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INTRODUCTION 

Methanogenic bacteria are able to reduce a limited number of simple 

substrates such as carbon dioxide, formic acid, methanol, carbon 

monoxide, methylamines and acetic acid into methane. The turnover of 

elements that compose living organisms constitute the cycles of matter. 

Methanogens play a crucial role in the global cycle of carbon, since 

they degrade the waste products of fermentative and hydrogen-producing 

microorganisms (1). The latter anaerobic organisms degrade organic 

materials mainly to acetic acid, hydrogen and carbon dioxide. By 

consuming hydrogen methanogens maintain a low concentration of hydrogen, 

thus allowing fermentative bacteria to obtain metabolic energy from the 

oxidation of reduced organic compounds and the production of hydrogen 

(2,3). № e conversion of acetic acid into methane prevents the 

acidification of the anaerobic ecosystem. 

The total amount of carbon dioxide released yearly into the 

atmosphere is about 60.10
1 2
 kg. This quantity is far greater than the 

10
1 2
 kg of methane released into the atmosphere by methanogens. However 

the role of methanogens in the global cycle of carbon may be under

estimated by the above comparison, since a considerable fraction of the 

total amount of methane produced is oxidized by methanotrophic micro

organisms and never reaches the atmosphere. 

It is possible that methanogens were also involved in the production 

of petroleum, since polar lipids are found in crude oil which are 

probably degradation products of the polar lipids present in the 

membranes of methanogens (4). Moreover a nickel containing degradation 

product of coenzyme ЮЧзо is present in oil producing sediments (5). 
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Methanogenic Bacteria. 

Methanogens obtain metabolic energy from the production of methane. 

All methanogens are strictly anaerobic and are placed in the urkingdom 

of the archaebacteria on the basis of differences of their ribosomal 

RNA sequence with other organisms, their ether-linked polyisoprenoid 

triglyceride lipids as major constituents of the membrane, non-

peptidoglycan cell walls and other properties (6,7,8). The archaebacteria 

are distinct from both the eubacterial urkingdom (consisting of the 

"typical bacteria") and the eucaryotes (consisting of the algae, 

protozoa, fungi, plants and animals) (9). 

In contrast to their metabolic similarities the methanogens form a 

very diverse group of organisms. Therefore the methanogens have been 

divided into three separate orders: Methanobacteriales, Methanooooaales 

and Methanomicrab-iates, which are as distantly related to each other as 

gram-negative bacteria with gram-positive bacteria. As an example of 

this diversity, methanogens were observed as well in temperate glacier 

ice (CC) (10) as in hot submarine hydrothermal vents (300
o
C) under a 

pressure of 265 atm. (11). 

Coemymee of Methanogens. 

Methanogens contain a number of unique coenzymes as might be expected 

from their unique metabolic properties. 

The first aberrant coenzyme reported for methanogens, was the 

corrinoid isolated from Methanosaraina barkeri ала identified as a 

S-hydroxybenzunidazolylcobamine derivative instead of the common 5,6-

dimethylbenzimidazolylcobamlne derivatives (12-16) . The latter compound 

functions as a coenzyme in enzymatic methyl transfer and rearangement 
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reactions In eubacteria and eucaryotes (17). For W. barkeri it was shown 

that the methyl group of methanol was converted to methylthioethane-

sulfonic acid (CH3-S-C0M) via an enzyme bound 5-hydroxybenzimldazolyl-

cobamide (18-20). 

The second aberrant compound is the blue fluorescent coenzyme Fitzo-

Ліе structure of this compound was elucidated by Eirich et al. (21) and 

confirmed by chemical synthesis of the essential part of the compound 

(22,23). 

0 cx,o coo* 0 coo* 

OVCH-O^Qt-CHrO-P-O-CH-C-HH-CH-CHt-CMrC-IW-CH 

I ¿и ¿нон (̂  ex, 

Ö 

Fig. 1 Struoture of ооепвуте Fi,it> (from Eirich et al. (21)). 

Coenzyme F 1,20 functions as an electron carrier in methanogenesis (24). 

The presence of this coenzyme is not restricted to methanogens since it 

was detected in low amounts also in Streptomyoee grieeue where it 

functions as a coenzyme for the photoreactivating enzyme (25) and in 

Streptomyoee awreofaeiena where it is involved as a catalyst in the 

biological reduction of tetracycline derivatives (26). 

Another cofactor present in methanogens is called coenzyme M (H-S-

CoM) and was identified as thioethanesulfonic acid (27). The methylated 

form of this coenzyme (CHj-S-CoM) can be reduced to form methane and 

coenzyme M by the methyl coenzyme M methylreductase system of 

Methanobacterium thermoautotrophicum (28-31). 
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Purified methyl coenzyme M methylreductase was found to contain two 

moles of factor Рцзо per mol of methylreductase (32). This factor is 

probably identical to coenzyme №1,30, a brightly yellow coloured, non-

fluorescent heat stable, nickel containing compound (33-37), which 

contains coenzyme M (38) and 6,7-dimethyl-8-ribityl-5,6,8,-tetrahydro-

lumazine (39). The structure of Fioo M, a degradation product of 

coenzyme №1,30 was recently reported (40). 

С0
2
СНз 

Fig. 2 Structure of Fi,3o M (fvom Pfaltz et al. (40)). 

Another coenzyme involved in methanogenesis is the Carbon Dioxide 



Reduction (CDR-) factor, which stimulates the formation of methane from 

hydrogen plus carbon dioxide by the high molecular weight fraction of 

cell-free extracts of M. thermoautotrophicum (41,42). This CDR-factor 

can be converted to [
1
*c] formyl-CDR by

 1
*C02 and cell-free extract of 

ti. thexmoautotrophicum. The structure of the compound was elucidated by 

means of mass-spectrometry,
 l
H-NMR spectroscopy and degradational 

studies (43). 

A R : CH NM 

В Rj = CM2NHCH 

/ \ ?. Î00" 0 Î00" 
C H , 0 4 N) CH2CH2NHCCH2CH2CHNHCCH2CH2CHNHR2 

о çoo-
R2= ссн2сн2снснсн2сн2соо" 

COO" 

Fig. 3 Structure of the CDR-factor and of formyl CDR-factor 
(reported by Leigh (43)). 

During short-term l a b e l i n g experiments with c e l l s of M. thermoauto-
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trophiaum it was demonstrated that ^COj was Incorporated in substantial 

amount into a Yellow Fluorescent Compound (44) . Similary cells of M. 

barkeri, grown in the absence of hydrogen, incorporated ^CHjOH into a 

closely related Yellow Fluorescent Compound. Note that in the absence 

of hydrogen M. barkeri performs the reaction 4CB3OH -»• ЗСНі, + СОг» whereas 

in the presence of hydrogen the reaction СНэОН + Нг •* СНц + НгО is 

performed. In the presence of hydrogen and ^СНзОН the Yellow 

Fluorescent Compound was not labeled indicating that this compound 

plays a role in the oxidation of CH3OH to CO2 by M. barkeri (45). 

The metabolic one-carbon less counterpart of the Yellow Fluorescent 

Compound was identified as a pterin derivative and was accordingly 

named methanopterin (46). 

The Yellow Fluorescent Compound itself could not be studied well 

at that time, since it was an unstable compound present in low amounts 

in methanogens. On the basis of spectral properties and degradation 

studies it was assumed that the Yellow Fluorescent Compound was a 

carboxy-5,6,7,8-tetrahydromethanopterin derivative (47). 

The structure and function of methanopterin and the labeled compound 

derived from it are the main subjects of this thesis. Therefore a 

general introduction on the structures and functions of pterins is 

appropriate. 

Pterins. 

The name pterin is derived from the Greek word pteron (wing) since 

the first pterins were isolated from the wings of butterflies (4 ). The 

parent compound is 2-amino-4-hydroxypteridine, but as the equilibrium 

of the tautomeric forms lies in favor of the 4-oxo form the structure 
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of pterin is commonly written as the tautomeric 4-oxo derivative (49). 

H2N ^ N N^H 

Fig. 4 The structure of pterin numbered aaaording to Blakley 
(SO). 

Pterins are stable compounds which are poorly soluble in water and 

organic solvents. Protonation at N (1) accounts for the ρΚ
&
 : 2.5, 

while the pK
a
 » 8 is attributed to deprotonation at the N (3) site (50). 

When ultraviolet-visible light absorption spectra of pterins are 

measured as a function of pH, the largest wavelength absorption 

maximum shows a typical shift to shorter wavelengths upon decreasing pH. 

Fluorescence is exhibited by the majority of pterins, which facilitates 

detection of pterins on thin-layer chromatography plates. 

The best studied pterin derivative is folic acid. This compound is 

present in eubacteria and eucaryotes (50) but not (or only in very low 

amounts) in methanogens (51). It will be indicated in this thesis that 
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methanopterin performs a folate-like biochemistry and therefore a 

discussion on the biochemistry of folate derivatives is appropriate. 

The biologically active derivative of folic acid is tetrahydrofolic 

acid (THF) which functions as an intermediate carrier of hydroxymethyl 

N C ^ ^C—CH,—Ν—ζ У-С—Ν—CH—CH,—СН,—СООН 

I I I н ./ н ι ^ 
Η,Ν—С^ ^С^^СН СООН vS^ 

2-Amiiio-4-hydfiucy- p-Amlnobenzolc Glutamic add 
e-iiwtbylptarìdliia acid 

Pterolc add 

Ptooylghltamic add (folic add) 

-.1 1 

I 
QH Η 

N Í ^ ^ C ^ H ^ C — C H , — Ν — ¿ V-C—Ν—CH—CH,—CH,—СООН 

Η , Ν — C ^ i ^ C ^ ^ C H СООН 
' Ν ' "Ni 

Η 
Trtimhydrofolic add 

Η Η 

Χ. Ьо χ. - > ^ 

N^'FannyftatnhydiofolAte 

»/"Ч» 

ìSy-

lyj^'-MethenylteiimhydrofoUte 

NH 
II 

\J- / ы-и- л -

í^pN^-Methylenetetrahydrofolete N*-MethyltetnhydiDfolate N*-FormlnilnotetTahydrofolate 

Fig. S Structures of folic acid, tetrahydrofolic acid (THF) 
and ite vamcruB derivatives (52). 
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(-CHjOH), fonnyl (-CHO) or methyl (-СНэ) groups (52). 

The derivatives are interconverted according to the following scheme 

(50) and play a crucial role in the intermediary metabolism of amino 

acids, purines and pyrimidines (52). 

tioim 
Sorcmin· 
Chohn« Sariiw Glycin· Purjiwt Hiflidin· 

ForimnHfwTtlF 

^•шшяв МяІМпуІТНг 

Ttiyfnidylet· Purin« fomiyjinathionim 

Fig. 6 Enzymic interaonvereione of THF derivativee (from 
Blakley (49)). 

All tetrahydropterin derivatives are very sensitive to oxygen, 

except 5-formyl-THF and 5,10-methenyl-THF which appear to be rather 

stable (53,54). THF is readily oxidized by air to pterin, ô-fonnylpterln 

and (p-aminobenzoyl) glutamate (55). 

The ultraviolet light absorption spectra of tetrahydropterins differ 

from pterins since tetrahydropterins do not show absorption maxima above 

320 run, with the notable exception of 5,10-methenyl-THF (50). The 

relatively long wavelength absorption maximum (352 nm) of 5,10-methenyl-

THF can be ascribed to a conjugation between the tetrahydropterin and 

the aminobenzoic acid moieties via a methenyl linkage. 
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The Aim of the Preeent Inveatigation. 

The process of methanogenesis is an Interesting object of investiga

tion since it is an important step in the global cycle of carbon and 

is performed by a specialized group of organisms using previously 

unknown coenzymes. Moreover, knowledge of the process of methanogensis 

may be used in optimizing anaerobic digestors which convert organic 

waste materials into so-called "biogas". 

At this point an outline of the present thesis seems appropriate. 

Chapter 2 describes a general method to quantify the various 

coenzymes by the use of High-Performance Liquid Chromatography. This 

method was applied to evaluate industrial anaerobic water purification 

plants (chapter 3) and to study the metabolic conversions of methano-

pterin (chapter 4). The structure of a small pterin present in 

methanogens is described in chapter 5. 

The main interest of study of this thesis is devoted to the 

structures of methanopterin (chapters 6 and 7) and of 5,10-methenyl-

5,6,7,e-tetrahydromethanopterin (chapters β and 9). These structures 

were elucidated on the basis of studies using ultraviolet-visible light 

absorption spectroscopy, mass spectrometry and modern two-dimensional 

Fourier transform nuclear magnetic resonance techniques. 

Chapter 10 describes a general discussion on the process of 

methanogenesis. 
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Quantification of Coenzymes and Related Compounds from 
Methanogenk; Bacteria by High-Performance Liquid Chromatography 

P A T R I C K V A N B E E L E N , W I M J. G E E R T S , A R J A N P O L , A N D G O D F R I E D D . V O G E L S 

Department of Mtcnbtology. Faculty ofSaence. University of Nijmegen, 
Toemooiveid. NL-6525 ED Nijmegen. The Netherlands 

Received Augiut 13, 1982 

Quantifìcalion of coenzymes and related compounds from methanogens was perfonned in 
extracts obtained from whole cells with aqueous ethanol at вОвС. By means of high-performance 
liquid chromatography the following compounds could be detected and quantified in extracts 
from Melhanobactenum thermoautotrophtewn coenzyme MF4]o, the prosthetic group of meth-
ylcocnzyme M reductase, Fun, an oxidation product of this compound, coenzyme Foi, F M , 
methanoptenn, and carboxytetrahydromethanoptenn, previously known as YFC. Coenzyme 
MF^M, coenzyme Fuo, and methanoptenn could be determined in extracts from Methanosartina 
barken Structural differences were noticed between the coenzymes from the melhanogenic 
bacteria studied. 

Melhanogenic bacteria contain a number 
of unique coenzymes and related compounds 
such as coenzyme M (1,2), factors F,y¡, (3-6), 
which are derivatives of coenzyme M F ^ (7), 
the prosthetic group of methylcoenzyme M 
reductase, Fj« (3), cTHMP,1 which is a car-
boxylated denvative of tetrahydromethano-
pterin and was previously known as YFC 
(8,9), methanoptenn (10), and coenzyme F^o 
(11,12). The last compound is not restricted 
to the methanogens and was found to be the 
cofactor of the photoreactivating system of 
Strepiomyces griseus (13,14). 

Previously these compounds could be de
tected only by thin-layer chromatography and 
thin-layer electrophoresis and procedures for 
quantifications were not elaborated. Only 
coenzyme M derivatives can be identified and 
quantified by a bioassay (IS) or by isotach-
ophoresis (16). This study develops a system 
for quantitative determination of various 
coenzymes and related compounds found in 
melhanogenic bacteria. Hereafter the term 

1 Abbrevialions used: CoMF«*,, coenzyme MF^; FUD. 
coenzyme F«̂ , cTHMP, carboxytetrahydromethanop
tenn; m.p., methanoptenn. 

coenzymes will be used in a general way to 
include the related compounds of the coen
zymes as well. 

MATERIALS AND METHODS 

Methanobacterium thermoautotrophicum, 
strain ΔΗ (DSM 1053) was grown in 10 or 
300 liters defined mineral medium as de
scribed by Schönheit et al. (17). For safety 
reasons gassing with Нз/СОг (80/20, v/v) was 
limited to 0.1 liter/mm · liter medium and 
gaseous hydrogen sulfide was replaced by 
Na2S-(7-9)H20 (0.6 g/liter) and L-cyste-
ine · HQ · НгО (0.6 g/liter). Melhanosarcina 
barken strain MS (DSM 800) was grown as 
described by Hutten el al. (18). Cells were 
harvested with a Cepa 6IG continuous cen
trifuge and stored under hydrogen at -80°C. 

Coenzymes and related compounds were 
extracted from 15.0 g wet cells (equivalent to 
2.2 g dry wt) of M. thermoautotrophicum with 
30 ml extraction buffer (40% ethanol in 12.5 
т м potassium phosphate buffer, pH 7.0) by 
incubation under vacuum at 80°C and vig
orous shaking for 30 min. Cells were spun 
down at 10,000; for 30 min and were ex-

28$ 0003-2697/113 $3 00 
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tracted three times more in the same way. 
Supematants were pooled and flash-evapo
rated to 34.0 ml of concentrated ethanol ex
tract. This solution was kept for 2 days at 
- 2 0 o C under air in order to convert oxidiz-
able coenzymes, like reduced forms of F42o. 
into their stable oxidized forms. After this pe
riod the elution pattern of the ethanol extract 
on high-performance liquid chromatography 
(HPLC) did not change further for months. 
With such extracis optimal conditions for sep
aration and quantification were established. 

From 15.0 g wet cells of M. barkeri (equiv
alent to 2.0 g dry wt) 31.7 ml ethanol extract 
was obtained as above. 

The procedure recommended in this paper 
can be carried out with about 10 mg wet cells 
and the extraction may be performed under 
air at 80eC. In that case an immediately stable 
and identical elution pattern is obtained and 
the HPLC analysis may be started directly. 

Dry weights were measured after drying of 
cells to constant weight under vacuum at 
120oC. 

Authentic compounds were isolated from 
M. thermoautotrophicum as follows: coen
zyme Fuo was purified according to Eirich et 
al. (11) and methanopterin (10), cTHMP (9), 
and coenzyme MFtx (7) according to meth
ods described by Keltjens and co-workers. Fjm 
is a degradation product of coenzyme MF4]o 
and was purified by the HPLC method de
scribed here. F342 was a gift of J. T. Keltjens. 
From M. barkeri coenzyme Мр4эоПіЬ was iso
lated by ion-exchange chromatography of cell-
free extracts, coenzyme РіготЬ was purified 
according to Eirich et al. (11) and methano-
pterin-mb according to Keltjens et al. (10). 
Authentic compounds obtained from M. bar
keri are indicated by the letters "mb" placed 
after the name. 

А Сагу 118 spectrophotometer was used to 
record the spectra of the coenzymes dissolved 
in 25 т м acetic acid adjusted with KOH to 
pH 6.0. 

High-performance liquid chromatography. 
A reverse-phase system was used with 10 μπι 
LiChrosorb-RPlS (Merck) in a column with 

a length of 25 cm and 4.0 mm inner diameter. 
As a precolumn 37 to 50 μπι Cl8 Corasil 
(Waters) was used with the dimensions 50 
X 2.1 mm. The solvent delivery system was 
composed of Waters M6000 and M45 pumps 
with a 660 programmer and an U6K injector. 
The detector was a Waters 450 variable-wave
length detector coupled with a Hewlett-Pack
ard 3390A integrator. The mobile phase con
sisted of a mixture of methanol and 25 т м 
acetic acid in glass-distilled water adjusted with 
KOH to pH 6.0. Flow rate was 2.0 ml/min 
at 10 to 14 MPa. Routinely 25 μΐ samples 
were injected 0.5 min before the start of the 
integrator and a linear run from 0 to 25% 
methanol in 10 min was started 1.5 min after 
the start of the integrator. After about 20 min 
the integrator was stopped. The column was 
kept at room temperature. 

Thin-layer chromatography. TLC was per
formed either with system I consisting of 20 
X 20-cm Kieselgel-60 plates 0.25 mm (Merck) 
developed with l-butanol/acetic acid/water 
(33/12/15, v/v), or with system Π consisting 
of 20 X 20-cm cellulose plates developed with 
2-butanol/formic acid/water (6/1/2, v/v). 
Fluorescent spots were detected with a UVL-
21 Blak-Ray lamp which emitted at 366 nm. 

Preparative separation of coenzymes. 
Ethanol extract (0.5 ml) of M. thermoauto
trophicum was injected into the HPLC sys
tem. Fractions of 0.8 ml were collected, ly-
ophilized, and dissolved in 50 μΐ water. These 
fractions were analyzed with TLC systems I 
and II. Rf values and fluorescence before and 
after spraying with ammonia were compared 
with the properties of the authentic com
pounds. After spraying with ammonia the blue 
fluorescence of coenzyme F420 turns green and 
both the blue fluorescence of methanopterin 
and the yellow fluorescence of cTHMP dis
appear. The preparative separation of coen
zymes of Ai. barkeri was performed in a sim
ilar way with 1 ml ethanol extract. 

RESULTS AND DISCUSSION 

Figure 1 shows the separation of coen
zymes present in ethanol extract from M. 
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Flo. I. Elution puttni of ethanol extncts of M. themoautotrophicum (A and Q and M. barken (В and 
D). The putera m s ІОДЛІЫ atber at 240 or 350 nm as inrlxTitrH Absorten« nnge was 0.1 (A) or 0.04 
(В, С and D) ani 2S (J (A, B, C) or 30 μΐ (D) ethanol extract was injectai. 

thermoautotrophicum. The conditions were 
chosen to allow optimal identification and as
sessment Vvhich were performed by cocbro-
matography with authentic compounds. Pre
parative separation on HPLC showed that the 
coenzymes were separated well. Each coen
zyme was found in the indicated peak only, 
except for coenzyme F420 of which a minor 
amount was detected with retention of 8.49 
min, possibly due to the presence of a small 
amount of the reduced form of coenzyme F420 
in the extract cTHMP was not detectable in 
this preparation of coenzymes but separate 
runs revealed a retention time of 12.38 min 
for this compound. 

The coenzymes may be identified by mea
surement of the areas of the peaks at selected 
wavelengths. The ratios between these areas 
can be compared to the ratios obtained with 
the authentic compounds (Tables 1 and 2). 
The results show that the peaks consist mainly 
of the indicated compounds. The ratios be
tween the areas obtained in the HPLC system 
fit rather well with the ratios between the ab-
sorbances measured for the authentic com
pounds at the same wavelengths (data not 
shown). 

In order to test the suitability of the HPLC 
system for quantitative determination of the 
compounds, the peak areas of the authentic 
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TABLE 1 

ANALYSIS OF ETHANOL EXTRACTS FROM M Thermoauxotrophicum AND M barken 

Compound present 

Coenzyme M F 4 n 

F « 

Coenzyme Fuo 

F « 
Methanoptenn 

cTHMP 

Coenzyme F ^ m b ' 

Coenzyme РщтЬ-З 

Coenzyme МГдютЬ 

Methanoplenn-mb 

* i values in 
TLC-system I 

0 38 

0 37 

0 32 

0 54 

0 22 

0 10 

0 2 9 

0 32 

0 37 

0 25 

Retention 

time (mm) 
HPLC 

7 88 

9 0 0 

9 53 

1004 

1148 

12 38 

7 47 

8 03 

1082 

Area X 10 ' 
at 240 n m ' 

71 

60 

39 

61 

137 

ND» 

27 

3 8 ' 

175 

Relative areas at vanous wavelengths 

240 

100 

100 

100 

100 

100 

100 

100 

275 

0 98 

102 

0 76 

1 II 

0 69 

0 6 1 

0 77 

(nm) 

300 

0 47 

0 3 4 

O i l 

0 24 

0 15 

on 

0 1 3 

350 

0 16 

0 24 

0 12 

0 8 6 

031 

0 25 

0 25 

425 

1 12 

0 49 

0 24 

0 03 

0 0 2 

0 2 1 

0 0 1 

* 25 μΐ oTtbe ethanol ntiacts were injected The area measured by the integrator was multiplied with the absoibancc 

nnge of the detector 

'Not detectable 

' Compounds from hi barken are indicated by the letters "mb" placed after the name 

'Coenzyme F4Smb-2 was not separated from coenzyme MF4]0mb The reported area refers to the mixture of both 

compounds. 

compounds were determined as a function of 
the amount (0 25 to 4 nmol) applied (Table 
3) A linear relationship between the peak 
areas and the amounts tested was obtained 
with all the compounds. The method allows 
the detection of about 1 pmol of the pure 
compounds when the uv detector is set at 240 
nm When sensitivity is not paramount the 
uv detector can be set at larger wavelengths 

TABLE 2 

КАТЮ BETWEEN PEAK AREAS OF ALTTHENTIC 

COMPOUNDS MEASURED IN THE HPLC 

SYSTEM AT SELECTED WAVELENGTHS 

AuthcnUc 
compound 

Coenzyme MF.» 
? ш 

Coenzyme F*» 

F » 

Coatzyme ГдетЬ 
Coauyinc MF«aiiib 

Relative am: 

240 

100 
100 
100 
100 
100 
100 
100 
100 

275 

120 
0 55 
066 
094 
069 
072 
126 
069 

(nm) 

300 

054 
054 
007 
022 
015 
00« 
0 52 
0 16 

350 

017 
019 
022 
0 62 
0 28 
030 
0 18 
0 31 

425 

162 
0 37 
034 
002 
0 02 
0 28 
M l 
002 

to allow more specific identifications and as
sessments (Fig. 1 ) 

The method was used to determine the 
amounts of coenzymes present in the ethanol 
extract of M thermoautotrophicum and to es
timate the quantities in the cells (Table 4) 
The method provides no absolute measure 
since the extraction may have been incom
plete 

The elution pattern of ethanol extract of 
M barken is shown in Fig 1 The relation of 
this organism to M thermoautotrophicum 
shows a gap which is almost as deep as that 
between gram-negative and gram-positive 
bacteria (19) Although the HPLC method is 
not optimized for this organism, relevant in
formation is obtained also in this instance 
(Tables 1-4) The retention time ofcoenzyme 
F42omb differed from coenzyme F«) Whereas 
the latter molecule contains two glutamates 
(11), the former compound is a mixture of 
molecules with four and five glutamates as 
judged on thin-layer electrophoresis accord
ing to Eker et at (13) 

Another compound present in extracts of 
M barken and called coenzyme F<2omb-2 
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TABLE 3 

QUANTIFICATION OF AUTHENTIC COMPOUNDS 

289 

Authentic 
compound 

^OCnzymC Мг4в 
F«, 
CoeDzyme F^ 
F« 
Melhanoptcnn 
cTHMP 
Coenzyme Рд^тЬ 
Coenzyme MF<Bmb 
Meihanoptenn-mb 

Molar aheorption 
coefSoent' 

( т м - 1 cm"1) 

22.5 
10.4' 
27.4 
6.3' 
6.3 
5.6 

27.4 
22.5 

63 

Wavelength 
(am) 

430 
560 
400 
342 
342 
335 
400 
430 
342 

(20) 

(11, 12) 

(10) 

(9) 
(11,12) 

(20) 
(10) 

Рак area X 10"' 
¡κτ nmol at 240 nm' 

24 
39 
39 
13 
41 
14 
57 
29 
40 

" Molar absoiption coeffiaenU used to dctennine the concentration. Absorbanccs were measured at pH 6.0. 
* The area measured by the integrator was multiplied by the absorbance range of the detector. 
c J. Τ Kcltjens, unpublished results. 
'Since ultnviolct- шЫе light spectra of Р ш and methanopterin are similar (10) the same absorption coefficient 

showed a retention intermediate between 
coenzymes Рд^тЬ and F42o on separation by 
TLC, HPLC and thin-layer electrophoresis. 
Since this compound coeluted with coenzyme 
Мр4эотЬ no quantitative determinations of 
these compounds could be performed. 

The compound with a retention time of 
10.16 min is probably identical to Fj42 as 
judged on the basis of the analyses with TLC 
systems I and II and the retention on HPLC. 

CONTENTS OF ETHANOL-EXTRACTABLE COENZYMES IN 

M llwrmoautotrophicwn AND M barken 

Compound 

Determined on Reported 
HPLC previously 

(junol/g dry wt) (jimol/g dry wt) 

Coenzyme MF«) 
F,«, 
Coenzyme F ^ 
F » 
Methanopterin 
Methanoptenn-mb 

1.8 
1.0 
0.6 
2.9 
2.1 
2.8 

0.6' 

1.5» 12.0 e 

'Taken from Diekert et al. (20). 
'Taken from Schonhat л al. (21). 
'Taken from Eiricfa er al. (12). 
'Taken from Ketyem a al. (10). 

Methanopterin-mb could be identified on 
the basis of its ultraviolet-visible light spec
trum and its characteristics in TLC systems I 
and II. Its different retention time in the HPLC 
system as compared to the compound from 
M. thermoaulotrophicum may be due to the 
presence of additional phosphate and gluta
mate groups (unpublished results). 

Also, coenzyme МРдзошЬ exhibits a differ
ent retention time as compared to coenzyme 
MFoo, but structural differences are not yet 
known. 

In conclusion it may be stated that the pres
ent method provides a powerful tool in the 
study of the processes involved in methano-
genesis. 
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SUM4ARY. With the use of acetone extraction, 

reversed-phase High-Performance Liquid 

Chromatography and fluorimetrie monitoring, 

the quantity of coenzyme Fmo in mixed 

liquors and rumen contents can be measured. 

A synthetic analog of coenzyme Гц 2 о is used 

as an internal standard to compensâtΡ for 
differences in fluormetric monitoring. Itie 
method allows the detection of on· pic сто1 of 
coenzyme F420 and the differentiation between 

different, forms of the coenryme known to be 

present in various methanogenic bacteria. 

INTRODUCTION 

Anaerobic digestion is becoming increasingly 

important for the purification of wastewaters 

rich in organic substances. Hethanogenesis is 

thought to be often the rate-limiting step in 

this procees. Measurement of the coenzyme 

Fi»20 content of mixed liquors from anaerobic 

digestors by fluorimetrie monitoring was used 

by Delafontalne et al. (1979) to establish 

the potential methanogenic activity of the 

liquor. Coenzyme Fi»20 vas Identified as the 

N- (N-L-lactyl-Y-L-glutamyD-L-glutamic acid 

phosphodlester of 7,8-didemethyl-e-hydroxy-

5-deazariboflavin 5 -phosphate (Eirich et al. 

197Θ). It is present in all methanogenic 
bacteria tested (Eirich et al. 1979) and it 
functions as an electron carrier in 
methanogenesis and cell carbon synthesis 
(Vogels et al. 19Θ2). 

Since substances which absorb light at 420 
or 470 nm will interfere with the direct 
measurement of coenzyme F 1*2ς* we introduce 
here a method by which coenzyme Рьго is first 
separated by reversed-phase High-Performance 

Liquid Chromatography (HPLC), which is known 

to separate coenzymes from methanogenic 

bacteria (Van Beelen et al. 1983), and then 

measured by fluorimetrie monitoring. An 

internal standard with the same fluorimetrie 

properties as coenzyme Fwi» but with a 

different retention time, is added to the 

samples to compensate for differences in 

fluorimetrie monitoring and for changea in the 

volume during sample preparation. 

MATERIALS AND METHODS 

Мгсгоогдапівта. Hethanobacteriwn themoauto-
trophicum strain ΔΗ, was grown according to 
Schönheit et al. (1979). Methanoearczna 
barkerit Methanococcue ттзеъ and the 
unidentified strain CSM 16 (all grown in a 

medium containing methanol (10 ml/1), yeast 

extract (2 g/1), tryptoie ioya broth (2 g/1), 

buffer, minerals, vitamine, reducing agents 

and a gas phase of 0% Нг and 20« CO2) were 

gifts of J.J.A. van Bruggen. Strain CSM 16 

was isolated from the digestor fed with beet 

sugar waste (Table 1). 

Chemiaale. 7,8-DidemethYl-8-hydroxy-5-

deazariboflavin (PO) was prepared according 

to Ashton et al* (1979). Coenzyme Гц 2 α vas 
purified from M. themoautotrophiewn according 
to Eirich et al. (1976). 

Sample preparation. FD was added to at least 
20 mg of mixed liquor to obtain a final 
concentration of 4 μΗ. Tills mixture was boiled 
for S min. 

One volume of acetone was added after 
cooling and the mixture was vigorously shaken 
and centrifu^ed for 10 min at 9,700 g. A 
sample of 25 yl of the supernatant was 
brought into the HPLC injector. Cells 
obtained from 10 ml culture medium were 
suspended in 0.25 ml glass distilled water 
and treated as described above. Storage of 
mixtures which contained either FO or 

Offprmt requests to Ρ van Bcclen 
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TABLE 1. Content* of соепгум F«, a ι in Ш1Е«<1 

liquore fro· different industrial Anaerobic 

digestore and in the 

P. van Веско et «1.: QuntJtttion of Coenzyme Fm in Methanofenk Sludfe 

Dlqestor 

Acidogenlc reactor 

Pluidlzed bed 

UASB
11 

Sheep г ш и п 

Substrate 

Yeast nedlui 

Acidified yeast medium 

Potato waste 

Beet sugar waste 

Grass 

Coenzyne F» 

pmol/llter 

0.6 

1.2 

5.2 

2.0 

0.5 

2« contents 

umol/q vss" 

1.05 

0.07 

0.22 

0.04 

0.03 

Volatile Suspended Solids 

Upflow Anaerobic Sludge Blanket 

T A B U 2. Contente of coenzyme F^zo in some methaoogenlc bacteria 

Coenzyme P%2 0 contents 

umol /g dry cells Previous reports 

Hethanobaeterium themoautotrophicm 0.45 

Methanoearoina barkeri 

MethanoooaouB тажві 
CSM 16 

0.6 iimol/g dry calls 

I.S \mt\/q dry cells' 

0.Э umol/g wet cells' 

0.02 umol/g wet cells' 

θ umol/g protein* 

Average tt<m duplicate cultures 

Taken from Van Beelen et al. (19 Э) 

Taken from Schönheit et al. (19Θ1) 

Taken from Eirlch et al. (1979) 

Taken from Baresi and Wolfe (1981) 

Different types of coenzyme F*2· Are taken 

together 

coenzyme F»ii was at 4" С in the dark. 

Revereed-phase HPLC. A column with a length 
of 2S cm and 4.0 on inner diameter was used 

with 10 pm СІ LlChrosorb-RPie (Merck). A pre-

соіиші filled with 37 to 50 um C1B Corasil 

(Haters) had the dimensions 50x2.1 m . The 

solvent delivery system was composed of 

Haters M6000 and N45 pimps with a 660 

programe г and ал Ш.К Injector. The detector 

was an Ашіпсо-Bowman spectrophotofluorometer 

with a θ gl HPLC flow cuvette coupled with a 

Bewlett Packard 3390A integrator. At pH 6.0 

of the mobile phase excitation of coenzyme 

F*2 0 And FO was at 400 nm and emission at 470 

nm according to Eirlch et al. (197Θ, 1979). 

The mobile phase consisted of a mixture of 

methanol and 25 mM acetic acid In glass 

distilled water adjusted with КОЛ to pH 6.0. 

The flow rate was 2.0 ml/min at a pressure of 

10 to 14 HPa. A linear gradient from 0 to 501 

was run In 10 min. Coenzyme Pazo eluted at 

6.30 min and PO eluted at 9.11 min. 

Analytical methode. Anaerobic mized liquor 

and wet cells from pure cultures were dried 

at 105" С under vacuixn, weighed and heated 

for 60 min at 600
е
 С and weighed again to 

obtain the dry weight, the ash content and 

the volatile suspended solids. 

RESULTS AND DISCUSSION 

Acetone extraction was shown to be an 

efficient method to obtain coenzyme F%20 from 

cell suspensions (Schönheit et al. 1981). 

Indeed in our hands acetone extraction was 

found to be equivalent to the extraction with 

2-propano1 (Delafontalne et al. 1979) and to 

the method of Cohen et al. (19Θ2), who used 

ultrasonificatlon, French Press rupture and 

2-methyl-2-própanol extraction. Coenzyme F*2о 

added to mixed liquor, in a concentration 
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rang* between Э and 50 vm, we· fully 
recovered In the analytical procedure. 

ІЪе detection liait was as low aa one pool 

per аавріа and the area recorded by the 

integrator was proportional to the amount of 

coenzyne Гьго injected up to value· above 300 

pool per unple. If вашріев larger than 25 ul 

were injected the retention timea decreased 

because of the presence of the higher amount 

of acetone. 

Table 1 shows the coenzyne Ft2 β contents 
of вове well functioning digestore fren Dutch 
industrial plants. A positive correlation was 

noticed between the coenzyne Ft20 contents 

and methane production, which varied between 

1.7 and 10 1 CH* ж uno Ι"
1
 Ρ,;<ι * day'

1 

depending on the type of process applied. 

Table 2 shows considerable differences 
between the coenzyme F*2· contents of 
different methanogenlc strains. M. 
themoautotrophieum and strain CSn 16 contain 
relatively high amounts of coenzyme Ftzo 
coalgrating with the authentic compound, 
which contains two glutamates. H. barkeri 
contains coenzyme F 1,20 with five and with 
four glutamates (retention times 4.77 and 
5.24, respectively) (Van Beelen et al. 1983) 
and И. газег contains three types of coenzyme 
Ftso (retention times 5.9b β.40 and 6.96). 

Differences in the reported coenzyme Ft 20 
contents of M. therrtoautotropnicitm and M. 
barkeri can be caused by the use of different 
strains (Schönheit et al. (L9B1) used strain 
Marburg) or by differences of the growth 
[Alase on harvesting of the cells. 

If strain CSM 16r which was isolated from 
the UASB digestor fed with beet sugar waste, 
can be considered as a representative of the 
methanogenlc population of this digestor, one 
can estimate the size of this population from 
the data presented in Tables 1 and 2 : about 
6% of the volatile suspended solids consist 
of methanogenlc bacteria, λ similar value was 
estimated on the basis of observations with a 
fluorescence microscope according to Doddema 
and Vogels (197Θ). 
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1. INTRODUCTION 

During short-tune labeling experiments with 
cells of Methanobactenum thermoautotrophicum 
l 4 C0 2 was incorporated in substantial amount into 
a compound named YFC |1|, which was idenufied 
as a reduced and carboxylated ptenn derivative 
[2] This compound, carboxytetrahydromethano-
ptenn (cTHMP), is derived from methanoptenn 
[3] 

The enzymatic conversion of methanoptenn to 
cTHMP and related compounds could be an im
portant step in methane formation from CO¡. We 
developed an anaerobic, non-destructive and 
quantitative method to measure the enzymatic 
conversion of methanoptenn and concomitantly 
measured methane formation m cell-free extracts. 

2. MATERIALS AND METHODS 

21. Preparation of eeU-free extracts and incubation 
mixtures 

M. thermoautotrophicum, strain Δ Η was grown, 
harvested and stored as described previously [4). 
Cells were thawed in an anaerobic glove box, 
suspended m an equal volume of 0.1 M 1,4-
piperazinediethanesulfonic acid (PIPES) buffer 
(pH 6.9) and broken in a French pressure cell at 
110 MPa. Cell debris was sedunented at 30000 ж g 

O37t-I097/SVOOO(MKHO/S(DJOO О І9вЭ Fedemu» Ы Еагареш 

for 30 nun The supernatant was stored at - 80°C 
This cell-free extract contained 44 mg protein/ml 
and 0 2 mM methanoptenn. The whole procedure 
was earned out with a stnet exclusion of oxygen. 

A typical mixture to measure the enzymatic 
conversion of methanoptenn consisted of 20 μ 1 
cell-free extract, 1 /imol ATP, 7 μ mol MgCl2, 10 
/imol PIPES buffer, pH б 9, 0.2 μιηοΐ CHj-S-CoM 
(2-(melhylthio)ethanesulfomc acid, methylcoen-
zyme M) and 99 nmol methanoptenn m 0 25 ml. 
The following compounds were added when indi
cated β nmol 2-bromocthanesulfomc acid (BrES), 
0.1 μ mol aminoplenn and 0.2 μ mol L-malale In
cubation mixtures with 'more extract' contained 
50 μΐ supernatant fluid. 

The incubation mixtures were prepared in 5-ml 
bottles closed with natural rubber stoppers and 
were kept on ice until the start of the incubation, 
which was performed under H^CC^ (80.20, v/v) 
at 98 kPa for 60 mm at бО'С The incubation was 
stopped by addition of 0.25 ml of methanol. The 
bottles were placed m a centnfuge tube filled with 
water and the proteins were spun down at 6000 X g 
for 10 mm at room temperature. The supernatant 
was transferred immediately with a Hamilton 802 
synnge and a Waters point 3 needle mio the 
Waters U6K HPLC injector. The whole procedure 
was earned out under strictly anaerobic condi
tions. Methanoptenn was fully recovered in this 
procedure. A complete mixture premcubated with 
25 fig pronase for 60 min under tij at 37°C 

МютЬЫорЫ Sonrtic« 
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showed no conversion of methanoptenn upon sub
sequent incubation under H 2 /C0 2 at 60° С 

2 2 Analytical methods 

The anaerobic HPLC procedure and quantifica
tion of methanoptenn were earned out as de
scribed previously [4], but the liquids were gassed 
continuously with oxygen free hydrogen and were 
transferred to the pumps via stainless steel tubes 
to avoid contamination with oxygen The repro
ducibility of the method determined with authentic 
methanoptenn was 5% or better 

Protein determination [5] and methane de
termination [6] were as desenbed previously 

3 RESULTS AND DISCUSSION 

The conversion of methanoptenn and the pro
duction of methane proceeded under similar con
ditions (Table 1) Both reactions depended on the 
presence of hydrogen and ATP The presence of 
CHj-S-CoM was required this requirement in the 
stimulation of methane formation from H2/COj 
was desenbed previously [7] and termed the RPG 
effect Malate also stimulates the reactions, but the 
effect on methanogenesis was clearly evident only 
when more extract was used Malate stimulated 
the formation of methane from H 2 and COj in a 
catalytic way since 0 2 μ mol of malate gave nse to 
the production of 1 15 μ mol of methane 0 2 μ mol 
of CH j-S-CoM caused the production of 2 04 μπτοΙ 
of methane under similar conditions (Table 1) 
Other compounds also showed such a catalytic 
effect [8] 

BrES, a very potent inhibitor of CHj-S-CoM 
reductase [9], inhibited both the formation of 
methane and the conversion of methanoptenn 

Methanogenesis was not stimulated by the ad
dition of methanoptenn, but ammoptenn, an in
hibitor of many ptenn-dependent reactions [10], 
inhibited both methanogenesis and the conversion 
of methanoptenn This suggests that 
methanoptenn plays a role m methanogenesis but 
its endogenous concentration in cell-free extracts 
may be not rate-limiting for methanogenesis In 
accordance with this view it was reported that 

Tabic 1 

Formation of methane and conversion of melhanopienn by 
cell free extracts of M thermoautotrophtcum 

Changes in the 
ture" 

Omitted 

_ 
CO, 
Hi 
Methanoptenn 
CHj S-CoM 
ATP 

-
-
CH, S-CoM 

-
CH, S-CoM 

CH, S-CoM 

CH, S-CoM 
co* 

CH, S-CoM 

reaction ішж 

Added 

_ 
H, 
N, 

_ 
-
BrES 
Anunoptenn 
Malate 
More entraci 
More extract, 
malate 
More extract, 
maiale BrES 
More extract 
malate H, 
More extract 

Methane 
formed 
(nmol) 

635 
166 

0 
634 

0 
0 
0 
0 

12 
2038 

1155 

0 

35 
27 

Methano
ptenn 
con 
verted 
(nmol) 

45 
43 
0 

-
0 
0 
0 
0 

20 
78 

84 

38 

73 
24 

• The complete reaction mixture contained cell free extract 
CH, S-CoM ATP MgClz buffer and methanoptenn (99 
nmol added) under Н : /СО ; as specified in MATERIALS 
AND METHODS 

methanoptenn was required for methanogenesis 
from C0 2 by resolved cell extracts of M thermoau-
totrophicum [8] 

The amount of methanoptenn converted was 
small as compared with the amounts of methane 
formed (Table 1) This indicates that the observed 
conversion of methanoptenn forms no integral 
part of the production of methane The proportion 
between the products formed from methanoptenn 
was not affected either by the vanous compounds 
added to the cell-free extracts, or by the incuba
tion time (data not shown) 

Reduction of methanoptenn with hydrogen and 
a palladium/carbon catalyst gave nse to the pro
duction of three compounds (Table 2) compound 
H containing the most reduced (probably tetrahy-
dro-) form of ptenn, compound I containing a less 
reduced (probably dihydro-) form of ptenn, 
whereas compound G was devoid of the ptenn 
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ТаЫс2 

Produca formed from пкишюрюш on cnzymabc and Doa-cnzymaüc convtmoni 

Compound Retention 

tiine(imn)a 

Cell free ettracl and СН,-&СоМ ' 
Л IO 
В 13 
С 16 

Cell-Ггее extract end malate*1 

D 10 
E 13 
F 16 

Reduction with Hj/Pd· 
G 2 
H 13 
I 16 

Area (IO"*) 
at 240 nm ' 

09 
04 
1 1 

09 
05 
09 

2.4 
12 
05 

240 nra 

100 
100 
100 

100 
100 
100 

100 
100 
100 

275 run 

0 67 
097 
132 

051 
128 
126 

0 18 
139 
156 

300 nm 

0 28 
0 49 
0 27 

0 31 
0 59 
0 19 

008 
054 
022 

350 nm 

007 
030 
0 74 

0 10 
0 16 
0 72 

000 
0 17 
0 76 

' Differences of ambient tcmperalures caused variations of about I nun in the retention times. However, obchromatography of the 
compounds indicated that the retention umes of the following compounds are identical A and D, B, E and H, C, F and I 

' Areas were measured as described previously [4] and with 0 04 absorban« units full scale 
: The reaction mixture as described m MATERIALS AND METHODS was incubated for 2 h, 970 nino! methane were formed and 

72 nmol melhanoplcnn convened 
1 In the reacuon mixture CH]-S<^oM was replaced by L-malate and 50 μΙ cell-free extract were used 1155 nmol methane were 

formed and 84 nmol melhanoptenn were converted 
1 This mixture consisted of 50 pg palladiiun/carbon catalyst, 10 fimol phosphate buffer, pH 7, and 99 nmol methanoptenn in 0 25 ml 

water The mixture was incubated for 3 h at 6 0 ^ under N2 83 nmol melhanoptenn were converted. In a mixture incubated under 
N2 no methanoptenn was converted 

moiety and was equivalent to the major part of the 
side-chain substituted at the Q or C 7 atom of 
methanoptenn 

Table 2 shows that С and F are probably iden
tical to I The ptenn-less side-chain of methano· 
pterin also might have been formed in the en
zymatic reduction but this could not be confirmed 
because of the interference of ATP in the detection 
of the side-chain m the HPLC system Table 2 
shows that В and E are probably identical to H, 
but В and E may have been contaminated with 
cTHMP which exhibits about the same retention 
time [4] 

The production of methane and the conversion 
of methanoptenn require identical reaction condi
tions and are inhibited m a similar way These 
results indicate that methanoptenn takes part in 
the process of methanogenesis from H2/COz 

However, the products formed from methanoptenn 
cannot be regarded as intermediates of methano

genesis since they are produced at a rather slow 
rate. These results indicate that intermediate forms 
of methanoptenn produced in the process of 
methanogenesis, are probably degraded readily to 
the products which were detected m the HPLC 
system used here. 

ACKNOWLEDGEMENTS 

This investigation was supported by the Foun
dation for Fundamental Biological Research 
(BION), which is subsidized by the Netherlands 
Organization for the Advancement of Pure Re
search (ZWO). 

REFERENCES 

[I) Daniels, L. and Zakus, J G (1978) J BactenoL 136. 
75-84 

4 1 



І Я 

[2| Kdyou, JT, Danieli, L, Jansen, H G . Bonn. PJ ind 
Vogeli, G D (І9ВЭ) Eur J Biochon., in pres» 

[3] Keltjau,JT,Hubcits,MJ,Uari»vai,WH indVogds, 
G D (19(3) Eur J Biocbem., in press. 

(4) Van Bcckn. Ρ. Gccm. W J , PoL A. ind Vojcli G D 
(1983) Anal Biochem.. ш pras. 

[5] РпотоаС (1979) Anal Biochan 100,201-220 
|«] Huiun. TJ. De /ani. M H . Ршеге. Β Ρ H. Van da 

Dn/t, С and Vogels. G D (IMI) J BaclenoL US, 27-34 

[7] Gunaalus, R-P and Wolfe, R.S. (1977) Biochem. ВюрЬу· 
Res Commun 76, 790-793 

[8| Romesser, JA. and Wolfe, R-S. (1982) I BaoenoL 132. 
840-847 

(9) Gunsalus, R-P, Romesser. ΙΛ. and Wolfe. R-S (1978) 
Biochemisuy 17, 2374-2377 

|10] Blakley. R.L. (1969) TV Bwchemulry of Fobc Aad and 
Related Plendmes, pp 468-493, North-Holland, 
AfnsterdanL 

42 



CHAPTER 5 

7-METHYLPTERIN IN METHANOGENIC BACTERIA 

Jan T. Keltjens, Patrick van Beelen, Alphons M. Stassen 

and Godfried D. Vogels 

FEHS Microbiol. Lett. 20, 259-262 (1983) 

43 





FEMS МкгоЫЫон Laun Χ (1983) 239-2Í2 
Publuhedby Elsevier 

25« 

7-MethyIpterin in methanogenic bacteria 
(7-Methylpterm; Methanobactenum ihermoaulolrophicum) 

Jan T. Keltjens, Patrick van Beden, Alphons M. Stassen and Godfried D. Vogels 

DtparIHunt of MKnbtology, Faculty of Soma, Uiuotriay of Sijmegen, ToenuxtoeU, NL-652S ED Nijmtgen, The Netturbmàs 

Reœved β July 1983 
Accepted 14 July 19«Э 

1. SUMMARY 

A blue fluorescent compound was extracted 
and purified from cells of Methanobactenum ther-
moautotrophicum. The compound was identified as 
7-methylptenn on the basis of its (physico-) chemi
cal properties and by comparison with 7-methyl-
pterin prepared by organic synthesis. The com
pound is present in all mcthanogemc bacteria 
studied so far and it provides methanogenic 
bacteria the characteristic blue fluorescence ob
served upon fluorescence microscopy. 

2. INTRODUCTION 

Methanogenic bacteria can be tentatively iden
tified by fluorescence microscopy [1,2]. Depending 
on the «citation and barrier niters employed either 
a green fluorescence due to the presence of coen
zyme F 4 : 0, a j-deazaflavm derivative [3], or a blue 
fluorescence is observed [2]. The presence of blue 
fluorescent compounds, called ΐί,1 (4,5), F,40 [6], 
F,s0 [2] and methanopterin [7] was described previ
ously. Methanoptenn itself does not fluoresce at 
physiological conditions [7]. 

In this paper the extraction and purification of 
the most prominent blue fluorescent compound 
that is identical to fitl [4] and F3,0 [2] is de
scribed. The compound could be identified as 2-
amino-4-hydroxy-7-methylpteridine (7-melhyl-

0378-1097/83/10300 О 1983 Fedenüon of Europcin Microbiological Societies 

\ ι A. 
Fig.1 Structure of 7.iiictliylptentt. 

pterin) (Fig.l) by its (physico-) chemical properties 
and by comparison with the synthetic product. 

3. MATERIALS AND METHODS 

3.1. Moleríais 

DEAE-Sephadex A-25, QAE-Sephadex A-2S 
and Sephadex G-25 were purchased from Phar
macia Fine Chemicals (Uppsala, Sweden). Kiesel-
gel-60 and cellulose thin-layer chromatography 
(TLC) plates (0.2S mm) were from Merck 
(Darmstadt, FRG). Pterin-6-carboxylic acid was 
obtained from Sigma Chemical Co. (St. Louis, 
MO, U.S.A.). 7-Methylpterin and pterm-7-carbo-
xylic acid were prepared as described by Mowat et 
al. [8]. 

3.2. Extraction and purification of 7-methylpterin 
from Methanobactenum thermoautotrophicum 

Methanobactenum thermoautotrophicum, strain 
ΔΗ (DSM 1053) was mass-cultured in a 12 or 300 
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1 fermentor in a defined minera] medium as de
scribed by Schönheit et al. (9) and as modified by 
Van Beelen et al. [5] Extraction of whole cells and 
the first punfication step employing DEAE- Seph-
adex A-2S column chromatography was performed 
as described previously [7]. At this step the blue 
fluorescent 7-methylpterin was eluted from the 
column by washing with 25 mM phosphate buffer 
(pH 7) 7-Melhylptenn containing fractions were 
pooled, lyophihzed to dryness and subsequently 
dissolved in a minimal amount of 15% aqueous 
ethanol; 5-ml portions were applied to a Sephadex 
G-25 column (80X3 cm) equilibrated with 15% 
aqueous ethanol. The blue fluorescent material 
was collected, flash evaporated to remove ethanol, 
and lyophihzed The material was dissolved in 10 
mM NH4HCO, that was adjusted to pH 9 with 
concentrated ammonia and applied to a QAE-Sep
hadex A-25 (HCOj" form) column (25 X 2 cm) 
equilibrated and washed with 10 mM NH4HCO, 
(pH 9) until all 7-methylplenn was removed 
Eventually, the compound was further purified by 
high pressure liquid chromatography (HPLC). 

3.3. Purification of the alkaline permanganate 
oxidation product 

One -2 mg of the pterin isolated from M 
thermoautolrophicum was dissolved m 1 ml 0 1 M 
NaOH containing 16 mg KMn04. The solution 
was healed for 2 h at 80oC. The reaction was 
stopped with 0.2 ml ethanol and Mn02 formed 
was removed by cenmfugation. The green fluo
rescent supernatant was flash evaporated to dry
ness and dissolved in 10 mM NH4HCO] (pH 9). 
The solution was applied to a QAE-Sephadex 
(HCOj- form) A-25 column (25 X 1 cm). The unre-
acted malenal was eluted from the column by a 
linear gradient of МН4НСОз (0.5 1, 10 - 500 mM). 
The oxidation product thai stuck to the top of the 
column could be removed by washing with 0.1 M 
МН4НСОз The fluorescent material was collected 
and flash evaporated several times after repealed 
dissolution in distilled water to remove NH 4 HCO v 

3.4. Chromatographic methods 

Thin-layer chromatography was performed on 
Kieselgel-60 or cellulose plates. The plates were 

developed with solvent systems as indicated in RE
SULTS AND DISCUSSION. Fluorescent spots were 
detected with a UVL-21 Black-ray lamp emilung 
at 366 nm. 

HPLC was executed as described previously [5] 
except that a linear gradient of 0-50% methanol in 
15 mm was used. 

3.5. Spectroscopic assays 

Ultraviolet-visible light absorption spectra were 
obtained with а Сагу 118 recording spectropho-
tomeler. 'H-NMR spectra were recorded with a 
Bruker WH 90 spectrophotometer operating at 90 
MHz and 25°C with a Bruker WM 500 spectro
photometer operating at 500 MHz and 270C. Sam
ple preparation and the recording of the spectra 
were executed as described previously [7]. 

4. RESULTS AND DISCUSSION 

The compound presumed to be 7-methylptenn 
was extracted and purified as described in section 
3.2. The ultraviolet-visible light absorption spectra 
of this compound at different pH values (Fig 2) 
show all the characteristics of an (oxidized) pterin 

Absortwnce 
in IU 

об l ' A i , 

02 ^ ' / \ \\ ! 
200 Э00 «Ю 500 

W*v«*ngih (nm) 

Fig 2 Ultraviolet-visible light absorption spectra of 7-mcihyl-
pienn isolated from Methanobactenum thermoaulotrophtcwn 
The spectra were recorded at pH 1 2 ( ), pH 7 1 (- - -) 
and pH 12 2 { ) The ultraviolet-visible light spectra of 
synthetic 7-methylplerin recorded at the same pH values were 
identical 
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Thin liyer cbroinitography and high pressure liquid chromatography of ptenns 

Compound 

7 Melhylplmn 
AUÜKOIIC 

Synthetic 
KMo04Cbod.tiOO 
product 
Ріспіь7-сиЬожуІіс 
•ad 

•ad 

R rvalues " 

A 

0 64 
064 

0 27 

0 27 

030 

В 

048 
048 

021 

0 21 

0Э0 

С 

0 79 
079 

079 

079 

068 

D 

0 49 
049 

0 49 

0 49 

045 

E 

081 
081 

062 

0 62 

0 59 

Retention urne (min) 

HPLC 

9 37 
9 37 

_ 

-
B TLC pblcs and solvenls (A) Kicselgel-60 l-butanol/acettc aad/walcr (4/1/1 by vol ). (В) cellulose, 2 butaiiol/Гогпік 

•od/witer (6/2/1 by vol.), (С) Kiaelgel-60, 80* aqueoui ethanol (D) celluloK, 31 (w/v) ammonium drionde (E) cellulose. 
2-pnipanol/l% атлюша (2/1, v/v) 

b Ptenn carboayfac aods showed no relenüon 

[10] Moreover, the observed ratio A2t,/A)si — 
2 52 of the maxima] absorbances around 250 nm 
and around 360 nm in 0 I M NaOH is indicative 
of the presence of a 7-substuuled ptenn [II] Fur
thermore, the ultraviolet-visible light absorption 
spectra of the naturally occurring (Fig 2), and the 

7ZD 

— 

SUI 

Л-

360 

ню 

OMS 

ν 

. 

I M FrfqutnqríHi» 

. 

Fig.3 90 MHz 'H-NMR spectnun of 7-melhy)ptenn uolated 
from Melhanobattcnum i/urmaautotrophicwn and recorded m 1 
M NaOD, ipectral width, 1080 Hz, pulse width, 5 3 μι, 
number of всаш, 900 The inset shows details of the 500 МНг 
Ή NMR spectnim recorded in DMSO ( d j at pH 8 under the 
following condiuons фесігаі frequency, 500 1395 MHz, spec· 
m l width, 5000 Hz, aoquiabon tune 1 638 s. pulse width, 16 
fis, number of scant, 64 

synthetic compound were identical Both com
pounds were chromatographically indistinguisha
ble (Table 1) 

The 90 MHz 'H-NMR spwlrum (Fig.3) re
corded ш 1 M NaOD revealed two singlets situated 
at S — 8 0 ppm and á - 2 3 ppm showing a proton 
ratio of 1 2 7 Λ non-integral ratio was obtained 
since protons attached to a methyl group were 
exchanged for deuterium during sample prepara
tion, viz. lyophihzation from D¡0 This was evi
denced by the fact that the proton ratio varied for 
different sample preparations Moreover, in the 
500 MHz high-resolution 'H-NMR spectnim 
(Fig.3, inset) the high-field signal was spht into 3 
singlets accounting for CH,-, CH2D- and CHD¡-
moieties. The position of the low-field and high-
field signals were dependent on the pH value of 
the sample, indicating that a vmologous proton 
and a methyl group are attached to an aromatic 
moiety A broadened signal was observed at S — 5 3 
ppm (2H) when the spectnim was recorded m 
DMSO (d6) (Fig.3, inset) and that was absent m 
the spectrum recorded in D 2 0 This indicates that 
the amino protons at C-2 were exchanged for 
deutcnum These results apply to 7-melhylptenn 
as well as to 6-meÜiylptenn Ultraviolet-visible 
light spectral data pointed to the first possibility 

Definite proof could be obtained by chemical 
oxidation of the compound Alkaline per-
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АЬ*огЬ*лс# 

"\ \ 

(У2 • 

200 300 «Ю 500 
W№4l«ngth (nml 

Fig.4 Ultnviolel-visible bght absoipuon spectra of ptenn 7-
carboxybc acid prepared from isolated 7-inethylptenn The 
spectra were recorded at pH 13 ( X p H 6 4 ( - - -) 
and pH 12 2 ( ) The ultraviokl- шЫе light spectra of 
synthetic ptenn -7-carboxyhc acid recorded at the same pH 
values were identical The spectrum of ptenn -6-carboxylic acid 
( ) was recorded at pH 12 2 

manganate oxidation of the isolated compound 
yielded a green fluorescent product showing iden
tical chromatographic (Table 1) and ultraviolet-
visible light spectroscopic (Fig.4) properties as 
ptenn-7-carboxyhc acid These properties differed 
from those observed for the blue fluorescent 
ptenn-6-carboxylic acid (Table 1, Fig 4) 

7-Methylptenn is the main blue fluorescent 
compound present in M thermoautotrophicum and 
the molar content even exceeds those of other 
ethanol-extractable coenzymes analyzed previously 
[5] The presence of 7-melhylptenn could be dem
onstrated by TLC and HPLC m all strams of 
melhanogemc bacteria examined thus far by us» 
and belonging to the genera Melhanobaclenum, 
Methanobrevibacter, Metharwcoccus, Methanospml-
lum and Methanosarcma (unpubhshed) The com
pound is identical to the formerly described Рз,0 

[2] and F3t2 [5] and presumably also F] 4 0 [6] In 
other respects, 7-methylptenn is rather unique in 
living organisms, contrary to the much more com
mon 6-methylptenn 

The question concerning its function in 
methanogentc bacteria is still open M thermoauto
trophicum, and probably all melhanogens, contain 

two other ptenn derivatives, viz. methanoplenn [7] 
and carboxy-5,6,7,8-tetrahydromethanoptenn (c-
THMP) [12], that are involved in the first steps of 
reduction of C0 2 to methane [12,13] The latter 
two compounds are also 7-methyl-subslituted 
ptenns, but they contam a -CHiCHjJ-group sub
stituted at C-6 of the ptenn moiety [P van Beelen, 
unpublished] Possibly 7-methylptenn functions in 
the biosynthesis or biodégradation of 
methanoptenn and C-THMP 
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ELUCIDATION OF THE STRUCTURE OF METHANOPTERIN, A COENZYME FROH 

METBASOBACTERIUM THEFMOAUTOTROFRICUM, USING TWO DIMENSIONAL 

NUCLEAR MAGNETIC RESONANCE TECHNIQUES 

SUMMARY 

Methanopterin is a coenzyme involved in methanogenesis. From 2 kg wet 

cells of Methanobacteriian thermoautotrophicum about 35 pinoles methano

pterin were isolated. The structure of this compound was elucidated by 

various two dimensional Nuclear Magnetic Resonance techniques. Methano

pterin was identified as N-[-1 '-U'-amino-^-hydroxy-y-methyl-e"-

pteridinyl)ethyl]-4-[2
,
,3

,
,4',5

,
-tetrahydroxypent-l

,
-yl (5' •+ 1") o-a-

ribofuranosyl-5"-phosphoric acid] aniline, in which the phosphate group 

is esterified with α-hydroxyglutaric acid. The molecular formula of the 

sodium salt of methanopterin at pH 7.0 is CaoHjeOieNePNaa . xHjO (x is 

about 4). The anydrous sodium salt of methanopterin has a molecular 

weight of 638.60 D and the molar extinction coefficient at 342 nm is 7.4 

ABBREVIATIONS: NMR, nuclear magnetic resonance; pterin, 2-amino-4-
hydroxypteridine; YFC, yellow fluorescent compound; SECSΥ, spin-echo 

correlated spectroscopy; NOESY, nuclear Overhauser enhancement 

spectroscopy; TMS, tetramethylsilane; UV, ultraviolet; UV-Vis, 

ultraviolet visible light absorption; FAB, para-aminobenzoic acid; APT, 

attached proton test. 
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INTRODUCTION 

Methanogenic bacteria belong to the archaebacteria, a diverse kingdom 

of organisms different from traditional eubacteria and eukaryotes (1,2). 

They populate anaerobic habitats and obtain energy from oxidation of 

hydrogen in a reaction which is coupled to the reduction of CO2 (and 

the dissimilation of a few other substrates) to CHi, (1). They play an 

important role in the global cycle of carbon (3) and are involved in 

the production of natural gas and crude oil (4,5). 

A number of unique coenzymes are found in methanogens (6,7) e.g. 

Coenzyme Рцго» a deazaflavin (6) involved in electron transport, and 

Coenzyme МГц30 (9), the prosthetic group of methylcoenzyme M reductase, 

which is the enzyme involved in the final step of the production of 

methane (10). 

During short-term labeling experiments with cells of Methanobactevium 

thermoautotvophicum it was demonstrated that ^СОг was substantially 

incorporated into a compound named YFC (11), which was identified as a 

reduced derivative of methanopterin (12) . Cells of Methanosaraina 

barkeri, grown in the absence of hydrogen, incorporated ^CHjOH into a 

closely related compound (13). On these grounds YFC is supposed to play 

an important role as a carbon carrier in methanogenesië (14) . Methano

pterin, the oxidized and one-carbon less counterpart of YFC (IS), 

stimulates the formation of methane by resolved cell-free extracts of 

W. thermoautotrophicim (16). Moreover, in complete cell-free extracts 

of this organism the conversion of methanopterin and the production of 

methane proceed under identical conditions (17). 

As methanopterin is involved in a crucial step of the methanogenesis 
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we attempted to assess the structure of this compound. It will be shown 

that the combination of large scale (300 1 fermentor) anaerobic growth 

techniques, advanced purification techniques and modem two-dimensional 

high frequency Nuclear Magnetic Resonance methods indeed enabled us to 

elucidate the structure of methanopterin. 

MATERIALS AND METHODS 

Purification of methanopterin. 

Methtmobacterium thermoautotrophicum, strain ΔΗ, was grown as 

described previously (18). Cells were harvested before the end of the 

exponential growth phase and an average yield of 5 g wet cells/1 was 

obtained. Microbial purity was tested by inoculation in mineral medium 

(19) supplemented with 13 g nutrient broth/1 and incubation under an 

atmosphere of Н
г
/С0

2
 (80/20, v/v). From 2 kg of wet cells about 100 

umoles methanopterin were extracted and purified as described previously 

(12), except that the Sephadex-G25 columns were replaced by Sep-Рак C
1 B 

cartridges (Waters Associates) which were more efficient in desalting 

the samples. 

Semipié preparation. 

Samples were desalted on Sep-рак Cig Cartridges. Concentration and 

purity were determined by means of HPLC (UV-detection at 240 run) (18). 

NMR-samples were lyophilized three times from
 2
B20 and finally dissolved 

in a 0.3 M K
2

2
HP0

1
, solution. The p

2
H was adjusted to 10.25 (meter 

reading) with NaO
z
H. In the sample used for

 1 3
C NMR experiments the 
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concentration of methanopterin was 23 mM (10 тт tube); in
 1
Ы NMR 

experiments it was 5 or 11 mM (5 mm tube) and in
 3 1
P NMR experiments 

12.5 mM (5 mm tube). After completion of the NMR experiments the 

samples did not contain impurities detectable by HPLC analysis. 

NMR-Speatrosoopy. 

Proton NMR spectra were recorded on a Bruker WM-500 spectrometer 

interfaced with an ASPECT-2000 computer and a real-time puiser board. 

The residual HO H solvent resonance in the one-dimensional experiments 

was suppressed by applying the WEPT pulse sequence (20,21). Chemical 

shifts are expressed relative to the methyl resonance of TSP (3-

(trimethylsilyl)propionic acid-d4, added as an internal calibrant). 

In the 2D Spin-Echo Correlated Spectroscopy (SECSY) experiment the 

basic pulse sequence of Nagayama et at. (22) was used. However, an 

extra 180° pulse followed by an apporpriate delay was inserted prior 

to this pulse train in order to suppress the residual B0
2
H resonance 

(23), resulting in the following overall pulse sequence: ll60
o
~

t

we
ft~ 

90»-èti-90°-iti-t2]n. 

The 2D nuclear Overhauser enhancement (NOESY) spectrum was recorded 

using the [90,,-ti-90o-rm-90
o-t2] pulse sequence introduced by Macura 

and Ernst (24). In order to reduce the solvent signal, a selective, 

continuous irradiation of the water resonance was applied at all times 

except during the observation period tj (25). 

13C-NMR spectra were acquired on a Bruker WM-200 WB spectrometer 

(operating at 50.3 MHz) interfaced with an ASPECT-2000 computer and a 

real-time puiser board. Chemical shifts were measured relative to 

methanol addes as internal reference and converted to the TMS-scale by 
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correcting for the СНэОН to IMS chemical shift (δ - 6 - 49.3 
СпзОп Ίηο 

ppm). Dielectric heating of the sample caused by boradband H-decoupling 

was minimized by a two-level decoupling scheme: during acquisition a 

minimal decoupling power was applied (- 0.5 W), followed by a relaxation 

delay during which the decoupling power was switched to a lower level 

І- 0.1 W, in order to maintain the nuclear Overhauser enhancement). 

Two-dimensional hetero-nuclear chemical shift correlation experiments 

(26,27,28) were performed using the pulse sequence and phase cycling 

proposed by Bax (26). 

31
P-NMR spectra were recorded on a Varian XL-100, operating at 40.θ 

MHz. Chemical shifts are referenced to external ВэРОц (20%, v/v). 

Elemental Апаіуаів. 

Elemental analyses were performed using desalted samples of methano-

pterin. Free phosphate was not detectable by isotachophoresis under 

conditions which allowed the detection of one nmol free phosphate in 

100 nmol methanopterin. Bound phosphate was determined by the Fiske and 

SubbaRow method (29). From the measurement of bound phosphate in a 

solution of methanopterin with a known absorbance the molar absorption 

coefficient was inferred (сэцг = 7.4 χ IO
3
 M"

1
cm"

1
 at pH 7.0). 

RESULTS 

Methanopterin was identified as a pterin derivative based upon its 

UV-Vis spectra (12). Alkaline permanganate oxidation of methanopterin 

yielded 7-methylpterin-6-carboxylic acid and pterin-6,7-dicarboxylic 
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acid (see Chapter 7). These data strongly suggest the presence of a 6-

substituted-7-methylpterln moiety in the methanopterin molecule. 

Elemental analysis showed the molar ratio of the elements P:N:H:C 

to be 1.0:5.8:46.1:30.5, respectively. Note that the hydrogen ratio 

will be too high as residual water is expected to be present in the 

lyophilized sample. Sulphur was not present. 

Uaing NMR for the Stilature Elucidation. 

The one-dimensional 1H-, 13C- and 31P-NMR spectra are used to obtain 

"general" information about the molecule (such as number of distinct 

protons and carbon atoms, (hetero-) coupling constant data etc.) . 

Subsequently, the 1H- and 13C-NMR spectra are correlated to each other 

via the Jc-H couplings by means of 2D heteronuclear correlation 

spectroscopy. Moreover, families of proton signals belonging to the 

same network of coupled spins are identified by using 2D spin-echo 

correlated spectroscopy (SECSY). In this way the 1H- and 13C-NMR data 

are splitted into subsets, each subset pertaining to a distinct fragment 

of the molecule. These fragments are then identified on the basis of 

their H- and 13C chemical shifts and coupling constant data. Finally, 

the thus obtained structural elements are assembled using 2D-nuclear 

Overhauser enhancement spectroscopy (NOESY), yielding the complete 

structure of methanopterin. 

General Appearance of the ^H-NMR, 13C-NMR and 31P-OTffi Spectra of 

Methanopterin. 

Fig. 1 shows the 500 MHz 1H-NMR spectrum of methanopterin. This 

spectrum accounts for 29 protons while elemental analysis (see above) 
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Fig. 1 The 500 ΜΒζ lH-flMR speotrum of methanopterin. 

The residual H0
2
H signal and blank regions of the spectrum are 

omitted. The normalized intensities are indicated between 
parentheses. 
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Indicated ca. 46 protons to be present. The main part of the difference 

is ascribed to residual water in the lyophilized elemental analysis 

sample (see above). Moreover, exchangable protons (such as hydroxyl 

protons, amino protons etc.) are quantified in the elemental analysis 

but are not detected in the present NMR experiments. 

Based on their chemical shifts and spin coupling pattern, the H 

resonances around 7 ppm (normalized intensity 4 protons) are assigned 

to a para-substituted benzene moiety. These proton signals are coupled 

with each other but not to other resonances, in other words, they form 

an "isolated" network of coupled spins. 

The singlet at 2.62 ppm is assigned to a methyl group since its 

normalized intensity amounts to more than two protons. Upon prolonged 

lyophilization in
 2
H20 the intensity of the singlet at 2.62 ppm 

decreased with concomitant increase of the signals at 2.61 and 2.59 

ppm. This behaviour is explained in terms of a slow exchange between 

the methyl protons and the solvent deuterons ( HzO), in other words, 

the methyl group becomes partly deuterated. Itie corresponding mono- and 

di-deuterated methyl groups give rise to the resonances at 2.61 and 2.59 

ppm which are broadened by geminai Η- Η couplings. 

Comparison of the broadband
 3 1

P decoupled
 1
H-NMR spectrum with the 

1
H-NMR spectrum of methanopterin indicated that the

 1
H resonances at 

4.01, 4.28 and 4.44 ppm are scalar coupled to the phosphorus atom 

present in methanopterin. 

The
 1
H broadband decoupled

 13
C-NMR spectrum (not shown) displayed 33 

peaks. As the elemental analysis showed phosphorus to be present in the 

molecule,
 3 1

p-
1 3
c couplings may be expected. This expectation is indeed 

borne out by experiment: in the simultaneously Η and
 3 1

P broadband 
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decoupled 1ÎC-NMR spectrum (see Fig. 2) only 28 13C resonances were 

found, indicating that 5 carbon atoms are spin-coupled to the phosphorus 

atom. Since the presence of a para-substituted benzene moiety is 

apparent from the 1H-NMR spectrum (Fig. 1), two of the carbon signals 

in the region around 120 ppm represent four carbon atoms. Hence, 

methanopterin contains 30 carbon atoms. 

The 1H-decoupled 31P-NMR spectrum of methanopterin consists of only 

one singlet at 0.67 ppm; this chemical shift is characteristic for a 

phosphodiester moiety (30). 

Correlation of the 1B- and 13C-liMR Spectra Using Heteronuelear Shift-

Correlation Spectroscopy. 

Fig. 2 presents the 200/50.3 MHz 1H-13C shift-correlated 2D NMR 

spectrum in the form of a contour plot. For reference purpose a 50.3 

MHz 13C-{lH}-NMR spectrum and a 500 MHz 1H-NMR spectrum (recorded under 

similar conditions) are plotted along the vertical (fz) and horizontal 

(fl) axes, respectively. The cross peaks in the contour plot (Fig. 2) 

indicate partial magnetization transfer between a specific carbon atom 

and its directly bound hydrogen atom via the J C - H s c a^ a r coupling. In 

this way the cross peaks correlate the resonance of each carbon atom 

to the corresponding 1H resonance of its directly bound protons. 

For example the 1H resonances indicated as 3b/5b and 2b/6b, which 

were assigned to the para-substituted benzene moiety, see above, show 

cross peaks to the 13C resonances 3b/5b and 2b/6b, respectively. Hence 

these 1 3C resonances (130.4 and 115.θ ppm) are assigned to the four 

tertiary carbon atoms of the para-substituted benzene moiety. 

Ten
 1 3

C resonances in the low field part of the
 13
C-NMR spectrum 
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Contour plot of the ZOO/SO.3 MHz 1H-13C shift-correlated 2D 
NMR epeatrum of methanopterin. 

For reference purposes a 500 MHz
 1
H-NMR spectrum is plotted 

along the horizontal axis. The
 1
H and

 1 3
C resonances are 

numbered according to Table 1. The resonances marked with an 

asterisk were found to be secundary carbon signals in the 

attached proton test. A
 1 3
C and a ̂ H resonance may be correlated 

in the following way. Starting from a
 1
H signal at the horizontal 

axis, a vertical line can be drawn to the cross peak in the 

contour plot. The corresponding
 1 3

C resonance is found by 

drawing a horizontal line from the cross peak to the corresponding 

С signal at the vertical axis. 



(δ > 120 ppm) do not show cross peaks to Η resonances. This finding 

implies the absence of
 1
J

C
_ H couplings, in other words, these

 1 Э
С 

resonances originate from quaternary carbon atoms. As a 6,7-disubstituted 

pterin moiety accounts for six and a para-substituted benzene group 

accounts for two quaternary carbon atoms, two of these resonances remain 

to be assigned in the methanopterin spectrum. 

The five
 1 3

C resonances marked with asterisks in Fig. 2 were 

identified as secundary carbon signals by means of a so-called attached 

proton test (31). In accordance with these data, it follows from the 

2D heteronuclear shift-correlation spectrum (Fig. 2) that the
 1
H 

resonances 5d, 5c, 4e and 3e (each having a normalized intensity of 2 

protons) as well as the two proton resonances 1c and 1c' (each having a 

normalized intensity of 1 proton) arise from methylene groups. 

At this stage it is concluded that methanopterin contains 2 methyl 

groups, 5 methylene groups, 13 methine groups and 10 quaternary carbon 

atoms. 

Combination of Proton Signala into Setuorka of Coupled Spina. 

In order to link the methyl, methylene and methine groups of 

methanopterin into networks of coupled spins, a SECSY experiment was 

performed (Fig. ЗА). 

The singlet 13a does not give rise to any cross peaks, in other words, 

this methyl group is "isolated" in the sense that it has no neighbouring 

protons in a vicinal orientation. 

As expected, on the basis of the coupling constant patterns of the 

signals shown in Fig. 1, the aromatic
 1
H signals 3b/5b and 2b/6b only 

show connectivities to each other and not to other signals in the SECSY 
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Fig. ЗА Contour plot of the 500 MHz 1Я SECSY apeotrum of methonoptevin. 

The
 1
H resonances are numbered according to Table 1. The 

connectivities between
 1
H signals at the horizontal axis 

Да = 0 are found by drawing vertical lines from the axis 

to the cross peaks and diagonal lines (at 135° angles to 

the horizontal axis) between the cross peaks. 
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spectrum. Вепсе they form ал "isolated" network of coupled spins. 

The quartet 11a and the doublet 12a only show cross peaks to each 

other. Indicating that this methine and methyl group constitute an 

"isolated" -CH-CH3 moiety. 

As shown in Fig. 3B the signals Id, 2d, 3d, 4d and 5d are inter

connected via a number of cross peaks. These interconnections are in 

accordance with the multiplicity of the signals as shown in Fig. 1 and 

with the magnitude of the coupling constants listed in Table ID. 

Resonance 5d represents a methylene group and the resonances ld-4d 

represent methine protons. From the above data it is evident that the 

I I I ! 

corresponding strucutral unit has a -CH-CH-CH-CH-CH2skeleton. 

The connectivities between 2e, 3e and 4e are shown in Fig. ЗА. 

Resonance 2e arises from a methine group while the resonances 3e and 4e 

represent methylene groups, therefore this network of coupled spins 

represents a -CH-CH2-CH2- structure. 

In Fig. ЗА also the connectivities between the two signals of the 

methylene group Ic/lc' and the methine resonance 2c are indicated. The 

rest of the connectivities for this network of coupled spins, namely 

between the resonances 2c, 3c, 4c and 5c, are shown in Fig. 3B. The 

methylene signals Ic/lc' and the methine signals 2c, 3c and 4c are 

interconnected via a number of cross peaks. The methylene signal 5c 

shows cross peaks to the resonances 2c, 3c and 4c. Evidently, these 

cross peaks cannot be interpreted in a straightforward way as a 

methylene group cannot be directly bound to three methine groups. 

Hence one or more of the cross peaks between 5c on the one hand and 

2c, 3c and 4c on the other hand originates from long-range or virtual 

couplings. The high values of the H and
 1 3

C chemical shifts (3.95 ppm 
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Fig. 3B Expansion of Fig. ЗА showing the connectivities within 
the a-ribofuranose moiety and some of the connectivities 
within the tetrahydroxypentane moiety. 
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and 69.4 ppm, respectively) indicates that the methylene group 5c has 

one electronegative substituent (32,33). Hence it can be excluded that 

the methylene group is located between two carbon atoms. Similarly, on 

basis of the
 1
H and

 1 3
C chemical shifts of the 2c, 3c and 4c methine 

groups (Table 1С), it can be excluded that these groups are situated 

between three carbon atoms (32,33). Hence the connectivities between 

resonance 5c on the one hand and resonance 2c and 3c on the other hand, 

do not arise from vicinal coupling constants. Combining the afore

mentioned pieces of information leads to the deduction of a 

I t I 

-СНг-СН-СН-СН-СНг
-
 skeleton for this fragment of methanopterin. 

In sunmary, the following structural elements of methanopterin have 

ι 
now been uncovered: СНэ-, СНз-СН-, a para-substituted benzene moiety, 

-СНг-ен-СН-СН-СНг-, -СН-СН-СН-СН-СНг-, -СН-СНг-СНг-, a 6,7-disvibst i tuted 

pterin moiety, a phosphodiester moiety and two quaternary carbon atoms. 

Identification of the Structural Elements of Methanopterin. 

The СНэ- and CHj-CH-moieties are attached to the pterin moiety since 

hydrogenolysis of methanopterin removes the pterin moiety together with 

the
 1
H signals 13a, 11a and 12a; all other

 1
H resonances remain 

unchanged in methaniline, the pterin-free degradation product (see 

Chapter 7). Oxidation of methanopterin yields 7-methylpterin-6-

carboxylic acid (see Chapter 7) which indicates (34) that the pterin 

moiety is linked via carbon-6 to the remainder of the molecule and that 

the methyl group is attached at carbon-7 of the pterin moiety. The С 

chemical shifts of the pterin moiety can be compared with calculated 

chemical shifts (Table 1A). Starting from the
 1 3
C chemical shifts of 

the pterin moiety of folic acid (35) and employing standard additivity 
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Table 1 Chemical shifts and coupling constants of the lH, 1 3
C and 

3 1
P resonancee of methanopterin 

Table 1A. The pterin moiety 

The calculated
 1 3

C chemical shifts were derived from folic 

acid (35): a proton was replaced by a methyl group both at 

carbon-7 and 11, hence 9.3 ppm was added to the δ ( С) of 

7a and 11a (33). 

2a 

4a 

6a 

7a 

9a 

10a 

11a 

12a 

13a 

Observed 

e-"c 
ppm 

163.9 

173.1 

151.2 

156.5 

155.1 

126.8 

51.3 

20.4 

21.1 

«-»H 

ppm 

4.92 

1.47 

2.63 

J
H-H 

6.6 

6.6 

Calculated 

i-
13
C 

ppm 

164.3 

173.5 

147.7 

157.0 

156.0 

12Θ.9 

56.7 
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Table IB. The aniline moiety 

The 1 H - and 
(32,33) and for the para-aminobenzoic acid (PAB) moiety in 

folic acid (35,36) are listed for comparison purposes. 

lb 
2Ь/6Ь 

3b/5b 

4b 

Observed 

i-"c 

ppm 

145.5 

115.θ 
130.4 

129.4 

í-lH 

ppm 

6.7Θ 
7.03 

Ч-Н 
HZ 

а.з 
Θ.3 

N-methyl-4-

methylaniline 
í-1'c 

ppa 

147.1 
112.3 
129.θ 

126.0 

Í-*H 

ppm 

6.4 
6.9 

para-amino
benzoic acid 
i-13C 

ppm 

152.5 
113.θ 
130.7 

122.9 

Í^H 

ppn 

7.79 
7.93 

äjH-e 
HZ 

β 

θ 
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Table 1С. The tetrahydroxypentane moiety 

ІЪе пишЬег of protons directly bound to the carbon atoms was 

determined by a so-called Attached Proton Test (31). Primary 

and tertiary carbons give rise to a positive resonance 

intensity (marked + in the table entry "Sign APT") while 

secundary and quaternary carbons cause a negative resonance 

intensity (marked - ) . The calculated
 1 3

C chemical shifts were 

calculated for l-benzyl-5-methoxy-2
F
3,4-trihydroxypentane. 

H 
\ W H i " j ^i 5 

7с-ГГГПН г 

H он он он 0 

с 

Ic/lc* 

2c 
3c 
4c 
5c 

6-"c 

ppm 

37.0 

70.5 

74.4 

73.1 

69.4 

Observed 

Sign 

APT 

+ 
+ 
+ 

" 

í-lH 

ppm 

2.84 
2.48 
3.87 
3.69 
3.77 
3.95 

-14.2 
-14.3 
5.9 
5.8 
_a 
_a 

JH- H 

HZ 

9.8 
9.3 
6.0 
.a 
_a 

2.8 

2.9 

Calculated 
6-13C 

ppm 

36.8 

73.4 
73.4 
73.4 
68.7 

No first order analysis was possible for the 1H resonances 4c and 5c. 
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Table ID. The a-ribofiœanoae moiety 

С chemical shifts were с 

data reported (38) for raethyl-ß-D-ribofuranose: as the α 
isomer is present in methanopterin 4.7 ppm was substracted 

from the
 1
 С chemical shift of carbon-l (39). The

 1
H chemical 

shift and coupling constant data under "calculated" were 

reported earlier for methyl-a-D-ribofuranose (40). 

Id 
2d 
3d 
4d 
5d 

δ-іэс 

ppm 

102.4 

71.2 

69.9 

83.8 

65.4 

Sign 

APT 

+ 
+ 
+ 
+ 

-

Observed 
J
1 3

c
_ 3 1

p 

Hz 

8.4 
5.1 

6-ІН 

ppm 

5.17 

4.23 

4.17 

4.28 

4.02 

3.99 

JH-H 

Hz 

4.4 
6.3 
2.8 
3.3 
4.0 

-11.4 

Calculated 
«-lac 

ppm 

103.3 

74.4 

70.9 

83.0 

62.9 

6-lH 

ppm 

4.99 

4.11 

4.02 

4.09 

3.74 

3.64 

J
H-H 

HZ 

4.2 
6.2 
3.1 
3.4 
4.4 

-12.3 



Table IE. The a-hydrcxyglutaria aaid moiety 

The calculated
 1 3

C chemical shifts were derived from L-

glutamate (35): the amino group of glutamate was replaced 

by an ester group, therefore 20.7 ppm was added to the chemical 

shift of carbon-2. 

l e 
2e 
3e 
4e 
5e 

6 - l 3 C 

ρμιι 

178.7 
7 6 . 5 
3 0 . θ 
3 3 . 4 

1Θ2.5 

S i g n 

APT 

-
+ 

-
-

" 

0 

0 
II 

- P - 0 
1 
0" 

J l 3 c _ 3 1 

Hz 

4 . 5 
5 . 2 
4 . 2 

> 
^ С Н г 

3 С Н г 

- с н 

'Mi 

ρ ^ * 

ρρβί 

4 . 4 4 
2 . 0 3 
2 . 3 4 / 2 . .26 

C a l c u l a t e d 
6 - 1 3 C 

ppm 

175.6 
7 6 . 4 
2 8 . 1 
3 4 . 5 

1 8 2 . 3 
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Table IF. The phoephodieeter moiety 

The reported range of the 
was taken from Haasnoot & Altona (30). 

%/ S 'Ρ' 
' с—о—р-о^сн 

Η О" , ίο ϊ 

5-
э1
Р 

ppm 

0.67 

J
" P - H 

Hz 

HS' 

HS" 

H2 

5.3 

4.4 

10.3 

Reported 

6-
51
P 

ррш 

(-1.1) - (+2.6) 
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rules (33), 9.3 ppo was added to the chemical shifts of carbon-7 and 

carbon 11 (i.e. replacing the protons at C7 and ell by methyl groups). 

Table 1A lists the
 1 3

C resonances assigned to the pterin moiety. The
 1 3

C 

chemical shift of carbon 11a indicates that the moiety is linked via a 

nitrogen atom to the remainder of the molecule. 

The structure of the pterin moiety derived from the above data is 

shown in Table 1A. 

Table IB lists the
 1
H and

 1 3
C chemical shifts and the

 1
H-

1
H coupling 

constants of the para-substituted benzene moiety. The chemical shift 

data for this fragment indicate an oxygen or nitrogen substituent at 

carbon-1 (32,33). An electronegative substituent at carbon-4 can be 

excluded as in that case a smaller chemical shift difference between 

the
 1
H and

 1 3
C resonances 3b/5b and 2b/6b is mandatory (32,33). The

 1
H 

and
 1 3

C chemical shifts were compared to the corresponding values for 

N-methyl-4-methylaniline (calculated following additivity rules (32,33)) 

and with the chemical shifts reported for the para-aminobenzoic acid 

moiety in folic acid (35,36). This comparison shows (cf. Table IB) that 

para-aminobenzoic acid is not present in methanoptenn. The para-

substituted benzene moiety is an aniline derivative para-substituted 

with a carbon atom. 

The
 l
H and

 1 3
C chemical shifts of the -CH2-CH-CH-CH-CH2- moiety are 

listed in Table 1С. Starting from the
 1 3

C chemical shifts of ribitol 

(37) and following standard additivity rules (33), the
 1 3

C chemical 

shifts of l-benzyl-5-methoxy-2,3,4-trihydroxypentane were calculated. 

Table 1С shows that the observed
 1 3

C chemical shifts of the 

t i l 

-CH^-CH-CH-CH-CHz- moiety are comparable to the calculated chemical 

shifts of l-benzyl-5-methoxy-2,3,4-trihydroxypentane. Hence the moiety 
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is a tetrahydroxypentane substituted at carbon-1 with a quaternary 

carbon atom and probably linked to the rest of the molecule via an 

ether-like bond at carbon-5. 

The chemical shifts of the 13C and 1H resonances and the vicinal 

l ì l i l i 

H- H coupling constants of the -CH-CH-CH-CH-CHj- moiety correspond 

well with those reported for l-methyl-m-D-ribofuranose (38,39,40), cf. 

Table ID, Only a single resonance of the anomeric proton 1c is evident 

from the 1H NMR spectrum (Fig. 1) while in free ribofuranose a double 

signal of the α and θ anomeric proton is present (41) . This finding 

indicates that the moiety is linked via the oxygen atom at carbon-1 to 

the rest of the molecule. The a-ribofuranose moiety is attached via the 

oxygen at carbon-5 to the phosphodiester moiety as is unequivocally 

shown by the
 1 3

c-
3 1
P and

 1
H-

3 1
P coupling constants listed in Table ID 

and 1 F. 

The С resonances 2e and 3e as well as the
 1
H resonance 2e are 

scalar coupled to the phosphorus atom (Table IE). These observations 

indicate that the phosphodiester moiety is linked to the methine carbon 

(2e) of the -CH-CH2-CH2- moiety. The two remaining quaternary
 1 3

C 

resonances, which are not assigned to the pterin or the aniline moiety, 

resonate at very low field and are therefore ascribed to carboxyl 

groups. The resonance at 17Θ.7 ppm is scalar coupled to the phosphorus 

atom (Table IE) and must therefore have a vicinal orientation with 

respect to the phosphorus atom. Hence, it follows that this carboxyl 

group is attached to carbon 2e. From the
 1 3

C chemical shift of carbon 

4e (6 = 33.4 ppm) it is deduced that this carbon is situated between 

two carbon atoms (33). In the SECSY experijnent the
 1
H resonance 4e only 

shows cross peaks to the
 1
H resonance 3e, which implies that the other 
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carbon atom adjacent to 4e is a quaternary carbon atom. Carbon 4e is 

not attached to the pterin moiety (see above) or to the aniline moiety 

(see below), so the carboxyl group 5e, resonating at 182.5 ppm is 

affixed to carbon 4e. This assignment is in accordance with calculated 

chemical shifts (Table IE). 

Table 1 shows the structural elements of methanopterin identified at 

this stage : 

- A 6-ethyl-7-methylpterin moiety linked via a nitrogen atom at 

carbon 11a to the remainder of the molecule. 

- An aniline moiety linked to a carbon atom at carbon 4 and via the 

nitrogen atom to the remainder of methanopterin. 

- A tetrahydroxypentane linked at carbon 1c to a quaternary carbon 

and at carbon 5c via its oxygen atom. 

- The a-hydroxyglutaric acid phosphodiester of o-ribofuranose-5•-

phosphate linked at carbon Id to the rest of methanopterin. 

Linkages between the Four Major Parts of the Molecule. 

In order to assemble the four major parts of methanopterin into the 

complete structure, a 500 MHz NOESY spectrum was recorded (Fig. 4) . 

Starting from the H resonance 3b/5b cross peaks are found to the 

resonances 1c, 1c' and 2c. Moreover, starting from 2b/6b connectivities 

are found to 11a, 13a and 12a. Hence the aniline moiety is located 

between the pterin and the tetrahydroxypentane moiety as is shown in 

Fig. 5. This conclusion is in accordance with the values of the chemical 

shifts of the 13C resonances 11a, lb, 4b and 1c. 

Resonance Id shows cross peaks to the 1H resonances 2d, 3d and 4d as 

might be expected, but also to 5c and 4c. The latter finding indicates 
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Fig. 4 Contour plot of a 500 Affla 1
Я NOESÏ spectrum of methanopterin. 

Recorded at O'C, pH 10.2 (meter reading). The peaks along 
the diagonal of the spectrum correspond to the normal ID-
spectrum. The off-diagonal cross peaks manifest the trans
fer of magnetization which occurs between proximate protons 
via dipolar cross relaxation during the mixing period τ 
(T

m
 = 0.3 sec). In other words, each cross peak links the 

diagonal peaks (which can be found by drawing a horizontal 
and a vertical line from the cross peak) arising from 
protons which are located at short intemuclear distances 
in the spatial structure. 
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that carbon 5c of the tetrahydroxypentane moiety and carbon Id of the 

a-ribofuranose moiety are linked via a glycosidic bond (see Fig. 5). 

Resonance 4e shows only cross peaks to resonance 3e and therefore it 

can be excluded that carbon 4e is attached to a quaternary carbon atom 

of the aniline or pterin moiety. 

The NOESY spectrum (Fig. 4) shows connectivities between the 1H 

resonances 11a, 13a and 12a which indicates that these protons reside 

in the same part of methanopterin. This finding is in accordance with 

the chemical evidence which showed that the resonances 11a, 13a and 12a 

are attached to the pterin moiety. 

Ttie above analysis of the NOESY spectrum completes the structure 

elucidation of methanopterin (Fig. 5). For the sake of completeness it 

is noted that the cross peaks in the NOESY spectrum which were not 

addressed in this analysis are in full accordance with the proposed 

structure. 
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Fig. S Structure of methanopterin. 
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Fig. 6 500 MHz ^H-SMR spec t ra of methanopterin. 

Top: pH 7, 0°C; middle: pH 7, гЗ^С; bottcm: pH 10.2, гЗ^С. 



DISCUSSION 

The complete structure of methanopterin as derived frost the above 

data is presented in Fig. 5. The molecular formula of the sodium salt 

of methanopterin is C3oHseOigNgPNas, which is in accordance with the 

elemental analysis, assuming about 4 molecules of residual water to be 

present. The molecular weight of the anhydrous sodium salt of methano

pterin is 838.60 D. 

From the proposed structure some characteristics displayed by 

methanopterin may be explained. For instance the peak broadening 

observed in the 500 MHz 1H NMR spectrum at pH 7.0 (meter reading) may 

be explained by intermolecular interactions of the pterin moiety. 

Analogous peak broadening caused by intermolecular interactions of the 

guanine moiety of guanosine were reported previously (42). Fig. 6 shows 

that the peak broadening decreases gradually on increasing distance of 

the protons to the pterin moiety. At pH 10 the pterin moiety bears a 

negative charge (12) which destroys the pterin-pterin interactions. The 

intermolecular pterin interactions may also explain the fact that 

purified methanopterin eluted in two fractions from a Sephadex G-25 

column (12). The first fraction may be a dimer or a polymer of methano

pterin (linked by intermolecular interactions) and the second fraction 

may be the monomer. 

The fact that the methyl group is attached to the pterin moiety, 

explains the exchange of hydrogen of this methyl group with deuterium 

since these protons are known to exchange with the solvent (43). 

The proposed structure of methanopterin is in full agreement with 

detailed degradational studies (see Chapter 7). 
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unfortunately no structural information could be obtained from Fast 

Atom Bombardment Mass Spectroscopy as the latter method failed to give 

reproducible results. For the sake of completeness it is noted that the 

absolute configuration of the chiral centers in the methanopterin 

molecule could not be determined in the present study. Most likely, the 

latter information can only be gained from a crystallographic study of 

this compound. However, up till now, we were not able to obtain methano

pterin in a crystalline form suitable for X-ray diffraction studies. 

To the best of our knowledge the present study constitutes the first 

elucidation of a molecular structure of this size utilizing almost 

solely NMR methods. We are confident that the many new developments in 

the field of 2D- and multiple quantum NMR spectroscopy as well as 

improvements of the existing methods with respect to acquisition times 

and concentration requirements, will further improve the applicability 

of NMR spectroscopy towards the structure determination of coenzymes 

and other similar sized biological important molecules in solution. 
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DERIVATIVES OF METHANOPTERIN, A COENZYME INVOLVED IN METHANOGENESIS 

SUMMARY 

Degradational studies of methanopterin, a coenzyme involved in 

methanogenesis, are reported. The results of these studies are in full 

accordance with the proposed structure of methanopterin (Fig. 1, top 

trace). 

Acid hydrolysis of methanopterin cleaved the 5' -»· 1" glycosidic bond 

and yielded a "hydrolytic product" (Fig. 1, fourth trace), which was 

identified as N-[l•-(2"-amino-4"-hydroxy-7"-methyl-6"-pteridinyl)ethyl]-

4-[2',3',4'»B'-tetrahydroxypent-l'-yljaniline. Alkaline permanganate 

oxidation of methanopterin yielded 7-methylpterin-6-carboxylic acid. 

Catalytic (or enzymatic) hydrogénation of methanopterin gave a mixture 

of 6-ethyl-7-methyl-7,e-dlhydropterin, 6-ethyl-7-methylpterin and a 

third compound, baptized methaniline (Fig. 1, second trace), which was 

identified as 4-[2',3',4'.S'-tetrahydroxypent-l'-yl(5' -» 1")Ο-α-ribo-

furanosyl-5"-phosphoric acidJ aniline, in which the phosphate group is 

esterifled with o-hydroxyglutaric acid. 

Methanoaaroina barkeri contains a closely related coenzyme, called 

sarcinapterin which was identified as a L-glutamyl derivative of methano

pterin, where the glutamate moiety is attached to the a-carboxylic acid 

ABBREVIATIONS: HPLC, high-performance liquid chromatography; TLC, thin-
layer chromatography; UV-Vis, ultraviolet-visible light absorption; 

NMR, nuclear magnetic resonance. 
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group of the α-hydroxyglutaric acid moiety of methanopterin via an 

amide linkage (Fig. 1, bottom trace). 

INTRODUCTION 

Methanoptenn stimulates the formation of methane in the high 

molecular weight fraction of cell-free extracts of Methanobacterium 

themoautotrophicum (1). Moreover, it was shown that under conditions 

of methanogenesis, methanoptenn is converted into a number of products. 

The conversion of methanoptenn and the production of methane occur 

concurrently (2). 

Previous reports from our laboratory have dealt with the general 

properties of methanopterin (3) and with the structure determination 

by means of two-dimensional nuclear magnetic resonance (4). Methano

pterin was identified as N-[-1'-(2"-amino-4"-hydroicy-7"-methyl-6"-

pterldinyl)ethyl]-4-[2',3•,4 *,5'-tetrahydroxypent-l'-yl{5' + 1")0-a-

ribofuranosyl-5"-phosphoric acid]aniline, in which the phosphate group 

is estenf led with α-hydroxyglutaric acid (Fig. 1 ) . 

This paper presents detailed degradational studies which confirm 

the structure of methanoptenn and describes the structure elucidation 

of products obtained upon acid hydrolysis, alkaline oxidation and 

catalytic hydrogénation of methanopterin. Moreover, the structure of 

sarcinapterin, a natural pterin isolated from Methanosartrina bavkeri, is 

presented. 
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MATERIALS AND METHODS 

Purification of Methanopterin. 

Methanopterin was isolated from Methanobaoterium thermoautotrophicum, 

strain ΔΗ, as described previously (3), except that the Sephadex-G25 

columns were replaced by Sep-Рак Cie cartridges (Waters Associates). 

These cartridges were found to be much more efficient in desalting the 

samples when used according to the following procedure: 

The sample was flash evaporated until dryness and redissolved in a 

minimal amount of distilled water (ca. 15 ml). About 3 ml of this sample 

were bound to Sep-Рак Cie cartridges at room temperature. The cartridges 

were washed with distilled water and the bound coenzymes were eluted 

with 50% (v/v) aqueous methanol. After rinsing the cartridges with 

distilled water, another Э ml of the sample were bound to the cartridges 

and the procedure was repeated. The methanol containing fractions were 

pooled and flash evaporated until dryness. 

Since the presence of large amounts of salts deteriorates separation 

with ion exchangers, this desalting procedure results in a substantial 

improvement of the separation procedure. 

Purification of Sarcinapterin. 

Methanosarcina barkeri, strain MS, was grown as described by Hutten 

et al. (5). Sarcinapterin was extracted and purified as described above 

for methanopterin. 

Stability of Methanopterin. 

In order to determine the stability of methanopterin as a function of 
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pH, Solutions of 42 μΜ methanopterin in 60 mM phosphate buffers, with 

pH values varying from 1 to 13, were boiled for 60 min in closed reaction 

vessels. The percentage of residual methanopterin, measured at 240 ran 

on reversed-phase HPLC (6), was determined by comparing the reaction 

mixture with a reference solution of methanopterin stored at 4°C and pH 7. 

Aaid Bydrolysie of Methanopterin. 

A solution of 7.5 pmol methanopterin in 0.9 ml 20 mM phosphate buffer, 

pH 2, was boiled for 16 h. The precipitate formed was spun down and 

dissolved in 50 mM phosphate buffer, pH 12. The solution was resolved 

by ion-exchange liquid chromatography (QAE-A25 Sephadex eluted with 10 

mM NazCOj buffer at pH 10) and showed two major fractions detectable at 

240 ran. The first fraction contained several products and was not further 

studied. The hydrolytic product present in the second fraction was 

precipitated by adjusting the pH to 7, filtered and dissolved in 0.1 M 

КОН. HPLC analysis, at 240 nm, showed that the product was pure. 

Alkaline Pevmmganate Oxidation of Methanopterin. 

Methanopterin (0.24 lunol) was oxidized for 3 min in 0.24 ml 3% KMnOi, 

in 0.1 M NaOH at 80°C. The reaction was stopped by addition of 0.48 ml 

ethanol and МпОг formed was removed by centrifugation. For identification 

purposes, the retention time on HPLC (6) the R- value and the 

fluorescence on TLC of the oxidation product were compared with 7-

methylpterin-6-carboxylic acid and 6-methylpterin-7-carboxylic acid. 

These compounds were a gift of Dr. W. Pfleiderer (University of Konstanz). 

The HPLC analysis was performed at pH 3, since 7-methylpterin-6-carboxylic 

acid shows a short retention time at pH 6. 
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Rydrogenolyaia of Methanopterin. 

A solution of 6.6 pmol methanopterin in 1.25 ml distilled water was 

hydrogenated at бО'С using 0.7 mg palladium-charcoal catalyst (10* Pd) 

ала IO
5
 Pa Нг for one week. A minimal amount of catalyst was used since 

the hydrolytic products may absorb to the catalyst and consequently a 

long incubation period was needed. The white precipitate and the 

catalyst were filtered over glass wool in an anaerobic atmosphere in a 

glove box. The two soluble reduction products obtained, methaniline and 

ô-ethyl-V-methyl-T.B-dihydropterin, were purified using an anaerobic 

HPLC system (10 mM phosphate buffer, pH 6). The effluent of the HPLC 

column was collected through a syringe in anaerobic bottles capped with 

natural rubber stoppers. 

The white precipitate was eluted from the glass wool filter with a 

0.1 M NaOH solution and the compound obtained, 6-ethyl-7-methylpterin, 

was purified by the use of HPLC (10 mM phosphate buffer, pH 8). 

L-Glutamate Determination. 

A solution of 0.25 ymol methanopterin or sarcinapterin in 6 M HCL was 

hydrolyzed for 27 h at HO'C in a closed glass tube. The sample was 

flash evaporated till dryness and L-glutamate was assayed enzymatically 

(7). 

Phosphate Determination. 

Phosphate contents were determined by the Fiske and SubbaRow method 

(8). Samples were purified till no free phosphate was detectable by 

means of isotachophoresis, performed as described by Hermans et al. (9). 
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Thin-Layer Chromatography. 

Plates coated with Kieselgel-60 (Merck) were developed with butan-l-

ol/acetic acid/water (33/12/15, v/v). Fluorescent spots were detected 

with a UVL-21 Blak-Ray lamp (wavelength 366 nm). 

Bigh-Perfomance Liquid Chromatography. 

A reversed-phase HPLC system was used with 25 mM potassium acetate 

buffer (pH 6) and methanol as mobile phase (6). When a different buffer 

was used, it is indicated between parentheses. Prior to NMR experiments 

a phosphate buffer was used in order to prevent a residual acetate signal 

in the
 1
В-ЮЮ spectrum. 

When oxygen sensitive compounds were examined, the liquids of the 

mobile phase were flushed continuously with oxygen-free hydrogen and 

the liquids were transferred to the pumps via stainless-steel tubes to 

avoid contact with oxygen. 

Spectrometrio Assay в. 

Ultraviolet-visible light absorption spectra were obtained using a 

Cary 118 spectrophotometer. For determination of pK values the Ph was 

varied by adding concentrated HCl or KOH solutions. 

500 MHz
 1
B-NMR spectra were recorded as described previously (4). 

Samples were lyophilized three times from
 2
H20 and a trace of 3-(tri-

methyIsily1) propionic acid-d4 sodium salt (TSP) was added as an 

internal calibrant. Chemical shifts are expressed relative to the methyl 

resonance of TSP. The purity of the samples was determined by HPLC 

analysis at 240 nm (6) before the addition of TSP. 
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RESULTS AND DISCUSSION 

Stability of MethanopteTin. 

Methanopterin was found to be stable between pH 7 and 12. Outside 

this pH-range methanopterin degraded: after 1 hour at 100°C, only 75* 

(at pH 6) or 79% (at pH 13) of the original amount of methanopterin 

could be recovered. 

Acid Rydrolyeie of Methanopterin. 

Upon acid hydrolysis of methanopterin, a hydrolytic product is 

formed which shows UV-Vis spectra identical to those of methanopterin 

at various pH values (Fig. 2). Hence both chromophoric groups, i.e. 

the pterin and the aniline moiety, are still present in this hydrolytic 

product. 

Fig. 3 shows the 500 MHz
 1
H-NMR spectra of methanopterin (top trace) 

and that of the hydrolytic product (second trace). 

It is seen that the methanopterin resonances denoted ld-5d and 2e-4e 

are absent in the
 1
H-NMR spectrum of the hydrolytic product. Moreover, 

the proton signals 2c-5c have shifted positions and show up as three 

multiplets at 3.89, 3.Θ0 and 3.67 ppm (normalized intensity: 1,2 and 2 

protons, respectively). The ramaining signals in the spectrum of the 

hydrolytic procuct are almost identical to the corresponding resonances 

in the
 1
H-NMR spectrum of methanopterin. Hence the hydrolytic product 

can be identified as N-[-1'-(2"-amino-4"-hy<iroxy-7"-methyl-6"-pteridinyl) 

ethylJ-A-^'.S'H'.S'-tetrahydroicypent-l'-ylJaniline (Fig. 1, fourth 

trace). 

It is concluded that the glycosidic bond between the tetrahydroxy-
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pentylaniline and the ribofuranose moiety of methanopterin is suscep

tible to acid hydrolysis at pH 2 and lOO'C. 

L-Clutamate Determination. 

In two previous papers of our group (3,10) the presence of glutamate 

in methanopterin (isolated from M. tkermoautotrophiaum) was reported. 

However, this conclusion was based on determinations using impure samples 

of methanopterin. When the glutamate dehydrogenase assay was applied on 

our present samples of methanopterin, addition of the enzyme to the 

mixture containing hydrolyzed methanopterin did not cause an increased 

absorbance while subsequent addition of L-glutamate showed ал appropiate 

increase of the absorbance. 

These results confirm that methanopterin does not contain a L-glutamate 

moiety. For the sake of completeness, it is noted that one L-glutamate 

moiety is present in the coenzyme from M. barkeri, as will be shown 

below. 

Alkaline Permanganate Oxidation of Methanopterin. 

The resistance of the pterin nucleus to treatment with mild oxidizing 

reagents allows the investigation of the nature of the alkyl side-chains. 

Oxidation of alkyl side-chains at the 6 or 7 position by alkaline 

permanganate is known to yield pterin-6-carboxylic acid or pterin-7-

carboxylic acid, respectively (11). 

The predominant oxidation product of methanopterin, probably identical 

to ox-3 the oxidation product reported by Keltjens et al. (3), showed 

the same retention on HPLC and TLC as authentic 7-methylpterin-6-

carboxylic acid and showed different retention as 6-methylpterin-7-
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carboxylic acid. These data indicate that methanoptenn is a 7-methyl-

pterin substituted at carbon 6. 

Hydcogenolyeis of Methanopterin. 

Folic acid can be reduced to dihydrofolic acid and tetrahydrofolic 

acid by catalytic hydrogénation over palladium. Decomposition of these 

unstable compounds yields p-aminobenzoylglutamic acid and a number of 

pterin derivatives (11). Methanopterin could also be reduced either by 

hydrogénation over a palladium-charcoal catalyst or by enzymatic 

hydrogénation with cell-free extract from M. thevmoautotrophicum (2). 

Both hydrogénation methods gave three compounds which were previously 

called compounds G, I and H (2) and will now be identified as methaniline, 

6-ethyl-7-methylpterin and 6-ethyl-7-methyl-7,8-dlhydropterinf respec

tively . 

Structure Elucidation of Methaniline (Compound G). 

Fig. 3 (third trace) presents the 1H-NMR spectrum of methaniline. The 

comparison with the 1H-NMR spectrum of methanopterin (top trace) shows 

that the resonances 11a, 12a and 13a are not present in the 1H-NMR 

spectrum of methaniline while the remaining signals all have counterparts 

in the spectrum of methanopterin. The UV-Vis spectra of methaniline 

(Fig. 4) indicate that methaniline is devoid of the pterin moiety. The 

spectral properties of methaniline are very similar to 4-methylaniline 

(Table 1). 

From the above data it can be concluded that methaniline is a 

methanopterin derivative, which lacks only the pterin moiety. The 

structure of methaniline is shown in Fig. 1. 
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Table 1. Ultraviolet-vieible light spectral properties and pKa values 
of methanopterin and related compounds. 

sh = shoulder In the spectrum, ND = not determined. The molar 
absorption coefficient of methanopterin at pH 6.0 and 342 nm 
was reported previously (4). The corresponding value of 6-ethyl-
7-methylpterin was assumed to be identical to this molar 
absorption coefficient of methanopterin. The other molar 
absorption coefficients were calculated on the basis of the 
assumed molar absorption coefficient. 

Compound 

Methanopterin 

6-Ethyl-7-methylpterin 

6-Ethyl-7-methyl-7,8-
dihydropterin 

Methaniline 

pH 

1.0 
3.1 
6.0 
11.3 

1.0 
6.0 
11.4 

1.2 
6.4 
11.8 

2.5 
6.8 
11.4 

λ max 

320(10.4) 
339(7.2) 
342(7.4) 

358(8.3) 

321(10.3) 
342(7.4) 
356(8.2) 

355(5.0) 
314(6.2)

a 

312(6.0) 

250(9.7)sh 
282(1.2) 

285(1.2) 

(ε), nm (mM" 

277(14.6) 
274(16.9) 
251(33.3) 

250(12.1) 
273(14.3) 
250(23.4) 

275(7.7)sh 

280(11.4) 
280(9.7) 

233(8.5)
b 

233(8.3) 

•W
1
) 

235(26. 

217(20. 

253(14. 
227(23. 

.7) 

.4) 

.9) 

.8) 

P
K
a 

1.8 
4.0 

2.8 
8.7 

ND 
ND 

5.1 

Reference compounds 

6,7-DiJiiethyl-7,8-
dihydropterin

c 

4-Methylaniline 

1.0 
7.0 
14.0 

1.3 
7.0 
11.8 

350(6.2) 
318(6.2) 
318(6.2) 

258(0.4) 
287(1.4) 
285(1.5) 

270(7,8)sh 
280(11.2) 
281(8.3) 

205(8.0)sh 
232(8.5) 
232(8.7) 

252(17, 

227(25, 
231(14, 

.4) 

.1) 

.5) 

4.16 
11.09 

5.08 

Ibis value was assumed to be identical to the corresponding value of 
6,7-dlmethyl-7,8-dihydropterin (10). 

b 
This value was assumed to be identical to the corresponding value of 

4-methylaniline. 

Reported by Blakley (10). 

d
 Taken from (15). 
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Structural Eluoidaticm of 6-Ethyl-7-Methylpterin (Compound I). 

This slightly soluble compound was isolated from the white precipitate 

obtained during hydrogenolysis of methanopterin as described in Materials 

and Methods. Fig. 5 presents the UV-Vis spectra of the compound dissolved 

in phosphate buffer. In the region above 300 nm the spectra are 

identical to those of methanopterin (Fig. 2). On substraction of the 

spectra of methaniline from the corresponding spectra of methanopterin 

at pH 1, 6 and 11.4, three spectra were obtained which are similar to 

the spectra of compound I. Hence the latter compound does not contain 

an aniline moiety. Comparison of the pK values of methanopterin, 

methaniline and 6-ethyl-7-methylpterin (Table 1) shows that the pK
a
 4.0 

of methanopterin can be attributed to the aniline moiety while the pK 

1.8 and pK 8.θ can be attributed to the pterin moiety of methanopterin. 

The 90 MHz H-NMR spectrum of compound I (not shown) dissolved in 

KOD showed a singlet at 2.6 ppm and a quartet at 2.9 ppm coupled with 

a triplet at 1.3 ppm with a coupling constant of 7.5 Bz. The singlet 

can be attributed to a methyl group and the quartet and triplet can be 

ascribed to an ethyl group. From the multiplicity of the signals it is 

excluded that the methyl and ethyl resonances are coupled to each other 

or to other protons. 

In conclusion it can be deduced from the UV~Vis spectra that compound 

I is a (di-substituted) pterin, whereas the
 1
H-NMR spectrum (not shown) 

indicates the presence of an ethyl and a methyl group. Since the compound 

is derived from methanopterin the methyl group is expected to be 

attached to carbon-7 of the pterin. The proposed structure is presented 

in Fig. 1. 
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Structural Elucidation of 6-Ethyl-7-Methyl-7,S-Dihydropterin (Compound B). 

Fig. 6 presents the UV-Vis spectra of compound H. The resemblance 

between the spectral data of this compound and those reported by Blakley 

(11) for 6,7-dimethyl-7,8-dihydropterin indicates that compound Η is a 

7,e-dihydropterin (Table 1). The dihydroptenns prepared by partial 

reduction of pterins or by partial oxidation of tetrahydropterins are 

usually 7,B-dihydropterins (11). 

Upon prolonged incubation of an aqueous solution of compound Η under 

air, a blue fluorescent precipitate was formed which could be identified 

as 6-ethyl-7-methylpterin by cochromatography on TLC and HPLC. 

From the above data it is concluded that compound Η is 6-ethyl-7-

methyl-7,8dihydropterin. The structure of this compound is given in 

Fig. 1. 

Structure Elucidation of Sarcinapterin. 

M. barkeri contains sarcinapterin, an aberrant methanopterin which 

was previously indicated as methanopterin-mb (6). Sarcinapterin showed 

identical UV-Vis spectra as methanopterin (Fig. 2), but a different 

retention time on HPLC. 

On the basis of the molar absorption coefficient, Сэчг
 =
 7.4 mM cm 

at pH 7, which was determined for methanopterin (4), one mol phosphate 

was found per mol sarcinapterin. In contrast to methanopterin which 

does not contain a glutamate moiety, one mol sarcinapterin yielded one 

mol L-glutamate upon acid hydrolysis. 

Fig. 3 (bottom trace) presents the 500 MHz
 l
H-NMR spectrum of 

sarcinapterin. All the signals present in the
 1
H-NMR spectrum of 

methanopterin are found in that of sarcinapterin too. After three times 
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lyophilization from
 2
Η2θ signal 2e was still obscured by the residual 

H
2
HO resonance at 4.8 ppm. Upon prolonged lyophilization resonance 2e 

appeared clearly (Fig. 3, bottom trace) but resonance 13a diminished 

due to the exchange of the methyl protons with
 2
H from the solvent. The 

three small peaks marked 13a represent the normal methyl and two 

partially deuterated methyl groups. It is noted that a similar exchange 

behaviour was found for the methyl group 13a in methanopterin. 

The additional signals found in the sarcinapterin H-NMR spectrum, 

labelled 2f, 3f and 4f, are assigned to the methine and the four 

methylene protons of the glutamate moiety, respectively. 

The glutamate moiety is not attached to the pterin or aniline moiety 

because such a change of the molecule would result in alterations of 

the UV-Vis spectra as compared to those of methanopterin. The glutamate 

moiety is not linked to the a-ribofuranose or the tetrahydroxypentane 

moiety since that would cause a large downfield shift of the involved 

proton signal (12). Hence the most probable connection is an amide 

linkage to one of the carboxylic groups of a-hydroxyglutaric acid. Піе 

glutamate is most probably attached to the a-carboxylic acid group 

since the methine resonance 2e is shifted downfield as compared to the 

resonance 2e of methanopterin. The proposed structure of sarcinapterin 

is presented in Fig. 1 (bottom trace). 

Remarke on the Function of Methanopterin. 

Methanopterin bears a structural resemblance to folic acid, which 

makes the function of methanopterin as a one-carbon carrier involved 

in methanogenesis, very plausible. Folic acid is absent or present in 

only very low amounts in methanogenic bacteria (13) . Since folic acid 
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Table 2. Properties of methanapterin and related aompoimde. 

(ND means no t determined) 

Compound 

Methanopterln 

Hydrolytic product 

6-Ethyl-7-inethyl-
pterln 

6-Ethyl-7-methyl-
7,8-dlhydropterin 

Methanillne 

Sarclnapterln 

Retention 
time on 
HPLC (rain) 

12.2 

17.7 

16.5 

13.0 

1.2 

11.5 

Solubility 
at pH 7 

high 

low 

low 

high 

high 

high 

Rf values 
on TLC 

0.16 

0.15 

0.70 

ND 

0.15 

0.14 

Fluorescence 

in neutral 
solutions 

none 

none 

blue 

none 

none 

none 

on TLC 
plate 

blue 

blue 

blue 

none 

none 

blue 
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participates 1л metabolic processes as tetrahydrofolic acid and its 

various derivatives (11), one might speculate that analogous forms of 

tetrahydromethanopterin may participate in methanogenesis. The formation 

of 6-ethyl-7-methyl-7,B-dihydropterin, 6-ethyl-7-methylpterin and 

methaniline upon enzymatic hydrogénation of methanopterin, is probably 

the result of the instability of tetrahydromethanopterin. 

Sarcinapterin, isolated from M. barkeri contains L-glutamate as an 

additional group. As in the case of folic acid (11), the presence of 

such a group might not reflect a functional difference with methano

pterin. The presence could be due to metabolic pecularities of M. 

harkeri, since additional glutamate moieties were also found in the 

various forms of coenzyme Гзцг of this organism (6,14). 
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ISOLATION AND IDENTIFICATION OF 5, lO-METHENYL-5,6,7, β-TETRAHYDRO-

METHANOPTERIN, A COENZYME INVOLVED IN METHANOGENESIS 

INTRODUCTION 

During short-time labeling experiments with cells of Methanobacterium 

thermoautotrophioum 1
'
f
C02 was incorporated in substantial amount into a 

"Yellow Fluorescent Compound" (YFC) (1). This compound was characterized 

as a reduced derivative of methanopterin and was accordingly renamed 

carboxy-5,6
r
7,8-tetrahydromethanopterin (cTHMP) (2,3). 

The structure of the parent compound, methanopterin (Fig. 1, bottom) 

was recently elucidated by means of two-dimensional NMR methods and 

detailed degradational studies (4,5). In the present communication we 

wish to report the structure of the reduced derivative of methanopterin, 

previously known as YFC or cTHMP, which is believed to be an important 

carbon carrier in methanogenesis (6). This compound is now identified 

as 5,10-methenyl-5,6,7,8-tetrahydromethanopterin (Methenyl-THMP, see 

Fig. 1, top). 

MATERIALS AND METHODS 

Extraction of Methenyl-TEMP. 

M. themoautotrophiaum, strain ΔΗ, was grown as described previously 

(4). Fresh cells (500 g) were suspended in 100 ml distilled water. The 

pH of the thus obtained thick suspension was adjusted to 4.5 using 
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acetic acid and subsequently 300 ml ethanol was added. The suspension 

was incubated (30 min) under vacuum and vigorous shaking at 80°C. After 

cooling to 0°C the cells were spun down (10,000 χ g, 30 min) and the 

supernatant was decanted and stored at 4'
>
C in the dark. The extraction 

procedure was repeated three times. 

Purification of Methenyl-THMP. 

The purification was performed at 4°C under subdued light and after 

each step of the purification the pH of the sample was adjusted to 4.5, 

using either acetic acid or potassium hydroxide. 

The pooled supematants obtained on extraction were flash evaporated 

to about 5% of the original volume. The pH was adjusted to 4.5 by adding 

37% HCL and the sample was further evaporated until a white salt 

precipitated. 

The sample was desalted using Sep-Рак Cie cartridges as described 

previously (5), flash evaporated and dissolved in a minimal amount of 

distilled water. The mixture was applied to an anion exchange column 

(QAE-A25 Sephadex with acetate as counter-ion, column dimensions 6.0 χ 

100 cm) and washed with 3 1 buffer (25 mM potassium acetate, pH 4.5). 

The coenzymes were eluted using a linear ionic strength gradient (20 1 

25 - 500 mM potassium acetate, pH 4.5) and the obtained fractions were 

analyzed using thin layer chromatography (TLC) and high-performance 

liquid chromatography (HPLC) as described previously (7). The fractions 

containing methenyl-THMP were pooled, flash evaporated and desalted 

using Sep-Рак Cie cartridges. 

The thus obtained mixture of coenzymes was applied to an anion 

exchanger (DEAE-A25 Sephadex with acetate as counter ion, column 2.6 χ 
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40 cm) and washed with 3 1 buffer (25 mM potassium acetate, pH 4.5) and 

methenyl-THMP was subsequently eluted with 5 1 0.2 И potassium acetate 

buffer, pH 4.5. The fractions containing only methenyl-THMP were pooled 

and flash evaporated to 5% of the original volume. The pH was adjusted 

to 4.5 using 37% HCl and the sample was further flash evaporated to a 

volume of abouw 1 ml. HPLC analysis (detection at 240 ran) showed a 

single peak of methenyl-THMP. In order to separate methenyl-THMP from 

acetate (and other impurities not detectable at 240 nm), the compound 

was further purified by the use of HPLC (7) with 10 mM phosphate, pH 

4.5, instead of acetate buffer. 

Phosphate Determination. 

Covalently bound phosphate was determined by the Fiske and SubbaRow 

method (β). From the measurement of bound phosphate (one mol per mol) 

in a solution of methenyl-THMP with a known absorbance, the molar 

absorption coefficient was inferred (ЕЭЗТ = 17.8 mM~
1
cm~

1
 at pH 4.5). 

SpeotTosoapio Methods. 

The ultraviolet-visible light absorption spectrum was obtained with 

a Gary 118 spectrophotometer. 

The 500 MHz
 1
H-NMR spectrum was recorded as described previously (4). 

RESULTS AND DISCUSSION 

Fig. 2 (top trace) presents the 500 MHz H-NMR spectrum of methenyl-

THMP. Comparison with the
 1
H-NMR spectrum of methanopterin (Fig. 2, 
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5,10 -Methenyl- 5,6,7,8 - tetrahydromethanopterin 
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Fig. 1 The proposed etruature of 5,10-methenyl-5,6,7,8-tetrahydro-
methanopterin. The protone are numbered in accordance m-th the 
previously adopted nimbering for methanopterin (4). 
For comparison purposes the structure of methanopterin is sham 
below. 
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bottom trace), shows that the resonances 12a, 3b/5b, 2b/6b, 1c, 1c', 3c, 

4c, ld-4d, 2e-4e are present in both spectra. In the methenyl-THMP 

spectrum the resonances 5d, 5c and 2c are probably located In the 

cluster of peaks at ^ 4 ppm. The normalized integral values of the 

1
H-NMR spectrum of methenyl-THMP indicate that an additional resonance 

(6a) occurs in the cluster of signals at ъ 4 ppm and another additional 

resonance (7a) occurs near signal 4c. The singlet methyl resonance 13a 

at 2.63 ppm is not present in the spectrum of methenyl-THMP, instead an 

extra doublet methyl resonance is observed at 1.41 ppm. Decoupling 

experiments (unpublished results) showed that the latter methyl resonance 

is coupled to the "additional" methine resonance 7a. Hence it can be 

concluded that methenyl-THMP bears an extra hydrogen at carbon 7 of the 

pterin moiety, as compared to methanopterin. The quartet resonance 11a 

present in the spectrum of methanopterin is replaced by a pentet-like 

resonance at 4.95 ppm in the methenyl-THMP spectrum. This change in 

multiplicity is caused by an extra vicinal coupling constant and 

indicates that carbon 6 of the pterin moiety in methenyl-THMP also bears 

a proton. It follows that carbons 6 and 7 of the pterin moiety are sp 

hybridized. 

The only stable pterins known to be sp hybridized at carbons 6 and 

7 are 5,6,7,8-tetrahydropterins (9). Hence it can be concluded that 

methenyl-THMP is a 5,6,7,8-tetrahydropterin-derivative. 

Fig. 3 shows the ultraviolet-visible light absorption spectrum of 

methenyl-THMP measured at pH 4.5. The absorbance maxima at 336, 2Θ6 and 

225 nm have molar absorption coefficients of 17.8, 10.1 and 24.5 

mM~ cm" , respectively. Most 5,6,7,8-tetrahydropterins do not show an 

absorption maximum abov 305 nm, with the exception of 5,10-metheny1-
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Fig. 3 The ultraviolet-visible light absorption spectrum of 5,10-
methenyl-S,6,?,8-tetrahydromethanopterin measured in acetate 
buffer at pH 4.5. 



5,6,7,e-tetrahydrofolic acid (methenyl-THF), which shows (at pH 2) 

absorption maxima at 352 and 2Θ3 nm with molar absorption coefficients 

of 25.0 and 11.8 аН~1сшГ1, respectively (9). 

In analogy, the long wavelength absorption maximum (336 nm) in 

methenyl-THMP is ascribed to a similar conjugation between the 5,6,7,8-

tetrahydropterin and the aniline moieties via a methenyl linkage. In 

accordance with this inference the H-NMR spectrum of methenyl-THMP 

(Fig. 2, top trace) shows a methenyl resonance (singlet 14a) at 8.97 

pptn, whereas methenyl-THF shows a methenyl resonance at 9.95 ppm 

(measured in 0.5 M DC1) (10). Moreover, the aniline resonances of 

methenyl-THMP have shifted to lower field which is in accordance with 

the change in conjugation of this aromatic ring. 

In summary, we conclude that the coenzyme involved in methanogenesis, 

which was previously known as YFC (1) or cTHMP (3) is in fact the 5,10-

methenyl-5,6
>
7,8-tetrahydro-derivative of methanopterin (Fig. 1, top). 
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STRUCTURE AND FUNCTION OF 5, lO-METHENYL-5,6,7,8-

TETRAHÏDROMETHANOPTERIN, A ONE-CARBON 

CARRIER IN THE PROCESS OF METHANOGENESIS 

5,10-Methenyl-5r6,7,8-tetrahydromethanopterin was isolated from 

Methanobacterium theimoautotrophioum. The structure of this compound 

was elucidated by various two dimensional Nuclear Magnetic Resonance 

techniques and confirmed by Fast Atom Bombardment mass spectrometry. 

The structure of 5,10-methenyl-5,6r7,8-tetrahydromethanopterin shows 

one additional carbon atom as compared to the parent compound methano-

pterin (see Figure 2). This additional carbon atom is rapidly labeled 

in vivo by 1 Э
С02. It is shown that 5,10-methenyl-5,6,7,8-tetrahydro-

methanopterin is the physiologically active one-carbon carrier, at the 

fonnyl-level of oxidation in the methanogenic pathway from CO2. 

ABBREVIATIONS USED ARE: NMR, nuclear magnetic resonance; methenyl-THMP, 

5,10-methenyl-5,6,7,8-tetrahydromethaiiopterin¡ HPLC, high-performance 
liquid chromatography; WEFT, water eliminated Fourier transform; COSY, 
2D J-correlated NMR spectroscopy; NOESY, 2D nuclear Overhauser enhance
ment NMR spectroscopy; TMS, tetramethylsilane; methenyl-THF, 5,10-
methenyl-5,6,7,8-tetrahydrofolic acid; THF, 5,6,7,8-tetrahydrofolic 
acid; THMP, 5,6,7,8-tetrahydromethanopterin; 2D, two-dimensional. 
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INTRODUCTION 

During short-term labeling experiments with cells of Methanohaeterium 

thermoautotrophicum it Was demonstrated that
 14C02 was incorporated in 

substantial amounts into a so-called Yellow Fluorescent Compound 

(Daniels & Zeikus, 1978) . Cells of Methanosaroina barkeri, grown in the 

absence of hydrogen, incorporated
 1
'*СНзОН into a closely related Yellow 

Fluorescent Compound. Note that in the absence of hydrogen M. barkeri 

performs the reaction 4СНэОН •* ЗСНі, + COa, whereas in the presence of 

hydrogen the reaction CH3OH + H2 •*• CH» + H2O is performed. In the 

presence of hydrogen and "сНэОН the Yellow Fluorescent Compound was 

not labeled indicating that this compound plays a role in the oxidation 

of CH3OH to CO2 by M. barkeri (Kenealy S Zeikus, 1982). 

On the basis of spectral properties and degradation studies it was 

assumed that the Yellow Fluorescent Compound present in M. 

themoautotrophicum was a carboxy-5,6,7,e-tetrahydromethanopterin 

derivative (Keltjens et al., 19Θ3 b). The parent compound, methano-

ptertn, was shown to be a pterin derivative and was identified as the 

metabolic one-carbon deficient counterpart of the Yellow Fluorescent 

Compound (Keltjens & Vogels, 1980, Keltjens et al., 1983 a). The structure 

of methanopterin was recently elucidated by means of 2D NMR techniques 

(Van Beelen et al., 1984 a) and detailed degradation studies (Van 

Beelen et al., 1984 Ь). 

In the present paper the structure of the compound, which was 

previously known as Yellow Fluorescent Compound or carboxy-5,6,7,8-

tetrahydromethanopterin, is established to be 5,10 methenyl-5,6,7,e-

tetrahydromethanopterin. It will be shown that the methenyl-carbon of 
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the compound can be specifically labeled in vivo by a short-term 

incubation of cells of M. thermoautotrophioum with
 1 3

C02. 

EXPERIMENTAL PROCEDUBES 

Short-Term Labeling of Celle with 1гСОг-

M. thevmoautotrophioien, strain ÛH, was grown as described previously 

(Van Beelen et al., 1984 a). Fresh cells (340 g) were preincubated for 

15 min under vigorous shaking and 105 Pa H2 at 60oC. Ihe bottle 

containing the thick slurry of cells was subsequently cooled, evacuated 

and gassed with 10s Pa H2. An anaerobic solution of 1 И NaB13
C02 was 

prepared by adding solid NaH
 1 3
C02 to oxygen free distilled water in a 

glove box under an anaerobic atmosphere (H2/N2, 2.5/97.5, v/v). In the 

glove box 1.0 ml of the NaH
13
C02 solution was injected into the bottle 

which was then incubated for about 5 min under vigorous shaking (at 

10 Pa H2) at 40°C until 0.2 mmol СНц was formed. The methane production 

was measured as described previously (Hutten et al., 1981). The 

incorporation of
 13
C02 was stopped by cooling the cells to 0°C. Since 

methanogens are strict anaerobes the whole procedure was performed 

under strict exclusion of oxygen. 

In this procedure the reduction of
 1 3
C02 and methanogenesis is 

expected to be limited by the availability of hydrogen in the thick 

cell suspension and therefore only a limited incorporation of
 1 3
C into 

methenyl-THMP is expected. 
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Extraction and Purification of Methenyl-THMP. 

Tt»e extraction and purification of methenyl-THMP and
 13
C-labeled 

methenyl-TBMP were performed as described previously (Van Beelen et al. 

1983 с). Since methenyl-THMP is only stable between pB 4 and pH 5 at 

temperatures below 80"C, proper precautions must be taken in the 

isolation procedure. 

Sample Preparation for NMR Meaeuremente. 

The samples, dissolved in a phosphate buffer pH 4.5, were flash 

evaporated four times from D2O and finally dissolved in 99.75* D2O. 

The pD of the samples was 4.5 (meter reading). In the sample used for 

1 3
C NMR experiments the concentration of methenyl-THMP was 66 mM (10 mm 

tube) and in
 1
H NMR experiments it was θ mM (5 mm tube). Samples were 

stored at -20°C in the dark. After completion of the NMR experiments 

the samples did contain only minor impurities detectable at 240 ran by 

High-Performance Liquid Chromatography (HPLC) analysis (Van Beelen et 

al.. 19 Э a). 

NMR-SpeatroBccrpy. 

1
H-NMR spectra were recorded on a Bruker WM-500 spectrometer inter

faced with ал Aspect-2000 computer and a real-time puiser board. The 

residual EDO solvent resonance was suppressed by applying the WEFT pulse 

sequence (Patt & Sykes, 1972, Benz et al., 1972). Chemical shifts are 

expressed relative to the methyl resonance of TSΡ ((3-trimethylsilyl) 

propionic acid-d4, added as an internal calibrant). 

In the 2D Correlated Spectroscopy (COSY) experiment the basic pulse 

sequence of Aue et al. (1976) was used. However, an extra 180° pulse 
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followed by an appropriate delay was inserted prior to this pulse train 

in order to suppress the residual HDO resonance resulting in the 

following overall pulse sequence: (180
o
-t

weft
-90

e
-ti-90

,>
-t2)

n
. 

The 2D nuclear Overhauser enhancement (NOESY) spectrum was recorded 

using the (90
<,
-ti-90

o
-T

m
-90°-t2) pulse sequence with T

m
 = 0.3 sec 

(Macura & Ernst, 1980). In order to reduce the solvent signal a 

selective, continuous irradiation of the water resonance was applied at 

all times, except during the observation period tz (Wider et al., 1983). 

1 3
C NMR spectra were acquired on a Bruker WM-200 WB spectrometer 

(operating at 50.3 MHz) interfaced with an ASPECT-2000 computer and a 

real-time puiser board. Chemical shifts were measured relative to 

methanol added as internal reference and converted to the TMS-scale by 

correcting for the CH3OH to TMS chemical shift (^сНзОН " *TMS
 = 4 9

·
3 

ppm). Dielectric heating of the sample caused by broadband H-decoupling 

was minimized by a two-level decoupling scheme: during acquisition a 

minimal decoupling power was applied (̂  0.5 W ) , followed by a relaxation 

delay during which the decoupling power was switched to a lower level 

(t' 0.1 W, in order to maintain the nuclear Overhauser enhancement). 

2D hetero-nuclear chemical shift correlation experiments (Mandsley 

et al. , 1977, Bodenhauser & Freeman, 1977, Bax, 1982) were performed 

using the pulse sequence and phase cycling proposed by Bax (1982). The 

so-called "attached proton test" in
 1 3

C NMR was performed as described 

by Patt & Shoolery (1982). 

Afass Speotrometvy. 

Samples of methenyl-THMP were desalted by using reversed-phase HPLC 

(Van Beelen et al., 1983 a) with diluted HCl (pH 3) as mobile phase. 
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The fractions containing methenyl-THMP were flash evaporated and 

dissolved in a minimal amount of glycerol. 

Fast atom bombardment mass spectra were obtained on a VG Analytical 

model 7070 mass spectrometer. 

RESULTS 

Identification of the Side Chain of Methenyl-THMP. 

Methanopterin can be converted into methenyl-THMP and both compounds 

have structural elements in common (Keltjens et at., 19Θ3 a,b). It may 

therefore be expected that the NMR spectra of both compounds will 

reflect these similarities in structural elements. 

Hie 500 MHz
 1
H-NMR spectrum of methenyl-THMP is presented in Figure 

1 (top trace) ; for comparison purposes a 500 MHz
 1
H-NMR spectrum of 

methanopterin is shown in the bottom trace of Figure 1. The
 1
H resonances 

of methanopterin are numbered in accordance with the previously adopted 

numbering of methanopterin and are assigned to the corresponding protons 

of methanopterin as shown in Figure 2 (Van Beelen et al., 19Θ4 a). 

Figure 1 shows that the
 1
H-NMR spectra of methenyl-THMP and methano

pterin reflect the expected similarities in structural elements. 

For instance the Η resonances 2e
r
 3e and 4e of methenyl-THMP show a 

close correspondence to the resonances of the a-hydroxyglutaric acid 

moiety in methanopterin. 

Similarly, the
 1
H resonances marked Id, 2d, 3d and 4d of methenyl-

THMP, conform to the corresponding resonances of methanopterin. In the 

latter compound the α-ribofuranose moiety is linked at carbon-5 via a 
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Hg. 1 The 500 MHz 1H-NMR epeotra of 5,10-methenyl-5,e,7,8-tetra-
hydromethanopterin (top) and methanopterin (bottom). Normalized 
resonance intensities are given within parentheses. The insert 
shews the 13C satellites of resonance 14a present only in 13C 
labeled S,10-methenyl-5,6t7,8-tetrahydromet}umopterin. The 
resonances are numbered in correspondence with Figure 2. 

1 2 7 



5,10 -Methenyl - 5,6,7,6 - tetrahydromethanopterin 

H. H 

Pig. 2 The structure of S,10-metheT¡yl-S,6,7,8-tetvahydromethanopteTÍn. 
The protona are numbered in accordance with the previously 
adopted numbering for methanopterin (Van Beelen et al. 1984 a). 
For comparison purposes the structure of methanopterin is shorn 
belou. The absolute configuration of the chiral centers in both 
compounds is not known. 
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phosphodiester to the a-hydroxyglutaric acic moiety (see Figure 2) and 

therefore the
 1
H resonances 4d, 5d and 2e of methanopterin show a 

coupling with
 3 1

P. A
 1
H-NMR spectrum of methenyl-THMP recorded under 

simultaneous P-broadband decoupling (not shown) Indicates that the 

resonances 2e, 4d and some resonances in the cluster of resonances at 

4 ppm are also coupled to
 3 1

P. On these grounds the H resonance 5d of 

methenyl-THMP is supposed to be located in the cluster of peaks at 4 

ppm. The COSY experiment performed with methenyl-THMP clearly shows a 

cross peak between the
 1
H resonances 4d and 5d (Figure 3B) which proves 

that the above expectation is correct. The presence of bound phosphate 

in methenyl-THMP was also shown by chemical methods (Van Seelen et al. , 

19Θ3 с). 

On these grounds it is concluded that the a-hydroxyglutaric acid, 

the phosphodiester and the α-ribofuranose moieties present in methano

pterin are preserved in the structure of methenyl-THMP. 

Based on their coupling constant pattern and the chemical shift 

values, the
 1
H resonances marked 3b/5b, 2b/6b of methenyl-THMP are 

assigned to the aniline moiety. 

On similar grounds the
 1
H resonances marked 1c, 1c', 3c and 4c in 

the methenyl-THMP spectrum are assigned to the tetrahydroxypentane 

moiety. The COSY experiment performed with methenyl-THMP shows the 

connectivities within the tetrahydroxypentane moiety. Figure ЗА shows 

cross peaks between the resonances 1c, 1c' and resonance 2c located in 

the cluster of resonances at 4 ppm. Figure 3B shows a number of cross 

peaks between 2c, 3c, 4c and 5c. The latter resonance is also located 

in the cluster of peaks at 4 ppm but is separated from 6a and 2c. Hence 

the
 1
H resonances le, le', 2c, 3c, 4c and 5c of methenyl-THMP are very 
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similar to the corresponding resonances of the tetrahydroxypentane 

moiety of methanopterln. The small differences between the chemical 

shift values of corresponding resonances can be explained by the large 

difference in pD since the pD is 4.5 for methenyl-THMP and 10.25 for 

methanopterln. 

In summary, the a-hydroxyglutaric acid moiety, the phosphodiester 

moiety, the α-ribofuranose moiety, the tetrahydroxypentane moiety and 

probably also the aniline moiety present in methanopterln are preserved 

in the structure of methenyl-THMP. 

Identification of the Remaining 1H Resonanoee. 

In order to identify the remaining H resonances a COSY experiment 

was performed with methenyl-THMP. Figure ЗА shows a cross peak between 

the methyl resonance 12a and the methine resonance 11a. The chemical 

shift values of these resonances are almost identical to the resonances 

12a and 11a of methanopterln (Figure 1). Therefore these resonances of 

methenyl-THMP are assigned to the ethyl moiety which connect carbon 6 

of the pterin moiety with the nitrogen of the aniline moiety (see 

Figure 2). Figure ЗА and 3B show that 12a, 11a, 6a, 7a and 13a are 

consecutively interconnected by a number of cross peaks. Note that 12a 

and 13a are methyl resonances while 11a, 6a and 7a are methine 

resonances. It follows that the carbons 6 and 7 of the pterin moiety 

are sp
3
 hybridized. Since the only stable pterins known to be sp

3 

hybridized at carbons 6 and 7 are 5,6,7,8-tetrahydropterins (Blakley, 

1969) it is concluded that methenyl-THMP is a 5,6,7,8-tetrahydropterin 

derivative. Note that the protons attached to a nitrogen or oxygen in 

methenyl-THMP (see Figure 2) are exchanged with deuterium fren the 
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2 ppm 

Fig. ЗА Contour plot of the 500 MBz 1B COSY spectrm of S,10-methenyl-
5,6,7,8-tetrahi/dTomethcmo-pterÎn. The H resonances are numbered 
according to Figure 2. 
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-3.75 

3.75 ppm 

Fig. 3B Expansion of Figure ЗА ehouing the ccmneotivitiee in the 4.5 
3.5 ppm region. 

132 



solvent and are therefore not observed In the H-NMR spectrum. 

In summary, all the connectivities shown In Figures ЗА and 3B are In 

full accordance with the structure of methenyl-THMP shown In Figure 2. 

All the
 1
H resonances of methenyl-THMP are identified at this stage, 

except the H resonance marked 14a which remains to be identified. 

Identification of the Methenyl-Moiety. 

In order to assign resonance 14a of the H-NMR spectrum of methenyl-

THMP, a NOESY experiment was performed. Figure 4 shows cross peaks 

between
 1
H resonance 14a and the

 1
H resonances 2b/6b and 11a which 

Indicates that the methine proton 14a Is located between the pterin and 

the aniline moiety. Whether the methine group 14a Is linked to the 5,6, 

7,8-tetrahydropterin moiety or to the aniline moiety or to both, follows 

from the ultraviolet light absorption spectrum of methenyl-THMP. This 

spectrum shows a long wavelength absorption maximum at 336 nm (Keltjens 

et al., 19Θ2 b, Van Beelen et al., 19Θ3 с). However most 5,6,7,B-tetra-

hydropterins do not show an absorption maximum above 305 nm, with the 

exception of 5,10-methenyl-5,6,7,8-tetrahydrofolic acid which shows an 

absorption maximum at 352 nm (Blakley, 1969). In analogy, the long 

wavelength absorption maximum of methenyl-THMP may be ascribed to a 

similar conjugation between the 5,6,7, β-tetrahydropterin and the 

aniline moieties via a methenyl linkage (see Figure 2). 

All the connectivities shown in the NOESY experiment (Figure 4) are 

in accordance with the proposed structure. For instance the H resonances 

3b/5b show cross peaks to the resonances 1c, 1c
1
, 3c and 2c (located in 

the cluster of resonances at 4 ppm) thus indicating that the aniline 

and tetrahydroxypentane moieties are linked in methenyl-THMP in the 
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2 ppm 

Fig. 4 Contour Plot of a 500 MHz 1H NOESY apectrum of S,10-methenyl-
S,6,7,8-tetrahydropterin recorded at 0°C and pD 4.5 (meter reading). 
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same way as in methanopterin. 

Note that cross peaks occur between 6a and the H resonances 12a and 

13a and also between 7a and the resonances 12a and 13a as is expected 

from the structure of methenyl-THMP. 

Correlation of the 1
Я- and 1 Э

С-ЛШ Spectra by the Use of Seteronuolear 

Shift-Correlation Speotrosaopy. 

In order to assign the
 13
C-NMR resonances of methenyl-THMP (shown in 

Figure 5 along the vertical axis) a 200/50.3 MHz
 1
H-

1 3
C shift-correlated 

NMR experiment was performed with
 1 3

C labeled methenyl-THMP. Most of the 

1 3
C resonances show cross peaks with

 1
H resonances and are assigned 

accordingly. The
 l 3
C resonances le, 2e, 4e and 5e are broadened due to 

chemical exchange processes (protonation ί deprotonation of the 

carboxylic acid groups, pK г 4-5) thereby hampering the detection of 

cross peaks. The
 1 3
C resonances le, 4e and 5e are therefore assigned on 

basis of the correspondence of their chemical shifts with the С 

resonances of the α-hydroxyglutaric acid moiety of methanopterin. The 

remaining С resonances, i.e. 4a, 2a, 9a, lb, 4b and. 10a, do not show 

cross peaks to H resonances and do not appear as "positive" signals in 

the C-NMR spectrum of the "attached proton test". Hence these
 1 3

C 

resonances belong to quaternary carbon atoms and are assigned on basis 

of their chemical shifts which are compared to the corresponding
 l 3

C 

resonances of methanopterin. 

The highest peak of the
 13
C-NMR spectrum of

 1 3
C labeled methenyl-

THMP shows a cross peak with the H resonance 14a. (The other cross 

peaks correlated with
 1 3

C resonance 14a are artifacts due to the high 

intensity of this signal). Therefore it is shown that the methenyl 
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H-NMR 

136 

Fig. 5 Contour plot of a ZOO/SO.S MHz 1H-13C shift-correlated 2D UHR spectrum of X,C 
labeled S,10-methenyl-5,B,7,8-tetrahydromethanopterin. For reference purposes 
a SOO MHz H-NMR spectrum i s plotted alona the horizontal (fl) axis. Along the 
vertical <fZ) axis the SO.Ζ MHz 13C-NMR spectrum of the "attached proton test" 
and the SO.S MHz "C-C'tfbWff? spectrum are plotted. The connectivities between 
the resonances marked с and e are indicated with broken lines. 



carbon 14a is enriched with C. Moreover the С satellites of H 

resonance 14a (Figure 1, insert) are only observed in the
 1 3
C labeled 

sample of methenyl-THMP. Comparison of the area of the С satellites 

of
 1
H resonance 14a with the total area of

 1
H resonance 14a shows that 

the methenyl carbon 14a is enriched for 6» with
 l 3

C . From the
 1 3

C -

satellites of
 1
H resonance 14a a 1Ji3£._iH = 210 Hz was inferred which 

is in agreement with the corresponding JI3Ç_IH = 207 Hz of the 

methenyl group of methenyl-THF (Armarego & Waring, 1980). 

The 1 3C resonance marked "formyl" in Figure 5 is not a quaternary 

resonance since it shows a positive peak in the C-NMR spectrum of 

the "attached proton test". However, a cross peak to a H resonance is 

not observed. This can be explained by assuming that methenyl-THMP is 

in equilibrium with 5-formyl-THMP and 10-formyl-THMP just as methenyl-

THF is in equilibrium with 5-fonnyl-THF and lO-formyl-THF (Blakley, 

1969). Since the intensity of this "formyl" С resonance is only 5* 

of the methenyl С resonance 14a, it follows that the intensity of the 

corresponding "formyl" H resonance is only 5% of the H resonance 14a 

which explains the absence of a cross peak in Figure 5. Note that the 

"formyl" resonance is absent in the H-NMR spectrum as this spectrum 

was recorded from a fresh sample. 

Comparison of the 1
Д and 1 3

C Chemical Shifts of Methenyl-THMP with the 

Correeponding Values of Methanopterin and Methenyl-THF. 

Table 1 shows that the H and С chemical shifts of the a-hydroxy-

glutaric acid moiety, the o-ribofuranose moiety and the tetrahydroxy-

pentane moiety of methenyl-THMP are very similar to the corresponding 

values of methanopterin. The
 1
H and

 1 3
C chemical shifts of the 5,6,7,8-
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Table 1. The 1fl and 1 3
C chemical shifts of methenyl-THMP* 

2a 
4a 
6a 
7a 
9a 
10a 
11a 
12a 

13a 
14a 
fonnyl 

lb 
2b/6b 
3b/5b 
4b 

Ic/lc' 

2c 
3c 
4c 
5c 
Id 
2d 
3d 
4d 
5d 
le 
2e 
3e 
4e 
5e 

Methenyl-THMP 

S 1 3
C 

ppm 

158.0 
166.3 
73.8 
51.2 
154.6 

91.2 
60.1 
19.5 

15.5 
149.3 
163.3 
140.3 
122.2 
132.2 

133.6 
38.6 

69.1 
75.5 
70.9 
70.3 
103.4 
72.4 
71.5 
85.0

1 

66.4^ 
179.3£ 
76. B

f 

31.0 
32.8 
181.2 

Sign 
APT 

_ 

+ 
+ 

-
-
+ 

+ 

+ 
+ 
+ 

-
+ 
+ 

-
-

+ 

+ 
+ 

-
+ 

+ 
+ 

+ 

-

-

6
 l
H 

ppm 

4.02 
3.8 

4.95 

1.49 
1.41 
8.97 

7.36 
7.43 

3.10 
2.71 
4.0 
3.73 
3.8 
4.0 

5.14 
4.19 
4.13 
4.25 
4.0 

4.44 
2.03 
2.39 

Methanopterin
b 

S 1 3
C 5 ^ 

ppm 

163.9 
173.1 
151.2 
156.5 
155.1 

126.θ 
51.3 
20.4 
21.1 

145.5 
115.8 
130.4 
129.4 
37.0 

70.5 

74.4 
73.1 
69.4 
102.4 
71.2 
69.9 
83.8

f 

65.4
f 

178.7
f 

76. 5E 
30.8

f 

33.4 
182.5 

ppm 

4.92 
1.47 

2.63 

6.78 
7.03 

2.84 
2.48 
3.87 

3.69 
3.77 
3.95 
5.17 

4.23 
4.17 
4.28 
4.02/3. 

4.44 
2.03 
2.34/2. 

Metheny 

ó 1 3C d 

ppm 

153.0 
154.9 
52.6 
50.4 
150.7 
89.3 
43.4 

146.3 

139.3 
117.1 
129.5 
130.7 

.99 

.26 

1-THF 

s V 
ppm 

5.30 
4.65/4.12 

5.24/4.90 

9.95 

7.94 
8.33 

For comparison the corresponding values of methanopterin and methenyl-
THF are shown. 

Reported by Van Beelen et al., 1984 a. 

The number of protons directly bound to the carbon atoms was 
determined by a so-called Attached Proton Test (Patt & Shoolery, 
1982). Primary and tertiary carbons give rise to a positive resonance 
intensity (marked + in the table entry "Sign APT") while secundary 
and quaternary carbon atoms cause a negative resonance intensity. 

Reported by Armarego & Waring, 1980. 

Reported by Khalifa et al., 1979. 

A coupling with 31P was observed. 
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tetrahydropterin moiety, the aniline moiety and the methenyl group are 

quite similar to the corresponding values of methenyl-THF. The downfield 

shift of the aniline
 1
H resonances of methenyl-THMP as compared to 

methanopterin is also observed in the p-aminobenzoic acid H resonances 

of methenyl-THF as compared to folic acid (Khalifa et at., 1979, Poe, 

1979). 

In summary all the
 1
H and

 13
C-NMR data.are in accordance with the 

proposed structure shown in Figure 2. 

Ыавв Spectrometry. 

Fast Atom Bombardment mass spectrometry was performed with methenyl-

THMP. The positive ion mass spectrum of natural abundance methenyl-THMP 

is shown in Figure 6. In the experiment performed with
 1 3

C enriched 

methenyl-THMP the peaks derived from this compound showed large peaks 

one mass unit higher as compared to Figure 6. Since methenyl-THMP was 

isolated by using potassium containing buffers the presence of glycerol 

clusters containing а К ion instead of a H ion are explained. The 

samples of methenyl-THMP were desalted using hydrochloric acid at pH 3. 

Since the bond between the tetrahydroxypentane moiety and the ribofura-

nose moiety is susceptible to acid hydrolysis (Van Beelen et at., 1984 b) 

and the same may be true for the ester bonds of the phosphodiester 

moiety, acid hydrolysis products of methenyl-THMP may be expected in the 

mass spectrum. 

Figure 7 shows that the fragmentation pattern of methenyl-THMP is in 

accordance with the proposed structure. 
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Fig. S The positive ion Fast Atom Bombardment Trass spectrum of natural 
abimdance S,10-methenyl-S,6,7,8-tetrahydromethanopterin. M= 
mase of S,10-methenyl-S,6,7,8-tetrahydrcmethanopterin 
(СцНььЯьОцР ) G = mass of glycerol (СъНьОг). 
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DISCUSSION 

The structure of 5,10-niethenyl-5,6,7,e-tetrahydroiiiethanopterin shows 

one additional carbon atom as compared to methanopterin (see Fig. 2). 

This additional carbon atom of methenyl-THMP is rapidly labeled in vivo 

by
 1э
СОг (cf. Materials and Methods). The amount of methenyl-THMP in 

cells of W. thermoautotrophicwn is about 1 ymol/g dry weight which is 

in the same range of concentration as coenzyme МГцjо and coenzyme F« 2 о 

(Van Beelen et al., 1983 a), which are other coenzymes involved in 

methanogenesis. Since the main part of the carbon dioxide assimilated 

by M. thermoautotrophicum is converted to methane (Schönheit et al., 

1980) it is expected that the carbon-carriers exclusively involved in 

cell-carbon synthesis are present in much lower amounts as compared to 

the carbon-carriers involved in methanogenesis. On these grounds it is 

plausible that methenyl-THMP is a one-carbon carrier involved in 

methanogenesis. 

Methenyl-THMP is a physiologically active coenzyme which is very 

rapidly converted by low amounts of cell-free extracts of W. 

thermoautotrophicum (unpublished results) whereas methanopterin is only 

slowly converted under identical conditions (Van Beelen et al., 19Θ3 b) . 

Ліе resemblance between the structures of methenyl-THMP ала methenyl-

THF suggests the participation of a folate-like biochemistry in 

methanogenesis. Therefore it was suggested that methenyl-THMP, methylene-

TEMP and methyl-THMP participate in methanogenesis as one carbon carriers 

at the fonnyl, formaldehyde and methanol levels of oxidation, respec

tively (Vogels s Visser, 1983). 
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CHAPTER 10 

THE FUNCTION OF METHANOPTEHIN DERIVATIVES 

IN THE METHANOGENIC PATHWAY 
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THE FUNCTION OF METHANOPTERIN DERIVATIVES 

IN THE METHANOGENIC PATHWAY 

This chapter presents a discussion on the biochemical pathway of 

methanogenesis and the function of the compounds dealt with in this 

thesis. 

In 1956 Barker (1) proposed a pathway for the formation of СНц from 

CO2, СНэОН and CH3COOH. 

CH3OH+XH 

-H,0 

•2H 

XH+COi 

» +2H +2H *W 
XCOOH щ*· ХСИ0 - i V xcHjOH ^ Т Х С Н з — i S - * ' CH4«-XH 

-2H -COi 

CHjCOOH +XH 

Fig. 1 Pathway of methanogeneeie ав proposed by Barker (1). 

This scheme accounted for the facts that no free one-carbon inter

mediates (such as HCOOH, HCHO or CH3OH) participate in the reduction 

of CO2 to CHi,, and that the conversions of CO2, СНэОН and СНэСООН 

proceed via a common step at the methyl level. The identity of the 

one-carbon carriers, denoted X in the above scheme, were unknown in 

1956. Later the carrier at the methyl-level of oxidation was 

identified as coenzyme M (2). Another reason to adapt Barker's scheme 
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resulted from the so-called "RPG effect" of methyl-CoM: the reduction 

of CO2 with Нг by cell-free extracts of Methanobaaterium thermoautotro-

phiaum was stimulated 30-fold by addition of a small amount of methyl-

CoM (3). To account for this phenomenon Wolfe (4) proposed that the 

last step of methanogenesis (the formation of CHi,) was coupled to the 

first step (the reduction of COj). Moreover the coupling of the 

primary and terminal steps of CO2 reduction is a thermodynamic 

necessity since the reduction of CO2 to the oxidation level of HCHO 

by H2-derived electrons is thermodynamically unfavourable whilst 

further reduction to СНц is very favourable (5). 

The most recent unifying scheme of the pathway of methanogenesis was 

proposed by Vogels and Visser (6). The main rationales for this scheme 

are: 

- The elucidation of the methanogenic pathway from CH3OH to methyl-

CoM in Methanoearcina barkeri (7,8,9). 

- Added pyruvate and related compounds stimulate the reduction of 

OO2 by H2 and cell-free extracts of M. thermoautotTophiaum in a similar 

way as does methyl-CoM (10). 

- The in vivo labeling of methenyl-THMP with *
3
C02 and the resemblance 

of methenyl-THMP (see chapter 9) with methenyl-THF (see chapter 1) 

suggests the participation of a folate-like biochemistry in 

methanogenesis. 

Figure 2 shows that the main flux of carbon derived from CO2 proceeds 

via pyruvate, a-lactyl-DH7M, methenyl-THMP, methylene-THMP, methyl-THMP, 

methyl-CoM and methyl-CoMFioo finally to СНц (for the structures 

involved see Fig. 3). Ibis flux is dependent on the presence of acetyl-

CoA which is formed from pyruvate via a-lactyl-DH7M and 6-acetyl-TH7M 
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in a cyclic process. Since acetyl-CoA and pyruvate are also used for 

biosynthesis they must be replenished. The addition of pyruvate and 

related compounds will replenish the amount of acetyl-CoA and 

consequently enhance the reduction of CO2 to CHJI in a non-stoichio-

metrical way. The "RPG effect" of added methyl-CoM can be explained 

as follows: Methenyl-THMP is converted to ethenyl-THMP by methylation 

of deprotonated methenyl-THMP. Methyl-donor in this reaction is methyl-

CoM either in a direct way or via a methyIcorrinoid. Ethenyl-THMP is 

converted to acetyl-THMP which reacts with coenzyme A to produce acetyl-

CoA. 

In the above scheme (see Fig. 2) the compounds DH7M and acetyl-TH7M 

play a functional role. Hence the presence of 7-methylpterin (chapter 

6) and 6-acetyl-7-methyl-7,8-dihydropterin (11) in extracts of 

methanogens can be explained by assuming that they are oxidation 

products of DH7M and acetyl-THrM. The presence of 7-methylpterin and 

6-acetyl-7-methyl-7,e-dihydropterin can also be explained in an 

alternative way since they may be degradation products of tetrahydro-

methanopterin. Tetrahydrofolic acid is degraded by air to (p amino-

benzoyl ) glutamate , pterin, and 6-formyl-7,8-dihydropterin (12). In 

analogy it is expected that 7-metylpterln and 6-acetyl-7-methyl-7r8-

dihydropterin are degradation products of THMP. ttoreover 6-acetyl-7-

methyl-7,8-dihydropterin was shown to be a degradation product of 

metheny1-THMP (11). 

Escalante Semerena (13) reported that a Formaldehyde Activating 

Factor (FAF) is involved in methanogenesis from formaldehyde. Comparison 

of the 1H-NMR spectrum and the ultraviolet absorption spectrum of FAF 

with the data reported in this thesis strongly suggest that FAF could 
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be identical to THMP. Moreover, THMP Is expected to react with ECHO to 

methylene-THMP under physiological conditions since tetrahydrofolic 

acid reacts readily with HCHO to methylene-tetrahydrofolic acid under 

these conditions (14). Escalante Semerena (13) reported that the 

addition of HCHO to cell-free extracts of M. thermoautotrophiaum 

resulted in the production of methylene-FAF (methylene-THMP). In the 

presence of hydrogen this compound was reduced via methyl-FAF (methyl-

ΊΉΜΡ) to methane. In the absence of hydrogen, however, only 1/3 of the 

added HCHO was reduced to methane and 2/3 of the methylene-FAF 

(methylene-THMP) formed was oxidized, presumably to fonnyl-FAF (methenyl-

THMP). Hie latter compound could have been formed from methenyl-FAF. 

As reported for folates (14) an equilibrium depends on the pH of the 

solution. 

In summary it is stated that the data of Escalante Semerena and 

those reported here sustain each other and lead to the conclusion that 

methenyl-THMP, methylene-THMP and methyl-THMP are one-carbon carriers 

in the methanogenic pathways. 
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SUMMARY 

This thesis deals with the structure and function of several 7-

methylpterins present in methanogens. These organisms obtain their 

metabolic energy from the production of methane under anaerobic 

conditions. 

The first chapter describes the important role of methanogens in the 

global cycle of carbon and introduces some of the novel coenzymes 

present in those organisms. 

In chapter 2, a method for the quantitation of coenzymes and related 

compounds from methanogenic bacteria is described. By means of high-

performance liquid chromatography the following compounds could be 

quantified in extracts from Methanobaaterium thernnoautotrophicum: 

coenzyme МРцэо, the prosthetic group of methyl-coenzyme M reductase 

Fs6 0> an oxidation product of this compound, 

coenzyme Fi» 2 ο , 

7-methylpterin formerly known as F31,2, 

methanopterin and 

5,10-methenyl-5,6,7,8-tetrahydromethanopterin, previously known as 

YFC or carboxytetrahydromethanopterin. 

Coenzyme MF 1,30» coenzyme Гц20 and sarcinapterin, in this chapter 

described as methanopterin-mb, isolated from Methanoearcina barkeri 

were shown to be different from the corresponding compounds from M. 

thermoautotrophiaum. 

Chapter 3 describes the quantitation of coenzyme Fi,jo in methanogenic 

sludge by the use of reversed-phase high-performance liquid 

chromatography and a fluorescence detector. The contents of coenzyme 

F 1,20 in mixed liquors from various industrial anaerobic digesters were 
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measured. Several derivatives of coenzyme F»2о were shown to be present 

in various methanogenic bacteria. 

Chapter 4 deals with the conversion of methanopterin by cell-free 

extracts of M. themoautotvophiaum. It was shown that the conversion of 

methanopterin and the production of methane proceeded under similar 

conditions. Both reactions depended on the presence of hydrogen, ATP 

and CHj-S-CoM. Methanopterin was slowly converted into methaniline, 

6-ethyl-7-methylpterin, 6-ethyl-7-methyl-7
f
8-dihydropterin and an 

unknown product. The structures of the compounds were elucidated later 

on. 

In chapter 5 a blue fluorescent compound present in M. 

thermoautotrophicum was identified as 7-methylpterin on the basis of 

its (physlco-) chemical properties and by comparison with 7-methylpterin 

prepared by organic synthesis. 

Chapter 6 describes the elucidation of the structure of methanopterin 

by various two dimensional Nuclear Magnetic Resonance techniques such 

as spin-echo correlated spectroscopy, nuclear Overhauser enhancement 

spectroscopy and hetero-nuclear chemical shift correlation experiments. 

Methanopterin was identified as N-[l
,
-(2"-amino-4"-hydroxy-7"-methyl-

6"-pteridinyl)ethyl]-4-[2
,
,3

,
,4

,
,5

,
-tetrahydroxypent-r-yl (5' ->· 1") 

0-a-rlbofuranosyl-5"-phosphoric acid]aniline, in which -the phosphate 

group is esterified with a-hydroxyglutaric acid. The molecular formula 

of the acid form of methanopterin is СзцНщОхеКеР and the molar 

extinction coefficient at 342 ran is 7.4 iiiM"
1
cm"

1
 at pH 7.0. 

Chapter 7 reports degradation studies of methanopterin which are in 

full accordance with the proposed structure. Acid hydrolysis of methano

pterin cleaved the 5* •* 1" glycosidic bond. Alkaline permanganate 
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oxidation of methanopterin yielded 7-methylpterin-6-carboxylic acid. 

Catalytic (or enzymatic) hydrogénation of methanopterin and subsequent 

purification of the formed products under air, yielded 6-ethyl-7-methyl-

7,8-dihydropterin, 6-ethyl-7-methylpterin and methaniline which was 

identified as 4- [2' ,3' ,4' .S'-tetrahydroxypent-l '-yl (5* -»· 1") 0-a-

ribofuranosyl-5"-phosphoric acidlamline, in which the phosphate group 

is esterified with a-hydroxyglutaric acid. Moreover sarcinapterin, 

isolated from M. bavkeri, was identified as a L-glutamyl derivative 

of methanopterin. 

In chapter θ a preliminary report on the structure of 5,10-methenyl-

5,6,7,8-tetrahydromethanopterin is presented. The compound was isolated 

at pH 4.5 from M. theimoautotvophioum and a tentative structure was 

proposed, based on the proton nuclear magnetic resonance spectrum and 

the ultraviolet light absorption spectrum of the compound. The molar 

extinction coefficient at 336 nm is 17.8 iiiM"
1
cm~

1
 at pH 4.5. 

Chapter 9 describes the elucidation of the structure of 5,10-methenyl-

5,6,7,8-tetrahydromethanopterin by various nuclear magnetic resonance 

techniques and fast atom bombardment mass spectrometry. The structure 

of 5,10-methenyl-5,6,7,8-tetrahydromethanopterin shows one additional 

carbon atom as compared to the parent compound methanopterin. Пііз 

additional carbon atom is rapidly labeled in vivo by
 1 3

C02. It is shown 

that 5,10-methenyl-5,6,7
r
8-tetrahydromethanopterin is the physiologi

cally active one-carbon carrier at the formyl-level of oxidation in the 

methanogenic pathway tram CO2. 

Chapter 10 represents a discussion on the pathways of methanogensis. 

It was argued that 5,10-methenyl-5,6,7,8-tetrahydromethanopterin
r
 5,10-

methylene-5,6,7,8-tetrahydromethanopterin and 5- or 10-methyl-5,6,7,8-
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tetrahydromethanopterin are the one-carbon carriers in the methanogenic 

pathway at the formyl, formaldehyde and methanol levels of oxidation, 

respectively. 

15B 



SAMENVATTING 

Coenzymen van Hethaanbacteriën 

STRUCTUUR EN FUNCTIE VAN METHANOPTERINE 

Dit proefschrift behandelt de structuur en functie van verscheidene 

7-methylpterines, die voorkomen in methaanbacteriën. 

Deze organismen verkrijgen de energie voor hun stofwisseling en groei 

door methaan te produceren onder anaerobe omstandigheden. 

Hoofstuk 1 beschrijft de belangrijke rol van methaanbacteriën in de 

koolstofkringloop en introduceert enige nieuwe coenzymen, die in deze 

organismen aanwezig zijn. 

In hoofdstuk 2 wordt een methode voor de kwantitatieve bepaling van 

coenzymen en verwante stoffen uit methaanbacteriën beschreven. Door 

middel van hoge-druk vloeistofchromatografie konden de volgende stoffen 

bepaald worden in extracten van Methanobacteriwn thermoautotropkiawn: 

- coenzym MFioo, de prosthetische groep van methylcoenzym M reductase 

- Fseo een oxydatieprodukt van de voorgaande stof 

- coenzym F» 2 o 

- 7-methylpterine, vroeger bekend als Рэцг 

- methanopterine 

- S/lO-methenyl-S.ejTje-tetrahydromethanopterine, vroeger ook YFC of 

carboxytetrahydromethanopterine genoemd. 

Coenzym MFioo, coenzym Риги en sarcinapterine (in dit hoofdstuk beschreven 

als methanopterine-mb) uit Methanoearcina barkeri verschilden van de 

overeenkomstig stoffen uit M. theimoautotrophicum, 
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Hoofdstuk 3 beschrijft de kwantitatieve bepaling van coenzym F1120 in 

methaanvoxmend slib door middel van hoge-druk vloeistofchromatografie en 

fluorescentie detectie. Het gehalte aan coenzym Fi,20 werd gemeten in 

vloeitstoffen uit verschillende anaerobe afvalwaterzuiveringsinstallaties 

van de nederlandse industrie. Ook werd aangetoond, dat er diverse 

derivaten van coenzym Гц 2 o aanwezig waren in de verschillende methaan-

bacteriën. 

Hoofdstuk 4 behandelt de omzetting van methanopterine door extracten 

van M. themoautotrophiaum. Aangetoond werd, dat de omzetting van 

methanopterine en de vorming van methaan onder vergelijkbare omstandig

heden verlopen. Beide reacties hebben waterstof, ATP en methylcoenzym И 

nodig. Methanopterine werd langzaam omgezet in methaniline, 6-ethyl-7-

•ethylpterine en een onbekend produkt. De structuur van deze stoffen 

werd later opgehelderd (hoofdstuk 6). 

In hoofdstuk 5 werd een blauwfluorescerende stof uit M. thermoauto-

trophicum geïdentificeerd als zijnde 7-methylpterine. De structuurop

heldering geschiedde op grond van de fysisch-chemische eigenschappen 

van deze stof en de vergelijking met synthetisch bereid 7-methylpterine. 

Hoofdstuk 6 beschrijft de structuuropheldering van methanopterine 

•et behulp van verschillende twee-dimensionale kernspin-resonantie tech

nieken. Methanopterine werd geïdentificeerd als N-[l,-(2"-aiiiino-4"-

hydroxy-7"-methyl-6 "-pteridinyl ) ethyl Ι^-^',Β'^',Β' -tetrahydroxypent-

l'-yl) (5' ->• 1") 0-o-ribofuranosyl-5"-fosforzuur|aniline met de fosfaat-

groep veresterdmet a-hydroxyglutaarzuur. De formule van de zure vorm 

van methanopterine is CjoHmOigNgP en de molaire extinctiecoefficlënt 

is 7.4 тМ" 1
™"

1
 bij 342 nm en pH 7. 

In hoofdstuk 7 wordt aangetoond, dat de afbraakstudies verricht aan 
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methanopterine volledig In overeenstemming zijn met de voorgestelde 

structuur. Zure hydrolyse van methanopterine splitst de 5' •* 1" glycosi-

dische binding. Basische pemanganaatoxydatie van methanopterine leverde 

7-methylperine-6-carbonzuur op. Katalytische (als ook enzymatische) 

hydrogenering van methanopterine en het vervolgens opzuiveren van de 

verkregen produkten onder aerobe omstandigheden leverde 6-ethyl-7-

methyl-T.e-dihydropterme, 6-ethyl-7-niethylpterine en methaniline. De 

laatste stof werd geïdentificeerd als 4-[2',3',4',5'-tetrahydroxypent-

l'-yl (5' •* 1") 0-a-ribofuranosyl-5"-fosforzuur]aniline met de fosfaat-

groep veresterd met o-hydroxyglutaarzuur. Tevens werd sarcinapterine 

geïsoleerd uit M. barkeri en geïdentificeerd als een L-glutamylderivaat 

van methanopterine. 

In hoofdstuk θ wordt een eerste beschrijving van de structuur van 

5,10-methenyl-5
r
6,7,8-tetrahydromethanopterine gegeven. Deze stof werd 

bij pH 4.5 geïsoleerd uit M. thermoautotTophicum en de structuur werd 

in eerste instantie opgehelderd op grond van het proton kern-spin 

resonantiespectrum en het absorptie spectrum van ultraviolet licht. De 

molaire extinctiecoefficiënt is 17.8 mM"1cm"1 bij 336 nm en pH 4.5. 

Hoofdstuk 9 beschrijft de volledige opheldering van de structuur van 

5,10-methenyl-5,6,7,8-tetrahydromethanopterine door middel van ver

scheidene kern-spin resonantietechnieken en massa spectrometrie. 5,10-

Methenyl-5,6,7,e-tetrahydromethanopterine bevat een extra koolstofatoom 

in vergelijking met methanopterine. Dit koolstofatoom wordt in vivo 

zeer snel gemerkt door 13C02. De proeven tonen aan, dat 5,10-methenyl-

5,б,7,8-tetrahydromethanopterine de fysiologisch - aktieve koolstof-

drager is op het formyl-oxydatieniveau in de reactieketen van CO2 naar 

СНц. 
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Hoofdstuk 10 geeft een discussie over de reactieketens van de methaan-

vorming. Hierin worden argumenten aangedragen om aan te tonen, dat 5,10-

methenyl-5,6,7,8-tetrahydromethanopterine, 5,10-methyleen-5,6,7,8-tetra-

hydromethanopterine en 5- of 10-methyl-5,6,7,8-tetrahydromethanopterine 

de koolstofdragers zi^n op respectievelijk, het formyl-, formaldehyde-

en methanol-oxydatiemveau in de reactieketen van de methaanvorming. 
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STELLINGEN 

I 

De groene kleur van celmassa's van Methanobacterium thermoautotrophicim 
iç toe te schrijven aan de aanwezigheid van een derivaat van factor Рцзо* 

II 

Ten onrechte wordt door de onderstaande auteurs de indruk gewekt, dat 
allantoicase uit visiever een andere reaktie katalyseert dan het enzym 
uit andere bronnen. 

- Hanke, J. and Tolbert, N.E. (1982) Arm.N.Ï.Aaad.Soi. 386: 420-421 
- Noffuchi, T., Fujiwara, S., Takada, У., Mori, T. and Nagano, M. 

(1982) J.Bioohem. 92: 525-529 

III 

Het onbekende 2-mercaptoethaansulfonzuur derivaat Ci-X-T, beschreven 
door Daniels en Zeikus, is een oxydatieprodukt van 2-(methylthiolethaan-
sulfonzuur en heeft geen fysiologische betekenis. 

- Daniele, I. and Zeikua, J.G. (1978) J.Bacteriol. 136: 75-84 

IV 

Het is niet mogelijk vloeistoffen te steriliseren met behulp van een 
autoclaaf. 

- Baroes, J.A. and Deming, J.W. (1983) Nature 303: 423-426 

V 

De dikke staafvormige endosymbiont in Pelomyxa palustris is vermoedelijk 
een waterstof producerend organisme. 

- Van Bruggen, J.J.A., Sturm, CK. and Vogels, a.D. (1983) 
Arch.Microbiol., in press 

VI 

De rol van methaanbacteriën bij de vertering van cellulose door termieten 
bestaat waarschijnlijk uit het verlagen van de waterstofspanning. 

- Bayon, С and Etiévant, P. (1980) Experienta 36: 154-155 

VII 

In tegenspraak met het model van Wood et al. wordt de methylering van 
het Bi2 bevattende eiwit in Methanosaroina barkeri door methanol niet 
gekatalyseerd door thiol-groepen. 

- Wood, J.M., Moura, I., Moura, J.J.G., Santos, M.H., Xavier, A.V., 
LeGall, L. and Scandellari, M. (1982) Science 216: 303-305 



Vili 

In tegenstelling tot wat Sauer et al. beweren Is de methaanproduktie In 
celvrije extracten van Methanóbaoterium thezmoautotrophician niet een 
membraan gebonden proces. 

- Sauer, F.D., Erfle, J.D. and Mahactevan, S. (1980) Bioohem.J. 
190: 177-182 

IX 

Biologische vragen hebben vaak chemische antwoorden, die door middel 
van fysische technieken verkregen kunnen worden. 

X 

Hoewel dit proefschrift door een computer-analfabeet werd geschreven, 
is het voor meer dan 90% gebaseerd op computer-output. 

XI 

De mannen worden in de reklame voor luiers net zo dom afgeschilderd als 
de vrouwen in de wasmiddelenreklame. 

XII 

Milieubescherming geeft werkgelegenheid. 

Patrick van Beelen, 13 januari 1984. 






