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Intermediates in the Biosynthesis of Coenzyme M
(2-Mercaptoethanesulfonic Acid)'
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ABSTRACT: The early steps in the formation of coenzyme M (2-mercaptoethanesulfonic acid) were examined
in purified extracts of Methanobacterium formicicum. Extracts incubated with phosphoenolpyruvate (PEP),
bisulfite, and cysteine were found to readily catalyze the enzymatic formation of the coenzyme; incubation
with pyruvate instead of PEP produced no coenzyme. Extracts were incubated with PEP, bisulfite, and
cysteine and analyzed for the presence of sulfonic acids by gas chromatography—-mass spectrometry (GC-MS)
of suitable derivatives. Three of the proposed intermediates in the conversion of these products into coenzyme
M were identified, i.e., sulfolactic acid, sulfopyruvic acid, and sulfoacetaldehyde. Sulfopyruvic acid was
also shown to be readily converted into sulfoacetaldehyde and coenzyme M by the extracts. These results
are consistent with the initial step in coenzyme M biosynthesis being the condensation of PEP with sulfite
to form sulfolactic acid. The sulfolactic acid is then oxidized to sulfopyruvic acid which is decarboxylated
to form sulfoacetaldehyde. After reaction with cysteine to form a thiazolidine intermediate, the sulfo-
acetaldehyde is subsequently converted into enzyme M by a series of known reactions (R. H. White,
unpublished results).

Tne structure of coenzyme M (2-mercaptoethanesulfonic
acid), one of several recently described coenzymes involved
in the biological production of methane (Escalante-Semerena

* This work was funded by National Science Foundation Grant PCM-
8217072.

0006-2960/86,/0425-5304801.50/0

et al., 1984), was determined in 1974 by Taylor and Wolfe,
It is unique among coenzymes in that it occurs only in
methanogenic bacteria (Balch & Wolfe, 1979). It is also the
smallest organic coenzyme (M, 142), it contains the highest
percentage of sulfur (45%), and it is one of the few sulfonic
acids found in nature. The methylation of coenzyme M to

© 1986 American Chemical Society
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FIGURE 1: Proposed pathway for the biosynthesis of coenzyme M.

S-methyl coenzyme M, which undergoes a subsequent re-
ductive cleavage to methane and coenzyme M, is involved in
the production of methane from both hydrogen and carbon
dioxide, methanol, and methylamines (Shapiro & Wolfe, 1980)
as well as acetate (Nelson & Ferry, 1984; Lovley et al., 1984).
Recent work on the biosynthesis of coenzyme M (White, 1985)
has shown that it most likely arises by the series of reactions
shown in Figure 1. Up to now, only the last series of reactions
in this scheme, i.e., the conversion of sulfoacetaldehyde to
coenzyme M, have been shown to occur in cell-free extracts
of methanogenic bacteria (R. H. White, unpublished results).
I now wish to report on the remaining reactions.

MATERIALS AND METHODS

Growth of Organism. Methanobacterium formicicum was
grown at 39 °C in a 2-L Multigen fermenter (New Brunswick
Scientific Co., Inc., Edison, NJ) which was continuously
supplied with a gas mixture consisting of H,/CO, (80/20).
The medium used was the same as that described by Schauer
and Ferry (1982) but without the addition of yeast extract or
trypticase. Cells were removed from the medium by centri-
fugation under nitrogen at the end of log-phase growth and
were washed twice with an anaerobic assay buffer, 50 mM
in 2-[[tris(hydroxymethyl)methyl]amino]ethanesulfonic acid
(TES), 10 mM in MgCl,, and 2 mM in mercaptoethanol.

Preparation and Purification of Cell Extracts. All opera-
tions were performed under nitrogen with solutions degassed
with nitrogen in order to assure anaerobic conditions
throughout the procedure. The cell pellet isolated above was
suspended in a volume of assay buffer equivalent to its weight
in grams and the resulting suspension sonicated at 3 °C. The
extent of cell lysis was determined by measuring the release
of coenzyme F 5 at 420 nm (Eirich et al., 1978) and was found
to be at a maximum after two 30-s, 50-W bursts from a So-
nifier cell disruptor with a micro tip. After centrifugation for
20 min at 10000g, 3 mL of the resulting clear, greenish solution
(10-15 mg of protein/mL) was transferred under anaerobic
conditions to a 1.5 X 24.5 cm column of Sephacryl S-200
equilibrated with the above anaerobic buffer and kept at 3 °C.
Those fractions containing the highest activity for the con-
version of sulfoacetaldehyde into coenzyme M (i.e., fractions
11-14, Figure 2) were collected under hydrogen for incubation
with the desired substrates. The ability of the fractions to
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FIGURE 2: Elution profile for an extract of M. formicicum which was
passed through a Sephacryl S-200 column. Activities are expressed
as micromoles of coenzyme M produced per milliliter of extract over
a 6-h period when incubated with 24 mM sulfoacetaldehyde and 21
mM cysteine. Blue dextran (M, >2 X 10°) eluted at fraction 9; F5
and coenzyme M eluted at fraction 23. Calibration of the column
with hemoglobin and blue dextran showed that the maximum activity
eluted with an apparent molecular weight of 100 000.

Table I: Production of Coenzyme M in Purified, Cell-Free Extracts
of M. formicicum

observed nmol of
intensity: CoM/mg intermediates
substrates m/z74/m/z 88 of protein  identified®
PEP (30 mM), HSO;," 0.29 113 +
(20 mM), Cys (20
mM)
PEP (30 mM), HSO;~ 0.0¢ 0.0° -
(20 mM), Cys (20
mM) (no extract)
pyruvate (31 mM), 0.0¢ 0.0° -
HSO; (38 mM), Cys
(14 mM)
sulfopyruvate (8.7 mM), 0.15 5.7 +
Cys (8.7 mM)
sulfopyruvate (9.4 mM) 0.11 4.4 +
sulfopyruvate (30 mM) 0.0° 0.0° +

(no extract)

9The intensity of the m/z 88 ion for the S-ethyl coenzyme M inter-
nal standard was measured in all of the experiments, even those ex-
periments in which the S-methyl coenzyme M was not observed. ’A
positive sign indicates that sulfolactic acid, sulfopyruvic acid, and sul-
foacetaldehyde were also identified as products of the incubation; these
were identified as the derivatives shown in Figure 3. A negative sign
indicates that these products were not found. ©Only sulfopyruvic acid
was identified.

produce coenzyme M was measured by determining the extent
of the conversion of [2,2-?H,]sulfoacetaldehyde into coenzyme
M as described by White (1985).

Enzymatic Incubations. Concentrated (50X), degassed
solutions of the indicated substrates were added to 1-2 mL
of the combined, active fractions to give the concentrations
indicated in Table I; the reactions were then allowed to proceed
at 39 °C with shaking under 30 psi of H,. The individual
reactions were then terminated after 3 h by the addition of
0.2 mL of 6 M HCL.

Preparation and Analysis of Sulfonic Acid Derivatives. To
the above acidified reaction mixture was added 100 uL of a
5.35 mM solution of ammonium 2-(ethylthio)ethanesulfonate
which served as an internal standard for the quantitation of
coenzyme M. The reaction mixture was then centrifuged to
remove the precipitated proteins, and the coenzyme M present
in the reaction mixture was alkylated with methyl iodide to
yield 2-(methylthio)ethanesulfonate as described by Lovley
et al. (1985). The sulfonic acids present in the solution were
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isolated by applying the sample to a 4 X 40 mm column of
Dowex 1-X8 CI™ and eluting the sulfonic acids with 3 M HCI
as was previously described for the isolation of 2-(methyl-
thio)ethanesulfonate from similar mixtures (White, 1985).
After evaporation of the HCI with a stream of nitrogen, the
resulting sulfonic acids were dissolved in methanol and reacted
with an excess of diazomethane in diethyl ether. This pro-
cedure converted both the sulfonic acids (Heywood et al.,
1958) and the carboxylic acids into methyl esters. In addition,
the hydroxyl group of sulfolactic acid was methylated, and the
a-keto acids were converted into a series of products which
include the methyl ester, the methyl ester epoxide derivative,
and the dimethyl ketal derivative of the methyl ester (Sim-
monds et al., 1967). Sulfoacetaldehyde was converted into
the methyl ester dimethyl acetal. All products were confirmed
by gas chromatography—-mass spectrometry (GC-MS) of
knowns derivatized in the same manner as the isolated samples.
A VG 70-70HF mass spectrometer was used to obtain a mass
spectrum for each of the derivatives at 70 eV by scanning the
mass range from m/z 50 to 500 at the top of each peak as it
eluted from the gas chromatographic column discussed later.
The mass spectra of the derivatives of the known compounds
were identical with those isolated from the incubation mixtures
which are shown in Figure 3. The formation of O-methyl-
sulfolactic acid from sulfolactic acid can be explained by the
methylation of the hydroxyl group of the sulfolactic acid by
diazomethane in the presence of the sulfonic acid. The me-
thylation of hydroxyl groups with diazomethane in the presence
of Lewis acids is well documented (Caserio et al., 1958; Miiller
& Rundel, 1958). After evaporation of the solvents with a
stream of nitrogen, the residue was dissolved in methylene
chloride and assayed by GC-MS. The derivatives were sep-
arated on a 0.3 X 183 cm glass column containing 3% SE-30
on 80/100 mesh Supelcoport (AW, DMCS) from Supelco,
Inc. (Bellefonte, PA), programmed from 90 °C at 10 °C min.
Under these GC conditions, the methyl ester derivatives of the
dimethyl acetal of sulfoacetaldehyde, methyl coenzyme M,
ethyl coenzyme M, O-methylsulfolactic acid, the epoxide de-
rivative of sulfopyruvic acid, and the dimethyl ketal of sul-
fopyruvic acid eluted with retention times of 4.34, 5.23, 6.24,
6.54, 7.60, and 8.2 min, respectively.

Evaluation of the Mass Spectra of the Derivatives. The
assignment of the ions in the mass spectrum of the methyl
2-(methylthio)ethanesulfonate used in the identity of the co-
enzyme M in the extracts has been previously published
(Lovley et al., 1984). The assignment of many of the ions in
the mass spectra of the derivatives of the other sulfonic acids
was based on the high-resolution mass measurement of the
ions as well as on the presence or absence of a 3§ isotope peak.
Thus, the methyl ester dimethyl acetal derivative of sulfo-
acetaldehyde (Figure 3a) showed an M* — OCHj; ion at m/z
153 with a mass corresponding to C4H,0;S, an M* — [OCH,
+ HOCHS,] ion at m/z 121 with a mass corresponding to
C,H;0,S, and an ion at m/z 75 corresponding to
[CH,O0CHOCH,]**. The methyl ester epoxide derivative of
sulfopyruvic acid (Figure 3b) showed an M* ion at m/z 210
with a mass corresponding to C¢H (O¢S, an m/z 179 ion
corresponding to M* — OCHj, an m/z 151 ion corresponding
to M* — COOCHj, and an ion at m/z 85 corresponding to
C,H;0,. The derivative of sulfolactic acid (Figure 3c) showed
an M™* at m/z 212 corresponding to C¢H,;504S, an M* -
COOCH,; ion at m/z 153 with a mass corresponding to
C,H;0;S, an M* - [COOCH,; + HOCH,] ion at m/z 121
with a mass corresponding to C;HsO,S, and an ion at m/z
75 corresponding to [CH;OCHOCH,]**. The dimethyl acetal
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FIGURE 3: Mass spectra of the derivatives of the sulfonic acids involved
in the biosynthesis of coenzyme M. (a) The methyl ester of the
dimethyl acetal of sulfoacetaldehyde, (b) the dimethyl ester epoxide
derivative of sulfopyruvic acid, (c) the O-methyl ether dimethyl ester
of sulfolactic acid, and (d) the dimethyl acetal dimethyl ester of
sulfopyruvic acid. All spectra were recorded by GC-MS of the
respective compound or group of compounds.

derivative of sulfopyruvic acid (Figure 3d) showed an M* —
OCH, ion at m/z 211 corresponding to C¢H,;O,S and an M*
- COOCH, ion at m/z 183 corresponding to C,HoOsS.

Measurement of the Total Amount of Coenzyme M
Formed. The amount of coenzyme M in each derivatized
sample was quantitated by GC-MS from the ratio of methyl
coenzyme M to ethyl coenzyme M with the ethyl coenzyme
M serving as an internal standard. By comparison of the ratio
of the intergrated intensity of the base peak ion at m/z 74 in
the methyl coenzyme M derivative to the intergrated intensity
of the m/z 88 base peak ion in the ethyl coenzyme M in each
of these samples with the ratios of samples containing known
amounts of coenzyme M, it was possible to quantitate the
amount of coenzyme M produced.

Synthesis and Characterization of Sulfopyruvate. After
0.84 g (5 mmol) of bromopyruvic acid was dissolved in 5 mL
of water, 1.26 g (10 mmol) of sodium sulfite was added with
stirring. [Sodium hydroxide (2 M) was added to keep the pH
to less than 8.1.] After 10 min, all the sulfite dissolved; after
an additional 1.5 h, the solution was diluted with 5 volumes
of water, and the sodium ions were removed by passing the
solution through a column of Dowex 50W-X8 H*. The re-
sulting solution was treated with a freshly prepared suspension
of silver hydroxide (5 mmol) in water, and the resulting silver
bromide was removed by filtration. After concentration of
the solution to half of its original volume in vacuo at 80 °C,
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0.9 g (5 mmol) of dicyclohexylamine dissolved in 3 mL of
ethanol was added and the solution concentrated to dryness.
The solid residue was dissolved in warm acetone, filtered, and
crystallized by the addition of diethyl ether. After three re-
crystallizations from acetone, 600 mg of colorless crystals was
obtained. The crystals melted at 143-145 °C and had infrared
absorbances at 2950, 2825, 1730, 1460, 1220, and 1040 ¢m™
when pressed into a KBr pellet. Passing a sample of the salt
dissolved in methanol down a column of Dowex 50W-X8 H*
in methanol and treatment of the effluent dissolved in a small
volume of methanol with CH,N, in ether gave the diazo-
methane reaction products b and d shown in Figure 3.

Synthesis of S-Ethyl Coenzyme M. Ammonium 2-
(ethylthio)ethanesulfonate was prepared by alkylation of co-
enzyme M with ethyl iodide as described by Gunsalus et al.
(1978).

RESULTS AND DISCUSSION

Attempts to establish the conversion of phosphoenolpyruvate
(PEP) and bisulfite or sulfopyruvate into coenzyme M using
crude cell-free extracts of Methanobacterium formicicum were
complicated by the presence of large amounts of anionic
compounds which interfered with the GC-MS analyses.
Often, the coenzyme M derivative could not be positively
identified in the GC-MS data, and in those cases where it
could be identified, establishing that new synthesis had actually
occurred was made difficult because of the large amount of
coenzyme M present in the extracts at the start of the incu-
bation. Although the identity of these interfering compounds
was not established, they appear to consist, in part, of a series
of polycarboxylic acids which elute off the Dowex 1 column
with the sulfonic acids. This work with the crude cell-free
extracts did, however, establish the formation of sulfolactic
acid from PEP and bisulfite. The sulfolactic acid was isolated
and identified as the methyl ether dimethyl ester derivative
(spectrum c¢, Figure 3).

These analytical problems were finally avoided by removing
the small molecular weight molecules from the crude extracts
prior to their incubation with the substrates. This was ac-
complished by separating the extracts on a Sephacryl S-200
column (Figure 2). Those fractions containing the maximum
specific activity for the conversion of sulfoacetaldehyde into
coenzyme M were found to be free of coenzyme M and the
anionic compounds which interfered with the GC-MS analysis;
thus, any coenzyme M found after incubation with substrates
had to result from newly biosynthesized coenzyme M.

The conversion of PEP, bisulfite, and cysteine into coenzyme
M was readily demonstrated by using extracts fractionated
on the Sephacryl S-200 column (Table I). The total amount
of coenzyme M produced per milligram of protein (11.3 nmol)
was about 20% of that previously observed for the conversion
of sulfoacetaldehyde and cysteine into coenzyme M by cell-free
extracts of Methanobacterium formicicum (R. H. White,
unpublished results). The presence of the coenzyme M de-
rivative was confirmed in each experiment by both its GC
retention time and its mass spectrum. Of equal importance
is the identification, by GC-MS, of three of the proposed
intermediates in the conversion of PEP into coenzyme M, i.e.,
sulfolactic acid, sulfopyruvic acid, and sulfoacetaldehyde.
These compounds were isolated from the incubation mixtures
along with the methyl and ethyl coenzyme M derivatives and
identified as the derivatives shown in Figure 3. The gas
chromatographic traces (not shown) of these isolated sulfonic
acids were very clean in that all of the major peaks observed
originated from a combination of the derivatives of sulfolactic
acid, sulfopyruvic acid, and sulfoacetaldehyde and/or methyl
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coenzyme M and ethyl coenzyme M. Neither coenzyme M
nor any intermediate was observed in control experiments that
contained all of the substrates and either no extract or boiled
extract. Likewise, none of these products were found to be
produced when pyruvate was substituted for PEP, indicating
that PEP and not pyruvate combines with bisulfite to form
sulfolactic acid (Table I).

If the conversion of PEP into coenzyme M is as outlined
in Figure 1, then we would expect each of the indicated in-
termediates to be converted into coenzyme M by the cell-free
extracts. The first intermediate, sulfolactic acid, was shown
to convert into coenzyme M when fed to growing, whole cells
of Methanobacterium formicicum (White, 1985); the second
intermediate, sulfopyruvate, was shown to convert into co-
enzyme M in that 4.4 nmol of coenzyme M/mg of protein was
produced when extracts were incubated with sulfopyruvate
(Table I). This conversion was found to be stimulated by the
addition of cysteine to the incubation mixture, which was
expected since cysteine has been shown to react with sulfo-
acetaldehyde to form a thiazolidine adduct which is then
converted into coenzyme M via sulfoethylcysteine (R. H.
White, unpublished results). A large amount of sulfopyruvate
was identified in these experiments since this material was
added as the substrate. In addition, sulfoacetaldehyde was
found along with a small amount of sulfolactic acid which was
formed by the reduction of the sulfopyruvate during the
preparation of the derivatives. The production of coenzyme
M was not observed unless the substrates were incubated in
the presence of an extract.

The above results provide a logical metabolic origin for the
reduced thiol sulfur in coenzyme M; i.e., it originates from
cysteine which is derived from sulfide and serine (White,
1985). The cysteine sulfur can be derived directly from either
the sulfide or elemental sulfur in the growth medium since
either of these two sulfur sources can serve as the sole source
of sulfur for the growth of the methanogenic bacteria M.
thermoautotrophicum and Methanobacterium strain ivanov
(Bhatnagar et al., 1984).

The question then arises as to the origin of the oxidized
bisulfite sulfur used in the biosynthesis of the sulfonic acid
portion of coenzyme M. In these experiments, this sulfur could
not be taken up as bisulfite or some intermediate oxidation
state of sulfur other than sulfate, i.e., thiosulfate, bisulfite, or
dithionate, since these are not present in the medium.
Moreover, in experiments where they were added to the me-
dium, they were found to strongly inhibit cell growth (Bhat-
nagar et al., 1984; R. H. White, unpublished results). Sulfate,
on the other hand, which is present in the medium, neither
supports the growth of methanogenic bacteria (Bhatnagar et
al., 1984) nor is it incorporated into coenzyme M by growing
cells of a methanogenic bacteria (White, 1985). These results
indicate that methanogenic bacteria are not able to assimilate
and reduce inorganic sulfate. This, in turn, indicates that they
contain neither adenylyl sulfate (APS) nor 3’-phosphoadenylyl
sulfate (PAPS) and are thus unable to form bisulfite by the
reduction of APS or PAPS or by the transfer of a sulfate group
from APS to a thiol receptor catalyzed by APS:thiol sulfo-
transferase (Schmidt et al., 1974). [The reduction of APS
and of PAPS is catalyzed by adenyl sulfate reductase (Dick-
erson & Timkovich, 1975) and PAPS reductase (Fujimoto &
Ishimoto, 1961; Wilson et al., 1961; Pasternak et al., 1965),
respectively.] Thus, cells of methanogenic bacteria must
generate bisulfite by the oxidation of sulfide. This oxidation
can be accomplished by the Psq, enzyme isolated from M.
barkeri which was shown to possess sulfite reductase activity
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by Moura et al. (1982). Since the average redox potential for
the six-electron transfer in the sulfite reductase reaction is ~120
mV (Wagner et al., 1974), then the reverse reaction, i.e., the
oxidation of sulfide to bisulfite, could readily occur under
physiological conditions if an appropriate electron acceptor
is present. This reverse functioning of Py was, in fact, pro-
posed by Moura et al. (1982) as the means of providing the
metabolic source of the oxidized sulfur used in the biosynthesis
of coenzyme M. This same reverse functioning was postulated
for the siroheme sulfite reductase which was isolated from
Thiobacillus dentrificans, a facultative anaerobe that oxidizes
sulfide or sulfur in the absence of molecular oxygen (Ami-
nuddin & Nicholas, 1973; Schedel & Truper, 1979).
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