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Methyl-coenzyme M reductase preparations with high specific activity
from H,-preincubated cells of Methanobacterium thermoautotrophicum

S. Rospert!, R. Bocher!, S.P.J. Albracht? and R K. Thauer'

'Laboratorum filr Mikiobiologie, Fachbeieich Biologie, Philipps-Universitat Marburg, Karl-von-Frisch-Strafle, D-3550 Marburg/
Lahn, Germany and *E C Slater Institute for Brochenucal Research, University of Amsterdam, Plantage Mwdergiache 12, NL-1018
TV Amsterdam, The Netherlands

Received 26 August 1991

The study of the nickel enzyme methyl-coenzyme M reductase from methanogenic bacteria has been hampered until now by the fact that upon
cell rupturc the activity of the enzyme always dropped to at best only a few percent of its in vivo activity We describe here that when
Methanobacteriim thermoautot ophicum cells were premcubated with 100% H, before disintegration methyl-coenzyme M reductase activity stayed
high The cell extracts with a specific activity of 2 U/mg protem exhibited two nickel-derived EPR signals, designated MCR-redl and MCR-red2,
previously only observed 1n mntact cells The enzyme was purified 10-fold to a specific activity of 20 U/mg m the presence of methyl-coenzyme M,
which stabilized both the activity and the EPR signal MCR-redl The enzyme preparation displayed an UV/Vis spectrum with an absorption
maximum at 386 nm and a shoulder at 420 nm Upon mactivation of the enzyme with O, or CHCl,, the maximum at 386 nm and the EPR signals
MCR-red] and MCR-red2 disappeared

Nickel porphinoid, Coenzyme F,q, Methyl-coenzyme M reductase, EPR, Methanobacter wm thermoautotrophicum

1. INTRODUCTION

Methyl-coenzyme M reductass catalyzes the reduc-
tion of methyl-coenzyme M (CH;-S-CoM) with 7-mer-
captoheptanoylthreomne phosphate (H-S-HTP) to CH,
and the heterodisulfide of H-S-CoM and H-S-HTP
This reaction is the methane-forming step 1n the energy
metabolism of all methanogemc bactena [1,2].

CH;-8-CoM + H-S-HTP — CH, + CoM-8-8-
HTP 4G = —45 kJ/mol

Methyl-coenzyme M reductase has a molecular mass
of approximately 300 kDa. It 1s composed of three dif-
ferent subunits 1n an a,f8,y, arrangement and contains
two molecules of tightly, but not covalently, bound
coenzyme F, o as chromophoric prosthetic group.
Coenzyme F,, 15 a yellow nickel porphinoid of unique
structure and properties [3.4]

Cell suspensions of Methanobacterium thermoauto-
nophicum, which grows on 80% H, and 20% CQO,, have

Abbreviations MCR, methylcoenzyme M 1eductase, H-S-CoM or
cocnzyme M, 2-mercaptoethancsulfonate CH-8-CoM or mecthy!-
coenzyme M, 2-(methylthio)ethanesulfonate, H-S-HTP, N-7-mercap-
toheptanoylthicomne phosphate, CoM-S-S-HTP, mixed disulfide of
H-S CoM and H-S-HTP, 1 U = | gmol/mmn, SDS-PAGE. sodium
dodecylsulfate/polyacrylanude gel electrophotesis
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been shown to exhibit three different EPR signals den-
ved from methyl-coenzyme M reductase [5,6] Two of
the signals, designated MCR-red! and MCR-red2, were
obtaimned by reduction of the cell suspension with 100%
H, The third signal, MCR-ox1, was generated upon
oxidation of the cells with 20% CO,/80% N, Smmilar
EPR signals have been reported for Merhanosar cina
barkert [7]

Until now methyl-coenzyme M reductase has been
purified only from cell extracts showing no EPR signal
or the signal MCR-ox1 The extracts had no or only
very little activity [8-11] which did not correlate with the
mtensity of the MCR-ox1 signal [6] The highcst specific
activity observed n extracts was 0 2 U/mg [11} which is
only approximately 5% of the in vivo acuvity

We report here on the prepaation of cell extracts
showing the EPR signals MCR-redl and MCR-red2
and having a specific methyl-coenzyme M reductase
activity of 2 U/mg. The active enzyme was partially
purtfied and chaiacterized.

2. MATERIALS AND METHODS

M thermoautotrophicum (stiain Marburg) (DSM 2133) was grown
on 80% H,/20% CO, with 4 doubling time of 1 5 h {10-12] The cells
were harvested at the end of the exponential giowth phase at d concen-
trdtion of | 5-2 g (dry mass) per iter Before harvest the cultures were
vigorously gassed either with 100% H, (H;-reduced cells) or with 20%
COy/80% N, (COyoxidized cells) for 20 min a1 65°C and then cooled
to 0°C

Cell extidets were prepdied by sorufication of 8 g freshly harvested
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cells (wet mass) suspended in 16 ml 50 mM Trs-HCl, pH 76, at 0°C
and 5% H,/95% N, as gas phase Cell debris and membranes were
removed by centnifugation at 160 000 x g at 8°C for 30 min Methyl-
coenzyme M reductase was punfied from extracts of H,-reduced and
CO,-oxidized cells by fractionated ammoniume-sulfate prectpitation at
0°C under 5% H./95% N, as gas phase (sec Table [} The enzyme
preparations were kept at 0°C under 100% H,

Methyl-coenzyme M reductasc activity was assayed by following
the formation of methane from CH,-S-CoM at 60°C [10-12] The 04
ml assay mixture tn 8 ml serum bottles contamned 50 mM potassium
phosphate, pH 70, 11 mM CH;-8-CoM., 0 75 mM 7-mercaptohepta-
noylthreonine phosphate, 15 mM dithiothreitol, 0 3 mM aquocobala-
min, and 5-50 pg methyl-coenzyme M reductase The gas phase was
H, at 2 x 10° Pa The reaction was started by increasing the tempera-
ture fiom 0°C to 60°C [In time intervals of 3 min gas samples were
withdrawn and analyzed for methane Protein was determined by the
method of Bradford [13)

EPR spectra were recorded with a Varian E-3 EPR spectrometer
operating at 9 6 GHz and 100 kHz field modulation

Quantification and sstmulation of EPR spectra were performed as

n [6]

3 RESULTS

3 1. Methyl-coenzyme M 1eductase fiom Hy-reduced
cells

Cell suspensions obtamed from H,-reduced cells sho-
wed the EPR signals MCR-red] and MCR-red2 besides
mmor amounts of MCR-ox1 (Fig 1, Al) (for line sha-
pes of the individual signals see [6]). Extracts from such
cells showed the same signals (Fig 1, A2) and had an
unusually high specific activity of methyl-coenzyme M
reduction of 2 U/mg protemn (Table I) Large MCR-red
stgnals correlated with high specific activities and vice
versa The two MCR-red signals and the activity were
almost nstantancously abolished in the presence of
trace amounts of O, On the contrary, the MCR-o0x1
signal was not quenched by O, and was not correlated
with the enzyme activity

When CH,-S-CoM was added to the cell extract at
0°C the MCR-red2 signal disappeared and the MCR-
redl signal became larger (Fig 1, A3) Addition of

FEBS LETTERS

October 1991

A B
JWA/} :

|

Lostiund ) 1 besstusdantioalin ol d Jutusl 4 J 1 Lasutuad H

2 i 9 ¢ 8 a s 23 2 4 1 5 18
G - VALUE 6 = vaLue

Fig 1 EPR signals from methyl-coenzyme M reductase of (A) H,-
reduced cells and (B) of CO;-oxidized cells (1) Intact cells (35 mg
protemn/ml), (2) cell extract (20 mg/ml), (3) cell extract supplemented
with 10 mM CH,-S-CoM, (4) methyl-coenzyme M reductase prepata-
tion (5 mg/ml) n 50 mM Tris-HCI, pH 7 6 supplemented with 10 mM
CH,-8-CoM The EPR signal of the enzyme preparation from both
the H,-reduced and the CO,-oxidized cells represented a spn concen-
tration of 15-20% of the enzyme concentration EPR conditions mi-
crowave frequency, 9098 MHz, temperature, 77K, microwave powet
inctdent to the cavity 80 mW and modulation amphtude, 125 mT

H-8-CoM led to an increase in MCR-1ed2 leaving the
MCR-red] signal essentially unaltcted (not shown)

Table 1
Punfication of methyl-coenzyme M reductase actvity from Methanobacrerium thermoautotrophtcum by ammonium-sulfate precipitation

Betore addition of ammonium-sultate the cell extract wdas supplemented with 10 mM CH,-8-CoM The 100% ammomum-sulfate pellet, which 1s
referred to as methylcoenzyme M reductdase preparation, was dissolved to o final concentration of § mg protein/m! in 50 mM Tris-HCI (pH 7 6)
supplemented with 10 mM CH,-S-CoM

Punification trom  H,-reduced cells

CO.-ox1dived cells

Activity Protemn Specific Acuvity Protein Specific

dactivity dctivity

(U) (mg) (Ufing) () (mg) (UWmg)
Cell extract 981 9 4730 21 840 4375 019
70% ammonun-sulfate supernutant 1137 5 94 3 121 567 1085 052
70% ammomum-sulfate pellet 2466 4259 058 161 254 8 0 06
100% ammonium-sulfdte supeinatam 4160 455 91 420 693 06l
100% ammonium-sulfate pellet 556 1 277 201 2713 378 072
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Fig 2 Protection of methyl-coenzyme M reductase from inactivation
at 60°C in the presence of CH:-S-CoM Cell extract (1 ml samples)
was supplemented with 5 mM CH,-S-CoM or 5 mM H-8-CoM as
indicated The samples were incubated in 8 ml scrum bottles under 2
x 10° Pa H, at 60°C At the times indicated 10 ul samples were
withdrawn and tested for activity (@ Cell extract, (/) cell extract
supplemented with 5 mM CH1-S-CoM, (0) cell extract supplemented
with 5 mM H-§-CoM

Both CH,-8-CoM and H-S-CoM weie found to stabi-
lize the high enzyme activity, CH;-S-CoM being some-
what more effective than H-S-CoM (Fig 2). Therefore,
in the following punfication procedure all buffers were
supplemented with CH;-S-CoM (10 mM)

Purification of the highly active enzyme was achieved
by ammonium-suifate precipitation, exploiting the unu-
sual property of methyl-coenzyme M reductase to be
soluble even at very high ammonmum-sulfate concentra-
tions In the experiment descuibed in Table I a 10-fold
eniiched enzyme preparation was obtained with a speci-
fic activity of 20 U/mg SDS-PAGE tevealed that the
pieparation was a mixture of the two 1socnzymes MCR
I (Fig. 3. lane 3) and MCR II (Fig 3, lane 4) [12] and
still contained some contaminating proteins (Fig 3, lane
5) The mmpurtties contributed to less than 10% of the
total protein as estimated by photometiic scans of the
Coomassic brilliant blue stamed gels (not shown) The
N-terminal ammo acid sequence of the 16 kDa impunty
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Fig 3 SDS-PAGE of the methyl-coenzyme M reductdsc preparations
purified as described in Table I Protemns in 0 1% SDS were separated
on 4 12% polyacrylamide slab gel (8 cm x 7 cm) which wds subsequent-
ly stained with Coomassie brilhant blue R250 (Lanes | and 6) mole-
cular mass standard (Pharmacia. Freiburg, Germany, (lane 2) 60 ug
protemn of the enzyme preparation from CO,-oxidized cells, (lane 5)
80 ug protein of the enzyme preparation from Hs-reduced cells (lane
3) 30 ug protemn of pure methyl-coenzyme M reductase I, (lane 4) 30
lig protein of pure methyl-coenzyme M reductasc Il

showed no sequence homology to one of the two open
reading frames of unknown function i the methyl-
coenzyme M reductase operon [14] The methyl-coen-
zyme M reductase preparation contamned also some
cocnzyme F,., Attempts to further purify the reductase
resulted in a 90% loss i specific activity, Purification
steps tried were chromatography on phenyl-superose,
Mono-Q, and Sephadex G25 at 20°C

The highly active enzyme preparation showed the
MCR-redl signal besides minor amounts of MCR-ox1
signal (Fig. 1 A4) The UV/Vis spectium exhibited an
absorption maximum at 386 nm and a shoulder at 420
nm (Fig 4A) The EPR signal MCR-redl and the ab-
sorption maximum at 386 nm disappcarcd and the ac-
tivity dirastically decieased upon contact of the enzyme
with erther air o1 CHCIl; The parallel decrease in MCR-
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Fig 4 UVs spectrum of methyl-coenzyme M reductdse punified das desenibed i Table Trom Hy-teduced cells (A) and trom COp-onidized cells
(B) The dashed hine m Fiz 4A shows the spectrum after addition of CHCl, (1 7 gmol to the | ml enzyme solution) The protetn concentration in
(A) wis 06 mg/ml and i (B) 1 0 mg/ml
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Fig S Tnactivation by CHCI, of methyl-coenzyme M reductase par-
ually punfied from H,-reduced cells and the parallel decrease of the
EPR signal MCR-red! To 0 6 ml enzyme solution (5 mg/ml) in an
8 mi serum vial at 0°C gaseous CHCIl, was added in the amounts
indicated After 1 min equilibration of the gaseous and the hquid phase
by gentle shaking a 5 pl sample was withdrawn for the assay of enzyme
activity and a 400 ul sample was transferred into an EPR tubc lor the

registration of the EPR signal The amplitude of the g, ,-line at g, =
206 was measured

red]l signal and activity in the presence of CHCI, 1s
shown m Fig 5

3 2. Methyl-coenzyrwie M reductase from COjyoxidized
cells

Cell suspensions obtaned after preincubation of the
growing culture with 20% CO,/80% N, showed only the
MCR-ox1 signal (Fig. 1, Bl) Extracts from such cells
showed the same signal (Fig. 1, B2) and had only very
little methyl-CoM reductase activity (Table I). The EPR
signal and the activity did not correlate and were not
affected by the addition of CH,-S-CoM (Fig 1, B3) and
H-S-CoM (not shown) Via the purification procedure
desciibed in Table I only a 4-fold punification to a spe-
cific activity of 0.72 U/mg was achieved The enzyme
preparation displayed the MCR-ox1 signal (Fig 1, B4),
which was not affected by either O, or CHCl; The
SDS-PAGE pattern (Fig. 3, lane 2) was indistingwisha-
ble from the pattern obtamed for the H,-reduced cells
(Fig 3, lane 5). The enzyme preparation differed, how-
ever, from the preparation from H,-reduced cells 1n that
1t did not show the absorption maximum at 386 nm
(Fig 4B),

The enzyme preparation from CO,-oxidized cells, as
the enzyme preparation from H,-reduced cells, was a
muxture of the two 1soenzymes MCR | and MCR II
(Fig 3. lanes 2 and 5) After separation by chromato-
graphy on Mono Q HR 10/10 as described in [12] both
1soenzymes displaved identical MCR-ox! signals (data
not shown).

4 DISCUSSION

The catalytic mechanmism of methyl-coenzyme M re-
ductasc has been proposed to involve coenzyme F,qy 1n
the Ni(I) form [15.16] The finding that the enzyme 1s
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only highly active mn the MCR-red] or MCR-red2 form
supports this mechanism since these two signals are very
probably derived from Ni(I) This 1s cvidenced by the
following observations. (1) The two MCR-red signals
were quenched by O, and CHCI,; with concomitant loss
in activity Both potent inhibitors of methanogenesis
rapidly oxidize coenzyme F,; in the Ni(I) form [17,18]
(1) The EPR signal MCR.-red! is sumilar to the EPR
signal displayed by coenzyme Fg;p in the Ni(I) form
rather than to the signal of the Ni(11I) form [16,17]. (11)
The highly active methyl-coenzyme M reductase sho-
wed an absorption peak at 386 nm which 1s closer to the
absorption peak at 382 nra of Ni(I)F,;, than to the
absorption peak at 368 nm of Ni(III)F,+, [16,17]. (1v)
Completely mactive methyl-coenzyme M reductase
from M thermoautotrophicum (strain 4H), has been re-
ported to be photoreactivated to a specific activity of |
mU/mg which was interpreted to indicate that Ny(I) 1s
involved 1n the catalytic mechanism since the excited
state 1s predicted to lead to the formation of Ni(I) [9]

The existence of two signals derved from MNi(l) 1s
explamable assuming a change at the axial position 1n
the coordination of nickel in F,;y bound to the enzyme
The finding that CH;-S-CoM mcreased the MCR-red1l
signal and H-S8-CoM the MCR-red2 signal 1s 1n agree-
ment with this intetpretation

If the signals MCR-redl and MCR-red2 are derived
from Ni(I) what might be the source of the signal MCR-
0x1? It could be erther Ni(III) or WNi(I) in a stable form
It has c.g been reported that Ni(I) can be stabilized 1n
the presence of amr if complexed by nterlocked macro-
cychic hgands [19]
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