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1 
GENERAL INTRODUCTION 





Allessandro Volta in 1776 was the first to observe the relation between 

the production of combustible gases and rotting plant material [66], and it 

was Bauchop who demonstrated almost a century later the microbial origin of 

this methane gas [9]. The first description of methanogenic bacteria is 

found around 1900 in the Ph.D. thesis of Söhngen [163]. However, it would 

last until 1947 before the first methanogen was isolated in pure culture by 

Schnellen [152]. After the development of appropriate anaerobic culturing 

techniques over 50 species of methanogenic bacteria were isolated ever 

since, enabling profound physiological as well as biochemical research on 

these organisms. Many aspects of methanogenic bacteria have been extensive

ly covered in review papers [cf. 215,5,208,213,173,24,119,203,82,77,200, 

208], the number of which may indicate the scientific interest in these 

micro-organisms. 

Methanogenesis and the global carbon cycle 

Methanogenic bacteria, which are obligate anaerobes, perform the ter

minal step of the process of anaerobic decomposition of organic matter. 

Large-molecular weight substances such as polysaccharides, proteins and 

fats are degraded by the cooperative interaction of several physiological 

groups of bacteria [115,217,220]. Complex polymers are first broken down by 

hydrolytlc bacteria to their monomers, giving rise to amino acids, sugar 

monomers, polyols and long-chain fatty acids. These products are then 

converted by fermentatives anaerobes (acidogens) to a variety of fermenta

tion products, i.e. acetate, propionate, butyrate, lactate and alcohols. 

Subsequently, l·^-producing acetogens oxidize most of these compounds to 

acetate and COo. The main products of fermentative decomposition, H?, COo 

and acetate, are the substrates for methanogenic bacteria. Methanogens are 

of critical importance in this respect, since withdrawal of Ho enables the 

thermodynamical unfavorable proton-reducing reactions to proceed [18]. 

Moreover, conversion of acetate and formate to methane and CO2 prevents 

acidification of the ecosystem. 

By the processes described above, methanogens recycle a significant 

portion of the total carbon fixed by photosynthesis, and thus they play an 

important ecological role. From the amount of methane released per year 

(lO^ kg), one may estimate that methanogens contribute for at least 9% to 

the global carbon cycle [198]. Methane is finally recycled to CO2 by 
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chemical reactions occurring in the ozone layer of the troposphere or by 

methane oxidizing bacteria [198]. The latter organisms may well cause an 

underestimate of the role of methanogens in the global carbon cycle, since 

a majority of the total amount of methane produced never reaches the 

atmosphere. 

Methanogenic bacteria 

Although a metabolically restricted group, methanogens exhibit extreme 

habitat diversity, lending them a cosmopolitan status. Species have been 

isolated from virtually every habitat in which anaerobic biodégradation of 

organic compounds occurs, including freshwater and marine sediments, diges

tive and intestinal tracts of animals, and anaerobic waste digestors [76, 

116,161,214]. Even more extreme environments such as temperate glacier ice, 

geothermal springs with temperatures up to 97°С, and deep-sea thermal 

vents, were found to harbour methanogens [68,75,168,11]. Some years ago, 

methanogens were also encountered as epi- or endosymbionts of rumen cillâ

tes or sapropelic protozoa [199,188,189,49]. 

On the basis of morphology the methanogens were previously dispersed 

over several taxonomie groups, as their are cocci, packets of cocci 

(sarcinae), rods of varying length and figure, and spirilla. However, the 

striking physiological characteristics of all methanogens led Barker [9] 

and Bryant [19] to reorganize them as a coherent group, the Methanobac-

teriaceae. By comparison with all other procaryotes, methanogenic bacteria 

show some profound differences. The cell walls lack murein, but instead 

contain N-acetyltalosamlnuronic acid and L-amino acids, or consist of 

proteins, glycoprotein subunits or heteropolysaccharldes [78,79,92]. The 

cell membranes are composed of glycerol ethers of polyisoprenoid hydrocar

bons and squalenes instead of glycerol esters of fatty acids [182,110]. 

Differences are also observed in the nucleotide pattern of the 16S rRNA 

[41], the base composition of tRNA [12,108], and the length of the genome 

[118]. Furthermore, methanogenic bacteria possess a set of coenzymes, that 

either are absent or only scarcely encountered In other micro-organisms 

[209]. Several of the mentioned characteristics are shared by the extremely 

halophilic bacteria like HalobacCerium, the thennoacldophiles like Thermo-

plasma, and the sulfate-dependent themophiles (e.g. Sulfolobus ). Prima

rily based on a comparative study of partial sequences of the 16S rRNA, 
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Uoese and associates reclassified these aberrant micro-organisms in the 

late 1970s into the separate primary kingdom of the Archaebacteria [206, 

42] . As mentioned, over 50 species have been isolated up to now, divided 

over three orders, HethanobacterLales, Hethanococcales and Methanomicro-

biales [5] . 

Unlike many other bacteria, methanogens are restricted to a relatively 

limited diet of substrates for growth (Table 1). Virtually all methanogens 

Table 1. Conversion reactions of methanogenlc substrates [200] 

Δ0
0
' (kJ/mol CH

4
) 

CO, + 4H2 > CH
4
 + 2H2O -130.4 

4HC00fl > CH
4
 + ЗСО, + ΣΗ,Ο -119.5 

4C0 + 2H
2
0 > CH

4
 + ЗСО2 -185.5 

CH3COOH > CH
4
 + CO, -32.5 

4CH3OH > ЗСНд + CO, + 2H2O -103 
4СНзШ

2
 + ΣΗ,Ο > 3CH

4
 + COj + 4NH3 -74 

2(СНз)
2
НН + гНоО > ЗСН

4
 + СО, + 2NH3 -74 

4(СНз)зИ + 6Н2О •> 9СН
4
 + ЗС02 + 4NH3 -74 

utilize Н2/СО2, whereas many species are able to use formate. Exceptions 

are Methanosphaera stadtmanae, which only grows on H2 and methanol [117], 

and certain obligately methylotrophic methanogens [112,131,164,93,219,165, 

183,129,69]. The rtethanosarcina species are metabolically the most diverse 

having the ability to utilize H2/CO2, acetate, methanol, methylamines, and 

CO. The main organism studied in this thesis is Mechanobacterium Chermo-

autotrophicum strain ΔΗ, a thermophilic chemolithoautotrophe, solely 

growing on H2/CO2 without the need of growth factors [214]. 

Biochemistry of methanogenesis 

In 1956 Barker presented a unifying scheme to account for methanogenesis 

from H2/CO2, formate, methanol or acetate. He hypothesized methanogenesis 

from these substrates to occur along a central metabolic pathway, at which 

the one-carbon unit, derived from the substrate, remained bound to specific 

carriers [9]. In the years following, an array of novel coenzymes with 

carrier function were demonstrated (Fig. 1). In the following section the 

consecutive steps of methanogenesis from H2 and CO2, and the cofactors 
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Fig. 1. C^-carriers involved in methanogenesis from H2 and COo. 
MFR, methanofuran; H^MPT, 5,6,7,8-tetrahydromethanopterin; HS-CoM, 
coenzyme M; HS-HTP, 7-mercaptoheptanoylthreonine phosphate. 

involved, will be discussed. As corrinoids and coenzyme F420 a r e of major 

Importance with respect to this thesis, these cofactors will be dealt with 

in separate sections. 

The first step of methanogenesis involves a cofactor, named methanofuran 

and previously designated as 'carbon dioxide reduction factor' (CDR-factor) 

(Fig. 2) [103,141]. The compound was thought to be specific for methano-

genic bacteria, until very recently an extremely thermophilic sulfate 

reducing bacterium Archaeoglobus fulgidus also appeared to contain methano

furan [119]. Isotope fractionation studies showed that methanogenesis 

starts from CO2, rather than НСОз' [44], and formyl-methanofuran was 

recognized as the first stable product of CO2 reduction [104]. By what 

mechanism reducing equivalents are provided, is not yet clear. 

The intermediate methanogenic steps, following the initial CO2 reduc

tion, require 5,6,7,8-tetrahydromethanoperin (H^MPT) as (^-carrier. H^MPT 

was first described in its oxidized form as methanopterln by Keltjens ec 

al. [80], and the structure was elucidated by Van Beelen et al. [186] (Fig. 
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2). Slightly different derivatives, called sarcinapterin and tatiopterin 

are found in methylotrophs and in Methanogenium species, respectively [187, 

137]. Sarcinapterin contains an additional L-glutamyl residue, whereas 

tatiopterin contains an additional glutamyl-aspartate and does not have the 

7-methyl group in the pterin moiety. Methanopterln is no longer unique to 

methanogens, since its presence was recently confirmed in A. fulgidus 

[119]. Methanopterln exhibits a structural resemblance with folic acid. 

Before the discovery of methanopterln, tetrahydrofolate was regarded as an 

attractive candidate as a C^-carrier in methanogenesis [167,207]. Such role 

was eroded by the fact that tetrahydrofolate-dependent enzyme activities 

were extremely low, and folic acid was almost absent in methanogens [40, 

102]. Tetrahydromethanopterin, however, emerged as the functional analog of 

folic acid, as the compound was found to act as C^-carrier at three 

oxidation levels [39]. 

The formyl group bound to methanofuran is transferred to H^MPT by a 

formyltransferase [31]. 5-Formyl-H^MPT is subsequently dehydrated by a 

cyclohydrolase, yielding S.lO-methenyl-H^MPT [30,28,81]. The cyclohydrolase 

enzyme has been purified from M. thermoautotrophicum and Hethanosarcina 

barkeri [28,177]. In the latter organism the cyclohydrolase reaction invol

ves 10-formyl-H^MPT instead of 5-formyl-H^MPT. The next two steps concern 

the hydrogen-dependent reduction of 5,10-methenyl-H^MPT via methylene-НдМРТ 

to 5-methyl-H^MPT, catalyzed by the 5,10-methylene-H^MPT dehydrogenase and 

5,10-methylene-H^MPT reductase, respectively. Both enzymes have been 

purified to apparent homogeneity and were found to require coenzyme F420
 a s 

electron donor [56,122,178]. The latter observation indicates that the 

coenzyme F^Q'dependent hydrogenase provides the reducing equivalents 

derived from H2. In contrast to its folic acid counterpart, the methylene 

reductase does not contain a flavin prosthetic group, or iron-sulfur 

clusters [178]. The reductase reaction may proceed in both directions, 

methylene reduction is, however, thermodynamically favored. 

The last H^MPT-dependent reaction in methanogenesis involves a methyl 

group transfer from 5-methyl-H4MPT to coenzyme M (HS-CoM), yielding H^MPT 

and methylcoenzyme M (CH3S-C0M). HS-CoM, whose structure is shown in Fig. 2 

[171], is still unique to methanogens. Carbon labeling experiments provided 

initial evidence that methyl transfer from H^MPT to HS-CoM actually occur

red [148]. A thorough examination of the methyl transfer reaction was 

hampered by the difficult acquisition of sufficient substrate (methyl-
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Rouvière and Wolfe [145]. 
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H^MPT). However, the use of formaldehyde as a source of methylene-H^MPT and 

methyl-H^MPT, overcame this problem. Formaldehyde reacts non-enzymatically 

with H4MPT, resulting in S.lO-methylene-H^MPT [39], which is subsequently 

reduced to 5-methyl-H^MPT. By use of this assay procedure the transfer of 

the methyl group could be elucidated, as outlined in Chapters 2 to 5 of 

this thesis. Several arguments, suggesting that a corrinoid-containing 

protein might be involved in methyl group transfer, will be discussed in a 

separate section. 

The terminal step in methanogenesis involves the reduction of methyl-

coenzyme H to methane and coenzyme M. Thermodynamical considerations reveal 

that the reduction of CH3S-C0M is the only step in methanogenesis, that 

allows the synthesis of ATP [82]. The methylcoenzyme M methylreductase 

reaction has been studied in detail (reviewed in refs. 35,203,209,82,200, 

59,145). The complete reaction, at the present state of the art, is written 

below: 

Al, A2, АЗа, АЗЬ, CH3S-C0M reductase 

CH3S-C0M + HS-HTP > CH
4
 + CoM-S-S-HTP 

FAD, ATP, Mg
2 + 

An important step forward in the elucidation of the methylreductase com

plex, was the identification of component В as W-7-mercaptoheptanoyl-O-

phosphothreonine (HS-HTP) (Fig. 2) [125,127]. The L-form of the compound 

was found to act as direct electron donor for the reduction of CH3S-C0M to 

methane [89,128,37,38], and the heterodisulfide of HS-HTP and HS-CoM (CoM-

S-S-HTP) was established as the product of this reaction [15,4]. A role for 

HS-HTP in methyl transfer (CH3S-HTP) or as activator (adenylylated HS-HTP) 

was ruled out [128,37,4]. Recent reports suggests that in vivo HS-HTP 

cooperates with a UDP-disaccharide [149,111,83]. HS-HTP is also tightly, 

but non-covalently bound to the methylreductase [126]. 

The CH3S-C0M reductase, the central protein in the reaction, has been 

purified from several methanogens and accounts for up to 12% of the 

cellular protein [35,121,57]. The 300 kDa oxygen-stable enzyme is a multi-

mer with a »2^2]f2
 su
bunit composition. The yellow enzyme contains 2 mol of 

a Ni-containing chromophore, factor F430 [36]. The unique structure of 

coenzyme F43Q has a uroporphinoid (type III) skeleton and is related to the 
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porphyrin and corrin ring systems [180,181]. The structure of coenzyme F^JQ 

is presented in Fig. 2 [132]. The central Ni-atom is redox active and it 

has been hypothesized that in order to activate the methylreductase the 

Ni(II) in the isolated, inactive enzyme has to be reduced to the Ni(I) 

state [1,72,2]. Many details of this "reductive activation" are as yet 

unclear. 

In addition to the methylreductase, at least four enzymatic fractions 

participate in the reductive demethylation of CH3S-C0M. Component Al is 

involved In the transfer of electrons from H2 to CoM-S-S-HTP [144], and 

this fraction also contains the coenzyme F^oQ'dependent hydrogenase [123]. 

This suggests that the latter enzyme apparently is involved in the regene

ration of HS-HTP. The enzyme uses FAD as a coenzyme [123]. In contrast, a 

soluble CoM-S-S-HTP reductase has recently been shown to copurify with the 

methylviologen-reduclng hydrogenase. Both enzymes are present in a 350-400 

kDa complex, and catalyze together the reduction of CoM-S-S-HTP [60,61]. 

Component A2 has been purified to homogeneity and represents a color

less, air-stable protein consisting of a single polypeptide with an average 

Mr of 55,000 Da [143]. The protein binds to N6-ATP-agarose and can be 

specifically eluted by ATP or ADP. This suggests that this enzyme might 

play a role in the activation of the methylreductase by ATP. This is in 

agreement with the observed shortening of the lag of CH3S-C0M reduction, 

upon addition of component A2 [143]. The role of ATP in the methylreductase 

system is apparently that of an activator. The compound is required only in 

catalytic amounts at the initiation of the reaction [54,201]. In the 

absence of ATP, the methylreductase system is unstable and exhibits a half-

life of less than 15 min [201]. In contrast, ATP-independent methylreduc

tase systems have been decribed as well [147,26]. However, these enzyme 

fractions contained membrane-vesicles, which suggests that the ATP depen

dence is a result of a disturbance of essential membrane processes. Mg2+ is 

required in concentrations up to 40 mM and may well function as a 

physiological effector [54,201]. 

Component A3 has recently been resolved into two fractions, i.e. A3a 

and A3b [146]. Component A3b contains the methylviologen-reduclng hydrogen

ase, and is supposed to provide electrons for the reductive activation of 

the methylreductase. Component A3a represents an air-labile, high molecular 

weight aggregate (Mr 500,000), composed of iron-sulfur proteins 

(ferredoxins). The compound is most likely involved in the transfer of 
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electrons from АЗЪ to coenzyme F43Q at the activation of the methylreduc-

tase. Component A2, together with ATP are supposed to lower the redox 

potential of the system, forcing the thermodynamic infavorable reduction of 

Ni(II) to Ni(I) in coenzyme F^Q. 

A particularly intriguing phenomenon, connected with the ultimate methyl-

reductase step and the primary CO2 reduction, is the RPG-effect, named 

after its discoverer R.P. Gunsalus [53]. The effect denotes the transient 

30-fold stimulation of the CO2 reduction by CH3S-C0M in cell-free extracts 

of H. thermoautotrophicum [53] and Methanobacterium bryantii [142]. Since 

the initial endergonic CO2 reduction does not require stoichiometric 

amounts of ATP, an intimate coupling with the final exergonic step was 

conceivable. Next to CH3S-C0M, several other methanogenlc C^-intermediates 

leading eventually to CH3S-C0M, were found to elicit a RPG-effect [82]. A 

second group of RPG effectors consists of compounds that, upon oxidation, 

provide low-potential electrons (pyruvate, a-ketoglutarate, oxaloacetate) 

[82]. Because the transient effect could be repeated several times upon 

addition of CH3S-C0M, a labile intermediate was suggested to be involved 

[142]. Only recently, CoM-S-S-HTP was shown to activate formyl-methanofuran 

synthesis and stimulate CO2 reduction to methane, indicating that the basis 

of the RPG-effect was the formation of CoM-S-S-HTP by the methyIreducíase 

reaction [16]. In addition, CoM-S-S-HTP could be replaced by the artificial 

low-potential electron donor, titanium(lll)citrate [17]. CoM-S-S-HTP was 

also found to be required for the H2-dependent reduction of the artificial 

low-potential electron acceptor, metronidazole. For these reasons, activa

tion of formyl-methanofuran (RPG-effect) by CoM-S-S-HTP is assumed to 

involve the activation of a low-potential electron carrier [17]. 

Coenzyme F^20 

Coenzyme F42O w a s initially recognized in cell extracts as a yellow, 

blue-green fluorescent compound, with an absorbance maximum at 420 nm [21]. 

The compound was found in all methanogens at levels ranging from 30 to 2000 

mg per kg of cell dry weight [34,50]. The structure of the coenzyme was 

elucidated in 197S and the chromophore was identified as 7,8-didemethyl-8-

hydroxy-5-deazariboflavin (Fig. 3) [33]. The number of glutamyl residues 

may vary from 2 to 5 for different methanogenlc species [185,51]. The 

carbon atom at position 5 of the ring prevents the molecule from acting as 
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Fig. 3. Structure of coenzyme F^20· ^390'^ and FßgQ-G according to 
Eirich et al. [33] and Hausinger et al. [58]. 

a semiquinone. Similar to nicotinamide cofactors, coenzyme F420 a c t s a s a 

2-electron (hydride) carrier [71]. The reported midpoint potential, EQ - -

340 mV, is consistent with the predominant role of coenzyme F420 a s central 

low-potential electron carrier [71,134]. A number of enzyme activities are 

coupled to the oxidation or reduction of coenzyme F420 viz. hydrogenase 

[70,184,73], formate dehydrogenase [74,150], NADP+ reductase [211,216], 

methylene-H^MPT dehydrogenase [56], methylene-H^MPT reductase [178], pyru

vate synthase and a-ketoglutarate synthase [216]. Hydrogenase, acting as 

shuttle between H2 and coenzyme F^o· ^s 0^ highest importance. Like most 

hydrogenases coenzyme F420*dependent hydrogenase contains iron-sulfur 

clusters and Ni [52,91]. The latter probably constitutes the binding site 

for H2 [196]. Coenzyme F^20"dePendent hydrogenases also contain a flavin 

moiety, either FMN or FAD, that may well mediate between the Fe-S clusters 

and coenzyme F420 [71,70,124]. 

Coenzyme F42O т а
У participate also in other types of metabolism. The 

compound prestjmably functions as the chromophore of the DNA photorepair 

system of H. thermoautotrophicum [85]. Another peculiar observation concerns 

the conversion of coenzyme F420
 t o

 chromophores with an absorbance maximum 

at 390 nm, when cells of H. thermoautotrophicum are exposed to O2 [153,58]. 

These chromophores have been identified as derivatives of coenzyme F420 ^
n 

20 



which AMP or GMP Is linked to the deazaflavln via the 8-OH position (Fig. 3) 

[58]. From studies on whole cells, exposed to different oxydation and 

reduction conditions, it was concluded that the conversion to F390 ^s 

reversible [86]. The Fj^Q-compounds are redox-active having a midpoint 

potential of -315 mV. However, they were reported not to be reduced by 

methanogenic hydrogenases [135]. The cellular role of F39Q is unknown, but 

it was assumed that it might act as 'alarmone', Inducing a metabolic 

shutdown in reaction to Oo exposure or other stresses. However, exposure to 

alternative stresses such as heavy metals, inhibitors of methanogenesis or 

chemicals were without effect; only O2 induced F39Q formation [136]. 

Therefore a protective role against Oo is plausible. For an as yet unknown 

reason, not all methanogenic species exhibit FjCfQ formation [136] . 

Several enzymatic reactions involving F39Q have been shown in cell-free 

extract of M. thermoautotrophicum, and will be discussed in Chapters 6 to 8 

of this thesis. 

Corrinoids 

Since the pioneering studies of Barker [10] and associates, methanogenic 

bacteria are known to contain considerable amounts of cobalt corrinoids, 

structurally related to vitamin B]^ [106,97,65,202,135,136]. In order to 

discuss their role in methanogens, a short general introduction to the 

corrinoids seems appropriate. 

The red cobalt complex vitamin B12 was first isolated, about 40 years 

ago, as the antlpemicious factor present in liver [139,105]. By 1956 it 

was structurally characterized as a porphyrin-like nucleotide-containing 

complex, in which the pyrroles are linked together by three methine bridges 

and one- direct bond [63]. This so-called corrln contains a cobalt atom 

coordinated to the nitrogen atoms of the pyrroles (Fig. 4). The base of the 

nucleotide may coordinate at the fifth position of cobalt and is called the 

a-ligand. In the Co state, a sixth coordination site is occupied by the 

so-called ß-llgand, e.g. CN" is the /3-ligand in vitamin Bj^. The various 

corrinoids Isolated over the years usually differ in their a-ligand (Fig. 4) 

[43,95]. The most abundant corrinold encountered in nature, the so-called 

cobalamln, contains a 5,6-diiiethylbenzimidazole as Its base [43]. Methano

gens do not contain cobalamins, but instead three other types of cobamides 

(base-containing corrinoids) have been found: factor III, pseudo vitamin 
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B^2 and 5-methylbenzimidazolyl-cobamide. Factor III contains 5-hydroxybenz-

imidazole as base and It is the prevalent cobamide type found in Methanobac-

teriales and Methanomicrobiales. Moreover, factor III seems to be restric

ted to the methanogens [201,135,96,170]. Pseudo vitamin Bj^i containing 

adenine as a base, is the predominant cobamide of the Mechanococcales, but 

it is also found in eubacteria [170]. S-methylbenzimidazolyl-cobamide was 

isolated from Wethanothrlx soehngenii, but it was present in non-methano-

gens as well [90]. Obviously cobamides of different structure occur in 

methanogens. These different cobamides may be involved in the same types of 

reactions described below. Whether the differences in base composition 

affect the respective reactions is not clear. Factor III, however, could be 

substituted by vitamin B]^ in M. thermoautotrophicum without affecting the 

growth rate [169]. 

Over the years several ß-ligands have been described (CN", ОН", H2O, 

NO2", SO3") [136,43]. Only two organometallic B·^ derivatives have been 

shown to perform a coenzyme function, viz. corrlnolds with a methyl group 

or a 5'-deoxyadenosyl-group as ß-ligand [43,29]. The latter derivative, 

also known as coenzyme B^2, serves as a cofactor in various enzymatic 
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reactions In which a hydrogen atom is interchanged with a substituent on an 

adjacent carbon atom [43,29]. The mechanism of these rearrangement reac

tions is generally believed to occur via a radical reaction, induced by the 

protein-bound coenzyme [55]. This type of B]^ mediated reactions has not 

been encountered as yet in methanogens and will therefore not be considered 

further. 

The methylcorrinoids are catalysts in biological methyl transfer reac

tions, both in bacterial and in mammalian metabolism [43]. The predominant 

cobamide-dependent reactions observed in methanogens also involve a methyl 

transfer. 

The best studied transmethylation in methanogens concerns the conversion 

of methanol to methane by M. barker! [190-194]. Originally, it was assumed 

that this conversion used methylcobalamin as a free intermediate, and that 

the latter compound was the substrate of the terminal step of methanogene-

sis. Methylcobalamin could serve as a precursor for methane in cell-free 

extracts, and methylcobalamin was enzymatically synthesized from 

cob(l)alamin and methanol [13,14]. Moreover, rt. barkeri contained copious 

amounts of the corrinoid Factor III, especially when grown on methanol 

[151]. However, by the discovery of coenzyme M as the terminal methyl-

carrier, a role for methylcobalamin became uncertain [159,160]. Neverthe

less, a role for a methylated enzyme-bound cobamide was unequivocally 

confirmed by resolution of the enzyme system which catalyzes the transfer 

of the methyl group of methanol to HS-CoM [190-194]. Two separate methyl-

transferases are involved: MT^ (methanol:5-hydroxybenzimidazolyl-cobamide 

methyltransferase) and MT2 (Co-methylcobamide:coenzyme M methyltransferase) 

[191,194]. In order to become active the cobamide-containing MT^ requires a 

reductive activation in which ATP, Mg^ and reduced ferredoxin are necessa

ry [190,193]. 

A comparable activation process has previously been described for methio

nine synthesis in pro- and eucaryotes [176]. This reaction also performs a 

transmethylation to a thiol (homocysteine); the methyl group, however, is 

derived from 5-methyltetrahydrofollc acid (5-methyl-H^folate). Before 

methyl group transfer occurs, the inactive enzyme should be primed by a 

reductive methylation by S-adenosylmethionine (SAM) [174]. The cobalt atom 

present in the corrinoid may exist in three valence states i.e. +3 (Bl2a)' 

+2 (Bi2r) · arw* +1 (B12s) [*3]. The enzyme is active only, when the 

corrinoid is in the reduced B^s (Co+1) state. Reduced flavins (FMNH2) 
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have the potential (EQ'- -200 mV) to reduce B^a to Bj^r (
E
0 "

 2 4 2 m V
) · 

but not B^2r
 t o B

12s ^ 0 " "556 mV). SAM, however, contains a highly-

reactive methyl group, and may therefore be capable to methylate some ^i2s 

species present in trace amounts [176]. Methyl-B·^. thus obtained, trans

fers its methyl group to homocysteine, yielding methionine and B^2
S
·

 B
12s 

now becomes methylated by 5-methyl-Ндfolate and methionine synthesis 

proceeds. The catalysis of the methyl group transfer presumably involves 

two nucleophilic displacement reactions, formally involving the transfer of 

the methyl group as a CH-j-cation [94] . Corrinoid cobalt complexes are 

particularly suitable for such a role, since the B^s species is both a 

strong nucleophile and also a good leaving group [154]. In fact, transmethy

lation involves two forms of enzyme-bound cobalamin: methyl-B·]^ and Bi2s· 

Because of its ease of oxidation, the latter is lost from the catalytic 

cycle after about 500 turnovers on the average, and the inactive B·^ 

protein must be reprimed by SAM [176]. SAM is synthesized from ATP and 

methionine, which explains the requirement for ATP and Mg in methionine 

synthesis in former publications [175]. Inhibition of methionine synthesis 

by propyl iodide results from a removal of B^og from the catalytic cycle as 

a result of propyl-B]^ formation [176]. Propyl-Bj^
 т а
У be photolyzed with 

light, relieving the inhibition of methionine synthesis. Methionine synthe

sis is also inactivated by nitrous oxide (N2O) [25]. This otherwise inert 

gas specifically reacts with Bj^s (Co ), yielding inactive Bj^r (
Co
 )

 o r 

B
12a <

C o 3 +
)

 f o r m s
 t

7
!· 

The reductive activation of MT^ in Ms. barker! might follow a similar 
Οι 

mechanism, ATP and Mg could, however not be substituted by SAM or its 

structural analogon S-adenosyl-methylcoenzyme M (unpublished results). 

Therefore, the exact role of ATP remains unclear. Moreover, for some 

unknown reason MT^ is also not inhibited by propyl iodide in the dark 

[160]. 

A second type of corrinoid catalyzed transmethylations in methanogens 

concerns the synthesis of acetyl-CoA. Methanogens utilize the only recently 

unraveled acetyl-CoA pathway for autotrophic growth [45]. This pathway, 

also used by acetogens and sulfate reducers, involves the de novo synthesis 

of acetyl-CoA from two molecules of CO2 (for reviews see 46,61,210,107). In 

the synthesis the methyl group of acetyl-CoA results from CO2 reduction via 

the methanogenic route. The carbonyl group, derived from CO2, is produced 

by the action of CO dehydrogenase. Besides the reduction of C02, this 
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enzyme also perforas the condensation of the methyl moiety, the carbonyl 

moiety and CoA to acetyl-CoA [46]. During methanogenesis on acetate by 

Hethanosarcina or Methanothrix, a reverse acetyl-CoA pathway operates [27]; 

methane and CO2 are almost exclusively derived from the methyl and carboxyl 

group of acetate, respectively [133,162]. The actual cleavage of acetate Is 

proposed to be catalyzed by CO dehydrogenase [98]. A corrlnold enzyme Is 

presumably Involved as Intermediate between S-methyl-H^MPT and CO dehydro

genase, both In synthesis and cleavage of acetate. Initial evidence for 

such a role stems from the inhibition of growth of H. thermoaucocrophicum 

and /Í. barker! by propyl Iodide or methyl Iodide [64,32]. A soluble protein 

fraction, capable of acetyl-CoA synthesis from methyl-H^MPT, CO and CoA, 

was isolated from H. thenooautotrophiucm, and it contained both CO dehydro

genase and corrinoids [100]. Likewise, the acetoclastic Hethanosarcina 

thermophila was found to harbour an enzyme complex, that exhibited CO 

dehydrogenase activity and also contained a corrinoid [179]. Firm evidence 

for the involvement of cobamides in the acetoclastic reaction was obtained 

through the extraction of methylated cobamides from cofactor-free extracts, 

when supplemented with acetyl phosphate or acetyl-CoA [197]. In agreement 

with methyl group transfer In the clostridial acetyl-CoA pathway, suscepti

bility to alkylhalides suggests that reduction of the cobalt to Co is 

again a prerequisite for methyl group transfer. ATP-Independent acetyl-CoA 

synthesis, observed in H. thermoautotrophicum [100], can be explained by 

the presence of CO and CO dehydrogenase, that may serve as an alternative 

reducing system for the activation of the corrinoid prosthetic group 

[67,138]. 

Another step In the process of methanogenesis emerged as a very likely 

site for the involvement of a corrinoid, viz. the transfer of the methyl 

group from S-methyl-H^MPT to HS-CoM. The analogy with methionine synthesis, 

already partly encountered in methanol conversion and the acetyl-CoA path

way, Is now complete: a methyltetrahydropterln transferring its methyl 

moiety to a thiol compound. The presence of a Co-methylcobalamin: HS-CoM 

methyltransferase activity in M. thermoautotrophicum and M. bryantii suppor

ted this idea [195,172]. Experimental evidence for the proposed corrinoid-

dependent transmethylation was acquired in recent years and is presented in 

Chapters 2 to S of this thesis. 

In addition to a role as methyl-carrier, cobamides were recently propo

sed to be involved in electron transfer reactions [155,23,156]. Various 
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methanogenic species, differing in e.g. cell carbon precursor or methane 

precursor, were all shown to contain a relatively constant amount of 

сobamides in the membrane fraction, whereas the amount of soluble cobamides 

varied [23]. Since the only common metabolic reaction in these species 

appeared to be CH3S-C0M reduction, the corrinoid-membrane protein was 

postulated to have a function in this energy conserving step. In line with 

these findings, reduced vitamin B-^ had been shown to be an efficient 

electron donor for an in vitro methylreductase system [3]. The cobalt atom 

in corrlnolds may undergo a reversible redox change (Co /Co /Co•
ί+
), and 

this feature was confirmed specifically for the corrinoid membrane protein 

by EPR spectroscopy [156]. These results suggested the authors [155,23,156] 

that a protein-bound corrinoid might function as electron carrier, analo

gously to e.g. integral membrane cytochromes in other organisms. 

Finally, corrlnolds have been shown to play a rather enigmatic role in 

in vitro methanogenesls. On one hand, small amounts of corrlnolds appeared 

to stimulate the methylreductase system three- to fivefold [204]. On the 

other hand, corrlnolds inhibited CO2 reduction as well as ATP activation of 

the methylreductase [205]. Remarkably, activation and inhibition phenomena 

were similar in their affinities and specificities for corrins [205]. 

Furthermore, the process of CO2 reduction and CH3S-C0M reduction are 

interlinked by the so-called RPG-effect. Therefore, the multiple effects of 

corrlnolds probably result from action at a single site. However, whether 

any or all of these effects are of physiological importance remains 

uncertain. 

Oxygen sensitivity 

Methanogenic bacteria grow only when cultivated under strictly anaerobic 

conditions in media with a redox potential below -330 mV [161,212]. This 

has given rise to the belief, held by most microbiologists, that this group 

of archaebacterla is extremely susceptible to O2. The degree of anaerobio-

sis of some of the habitats, however, has been questioned. In the rumen, 

entry of O2 must occur together with food, saliva or through the blood 

supply [22]. Indeed, O2 has been detected in rumen gas [113] and liquid 

phase [157]. Methanogenesls was found to be inhibited by low levels of 

dissolved O2 in rumen liquor (< 0.25μΜ), but was completely restored upon 

oxygen removal [158]. Studies on the O2 tolerance of pure cultures showed a 
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broad range of death rates, varying from 3 to 30 h [130,84]. These 

differences could be due to differences In the mechanisms by which anaero

bes cope with O2 [99] or it could reflect quantitative differences in their 

ability to scavenge O2 [120]. Nevertheless, contrary to the general 

believe, at least certain species of methanogens may survive exposure to O2 

for short periods of time, and presumably these organisms have developed 

certain mechanisms to overcome these periods. 

Protection against O2 may occur by formation of cell aggregates, as was 

demonstrated for rt. barker! [218]. However, individual cells must have 

developed other mechanisms. The enzymes catalase and superoxide dismutase 

are considered as key enzymes in On protection. Generation of superoxide by 

methanogens under conditions of Oy exposure has been described [8], and 

superoxide dismutase has indeed been detected in representatives of the 

Methanomicrobiales and Methanobacteriales [87,88]. Differences in growth 

phase, during O2 exposure, may influence O2 sensitivity [120]. For instance, 

actively metabolizing cells of H. bryantii were relatively resistant to 

inhibition by 0
2
 [140]. 

On the molecular level several effects, elicited by O2, have been 

observed. An interesting phenomenon is this respect, is the 02-induced 

conversion of coenzyme F420
 t 0 a n

 adenylylated derivative, factor 390 [153, 

58,86,48]. As outlined in a previous section, this effect is observed only 

upon O2 exposure. When anaeroblosls has been restored, F390 is reconverted 

to coenzyme F420·
 a n c i

 thereafter methanogenesis continues. ^390 formation 

may simply be an artifact, but an unique mechanism to overcome periods of 

O2 stress is conceivable. 

Tetrahydromethanopterln (НдМРТ) becomes oxidized to methanopterln, when 

cells are exposed to O2, irrespective of the physiological condition of the 

cells [86]. The amount of methanopterln decreases again, after normal 

anoxic growth conditions are restored. Conversion to methanopterln may 

prevent harmful degradation of H^MPT in the presence of O2. 

O2 has also been reported to influence certain transport systems across 

the cytoplasmic membrane. For instance, the energy-dependent uptake of 

coenzyme M by H. bryantii is 02-sensitive [6]. ATP-dependent uptake of 

acetate by H. hungatel is also fully inhibited by O2 [166]. In H. 

thermoautotrophicum air-treatment causes a 100% elimination of the membrane 

potential [20]. Furthermore, Roberten and Wolfe reported a decline in 

cellular ATP content under oxidative conditions [140]. 
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Finally, the presence of O2 or oxidative conditions will cause the 

methylreductase and corrinoid-containing methyltransferase to inactivate by 

the oxidation of the central nickel and cobalt atoms as described in the 

previous sections. In the broadest sense, mechanisms involved in the 

reduction of these metal atoms and concomitant reactivation of the enzymes 

then also may be considered as an O2-defense system. 
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Outline of this thesis 

One of the major hiatus In the understanding of the process of methano

genesls concerns the transfer of the methyl group from methyl-H^MPT to 

coenzyme M. From analogous reactions, using methyl-H^folate or methanol as 

methyl donor, It was assumed that a corrlnold-contalnlng enzyme would 

probably participate. Chapter 2 of this thesis provides Initial experimen

tal evidence that Indeed a methylated corrlnold Is formed under conditions 

that allow methyltransferase activity. Transfer of the methyl group appears 

to Involve an activation process, requiring catalytic amounts of ATP. The 

nature of this activation process Is refined In Chapter 3. The experiments 

described here reveal that activation of the methyltransferase Involves a 

lowering of the redox potential, i.e. the formation of an active Bj^s 

(Co ) species. In addition to ATP and reducing equivalents, methyltrans

ferase activity is shown to be markedly stimulated by CoM-S-S-HTP, the 

product of the terminal step of methanogenesls (Chapter 4). Activation and 

inactivation characteristics appear to follow a general activation mecha

nism, that also applies to the initial CO2 reduction step. Chapter 5 

describes the isolation and purification of the methyl-H^MPT: 5-hydroxybenz-

imidazolyl-cobamide methyltransferase. Hethylation of the purified corrln

old enzyme by methyl-H^MPT unequivocally proves its participation in 

methanogenesls. 

The second part of this thesis deals with the phenomenon of F390 

formation. Several papers have reported on the O2-dependent conversion of 

coenzyme F420
 ,:o F

390 ^
n
 "hole cells of H. thermoautotrophlcum. Optimal 

conditions for F390 formation in cell-free extracts of the organism are 

presented in Chapter 6. Under the appropriate conditions, F390
 ш а
У also be 

reduced to F390H2
 o r

 hydrolyzed to coenzyme F42O (Chapter 7). Chapter β 

describes the partial purification of the Fß^Q-synthetase and F39Q-hydro

lase from cell-free extract of H. thennoautotrophicum. 

Finally, in Chapter 9 certain aspects of the preceding chapters are 

discussed. 
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ABSTRACT 

The conversion of formaldehyde and coenzyme M to methylcoenzyme M (CH3S-

CoM) by cell-free extracts of WethanobacCerium thermoautotrophicum requires 

the presence of catalytic amounts of ATP. Oxygen Inactivates the reaction 

system, but activity can be restored by pretreatment with H2. These effects 

are directed towards the methyl-5,6,7,8-tetrahydromethanopterln: coenzyme M 

methyltransferase. In the reaction mixtures the Intermediary formation of 

Co-methyl-5-hydroxybenzlmldazolyl-cobamlde could be detected. The results 

suggest the presence of a corrinold-containing methyltransferase, whose 

role In the process of methanogenesls and acetyl-CoA synthesis is 

discussed. 

INTRODUCTION 

In the process of methanogenesls from Hn and CO2 by HethanobacCerium 

thermoautotrophicum 5,6,7,8-tetrahydromethanopterln (H^MPT) functions as a 

carrier of 1-carbon units at the formyl, formaldehyde and methyl levels of 

reduction 14,22]. Methyltransferase activity in vesicle preparations of H. 

thermoautotrophicum has recently been described [12], but no detailed 

studies have been made on the enzymic mechanism of the reaction. 

A methylcobalamln: HS-СоИ methyltransferase has been purified from Hetha-

nobacterium bryantii [14 ]and Hethanosarclna barkeri [17]. In addition, the 

presence of the enzyme was demonstrated in Methanobacterium fomúcícum [18] 

and in H. thermoautotrophicum (unpublished results in [18]). Methylated 

corrlnolds were originally considered to function as the methyl donor in 

the process of methanogenesls by Methanobacterium, but that role as such 

was eroded by the discovery of HS-CoM [14]. Hence, the possible function of 

the methyltransferase has remained puzzling. 

In this paper it is shown that in M. thermoautotrophicum an oxygen-

sensitive methyl-H^MPT: HS-CoM methyltransferase is present, which requires 

reductive preactivation and ATP for full activity. In addition, the inter

mediary formation of methyl-B^HBI was demonstrated. The results suggest 

that the reaction proceeds in a way analogously to the conversion of 

methanol to CH3S-C0M, c.q. by the action of a corrinold-containing, methyl-

accepting enzyme. 
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MATERIALS AND METHODS 

Materials 

2-Mercaptoethanesulfonic acid (HS-CoM) and formaldehyde were purchased 

from Merck-Schuchardt A.G. (Darmstadt, FRG), 2-bromoethanesulfonate (BES) 

was from Aldrich (Beerse, Belgium) and ATP was from Boehringer (Mannheim, 

FRG). Gases were obtained from Hoek-Loos (Schiedam, the Netherlands). To 

remove traces of oxygen gases were passed over a catalyst: BASF RO-20 at 

room temperature was used for ̂ -containing gases and prereduced BASF R3-11 

at 150°С in all other instances. The catalysts were a gift of BASF 

Aktiengesellschaft (Ludwigshafen, FRG). 

Organism 

Procedures for maintenance, mass-culturing, harvesting and storage of H. 

thermoautotrophicum strain ΔΗ (DSM 1053) have been described previously 

[16]. Cell-free extracts were prepared as described before [16], except 

that TES/K
+
 buffer (100 mM, pH 7.0) was used. 

Enzyme assay 

The conversion of HS-CoM and formaldehyde was assayed in crude extract. 

The reaction was performed anaerobically in crimp-sealed 10-ml serum vials. 

A typical incubation mixture contained 100 mM TES/K
+
 buffer (pH 7.0), 2 mM 

ATP, 11 mM MgClj. 5 mM formaldehyde, 5 mM HS-CoM, 0.25 mM BES, 50 μΐ cell-

free extract (1.2 mg protein) which had been preincubated under H2 atmo

sphere for 30 min at 60
o
C, in a total volume of 200 μΐ. The gas phase was 

100% H2 and the reaction was started by incubation at 60
o
C. At various 

intervals a vial was put on ice and the amounts of HS-CoM and formaldehyde 

were determined. 

HS-CoM was measured spectrophotometrlcally at 412 nm after reaction with 

2,2'-dinitro-5,5'-dithiobenzolc acid (DNTB) [ 3 ] . Formaldehyde was deter

mined spectrophotometrlcally at 412 nm after reaction for 5 min at 60
o
C 

with 20 mM acetylacetone in 2 M ammonium acetate buffer (pH 6.0) [11]. 
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Analysis of corrineids 

The formation of methylated corrinoids was analyzed by high-performance 

liquid chromatography (HPLC). Samples for HFLC analysis of corrinoids were 

prepared by heating the reaction mixture to which 800 μΐ ethanol were added 

in the dark for 15 min at 80
o
C. Protein was removed by centrifugation and 

the supernatant was evaporated to dryness in the dark by flash evaporation. 

The residue was dissolved in 200 μΐ distilled water and used for HPLC 

analysis. HPLC analysis was performed as described previously [19] with a 

reversed-phase system using a 5 μπι Polygosyl (Machery-Nagel, Düren, FRG) 

column (0.4 χ 12.5 cm). A linear gradient of 10 to 50% methanol in 25 ml·! 

potassium acetate buffer (pH 6.0) was applied for 10 min and elution was 

continued with 50% methanol in the same buffer. Corrinoids were detected at 

550 nm. The Co-methyl derivative of 5-hydroxybenzimidazolylcobamide 

(methyl-Bj^HBI) was prepared by incubation of cell-free extract of M. 

barker! with methanol and ATP [19] . 

Protein determination 

Protein was measured with the Coomassie brilliant blue G-250 method [13] 

using bovine serum albumin as a standard. 

RESULTS 

Conversion of formaldehyde to methylcoenzyme M 

Formaldehyde has been shown to react non-enzymatically with H^MPT to 

produce methylene-H^MPT [ 5 , 8 ] . To study the methyltransferase involved in 

the formation of CH3S-C0M from methyl-НдМРТ we used the conversion of 

formaldehyde and HS-CoH under Ho atmosphere as a routine assay. In these 

experiments BES was added in order to inhibit to formation of CH^ from 

CHjS-CoH. Under the appropriate conditions the reaction proceeded towards 

completion and formaldehyde decrease parallelled the decrease in HS-CoM 

(Fig. 1). The product formed was CH3S-C0M as determined by isotachophoresis 

[ 6] (not shown). 
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Flg. 1. Effect of oxygen and subsequent reactivation under Ho 
atmosphere on formaldehyde ( Δ , Ο , Ο ) and HS-CoM (A, ·,•) conver
sion. The reaction was followed under a Hn atmosphere as described 
in Materials and Methods, in the presence of untreated extract 
(Δ, A ) ; extract exposed to 500 ppm O2 for 15 min prior to the 
reaction ( 0 , · ) ; and extract that, after exposure to On, was 
incubated under 100% H2 for 30 min at 60° С (О , • ) . 

Effect of preactivation under #2 atmosphere 

It appeared that the formaldehyde- and HS-CoM-converting activity varied 

considerably between different preparations of cell-free extracts and even 

between different, separately stored samples of the same batch sizeable 

variations in specific activities existed. However, about the same maximal 

activity was obtained, when cell-free extracts were pretreated for 30 min 

at 60
o
C under H2 atmosphere. 

The differences in activity presumably reflect the anoxic conditions 

that were maintained during the preparation and storage of cell-free 

extract. A 2-fold decrease in activity was observed when cell-free extract 

was brought in contact with 500 ppm O2 for 15 min (Fig. 1). Removal of O2 

and pretreatment with 100% H2 (30 min and 60
o
C) not only restored but even 

increased the activity. In addition, the experiment indicates that the 

processes of inactivation and activation are reversible. 
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Flg. 2. Effect of ATP on the conversion of HS-CoM. The reaction was 
performed in the absence (D) or presence of 0.5 mH ( O ) , 1.0 mM 
( Δ ) , 5.0 mM (V) and 10.0 mM (•) ATP and extract that was 
preincubated for 30 min at 60° С under Ho atmosphere. The slight 
production of HS-CoM observed in the absence of ATP is probably 
caused by reduction of (S-CoM)2 present in the extract. 

АГР requirement in the formaldehyde- and HS-CoM conversion 

Conversion of formaldehyde and HS-CoM was strictly dependent on ATP 

(Fig. 2). Full activity was found, when the reaction mixture contained 1 mM 

ATP, though the reaction proceeded towards completion but at a slower rate 

when less ATP was added. From the data in Fig. 2 it can be calculated that 

in the presence of 100 nmol ATP 900 nmol HS-CoM were converted indicating 

that ATP is required only in catalytic amounts. This requirement for ATP is 

an overestimate since a major part is hydrolyzed in the cell-free extract 

(data not shown) and not used In the reaction investigated here. 

When ATP was included during the H2-dependent preactivation phase, only 

a decreased activity was found, but activity was restored upon addition of 
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extra ATP at the start of the reaction (Fig. 3). During the preactivation 

ATP was almost completely hydrolyzed, notably to AMP (data not shown) and 

thus was not accessible during the reaction. 

0 10 20 30 10 50 60 

Timelmin) 

Fig. 3. Effect of preincubation of cell-free extract with ATP on 
HS-CoM conversion. Cell-free extract was preincubated for 30 min at 
60° С under H2 atmosphere in the presence (BandA) or absence ( O ) 
of ATP (2 mM). At the start of the assay no further ATP ( • ) and 2 
mM ATP (OandA) was added. 

Formation of methyl-В^ЯЯ-Г during the conversion of formaldehyde 

The strong similarities in the conditions for activity between the 

methanol-converting and the formaldehyde-converting system of H. barkeri 

[17-21] and M. thermoautotrophicum, respectively, prompted us to investigate 

the potential involvement of a corrinoid-containing enzyme in the latter 

reaction. In order to test this hypothesis corrinoids were extracted from 

the reaction mixtures and aliquots of the samples were subjected to HPLC 

analysis. 

Methyl-Bj^HBI
 w a s

 virtually absent in reaction mixtures lacking formalde

hyde and ATP (Fig. 4A). Incubation of cell-free extract and ATP under H2 
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atmosphere yielded 2 not further identified cobalamln derivatives and 

almost no methyl-B^HBI (Fig. 4B) . However, when both ATP and formaldehyde 

were present the latter compound was the main cobalamln to be extracted 

(Fig. 4C), although Diethyl-B-^HBI was also formed in the absence of ATP 

(not shown). When excess HS-CoM was included in the reaction mixture 

containing ATP and formaldehyde, almost no methyl-B-^HBI could be extracted 

(Fig. 4D) suggesting that the corrinoid became demethylated to produce 

CH3S-C0M. 
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Fig. 4. HPLC analysis of corrinoids. Reaction mixtures (200 μΐ) con
tained 100 шМ TES/K

+
 buffer (pH 7.0), 0.25 mM BES, 11 mM MgClj and 

100 μΐ cell-free extract preincubated for 1 h under Ho at 60 С and 
were incubated under H2 for 15 min at 60° C. (A) No further 
additions; (B) plus 400 nmol ATP; (C) plus 400 nmol ATP and 1000 
nmol formaldehyde and (D) plus 400 nmol ATP, 1000 nmol formaldehyde 
and 2000 nmol HS-CoM. Extraction and analysis were performed as 
described under Materials and Methods. The peak at 12.82 min (—>) 
is methyl-Bj^HBI; the peaks at 6.37 min and 10.98 (B) are 2 unknown 
Bin derivatives; the peak at 9.98 min was identified as FAD. 
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DISCUSSION 

The conversion of formaldehyde to CH3S-C0M under a H2 atmosphere Invol

ves the non-enzymatic binding to H^MPT, yielding methylene-H^MPT, the 

reduction of the latter compound to methyl-H^MPT and subsequently the 

methyl group transfer to HS-CoM. The reduction of methylene-H^MPT under a 

H2 atmosphere, catalyzed by proteins present in the supernatant of 70% 

(NH^^SO^-treated cell-free extract [ 8 ], does not require an ATP-dependent 

reductive activation (data not shown). Consequently, the effect of ATP and 

the H2-dependent pre-activation is exerted on the methyltransferase step. 

By HPLC analysis the intermediary formation of methyl-B^HBI from formalde

hyde was demonstrated. It is not conceivable that methylene-H^MPT reductase 

is a corrinoid protein: the analogous tetrahydrofolate-dependent enzymes 

isolated from various sources are flavoproteins [1,2,9]. The methyl group 

transfer from methyl-H^MPT to HS-CoM has an analogy in the methyl-tetrahy-

drofolate: homocysteine methyltransferase (methionine synthetase) reaction 

of pro- and eucaryotes [15]; methionine synthetase is a corrinoid protein 

and it requires a reductive ATP-dependent activation [15]. These considera

tions strongly suggest the presence of a Bj^HBI-containing methyltrans

ferase in M. thermoautotrophicum. The presence of such an enzyme would give 

2[H] 
1 

CH3OH ь-

Fig. 5. Role of H^MPT in the intermediary steps of methanogenesis 
( ) in Λ. thermoautotrophicum and methanol conversion to CH3S-
CoM ( ) in H. barkeri. 
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a rationale for the previously reported presence of methylcobalamin: HS-CoM 

methyltransferase in Methanobacterium [14,18] • By the concerted action of 

both enzymes the methyl-group of methyl-H^MPT is transferred to HS-CoM in a 

way analogously to the methanol: HS-CoM methyltransferase system of H. 

barkeri (Fig. 5)[17, 19-21]. The methyl-H4MPT: HS-CoM methyltransferase reac

tion was recently described for a membraneous fraction of M. thermo-

autotrophicum [12]. The oxygen-sensitive reaction proceeded in the absence 

of ATP and no mention was made that pretreatment under H2 stimulated 

activity. However, the reaction mixtures contained titanium(III)citrate as 

a strong artificial reducing agent. It is of interest to note that in our 

system titanium(III)citrate could substitute for ATP (data not shown). 

Here we propose that a BjoHBI-containing methyltransferase is involved 

In M. thermoautotrophicuni in the formation of CH3S-C0M from CH3-H4MPT. In 

W. thermoautotrophicLun the methyl moiety of acetyl-CoA is produced via 

H4MPT derivatives [10]. Since corrlnolds also have been suggested to play a 

role in acetyl-CoA synthesis [ 7 ] It is quite well conceivable that the 

branching point of methanogenesls and acetyl-CoA formation lies at the 

level of a B^HBI-containing methyltransferase. 
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ABSTRACT 

The enzymatic conversion of formaldehyde to CH3S-C0M In crude extracts 

of Methanobacterium thermoautotrophicum was used as a means to Investigate 

the methyl-tetrahydromethanopterln: HS-CoM methyltransferase reaction. All 

components necessary for formaldehyde conversion were shown to be present 

In a soluble protein fraction. This soluble cell fraction still contained a 

major amount of corrlnolds. Apart from tetrahydromethanopterln no other 

soluble cofactors were required for formaldehyde conversion. The dependence 

of the system on catalytic amounts of ATF was shown to be specific. Several 

nucleoside triphosphates or ASP were unable to substitute for ATF. Remark

ably, various strong reducing systems, especially titanium(III)citrate 

could replace ATP to a large extent. The ATP-dependent formaldehyde 

conversion to CH3S-C0M was inhibited in the presence of nitrous oxide, 

detergents or 2'3'-dialdehyde-ATP. The results support a role for a 

corrinold protein in the methyl-tetrahydromethanopterin: HS-CoM methyltrans

ferase reaction at which ATF is involved in the activation of this 

protein, probably in the conversion of inactive Bj^a or B^2
r
 to active 

B
12s· 

ABBREVIATIONS 

HS-CoM, Coenzyme M, 2-mercaptoethanesulfonate; CH3S-C0M, methyl-coenzyme M, 

2-(methylthio)ethanesulfonate; H^MPT, 5,6,7,8-tetrahydromethanopterln; BES, 

2-bromoethanesulfonate; ВСЕ, boiled cell-free extract; DTT, dithiothreitol; 

TCS, 3,3',4,5'-tetrachlorosallcylanllide; DNTB, 2,2'-dinitro-5,5'-dithioben-

zoic acid; TES, N-tris(hydroxymethyl)methyl-2-aminoethanesulfonate; HEFES, 

N-2-hydroxyethylplperazine-N'-2-ethanesulfonic acid; PIPES, piperazine-

N,N'-bls[2-ethanesulfonic acid]; AMP-PNP, 5'-adenylylimidophosphate. 

INTRODUCTION 

During methanogenesis from H2 and CO2 the C^-unit remains bound to a 

number of unique low-molecular weight carriers. At the methyl level of 

oxidation two Cj-carriers have been described, viz. 5,6,7,8-tetrahydro-
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nethanopterin (H^MPT) and coenzyme M (HS-CoM) [9,15,33]. Prior to reduction 

to methane the methyl group must be transferred from methyl-НдМРТ to HS-

CoM. The methyl-H^MPT: HS-CoM methyltransferase activity (methyltrans-

ferase) was first described for Methanobacteriuni thermoautotrophicum by 

Sauer [20]. It was reported that methyl group transfer was catalyzed by a 

protein complex present in a vesicle fraction. Recently, evidence has been 

presented by us that a corrinoid enzyme may be involved in the transfer of 

the methyl moiety [18] and a role was defined for the previously demonstra

ted methyl-B]^: HS-CoM methyltransferase of non-methylotrophic methanogens 

[28,32]. 

Furthermore, a catalytic amount of ATP was shown to be necessary for 

methyltransferase activity in crude extracts [18]. An ATP requirement has 

also been described for two other reactions in methanogenesis, viz. methyl-

coenzyme M (CH3S-C0M) reduction [11,34] and methyl transfer from methanol 

and trimethylamine to HS-CoM in Wethanosarcina barker! [17,26]. The precise 

role of ATP in both systems is still unclear. ATP is most probably involved 

in the initial activation of the enzymes and is no longer needed during the 

progress of the reactions [11,17,26,34]. For the CH3S-C0M reduction it was 

suggested that ATP activates the enzyme system by modifying an enzyme or 

enzyme-bound cofactor [34]. 

The function of ATP in the methyl-H^MPT: HS-CoM methyltransferase is 

even less documented. This study characterizes the methyltransferase system 

of M. thermoautotrophicum further especially with respect to the role of 

ATP. Evidence for the involvement of a reductive activation process is 

presented. Furthermore the results support the role of a corrinoid in the 

transfer of the methyl moiety from methyl-H^MPT to HS-CoM. 

MATERIALS AND METHODS 

Materials 

HS-CoM, AMP-PNP, BES, HEPES, PIPES, TES and phosphodiesterase (type IV) 

were purchased from Sigma Chemical Co. (St. Louis, USA). Formaldehyde, 

sodium desoxycholate, propyl iodide and methyl iodide were purchased from 

Merck-Schuchardt A.G. (Darmstadt, FRG). CH3S-C0M was prepared by methy-

lation of HS-CoM with dimethylsulfate ; the preparation was pure as judged 
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by Isotachophoresls, TLC and
 i
H-NMR. H^MPT was purified as described by 

Keltjens et al. [13]. Titanlum(III)citrate was prepared from tita-

nlum(III)chlorlde and sodium citrate as described by Zehnder and Wuhrmann 

[37]. All nucleoside phosphates (ATP, ADP, AMP, GTP, UTP, ITP) and acid 

phosphatase were purchased from Boehrlnger GmbH (Mannheim, FRG). 2',3'-

Dlaldehyde-ATP and 2',3'-dialdehyde-adenosine were synthesized by periodate 

oxidation of ATP and adenosine, respectively, as described by Easterbrook-

Smith et al. [7]. TCS was obtained from Eastman Kodak Co. (Rochester, USA). 

Triton X-100 was obtained from C. Roth Chemische Fabrik (Karlsruhe, FRG). 

Preparation of extracts 

Procedures for maintenance, mass-cuituring, harvesting and storage of 

MethanobacCerium thermoautotrophicum strain ΔΗ (DSM 1053) have been descri

bed previously [30]. Cell-free extracts were prepared by French pressure 

cell treatment as described before [30] except that TES/K
+
 buffer (50 mM, 

pH 7.0) was used. 

Sephadex G-25 treated extracts were prepared from Mn treated crude 

extract. МпСІ2 (50 mM) was added to the crude extract to precipitate 

nucleic acids. A sample (15 ml) of extract was passed anoxically through a 

Sephadex G-25 (coarse) column (90x2 cm) equilibrated and eluted with 20 mM 

TES/K
+
 buffer (pH 7.0) containing 1 mM DTT, 10 mM MgClj and 500 mM KCl. 

Fractions containing protein were pooled and stored at -20
o
C under H2 

until used. 

Boiled cell extract (ВСЕ) was prepared by boiling a cell suspension (50% 

wet cells w/v) in TES/K
+
 buffer (50 mM, pH 7.0, containing 1 mM DTT) for 45 

min under a H2 atmosphere. The extract was subsequently clarified by 

centrifugation for 45 min at 27,000xg. 

Protein was determined with the Coomassie Brilliant Blue G-250 method 

[24] using bovine serum albumin as a standard. 

Fractionation of crude extract and extraction of cobamldes 

Crude extract (3 ml) was anoxically centrifuged at 140,000xg for 60 min 

at 4
0
C. As a washing procedure the 140,000xg pellet was resuspended in 3 ml 

100 mM TES/K
+
 buffer (pH 7.0) and the centrifugation step was repeated. The 

latter supernatant was discarded and the pellet was taken up in the same 
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buffer to the original volume. 

The crude cell extract, the 140,000xg supernatant and the pellet 

fraction were extracted with 80% methanol containing 0.01% (w/v) KCN for 30 

min at 80
o
C. The fractions were centrifuged for 15 min in a Eppendorf table 

centrifuge and the extraction procedure was repeated for the pellets 

obtained from all three fractions. For each fraction both supematants were 

combined, dried under vacuum and resuspended In a small volume of distilled 

water. The cyanocobamide was isolated and quantified by HFLC as described 

before [31]. 

Methyl transferase assay 

The methyl-ΗήΜΡΤ: HS-CoM methyltransferase reaction was assayed by 

following the conversion of formaldehyde and/or HS-CoM in crude extracts in 

the presence of 2-bromoethanesulphonate (BES). The reaction was performed 

anoxically in crimp-sealed 10-ml serum vials. A typical reaction mixture 

contained 50 mM TES/K
+
 buffer (pH 7.0), 2.4 mM ATP, 24 mM MgC^, 4.5 mM 

formaldehyde, 4.5 mM HS-CoM, 0.25 mM BES, 50 μΐ cell-free extract (1.3 mg 

protein) in a total volume of 200 μΐ. The gas phase was 50% H2/50% N2 and 

the reaction was started by placing the vials at 60
o
C. At various Intervals 

a vial was put on ice and the amount of formaldehyde and/or HS-CoM was 

determined. Formaldehyde was determined spectrophotometrically at 412 nm 

after reaction for 5 min at 60
o
C with acetylacetone in 2 M ammonium acetate 

buffer (pH 6.0) [16]. HS-CoM was measured spectrophotometrically at 412 nm 

after reaction with DNTB [8]. 

In some experiments ATP was removed during the course of the reaction by 

use of a hexoklnase-glucose trap. A standard methyltransferase reaction 

mixture containing glucose (10 mM) was placed in a water bath at 37
0
C. 

After 4 min 10 μΐ of an anoxic- solution of hexoklnase (6 units) was added 

with a gas-tight syringe (Hamilton Bonaduz AG, Switzerland) and the incuba

tion was continued. In a control experiment 10 μΐ anoxic distilled water 

was added instead of hexoklnase. 

By the same procedure the effect of phosphodiesterase (0.004 units) and 

acid phosphatase (0.005 units) was tested at 37
0
C; activities were estimated 

under the experimental conditions using FAD and p-nltrophenylphosphate as 

substrates for phosphodiesterase and phosphatase, respectively. 
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HethjIreducíase assay 

The CH3S-C0M reductase was assayed in a similar reaction mixture as 

described for the methyltransferase except that HS-CoM and BES were omitted 

from the mixture and CH3S-C0M (5 mM) was added instead of formaldehyde. 

Methane was measured by gas chromatography as described before using ethane 

as an internal standard [12]. 

Spectrophotometric measurements 

Ultraviolet-visible light spectra of cobalamin derivatives were recorded 

in an anaerobic cuvette with a Hitachi U-3200 spectrophotometer. Inside an 

anaerobic glove-box a solution of hydroxycobalamin (95 μΜ) and 

titanium(III)citrate (4 mM) in 2 ml TES/K
+
 buffer (100 mM, pH 7.0) was 

prepared. The stoppered cuvette under 100% H2 atmosphere was measured 

immediately. The effect of N2O on the ultraviolet-visible spectrum of the 

reduced hydroxycobalamin solution was determined by injecting this gas with 

a gas-tight syringe to a concentration of 10 %. 

RESULTS 

Properties of the methyltransferase system 

Recently, evidence was presented that the methyl group transfer from 

methyl-НдМРТ to HS-CoM in crude extracts of Methanobacterium thermoautotr-

ophicum presumably involves the action of a corrinoid enzyme [18]. Accor

ding to Sauer [20] this methyltransferase activity is present in a vesicle 

fraction, which suggests that the enzyme or enzymes are membrane-bound. 

Schulz and Fuchs [23] reported that about 75% of the total B ^ content of 

H. Chermoautotrophicum (strain Marburg) is bound to a membrane protein 

complex. In order to investigate the location of the formaldehyde conver

ting system crude extract was anaerobically centrifugea at 140,000xg for 60 

min at 4
0
C, which is regarded to be sufficient to precipitate membrane-

bound proteins. About 65% of the original activity was recovered in the 

supernatant fraction (Table 1). No activity could be detected in the pellet 

fraction nor did this fraction stimulate when used together with the 
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Table 1. Conversion of formaldehyde to CH3S-C0M by cell fractions of 
Methanobacterium thermoautotrophicum 

Cell fraction Protein Corrinold Activity 
(mg/ml) content

3
 (nmol/mln. 

(nmol/g mg protein) 
protein) 

Crude extract 
Supernatant 
Pellet 
Supernatant + pellet 

26.0 
24.3 
1.4 

320 (100) 
246 (72) 

1783 (30) 

268 

0Ъ 

152 

The values between brackets express the percentage of the total 
amount of corrinolds found In the different fractions 
The activity of the pellet fraction was determined in the presence 
of 50 μΐ ВСЕ as a source of cofactors 

c
 -, not determined 

supernatant fraction. This indicates that all components necessary for 

formaldehyde conversion to CH3S-C0M are soluble; membrane-bound proteins or 

cofactors are apparently not involved. 

Isolation of the cobamldes from both fractions revealed that 72 percent 

of the corrinolds were present in the soluble fraction, obtained after 

high-speed centrlfugation (140
l
000xg) of crude extract prepared at 27,000xg 

(Table 1). 

In all routine assays ATP was used in excess (2.4 mM) and Mg
2 +
 was added 

at a saturating concentration of 24 mM. Activity varied only slightly when 

the reaction was followed in ТЕ8Д
+
, PIPES/K

+
, HEPES/K

+
, Tris/Cl" or 

phosphate/K
+
 buffer (all 50 mM and pH 7.0). In TES/K

+
 buffer a pH optimum 

was observed between pH 7.0 and 7.2. 

Under optimal conditions up to 282 nmol formaldehyde could be converted 

to CH3S-C0M per min per mg of protein (1.3 mg protein/assay), provided that 

sufficient HS-CoM was present to accept the methyl moiety. However, the 

specific activity of the formaldehyde converting system was strongly depen

dent on the protein concentration (Fig. 1), which might be expected for a 

multicomponent system. In the absence of BES and extra added HS-CoM the 

rate of the formaldehyde conversion to methane was dependent on the 

activity of the methylreductase system and amounted to 35 nmol methane 

formed per min per mg of protein, which is comparable with rates usually 

found for methane formation from CH3S-C0M. 

In order to investigate the dependence of the methyltransferase system 
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for low-molecular weight compounds Sephadex G-25 treated extract was used 

instead of crude extract. In the presence of Sephadex G-25 treated extract 

(50 /il; 0.9 mg protein) the reaction only proceeded when boiled cell 

extract (ВСЕ, 50 μΐ) was added as a source of cofactors. ВСЕ could be 

completely replaced by H4MPT (60 μΜ) indicating that apart from this 

compound no other soluble cofactors are involved in the conversion of 

formaldehyde to CH3S-C0M. Additional coenzyme F^20
 w a s n o t

 required in this 

system, although this compound has been shown to act as electron carrier in 

methylene-НдМРТ reduction [14]. Apparently, Sephadex G-25 treated extract 

contains sufficient amounts of enzyme-bound F420. 

Formaldehyde (pmol) Formaldehyde (pmol) 

101-
 A 

12 16 

Time (mm) 

12 16 

Time(min) 

Fig. 1. Effect of protein concentration on formaldehyde conversion 
to CH3S-C0M. The reactions were performed with standard reaction 
mixtures as described under Materials and Methods in the presence 
of 1.30 mg (·), 0.78 mg (О), 0.65 mg (<?), or 0.39 mg (D) protein 
from crude cell-free extract 

Fig. 2. Effect of nucleoside phosphates on formaldehyde conversion 
to CH3S-C0M. The reactions were followed as described under Mate
rials and Methods in the absence (O) or presence (2.4 mM) of either 
ATP (·), ADP (A), GTP (<?) or AMP-PNP (D) 
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Nucleoside phosphate requirement and specificity 

The previously reported [18] dependence of the methyltransferase acti

vity on catalytic amounts of ATP was further investigated. It was found 

that ADP and AMP were not able to substitute for ATP in the methyltrans

ferase system (Fig. 2). In addition, several nucleoside triphosphates (GTP, 

UTP, ITP, AMP-PNP) were unable to substitute for ATP. These results differ 

from those described for the methylreductase system of various methanogenic 

bacteria [11,34] and the methyltransferases involved in methanol and tri-

methylamine conversion in Methanosarcina barker! [17,26]. These reactions 

are also known to require catalytic amounts of ATP for activity, but 

several nucleoside triphosphates and even ADP could be used instead of ATP. 

Formaldehyde Ipmol ) 

4 

09 

06 

04 

02 

0 

0 1. β 12 16 
Time Inm] 

Fig. 3. Effect of phosphodiesterase, acid phosphatase and hexoki-
nase/glucose on the ATP-dependent conversion of formaldehyde to 
CH3S-C0M. Reactions were followed as described under Materials and 
Methods in the presence of 10 mM glucose at 37

0
C. After 4 minutes 

(arrow) 10 μΐ anoxic solutions of hexokinase (0.2 mg protein) (·), 
phosphodiesterase (0.2 mg protein) (Δ) , or acid phosphatase (0.02 mg 
protein) ( D ) were added. In the control (0) 10 μ\ anoxic distilled 
water was added 
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In the presence of ATP formaldehyde conversion started immediately 

(Figs. 1-3). Removal of ATP during the course of the reaction resulted in 

an immediate inhibition when the reaction was performed at 60
o
C (not 

shown). When measured at 37
0
C formaldehyde conversion continued for a short 

period of time (Fig. 3). Thus ATP is apparently required to activate the 

methyltransferase to a highly labile active state. Treatment of the 

reaction mixture with phosphodiesterase or acid phosphatase did not affect 

formaldehyde conversion (Fig. 3). 

Activation of methyltransferase by tltaniumCIII^citrate and other reducing 

systems 

The amount of ATP needed for optimal activity of the methyltransferase 

reaction is dependent on the degree of oxidation of the cell extract [18]. 

In the methyltransferase reaction described by Sauer [20] ATP was absent 

but titanium(III)citrate was added as a reducing agent. Therefore, tita-

niuiii(III)citrate was tested as a substitute for ATP in our system. Used at 

the optimum concentration (12.5 mM) titanium(III)citrate appeared to be 

almost as effective as ATP (Fig. 4). Thus titanium(III)citrate is able to 

replace ATP to a large extent in the conversion of formaldehyde to CH3S-

CoM. Because of the effect of titanium(III)cItrate several other reducing 

agents were tested in order to obtain an active methyltransferase system. 

Dithiothreitol (15 mM) alone or in combination with cyanocobalamin (80 μη) 

to generate small amounts of Bj^s [1] were ineffective in the activation 

of the formaldehyde converting system. Addition of sodium dithionite (12.5 

μΜ) resulted in a temporary formaldehyde conversion. Presumably enzyme 

denaturation by dithionite took place since the incubation mixtures became 

turbid. 

The oxidation of CO to COo by a carbon monoxide dehydrogenase, present 

in cell-free extracts of /fethanobacterium thermoautotrophicum [6] , could 

provide a strong reducing system (En- -518 mV). Therefore, reaction mix

tures were incubated in the absence of ATP but with CO (10% v/v) in the 

headspace. It was found that CO was also able to replace ATP to a minor 

extent (Fig. 4). Carbon monoxide dehydrogenase could be specifically inhibi

ted by CN" [27]. Addition of CN" (2 mM) inhibited the effect of CO, but it 

did not affect the activation by ATP. Thus the effect of CO may be 

attributed to the activity of carbon monoxide dehydrogenase either by a 
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Formaldehyde (μηοΐ) 

1 1 1 1
 ' ' • 

О 4 θ 12 16 

Time (mm) 

Flg. 4. Effect of reducing systems on formaldehyde conversion to 
CH3S-C0M. The reactions were followed as described under Materials 
and Methods In the presence of 2.4 mM ATP ( · ) . 12.5 mM tita-
nium(III)citrate (O), 12.5 μΜ ^ S o O ^ (D) , 5 mM a-ketoglutarate (•) 
or 10% (v/v) CO in the headspace (A) or no further addition (Δ) 
were applied instead of ATP 

direct reduction process or by ATP synthesis coupled to this reaction as 

observed in M. barkeri [4]. However, addition of TCS (10 μΜ) did not 

affect the activation by CO, whereas synthesis of ATP was Inhibited by TCS 

[4]. The lack of Inhibition by TCS found here suggests that ATP-synthesls 

is not involved in the СО-dependent activation. Like CO, a-ketoglutarate is 

known to be a potent reductor when oxidized to succinyl-CoA (EQ- -497 mV). 

Addition of a-ketoglutarate (5 mM) to the incubation mixture stimulated the 

methyltransferase system in the absence of ATP to a similar extent as CO 

(Fig. 4). Extra addition of CoA (5 mM) to the reaction mixture containing 5 

mM a-ketoglutarate did not further stimulate the reaction suggesting that 

the cell-free extracts contain sufficient CoA. 

Previously it was reported [18] that extracts which were partially 

inactivated by oxygen could be completely reactivated during a 30 min 

preincubation under Ho atmosphere at 60
o
C. We now found that crude extracts 

that have been exposed to air for 24 h and subsequently flushed with N2 are 

also still active in formaldehyde conversion to CH3S-C0M, provided that 

during the incubation at 60
o
C titanium(III)citrate and H^MPT are present 
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(Fig. 5). Remarkably, ATP did not substitute for titanium(III)citrate. This 

suggests that an enzyme involved in the ATF-dependent activation becomes 

inactivated upon exposure to oxygen, whereas all other required enzymes do 

not. 

Formaldehyde (ymol) 

A 
0Θ 

06 

0 ί 

02 

0 
0 4 β 12 16 18 

Time (min) 

Fig. 5. Formaldehyde conversion to CHjS-CoM by cell-free extracts 
that have been exposed to air for 24 h at 0

o
C and subsequently made 

anoxic (O, V ) . Cell-free extracts that have been exposed to H2 for 
24 h at 0

o
C were used In a control experiment ( · ). Formaldehyde 

conversion was followed as described under Materials and Methods in 
the presence of 2.4 mM ATP (·,ν) or 12.5 mM titanlum(III)citrate (O) 

Inhibition of the methyltransferase reaction 

The effect of various compounds on the formaldehyde conversion in crude 

extract is summarized (Table 2). The involvement of corrinoids in bioche

mical reactions is often substantiated by the light-reversible inhibition 

by alkyl halides [5,35]. In case of the formaldehyde converting system 

propyl iodide did not show any inhibition when used in concentrations up to 

8 mM. In addition, methyl Iodide neither inhibited the reaction nor could 

the compound serve as a substrate for methylation of HS-CoM (not shown). 

Nitrous oxide has previously been shown to inhibit methanogenesis in 

whole cells [2] but not the methylcoenzyme M reductase reaction [11]. In 

view of these findings N2O was tested for its ability to inhibit the 

methyltransferase reaction. This was found to be completely blocked by the 

presence of 20,000 ppm anoxic N2O in the gas phase, but reduction of CH3S-
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CoM tested under the same conditions was only slightly inhibited (Figs. 6A 

and 6B, respectively). Furthermore, N2O inhibition was found to be reversi

ble. Removal of NoO after A min and subsequent incubation with or without 

additional ATP resulted in a restored activity (Fig. 6C). 

Several adenosine derivatives were tested for their effects on the 

methyltransferase reaction in the presence of ATP (2.4 mM). The ATP analog, 

AMP-PNP, caused a lag phase (2 min) in the reaction, but did not affect the 

rate of the reaction. AMP, ADP or 2'-deoxy-ATP did not show an inhibition. 

2*3'-Dialdehyde-ATP proved to be a strong inhibitor. Besides an effect 

on the rate of the formaldehyde conversion, the reaction did not proceed 

towards completion; in the presence of 4 mM 2'3'-dlaldehyde-ATP only 50% of 

the formaldehyde was converted at the end of the reaction. 2'3'-Dialdehyde-

adenosine showed similar effects but was somewhat less effective. 

Table 2. Effect of various compounds on the formaldehyde conversion 
to CH3S-C0M in crude extracts of Methanobacterium thermoautotro-
phicum 

Compound Concentration Activity
3 

(%) 

Propyl iodide 0.2-8.0 mM 100 
Methyl iodide 0.2-3.5 mM 100 
Oxygen 7,500 ppm 38 
Nitrous oxide 20,000 ppm 0 
Nitrous oxide + Ti

3 +
 20,000 ppm 0 

ADP 2.4 mM 100 
AMP 2.4 mM 100 
AMP-PNP 2.4 mM 100

b 

2'3'-Dialdehyde-ATP 4 mM 32 
2'3'-Dialdehyde-ATP + Ti

3 +
 4 mM 94 

2'3'-Dialdehyde-adenosine 5 mM 53 
2'3'-Dialdehyde-adenosine + T i

3 +
 5 mM 100 

2'-Deoxy-ATP 2.4 mM 100 
TCS 5; 10 μΜ 100 
Triton X-100 4% v/v 0 
Triton X-100 + Ti

3
"
1
" 4% v/v 90 

Desoxycholate 0.2% v/v 0 
Desoxycholate + Ti

3 +
 0.2% w/v 71 

CN" 2 mM 100 

Activity was determined from the linear portion of the formalde
hyde conversion as described in Materials and Methods. ATP (2.4 
mM) was present in all assay mixtures. Titanlum(III)citrate was 
used at a concentration of 12.5 mM. 
No effect on the rate of the conversion but a short lag phase 
(2 min) was observed. 
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Fig. 6. Effect of nitrous oxide on formaldehyde conversion to CHjS-
CoM and on the methylcoenzyme M reduction. (A) Formaldehyde conver
sion was followed as described under Materials and Methods in the 
absence (·) or presence of 20,000 ppm (D), 15,000 ppm ( O ) , 7,500 
ppm (V) N2O or 7,500 ρρπιθ2(Ψ). In (B) methane formation was 
followed in reaction mixtures that contained 10 mM CH3S-C0M instead 
of formaldehyde in the absence (·) or presence (O) of 20,000 ppm 
N^O. In (C) formaldehyde conversion to CH3S-C0M was followed in the 
absence (·) or presence (O, V) of 20,000 ppm N2O in the headspace. 
At the time indicated by the arrow the gas phase was exchanged for 
50% H2/50% N2 and no (V) or extra ATP (2.4 mM) (O) was added. 

Addition of the protonophore TCS did not inhibit the reaction. 

The presence of detergents (Triton X-100, sodium desoxycholate) caused a 

complete inhibition of the methyltransferase reaction. Remarkably, the 

effect of all inhibitors except N2O could be relieved by adding tita-

nium(III)citrate. 

Cobalamin reduction by titanlum(III)citrate 

Since the catalytic center of the methyl-H^MPT: HS-CoM methyltransferase 

is suggested to contain a corrinoid, activation by titanium(III)cltrate 

might involve a reduction of the central cobalt atom. The capacity of 

titanium(III)citrate to reduce corrlnoids was tested with hydroxycobalamin. 

It was found that titanium(III)cltrate is indeed able to reduce hydroxy

cobalamin (Віга)
 t o

 ^12s (^
0
(*))

 a s w a s
 concluded from spectral changes 

reported by Friedrich [10] (Flg. 7). Subsequent oxidation by air showed 

the intermediate formation of Bj^r (Co(II)). In addition, Bj^s could be 

oxidized to B
1
2

r
 by 10% N2O (Fig. 7). 
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Flg. 7. Reduction and oxidation of hydroxycobalamin. Ultraviolet-
visible light absorption spectra of a solution of 95 μΆ 
hydroxycobalamin in 100 mM TES/K

+
 buffer were recorded in a 

stoppered cuvette under H2 atmosphere in the presence of 4 mM 
titanium(III)citrate ( ). Subsequently, 100,000 ppm N2O (· ·) 
was added to the gas phase. The spectrum of oxidized hydroxy
cobalamin (B^2

a
) ( )

 w a s
 obtained after opening the cuvette. 

DISCUSSION 

The conversion of formaldehyde to CH3S-C0M under H2 atmosphere is 

catalyzed in /iethanobacteriuin thermoautotrophicuai by a soluble enzyme 

system, which contains a major part of the total amount of corrinoids. This 

soluble system must comprise hydrogenase, methylene-H^MPT reductase, 

methyl-НдМРТ: HS-CoM methyltransferase and enzyme(s) required for the ATP-

dependent activation. Apart from the substrates added (formaldehyde, HS-

CoM, ATP, Mg
2 +
) only H4MPT present in crude cell-free extract was needed as 

a low-molecular weight compound in the reaction. Like in the methanol: HS-

CoM methyltransferase reaction exerted by Methanosarcina barker! the 
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methyl transfer studied here was suggested to be catalyzed by two enzymes, 

a corrlnold-contalnlng protein which accepts the methyl group from 5-

methyl-H^MPT and Co-methyl-Bj^'· HS-CoM methyltransf erase. The participation 

of a corrlnold protein was deduced notably from HFLC chromatographic data 

[18]. In this study the role of such protein was corroborated by the 

finding that N2O acts as an inhibitor of the methyltransferase reaction. 

This otherwise quite inert gas Is known to inactivate specifically corrln

old containing proteins like ethanolamine ашвопіа-lyase (EC 4.3.1.7) and 

dioldehydrase (EC 4.2.1.23) [21,22]. Nitrous oxide was demonstrated to act 

as an inhibitor by rapidly and selectively oxidizing the nucleophllic Co(I) 

present in the active enzyme [3]. The lack of inhibition by alkyl halides 

found here seems to contradict the participation of a corrinoid protein. 

However, these compounds did not affect the methanol: HS-CoM methyl

transf erase in M. barker! either [25] though the role of corrinoids in 

the reaction has been definitely established [31]. 

In the absence of a potent reducing system the methyltransferase 

required ATP specifically In a yet unknown reaction. The ATP-dependent 

reaction was inhibited notably by 2'3'-dialdehyde-ATP. In addition, the 

activity of an enzyme(s) involved in the ATP-dependent reaction was lost 

upon storage under aerobic conditions. These properties are reminiscent of 

properties found for component A3, an oxygen-labile, 2'3'-dialdehyde-ATP 

sensitive protein of the methylreductase system [19]. This suggests that 

ATP might play a comparable role in the methylreductase and methyltrans

ferase reactions. 

The finding that the requirement for (catalytic amounts) of ATP and the 

inhibition by adenosine derivatives is overcome by strong chemical or 

enzymatic reducing systems rules out the possibility that the compound 

participates directly in the methyltransferase reaction either as a sub

strate or as a positive allosterlc effector. Apparently, ATP is functioning 

in the activation of the enzyme system, probably in the reduction of a 

catalytic center. In the methyltransferase this would imply the reduction 

of Co(III) or Co(II) to the reduced instable Co(I) [36]. Tita-

nium(III)citrate (EQ- -480 mV) is capable to perform this reduction chemi

cally (Fig. 7). In addition, such a reduction might be accomplished by CO 

oxidation (EQ- -518 mV) or a-ketoglutarate dehydrogenation (EQ- -497 mV), 

but apparently not by DTT (EQ- -340 mV). The way such a reduction is 

realized by ATP remains to be established. Since the methyltransferase 
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reaction is catalyzed by soluble enzymes and since the uncoupler TCS has no 

effect an ATP-driven reversed electron transfer can be ruled out in the 

activation. Alternatively, ATP could be involved in trapping traces of 

Co(I) present in the reaction equilibrium Co(II)(or Co(III))^=ì Co(I) at a 

given redox potential. The latter mechanism occurs in the activation of 5-

methyl-H^folate: homocysteine methyltransferase (methionine synthetase) 

[29]. In the latter reaction the corrinoid-containing methionine synthetase 

is activated by means of a powerful methyl donor, S-adenosyl-methionine, 

derived from ATP and methionine [29]. 
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ABSTRACT 

The conversion of formaldehyde to methylcoenzyme M In cell-free extracts 

of HethanobscCerium thermoautotrophlcum was stimulated up to ten-fold by 

catalytic amounts of the heterodisulfide (CoM-S-S-HTP) of coenzyme M and 7-

mercaptoheptanoylthreonine phosphate. The stimulation required the addition

al presence of ATP, also in catalytic concentrations. ATP and CoM-S-S-HTP 

were mutually stimilatory on the methylcoenzyme M formation and it was 

concluded that the compounds were both involved in the reductive activation 

of the methyltetrahydromethanopterin: coenzyme M methyltransferase. Micro-

molar concentrations of benzyl viologen or cyanocobalamin inhibited the 

formaldehyde conversion; these compounds, however, strongly stimulated the 

reduction of CoM-S-S-HTP. The results described here closely resemble 

observations made on the activation and reduction of CO2 to formylmethano-

furan indicating that this step and the reductive activation of the 

methyltransferase are controlled by some common mechanism. 

ABBREVIATIONS 

HS-CoM, Coenzyme M, 2-mercaptoethanesulfonate; CH3S-C0M, methylcoenzyme M, 

2-(methylthio)ethanesulfonate; H^MPT, 5,6,7,8-tetrahydromethanopterin; MFR, 

methanofuran; HS-HTP, 7-mercaptoheptanoylthreonine phosphate; CoM-S-S-HTP, 

the heterodisulfide of HS-CoM and HS-HTP; BES, 2-bromoethanesulfonate; TES, 

N-tris(hydroxymethyl)methyl-2-aminoethanesulfonate; CN-Cbl, cyanocobalamin; 

HO-Cbl, hydroxycobalamin; HBI, 5-hydroxybenzimidazole; OMBI, 5,6-dimethyl-

benzimidazole. 

INTRODUCTION 

The process of methanogenesis from hydrogen and carbon dioxide is 

characterized by the participation of a set of unusual coenzymes (Fig. 1). 

Methanofuran (MFR), 5,6,7,8-tetrahydromethanopterln (H4MFT) and coenzyme M 

(HS-CoM) have been shown to act as carriers of the C^-moiety, derived from 

CO2 [11,23]. The first step in methane production involves the reduction of 

CO2 to the level of formate, resulting in the formation of formyl-MFR [17]. 
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Fig. 1. Process of methanogenesis from Но and СО^. The non-
enzymatic synthesis of methylene-H^MPT from formaldehyde is shown 
by a dashed line. MFR, methanofuran; H^MPT, 5,6,7,8-tetrahydro-
methanopterin; [Bi^HBI], enzyme-bound 5-hydroxybenzimidazolyl 
cobamide; HS-HTP, 7-mercaptoheptanoylthreonine phosphate; HS-CoM, 
2-mercaptoethanesulfonate. 

In the two subsequent reduction steps to the level of methanol, H^MPT 

serves as the C^-carrier via 5-formyl-H^MPT, 5,10-methenyl-H^MPT, 5,10-

methylene-H^MPT and 5-methyl-H4MPT, respectively [7,12]. S-methyl-H^MPT 

donates its methyl group to coenzyme M, producing CH3S-C0M, which is the 

substrate of the terminal step of methanogenesis [27]. In two previous 

papers [15,21] we have presented evidence that the transfer of the methyl 

moiety from methyl-H^MPT to HS-CoM is catalyzed by a corrinoid ( B
1
2

H B I
) " 

containing protein. In order to accept the methyl group this methyl-H^MPT: 

HS-CoM methyltransferase must -be reductively activated. In cell-free 

extracts this can be achieved through addition of catalytic amounts of ATP 

or by strong artificial electron donors, like titanium(III)citrate [15]. 

The reducing equivalents required for the reduction of CH3S-C0M are 

derived from a newly discovered coenzyme, 7-mercaptoheptanoylthreonIne 

phosphate (HS-HTP) [4,19,20]. Besides methane, the heterodisulfide of HS-

CoM and HS-HTP (CoM-S-S-HTP) has been shown to be the product of the 

reaction [1,5]. HS-CoM and HS-HTP are regenerated in a hydrogen-dependent 

reduction of CoM-S-S-HTP [9,10]. 
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In MethanobacCerium thermoautotrophicum and some other methanogens the 

terminal step of methanogenesls has been shown to be coupled to the primary 

step, the activation and reduction of CO?, by a phenomenon known as the 

RPG-effect: the 15 to 30-fold stimulation of CO2 reduction by the addition 

of CH3S-C0M [8,22]. Corrinoids have been shown to be potent Inhibitors of 

the effect [29]. Later on, CoM-S-S-HTP rather than CH3S-C0M was demonstra

ted to be the actual physiological effector [2,3]. 

In the work described in this paper we present evidence that CoM-S-S-HTP 

also stimulates the methyl-H^MPT: HS-CoM methyltransferase reaction. Besides 

CoM-S-S-HTP catalytic amounts of ATP remain indispensable. We conclude that 

the previously described reductive activation of the methyltransferase 

reaction is a result of the combined action of catalytic amounts of both 

CoM-S-S-HTP and ATP. 

MATERIALS AND METHODS 

Materials 

CH3S-C0M was prepared by methylation of HS-CoM with dimethylsulfate as 

described previously [13]; the product was pure as judged by isotachopho-

resis, thin layer chromatography and H nuclear magnetic resonance. Tita-

nium(III)citrate was prepared from titanium(III)chloride and sodium citrate 

as described by Zehnder en Vuhrmann [30]. HS-HTP and CoM-S-S-HTP were 

synthesized essentially as described by Ellermann et al. [5] starting from 

L-threonine, except that a 40 μπι bonded phase Octadecyl C-̂ g column (290x18 

mm; J.T. Baker, Phillipsburg, NJ, USA) was used for purification of the 

products. The column was equilibrated with 10 mM formate buffer (pH 3.1) in 

2 M NaCl and developed with a 0 to 50% methanol gradient. HS-CoM, BES, TES, 

cyanocobalamin, metronidazole, bathophenanthroline disulfonate and hexo-

kinase (yeast, type IV, 29 unlts/mg protein) were purchased from Sigma 

Chemical Co. (St. Louis, MO, USA). Formaldehyde, sodium desoxycholate and 

titanium(III)chloride were from Merck-Schuchardt A.G. (Darmstadt, FRG). 

ATP was obtained from Boehrlnger GmbH (Mannheim, FRG). The ATP monitoring 

kit was from Pharmacia (Voerden, NL). Benzyl viologen was from BDH Chemi

cals Ltd (Poole, England). Gasses were obtained from Hoek-Loos (Schiedam, 

ML) and were made oxygen-free by passage over a BASF RO-20 catalyst at 
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ambient temperature or over a prereduced BASF R3-11 catalyst at 150
o
C for 

^-containing and I^-free gasses, respectively. The catalysts were a gift 

of BASF Aktiengesellschaft (Ludwigshafen, FRG) . 

Preparation of extracts 

Hethanobacterlum thermoautotrophicum strain ΔΗ (DSM 1053) was cultured 

on H2 and CO2 (80%/20%) on a defined medium [25] in a 300 1 fermentor as 

documented earlier [28]. For preparation of cell-free extracts, cells were 

suspended (1 g cells/ml buffer) In anoxic 50 mM TES/K
+
 buffer (pH 7.0) 

containing 1 mM dithlothreitol and subsequently disrupted by anaerobic 

passage through a French pressure cell at 138 MPa. Cell debris and unbroken 

cells were removed by centrifugation at 27,000 χ g for 45 min at 40
C. The 

supernatant (25-35 mg protein per ml) was collected and stored at -20
o
C 

under H2 until used. 

Protein was determined with the Coomassie Brilliant Blue G-250 method 

[26] using bovine serum albumin as a standard. 

Enzyme assays 

Conversion of formaldehyde to CH3S-C0M In the presence of BES was 

assayed as described before [21] . Unless stated otherwise a typical 

reaction mixture (200 μΐ) contained 50 mM TES/K
+
 buffer (pH 7.0), 24 mM 

MgClj, 4.5 mM formaldehyde, 4.5 mM HS-CoM, 0.25 mM BES and 75 μΐ cell-free 

extract (1.85-2.0 mg protein). 50% H2/50% N2 was used as a gas phase (100 

kPa) and formaldehyde conversion was started by placing the vials at 60
o
C. 

After an approplate incubation period reactions were stopped by placing the 

vials on Ice. Since HS-CoM decrease parallelled the decrease In formalde

hyde [21], only the latter activity was determined in routine assays. The 

amount of formaldehyde was determined by the method of Nash [18]. Thiol 

concentrations (HS-CoM, HS-HTP) in the reaction mixtures were determined 

spectrophotometrically according to Kliman [6]. 50-μ1 samples were mixed 

with 3 ml 0.48 mM 2,2'-dlnitro-5,5'-dlthiobenzoic acid In 150 mM Trls/Cl" 

buffer (pH 8.0) and measured immediately at 412 nm. 

Reduction of CoM-S-S-HTP to the corresponding thiols was assayed essen

tially as described by Hedderich and Thauer [9]. 

Removal of residual ATP from cell-free extract was accomplished by a 
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preincubation in the presence of 10 mM glucose and 0.2 mg hexokinase (6 

units) for 15 min at 370C. Subsequent incubations were also performed at 

370C instead of 60oC. 

ATP levels in the assay mixtures were determined by the luciferin/ 

luciferase assay [16] using a LKB-Wallac 1250 luminometer. 

RESULTS 

Effect of CoM-S-S-HTP on formaldehyde conversion 

The conversion of formaldehyde to CH3S-C0M by cell-free extracts of 

Methanobacterium thermoautotrophlcum requires catalytic amounts of ATP or 

artificial strong reducing agents (titanium(III)citrate) for optimal activi

ty [15]. In the absence of these compounds formaldehyde was not converted 

or when higher amounts of cell-free extract were used, a lag-phase was 

observed, followed by a low methyltransferase activity (Fig. 2). The length 

of the lag-phase varied considerably, depending on the amount of protein 

used in the assay and the quality of the cell-free extract. Addition of 

CoM-S-S-HTP (0.8 mM) to the reaction mixture markedly stimulated the 

conversion of formaldehyde tinder these conditions, and no lag-phase was 

observed. Under hydrogen atmosphere CoM-S-S-HTP is rapidly reduced to HS-

CoM and HS-HTP resulting in an increase of the thiol concentration during 

the first 2 min. Hereafter the thiol concentration decreased parallel to 

the decrease of formaldehyde as a result of CH3S-C0M synthesis (Fig. 3). 

These data indicated that the heterodisulfide reduction does not occur 

stoichiometrically with respect to the formaldehyde conversion. CoM-S-S-HTP 

appears to be required only to activate the enzyme system and to initiate 

the reaction. When BES, the inhibitor of the terminal step of methanogene

sis, is omitted from the assays, CoM-S-S-HTP is recovered during methane 

formation from HS-HTP and CH3S-C0M. Subsequently, CoM-S-S-HTP is immediate

ly reduced again (Fig. 1). In this case the formaldehyde conversion rate is 

enhanced in the course of the reaction (Fig. 2). 

No stimulation was brought about by other disulfides like C0M-S-S-C0M or 

HTP-S-S-HTP, nor by its corresponding thiols HS-HTP and HS-CoM. This 

indicates that CoM-S-S-HTP is the actual effector and not a product 

thereof. 
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2. Effect of CoM-S-S-HTP on the conversion of formaldehyde to 
-CoM by cell-free extracts of M. thermoautotrophicum. Reac

tions in the presence of 75 μΐ cell-free extract (1.95 mg protein) 
were performed as described in Materials and methods in the absence 
( О ) or presence (• , Δ ) of CoM-S-S-HTP (0.8 mM). The reaction was 
also performed in the absence of BES ( Δ ). For comparison, a 
reaction was performed in the presence of 2.4 mM ATP ( D ) . 

Fig. 3. Formaldehyde conversion to CH3S-C0M in the presence of BES 
and CoM-S-S-HTP. The amount of formaldehyde ( O ) and the thiol-
concentration ( · ) are plotted. Reaction mixtures contained 75 μΐ 
cell-free extract (1.85 mg protein), 0.8 mM CoM-S-S-HTP, and stan
dard components as described under Materials and methods. Differen
ce in activity between Figure 2 and Figure 3 is caused by a 
different batch of cell-free extract used in the assay. 

Effect of ATP on formaldehyde conversion 

We noted that high amounts of cell-free extract (> 1.8 mg protein) were 

able to catalyze to some extent the conversion of formaldehyde to CH3S-C0M 

(Fig. 2 ) . This residual activity was found to be caused by a non-specific 

hydrogen-dependent synthesis of ATP. In the course of the reactions the ATP 

concentration in the assay mixtures increased from 0.2 to 25 μΜ (not 
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shown). This synthesis was independent of the addition of formaldehyde, 

CH3S-C0M or CoM-S-S-HTP and was not inhibited by BES. Preincubation and 

subsequent incubation of the assay mixture at 37
0
C in the presence of 

hexokinase and glucose prevented accumulation of trace amounts of ATP. In 

this case conversion of formaldehyde was completely prevented (Fig. 4). 

Remarkably, addition of CoM-S-S-HTP under these conditions caused only a 

negligible decrease In the formaldehyde concentration (Fig. 4). These 

results imply that stimulation by CoM-S-S-HTP, as described above, also 

requires the presence of ATP, though in low concentrations. 

Formaldehyde (nmol) • 

1000 

eoo 

600 

Ш 

200 

0 

0 10 20 30 

Time (mm) 

Fig. 4. Effect of a hexokinase/ATP-trap on the CoM-S-S-HTP depen
dent conversion of formaldehyde to CH-jS-CoM. Reactions containing 
100 μΐ cell-free extract (2.6 mg protein) were performed in the 
presence (Δ , A) or absence (O, ·) of a hexokinase/ATP-trap and in 
the presence (Ο,Δ) or absence (·,•) of CoM-S-S-HTP (0.8 mM). 
Incubation took place at 37

0
C to prevent inactivation of 

hexokinase. 

Effect of CoH-S-S-HTP and ATP on formaldehyde conversion 

Apparently, apart from the substrates two compounds are required for 

formaldehyde conversion to CH3S-C0M. Hence, the combined effect of CoM-S-S-

HTP and ATP on the reaction rates was of interest. In a series of reaction 
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mixtures ATP was added in concentrations varying between 0.062 - 1.8 mM, 

whereas the concentration of added CoM-S-S-HTP ranged from 0 - 1.65 mM. It 

appeared that both compounds were mutually stimulatory. At low ATP concen

trations, high concentrations of CoM-S-S-HTP were needed for an appreciable 

activity, and vice versa (Fig. 5A and 5B). For instance, in the presence of 

1 mM ATP the reaction rate was stimulated ten-fold by the addition of 0.1 

mM CoM-S-S-HTP: the specific activity changed from 25 to 250 nmol formalde

hyde converted per min per mg protein. Half-maximal stimulation was obser

ved at 0.04 mM CoM-S-S-HTP and 0.4 mM ATP. The optimum concentration for 

CoM-S-S-HTP was found to increase from 0.2 mM to 0.4 mM, when the ATP 

concentration was lowered from 0.5 mM to 0.062 mM. In the absence of extra 

ATP we observed an even higher CoM-S-S-HTP optimum concentration of 0.8 mM. 
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Fig. 5. Rate of formaldehyde conversion to CH-jS-CoM in the presence 
of varying concentrations of ATP and CoM-S-S-HTP. Reactions were 
performed as described under Materials and methods, in the presence 
of 50 μΐ cell-free extract (1.3 mg protein), except that ATP and 
CoM-S-S-HTP were added as indicated. In (A) the rate of formalde
hyde conversion is plotted versus the CoM-S-S-HTP concentration for 
different amounts of ATP: 0.062 mM ( A ) , 0.125 mM ( · ) , 0.25 mM 
(•), 0.5 mM ( Δ ) , 1.0 mM ( O ) , 1.87 mM ( D ) . In (B) the same 
data are used except that the rates of formaldehyde conversion are 
plotted versus the ATP concentration for different amounts of CoM-
S-S-HTP: 0 mM ( Π ) , 0.05 mM ( Δ ) , 0.1 mM ( O ) , 0.2 mM ( # ) . 
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Inhibitors of the formaldehyde conversion 

Detergents (sodium desoxycholate, Triton X-100) have recently been repor

ted to inhibit the ATP-dependent conversion of formaldehyde to CH3S-C0M 

[15]. By the addition of the strong reducing agent titanium(III)citrate, 

this inhibition was relieved by approximately 70% [15] (Fig. 6). A maximal 

relief by titanium(III)citrate of the inhibition required the presence of 

ATP. From Fig. 6 it can be seen that also CoM-S-S-HTP in the presence of 

ATP was able to abolish the inhibition by sodium desoxycholate (0.1% w/v), 

and mimic the effect of titanium(III)citrate (Fig. 6). CoM-S-S-HTP alone 

had no effect. Thus, the effect of both CoM-S-S-HTP and ATP is comparable 

to that of titanium(III)citrate and ATP. 

Formaldehyde (nmol) 

10O0 Ι

Ε ι 1 1 Î 7 I 
0 3 6 9 12 15 

Time (mm) 

Fig. 6. Effect of CoM-S-S-HTP and titanium(III)citrate on the 
inhibition of formaldehyde conversion by sodium desoxycholate. Reac
tions were performed as described under Materials and methods, in 
the presence of 75 μΐ cell-free extract (1.95 mg protein). Sodium 
desoxycholate (0.1% w/v) was added to all assay mixtures, except 
for (•). The mixtures further contained: 2.4 mM ATP (•,·), 12.5 
mM titanium(III)citrate ( V ) , 0.8 mM CoM-S-S-HTP and 2.4 mM ATP 
( D ) , 12.5 mM titanium(III)citrate and 2.4 mM ATP ( O ) . 
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Addition of low concentrations of cyanocobalamin (CN-Cbl) to the reac

tion mixtures dramatically inhibited formaldehyde conversion to CH3S-C0M, 

in the presence of either CoM-S-S-HTP (0.8 mM), ATP (2.4 mM) or both in 

these concentrations. One-half of maximal inhibition was observed between 

10 and 25 μΜ CN-Cbl (not shown). Almost similar results were obtained when 

benzyl viologen was added instead of CN-Cbl. The concentration of benzyl 

viologen required for one-half of maximal inhibition was below 10 μΜ for 

both CoM-S-S-HTP and ATP. In contrast, 50 μΜ concentrations of CN-Cbl or 

benzyl viologen, which completely inhibited formaldehyde conversion, stimu

lated the reduction of CoM-S-S-HTP by a factor 10 to 20-fold. 

Bathophenanthroline disulfonate (1 mM), which was found to inhibit the 

reduction of CH3S-C0M by approximately 60%, had no effect on the formalde

hyde conversion catalyzed by cell-free extracts in the presence of 2.4 mM 

ATP. The compound is known to be an inhibitor of the reductive activation 

of the CH3S-C0M reductase [24]. Formaldehyde conversion in reaction mixtu

res containing 2.4 mM ATP, 0.8 mM CoM-S-S-HTP or both, however, was 

inhibited by metronidazole (1.5 mM). Metronidazole acts as an artificial 

electron acceptor in the CO2 activation and reduction [3]. 

Inhibition by CN-Cbl (100 μΜ), benzyl viologen (100 μΜ) or metronidazole 

(1.5 mM) was completely relieved upon addition of titanium(III)citrate (not 

shown). 

DISCUSSION 

The conversion of formaldehyde to CH3S-C0M was stimulated by catalytic 

concentrations of CoM-S-S-HTP. This stimulation required the additional 

presence of ATP. Previously, it was found that ATP, though in millimolar 

concentrations, could bring about a considerable rate in formaldehyde 

conversion [15]. The cell-free system used, however, contains a certain 

amount of CoM-S-S-HTP [14]. Addition of extra CoM-S-S-HTP strongly dimi

nished the requirement for ATP and both compounds acted mutually stimulato

ry on the reaction. Hence, it is concluded that the observed stimulation is 

the result of a combined action of ATP and CoM-S-S-HTP. 

The formaldehyde conversion to CH3S-C0M involves several (enzymatic) 

steps (Fig. 1). In our previous paper [15] the effect of ATP was attributed 

to the stimulation of the methyl transfer of methyl-H^MPT to the corrinoid-
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containing methyl-H^MPT: B^'HBI methyltransferase. Since CoM-S-S-HTP does 

not affect the conversion of methylene-H^MPT to methyl-H^MPT, nor the 

methyl transfer of methyl-Bj^-MUiI to HS-CoM (unpublished results), the 

stimulation by CoM-S-S-HTF also must apply to the afore-mentioned methyl-

H^MPT: Bj2-HBI methyltransferase. In order to be active the corrinoid 

prosthetic group has to be present in the highly-reduced B-^s state. 

Artificially, the reduction and concomitant activation is accomplished by 

the strong reducing agent titanlum(III)citrate [15]. Physiologically, this 

reductive activation apparently is performed by the concerted action of ATP 

and CoM-S-S-HTP. In this respect it is remarkable that the inhibition by 

benzyl viologen, cyanocobalamin or metronidazole may be overcome by tita-

nium(III)citrate. The former compounds, thus, inhibit the reductive activa

tion. The mechanism by which ATP and CoM-S-S-HTP are capable to activate 

the corrinoid-containing methyltransferase is not yet clear. Neither of 

both compounds is an obvious potent reductant: CoM-S-S-HTP, In fact, is an 

oxidized compound. 

A number of observations described on the activation of the methyltrans

ferase show a close resemblance to those observed for the CO2 activation 

and reduction to form formyl-MFR. In the latter reactions CoM-S-S-HTP has 

been shown to account for the unusual coupling of CH3S-C0M reduction to 

formyl-MFR biosynthesis [2,3]. This coupling, known as the RPG effect [8], 

is strongly Inhibited by corrlns [29]. In addition, similar to the methyl

transferase, tltanlum(III)citrate has been shown to activate the formyl-MFR 

synthesis independently of CoM-S-S-HTP [3]. Metronidazole was found to act 

as an artificial electron acceptor in the CoM-S-S-HTP-dependent CO2 reduc

tion [3]. This compound was a strong inhibitor of the methyltransferase 

reaction. The various similarities suggest that the primary steps of 

methanogenesis and the activation of the methyltransferase are controlled 

by some common mechanism. Likewise, the RPG effect not only reflects a 

coupling between the terminal and primary, but also between the terminal 

and penultimate reactions viz. CH3S-C0M synthesis, in methanogenesis. 
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ABSTRACT 

The S-methyl-H^MPT: 5-hydroxybenzimldazolyl cobamide methyltransferase 

was Isolated and partially purified from cell-free extract of Methanobacte-

rium thermoautotrophicum strain ΔΗ. The methyltransferase was routinely 

assayed by use of a 55% ammonium sulfate supernatant fraction, that was 

completely dependent on the addition of the former enzyme for the conver

sion of formaldehyde to methylcoenzyme M. The methyltransferase was 

present in high-molecular weight complexes, as was concluded from differen

tial centrifugation, sucrose density gradient centrifugation and gelfiltra-

tion. The latter technique resulted in a highly enriched methyltransferase 

fraction, containing a major part of the total cellular corrinoids. The 

enzyme could be solubilized from the complex by a detergent treatment. 

Subsequent purification by gel filtration revealed a molecular mass of 

approximately 950 kDa. The 4.2-fold purified protein gave a single band on 

native PAGE of 100 kDa. This value corresponded well to a 1:1:1 stoichio-

metry of the subunits found by SDS-PAGE, viz. 35, 33 and 31 kDA. The 

partially purified methyltransferase was found to contain approximately 2 

nmol Bj^HBI (factor III) per mg protein. The corrinoid could be methylated 

upon incubation of the methyltransferase in the presence of both its 

substrate, S-methyl-H^MPT and an activator, titanium(III)citrate. This 

observation provided definite proof for the involvement of the corrinoid-

containing methyltransferase in methanogenesis. At least two additional 

proteins are required in this methyl group transfer to coenzyme M, viz. a 

Co-methyl-5-hydroxybenzimidazolyl cobamide: coenzyme M methyltransferase 

and an enzyme involved in the ATP-dependent activation of the methyltrans

ferase system. 

ABBREVIATIONS 

HS-CoM, coenzyme M, 2-mercaptoethanesulfonate; CHjS-CoM, methylcoenzyme 

M, 2-methylthioethanesulfonate; H^MPT, 5,6,7,8-tetrahydromethanopterin; 

CoM-S-S-HTP, the heterodisulfide of HS-CoM and HS-HTP (7-mercaptoheptanoyl-

threonine phosphate); BES, 2-bromoethanesulfonate; HBI, 5-hydroxybenzimida-

zole; DMBI, 5,6-dimethyIbenzimidazole. 
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ENZYMES 

CH3S-C0M reductase, methylreductase (EC 1.8.99.-); Carbon monoxide dehydro

genase, СО-dehydrogenase (EC 1.2.99.2); Methionine synthetase (EC 

2.1.1.13). 

INTRODUCTION 

Virtually all methanogenlc bacteria utilize СОт/І^
 a s
 their sole carbon 

and energy source. This hydrogen-dependent reduction of carbon dioxide to 

methane takes place via the oxidation levels of formate, formaldehyde and 

methanol. During these four successive reduction steps the 1-carbon unit 

remains bound to a number of unique carriers [10,34]. At the methyl level 

of oxidation, two 1-carbon carriers have been shown to be Involved viz. 

coenzyme M (HS-CoM) and 5,6,7,8-tetrahydromethanopterln (H4MPT) [5,24]. In 

their methylated forms, both compounds were found to act as methane 

precursors in vitro; CH3S-C0M is the final methyl donor. H^MPT appeared to 

function as 1-carbon carrier also at the methylene- and methenyl-level [5]. 

Much effort has been invested in the enzymology of the methylreductase 

system and the НдМРТ related reactions [2,3,7,16,27,28]. The intermediate 

transfer of the methyl moiety from 5-methyl-H^MPT to coenzyme M, however, 

is poorly understood. Nevertheless, several arguments pointed to the invol

vement of a corrlnold. All methanogens studied sofar contain considerable 

amounts of corrinoids [1,23]. In Methanosarclna barker!, which is able to 

grow on methanol, the methanol: HS-CoM methyltransferase reaction was 

proven to proceed via a corrlnold enzyme [30-32] and a subsequent transfer 

of the corrlnoid-bound methyl group to coenzyme M. A methylcobalamin: HS-

CoM methyltransferase was purified also from the non-methylotrophic bacte

rium Methanobacterlum bryantli [25]. H^MPT exhibits in many respects a 

structural and functional analogy to folic acid [11]. This analogy might 

also hold for the methyl-НдМРТ: HS-CoM methyltransferase, when compared to 

the methionine synthetase reaction. In the latter reaction, the methyl 

group of 5-methyl-H^folate Is transferred via a cobalamin-protein to the 

thiol-compound, homocysteine [26]. Experimental evidence was acquired by 

the observation that a methylated cobamide could be extracted from cell-

free extracts of Methanobacterlum thermoautoerophicum, when formaldehyde 
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was converted to CH3S-C0M in the presence of ATP [15]. Formaldehyde Is a 

precursor of 5-methyl-H^MPT and ATP was assumed to activate the corrinoid, 

as described [30-32] for the M. barker! methanol: HS-CoM methyltransferase 

system. Additional observations concerning formaldehyde conversion, e.g. 

the reductive activation by titanium(III)citrate and inhibition by nitrous 

oxide, confirmed the participation of a corrinoid protein in the 5-methyl-

H^MPT: HS-CoM methyltransferase reaction [12]. All components necessary for 

formaldehyde conversion to HS-CoM appeared to be present in a soluble cell 

fraction [12]. In contrast, the enzyme system used for carbon labeling 

studies of CH3S-C0M out of * CO2, which in fact, provided the first direct 

evidence for a methyl group transfer from 5-methyl-H^MPT to HS-CoM [17], 

was reported to be part of a vesicle system [18]. 

In the work described in this paper we established a partial purifica

tion of the 5-methyl-H^MPT: HS-CoM methyltransferase system. The system 

comprises at least two enzymes, a corrinoid- and a non-corrinoid enzyme. 

Preliminary evidence for the involvement of an ATP-dependent activating 

protein is presented. 

MATERIALS AND METHODS 

Materials 

All chemicals were of analytical grade. HS-CoM, Pipes, Tes, methy1-

cobalamin, cyanocobalamin (vitamin B ^ ) , 2-bromoethanesulfonate and molecu

lar weight markers for gelfiltration (MW-GF-1000) were purchased from Sigma 

Chemical Co. (St. Louis, MO, USA). Formaldehyde and titanium(III)chloride 

were from Merck-Schuchardt A.G. (Darmstadt, FRG). Dithiothreitol was obtain

ed from Serva Feinbiochemica (Heidelberg, FRG). ATP and CHAPS were from 

Boehrlnger GmbH (Mannheim, FRG). Titanium(III)citrate was prepared from 

titanium(III)chloride and sodiumcitrate as described by Zehnder and Wuhr-

mann [36]. Methyl-H^MPT was prepared as described before [27] and was 

kindly provided by B. te Brömmelstreet from our department. Sep-Рак C^g 

cartridges were from Waters Ass. (Milford, MA, USA). Sephacryl S-400 HR for 

gelfiltration, PhastSystem gradient gels and low-molecular weight markers 

for PAGE were from Pharmacia LKB Biotechnology (Uppsala, Sweden). Gasses 

were supplied by Hoek-Loos (Schiedam, NL), and were freed from traces of 
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oxygen by passage over a BASF RO-20 catalyst (H2) or a prereduced BASF R3-

11 catalyst at 150
o
C (N2). The catalysts were a gift of BASF Aktiengesell

schaft (Ludwigshafen, FRG). 

Organism 

WethanobacteriuiD thermoautotrophicum strain ΔΗ (DSM 1053) was cultured 

in a 300-1 fermentor on H2 and CO2 (80:20) on a mineral medium according to 

Schönheit et al. [19]. Cells were harvested with a continuous-flow centri

fuge at the end of the exponential growth phase, at a cell concentration of 

6-8 g (wet cells) per liter, and stored at -70oC under nitrogen. 

Preparation of extract 

Cell-free extract was prepared by suspending wet cells (1 g wet cells/ml 

buffer) in anoxic 50 шМ Tes/K+
 buffer (pH 7.0), containing 1 mM dithiothrei-

tol and DNase (10 μg/ml). The cell suspension was passed through a French 

pressure cell at 138 MPa under continuous flushing with N2- Centrifugation 

at 27,000 χ g (45 min, 4
0
C) pelleted cell debris and unbroken cells. The 

supernatant, referred to as cell-free extract, was collected and stored at 

-20
o
C under H2 

Fractionation of cell-free extract 

Cell-free extract (12 ml) was anaerobically centrifuged in 12.5-ml 

polyallomer tubes in a DAMON/IEC SB 283 rotor for 4 h at 100,000 χ g at 

4
0
C. The supernatant was carefully decanted and centrifuged again for 20 h 

under the same conditions. The first and the second pellet (Fraction I and 

II, respectively) were resuspended in 12 ml 50 mM phosphate/K
+
 buffer (pH 

7.0) containing 1 mM dithiothreitol and 1 M KCl (-buffer A). The final 

supernatant was referred to as Fraction III. 

For routine enzyme purification 24 ml of cell-free extract were placed 

inside an anaerobic glove box and adjusted to 25% ammonium sulfate satura

tion by dropwise adding 8 ml of aqueous saturated ammonium sulfate and 

stirring for 30 min at room temperature. This solution was subsequently 

centrifuged for 1 h at 100,000 χ g as described above. The resulting 

pellet was resuspended in buffer A. The pellet and the supernatant are 
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referred to as Fraction IV and V, respectively. 

Occasionally, Fraction V was subjected to an extra ammonium sulfate 

treatment at 55% saturation. The pellet obtained (Fraction VI) was dissol

ved and adjusted to the original volume in buffer A. The 55% supernatant 

was designated as Fraction VII. 

Cell-free extract was also subjected to sucrose density gradient centri-

fugation. Anoxic sucrose solutions were prepared in buffer A and layered in 

12.5-ml polyallomer tubes. The gradient consisted of 3 ml of each of the 

following sucrose concentrations: 60%, 50%, 40% and 30% (w/w). Cell-free 

extract (0.5 ml) was layered on top of the gradient and centrifuged in a SB 

283 rotor for 16 h (100,000 xg , 4
0
C). The gradient was distributed into 

0.65-ml fractions, and assayed for protein and methyltransferase activity. 

The fractions were also checked for the presence of membrane particles by 

electron microscopy (JEOL JEM-100CX II electron microscope). Negative stain

ing by 2% uranyl acetate was performed as described before [33]. 

Purification of the methyltransferase 

Because the methyltransferase was oxygen-labile, all handlings were 

performed anaeroblcally in an anaerobic glove box (97.5% N2/2.5% H2) and 

all buffer solutions contained 1 mM dithiothreitol. Fraction V was loaded 

(2-4 ml) onto a Sephacryl S-400 HR column (2.5 χ 90 cm) and eluted with 

buffer A at a flow rate of 0.7 ml/min. The eluate was monitored at 280 nm 

and 6-ml fractions were collected. Active methyltransferase was eluted in 

the void volume. 

Alternatively, purification was performed with Fraction I, which was 

already highly enriched for methyltransferase activity. Fraction I (4 ml) 

was diluted with 4 ml anoxic distilled water containing 100 mM of the 

zwitter-ionic detergent CHAPS. The turbid solution became translucent and 

was gently stirred for 1.5 h. The CHAPS-treated fraction was centrifuged in 

3.5-ml polyallomer tubes in a SB 405 rotor for 4 h at 100,000 χ g. The 

majority of the methyltransferase activity was now present in the superna

tant. This fraction (2.5 ml) was also chromatographed on Sephacryl S-400 HR 

using buffer A, supplemented with 1 mM CHAPS. 

The column was calibrated on the basis of the known molecular weights of 

methanogenic enzymes, detected in the column fractions and by using marker 

proteins (MW-GF-1000 markers, Sigma). 

95 



Extraction and quantification of cobamides 

Quantification of total corrinoids in enzyme fractions was achieved by 

HPLC. An appropriate amount of enzyme solution (1-4 ml) was added to 4 

volumes of methanol containing 0.01« KCN, and heated at 80
o
C for 30 min. 

Denatured proteins were pelleted by centrifugation (15 min, 7,000 χ g ) and 

resuspended in an equal volume of 80% methanol containing 0.01% KCN, 

whereupon the extraction was repeated. The supematants obtained were 

combined and dried in vacuo at 50
o
C. The residue was dissolved in 300 μΐ 

distilled water and filtered over a 0.45 μπι HV luer-lok filter (Millipore, 

Bedford, MA, USA) prior to injection onto the HPLC-column. 

Enzyme fractions containing high salt amounts were not extracted with 

methanol but, instead, were boiled (100
o
C) for 30 min in 2 volumes of 

distilled water. For total corrinoid determination 0.01% KCN was added. 

When methylated corrinoids were to be extracted, vials were wrapped in 

alufoil and all handlings were carried out in the dim light of a red lamp. 

Extracted corrinoids were desalted and concentrated on Sep-Рак C^g cartrid

ges. Prior to use the cartridges were activated by flushing with 20 ml pure 

methanol followed by washing with distilled water. All corrinoids were 

bound to the small column and residual salt was eluted by flushing with 5 

ml of distilled water. Remaining cofactors and corrinoids were eluted from 

the cartridges with 80% methanol. The samples were dried in vacuo at 50
o
C 

and the resulting residues dissolved in 300 μΐ distilled water. 

Aliquots ranging from 50 to 200 μΐ were subjected to reversed-phase HPLC 

analysis on a Hewlett-Packard 1048B HPLC, equipped with a Hewlett-Packard 

1040A diode-array detector and coupled to a Hewlett Packard 85B computing 

integrator. HPLC was performed on a 5 μπι LiChrosorb RP-18 column (150 χ 46 

mm; Alltech Europe, Eke, Belgium) kept at 35
0
C. A linear gradient of 

methanol in 25 mM acetate/Na"*" buffer (pH 6.0) was applied to the column (10 

to 73% methanol in 27 min; 0.8 ml/min). The eluate was monitored at three 

pilot wavelengths: 260, 361 and 550 nm (or 512 nm in the case of methyl-

B^2)· When a peak was recognized as such, a complete ultraviolet/visible 

light spectrum (250-600 nm) was recorded at the base, apex and downslope of 

the peak. Peaks were identified by their retention time and ultravio

let/visible light spectrum. The retention times of CN-B
1
2

H B I
· CN-B^DMBI, 

СНз-В]^
1 1 8 1
 and CH3-B

1
2

D M B I w e r e 1 3
·

6
·

 1 4
·

4
«

 1 8
·

7 a n d 1 9
·

3 m l n
· respective

ly. Calibration was performed by comparing peak areas to areas measured for 
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known amounts of corrlnolds (CN-B^DMBI, CN-B^HBI, CHß-B-^DMBI) , the detec

tion limit was approximately 0.05 nmol per Injected sample. 

HC HO 

S—»S.IO-methylene-H^MPT 

5-methyl-H4MPT 

ATP 
ΐαΗ 3 -Β 1 2 ΗΒΐ] № ζ С* I COM-S-S-HTP 

CH
3
S-CoM 

Flg. 1. Process of formaldehyde conversion to methylcoenzyme M by 
H. thermoautocrophicum. Formaldehyde reacts non-enzymatlcally with 
H

4
MPT to yield 5

(
10-methylene-H

A
MPT. H^MPT, 5,6,7,8-tetrahydro-

methanopterin; [ВілНВІ], 5-hydroxybenzimidazolylcobamide; HS-CoM, 
2-mercaptoethanesuIfonate; CoM-S-S-HTP, heterodlsulfide of HS-CoM 
and 7-mercaptoheptanoylthreonine phosphate (HS-HTP). ATP, tita-
nium(III)citrate and CoM-S-S-HTP have been shown to stimulate 
methyl group transfer [12,13,15]. 

Enzyme assays 

The 5-methyl-H^MPT: 5-hydroxybenzimidazolylcobamlde methyltransferase 

(methyltransferase) was routinely assayed, using formaldehyde as a source 

of S-methyl-H^MPT and excess HS-CoM as the acceptor of the methyl group 

(Fig. 1). 2-Bromoethanesulfonate was added to inhibit reduction of CH3S-

CoM. The supernatant of cell-free extract treated with 55% ammonium sulfate 

(Fraction VII) contained saturating amounts of the enzymes and the coen

zymes required to convert formaldehyde together with H^MPT Into 5-methyl-

H4MPT. ATP was required for reductive activation of the methyltransferase 

[15]. Titanium(III)citrate was added as an additional activating agent 

[12]. CoM-S-S-HTP, a co-substrate In the activation of the methyltrans

ferase [13], was present in Fraction VII and was not extra added. Assay 

mixtures were composed inside an anaerobic glove box, In crimp-sealed 10-ml 

serum vials. A typical methyltransferase assay mixture contained 2.4 mM 

ATP, 24 mM MgCl
2
, 250 μΜ BES, 12.5 mM titanium(III)citrate, 4.5 mM 

formaldehyde, 4.5 mM HS-CoM, 50 μΐ Fraction VII, 5-100 μΐ enzyme solution 

Η,,ΜΡΤ* 

HS-CoM 
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and the mixture was adjusted to 200 μΐ with 100 mM Pipes/K
+
 buffer (pH 

7.0). The vials were gassed with H2 (final atmosphere, 50%N2/50%H2), placed 

in a waterbath at 60
o
C to start the reaction and after an appropriate time 

the reaction was stopped by placing the vials on ice. Formaldehyde was 

determined as described before [15]. One unit of methyltransferase activity 

was defined as that amount required to catalyze the conversion of 1.0 μωοΐ 

formaldehyde per min. 

СН3-В12ІЖВІ: HS-CoM methyltransferase activity was assayed semi-quantlta-

tively by determining the time necessary for the assay mixture to turn from 

red to brown, as a result of B-ĵ r formation [8]: 

CH3-B
1
2(red) + HS-CoM > B

1
2

r
(brown) + H

+
 + CH3S-C0M 

The reaction mixture contained 2.5 mM O^-Bj^DMBI, 5 mM HS-CoM, 250 μΜ BES, 

50-150 μΐ enzyme solution, and 100 mM Pipes/K
+
 buffer (pH 7.0) was added to 

a final volume of 200 μΐ. Incubation was performed at 60
o
C. A quantitative 

assay was performed by measuring the decrease In the HS-CoM concentration. 

For this purpose incubations were performed inside an anaerobic glove box 

and at appropriate time intervals 30-μ1 samples were mixed with 3 ml anoxic 

2,2'-dinltro-5,5'-dithiobenzoic acid-reagens (0.16 mM in 150 mM Trls/Cl" 

buffer; pH 8.0). Outside the glove box the mixtures were measured at 412 

nm. 

CO-dehydrogenase activity was determined semi-quantltatlvely by follo

wing the CO-dependent reduction of benzyl vlologen. Reaction mixtures (170 

μΐ) contained 50 mM Pipes/K
+
 buffer (pH 7.0), 3.5 mM benzyl vlologen and 50 

μΐ column fraction. The vials were incubated under a N2/CO (90%/10%) 

atmosphere at 60
o
C. 

Wethylatlon of the methyltransferase by 5-methyl-H^HPT 

The Sephacryl S-400 HR pass-through fraction was used as a source of 

highly-active methyltransferase enzyme. A 50-ml serum bottle, wrapped with 

alufoil, contained 9 ml S-400 pool, 8.25 mM titanium(III)citrate and 17 μΜ 

5-methyl-H^MPT in a total volume of 10 ml (mixture A). H2 was used as a gas 

phase. In two control incubations either titanium(III)citrate or 5-methyl-

H^MPT was omitted (mixture В and C, respectively). A fourth incubation 

mixture was equal to mixture A, except that in addition It contained 0.1 μΜ 
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C N
"

B
1 2

D M B I
 (mixture D). Mixture E was comparable to mixture D, except that 

9 ml buffer A was added instead of 9 ml S-400 pool. All bottles were 

incubated for 15 min at 60
o
C in the dark. The reaction was stopped by 

placing the bottles on ice, opening them and adding 2 volumes of distilled 

water. When all of the titanium(III)citrate was oxidized, corrinoids were 

extracted as described above. 

Polyacrylamide gel electrophoresis 

Native and denaturing SDS-PAGE were performed with pre-fabricated mini-

gels using the FhastSystem equipment (Pharmacia LKB Biotechnology, Uppsala, 

Sweden). For native PAGE a 8-25% Gradient FhastGel was used. SDS-PAGE was 

performed on a 10-15% Gradient FhastGel, essentially as described by 

Laemmli [14]. The gels were stained with Coomassie brilliant blue R-250 

using the FhastGel development unit. Later on, the same gels were further 

stained using the FhastGel Silver stain procedure. The native gel as well 

as the SDS gel were calibrated with low-molecular-mass calibration proteins 

(Pharmacia). 

Protein determination 

Protein was determined with the Coomassie brilliant blue G-250 method 

according to Sedmak and Grossberg [22]. Occasionally, very low protein 

concentrations were quantified with the more sensitive rose bengal binding 

assay [4]. Bovine serum albumin was used as a standard. 

RESULTS 

Assay of S-metbyl-H^MPT: В¿¿WJI methyltransferase (methyltransferase) 

Since 5-methyl-НлМРТ is not commercially available and purification of 

this cofactor from the organism would only produce limited amounts, formal

dehyde was used as a source of S-methyl-H^MPT. Formaldehyde binds non-

enzymatically with H4MPT to yield 5,10-methylene-H
4
MPT (Fig. 1). H

4
MPT is 

recycled and is therefore only necessary in catalytic amounts in the 

overall reaction of formaldehyde to CH3S-C0M. However, in this case, the 
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particular assay of the methyltransferase requires the enzymes Involved In 

synthesis of 5-methyl-H^MPT from formaldehyde. It was found that ammonium 

sulfate precipitation at 55% saturation resulted in a pellet fraction 

(Fraction VI) and a supernatant fraction (Fraction VII), that were both 

required for the conversion of formaldehyde (Table 1). Fraction VII was 

found to contain saturating amounts of the enzymes and cofactors required 

for synthesis of 5-methyl-H4MPT viz. S.lO-methylene-H^MPT reductase, 

coenzyme F^20"
re<
^

uc:
'-

n
B hydrogenase, coenzyme ^420

 atM
* H^MPT (data not 

shown). Hence, in Fraction VI one of the compounds of the 5-methyl-H^MPT: 

HS-CoM methyltransferase should be exclusively present. In addition, 

Fraction VI exclusively contained corrinoids (Table 1). Separate assay of 

the СНз-B^DMBI: HS-CoM methyltransferase showed that this activity was 

about equally distributed between Fraction VI and VII (Table 1). 

Consequently, at least two enzymes were responsible for the transfer of 

the methyl group from 5-methyl-H^MPT to HS-CoM; an enzyme, present in 

Fraction VI, which may well be a corrinoid protein, and a CH3-B12: HS-CoM 

methyltransferase, which is present both in Fraction VI and VII and which 

does not contain corrinoids. In the following, Fraction VII was routinely 

added to provide the methyltransferase with its substrate, 5-methyl-H^MPT. 

Table 1. Distribution of enzyme activity and corrinoid content 
between 25-55% pellet (fraction VI) and 55% supernatant (fraction 
VII). Procedures for obtaining the listed fractions are given in 
Materials and Methods. Ammonium sulfate precipitation at 25%, combi
ned with a ultracentrifugation step, was performed to remove large 
cell fragments. The values between brackets express percentages of 
total. 

Fraction Protein Corrinoid 

content 

Formaldehyde 

conversion 
rate 

Cl^BjjDMBI: HS-CoM 
methyltransferase 

activity 

VI 

VII 

VI+VII 

mg/ml
a 

14 
13 

27 

nmol/mg 
protein 

0.202 (100) 
<0.001 (0) 

0.109 (100) 

nmol/min/mg 
protein 

(0) 
(0) 

198 (100) 

nmol/min/mg 
protein 

46 

43 

(54) 

(46) 

45 (100) 

a
 Values were corrected for dilution as a result of precipitation. 
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Localization of the methyltransferase 

A 140,000 χ g supernatant fraction has previously been shown to contain 

about 65% of the original formaldehyde converting activity [12]. Hence, it 

was concluded that the enzymes involved in formaldehyde conversion to CH3S-

CoM were soluble proteins. However, when during a similar experiment 

sedimented proteins were resuspended in buffers containing high salt 

concentrations, and specifically tested for methyltransferase activity as 

described above, enzyme activity could be definitely demonstrated (Table 

2). Below approximately 0.5 M KCl enzyme activity was Irreversibly lost, 

explaining the inactive pellet fraction, described before. Table 2 shows 

that the methyltransferase could be partially sedimented by high-speed 

centrifugation of cell-free extract (60% in 4 h)(Fraction I), but after 24 

h 11% was still present in the supernatant (Fraction III). These results 

suggest that the methyltransferase may be membrane-associated, but apparent

ly soluble aggregates, smaller in size or with a lower density, are also 

present. After sucrose density centrifugation, the majority of the methyl

transferase activity was present at the 30%/40% interface, below most 

soluble proteins (Fig. 2). A minor part was recovered throughout the 50% 

Table 2. Differential ultracentrifugation of cell-free extract from 
H. thermoautotrophlcum. Fractionation of cell-free extract was 
performed as described in Materials and Methods. Differential ultra
centrifugation yielded Fraction I, II and III. Ammonium sulfate 
precipitation (25%), combined with ultracentrifugation, yielded 
Fraction IV and V. Values in brackets express percentages of total. 

Total Methyltransferase 
Fraction protein activity 

Corrinoid 
content 

I 
II 

III 

mg 

65 
104 
165 

U/mg protein 

(60). 
-.- (29)° 
0.15 (ll)

b 

3.99 
0.65 

nmol/mg protein 

n.d. 
n.d. 
n.d. 

IV 
V 

7 
415 

7.50 (13) 
0.88 (87) 

1.00 (14) 
0.11 (86) 

* not determined. 
During the second centrifugation step some activity was lost. 

For estimation of percentages, values were corrected to original 
activity. 
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sucrose layer, corresponding with fractions which were found to contain 

membrane vesicles (fraction 5-12). These vesicles were virtually absent in 

fractions containing the highest methyltransferase activity (fraction 14-

16). 

Sucrose % (w/w) - Methyltransferase activity 
' ,nmol/min) 

Fraction number 

Fig. 2. Separation of cell-free extract of M. thermoautotrophicum by 
sucrose density gradient ultracentrifugation. Separation was perfor
med as outlined in Materials and Methods. Fractions (0.65 ml) were 
numbered from the bottom of the tube. All tubes were analyzed for 
protein ( · ) and methyltransferase activity ( О ) , and checked for 
the presence of membrane vesicles by electron microscopy. Sucrose 
concentrations are indicated by . 

Fractions (IV and V), obtained by high-speed centrifugation of a 25% 

ammonium sulfate precipitate dissolved in buffer A (100,000 χ g, I h ) , were 

analyzed for their corrinoid content, and the values obtained appeared to 

correspond well with methyltransferase activity found in these fractions 

(Table 2). 

Purification of the methyltransferase 

Purification of the methyltransferase started from Fraction V, contain

ing 87% of the methyltransferase activity present in cell-free extract. To 

preserve enzyme activity buffers had to contain high salt concentrations, 

thereby limiting the use of different chromatographic resins. However, 
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MeHiyltransferase activity 

- · , nmol/min ) 

- Absorbance (280 nm) 

50 60 
Fraction number 

Fig. 3. Purification of the methyltransferase from M. thermoauto· 
trophicum by gelflltration on Sephacryl S-400 HR. 
(A) The column was loaded with 2 ml fraction V (44 mg protein), and 
developed with buffer A. The eluate was monitored at 280 nm ( ). 
Fractions were analyzed for total corrinold content (o o) by HPLC 
as described in Materials and Methods. Methyltransferase activity 
was expressed as the amount of formaldehyde (nmol) converted during 
an appropriate period of time (·—·). The locations of CH^-Bj^MlBI: 
HS-CoM methyltransferase activity (ooo) and СО-dehydrogenase activi
ty (+++) are denoted at the base of the diagram. The numbered 
arrows indicate the position of methanogenlc enzymes or calibration 
proteins: 1 - F^20"

,
*

e
P

en
^

ent
 hydrogenase (800 kba), 2 - apoferrltln 

(443 kDa), 3 - methylreductase (300 kDa), 4 - ¿-amylase (200 kDa), 
5 - alcohol dehydrogenase (150 kDa), 6 - albumin (66 kDa), 7 -
carbonic anhydrase (29 kDa) 
(B) The column was loaded with 2.5 ml CHAPS-solubilized protein 
(9.6 mg protein), and developed with buffer A containing 1 mM 
CHAPS. Methyltransferase activity (·—·) was expressed as in (A). 
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Table 3. Purification of the methyltransferase from W. thermoauto-
Crophicum. The Table comprises two different purification procedu
res, both starting from 12 ml cell-free extract. The second proce
dure reached a higher purity, as judged by SDS-PAGE, despite a 
lesser increase in specific activity. 

Step Total Specific Purifi- Recovery Corrinoid 
activity activity

0
 cation 

Cell-free extract 
Ammonium sulfate 

25% supernatant 
S-400 gelfiltration 

Cell-free extract 
100,000 χ g pellet 
CHAPS solubilized 
protein 

100,000 χ g super
natant 

S-400 gelfiltration 

U 

419 
365 

97 

324 
195 
338 

259 

22 

U/mg 
protein 

1.17 
0.96 

8.62 

1.22 
4.00 
4.32 

4.99 

5.16 

-fold 

1 
0.8 

7.4 

1 
2.9 
3.5 

4.1 

4.2 

% 

100 
87 

23 

100 
60 
104 

80 

6 

nmol/g 
protein 

160 
110 

2010 

n.d. 
n.d. 
n.d. 

n.d. 

n.d. 

The amount of protein contributed by fraction VI, was not 
included for estimating the specific activities. 

gelfiltration appeared to be an adequate and reproducible technique. During 

Sephacryl S-400 HR gelfiltration methyltransferase activity was recovered 

in the void volume (Fig. ЗА), resulting in a 10-fold increase in specific 

activity and a 43% recovery with respect to 25% ammonium sulfate treated 

extract (Table 3). Total corrinoid analysis of the S-400 column fractions 

revealed two peaks, one coinciding with methyltransferase activity. The 

other corrinoid-containing fractions were found to co-elute with CO-dehydro-

genase activity (Fig. ЗА). The methyltransferase corresponded to a molecu

lar mass of at least 2,000 kDa; the СО-dehydrogenase had a molecular mass 

of about 700 kDa. A role for corrinoids in the process of acetyl-CoA 

formation has been suggested [9,35], and a corrlnoid-containing CO-dehydro

genase complex was already isolated from H. thermophlla [29]. Several 

attempts in performing a second purification step on the S-400 pass-through 

fraction, e.g. by ion-exchange chromatography or hydrophobic interaction 

chromatography, were unsuccessful. 

An alternative purification started from Fraction I, already enriched 

for methyltransferase activity. Since the methyltransferase was assumed to 

form high-molecular mass aggregates, gelfiltration on S-400 was preceeded 
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Flg. 4. Native Polyacrylamide gel electrophoresis of methyltrans
ferase from M. thermoauCotrophicum. 
(A) The 4.2-fold purified methyltransferase (1 μΐ; 18 ng protein) 
was applied to a 8-25% Gradient PhastGel, and native PAGE was 
performed by the standard PhastSystem programme (Pharmacia 1KB 
Biotechnology). Protein bands were stained by the PhastGel Silver 
stain procedure. T, top; F, front. 
(B) Molecular mass determination of the native methyltransferase. 
The following calibration proteins were used: catalase (240 kDa), 
aldolase (158 kDa), Phosphorylase b (94 kDa), albumin (67 kDa), 
ovalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor 
(20.1 kDa). 

by a treatment with detergents. Upon addition of 50 mM CHAPS, the opaque 

Fraction I became translucent. After ultracentrifugation methyltransferase 

activity was now predominantly present in the supernatant fraction (76% of 

total). Upon gelflltratlon the CHAPS-treated enzyme no longer eluted in the 

void volume, but eluted at a volume corresponding to a high-molecular mass 

of 950 kDa (Fig 3B). Unfortunately, during the latter gelflltratlon about 

90% of the methyltransferase activity was lost. 

The 7.4-fold purified methyltransferase produced on native Coomassie-

stained PAGE two bands of low-molecular weight (< 150 kDa). On silver 

staining several additional protein bands appeared (not shown). In contrast, 

native PAGE of the solublllzed 4.2-fold purified enzyme did only reveal one 

thin protein band on silver staining that had moved Into the gel (Fig. 4). 

This band corresponded to a molecular mass of about 100 kDa. Some protein 

did not enter the gel, apparently representing high-molecular weight 

loo - <D 
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Fig. 5. SDS-polyacrylamide gel electrophoresis of methyltransferase 
from H. thermoauCoCrophicum. 
(A) Methyltransferase, purified 4.2-fold from fraction V, was prepa
red for SDS-FACE by the method of Laemmli [14]. Α Ι-μΙ sample (18 
ng protein) was applied to the 10-15% minigel (lane 1). Lane 2 
contains the following calibration proteins: phosporylase b (94 
kDa), albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 
kDa), trypsin inhibitor (20.1 kDa), o-lactalbumin (14.4 kDa). The 
gel was stained by the PhastGel Silver stain procedure (Pharmacia 
LKB Biotechnology, Sweden). T, top; F, front. 
(B) Molecular mass determination of the subunits of the purified 
methyltransferase obtained by SDS-PAGE. 

protein complexes. SDS-PAGE of samples obtained by either purification 

procedure always produced three distinct protein bands of equal thickness, 

and some minor bands (Fig. 5). The triplet corresponded to molecular masses 

of about 31 kDa, 33 kDa and 35 kDA (Fig. 5). None of the bands observed 

upon native and SDS-PAGE was ever found to coincide with a red-colored 

band. Such bands may well have gone undetected since only small amounts of 

protein were used for PAGE. The Bj^-content of the purified enzyme pools 

was too low In order to produce a ultraviolet/visible light absorption 

spectrum, typical for corrinoid enzymes. Nevertheless, HPLC of the cyano-

lysed 7.4-fold purified enzyme showed that 1 mg of protein contained about 

2 nmol CN-B^2· Its ultraviolet/visible light spectrum, as measured with 

the diode-array detector, is in agreement with that reported for factor 

riuiekuiei WKiyi ι \* iu ; 

100 -
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® 
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Ill, a cobamide with 5-hydroxybenzimidazole as the a-ligand [6]. 

Assuming the minimal presence of 1 B·^ per smallest functional unit, an 

apparent molecular mass of the methyltransferase of 500 kDa may be estima

ted. 

From the specific activity of 8.62 U/mg and a B^-content of 2.01 

nmol/mg protein, a turnover number of 4288 per min was calculated. 

HethylatLon of enzyme-bound corrinoids by S-methyl-H^HPT 

In order to ensure the involvement of the enzyme-bound corrinoid in 

methyl group transfer, corrinoids were extracted from reaction mixtures 

and analyzed by HPLC. Methylation of the enzyme-bound corrinoid was obser

ved only in the presence of both 5-methyl-H^MPT and titanium(III)citrate 

(mixture A) (Fig. 6). Remarkably, when free CN-B-^DMBI was added to the 

reaction mixture, the compound was also found methylated as judged by HFLC 

(mixture D)(not shown). However, in the absence of the methyltransferase, 

free CN-Bj^DMBI remained unaffected (mixture E)(not shown). This indicated 

that the methyltransferase enzyme is definitely required in methyl group 

transfer, but apparently the enzyme is able to methylate its intrinsic 

cobamide as well as unbound free cobalamins. Free cobalamins could not 

substitute for the cobamide-containing methyltransferase in the formalde

hyde assay (not shown). 

CHj-B^DHBI: HS-СОМ methyltransferase 

Cell-free extracts of M. thermoauCotrophicuin contain moderate activities 

of СНз-В^2
О М В І :

 HS-CoM methyltransferase activity (45 nmol/min/mg protein) 

(Table 1). A linear relationship existed between increasing amounts of 

protein and activity. The enzyme appeared to be oxygen-stable and did not 

show a dependence for cofactors or mono- and divalent cations. The enzyme 

was stabilized in the presence of high amounts of salt, similar to the 

corrlnoid-containing enzyme. Nevertheless, after gelflltratlon on S-400 in 

the presence of 1 M KCl, activity was almost completely lost. Residual 

activity co-eluted with corrlnoid-containing methyltransferase in the pass-

through fractions as well as in the low-molecular weight region, correspon

ding to a molecular mass of about 35 kDa (Fig. ЗА). As a control 

experiment, cell-free extract of M. bryantii (DSM 863) was applied to the 
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Flg. 6. HPLC-analysls of corrinoids extracted from assay mixtures, 
containing purified methyltransferase from H. thermoautotrophicum. 
HPLC elution patterns at 512 nm of extracted mixtures Α-C. The 
mixtures contained: (A) methyltransferase enzyme fraction, tlta-
nlum(III)cltrate and 5-methyl-H^MPT; (B) methyltransferase enzyme 
fraction and 5-methyl-H^MPT; (C) methyltransferase enzyme fraction 
and tltanium(III)citrate. A detailed description of the composition 
of the mixtures is given in Materials and Methods. The inset in (A) 
shows the UV/visible absorption spectrum (250-600 nm) of the peak 
at 18.6 min, which corresponds with the UV/visible absorbance 
spectrum of СНз-В

1
2

Н В І
 (Factor III). The peak at 11.0 min in (A) 

and the peak at 11.6 min in (B) were probably methanopterln 
degradation products. The small peak at 10.4 min in (A) was 
attributed to FAD as judged by its UV/visible absorbance spectrum. 
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same column. Ο Η β - Β ^ Μ Μ : HS-CoM methyltransferase activity was recovered 

as a highly active fraction, corresponding to a molecular mass of about 135 

kOA. 

Methyltransferase activating protein 

As described in a previous section, ammonium sulfate precipitation at 

55% resolved the corrinoid-containing methyltransferase from several other 

components, required for formaldehyde conversion. A somewhat different 

resolution was obtained at 60% saturation. The resulting pellet fraction 

contained higher amounts of CHß-B-^DMBI: HS-CoH methyltransferase as well 

as methylene-H^MPT reductase and coenzyme F420 hydrogenase. This pellet 

fraction, combined with the supernatant fraction, was capable of formalde-

Formaldehyde (nmol) 

1000 г 

90O 

600 

600 

MM 

200 

0 

0 2 <. 8 

Time (mm) 

Fig. 7. Involvement of an activating protein in formaldehyde 
conversion. Formaldehyde conversion was determined as specified in 
Materials and Methods, except that the enzyme fractions used, were 
prepared by ammonium sulfate precipitation at 60% instead of 55%. 
The assay mixtures contained 50 μΐ 60%-pellet, combined with 50 μΐ 
60%-supernatant ( 0) or 50 μΐ deprotelnated 60%-supernatant ( · , • ) . 
ATP (2.4 mM) ( O , · ) or titanium(III)citrate (12.5 mM) (D) were 
added as activators. The supernatant fraction was deprotelnated by 
boiling for 30 min, followed by centrifugation for 5 min. All 
enzyme fractions were kept anaerobic. 
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hyde conversion when ATP was added as an activator. However, when supplemen

ted with a boiled deproteinated supernatant, the pellet fraction no longer 

showed activity in the presence of ATP, but only in the presence of 

titanium(III)citrate (Figure 7). This indicated that activation of the 

corrlnoid protein by ATP [12,15] required a protein, present In the 60% 

supernatant fraction. This methyltransferase activating protein was not 

studied further. 

DISCUSSION 

From the analogy with the methanol: HS-CoM methyltransferase in M. 

barker! [30-32] and the 5-methyl-H^foíate: homocysteine (methionine synthe

tase) reaction [26], as well as from the presence of CHj-B^: HS-CoM 

methyltransferase with an as yet unknown physiological role [25], it was 

proposed that corrlnoids could be involved In CH3S-C0M synthesis from 5-

methyl-H^MPT [10]. Evidence for this hypothesis was derived from experi

ments performed with crude cell-free systems of Hethanobacterium thermoauto-

trophicum [12,13,15]. To a definite substantiation of a role for corrln

oids we undertook an attempt to isolate and to purify 5-methyl-H^MPT: HS-

CoM methyltransferase from the organism. This proved to be quite difficult, 

since activity was irreversibly lost, except when the purification was 

performed at high salt concentrations. This prerequisite severely limited 

the potential use of a number of chromatographic techniques. Indeed, 

preliminary purification steps employing a variety of ion-exchange and 

hydrophobic interaction resins, and even concentration of enzyme prepara

tions on ultrafiltration membranes resulted into severe or complete losses 

in activity. Notwithstanding these limitations substantial evidence was 

obtained that a corrlnoid protein is actually involved in the methyltrans

ferase step. Upon ultracentrifugation, ammonium sulfate fractionation and 

gelfiltration methyltransferase activity was recovered that closely matched 

the corrlnoid content in the different fractions. Most importantly, by 

ammonium sulfate fractionation and subsequent gelfiltration an enzyme frac

tion was purified whose corrlnoid, notably ВічНВІ (factor III), could be 

specifically methylated by S-methyl-H^MPT. By the gelfiltration procedure, 

carried out both in the presence and absence of the detergent CHAPS, a 

remarkable grade of homogeneity was achieved. SDS-PAGE revealed the presen
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ce of three subunits occurring in equal ratios and showing molecular 

weights of 35,33 and 31 kDa, respectively. From native PAGE an apparent 

molecular mass of 100 kDa was estimated, which corresponds with a 1:1:1 

stoichiometry of the above subunits. Methyltransferase purified in the 

absence of CHAPS contained 2.0 nmol B^HBI per mg protein (Table 3). 

Assuming the minimal presence of one B-j? per smallest functional unit, a 

molecular size of 500 kDa is calculated. It should be mentioned that during 

the purification about 80% of the activity was lost. If the loss is due to 

Bj2HBI dissociation, a 5-fold higher corrinoid content can be expected, 

which equals one B-ĵ  per 100 kDa protein. 

Differential centrifugation, sucrose density centrifugation and gel-

filtration revealed that the methyltransferase exists as high-molecular 

weight particles. The question remains, however, whether these particles do 

necessarily consist of membrane-associated proteins: during sucrose density 

centrifugation, the methyltransferase activity does not entirely coincide 

with the location of the membrane vesicles. This indicates that the 

methyltransferase, thus, mainly occurs as non-membraneous high-molecular 

weight aggregates. Nevertheless, since a majority of the enzyme is rather 

easily sedimented (60% in 4 h), a partial association with membrane 

particles is plausible. This is consistent with the finding that the 

methyltransferase is present in a vesicle fraction prepared by ultracentri-

fugation [18]. Methyltransferase activity was recovered from pelleted as 

well as soluble proteins, in correspondence with the corrinoid content. 

Moreover, SDS-PAGE of partially purified enzymes of both fractions showed 

similar subunit patterns. Except for the part co-eluting with CO-dehydrogen-

ase, the majority of cellular corrinoids, apparently, is involved In methyl 

group transfer to HS-CoM. Fuchs and coworkers [20,21] described a corrin-

oid-containing membrane protein complex in the Marburg strain of H. Chermo-

autoCrophicum. This corrinoid complex of 500 kDa was reported as an 

integral membrane protein, representing about 60% of the total amount of 

corrinoids. A role for the complex was not established, but it was argued 

that it might be involved in electron transfer reactions coupled with an 

energy conservation step. However, the results described here suggest that 

the integral membrane protein may be identical to the methyltransferase, 

since it is difficult to accept that the majority of the corrinoids in the 

membrane fraction (100,000 χ g pellet) would exhibit a different function 

as the one described in this paper. Moreover, the enzyme purified from the 
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Marburg strain was composed of three different subunits having molecular 

weights of 33, 28 and 26 kDa, respectively [21]. We also found the 

methyltransferase from the ΔΗ strain of the organism to contain three 

different subunits, though of somewhat different size (35,33 and 31 kDa). 

In this respect It may be noteworthy to mention that antibodies raised 

against the corrinoid membrane protein, isolated from the Marburg strain, 

showed a positive response towards the ΔΗ methyltransferase purified by us 

(E. Stupperich, personal communication). 

The complete transfer of the methyl moiety from 5-methyl-H^MPT to HS-CoM 

is expected to involve a second non-corrinoid enzyme, catalyzing the 

transfer of the methyl group from the cobamide to HS-CoM. Such an enzyme 

was already purified from H. bryantii several years ago [25], but no 

specific role was assigned to It then. A comparable two-step reaction has 

also been described for methyl group transfer from methanol to HS-CoM in ti. 

barker! [30]. The specific activity of the СНз-В
1
2

В М В І : H S
-

C o M
 methyltrans

ferase found here for cell-free extract was rather low, when compared to 

the overall formaldehyde conversion rate. The fact that its natural sub

strate is probably not a free cobamide, but a protein-bound one, might 

explain this observation. Unfortunately, enzyme activity was almost comple

tely lost during gelfiltratlon. Further research is required at this point. 

The complete system mediating the transfer of the methyl group, at least 

includes a third protein, functioning in the activation of the corrinoid 

enzyme. Activation is assumed to occur by a lowering of the redox poten

tial, imposed by the concerted action of catalytic amounts of ATP and CoM-

S-S-HTP [13]. By what mechanism these ingredients work together remains to 

be elucidated, but electron transport processes might be involved. The 

close association of the methyltransferase with membranes may favor such a 

role. 
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ABSTRACT 

Cell-free extracts of MethanobacCerium thermoautotrophicum (strain ΔΗ) 

converted the 8-OH-5-deazaflavln coenzyme F420
 t o

 factor 390, a 8-adenylyl 

derivative (Г
/
г
>
20"

А
^^) · Activity was only observed upon exposure of the 

crude cell-free extract to oxygen. The ability to synthesize F390
 w a s

 lost 

when crude cell-free extract was subsequently brought to an anaerobic 

reducing environment. The enzymatic reaction used ATP and oxidized coenzyme 

F420
 a s
 substrates and inorganic pyrophosphate was formed next to F390· GTP 

could be used instead of ATP resulting in a guanylylated derivative. The 

crude cell-free extract showed Km values of 154 μΆ for coenzyme F420
 a n

d 

2.4 mM for ATP. A partially purified enzyme preparation exhibited a K
e
_ of 

0.32. In accordance, coenzyme F420
 a n (

* ^TP could be synthesized from F39Q 

and PPi by the reverse reaction. 

INTRODUCTION 

Methanogenic bacteria have been shown to possess a variety of apparently 

unique coenzymes, involved in one-carbon conversion and electron transport 

[6.13]. 

Among these cofactors, coenzyme F^o·
 a
 B-hydroxy-5-deazaflavin, appears 

to play a versatile role. Primarily, it serves as a central low potential 

redox carrier in both catabolic and anabolic reactions [6]. The chemical 

properties of coenzyme F420
 a r e

 comparable to those of nicotinamides : the 

compound is a 1 H
+
/2e redox carrier, showing a midpoint potential (E¿) at -

340 mV [11]. 

In addition to this key function as redox carrier coenzyme F420 

probably functions as the chromophore of the DNA photoreactlvatlng system 

of H. thermoautotrophicum [8]. 

Finally, it was recently shown that coenzyme F420 could be converted to 

chromophoric compounds with an absorbance maximum at 390 nm [5]. These F39Q 

compounds have been identified as AMP and GMP adducts of coenzyme F420 ^n 

which the nucleoside is linked via a phosphodlester to the 8-hydroxy group 

of the deazaflavln (Fig. 1) [5]. These chromophores, named F3gQ-A and Fßgg-

G respectively, can be chemically reduced with a reported midpoint poten

tial of -310 to -325 mV [3]. 
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Flg. 1. Structure of ^390"* according to Hausinger et al. [5]. 

Formation of F390
 w a s only demonstrated when whole cells of W. thermo-

autotrophicum were exposed to oxygen during gasing with H2 or H2/CO2. 

Removal of oxygen resulted in the reconversion of Fjgg to coenzyme F420 

[9]. The physiological significance of these modified forms of coenzyme 

F420 I
s n o t

 known, but since F39Q was only detected in cells exposed to 

oxygen, they might be part of a protective mechanism against oxygen. 

In the present paper synthesis of Т^дп from coenzyme F420 by crude 

extracts of H, Chermoautotrophicum is reported. Oxygen, ATP and oxidized 

coenzyme F420
 a r e

 required for enzymatic synthesis of F39Q. Optimal condi

tions for this adenylylation of coenzyme FA20
 a r e

 presented. 

MATERIALS AND METHODS 

Materials 

ATP, GTP, UTP and ITP were obtained from Boehringer GmbH (Mannheim, 

FRG). Phosphodiesterase I (Type IV), TES, PIPES and MES were purchased from 

Sigma Chemical Co. (St. Louis, MO, USA). Q-sepharose and Phenyl-sepharose 

C1-4B were from Pharmacia (Uppsala, Sweden). Sep-Рак C18 cartridges were 

obtained from Waters Associates (Millford, MAS, USA). Coenzyme F42O·
 F
^

 a n d 

F+ were purified essentially as described by Eirich et al. [1], except that 

Sep-Рак C18 cartridges were used to obtain salt-free preparations. All 

other reagents were of analytical grade. 
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Preparation of extracts 

Hethanobacterium thermoautotrophicum strain ΔΗ (DSM 1053) was grown on 

H2 and CO2 (80%/20%) in a 300 1 fermenter as documented earlier [15]. The 

cells were suspended (1 g wet cells/ml buffer) in 50 mM TES/K
+
 buffer (pH 

7.0) containing 1 mM dithiothreitol and subsequently disrupted by anaerobic 

passage through a French pressure cell at 138 MPa. Cell-free extract was 

obtained by centrifugation of the crude lysate at 27,000 χ g for 45 min at 

4
0
C to remove cell debris. The supernatant (38 mg protein per ml) was 

stored at -20
o
C under H2 until used. 

A partially purified enzyme preparation was obtained by hydrophobic 

interaction chromatography of a 40-60% ammonium sulfate fraction of crude 

cell-free extract on Phenyl-Sepharose CL-4B. The column (25x70 mm) was 

equilibrated with phosphate/K
+
 buffer (20 mM, pH 7.0) containing 1 M 

ammonium sulfate. The enzyme was tightly bound under these conditions. Two 

gradients from 1 to 0 M ammonium sulfate (350 ml) and from 0 to 75% 

ethylene glycol (300 ml) successively were applied to the column. The 

active enzyme eluted from the column at 50% ethylene glycol. 

Protein was determined with the Coomassie brilliant blue G-250 method 

[14] using bovine serum albumin as a standard. 

F39Q synthetase assay 

Synthesis of F390 was assayed spectrophotometrically on a Hewlett 

Packard 8452A Diode Array spectrophotometer by following simultaneously the 

decrease and increase in absorbance at 420 nm and 340 nm, respectively. The 

reaction was performed at 55
0
C in a 1 ml cuvette (1 cm) and was initiated 

by the addition of coenzyme F420 (51 μΜ) to the reaction mixture. A typical 

assay mixture (680 μΐ) contained 100 mM phosphate/K
+
 buffer (pH 6.4), 1.6 

mM ATP, 16 mM MgC^, and 20 μΐ cell-free extract (0.76 mg protein). All 

reactions were performed under air, unless indicated otherwise. When assays 

were performed anoxlcally a stoppered anaerobic 3 ml cuvette was used 

(reaction volume - 2.0 ml). 

Activities were calculated from the spectral data by using the molar 

extinction coefficients at 340 and 420 nm of coenzyme F420
 ап<

*
 F
390

 a t
 P^ 

6.4. From the known extinction coefficients of coenzyme F420 (
4
401~ ̂ 7 mM"

1 

[ 4]) and F39Q («390" 14.3 mM [5]) and the spectrum of purified coenzyme 
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F420
 a l u i F

390
 a t
 Р

н
 б·^ ̂

6
 following molar extinction coefficients were 

obtained: coenzyme ^'¿t2o(tU20~ 21.8 mM ; e340- ^-^ ̂  ) · ^390 (4420~ ^-^ 

mM"1; €340- 9.1 mM - 1). 

For determination of the equilibrium constant the partially purified 

enzyme system, resolved for inorganic pyrophosphatase was used. Incubations 

(500 μΐ; 0.06 mg protein) were performed aerobically in Eppendorf cups at 

50
o
C as described in the text and 50 μΐ samples were withdrawn and analyzed 

for coenzyme F420
 anc

* ^390 ̂ У HPLC. 

Purification of F390 

F390
 w a s

 synthesized in larger amounts by scaling up the analytical 

procedure described above. A mixture of 10 ml phosphate/K buffer (pH 6.4) 

containing 1 mM coenzyme F420· 4.8 mM ATP, 48 mM MgCl2 and 2 ml cell-free 

extract was incubated at 55
0
C. In the course of the reaction small aliquots 

were taken from the reaction mixture and ultraviolet-visible light spectra 

were recorded. When the spectrum did not further change, excess ATP was 

removed by the addition of hexokinase (2 mg) and glucose (10 mM). Protein 

was removed through addition of 4 volumes of ethanol and heating for 15 min 

at 80
o
C. Precipitated material was removed by centrifugation at 27,000 χ g 

for 30 min and the resulting supernatant was flash evaporated to remove 

ethanol. The concentrated F39Q pool was chromatographed on a column (16x110 

mm) packed with Q-sepharose that had been equilibrated with 100 mM ammonium 

acetate (pH 7.0). A linear gradient (200 ml) from 0.1 to 2 M ammonium 

acetate was used to develop the column. F390 eluted at 1 M ammonium acetate 

and residual coenzyme F42O eluted at 2 M ammonium acetate. The ^290 

fraction was desalted using Sep-Рак C18 cartridges. F390 eluted with 10% 

methanol and was subsequently flash evaporated to remove methanol. Traces 

of ammonium acetate were removed by lyophilizatlon. 

HPLC-analysis 

Next to the spectrophotometrical assay, a HPLC procedure was used for a 

separate determination of the amounts of coenzyme F420
 an(

^ ^390
 l n с

^
е 

final reaction mixtures. 50 μΐ samples were withdrawn from the assay 

mixture and immediately mixed with 50 μΐ ethanol and bolled for 1 min. 

After centrifugation In an Eppendorf table centrifuge, a 20 μΐ-sample of 
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the supernatant was analyzed with a Perkin Elmer LC-pump (series 410 BIO) 

on a ΙΟ-μπι Octadecyl Si60 polyol (SERVA) column (4x250 mm) , equilibrated in 

40 шМ sodium formate (pH 3.0) and eluted at 2 ml/min. Separation was 

performed by applying a 10 min linear gradient from 0% to 25% methanol in 

the formate buffer. The eluent was monitored at 260 run on a Perkin Elmer 

(LC 90 BIO) UV detector equipped with a Perkin Elmer (LCI 100) Integrator. 

F39Q and coenzyme F420 showed retention times of 11.9 and 14.4 min, 

respectively. 

RESULTS 

The reversible conversion of coenzyme F^o t o F390 

Aerobic crude cell-free extracts of Methanobacterlum thermoautotrophicum 

were shown to catalyze the conversion of coenzyme F^20 w l t
h

 A T P
 (

and
 Mg^

+
) 

to F39Q (Fig. 2). The reaction resulted In a decrease of the absorbance at 

420 nm and the concomitant emergence of absorbance bands at 340 and 390 run. 

The reaction proceeded towards completion and the product of the conversion 

was identified as F39Q (F^O'A)
 o n
 basis of its characteristic ultraviolet-

Absorbance 1 

15 

1 0 

0 5 

300 350 ¿00 ¿SO 500 
Wavelength (nm) 

Fig. 2. ATP-dependent conversion of coenzyme Гл^п ̂ У
 c r u

d
e
 cell-

free extracts of Methanobacterlum thermoautotrophrcum. The reaction 
was followed by measuring the ultraviolet-visible light absorption 
spectrum at the times indicated (0-8 min) as described under 
Materials and Methods. The reaction mixture (680 μΐ) contained 1.6 
mM ATP, 16 mM MgCl,, 51 μΆ FAOQ and 20 μΐ cell-free extract (0.76 
mg protein) in 100 mM phosphate/K

¥
 buffer (pH 6.4). 
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visible light absorption spectrum [5]. Furthermore, upon addition of phos

phodiesterase I (0.02 units) to the final reaction mixture, the absorbance 

at 420 nm increased and coenzyme F420 was formed. The presence of ATP and 

2+ 
Mg was a prerequisite for the conversion of coenzyme F420· These results 

are consistent with the following reaction: 

F
4 2 0

 + ATP
 ч

 ^20-tM? + P P i
 W 

Simultaneous formation of inorganic pyrophoshate (PPi) during adenyl-

ylation of F420
 w a s n o t

 tested, but the involvement of PPi was confirmed by 

studying the reverse reaction. Since crude cell-free extracts are known to 

contain high inorganic pyrophosphatase (PPase) activities [ 7 ] a partially 

purified enzyme preparation free from PPase and ATPase activities was used. 

It appeared that F39Q becomes converted to coenzyme F420 when PPi (0.8 шМ) 

was added to the reaction mixture. This was evident from the decrease and 

simultaneous increase of the absorbance at 340 nm and 420 nm, respectively 

(Fig. 3). The production of coenzyme F420 ^
11
 ^

е
 reverse reaction was 

confirmed by HPLC analysis of the reaction mixture. Stoichiometric synthe

sis of ATP was confirmed by the luciferln-luciferase assay [10]. 

Apart from the compounds mentioned, no other cofactors were required 

Absorbance 

02 

01 

0 5 10 15 20 
Time ( mm) 

Fig. 3. PPi-dependent conversion of F390
 t o F

420
 ЬУ a

 partially 
purified enzyme preparation. The reaction was followed In a 1-ml 
cuvette at 55

0
C under air by simultaneously measuring the absor

bance at 340 nm ( ) and 420 nm ( ). The reaction 
mixture (630 μΐ) contained: 20 μΆ F^Q, 3.8 mM MgC^, 100 mM 
phosphate/K

+
 buffer (pH 6.4) and 0.06 mg protein. After 3 min PPi 

(0.8 mM) was added as indicated by the arrow. 

122 



when dlalyzed cell-free extracts or the partially purified enzyme prepara

tion were used In the assays. 

Optimal reaction conditions 

In the experiments described above anaerobic cell-free extracts were 

used that had been kept under air at 0
o
C for 19 h prior to the experiments. 

This long-term exposure was not a necessity; the reaction starts immediate

ly also after addition of anaerobic extract to the aerobic cuvette. The 

oxidized extract was also still active when tested under anoxic conditions 

under N2 or under 95% H2/5% O2 atmosphere. However, upon exposure of the 

oxidized cell-free extract to a reducing atmosphere (100% H2) at room 

temperature the ability for F39Q formation under N2 was lost within 5 min. 

But it was immediately restored upon reoxidation. Conversion of coenzyme 

F42O
 t o

 ^390
 w a s n e v e r

 observed when freshly thawed anaerobic cell-free 

extracts were used, whether tested under H2 or N2· 

The use of other oxidation agents instead of oxygen like potasslum-

hexacyanoferrate(III) (2 mM), or H2O2 (0.5 mM) did not result in T^gQ 

formation. 

The addition of mercaptans to the standard assay mixture, like 2-

mercaptoethanol (5 mM), or dithiothreitol (2.5 mM) inhibited the adenylyla-

tion of coenzyme F42O by approximately 15%. Under N2 atmosphere, addition 

of mercaptans caused complete blockage of Figo formation. 

Гздр synthesis could be performed best in phosphate/K
+
 or phosphate/Na

+ 

buffer since organic buffer systems like PIPES or MES caused some denatura-

tlon of protein, thereby interfering with the spectrophotometrical assay. A 

maximal velocity for F^ÇQ formation was measured at pH 6.1 in 100 mM 

phosphate/K buffer. Below this value activity decreased due to denatura-

tion of protein. Hence, for the standard assay a pH of 6.4 was chosen. A 

temperature optimum of 550C was determined for F39Q synthesis. 

At the optimal conditions 57 runol F39Q per min per mg protein was formed 

in the presence of 1.6 mM ATP and 154 /xM coenzyme F420· 

Reaction (1) followed simple Michaelis-Menten kinetics. Lineweaver-Burk 

plots revealed an apparent Km for coenzyme F420 0^ ^-^ μη In crude cell-

free extract at a non-saturating ATP concentration of 1.6 mM. The apparent 

Km for ATP amounted up to 2.4 mM in the presence of 51 μΜ coenzyme F^on-

In order to determine the reaction equilibrium in a typical experiment 48 
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μΜ coenzyme F420·
 5 7 I'M. F390· 6<ì Iм

 ^
1
"
1
·
 a n d

 Ю О ^ AT
1
* were incubated at 

50
o
C and pH 7.0 with 0.06 mg enzyme preparation free of ATPase and PPase 

and the reaction was followed by HPLC. When the reaction had reached its 

equilibrium 45 μΜ ^-¡90 a n d ^ ^ coenzyme F^20 w a s present in the reaction 

mixture. From these data a Kea of 0.32 may be calculated at these 

conditions. 

Substrate specificity 

The ATP-dependent conversion of coenzyme F420 w a s performed with the 

oxidized coenzyme. Reduced coenzyme F^o did not serve as a substrate at 

conditions when oxidized coenzyme F^20 w a s converted to FJÇQ. The reaction 

was followed under N2 atmosphere wifh previously oxidized crude cell-free 

extract. 

Furthermore, F0 and F+, two hydrolysis products of F420 that lack the 

N-(N-L-lactyl-'y-L-glutamyl)-L-glutamic acid moiety, could not be converted 

to FjgQ-like chromophoric derivatives under the same conditions. 

Previously, it has been described that besides an AMP derivative of 

coenzyme F42O (^здо~А)
 a
l

s o a G M P
 adduct (F39Q-G) could be isolated from 

oxidized cells of H. thermoautotrophicum [5]. In accordance, GTP (1.6 mM) 

was found here to substitute for ATP in F39Q formation by crude extracts. 

The reaction proceeded at nearly the same rate (51 ranol/min. mg protein) as 

observed for ATP. The product formed, F^O'dP» was identified as such on 

basis of its ultraviolet-visible light spectrum reported [5] of the isola

ted compound. In contrast, the nucleotides ITP and UTP could not be used as 

a substrate. 

DISOSSION 

Crude cell-free extracts of MeChanobacterium thermoautotrophicum were 

demonstrated to catalyze the ATP- (or GTP-) dependent synthesis of F39Q 

from coenzyme F420· This adenylylatlon of coenzyme F420
 w a s

 only observed 

when the incubation was performed under air or under N2 atmosphere. In the 

latter case, extracts had to be previously oxidized. Oxidized extracts that 

were stored under a reducing atmosphere lost their ability to synthesize 

F390 under a N2 atmosphere. Reoxidation by air restored the F39Q-synthesl-
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zing activity. The results described here indicate that Fjgg formation is 

subjected to a reversible process, resulting in an active or inactive 

enzyme preparation and induced by oxidation and reduction, respectively. 

The way in which activation and inactivation is achieved remains to be 

elucidated. 

Furthermore, it was found that oxidized coenzyme F^Q·
 a n d n o t

 reduced 

coenzyme ^420^2 ^ 1 ' ^
s с

^
е su

bstrate for the reaction. 

The experiments with F+ and FO demonstrated that the N-(N-L-lactyl-7-L-

glutamyl)-L-glutamic acid moiety of coenzyme F420 ^
s
 necessary for enzyma

tic activity. By comparison, FO and F+ are both redox active in reactions 

in which coenzyme F420 acts as electron-carrier [2]. 

The F390 synthesis reaction was shown to exhibit an equilibrium constant 

K
e q
 of 0.32. From this value a standard-free-energy change Δ0

ο
 (at 50

o
C) 

of 3.0 kJ/mol can be calculated. Thus, under standard conditions this 

reaction is endergonic, but since PPi is hydrolyzed by FPase, FJ^Q synthe

sis becomes feasible. 

Furthermore, if PPi cleavage of ATP (ATP > AMP + PPi; AG
0
'- -45.5 

kJ/mol) is introduced into the thermodynamical analysis of reaction (1), 

one can calculate a standard-free-energy change of -48.5 kJ/mol for FJ^Q 

hydrolysis (F390 > F420
 +
 AMF)· This indicates that Fßgg contains an 

energy rich phosphodiester bond. In accordance, it was shown here that ATP 

can be synthesized from FßgQ, provided that PPi is also present. Whether 

ATP synthesis from F39Q is of physiological importance is not known. 

The in vivo role of F^ÇQ remains unclear. As for F39Q formation in 

whole cells [5, 9], ^290 synthesis by cell-free extracts was only observed 

under oxidized conditions. Thus a role as a protective mechanism against 

oxygen damage is conceivable. However, it is difficult to imagine how 

coenzyme F420 c an be completely converted to FjgQ in view of the large 

apparent Km for ATP, at conditions when ATP-pools are reported to be 

usually very low [12]. On the other hand, FJJQ synthesis may be the reason 

for the previously observed decline in ATP content under oxidative condi

tions [12]. 
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ABSTRACT 

Cell-free extracts of WethanobacCerium thennoautotrophicum (strain ΔΗ) 

were found to perform a hydrogen-dependent reduction of Гз90>
 с

^
е &' 

adenylyl derivative of coenzyme F420· Reduction of F390 was found to be 

catalyzed by coenzyme F^20"
re<
^

uc
l

n
8 hydrogenase. Activity towards F^gQ was 

approximately 40-fold lower when compared to coenzyme F420 (0.12 and 5.2 

/imol.min .mg protein, respectively). In addition, cell-free extracts 

catalyzed the hydrolysis of F39Q to AMP and coenzyme F420· This hydrolysis 

required the presence of thiols (6 mM), high ionic strength (1 M KCl) and 

was reversibly inhibited by oxygen. The reaction proceeded optimal at pH 

8.2 and showed a dependence for Mn ions. Conditions for Fjgg hydrolysis 

in cell-free extracts are in many respects opposite to those previously 

described for FJJQ synthesis. 

ABBREVIATIONS 

Coenzyme F^o»
 a n

 8-hydroxy-5-deazaflavin; FJQQ, 8-adenylyl derivative 

of coenzyme F ^ Q ! HS-COM, coenzyme M, 2-mercaptoethanesulfonate; HS-HTP, 

component B, 7-mercaptoheptanoyl-L-threonine phosphate; PIPES, piperazlne-

W,N
/
-bls[2-ethanesulfonate]; TES, W-tris(hydroxymethyl)methyl-2-aminoethane-

sulfonate; DTT, dithiothreitol; HPLC, high-performance liquid chromatogra

phy. 

INTRODUCTION 

Methanogenic bacteria constitute a group of highly anaerobic microorga

nisms that obtain their energy for biosynthesis of cell carbon from the 

reduction of one-carbon substrates or acetate to CH^. During the last 

decade several novel coenzymes have been isolated and shown to participate 

in the methanogenic pathway [11,15]. A few years ago this list of mostly 

unique compounds became extended with the discovery of two chromophores, 

showing an absorbance maximum at 390 nm [8]. These compounds were identi

fied as derivatives of coenzyme F420 ^
η
 which adenosine-5'-monophosphate or 

guanosine-5'-monophosphate Is linked to the deazaflavin via the 8-hydroxy 
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position, and therefore named
 F

390"
A ап<

* Fßgg-G (Fig. 1) [8]. These 

chromophores could be isolated only when growing cultures of Hethanobacte-

rium thermoautotrophicum were exposed to oxygen [7,8,14]. Subsequent 

removal of oxygen from the gas phase resulted in the disappearance of the 

F390 compounds with the concomitant formation of coenzyme F420 [7,14]. 

Recently, enzymatic synthesis of F390 was demonstrated to occur in cell-

free extracts of the organism [12]. The reaction used oxidized coenzyme F420 

and ATP as substrates and proceeded only when extracts had been pretreated 

with oxygen. The ability to synthesize F39Q was rapidly but reverslbly lost 

when the extracts were brought under reducing conditions [12]. 

In order to ascribe a physiological role to factor(s) F^gQ, the potential 

of reactions of these compound(s) in cell-free extracts was further exa

mined. In this communication we report the H2-dependent reduction of Гздд-А 

and its enzymatic hydrolysis to coenzyme F420 ^У cell-free extracts of M. 

thermoautotrophicum. Optimal conditions for this FjgQ-reducing hydrogenase 

and FßgQ-hydrolase are described and compared to those of the coenzyme 
F420"re^uc^n6 hydrogenase and the F39Q-synthetase, respectively. 

ОН ^З Η Й f ™ 

о о соон " 

coenzyme F 4 2 0 R = H — 
NH, 

но он 
о 

F390-A R= ΐ « .> J 
- o - r 

ОН 

05 F390-G R-HH

L 

НО ОН 

Fig. 1. S t r u c t u r e of coenzyme F420 > F 3 9 0 " A a n < ^ ^390'^ a c c o r ( l i n g to 
E i r i c h e t a l . [2] and Hausinger e t a l . [ 1 ] . 
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MATERIALS AND METHODS 

Materials 

PIPES, TES, Tris, and HS-CoM were supplied by Sigma Chemical Co. (St. 

Louis, MO, USA). 2-Mercaptoethanol and EDTA (Titriplex III) were obtained 

from Merck-Schuchardt A.G. (Darmstadt, FRG). Methyl viologen and W-ethyl-

maleimide were from BDH Chemicals Ltd (Poole, UK). Dlthlothreltol was from 

Serva Feinbiochemica (Heidelberg, FRG). ATP and AMP was purchased from 

Boehringer GmbH (Mannheim, FRG). Gases were supplied by Hoek-Loos (Schiedam, 

NL), and freed from traces of oxygen by passage over a BASF RO-20 catalyst 

(H2) or a prereduced BASF R3-11 catalyst at 150
o
C (N3). 

Coenzyme f420
 w a s

 purified from H. thermoautotrophicum essentially as 

described by Eirlch et al. [2], except that Sep-Рак C18 cartridges (Waters 

Ass., MA, USA) were used to obtain salt-free preparations. Enzymatic 

synthesis of F390-A from coenzyme F420 and ATP, as well as subsequent 

purification on a Q-Sepharose column (Pharmacia Fine Chemicals, Uppsala, 

Sweden) were performed as previously described [12].
 F
390"

A
 shall be 

designated as FJ^Q In the following sections. 

7-Mercaptoheptanoyl-L-threonine phosphate (HS-HTP) was synthesized accor

ding to Ellermann et al. [4]. 

Organism and preparation of cell-free extract 

Methanobacterium thermoautotrophicum strain ΔΗ (DSM 1053) was cultured 

on a defined mineral medium [16] in a 300-1 fermentor under a H2/CO2 

atmosphere (80%/20%) as described before [21]. Cells were harvested at the 

end of the exponential growth phase and stored at -70
o
C under N2· Cell-free 

extracts were prepared by suspending cells in anoxic TES/K
+
 buffer (pH 7.0) 

containing 1 mM dlthlothreltol, and subsequently passing the suspension 

through a French pressure cell at 138 MPa. Cell debris were removed by 

centrifugation at 27,000 χ g for 45 min and the supernatant (cell-free 

extract), which contained 25-35 mg protein per ml, was stored at -20
o
C 

under H2. Protein was determined by the Coomassle brilliant blue G250 

method [19] using bovine serum albumin as a standard. 

131 



Enzyme purification 

Purification of FßgQ-reducing hydrogenase was performed under air at 40C. 

Cell-free extract (27.000 χ g supernatant) was flushed with N2 prior to 

exposure to air to prevent formation of harmful superoxide, peroxide or 

hydroxyl radicals [5]. 10 Ml cell-free extract was subsequently adjusted to 

40% and 60% ammonium sulfate saturation, respectively, by dropwise adding 

aqueous saturated ammonium sulfate, and gently stirring for 3 h at 4 C. 

After centrifugation (30.000 χ g , 20 min), precipitated proteins were 

redissolved in 10 ml 20 mM Tris/Cl" buffer (pH 7.2). The 40-60% ammonium 

sulfate fraction was adjusted to 1 H ammonium sulfate and loaded onto a 

Phenyl-Sepharose C1-4B column (2.5 χ 10.5 cm, flow rate 1 ml/min). The 

column was developed using a linear 1 to 0 M ammonium sulfate gradient (250 

ml), followed by a 0 to 75% ethylene glycol gradient (180 ml). The active 

enzyme coeluted with the coenzyme F^20"
r e
^

u c
i

n
8 hydrogenase, at the end of 

the ethylene glycol gradient, but distinctly separated from the methyl 

viologen-reducing hydrogenase, which eluted at the end of the salt 

gradient. The pooled fractions (32 ml) were loaded onto a Q-Sepharose Fast 

Flow column (1.6 χ 11 cm, flow rate 1 ml/min), equilibrated in 20 mM 

Tris/Cl" buffer (pH 7.2). A 240-ml gradient from 0 to 1 M NaCl in the 

starting buffer was applied to the column. The active enzyme eluted from 

the column at 0.5 M NaCl, together with the coenzyme Гд20"
ге<
1

ис
^

п
8 hydrogen

ase. Active fractions were pooled, concentrated by ultrafiltration on a 

Amicon YM-IO filter, and applied to a Superose-12 prep grade gelfiltratlon 

column (1.6 χ 50 cm, flow rate 0.35 ml/min), equilibrated in 50 mM Tris/Cl" 

buffer (pH 7.2). Again only one peak of hydrogenase activity (as measured 

by methyl viologen reduction) eluted from the column. This fraction exhibi

ted low coenzyme F^20"
re
d

u
cing activity but Тзед-reducing activity was not 

detectable. The calibrated Superose-12 column enabled estimation of the 

relative molecular mass of the native protein. The elution volume (47 ml) 

of the hydrogenase corresponded to a relative molecular mass of about 100 

kDa. 

Column fractions were qualitatively assayed for hydrogenase activity in 

microwell plates, measuring the reduction of methyl viologen. The micro-

well, containing 50 μΐ of each column fraction was taken inside an 

anaerobic glove box (97.5% N2/2.5% H2). After addition of 25 μΐ 10 mM 2-

mercaptoethanol and 25 /il 5 mM methyl viologen, fractions containing 
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hydrogenase became blue. For quantitatively measuring F-jgQ- and coenzyme 

F¿t20"
re<^uc'-n8 activity, pooled fractions were reactivated prior to testing. 

A serum vial (10 ml) containing 1 ml of the enzyme pool was evacuated and 

gassed with N2 3 times and finally gassed with H2. Inside an anaerobic 

glove box an equal volume of Tris/Cl" buffer (pH 7.5) was added, containing 

1 M KCl, 80 μΗ FAD, 120 μη benzyl viologen and 20 mM 2-mercaptoethanol. The 

vials were incubated under Ho at 37 С until the mixtures turned blue. 

Hydrogenase activity was determined spectrophotometrically as described 

below. 

F390-hydrolase was partially purified along with the Fß^Q-reducing hydro

genase, as described above, except that active fractions eluted from the 

Phenyl-Sepharose column between 10 and 35% ethylene glycol. 

Hydrogenase assay 

Hydrogenase activity was assayed in 3-ml anaerobic cuvettes. An amount 

of 60 μΐ of a F39Q- or F^20~
s o
^

u t
^

o n
 (1-6 ^ )

 w a s
 pipetted into the 

cuvette and taken to dryness during passage through the airlock of the 

anaerobic glove box. Inside the glove box 2 ml anoxic Tris/Cl
-
 buffer (pH 

7.5) was added and the cuvette was closed with a rubber stopper. A gastight 

syringe containing 100 μΐ enzyme solution was stuck onto the stopper. 

Outside the glove box the cuvette was evacuated and gassed with oxygen-free 

H2 (10
5
 Pa). After prewannlng the cuvette to 50

o
C, the reaction was started 

by piercing the stopper and injecting the enzyme solution. A cuvette 

without coenzyme F420
 o r

 F390 added was used as a blank. Reduction rates 

were determined spectrophotometrically by following the decrease in absor-

bance at 390 run (F390)
 o r
 401 nm (coenzyme F420)

 o n a
 Hewlett Packard 8452A 

diode array spectrophotometer. The molar extinction coefficients for F39Q 

(14.3 mM
- 1
) [8] and F420 (25.8 mM"

1
) are both pH-independent at the given 

wavelengths. In crude cell-free extracts addition of salt or thiols (2-

mercaptoethanol, dithiothreitol) had to be avoided, since these compounds 

strongly stimulated interfering activity of F39Q-hydrolase. 

FjgQ-hydrolase assay 

Hydrolase activity was assayed spectrophotometrically in 1-ml anaerobic 

cuvettes. All components except F39Q were added to the cuvette as anoxic 
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solutions Inside the anaerobic glove box. Outside the glove box the cuvette 

was degassed by three cycles of evacuation and pressurization with N2 (IO
5 

Pa). After prewarming the cuvette to 50
o
C, the reaction was initiated by 

injecting 100 μΐ of an anoxic F39Q solution (0.35 mM) . A typical reaction 

mixture contained: 38 mM Tris/Cl" (pH 8.2), 1 M KCl, 6 mM dithiothreitol, 

20 μΐ cell-free extract and 43 μΆ F390· Hydrolase activity was determined 

spectrophotometrically by following the increase In absorbance at 401 nm 

(isosbestic point for coenzyme F420)· From the molar extinction coeffi

cients of F39Q (13.6 mM"
1
) and F^o (25.8 mM

- 1
) at this wavelength, the 

concentration of both compounds at each point during the reaction could be 

determined. 

HPLC-analysis 

Qualitative and quantitative analysis of reaction mixtures were perfor

med by HPLC. A typical reaction mixture contained 6.3 mM DTT, 44 μΜ F39Q, 

50 μΐ of a partially purified enzyme solution (Phenyl-Sepharose C1-4B 

fraction) and the final volume was adjusted to 400 μΐ with 100 mM Tris/Cl
-

buffer (pH 8.2). At various time intervals allquots (50 μΐ) were taken from 

the reaction mixture, immediately mixed with 50 μΐ ethanol and placed in a 

boiling waterbath for 1 min. After centrifugation in an Eppendorf table 

centrifuge, 25-μΐ samples were analyzed. HPLC was performed with a Perkin-

Elmer LC-pump (series 410 BIO) equipped with a gradient programmer (Perkin-

Elmer Solvent Environmental Control SEC-4) and an ultraviolet light (260 

nm) detection unit (Perkin-Elmer LC 90 BIO). Cofactors were analyzed on a 

Protein pak DEAE-5PU anion exchange column (7.5 χ 75 mm; Waters Associates, 

Mllford, MA, USA), equilibrated in 5 mM Tris/Cl" buffer (pH 8.6) and eluted 

at 1 ml/min. Separation was performed by applying a 50 min linear gradient 

from 0 to 500 mM NaCl. AMP, F39Q and coenzyme F420 showed retention times 

of 13.8, 26.4 and 35.6 min, respectively. 

134 



RESULTS 

Hydrogen-dependent reduction of Fjpg 

Cell-free extracts of H. thermoautotrophicum were found to reduce F39Q 

when supplemented with a Hj atmosphere. In the absence of H2 no spectral 

change was observed. The disappearance of the visible light absorbance in 

the 350-450 nm region and the concomitant emergence of an absorbance band 

at 325 nm were indicative of the reduction process (Fig. 2A). Similar 

spectral changes have been observed when F39Q was chemically reduced with 

NaBH^ [8]. Upon oxidation with air the spectrum of oxidized Fßgg reappear

ed. H2-dependent reduction of F39Q was quantified at low salt concentra

tions and in the absence of 2-mercaptoethanol, compounds usually added for 

500 
wavelength (nm) 

Fig. 2. (A). Hydrogen-dependent reduction of Fjgg by cell-free 
extract of W. thermoautotrophicum. The reaction was followed by 
measuring the UV-visible absorption spectrum (300-500 nm) every 20 
sec. The 1-cm anaerobic cuvette (total volume 2.1 ml) contained 31 
/M F390. 95 mM Tris/Cl" (pH 7.5), 0.35 mg protein and H2 as a gas 
phase. A buffer solution, with cell-free extract but without F39Q 
added, was used as a blank. 
(B). Hydrolysis of F39Q by cell-free extract of M. thermoautotrophi
cum. The reaction was followed by measuring the UV-visible light 
absorption spectrum every 60 sec. The 1-cm anaerobic cuvette (total 
volume 780 μΐ) contained 23 μΜ Ï^SO· ^ м к с 1

'
 б
 ^

 D T
'

r
·
 a n d 0

·
2 6 m

E 
protein in 100 mM Tris/Cl" buffer (pH 8.2). N2 was used as a gas 
phase. An anaerobic cuvette containing all components except ϊτοη 
was used as a blank. 
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determining coenzyme F^20"^
e
P

e n
^

e n t
 hydrogenase activity [9]. In cell-free 

extract a specific activity of 0.12 μπιοί per min per mg protein was 

obtained, which is about 40-fold lower when compared to the rate of 

coenzyme F420 reduction under these conditions (5.2 fimol.min .mg 

protein). Llneweaver-Burk plots revealed an apparent Km for FJ^Q of 180 /iM 

(pH 7.5), which is about eight- to ten-fold higher than the value previous

ly described for coenzyme F420 (
2 5
 /Λ [3]; 19 μΛ [9]). тах amounted to 0.2 

μιηοΐ F390 reduced per min per mg of protein. 

Partial purification of the Fjgg-reducing hydrogenase 

M. thermoautotrophicum contains two distinct types of hydrogenases [11]: 

one only capable of reducing the artificial electron acceptor methyl 

viologen. The second type reduces coenzyme F420 ^п
 addition to methyl 

viologen. During hydrophobic interaction chromatography on Phenyl-Sepharose 

CL-4B FjgQ-reduclng activity was already resolved from the methyl viologen-

reducing activity. Thus F39Q cannot act as the as yet unknown physiological 

electron acceptor of the methyl viologen-reducing hydrogenase. In contrast, 

though great losses In activity occured for both enzymes, the FjgQ-reducing 

activity comigrated with the coenzyme F^20"
re
ducing activity. Moreover, the 

ratio of both activities (F^O'hydrogenase/Fjgg'hydrogenase) remaining 

constant at approximately 40. These results indicate that cell-free extract 

probably does not contain a separate F-jgn-reducing hydrogenase. Instead, 

F39Q and coenzyme F420
 a r e

 both reduced by the same enzyme. 

Hydrolysis of FJÇQ 

When an anoxic solution of F39Q was added to a reaction mixture 

containing cell-free extract and. dithiothreitol (DTT), a spectral change 

could be observed, provided N2 was used as a gas phase, as shown in Figure 

2B. The spectrum of F^Q disappeared and that of coenzyme F420 emerged, 

indicating that apparently F390 was hydrolyzed to coenzyme F420 anc* AMP. 

Formation of the latter two compounds was confirmed by HPLC (Fig. 3). F390 

became stolchlometrlcally converted to coenzyme F420 a n d AMP. The reaction 

in the presence of 43 μΜ F39Q went to completion and both AMP (0.6 mM) and 

coenzyme F420 (50 μΜ) were not inhibitory when added to the reaction 

mixture. Llneweaver-Burk plots revealed an apparent ^ of 71 μΜ for F39Q. 
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Fig. 3. HPLC-analysis of the time-dependent hydrolysis of F^OQ by 
cell-free extract of M. thermoautotrophicuni. The reaction mixture 
(total volume 400 /il) contained 44 μΜ F^Q, 6.3 mM DTT, 50 /il 
partially purified enzyme solution (3.3 /ig protein) and 50 mM 
Tris/Cl" buffer (pH 8.2). Samples (50 μΐ) were taken at t-0 and 
t-20 min and mixed with 50 μΐ ethanol. Denatured protein was 
removed by centrlfugation and 25 μΐ samples were separated on a 
DEAE-5PW column with a 0-500 mM NaCl gradient In 5 mM Tris/Cl~ 
buffer (pH 8.6). The eluent was monitored at 260 nm. 

Under the assay conditions described in Materials and Methods a specific 

activity of 70-75 nmol per min per mg protein was found in cell-free 

extract. 

Optimal reaction conditions for hydrolysis 

As stated above hydrolysis was observed only under a N2 atmosphere. When 

performed under air F39Q was not hydrolyzed, indicating that the enzyme(s) 

Involved is oxygen sensitive. Subsequent removal of oxygen by flushing with 

N2 resulted in an immediate recovery of the hydrolase activity. When the N2 

gas phase was exchanged for H2. again no hydrolysis or only a partial 

hydrolysis was observed. Instead, F390
 w a s

 reduced as described above. 

Apparently, reduced F39Q is not hydrolyzed to reduced coenzyme F420· 
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Next to a N2 atmosphere, DTT was indispensable for optimal F39Q 

hydrolysis. In the complete absence of DTT no activity was found (Fig. 4A). 

Above 5 mM optimal reaction rates were obtained. DTT could be replaced by 

2-mercaptoethanol, although a two-fold higher concentration was required in 

order to achieve a comparable hydrolase activity. Some other physiological 

thiol-containing compounds like coenzyme M (HS-CoM; 8 mM), component В (HS-

HTP; 2.5 mM) or glutathione (10 mM) were ineffective. Addition of strong 

reductants like dithionite (N32820^; 1 mM) did only result in F39Q reduc

tion, instead of F^QQ hydrolysis. 

F390 hydrolysis was greatly stimulated upon addition of high amounts of 

salts. In the presence of 1 M KCl a ten-fold increase in the rate of F39Q 

hydrolysis was observed (Fig. 4B). 

Furthermore, F390-hydrolase activity markedly responded to the type of 

buffer used. pH profiles of some buffer types are shown in Figure 4C. In 

phosphate/K
+
 buffer no activity was found (not shown), whereas in PIPES/K

+ 

buffer hydrolase activity was high when compared to TES/K
+
 or Tris/Cl~ 

buffer. For routine hydrolase assays Tris/Cl~ buffer was chosen, with an 

optimal pH value of 8.2. 

The dependence of FjgQ-hydrolase on bivalent cations was tested by 

addition of 1 mM EDTA to the standard reaction mixture. FßgQ-hydrolase 

activity was completely inhibited and could only be restored by МпСІ2. 

Addition of 5 mM M n
2 +
 in the presence of EDTA (1 mM) resulted in 74% of the 

original activity. Mn could not be replaced by one of the following metal 

ions: Mg
2 +
, Zn

2+
,NІ

2+
,Ca

2+
.Co

2
'

,
' (5 mM each). Complete inhibition of hydro

lase activity by 1 mM pyrophosphate, and to a minor extent by orthophos-

9+ 
phate could be explained by assuming that these compounds chelate Mn 

9+ 
ions. Addition of extra Mn released the Inhibition. 

Inhibition by thiol-reactive reagents 

Since Гздд hydrolysis was dependent on the presence of thiols, the 

effect of thiol-reactive reagents was of interest. Cell-free extract that 

was preincubated for 2 h with 2 mM N-ethylmaleimlde or 2 mM 2-iodoacetamide 

showed 52% and 13% of normal F390 hydrolase activity, respectively (not 

shown), when tested in the presence of 6 mM DTT. This indicated that the 

catalytic activity of the enzyme involved, apparently is regulated by thiol 

groups of certain amino acid residues. 
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Fig. 4. Effect of various reaction conditions on the F^gg hydrolase 
activity of cell-free extract. Unless stated otherwise, reaction 
mixtures (825 μΐ) contained 20 μΜ FjgQ, 0.66 mg protein, 6 mM DTT 
and 1 M KCl in 100 mM Tris/Cl" buffer (pH 8.2); incubations were 
performed in anaerobic cuvettes under a N2 atmosphere at 50 С. The 
specific activity was determined from the change in absorbance at 
401 nm as described under Materials and Methods. (A) Effect of DTT 
concentration. (B) Effect of KCl concentration. (C) pH profiles for 
several buffer substances, in the absence of 1 M KCl. 

DISCUSSION 

Cells of the strict anaerobic bacterium M. thermoautotrophicunj produce 

significant amounts of the chromophore Рздд when exposed to oxygen [8]. 

This synthesis of FjgQ coincides with a decrease in the cellular content of 

coenzyme F420
 a n (

^ with a cessation of methane production [7,14]. Cell-free 

extracts have been shown to synthesize F^gg out of coenzyme F420
 a n <

*
 A

TP 

[12]. This report describes two additional enzymatic activities, present in 

cell-free extract that use F^gg as a substrate. Since the in vivo role of 

this cofactor is still unknown, examination of these enzymes is important. 

Cell-free extracts were shown to contain a hydrogenase that reduces F390 

to its dihydro form (F39QH2) . As for coenzyme F^o [2]. the absorbance in 

the visible long-wavelength region disappears, and an absorbance band at 

325 nm emerges, indicative of the reduction process. This similarity in 

spectral properties suggests that the sites of reduction are at position 1 

and 5 of the structure of F39Q (Fig. 1). Gloss and Hausinger [6] already 

139 



estimated a reduction potential of -310 to -325 mV for F390· which is 

within a useful range for methanogens but they were unable to show 

enzymatic reduction by methanogen hydrogenases [6]. H. chenuoautotrophicum 

is known to contain two different hydrogenases [11]: one reducing coenzyme 

F420 an<i tf18 second one only capable of reducing artificial electron 

acceptors, e.g. methyl vlologen. It was found that during a partial 

purification of both hydrogenases, the FjgQ-dependent hydrogenase copuri-

fies with the F^20"<^ePen(^ent hydrogenase. Although the enzymes were only 

partially purified it can be concluded that the F3go-reducing activity 

cannot be assigned to the methyl vlologen reducing hydrogenase. Reduction 

of F39Q is probably performed by the coenzyme F^20"re^uc^n8 hydrogenase. 

Secondly, cell-free extracts were capable of hydrolyzing TJÇQ to its 

constituents viz. AMP and coenzyme F^Q· when tested under the appropriate 

conditions. Remarkably, the optimal conditions for hydrolysis are In seve

ral aspects opposite to the optimal conditions required for synthesis of 

^390· described earlier [12]: (1) A high ionic strength enhances F390 

hydrolysis, whereas synthesis is markedly Inhibited under these conditions 

(Kengen, unplublished results). (ii) Furthermore, both enzymes exhibit 

quite different pH optima (6.1 versus 8.2). (lil) Whereas synthesis of ^^90 

requires the presence of oxygen, hydrolysis proceeds only in the complete 

absence of oxygen. (liii) Moreover, for hydrolysis thiol groups are requir

ed, probably in reducing some integral protein SH-group. ^290 synthesis is 

inhibited in the presence of thiols (11). As for the F39Q-synthetase, the 

oxygen-stable F-jgQ-hydrolase can be reversibly activated and inactivated 

except that the required conditions (reduction and oxidation, respectively) 

are opposite Thus, the amount of F390 т а
У be controlled by the antagonis

tic activity of these two enzymatic reactions (FJ^Q-synthesis and -hydro

lysis). The extent of oxidation of the cell-free extract and possibly the 

thiol-concentratlon determine whether F39Q synthesis or hydrolysis occurs 

in cell-free extracts. Moreover, simultaneous activity of both enzymes is 

not desirable since it would cause a futile cycle of ATP consumption. 

The antagonistic features described here are probably a reflection of 

the changes described by others to occur in vivo [7,14]. It is conceivable 

that strict anaerobic bacteria like methanogens have evolved certain mecha

nisms to withstand periods of oxygen stress. H. thermoautotrophicum was 

able to survive after exposure to air for up to 30 h [13]. Under these 

conditions cells may start to synthesize 7^90 a t с
^

е
 expense of ATP, still 
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Fig. 5. Reaction scheme for the Interconversions of coenzyme F42O 
and FßQQ, as performed by cell-free extract of Λ. thermoautotrophi-
cum. FJQQHO and Έ^οο^ο a r e с

Ье reduced forms of F^gQ and coenzyme 

Рлоп· respectively. 

present In the cytoplasm or generated by K
+
 extrusion [17] or derived from 

some energy-rich storage form, e.g. cyclic 2,3-diphosphoglycerate [20]. 

Exposure of cells of Methanobacterlum to oxygen leads to the complete 

elimination of Δν [1], which causes a rapid efflux of potassium from the 

cells [18]. This oxygen induced decline in the internal potassium concentra

tion, which is normally very high (600-1100 mM) [10,18], again favors 

synthesis of F39Q. In addition, efflux of potassium might be accompanied by 

H
+
 influx, lowering the Internal pH. This would also be benificial to FJCQ 

synthesis. F390 could be involved in removing oxygen from the cytoplasm. 

The FßgQ-reducing hydrogenase might function at this point. Oxidation of 

reduced F390H2 might be enzymatlcally coupled to a concomitant reduction of 

oxygen. As soon as anaerobic conditions are restored the redox potential is 

lowered and the thiol concentration increases. As a result F39Q synthesis 

stops and hydrolysis commences, thereby removing superfluous amounts of 

^390 (F*-6· 5). Finally, a normal coenzyme F420 level is reached, allowing 

methane formation to proceed. 
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ABSTRACT 

F390-synthetase and F39Q-hydrolase were partially purified from cell-

free extract of Methanobacterium thermoautotrophicum. Although both enzymes 

were oxygen-stable, severe losses in activity occurred upon aerobic purifi

cation. The F35Q-synthetase tended to co-elute with coenzyme F420 reducing 

hydrogenase during all purification steps. The 30-fold purified enzyme was 

still contaminated with the hydrogenase. The F^gQ-hydrolase was purified 

135-fold to a specific activity of 8.6 μπιοί min"
1
 mg"

1
 protein. The 

colorless enzyme consisted of one polypeptide of approximately 27,000 Da. 

ABBREVIATIONS 

Coenzyme F420· 7,8-didemethyl-8-hydroxy-5-deazariboflavin-5'-phosphoryl-

lactylglutamylglutamate; F39Q, 8-OH adenylylated or guanylylated coenzyme 

F^2o;
 D
'
rT
> dithiothreitol; Tris, tris(hydroxymethyl)-aminomethane; TES, N-

tris(hydroxymethyl)methyl-2-aminoethanesulfonate; CHAPS, 3-[(3-cholamido-

propylj-dlmethylammonio]-1-propanesulfonate; SDS, sodium dodecyl sulfate; 

PAGE, Polyacrylamide gel electrophoresis. 

INTRODUCTION 

One of the first coenzymes isolated from methanogenic bacteria was a 

fluorescent compound, exhibiting an UV/VIS absorbance maximum at 420 nm 

under neutral conditions [1]. The structure of the chromophore was elucida

ted some years later as 7,8-didemethyl-8-hydroxy-5-deazariboflavin [2]. The 

compound is not restricted to methanogens, but was found also in lower 

amounts In Streptomyces strains [3,11], in Mycobacterium species [12], in 

the cyanobacteria Anacystis nidulans and Agmenella quadruplicatum [4], and 

in Archaeoglobus fulgidus [12]. Although structurally resembling the tri

cyclic flavins, chemically, the coenzyme is comparable to nicotinamide 

coenzymes. Reduction occurs by hydride transfer to the C-5 atom, with a 

redox potential of -340 mV [6]. In the past several methanogenic enzymes 

have been shown to be dependent on coenzyme F^OQ
 a s a

 redox carrier [7]. 

Recently, it was demonstrated that cells of Methanobacterium thermoauto-
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trophicum were able to convert coenzyme F420
 t o

 chromophores with an 

absorbance maximum at 390 nm, when exposed to oxygen [5]. These F390 

compounds were identified as derivatives of coenzyme F420 ^
n
 which AMP or 

GMP are in phosphodiester linkage to the 8-OH group of the deazaflavin 

[5]. Synthesis of F39Q has also been reported to occur In cell-free 

extracts of the organism [6]. A pretreatment of the extracts with oxygen 

was a prerequisite for activity, and upon reduction reversible inactlvation 

of the Figo-synthetase was observed. ATP vas required as a cosubstrate and 

provided the adenylyl moiety of FjgQ [8]. Under H2 atmosphere cell-free 

extracts were able to reduce F39Q to F39QH2, analogous to coenzyme F420 

reduction, but at a 40-fold lower rate [9]. Purification of the F390-

reducing enzyme revealed that apparently reduction is brought about by the 

coenzyme Гд20"
ге<
*

ис
*-

П
Е hydrogenase [9] . In addition, cell-free extracts 

have been demonstrated to contain a FßgQ-hydrolase activity, yielding AMP 

and coenzyme F420 [']• I n crude extracts the enzyme activity required a N2 

atmosphere and the presence of thiols. 

Although some enzyme-linked reactions involving F39Q have been recog

nized now, the physiological function of this compound remains unclear. For 

a better understanding we undertook an attempt to purify F3gg-synthetase 

and F-jgg-hydrolase from cell-free extract of M. thermoautotrophicum. 

MATERIALS AND METHODS 

Materials 

Phenyl-Sepharose C1-4B, Q-Sepharose Fast Flow and Superose-12 prep grade 

were purchased from Pharmacia Fine Chemicals (Uppsala, Sweden). Protein Pak 

DEAE-5PW anion exchange column and Sep-Рак C^g cartridges were from Waters 

Associates (Milford, MA, USA). Centriprep-10 concentrators were from Amicon 

Division, U.R. Grace & Co (Danvers, MA, USA). CHAPS was obtained from 

Boehringer GmbH (Mannheim, FRG). TES and Tris were supplied by Sigma 

Chemical Co. (St. Louis, MO, USA). DTT was from Serva Feinbiochemica 

(Heidelberg, FRG). Gases were supplied by Hoek-Loos (Schiedam, ML) and 

freed from traces of oxygen by passage over a BASF R0-20 catalyst (H2) or a 

prereduced BASF R3-11 catalyst at 150
o
C (N2). The catalysts were a gift 

from BASF (Ludwigshafen, FRG). 
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Growth of organism and extract preparation 

Methanobacterium thermoautotrophlcum strain ΔΗ (DSM 1053) was cultured 

on a defined mineral medium [14] In a 300-1 fermentor under a H2/CO2 

atmosphere (80%/20%), and harvested as described before [16]. Cell-free 

extracts were prepared by suspending cells (1:1, w/v) in anoxic TES/K
+ 

buffer (pH 7.0), containing 1 mM DTT, followed by passing the suspension 

through a French pressure cell at 138 MPa. Cell debris were removed by 

centrlfugatlon at 27,000 χ g for 45 min and the supernatant, referred to 

as cell-free extract, was stored at -20 C, under H2. 

Preparation of substrates 

8-OH-adenylyl-coenzyme F^on (^390^
 w a s

 synthesized enzymatically from 

coenzyme F420
 ant

* ATP with cell-free extract as described before [8]. F390 

was subsequently purified by ion-exchange chromatography on Q-Sepharose 

Fast Flow as previously described [8].The concentration of F39Q was deter

mined using a molar extinction coefficient of 14.3 mM at 390 nm [5]. 

Coenzyme F420
 w a s

 purified from boiled cell-free extract of the bacte

rium, essentially according to Eirich et al. [2], except that Sep-Рак C^g 

cartridges were used to obtain salt-free preparations. 

Enzyme assays 

F^gQ-synthetase was routinely assayed by spectrophotometrically follo

wing the change in absorbance at 401 nm at 55 C, as described before [8]. A 

typical reaction mixture contained 1.6 mM ATP, 16 mM MgC^, 51 μΜ coenzyme 

F
420>

 a
 suitable amount of enzyme and was adjusted to 680 μΐ with 100 mM 

phosphate/K
+
 buffer (pH 6.4). The reaction was initiated by addition of 

coenzyme F42O· ^
1 6 s

l
0
P

e
 of the initial decrease was used for rate 

calculations, using the molar extinction coefficients of F^gg (E^QJ- 13.6 

mM
- 1
) and coenzyme F^Q (^U01~ 2 5

·
8 ,1ιΜ

"
1
)(

ΔΕ
401~

 1 2
·

2
 "'M

-1
) • О"

6
 "nit

 o f 

FßgQ-synthetase was defined as that amount required to catalyze the conver

sion of 1.0 μπιοί coenzyme F420 P e r m
i

n
· 

Screening of column fractions was performed aerobically in Eppendorf 

cups, in a waterbath at 55"c. An Eppendorf cup containing 2.8 mM ATP, 28 mM 

MgCl2, 60 μΜ coenzyme F420· 50 μΐ enzyme fraction and adjusted to 300 μΐ 
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with 100 mM phosphate/K buffer (pH 6.4), was incubated for an appropriate 

time. The reaction was stopped by putting the cups on ice and adding 500 μΐ 

100 mM Tris/Cl" buffer (pH 8.85). The absorbance at 420 run was measured 

immediately in a 1-ml cuvette. 

^390-hydrolase activity was assayed spectrophotometrically under a N2 

atmosphere, by following the increase in absorbance at 401 nm at 50 С as 

previously described [9]. Reaction mixtures were prepared in 1-ml anaerobic 

cuvettes, inside an anaerobic glove box. The assay mixture contained 6 mM 

DTT, 1 M KCl, 43 μΜ F390. a suitable amount of enzyme, and was adjusted to 

820 μΐ with 100 mM Tris/Cl" buffer (pH 8.2). As for Гзэд-synthetase, Гз9
0
-

hydrolase was quantified using the ДЕдд].
-
 12.2 mM . 

Column fractions were qualitatively screened for FjgQ-hydrolase activity 

in micro-well plates. Although hydrolase activity had to be measured 

anaerobically, the enzyme did not require a reactivation procedure. The 

micro-well plate, containing 50 μΐ of each column fraction, was taken 

inside the anaerobic glove box. To each well 50 μΐ assay mixture was added, 

containing 100 μΜ Гз
д о
, 12 mM DTT, 2 mM KCl and 90 mM Tris/Cl" buffer (pH 

8.2). Fractions containing FjgQ-hydrolase turned yellow and showed fluores

cence upon illumination with long-wave (366 nm) UV-light. 

Hydrogenase activity was assayed qualitatively by reduction of methyl 

viologen as described before [9]. 

Purification of FjgQ-synthetase and Fj^Q-hydrolase 

The purification procedure for both enzymes was essentially the same. 

Since both enzymes were found to be oxygen-stable all purification steps 

were performed aerobically at 4 C. In order to diminish aspecific associa

tion with other proteins all buffer solutions contained 0.5 mM CHAPS. 

Cell-free extract (10 ml) was adjusted to 40% ammonium sulfate satura

tion by dropwise adding aqueous saturated ammonium sulfate (6.7 ml) and 

gently stirring for 3 h. This solution was centrifuged for 20 min at 30,000 

χ g and the supernatant was used for a second ammonium sulfate precipita

tion at 60% saturation. After centrifugation the sedimented proteins were 

dissolved in 10 ml 20 mM Tris/Cl" buffer (pH 7.2). The 40-60% ammonium 

sulfate fraction was adjusted to 1 M ammonium sulfate and applied to a 

column (2.5 χ 12 cm) containing Phenyl-Sepharose C1-4B. The column was 

eluted (1 ml/min) using a linear 1 to 0 M ammonium sulfate gradient (300 
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ml), followed by a linear 0 to 75% ethylene glycol gradient (250 ml), both 

In 20 mH Trls/Cl" buffer. The eluate was monitored at 280 nm and 6-ml 

fractions were collected. FjgQ-hydrolase and F39Q-synthetase were separated 

and were eluted from the column as broad peaks at 25% and 50% ethylene 

glycol, respectively. Active fractions were pooled and loaded separately 

onto a column (1.6 χ 11 cm) of Q-Sepharose Fast Flow, equilibrated in 20 mM 

Tris/Cl" (pH 7.2). The column was developed (1 ml/min) with a 500 ml 

gradient from 0 to 0.9 M NaCl in the starting buffer. Fjgg-hydrolase eluted 

from the column at 0.28 M NaCl, resolved from the majority of contaminating 

proteins. Elution of F^gQ-synthetase was achieved at 0.41 M NaCl. Active 

fractions were pooled, concentrated by Centriprep-10 and applied to a 

column (1.6 χ 50 cm; Vg — 34.2 ml) packed with Superóse-12 prep grade. The 

column was developed in 50 mM Tris/Cl" buffer (pH 7.2) at a constant flow 

rate of 0.35 ml/min. The Гздд-hydrolase eluted as a symmetrical peak after 

59.8 ml. Under the same conditions F^gn-synthetase activity was eluted 

after 43.5 ml, overlapping with F^20"
re<
^

uc
i

n
8 hydrogenase (47.4 ml). Occa

sionally, further purification of F3gg-synthetase was performed by using a 

Protein Рак DEAE-5PW column (7.5 χ 75 mm; flow rate 1 ml/min). The column 

was coupled to a Perkin Elmer LC-pump and gradient programmer (series 410 

BIO). The eluent was monitored at 280 nm by a Perkin Elmer UV detector (LC 

90 BIO). The column was equilibrated in 20 mM Tris/Cl" buffer (pH 7.2), and 

developed by applying successive linear NaCl-gradients (0-250 mM, 25 ml; 

250-500 mM, 50 ml). The active enzyme eluted at 300 mM NaCl. 

Polyacrylamide gel electrophoresis 

Non-denaturing and denaturing (SDS) PAGE was performed in 10% slab gels 

according to Laemmli [10], using a Bio-Rad Protean II apparatus. Protein 

bands were stained with Coomassie brilliant blue G-250. For determining the 

subunit molecular mass of the denatured proteins by SDS-PAGE, the following 

standards were used: Phosphorylase b (94,000), albumin (68,000), ovalbumin 

(43,000), carbonic anhydrase (30,000), soybean trypsin inhibitor (20,100) 

and a-lactalbumin (14,400). 

Molecular weight determination 

Chromatography on Superose-12 prep grade enabled determination of the 
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relative molecular mass of the native protein. The column was calibrated 

using the following standards: blue dextran (2,000,000), alcohol dehydrogen

ase (150,000), bovine serum albumin dimer (132,000), bovine serum albumin 

monomer (66,000), trypsin (23,500), a-lactalbumin (14,400), and cytochrom С 

(12,400). The molecular mass of the native proteins was determined from 

their relative elution volumes. 

Protein determination 

Protein concentrations were determined with Coomassie brilliant blue G-

250 according to Sedmak and Grossberg [15], using bovine serum albumin as a 

standard. 

Table 1. Purification of FJ^Q-synthetase 

Step 

Cell-free extract 
Ammonium sulfate 
Phenyl-Sepharose 
Q-Sepharose 
Superóse-12 

Total 
protein 

(mg) 

270 
131 
21 
4.6 
1.9 

Total 
activity 

(U) 

4.0 
3.3 
0.8 
1.0 
0.8 

Specific 
activity 

(Uxl0-3/mg) 

15 
25 
36 

214 
443 

Purifi
cation 

(fold) 

1 
1.7 
2.4 
14 
30 

Recovery 

(%) 

100 
83 
19 
24 
21 

Table 2. Purification of F390-hydrolase 

Step 

Cell-free extract 
Ammonium sulfate 
Phenyl-Sepharose 
Q-Sepharose 
Superóse-12 

Total 
protein 

(mg) 

270 
131 
9 
0.26 
0.06 

Total 
activity 

(U) 

17.3 
9.6 
2.5 
0.8 
0.6 

Specific 
activity 

(Uxl0-3/mg) 

64 
73 
275 
3088 
8640 

Purifi
cation 

(fold) 

1 
1.1 
4.3 
48 
135 

Recovery 

(%) 

100 
56 
14 
5 
3 
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RESULTS AND DISCUSSION 

F39Q synthesis and F39Q hydrolysis in W. thermoautotrophicum are cataly

zed by two distinct enzymes. FjgQ-synthetase as well as Foqn-hydrolase were 

oxygen-stable and did not require an reactivation procedure, as has been 

described for methanogenic hydrogenases. F^gQ-synthetase even requires 

prior exposure of the crude cell-free extract to oxygen in order to become 

active. Nevertheless, both enzymes showed severe losses in activity during 

the successive purification steps (Tables 1 and 2). Chromatography on 

Phenyl-Sepharose removed a major part of contaminating proteins (Fig. 1), 

however about 75% activity loss occurred for both enzymes. The presence of 

CHAPS nor the addition of 5% ethylene glycol to all buffer solutions 

stabilized the enzymes. 

INH k l 2 SH (M) 

( — I 

- <R 

90 

Fraction number 

Fig. 1. Phenyl-Sepharose chromatography of a 40-60% ammonium sul
fate fraction. The column was developed using a decreasing ammonium 
sulfate gradient, followed by an increasing ethylene glycol gra
dient, as indicated. Protein was measured by its absorbance at 280 

nm ( ). ^390" synthetase activity (0—0) is expressed as the 
decrease in absorbance at 420 nm, obtained after an appropriate 
assay period, as described in Materials and Methods. Fractions 
containing F390-hydrolase (| |) or hydrogenase (methyl viologen 
reducing activity) (| |) are indicated at the bottem of the 
figure. The second hydrogenase fraction corresponds with the coen
zyme F, 2о"

г е
^

и с
^

п
6 enzyme. Enzymatic activities were detected as 

described in Materials and Methods. 
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Absorbance(2Θ0 nm) 

0.05 

0 -

Fqnn-synthetase 

l — · ) 
12 

0Θ 

06 

10 15 20 25 30 

Fraction number 

Fig. 2. Separation of FjgQ-synthetase by gel filtration on Supero-
se-12 prep grade. The concentrated active pool (1.5 ml) from Q-
Sepharose ion-exchange chromatography was separated on a Superóse 
column (1.6 χ 50 cm). Fractions of 2.5 ml were collected. F 
synthetase and coenzyme Р^20"

ге(
1

ис
^

п
6 hydrogenase (|— 

expressed as in Figure 1. 

ч
 390" 
) are 

During the different purification steps F39
0
-synthetase activity tended 

to co-elute with coenzyme F
4
20"

r e d u c l
-

n
6 hydrogenase. Only gelfiltration on 

Superóse-12 resulted in a partial separation of these enzyme activities 

(Fig. 2), suggesting that F3gQ-synthetase represents a separate enzyme. 

From the relative elution volume a relative molecular mass of 120,000 was 

estimated for the native F^Q-synthetase and 105,000 for the coenzyme F420" 

reducing hydrogenase (Fig. 3). Occasionally, however, both enzymes were 

eluted In the void volume of the Superóse-12 column, indicating that both 

enzymes were able to aggregate to high molecular forms of at least 400,000. 

Upon further purification of F390-synthetase by FPLC on Protein Pak DEAE 

two hydrogenase activities were recovered as judged by methyl vlologen 

reduction. The F39g-synthetase co-eluted with the first hydrogenase peak or 

between both hydrogenases (Fig. 4). These conflicting results are probably 

caused by the fact that the coenzyme Гд20" г е
^

и с
і

п
6 hydrogenase tends to 

aggregate to well-ordered complexes of about 800 kDa [17]. Monomers (105 

kDa) and oligomers may produce separate activity bands during column 
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Molecular weighf (»10"+)-

100-

10 15 20 
V0/V„ 

Fig. 3. Molecular mass determinat ion of n a t i v e FJQQ-synthetase (A), 
coenzyme Г л 2 0 " г е < і и с і п Е hydrogenase (B) and Fjgg-hydrolase (С) by 
gel f i l t r a t i o n on Superose-12 prep grade. The s tandard p r o t e i n s and 
t h e i r molecular masses a re given in Mater ia l s and Methods. 

Absorbante (280 nm)-

U05 NaCl (---)(mM) 

400 

/ 

200 

0 L 

Д 

-FjQQ-synthetase 
( · — · ) 

-|12 

10 

08 

06 

04 

02 

5 15 25 
Fraction number 

Fig. 4. Separation of F39Q-synthetase by FPLC on a Protein Рак 
DEAE-5PW column. A 3-ml fraction from the active pool from the 
Superóse column was applied to the column and developed as descri
bed in Materials and Methods. Fractions of 1 ml were collected. 
FjgQ-synthetase and hydrogenase are expressed as in Figure 1. 
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chromatography. The F3gQ-synthetase seems to exist also as catalytlcally 

active monomers (120 kDa) as well as oligomers. It cannot yet be excluded 

that the latter enzyme might be a constitutive part of the coenzyme F420 

hydrogenase-containing oligomeric complex. Since the coenzyme F420 reducing 

hydrogenase is also able to perform reduction of F39Q [9], such an intimate 

association with the FßgQ-synthetase could have some physiological signifi

cance . 

The FßgQ-hydrolase was purified 135-fold with a 3% yield as summarized 

in Table 2. Similar to the F390-synthetase, the F39Q-hydrolase eluted from 

Phenyl-Sepharose with ethylene glycol, reflecting a rather hydrophobic 

nature. Ion-exchange chromatography on Q-Sepharose proved to be a very 

succesfull technique, resulting in a 11-fold increase in specific activity. 

Superóse-12 gel filtration showed three distinct, though slightly overlap

ping peaks, the middle one corresponding with F39Q-hydrolase activity (not 

shown). A relative molecular mass of 27,000 was estimated for the native 

protein from the relative elutlon volume. Native PAGE of the colorless 

protein showed one major protein band, indicating that the enzyme was at 

least 90% pure. Denaturing PAGE revealed one major band of 25,500, which 

corresponds well with the value obtained for the native enzyme. 
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9 
CONCLUDING REMARKS 





In the preceding chapters two seemingly unrelated subjects have been 

described, viz. the corrlnold-contalnlng methyltransferase and the F390 

related conversions. This chapter will focus on certain aspects of both 

topics, that were only briefly discussed in former chapters, and that will 

provide arguments for a more general mechanism, relating both subjects to 

one another. 

As may be concluded from the experimental evidence presented in Chapters 

2 to 5, methanogenesls involves a corrinoid-mediated methyl group transfer. 

One of the unsolved problems of this essential step is the mechanism by 

which the reductive activation process operates. Reductive activation in 

itself Is not surprising, since all known corrinoid-dependent methyltrans

ferases Involve such a process (Chapter 1). The basis for this activation 

lies in the need for the catalytlcally active, highly reduced Bj^s (
C o
 ) 

species (Co^
+
/Co

1+
: E g - -600mV). Specific inhibition by nitrous oxide 

(N2°) end activation by an artificial strong electron-donor as tita· 

nium(III)citrate (Ti
3 +
/Tl

4 +
: E Q - -480 mV) indicated that i^s a l s o 0

P
e r
a-

tes in the enzyme studied here (Chapter 3). In the absence of an artificial

ly reducing system (Ti ), methyl group transfer was found to require 

catalytic amounts of both ATP and CoM-S-S-HTP (Chapter 4). Hence, these 

compounds are expected to generate a low potential redox system for the 

reduction of inactive Bi2r to active В-^з- The mechanism by which this is 

realized and the precise role of the latter two compounds herein is not yet 

clear. Neither of both compounds is an obvious reductant, and CoM-S-S-HTP 

may even act as an oxidant. 

Interestingly, reductive activation of the methyltransferase shows some 

remarkable similarities with two other complex reactions in the process of 

methanogenesls, viz. the methylcoenzyme M reductase reaction and COo 

fixation into formyl-methanofuran. (1) All three reactions require cataly

tic amounts of ATP for optimal activity (Chapters 1 to 4). (11) CoM-S-S-HTP 

was shown to stimulate the methyltransferase reaction in the presence of 

ATP (Chapter 4). Similarly, CO2 reduction to formyl-methanofuran was enhan

ced up to 30-fold (RPG-effect) upon addition of CoM-S-S-HTP. Direct experi

mental evidence for activation of the methylcoenzyme M reductase by CoM-S-

S-HTP is lacking, but, since corrine inhibit the activation by ATP in this 

reaction, such role for CoM-S-S-HTP is also very plausible. (ill) Inhibi

tion by corrine has been described also for the methyltransferase reaction 

(Chapter 4) as well as the RPG-effect, I.e. the reduction of CO2. (lili) 
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Finally, all three reactions were shown to be activated by the artificial 

reductant titanium(III)citrate> in the absence of ATP. In the methylreduc-

tase reaction, activation is expected to involve the reduction of the 

nickel atom In coenzyme F430 from Ni(II) to Ni(I) (EQ - -600 mV), compara

ble to the reduction of Co(II) to Co(I) in B-ĵ · Whether the enzyme 

catalyzing CO2 reduction to formyl-methanofuran also harbours a prosthetic 

group, that requires reductive activation is unknown. However, thermodyna

mic data (ÄGQ - +16 kJ/mol; EQ - -497 mV) already provide a rationale for a 

dependence on low potential electrons. In view of these findings, one could 

envisage the reductive activation mechanism, described above for the 

methyltransferase, to be a general system for providing electrons at 

extremely low redox potential. The activating compounds, ATP and CoM-S-S-

HTP, are both formed in the ultimate exergonic methylreductase reaction. 

Thus, the latter reaction creates a suitable environment for the methano-

genic process in toto. 

Although these reductive activations apparently are common in cell-free 

systems, actively growing cells presumably do not require these processes 

frequently. Except when directly exposed to oxygen, the internal cellular 

redox potential probably remains at a constant low value. 

It is at this point where F^gg-synthesis and reductive activation of the 

methyltransferase meet. As outlined in Chapters 5 to 7, F^ÇQ is synthesized 

only when cells or cell-free extracts are exposed to oxygen. The compound 

is proposed to play a role in the recovery of cells after such exposure 

(Chapter 7). Complete recovery would require also the reductive activation 

of afore-mentioned methanogenic reactions, including the methyltransferase. 

Since F-jçiQ is synthesized out of ATP, it was proposed that It may even be 

involved more directly in this reductive activation of methanogenic 

enzymes. Indeed, F39Q was found to substitute for ATP in the activation of 

the methylreductase system (unpublished results). 

Certain species of methanogens have been reported to survive exposure to 

oxygen for short periods of time. The process of reductive activation of 

methanogenic enzymes, and possibly also the Fjgc related reactions, may 

well represent mechanisms that enable methanogens to deal with oxygen or 

oxidative conditions. 
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SUMMARY/SAMENVATTING 





SUMMARY 

Methanogenlc bacteria are obligate anaerobic microorganisms that obtain 

their energy for growth from the conversion of a limited number of one-

carbon compounds or acetate to methane. Chapter 1 of this thesis briefly 

describes the ecological role of this group of organisms, as well as their 

taxonomlcal characteristics. The biochemistry of the process of methanogene-

sls from hydrogen and CO2 Is discussed In more detail, with emphasis on the 

unique coenzymes Involved. The present knowledge on the role of corrlnolds 

and that of coenzyme F420 ^ n methanogenesls Is surveyed. Furthermore, some 

aspects of methanogens exposed to oxygen are described. 

In Chapter 2 Initial results are presented which Indicate that HeChano-

bacterium thermoautotrophicum contains a oxygen-sensitive methyl-H^MPT: HS-

CoM methyltransferase, which requires a pretreatment with H2 and catalytic 

amounts of ATP for full activity. In addition, the Intermediate formation 

of methyl-Bj^HBI i s demonstrated, suggesting that the methyltransferase 

harbours a corrlnold. 

The process of reductive activation is studied in Chapter 3. The 

dependence for small amounts of ATP is rather specific with respect to 

other nucleotides, but it can be replaced by strong chemical (TiJ ) or 

enzymatic reducing systems. Activation of the methyltransferase reaction by 

Ti and specific inhibition by N2O further support a role for a corrlnold 

protein. Both observations are indicative of the involvement of Bi2s' I.e. 

the central cobalt atom is in its most reduced state (Co(I)). 

In Chapter 4 evidence is presented that transfer of the methyl group 

requires CoM-S-S-HTP next to ATP in order to become fully active. Both 

compounds are mutually stimilatory on CH3S-C0M formation and it is conclu

ded that both are Involved in the reductive activation of the methyltrans

ferase. CoM-S-S-HTP is the product of CH3S-C0M reduction to methane by HS-

HTP. On basis of the stimulation by CoM-S-S-HTP and the observed inhibition 

by cobalamins, a comparison is made between the methyltransferase reaction 

and the reduction of CO2 to fomyl-methanofuran (RPG-effect). 

Definite proof for the involvement of a corrinoid-containing enzyme in 

the transfer of the methyl group to HS-CoM, Is obtained by the purification 

of the methyl-H^MPT: B^HBI methyltransferase, as described in Chapter 5. 

The enzyme appears to exist as high-molecular weight particles (> 950 kDa), 

partly associated with membrane fractions, but not necessarily bound to it. 
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The enzyme, which was purified by gelflltratlon In the presence of high 

salt amounts, was composed of 35, 33 and 31 kDa subunits and It contained a 

major part of the cellular corrinoids (Factor III). In accordance with Its 

function, the enzyme-bound corrinoid could be methylated In the presence of 

methyl-H^MPT and the artificial activator Ti . Experimental evidence is 

presented that complete transfer of the methyl group requires at least two 

additional enzymes. 

Chapters 6 to β deal with a different aspect of H. Chermoautotrophicum, 

viz. the conversion of the central low potential electron carrier coenzyme 

F
420

 t o
 *

t s
 8-OH-adenylylated derivative, factor 390. The conversion is 

observed only during exposure of cells to oxygen. Chapter 6 describes the 

conditions for synthesis of FJQQ from coenzyme F420 ^
n
 cell-free extract of 

the organism. The extracts require a pretreatment with oxygen and ATP is 

used as a cosubstrate, providing the adenylyl moiety of ̂ 390-

Under a H2 atmosphere F390
 w a s

 found to be reduced to F390H21 as 

described in Chapter 7. Purification of the FjgQ-reducing enzyme revealed 

that apparently reduction is brought about by the coenzyme Р^20"
ге(1ис

^
п
6 

hydrogenase. In addition, cell-free extracts were demonstrated to contain a 

F390-hydrolase, yielding AMP and coenzyme F42O- Optimal conditions for 

hydrolysis were In several aspects opposite to the optimal conditions 

required for synthesis of F^gQ. 

Chapter 8 describes the partial purification of F3gQ-synthetase and 

F3go-hydrolase. The F390-hydrolase was found to consist of one polypeptide 

of about 27 kDa. The FßgQ-synthetase tended to co-elute with coenzyme F42O" 

reducing hydrogenase, preventing complete purification. 

The final Chapter provides some arguments for the Involvemenç of a 

general 'reductive activation' mechanism. Moreover, the processes of reduc

tive activation and ^^90 synthesis/hydrolysis may be closely related, for 

both seem to play a role in the protection against oxygen. 
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SAMENVATTING 

Methaanbacteriën vormen een groep van strikt anaerobe micro-organismen, 

die kunnen groeien dankzij de omzetting van een beperkt aantal eenvoudige 

koolstofverbindingen tot methaan. Hoofdstuk 1 van dit proefschrift 

beschrijft summier de rol die deze organismen vervullen in hun natuurlijk 

milieu, alsmede hun taxonomische positie. De biochemie van de methaan-

vorming uit H2 en CO2 en de bijzondere coenzymen die hierbij betrokken zijn 

worden beschreven. Hierbij wordt speciale aandacht geschonken aan de rol 

van B]9"verbln<H-nSen en aan coenzym F42O· Tenslotte wordt een overzicht 

gegeven van enkele effecten van zuurstof op methaanbacteriën. 

In Hoofdstuk 2 worden de eerste resultaten gepresenteerd, die duidelijk 

maakten dat in /fethanobacteriiun thermoautotrophlcum een zuurstof-gevoelig 

methyl-H^MPT: HS-CoM methyltransferase aanwezig is. Dit enzym vertoont pas 

een goede activiteit na een voorbehandeling met H2 en in de aanwezigheid 

van katalytische hoeveelheden ATP (reductieve activering). Onder deze condi

ties kon de intermediaire vorming van methyl-B·^ worden aangetoond, wat 

deed vermoeden dat het methyltransferase een corrinoid bevat. 

Het proces van reductieve activering wordt verder uitgediept in Hoofdtuk 

3. De ATP-afhankelijkheid blijkt specifiek te zijn met betrekking tot 

andere nucleotiden, maar ATP kan wel vervangen worden door sterke chemische 

(Ti ) of enzymatische reductoren. Zowel de activering door Ti , alsmede 

remming door N2O wijzen op de betrokkenheid van Bj^s· dat kobalt in zijn 

meest gereduceerde vorm bevat (Co ). 

Naast ATP blijkt nog een component nodig te zijn voor een optimale 

methyl-groep overdracht, namelijk CoM-S-S-HTP (Hoofdstuk 4). Deze verbin

ding wordt gevormd in de laatste stap van de methanogenese, de reductie van 

CH3S-C0M tot methaan. Het wordt aangenomen dat zowel ATP als CoM-S-S-HTP 

verantwoordelijk zijn voor de reductieve activering van het methyltrans

ferase. De reactie blijkt bovendien geremd te worden door B^2~vert>indingen, 

waardoor een sterke overeenkomst met de initiële СОт-reductie stap (RPG-

effect) ontstaat. 

De zuivering van het methyl-H^MPT: B^HBI methyltransferase, zoals 

beschreven in Hoofdstuk 5, levert het uiteindelijke bewijs voor de betrok

kenheid van een B^-eiwit:· Het actieve enzym blijkt voor te komen als een 

hoog-moleculair complex (>900 kDa), gedeeltelijk geassocieerd met membraan 

fracties, maar niet noodzakelijk hieraan gebonden. Het enzym werd gezuiverd 
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door middel van gelfiltratie, in aanwezigheid van hoge zoutconcentraties. 

Het eiwit was opgebouwd uit subunits van 35, 33 en 31 kDa en bevatte een 

groot deel van de cellulaire corrinoiden. Naar verwachting bleek het enzym

gebonden corrinoid gemethyleerd te kunnen worden met behulp van methyl-

H4MPT, in aanwezigheid van de artificiële activator, Ti3+. Naast het Bj^" 

eiwit blijken op zijn minst twee andere enzymen nodig te zijn voor de 

gehele methyltransferase reactie. 

De volgende drie hoofdstukken beschrijven de resultaten met betrekking 

tot een ander aspect van HethanobacCerium thermoautotrophicum, te weten de 

omzetting van de electron carrier coenzym F420 ^ n het 8-OH geadenylyleerde 

derivaat, factor 390. Deze omzetting wordt alleen waargenomen wanneer 

cellen worden blootgesteld aan zuurstof. Hoofstuk б beschrijft de optimale 

condities voor de synthese van F^Q in cel-vrije extracten. Ook in dit 

geval is blootstelling aan zuurstof noodzakelijk. De adenylyl-groep is 

afkomstig van ATP. 

Evenals coenzym F42O' blijkt ook F390 gereduceerd te kunnen worden tot 

F390H2 (Hoofdstuk 7). De zuivering van het FOQQ-reducerende enzym laat zien 

dat niet een apart enzym maar het coenzym F^20"
a
^

lan
^

ce
4-J'

ce
 hydrogenase 

voor de reductie verantwoordelijk is. Cel-vrije extracten blijken verder 

nog een F39Q-hydrolase te bevatten, dat F39Q splitst in coenzym F420
 e n 

AMP. De voorwaarden voor een optimale hydrolyse blijken in menig opzicht 

tegengesteld te zijn aan die voor synthese van FOQQ. 

Hoofdstuk β beschrijft de gedeeltelijke zuivering van het F3gQ-synthe-

tase en het F-jgQ-hydrolase. Het F^gQ-hydrolase is een kleurloos eiwit, 

bestaande uit een polypeptide van ongeveer 27 kDa. Het F^gQ-synthetase co-

elueerde vrijwel steeds met het coenzym F420'
a
^

i a n
^

e
^^J^

e
 hydrogenase, 

waardoor slechts een gedeeltelijke zuivering bereikt werd. 

In het laatste hoofdstuk (Hoofdstuk 9) worden een aantal argumenten 

gegeven, die pleiten voor de bestaan van een algemeen 'reductief active-

rings mechanisme' in HeChanobacterium thermoautotrophicum. De processen van 

reductieve activering en Т^ЭО synthèse/hydrolyse zijn mogelijk nauw met 

elkaar verbonden, aangezien beide betrokken lijken te zijn in de bescher

ming tegen zuurstof. 
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