θ3 ' ). The latter enzyme was previously reported to be 

present in Methanobaatevium bryantii (Taylor and Wolfe 1974) and is 

also present in Methanobacterbum thermoautotvophioum (Van der Meijden, 

unpublished results). 

The production of methane from methanol by mixed cell-free 

extracts of E. limosmn and Methanobaoteriim formiaiaim in the 

presence of ATP and HS-CoM shows the formation of an intermediate 

in methanol conversion by E. Zimsoum which can be used for methane 

in M. fomricicwn. The methanol conversion and CH3S-C0M production 

in cell-free extracts of E. limosim in the presence of HS-CoM, ATP 

and purified MT2 from M. barkeri points to the involvement of a 

corrinoid or corrinoid-containing enzyme as is the case in methanol 

conversion by M. barkeri. It also indicates the presence of MT2 in 

M. formicicum. 

HPLC analysis of endogenous corrinoids in E. limosum revealed 

the occurrence of an ATP-dependent corrinoid methylation involving 

methanol. This corrinoid is enzyme bound, because no increase of 

free CH3-B12-DMBI was observed after incubation and extraction of 

corrinoids at room temperature (results not shown). The inactivation 

of the enzyme in E. Zimosum in the presence of FAD under N2 and the 

course of activity measured under H2 or N2 are indicative for an 

oxidative inactivation and a reductive activation of such a 

corrinoid-containing enzyme. Similar results were obtained with the 

corrinoid-containing MTi from M. barkeri: the enzyme could be 

inactivated by addition of FAD under N2 and activation of partially 

purified MTi was dependent on the presence of both ferredoxin and 

hydrogenase (Van der Meijden et al. 1984). An increased activity of 
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methane formation was observed also m mxxed cell-free extracts of 

E. limosum and M. foimriciaum in the presence of ferredoxin from M. 

barkeri. Preliminary experiments showed that both E. limosum and M. 

formioioum contained only a small amount of ferredoxin. 

The above results indicate that the first step of methanol 

conversion in E. l-imosum and methanol-consuming methanogens proceeds 

in a similar way and is catalyzed by methanol: cobalamin methyl-

transferase. 
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THE CONVERSION OF METHANOL 

IN METHANOGENIC AND ACETOGENIC BACTERIA 

In this chapter the results of the investigation on the methanol 

conversion by methanogens and acetogens will be discussed and both 

groups of organisms will be compared with respect to the reaction 

steps involved in this process. 

CH3S-C0M formation from methanol in Methanosaraina barkert. 

Five components involved in the methylation of HS-CoM by methanol 

are described in chapters III, V and VI, and they can be divided into 

two groups: i) the enzymes (MTi, MT2) that transfer the methyl moiety 

and ii) the proteins (hydrogenase, ferredoxin, component S) involved 

in the activation of the first methyltransferase. 

- Methanol: 5-hydroxybenzimidazolylcobamide methyltransferase (MTi) 

is an oxygen-sensitive enzyme (mol. wt. 122,000) and contains per 

molecule 3-4 firmly bound corrinoid molecules of the B12-HBI form. 

The B12-HBI molecules are reduced to the Co(I) level in the presence 

of H2 and catalytic amounts of ATP and subsequently methylated by 

methanol. The observed inactivation of the enzyme by various Oxidators 

as O2, viologen dyes, FMN and FAD is caused by the oxidation of the 

B12-HBI prosthetic groups. Subsequent reduction restores the activity. 

- Methylcobalamin: HS-CoM methyltransferase (MT2) (mol. wt. 43,000) 

transfers the corrinoid-bound methyl group to HS-CoM. The enzyme from 

Methanobaeterium bryantii was already described by Taylor and Wolfe 

(1) but they could not establish its function. MT2 is also found in 
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Methanobacteriim formicicwn (chapter vu) and Methanobaoterium 

thermoautotrophicum (Van der Heijden, unpublished results). Probably 

all methanogens contain MT2 and its function is not restricted to 

methanol conversion. MT2 reacts with enzym-bound and free CH3-B12-HBI 

and with free methylcobalamin (СНэ-Віг-ОМВІ). 

- Hydrogenase is involved in the reductive activation of MTi, гз 

the reduction of B12-HBI to the Co(I) level. Purified hydrogenase 

needs coenzyme F420 to reduce B12-HBI to the Co(II) level (Van der 

Meijden and Van Aerts, unpublished results). 

- Ferredoxin is required in the complete reduction of MTi-bound 

B12-HBI to the Co(I) level. It has a molecular weight of 12,000 and 

contains a 4Fe: 4S cluster. 

- Component S is an enzyme with unknown function. It stimulates the 

activation of ΜΤχ, it is not sensitive to oxygen and it has a 

molecular weight between 30,000 and 100,000. 

Besides these proteins, the presence of ATP and a reductor as H2 or 

CO is needed. The metabolic pathway from methanol to CHsS-CoM is 

presented in Figure 1. 

Blaylock (2) reported the involvement of four components in the 

conversion of methanol to methylcobalamin: a corrinoid-containing 

enzyme which might be MTi; a ferredoxin-like component, eluted with 

1.0 M phosphate buffer; active enzyme preparations (indicated as Ai 

and A2) obtained at elution with 0.2 M phosphate buffer and probably 

identical to MT2; an acid-stable cofactor, isolated from the non-

retained material which might have been coenzyme M. Blaylock did not 

report the involvement of a hydrogenase, but this can be explained by 

the observation, that hydrogenase is not separated well in the DEAE-
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I снімон I 

CH]S CoM 

I MEIHYLREOUCTASE SYSTEM 

[ΈΓ\ 

Fig. 1. Carbon and electron flow scheme proposed for the 

conversion of methanol into СНэЗ-СоМ in 

Methanosareina barkeri. I) The carbon cycle 
involves the action of methanol: 5-hydroxybenzi-

midazolylcobamide methyltransferase (MTi, ENZ) 

(chapter IV of this thesis), which is methylated, 

when it is present in its most reduced state 

([co
1
]) (chapter V of this thesis). The methyl 

group is then transferred to HS-CoM by cobalamin: 

HS-CoM methyltransferase (MTa) (chapter III of 

this thesis) or enters the acetogenlc pathway 

(chapter VII of this thesis) . II) The flow of 

electrons to the inactivated cornnoid bound at 

ΜΤχ . Coenzyme Fi, 2 0 is reduced by H2 and hydro-

genase. Firstly the cornnoid is reduced to the 

Co(II) level and a subsequent reduction to the 

active Co(I) level is mediated by Hz, hydrogenase, 

coenzyme Гцго
 an<

i ferredoxin. The presence of an 

oxidator causes the oxidation to the Co(III) 

level and inactivation of MTi (chapter V of this 

thesis). Ill) CO dehydrogenase-like activity 

displayed by MTi. Inactive MTi is reduced and 

activated by the presence of CO. If both CO and 

a suitable electron acceptor are present, MTi (or 

solely the MTi-bound corrinoid) catalyzes the 

oxidation of CO to CO2 (chapter VI of this thesis). 
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cellulose chromatographic step. The involvement of HS-CoM in the 

methylation of free cob(I)alamin by methanol may seem paradoxal, but 

since MT2 catalyzes the methylation of HS-CoM from both free (B12) and 

protein-bound ( B12) methylcorrmoids the following reaction sequence 

might explain the about 3% methylation of free cob(I)alamin obtained 

in the experiments of Blaylock (2): 

СНэОН + H- B12-HBI 
MTi 

-~. CH3- BX2-HBI + H2O 

CH3- B12-HBI + HS-CoM -4= 
MT2 

=І.СНэЗ-СоМ + H- B12-HBI 

CH3S-C0M + H-B12-DMBI 
MT2 

=-СНэ-Ві2-0ВМІ + HS-CoM 

In non-methylotrophic methanogens MT2 may be involved in acetate 

production for cell-carbon synthesis as indicated in Fig. 2. 
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Comparison of methanogenesis with acetogenesis. 

In chapter VII the conversion of methanol in Eubaoteviim limosum 

was investigated. This acetogenic bacterium grows on methanol as well 

as on H2/CO2 (4) and is closely related to Acetobaaterium woodii (5). 

Acetate formation by A. woodii was recently investigated (6,7) and 

did not differ significantly from the model that was proposed by Wood 

et al. (8) for Clostridium thermoaaeticim. Here the concomitant action 

of an enzyme containing a methylated corrmoid and an activated CO2, 

possibly bound to tetrahydrofolic acid, results in the formation of 

acetate. 

Acetate formation from methanol is not well studied. The presence 

of methanol: 5,6 dimethylbenzimidazolylcobamide methyltransferase in 

E. limosum is demonstrated in this thesis. The characteristics of the 

enzyme are identical to those of MTj. from MeLhanosaroina barkeri, vis 

inactivation is caused by oxidation; activation is brought about by 

reduction in the presence of ATP and H2, and methylation of the 

enzyme-bound corrmoid occurs under similar conditions. Moreover, ΜΤχ 

from E. limosum is able to replace the enzyme from M. barkeri in the 

process of methanogenesis as is shown by methane formation in mixed 

crude-cell free extracts of Methanobaaterium formioioum and E, limosum. 

In this system an extra activation of MTi could be achieved by 

addition of ferredoxin from M. barkeri. The differences in the amounts 

of ferredoxin (values given as pg per mg of protein) m E. limosum 

(4.2), M. formioioum (1.5) and M. barkeri (12) may explain this 

stimulating effect (Van der Heijden and Van Aerts, unpublished 

results). 

Methanogens and acetogens are phylogenetically unrelated as is 
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clear from their classification in two different primary kingdoms. 

Moreover, methanogens possess various unique cofactors that are not 

found in acetogens. Despite of these facts, the Ci metabolisms in 

these anaerobes have some very interesting peculiarities in common. 
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SUMMARY 

The conversion of methanol to methane by the methylotrophic, 

methanogenic bacterium, Methanosaraina barkeri, was found to be 

dependent on the presence of coenzyme M (2-mercaptoethanesulfonic 

acid). The methylated form of coenzyme M is produced and this compound 

is thought to be the central intermediate involved in all pathways 

leading to methane production. In this thesis the enzyme system 

involved in the transmethylation of methanol to coenzyme M is 

described. 

In chapter I an introductory review is given of methanogenic 

bacteria and of the biochemistry of the process of methanogenesis 

from H2/CO2 and from methanol. In addition the formation of acetate 

by acetogemc bacteria and the conversion of methanol by other micro

organisms is briefly described. 

Chapter II gives a description of the methanol : coenzyme M methyl-

transferase system in crude cell-free extracts of M. barkeri. The 

methyltransferase system requires the presence of catalytic amounts of 

ATP and it is subject to activation and inactivation. Inactivation is 

brought about by the presence of Oxidators, whereas activation in the 

crude extract requires the presence of Hz or hydrogen-donating systems 

together with catalytic amounts of ATP. 

In chapter III the resolution of the methyltransferase system into 

two enzyme fractions is reported. One enzyme, methanol: 5-hydroxy-

benzimidazolylcobamide methyltransferase, appears to be a corrinoid-

containing protein, which is sensitive to oxygen. The other enzyme, 

methylcobalamin: coenzyme M methyltransferase is insensitive to oxygen 
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and transfers the methyl group from methylated corrinoids to coenzyme 

M. This enzyme was purified 86-fold. 

The involvement of corrinoids in the action of methanol: 5-hydroxy-

benzimidazolylcobamide methyltransferase is reported in chapter IV. 

Evidence is given that the enzyme contains a firmly bound corrinoid, 

that can be methylated by methanol in the presence of ATP. 

The observed activation and inactivation phenomena (chapter II) 

were shown to be associated with the reduction and oxidation of the 

enzyme-bound corrinoid, respectively (chapter V) . The methanol: 5-

hydroxybenzimidazolylcobamide methyltransferase is only active if the 

corrinoid is in its most reduced state (Co(I)). The reductive 

activation is brought about by the presence of H2, hydrogenase, 

ferredoxin and ATP. Ferredoxin was purified and characterized. 

Inactivation is brought about by Oxidators that oxidize the bound 

corrinoid to the Co(II) or Co(III) level. 

In chapter VI the purification and characteristics of methanol: 

5-hydroxybenzimidazolylcobamide methyltransferase from Ai. Ъа ке г are 

described. The enzyme (mol. wt of 122,000) contains 3-4 moles of 5-

hydroxybenzimidazolylcobamide and contains an 012β subunit structure. 

Its action is inhibited by sulfite, nitrite, and ammonium ions, that 

can bind to the cobalt-atom of the corrinoid. Besides the reduction of 

the corrinoid with the hydrogenase system also CO can act as a reduc-

tant and can activate the methyltransferase. In the presence of a 

suitable electron acceptor the enzyme displays a CO dehydrogenase-like 

activity. 

The presence of methanol: cobalamin methyltransferase in 

Eubaaterium limosum is described in chapter VII. This enzyme has 
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properties similar to those of the enzyme of M. barkeri and is thought 

to be involved in the acetogenesis from methanol in this methylo-

trophic, acetogenic bacterium. 

The results of this thesis are briefly summarized in chapter VIII 

and a comparison is made between the biochemical steps of methanol 

conversion in methanogenic and acetogenic bacteria. 
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SAMENVATTING 

De omzetting van methanol in methaan door de methylotrofe, methaan-

vormende bacterie, Methanosaraina Ъагкегг, blijkt afhankelijk te zijn 

van de aanwezigheid van coenzym M (2-mercaptoethaansulfonzuur). De 

gemethyleerde vorm van coenzym M wordt als het belangrijkste inter

mediair beschouwd in alle routes die naar de vorming van methaan 

lelden. In dit proefschrift wordt het enzymsysteem beschreven, dat is 

betrokken bij de transmethylering van methanol naar coenzym M. 

Hoofdstuk I geeft een inleidende beschrijving van de methaanbac-

terien en de biochemie, die ten grondslag ligt aan het proces van de 

methanogenese uit H2/CO2 of methanol. Bovendien wordt de azijnzuur

vorming door acetogene bacteriën en de methanolomzetting door andere 

micro-organismen in het kort behandeld. 

Hoofdstuk II beschrijft het methanol: coenzym M methyltransferase 

systeem, dat aanwezig is in ruwe celvrije extracten van M. barkevi. 

Het enzym-systeem heeft katalytische hoeveelheden ATP nodig en kan 

worden geactiveerd en geïnactiveerd. De inactivering wordt tot stand 

gebracht door de aanwezigheid van oxydatiemiddelen, terwijl de acti

vering in ruwe extracten optreedt in aanwezigheid van H2 of H2-

vormende systemen tesamen met katalytische hoeveelheden ATP. 

In hoofdstuk III wordt de scheiding van het methyltransferase-

systeem in twee enzymfracties beschreven. Eén van de enzymen, het 

methanol: 5-hydroxybenzimidazolylcobamide methyltransferase, blijkt 

een eiwit te zijn dat een comnoide bevat, en dat gevoelig is voor 

zuurstof. Het andere enzym, het methylcobalamine: coenzym M methyl

transf erase, is ongevoelig voor zuurstof en brengt de methylgroep over 
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van het gemethyleerde corrinoide naar coenzym M. Dit enzym werd 86 

maal gezuiverd. 

De betrokkenheid van corrinoiden bij de werking van het methanol: 

5-hydroxybenzimidazolylcobamide methyltransferase wordt verder onder

zocht in hoofdstuk IV. Hierin wordt aangetoond dat het enzym een 

stevig gebonden corrinoide bevat, dat kan worden gemethyleerd door 

methanol in de aanwezigheid van ATP. 

De waargenomen activering en inactivenng (hoofdstuk II) blijken 

samen te hangen met respectievelijk de reductie en oxydatie van het 

enzymgebonden corrinoide (hoofdstuk V) . Het methanol: 5-hydroxy-

benzimidazolylcobamide methyltransferase is alleen dan actief, 

wanneer het m zijn meest gereduceerde vorm (Co(I) aanwezig is. Deze 

reductieve activering wordt tot stand gebracht door de aanwezigheid 

van H2, hydrogenase, ferredoxine en ATP. Ferredoxine werd gezuiverd 

en gekarakteriseerd. De inactivenng wordt veroorzaakt door Oxydatoren 

die het gebonden corrinoide oxyderen tot het Co(II) en Co(III) niveau. 

Hoofdstuk VI beschrijft de zuivering en de karakterisering van het 

methanol: 5-hydroxybenzimidazolylcobamide methyltransferase uit M. 

barkevi. Dit enzym (molecuulgewicht 122.000) bevat 3 à 4 moleculen 

5-hydroxybenzimidazolylcobamide en bezit een агб subeenheidsstructuur. 

De enzymatische werking wordt geremd door de aanwezigheid van sul-

fiet-, nitnet- of ammonium-ionen die zich kunnen verbinden met het 

cobalt atoom van het corrinoide. Behalve het hydrogenasesysteem kan 

ook CO dienen als reductiemiddel van het corrinoide en het methyl

transferase activeren. In de aanwezigheid van een geschikte elek-

tronenacceptor vertoont het enzym dan een CO-dehydrogenase-achtige 

activiteit. 
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De aanwezigheid van het methanol : cobalamine methyltransferase in 

Eubaoterium limosum wordt aangetoond in hoofdstuk VII. Dit enzym heeft 

eigenschappen die sterk gelijken op die van het enzym uit M. barkeri 

en is waarschijnlijk betrokken bij de azijnzuurvorming vanuit methanol 

m deze methyltrofe acetogene bacterie. 

De resultaten in dit proefschrift zijn kort samengevat in hoofdstuk 

VIII, waarin een vergelijking getrokken wordt tussen de biochemische 

reacties die betrokken zijn in de methanolomzettingen door methanogene 

en acetogene bacteriën. 
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STELLINGEN 

I 

Bi] de interpretatie van de H2- ademtest, voor het aantonen van 
een eventuele koolhydraatmalabsorptie, wordt onvoldoende rekening 
gehouden met het effect van methaanvorming m de dikke darm op de 
Hz excretie in de uitademingslucht. 
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II 

De bepaling van bactenële ferredoxines met behulp van de spinazie-
chloroplast methode is slechts zinvol wanneer van het desbetref
fende ferredoxine bekend is onder welke omstandigheden het actief 
en stabiel is en is daarom minder geschikt voor het aantonen van 
deze verbinding. 
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A.M., van, Dijk, H.F., van, and Vogels, G.D. (1982) 
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IV 

Foliumzuur dankt de epileptogene werking mogelijk aan zijn betrok

kenheid bij de vorming van tetrahydroisoquinolines en/of tetra-

hydro-ß-carbolines. 

-Hormes, O.R., Obbens, E.A.M.T., and Wijffels, C.C.B. (1973) 
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ν 

De geconstateerde beperktheid van het aantal koolstofbronnen waar 

Bacillus fastidiosus op kan groeien, zou zijn oorzaak kunnen 

vinden in het gebruik van een verkeerde stikstofbron. 

- Den Dooren de Jong, L.E. (1929) Zentvalbl. BaotevLol. 
Parasitenkd. Infektionskr. Пуд. Abt. II 79, 344-368 

- Bongaerts, G.P.A., and Vogels, G.D. (1976) J.Baateriol. 
125, 689-697 

VI 

De term acetogene bacteriën voor anaerobe, waterstof-oxyderende 
micro-organismen die azijnzuur vormen uit substraten die slechts 
een koolstofatoom bevatten is te weinig specifiek voor deze groep. 

- Zeikus, J.G. (1983) Adv.МъогоЬгоІ.Physiol. 25, 215-299 

VII 

De afkorting BES voor 2^Γθοιη6№33ηΞυ1ίonzuur zou beter kunnen 

worden vervangen door BrES, daar verschillende buffers op soort

gelijke wijze worden afgekort, zoals 2-(Af-morpholino)ethaansulfon

zuur (MES); N,N-bis-(2-hydroxyethyl)-2-amino-ethaansulfonzuur (ВГБ) 

of ff-tris(hydroxymethyl)methyl-2-amino-ethaansulfonzuur (TES). 

- Smith, U.R. (1983) J.Baateriol. 156, 516-523 

Vili 

Wetenschappelijk onderzoek en de ademhaling hebben gemeen dat 

inspiratie en expiratie elkaar moeten opvolgen. 

IX 

Niet alle centimeters zijn één centimeter lang. 
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