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Activation of Methyl-SCoM Reductase to High Specific Activity after Treatment of
Whole Cells with Sodium Sulfide
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ABSTRACT. Here, we report a method to generate the active form of methyl-SCoM reductase (MCR) from
Methanosarcina thermophilaThe protocol involves adding sodium sulfide to a growing cell culture
prior to harvest to yield a “ready” (MC&i) state of the enzyme. This method can also generate a ready
state of theMethanobacterium thermoautotrophicystrain Marburg) MCR. Experiments using sodium
35S-labeled sulfide indicate the ready state that is generated involves-8 &lilduct. As was shown
earlier for theMb. thermoautotrophicutCR,x1 [Goubeaud, M., Schreiner, G. and Thauer, R. K. (1997)
Eur. J. Biochem. 1,72374-2377], this ready state is converted to the highly active MgRorm by
reductive activation with Ti(lll) citrate. The reduction of MGRto MCRg1 With concomitant increase

in activity demonstrated that MG&s is the active form of MCR fronMs. thermophila We also observed

the loss of theé®S-sulfide label from the enzyme when MGRRwas converted to MCRy.. Other states

of MCR could be generated in the whole cells by adding different potential ligands to the cell medium;
for example, the MCR, state was generated by treating cells with sodium sulfite or sodium dithionite.

Methanoarchaea synthesize methane from a variety ofhave amnyfy form and to contain 1 mol of & per trimeric
sources including C§) formate, methanol, methylamines, unit andK,s of 3.3 and 5%M for methyl-SCoM and HS-
and acetatel—5). The most thermodynamically favorable CoB, respectively 11).
step in methanogenesis is the reduction of a methyl group  F,;,can assume various oxidation, ligation, and spin states
to methane by methyl-CoM reductasz &, §. Coenzyme  (Scheme 1). EPR spectroscopic studied/t. thermoau-

M (HS-CoM), factor k3o, and 7-mercaptoheptanoylthreonine  totrophicum(strain Marburg) whole cells have detected at
phosphate (HS-CoB) are the cofactors utilized by MCR to |east four states: MCR and MCR,. that apparently contain

catalyze the reaction shown in eq 1, (7). Ni in the 3+ oxidation state and MCRy; and MCRegy, in
which Ni appears to be in thetloxidation state 12, 13.
CH;-SCoM+ HS-CoB— CH, + CoM-S-S-CoB There is also a Ni(ll) form that is EPR silent. Whole cell

(AG° ' = —45 kJ/mol) (1) EPR studies have shown that, when cells are bubbled with
100% H,, MCR is converted to the MCRy; state ¢, = 2.25,

MCR has been most extensively characterized from Gxy = 2.08) (L2). On the other hand, when cells are bubbled
Methanobacterium thermoautotrophicustrains AH and ~ With N2/CO, (80%/20%) prior to harvest, the predominant
Marburg. These organisms can only useadd CQ as their ~ State is MCRx (9; = 2.23,g«y = 2.16) (13).
source of electrons and carbon. MCR from these sources Mechanistic studies of MCR have been thwarted by the
has three subunits with a stoichiometry @f5,y. and an unavailability of stabile, active enzyme. On the basis of
apparent molecular mass of 280 kDa determined from both studies with biomimetic models and with partially purified
sedimentation and diffusion coefficien®( MCR contains MCR from Mb. thermoautotrophicun(strain Marburg),

2 mol (per 280 kDa unit) of tightly but noncovalently bound MCRyeq: [Ni(l) Fasd was concluded to be the active state
Fa3o, Which is a nickel tetrahydrocorphinoi,(9, 1Q. It (12—18). However, purification of the active MGR: form
also has been purified froMethanosarcina thermophija of the enzyme has not been feasible since this state undergoes
the subject of this studyl@). This protein was proposed to facile oxidation to an inactive Ni(ll) formi2, 13. Although

the Ni(ll) form of Fy30 and its analogues can be reduced by

TThis work was partially supported by DOE Grant ER20053 TI(”D citrate (Em = —0.66 V, pH 10) _tO the Ni(l) State at
(S.W.R.) and a National Research Service Award (1 F32 GM17818- alkaline pH, this one-electron reduction of the Ni(ll) state
Olé,%\)dgfergchlyrrfsgggc?g; E)egfaeprértment of Biochemistry, Beadle of t.he ?nzymﬁ nas n%t been ac(cj:omp_l;)sh;a@f).( I;nifluﬁtive

S COr _ : activation schemes that were described for khie. ther-
e s, o Nebrese, Lo, NE Sa586 0061 P 492 moautotrophicurisH ands. thermophicenzymes yelded

1 Abbreviations: SDSPAGE, sodium dodecyl sulfate polyacryl- ~ Specific activities of only 0.£0.2 units mg* (11, 20).
amitdhea gg! el\l/leéthopgg{ﬁsliSé gooﬁHréﬁﬁfta (S:S cée:grﬁlzro?neenﬁe(/ﬁcsegg'(\:ﬂc)&Therefore, on the basis of the in vivo rate of methanogenesis,
?—lr:;ercayﬁtohept}anoyltgreonine phosphaté (HS-C%B); CHES\H2-[ ’ e.‘ven the purified activated enzymes Wer_95—99% mac-_
cylcohexylamino]ethanesulfonic acid); MOPS (8-+fnorpholino]pro- tive. Thus, MCR has been most extensively characterized
panesulfonic acid); BPS, bromopropane sulfonate. in the inactive Ni(ll) state.
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Scheme 1: Proposed Pathway for the Preparation of Ready
and Active Forms of MCR fronMs. Thermophila
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Recently, Thauer et al. (1997) showed that the MER
state of MCR fromMb. thermoautotrophicunfstrain Mar-
burg) was stable enough to allow purification of the enzyme
in this form 21). Furthermore, it was demonstrated that the
purified MCR.; could be converted to the MG, form
by treatment with Ti(lll) citrate at pH 9.0. Their pivotal
results showed that MGR1 [Ni(l) F 3 is an active state of
MCR. The MCRy; state, however, could only be formed
in vivo by switching the normal HCO, feed gas (80%/20%)
to No/CO; (80%/20%) at 20 min prior to harve2%). This
protocol was not applicable tds. thermophilecells. Thus,
to purify and activate MCR; from acetate-grownMs.
thermophilacells, an alternative method to generate this form
of the enzyme needed to be developed.

Here, we describe a method to generate the MCRate
in Ms. thermophilaby adding sodium sulfide to a growing
cell culture prior to harvest. We propose that this protocol
will allow MCR from any methanogen to be converted to
the MCRy; state and that it will be a valuable tool for
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nanopure deionized water. , §89.98%), N/H, (90%/10%),
Ar (99.8%) and CH/N, (0.2%/99.8%) were obtained from
Linweld (Lincoln, NE).

Ms. thermophila Growth and Haest Conditions. Ms.
thermophilastrain TM-1 was cultured on acetate at 8D
and pH 6.8 in a 5-L New Brunswick fermentor with a pH
auxostat 25). The media was prepared as previously
described 25). In the late log phase, 500 mL of supple-
mental media was added to the culture. The supplemental
media (500 mL) contained 18.4 g of ammonium chloride,
2.5 g of yeast extract, 2.5 g of tryptone, 2.8 g of monobasic
potassium phosphate, 2.18 g of dibasic potassium phosphate,
20 mg of nickel chloride, 0.158 g of calcium chloride, 57
mg of ferrous ammonium sulfate, 0.22 g of magnesium
sulfate, 2.26 g of sodium chloride, and 1.5% (vol/vol) vitamin
and 10% (vol/vol) trace element solutions which were
previously described2g). Ms. thermophilavas harvested
at the end of log phase under anaerobic conditions by
continuously decanting the medium above the settled cells.
Ms. thermophilawas cultured on KHCO, according to the
protocol described earlier in which the organism was first
grown in nitrogen limiting media (0.5 mM ammonium
chloride) containing acetate and then switched #C@; in
the absence of acetate6—28).

Mb. thermoautotrophicun(strain Marburg) was cultured
on H/CO,/H,S (80%/20%/0.1%) at 63C in a 14-L New
Brunswick fermentor 21, 29. Media was prepared as
previously described2Q).

Treatment of Ms. thermophila Cells with Sulfide and
Sulfite.The 5-LMs. thermophilaculture was reduced to 2-L,
sodium sulfide or sodium sulfite was added, and the culture
was incubated in an oven at 5C for 1 h toinduce the
MCR,y; state. Longer incubation times (e.g., 2 h) did not

mechanistic studies. In addition, we demonstrate the reduc-increase the MCR; EPR signal. The shortest incubation

tive activation of fully purified MCRx1 t0 MCReq1 [Ni(1)
Fa3q. Previously, neither the MCR, or the MCReq; States
had been observed Ms. thermophila

MATERIALS AND METHODS

Materials. Ms. thermophilatrain TM-1 was a gift from

Prof. J. Greg Ferry’s laboratory at Pennsylvania State

University. Mb. thermoautotrophicurstrain Marburg) was
obtained from the Oregon Collection of Methanogens,
cataloged as OCM82. Methyl-SCoM was prepared from

coenzyme M (Sigma) and methyl iodide (Sigma) as described

(22). After crystallizing methyl-SCoM twice in acetone, its

purity was checked byH NMR. HS-CoB was prepared as

described 23, 24. 7-Bromoheptanoic acid was purchased
from Karl Industries. N-hydroxysuccinamideg-threonine-

time needed to form the MGR signal by sodium sulfide
was not determined; however, it is possible that shorter times
could be sufficient since 20 min of incubation with sodium
sulfite at 50°C was sufficient to generate the MgRform.

Sodiun?S-Labeled Sulfide Treatment of Ms. thermophila
and Mb. thermoautotrophicum (Strain Marburg)¥henMs.
thermophilawas treated with 20 mM sodiur#fS-labeled
sulfide, only 0.5 L of culture was used due to the cost of the
sodium®*S-labeled sodium sulfide and also to minimize the
amount of radioactive material spent. For the treatment of
Mb. thermoautotrophicurtstrain Marburg) with 20 mM?S-
labeled sulfide, a 10-L cultureA§;s ~ 3.0) was first
concentrated to 0.4 L and then gassedIfd with H/CO,/

H2S (80%/20%/0.1%) at 65C before adding sodiurtPS-

phosphate and the solvents used in the synthesis were all2P€led sulfide to the culture. After 20 min at 88, the

from Sigma. Bromopropane sulfonate was purchased from9-4 L culture was then cooled on ice. The radioactivity of
Sigma. The purity of HS-CoB was ascertainedByNMR. purified MCR_ from bqtth. thermophilaand Mb'. ther-

A stock solution of 200 mM Ti(lll) citrate was prepared Moautotrophicum(strain Marburg) was determined by
by dissolving 0.75 g of Ti(lll) trichloride (Fluka) in 25 mL  suspending the sample in 18 mL of Ecolite (ICN Biomedi-
of 250 mM sodium citrate (Sigma) under anaerobic condi- cals) and counting in a Packard 1600TR scintillation
tions and then adjusting the pH to 7.0 with sodium bicarbon- analyzer. The filtrate from the concentration step was used
ate (Sigma). Natural abundance and soditi®-labeled as a background for the scintillation counting. The Penefsky
sulfide were purchased from Sigma and Amersham, respec-column (5 mL) was made by equilibrating Sephadex G-50
tively. All buffers, media ingredients, and other reagents (Sigma) with 50 mM Tris-HCI (pH 7.6) and removing excess
were acquired from Sigma. Solutions were prepared usingbuffer by a clinical centrifuge30). MCR samples were
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also passed through the column by spinning in the clinical in a solution (0.2 mL total volume) containing 200 mM
centrifuge. CHES (pH 9.0), 20 mM Ti(lll) citrate, and 20 mM methyl-
Purification of MCRy: from Ms. thermophila The SCoM. Then the activation mixture was cooled t&Ctand
purification and manipulations of MCR were performed 0.14 mL d 2 M MOPS (pH 6.5), 16uL of 30 mM HS-
under a N/H; (95%/5%) atmosphere in an anaerobic CoB, 16uL of 15 mM aquocobalamin, and 3L of 200
chamber (Coy Instruments). All steps of the purification mM Ti(lll) citrate were added. The final pH was 6-9.0.
were performed at 4C. After treating cells with sodium  The MCR assay was then performed as described above.
sulfide, 50-70 g of cells (wet mass) were immediately For the sodiun¥®S-labeled sulfide experimentdjb. ther-
suspended in 0.5 M potassium phosphate (pH 7.6) containingmoautotrophicun(strain Marburg) MCR was activated by
4 mM Ti(lll) citrate, 10 mM methyl-SCoM, and 10 mM  heating at 60C for 30 min in the presence of 1 mM Ti(lll)
methyl viologen. Lysis of the cell suspension was achieved citrate and 10 mM methyl-SCoM at pH 9.@1). The
with an Ultrasonic Liquid Processor (Misonix, Inc) pro- specific activity of MCR fromMb. thermoautotrophicum
grammed for a total sonication time of 8 min (20 s pulses (strain Marburg) after activation was 10 units mg
and 45 s pauses). The cell lysate was then ultracentrifuged Ti(lll) citrate has strong EPR and UWisible spectra that
at 30 000 rpm for 30 min in a Type 35 rotor (Beckman). interfere with those of MCR. Therefore, to correlate activity
Fractional ammonium sulfate precipitation (60 and 100%) with spectroscopic changes, MCR was activated in a sealed
was then used to purify MCR1B). After MCR was UV —visible cuvette or EPR tube in a mixture containing
precipitated with 100% ammonium sulfate, the pellet was 800 mM CHES (pH 9.0), 20 mM methyl-SCoM and 0.5 mM
resuspended in 150 mL of 50 mM potassium phosphate (pHTi(lll) citrate. Aliquots were removed from the activation
6.8) containing 10 mM methyl-SCoM and 10% glycerol. The mixture into a standard MCR activity assay.
supernatant was then loaded at 90 mL/h on a high-  Spectroscopy of MCRUV —visible spectra of MCR were
performance Q-Sepharose (Sigma) column (2.5« cm) recorded with a diode array spectrophotometer (Beckman
equilibrated with 50 mM potassium phosphate (pH 6.8) Series 7000). EPR spectra were recorded on a Bruker ESP
containing 10% glycerol. MCR was eluted by applying an 300E spectrometer equipped with an Oxford ITC4 temper-
800 mL linear gradient (90 mL/h) from 0.2 to 0.4 M sodium  ature controller, a Hewlett-Packard Model 5340 automatic
chloride in 50 mM potassium phosphate (pH 6.8) containing frequency counter and Bruker gaussmeter. The EPR spec-
10% glycerol. Fractions containing the highest activity were troscopic parameters are given in the figure legends. Double
then pooled and concentrated under argon (that had beerintegrations of the EPR spectra were performed with copper
passed through an oxisorb column) pressure in either a 10-perchlorate (1mM) as the standard.

mL omegacell (Filtron) or a 50-mL Amicon ultrafiltration Data Manipulations and CalculationsUV —visible spec-
cell with a 30 kDa molecular mass cutoff. This scheme tral subtractions of MCR were performed with Spectra Calc
routinely yielded 60 mg of purified MCR. (Galatic) and Sigma Plot software programs. Subtractions
MCR from Mb. thermoautotrophicungstrain Marburg)  of the Ni(ll) state from the MCR spectrum were based on
was purified as describe@). the EPR quantitation of the MGR signal. To determine

Protein Determination. Protein was determined by the the Ti(lll) citrate required for 50% activation of MCR, the
Bradford method using the Bio-Rad reagent (Bio-Rad) with data were fit to an equation in which Ti(lll) was treated as
cytochromec as a standard3(). Protein quantitation by  an essential activator as describ&d)( For the active-site
this assay using cytochrome agreed with the protein titration of MCR with bromopropane sulfonate, the data were
quantitation determined by amino acid analysis of purified fit to the linear equation (eq 2) for simple competitive
MCR. Cytochromec concentrations were measured spec- inhibition (35), where [I], v, vo, andK, are defined as the
trophotometrically using an extinction coefficient of 105 000 inhibitor concentration, velocity in the presence of inhibitor,

cmt M~ at 410 nm 82). Fu3 content was estimated by  velocity in inhibitor's absence, and inhibition constant,
using the extinction coefficient of 22 000 ciM~* at 420 respectively.

nm (33).
Measurement of MCR Aectty. MCR assays were per- YL - vlvy) =K@+ [SVK, vy, + [El.  (2)
formed at 60°C in rubber-sealed 8-mL serum vials. The
standard assay mixture contained 20 mM methyl-SCoM, 1.2 RESULTS
mM HS-CoB, 0.6 mM aquocobalamin, 25 mM Ti(lll) citrate,
and 500 mM MOPS (pH 7.0) in a final volume of 0.4 mL. Generation of the MCE; state invivo. Initially, variable
It was earlier reported that ATP stimulated MCR activity; amounts (from 0 to 0.15 spins/mol) of MGRwere observed
however, we observed no enhancement of MCR activity in purified MCR from Ms. thermophila Furthermore, no
when ATP was included in the assay. The reaction was basis for the formation of the MCR state could be
started by increasing the temperature from 4 to °€D identified. We typically observed a mixture of MGR (g,
Methane generated by MCR during the assay was determined= 2.25,gxy = 2.07) and MCR« (9, = 2.23,gyy = 2.17).
by withdrawing gas samples at specific time points for Attempts to induce MCR4 formation by gassing the culture
analysis by gas chromatography (Varian model 3700 equippedwith N,/CO, using the protocol described fdtb. thermoau-
with an Alteck heliflex AT-Q column and flame ionization totrophicum(strain Marburg) were unsuccessf@lj. Since
detector). Rates of methane formation were then calculatedwe assumed that this state represented the oxidized enzyme,
from the linear time course. One unit of MCR activity is various modifications were attempted. These included
equal to 1umol of methane mint. altering the time of bubbling with C£ washing and
MCR Actiation. Ms. thermophilaVlCR was activated resuspending the cell pellet in fresh medium lacking acetate
by incubating the enzyme {50 ug) at 45°C for 30 min (to ensure the absence of an electron donor) or in potassium
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Ficure 1: Generation of the MCR; state. (Lower panelsi.
thermophilacells were treated with different concentrations of
sodium sulfide (curves-15, 0.2, 1, 5, and 20 mM sodium sulfide,
respectively) or 20 mM sodium sulfite (curve 6) and studied by
whole cell EPR spectroscopy. (Upper panel). The EPR signal
intensity atg = 2.17 was plotted versus sodium sulfide concentra-
tion in the cell medium. Experimental conditions: temperature, 120
K; microwave power, 10 mW; microwave frequency, 9.43 GHz;
receiver gain, 2x 10% modulation amplitude, 12.8 G; modulation
frequency 100 kHz.

phosphate buffer. None of these modifications were suc-
cessful in generating the MGR state of the enzyme. We
considered that this may have been becadbethermoau-
totrophicum(strain Marburg) was grown autotrophically on
H./CO,, while Ms. thermophilawas cultured on acetate.
However, when we cultures. thermophilaon H,/CO,,

as with the acetate-grown cells, only a low amount of the
MCR,x1 EPR signal was observed in the whole cells after
treatment with NWCO..

A different approach was then initiated which was based
on the premise that, by controlling the Ni ligation state, the
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to 8.8. However, high pH was not responsible for generating
the MCR,; state, since, when the pH of the culture media
was increased to pH 8.8 with CHES buffer, but without
sodium sulfide addition, the amount of MGRin the whole
cells did not increase aftel h of incubation at 5C°C. In
addition, when potassium phosphate buffer was added (final
concentration, 250 mM) with sodium sulfide (20 mM, final)
to keep the pH constant at 7.2, the amount of MGRas
similar to that observed at pH 8.8 (data not shown). Thus,
generation of the MCR; state inMs. thermophilawhole
cells depends on sulfide addition and not pH changes.

Adding sodium sulfite to the culture medium ®s.
thermophila prior to harvest (final pH 6.5) elicited the
formation of a different species of MCR, marked by an EPR
signal (Figure 1, curve 6) with a morphology agdalues
(9. = 2.24, g,y = 2.14) similar to those observed in the
MCR,x. state ofMb. thermoautotrophicur(strain Marburg)
(12). Thus, sodium sulfide and sodium sulfite appear to enter
the cells and stabilize specific states of MCR.

Treatment oMb. thermoautotrophicur(strain Marburg)
cells with sodium sulfide or sodium sulfite for 20 min before
harvest also resulted in formation of the MGRand MCR .
species, respectively. Gassing the culture withOXD, was
not required. The EPR spectra of the MGRand MCRx.
states from the two methanogens are indistinguishable.
Therefore, we propose that this method of generating the
“MCRy" states by adding sulfide and sulfite will be useful
with other methanogens to generate MgRand MCRy..

Purification and Stability of MCR1 from Ms. thermophila.
MCR was purified to>90% homogeneity as determined by
densitometry of the SDSpolyacrylamide gel of the sample
after the ion exchange step. The MGREPR signal §, =
2.23,0xy = 2.17) of the purifiedMs. thermophilaenzyme
guantitated to 0.40.5 spin/mol of MCR. Since no other
EPR signals were observed, the remaining MCR must be
present in the Ni(ll) form. The UWvisible spectrum of
purified MCR (Figure 2) contained an absorbance maximum
at 423 nm and a shoulder at 390 nm. The Ni(ll) form of
MCR absorbs maximally at 421 nm (Figure 2, inset) with a
shoulder at 440 nm. Since the spectrum in Figure 2 contains
a mixture of MCRy; and the Ni(ll) state, spectral decon-
volution was performed to obtain a clean absorption spectrum
of the MCRy, state (Figure 2, inset). The maximum
absorbance of MCR; occurs at 425 nm with a shoulder at
390 nm.

The stability of purified MCRyx; from Ms. thermophila

aCt|V|ty of MCR could also be controlled. This i-nvol\/-ed a was determined by Storing the protein aerobica”y and
series of studies that tested the effects of addlng different anaerobica”y at 4C and removing Samp|es at various times
chemical agents to the culture medium prior to harvest. When for EPR Spectroscopic measurements. Both Samp]es showed

sodium sulfide was added, a significant amount of the
MCR.x state was elicited (Figure 1). As the sulfide
concentration was increased to 20 mM, the MGFstate
disappeared as the MGR became dominant. The metha-

an initial decrease in the MGR signal (~50% decay in
the first 24 h) similar to that reported for MGR from Mb.

thermoautotrophicun(strain Marburg) 21). By the second
day, however, the rate of decay of the MgGRstate was

nogenesis activity decreased with increasing amounts of much slower with the sample stored in air decaying faster

sodium sulfide. A 60% inhibition of methanogenesis was
observed in cultures containingd mM sodium sulfide. This

is the same concentration at which significant amounts of
the MCRy; form began to appear. Previous work has also
reported inhibition of methanogenesis~&—5 mM sodium
sulfide (36).

Increasing the sodium sulfide concentration to 20 mM

(~6%/day) than the anaerobically stored sampld%o/day).
Thus, oxygen appears to increase the MERecay rate in

this second slower phase. Because of the initial rapid decay
of the MCR; state to the inactive Ni(ll) state, experiments

were performed within the first 24 h after purification.

Activation of MCR. Reduction of Ms. thermophila
MCR,x1 Was achieved using a method similar to that reported

resulted in an increase in pH of the culture media from 7.0 for MCRox from Mb. thermoautotrophicurgstrain Marburg)



MCR Activation

25

20 Ni** state
‘g
o
é 10
20 °
0 T y
204 ‘[ Y \\ MCR_,,
'E VA
N
15 + "% \\// \
- 10 \
§ a \
il \
z 0 ==
w 10 204 MCRmn
§
2 10
w
5 0 T T T T
300 400 500 600 700 800
Wavelength (nm)
0 T T T T

300 400 500 600

Wavelength (nm)

FiGure 2: UV—visible spectra of the MCR;, MCReq1, and Ni-
() states. (1) Purified MCR (1%M) containing 0.5 spin of the
MCRox1 EPR signal per mole of MCR. (2) Reduction of 1 with
Ti(lll) citrate at 45°C for 30 min. (Inset) {--) Ni(ll) state of MCR
(22 uM); (---) MCRox1 spectrum generated by subtracting the
spectrum of the Ni(ll) state of MCR (8M) from the composite
spectrum (1); £) MCRreq1 (7.5 uM) spectrum generated by
subtracting the spectrum of the Ni(ll) state{91) and the spectrum
of MCRyy; (2.5 uM) from the composite reduced spectrum (2).

700 800

(22). First, different pH (pH 7.810.0) and temperature (25
— 60 °C) ranges were tested to optimize the amount of
MCR 41, and the activation was followed by UWisible
spectroscopy. It was observed that, at high pH ¢19.0)
and at temperatures above 3C, MCR denatured and
released the cofactor, Ni(ll)sko. At 45 °C and pH values
between 8.5 and 9.0, the maximum amount of MGRvas
formed. Very little MCReq; could be generated at 2& at
the optimum pH. Activation of MCR from Mb. ther-
moautotrophicun{strain Marburg) is optimal at 60C and
pH = 9.0 22).

Next, the Ti(lll) citrate concentrations used for the
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Ficure 3: Kinetics of the MCRx; reduction. MCR (12M) was
incubated at 48C with 0.5 mM Ti(lll) citrate for 0-50 min (curves
1—4, 0 min, 10 min, 20 min, 30 min). The Ni(l) state of MCR (9
uM) was subtracted from the spectra. INSET: The plot of the
absorbance at 388 nnl), 425 nm @), and 750 nm 4) during

the reduction of MCR; with Ti(lll) citrate at 45°C. A rate constant

of k= 0.084 0.01 mirmr! was determined for the MGJR decay

at 425 nm by a fit to a theoretical single-exponential equation. The
increases in absorbance at 388 and 750 nm showing the formation
of MCReq; are fit with single-exponential equations using the rate
constant determined from the decay at 425 nm.
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To follow the activation spectroscopically, the concentra-
tion of Ti(lll) citrate was decreased. Reduction of MCR
with 0.5 mM Ti(lll) citrate (pH 9.0, 45C) (Figure 2) results
in formation of MCReq1 [Ni(l) Fasd with increases in
absorbance at 388 and 750 nm as described eater2().
Figure 2 (inset) shows the MGl spectrum after subtracting
the contributions of the residual Ni(ll) and MGR species.
This spectral deconvolution allowed the kinetics of MGR
formation to be assessed (Figure 3). M&GRormation was
nearly complete in 30 mink(= 0.08 min?).

The reduction of MCR with 0.5 mM Ti(lll) citrate was

reductive activation were varied to determine the amount of 550 monitored by EPR spectroscopy (Figure 4). The inset

Ti(lll) citrate required for optimal MCR activity. Methyl-

to Figure 4 shows the conversion of MGRto MCR.¢q; at

SCoM was added to the activation mixture since it has beengglected time points. The rate of reduction was calculated

reported to stabilize the MGR1. After a sharp dependence
up to 2.5 mM Ti(lll) citrate, only a small increase in the
MCR activity was observed upon increasing the Ti(lll) citrate
concentration further to 20 mM. Fifty percent activation was
estimated to occur at 14 0.4 mM Ti(lll) citrate (data not
shown).

The specific activity of the purified protein before activa-
tion was 0.24 units mg. This activity is the same as that
reported previously for purified MCR froils. thermophila
(12). The specific activity of MCR after activation was
routinely 5-7 units mg?'. After concentrating MCR, the
specific activity usually decreased te-8 units mg'. The
rate of methane synthesis in growiNts. thermophilecells
(wet mass of 57 g, resulting r800 mg total soluble protein)
is 0.059 mol of methane f (25). Since MCR amounts to
~10% of cell protein, the expected specific activity is
estimated to be 1015 units mg? (8).

to be similar to that measured by UWisible spectroscopy,
with approximately 60% of the MC&, (17.5uM) converted

to the MCReq1 (or 10.5uM MCRyeq; corresponding to 0.3
mol of MCReg#/mol of MCR) state in 30 min. Incomplete
reduction was also observed with MgRfrom Mb. ther-
moautotrophicum(strain Marburg) with 0.5 mM Ti(lll)
citrate @1). The rate constants for the decay of MGR
and formation of MCRg; were similar to those obtained by
UV —visible spectroscopy (Figure 4). These data strongly
suggest that MCR,; is the species converted to MER.

The specific activity of MCR increased as the amount of
MCReq1 increased (Figure 5), strongly supporting the
conclusion that MCRy; is the active form of MCR Z1).

The results of a typical assay are shown in the inset to Figure
5.

Efficacy of the sulfide treatment was assessed by perform-

ing an active-site titration of MCR using the potent inhibitor,
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FiGure 4: Reductive activation of purified MCR. MCR (38V)
was incubated at 4%5C with 0.5 mM Ti(lll) citrate for G-50 min

and measured by EPR spectroscopy at each time point. The relativ

EPR intensities of MCR; (®) and MCReq; (H) during the
reduction of MCR with Ti(lll) citrate were fit to a theoretical single-

exponential decay and increase, respectively. The rate constants

determined weré& = 0.11 + 0.01 min! for the MCR,; decay
andk = 0.114 0.01 mir?! for the MCReq; formation. (Inset) EPR
spectra of MCR (3%M) at various times during the reduction
(curves 13; 0, 10, 35 min, respectively). (Curve 4) MGR EPR
spectrum generated by subtracting residual M@Rom curve 3.

Experimental conditions: temperature, 80 K; microwave power,

10 mW; microwave frequency, 9.43 GHz; receiver gaing 20%
modulation amplitude, 12.8 G; modulation frequency 100 kHz.

BPS (Figure 6)37, 38. A sample containing MCE; (0.5
spin/mol) was activated [20 mM Ti(lll) citrate at 4% for

30 min] and then treated with varying concentrations of the
active-site inhibitor. The number of active-sites per mole

of MCR (0.5+0.2) was equivalent to the amount of MGR
providing further evidence that the active form of MCR is
derived from the MCR,; state. An inhibition constant of
0.08 £ 0.01 uM was determined for BPS with activated
MCRox1.

Mechanism of the MCJR Generation by Sodium Sulfide.
To determine if the effects of sulfide addition could arise
from the formation of a Ni-S adduct, botiMs. thermophila
and Mb. thermoautotrophicunfstrain Marburg) cells were
treated with 20 mM sodiund®S-labeled sulfide and MCR

Becker and Ragsdale
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Ficure 5: Time course of the activation of MCR. MCR was
incubated (pH 9.0) with 0.5 mM Ti(lll) citrate and 20 mM methyl-
SCoM at 45°C for 0—50 min and assayed. (Inset) Results of a
typical assay of MCR activity (§:g) before @) and after @)
activation. The calculated specific activity of this enzyme sample

Svas 5 units mgt.
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FIGURE 6: Active-site titration of activated MCR (0.6/M) with

BPS. A preparation with 0.5 spin of MGR per mole of MCR

was activated with 20 mM P citrate at 45°C for 30 min and
titrated with the active-site inhibitor. The data are fit to a linear
equation for simple competitive inhibition with the intersection at
the ordinate representing the amount of active-sites present. This
treatment of the data estimated &9.2 active sites/mole of MCR.

16

was subsequently purified (see Materials and Methods). TheAn inhibition constant of 0.0& 0.01«M was determined for BPS

MCR fractions from the mono-Q column were pooled,
concentrated, and analyzed by EPR spectroscopy artsfor
sulfide content by scintillation counting. In three different
preparations, the amount of MGRas determined by EPR
spectroscopy correlated with the amount ¥88-labeled
sulfide (Figure 7), indicating that sulfide entevss. ther-
mophila and Mb. thermoautotrophicun{strain Marburg)
cells, binds to the Ni site in4z and remains bound during
the purification procedure.

with activated MCRy;1.

Marburg) containing 0.8 spin of MCR and 0.64 mol of
35S-labeled sulfide/mol of MCR were activated. The samples
were then applied to a Penefsky-type gel filtration column,
and the amount of remainiriS-label was determined. After
activation, the amount of MCR and MCReq; present was
0.05 and 0.65 spin/mol of MCR, respectively, indicating that
conversion of the MCR; to the MCReq: is nearly quantita-
tive. After gel filtration, the amount ofS-labeled sulfide

The sulfide adduct was shown to be released from MCR had decreased to 0.40.13 mole/mol of MCR in both

during the reductive activation of MGR to0 MCReq1. Two
samples of MCR fromMb. thermoautotrophicungstrain

samples. The amount &fS-sulfide bound to MCR in a
control sample (with 0.69 mol ofS-sulfide/mol of MCR)
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1.0 1.0 be displaced during activation or catalytic turnover. Sodium
sulfide and sodium sulfite were selected since they could
mimic the two “faces” of CoM by providing two different
liganding interactions with Ni, a sulfur and an oxygen,
respectively. Sodium sulfide and sulfite have also been
shown to readily enter growing cells (e.¢4b. thermoau-
totrophicumstrainAH) (43). Although this strategy seemed
plausible, we were surprised to observe the MgRnd
MCR.x EPR signals when whole cells were treated with
sodium sulfide and sodium sulfite, respectively. A high
proportion of the enzyme was converted to the MgGRorm
in both Ms. thermophilaand Mb. thermoautotrophicum
(strain Marburg), ranging 0-40.5 and 0.6-0.8 spin/mol of
MCR, respectively. The correlation between the amount of
0.0 353-label and MCR; present in the purified MCRs d¥ls.

thermophilaand Mb. thermoautotrophicuncells strongly

suggests that sulfide ligates to the Ni site ig)F Some other

. ) possible causes for the formation of the Mg Bates besides

f;gﬂ;ge?l' (s%ﬁ;;?(ljattl)(;rr]s?fi:lhillzci:rlgogB:ifci)gjwfcﬁoﬁnxr(lg??ﬁe?r?{g;))rﬁ{;j the ligation of sulfide or sulfite to the Ni inJs MCR were
(preparation 2) andvib. thermoautotrophicungstrain Marburg) ~ fuled out. For example, itis clear that changes in pH during
(preparations 1 and 3). For each preparation of MCR the amountthe treatment of the whole cells are not responsible for the
of MCR,« Was quantitated by EPR spectroscopy and the amount stabilization of MCR,; and MCRy,. Furthermore, changes
of 3°S-label was determined by scintillation counting. EPR experi- 14t occur in the redox potential of the cell medium when

mental conditions: temperature, 120 K; microwave power, 1.26 . . . .
mW: microwave frequency, 9.43 GHz; receiver gainx210: sulfide or sulfite are added are unlikely to play a role since

modulation amplitude, 12.8 G; modulation frequency 100 kHz. MCRox. can also be formed by treating whole cells with
sodium dithionite (data not shown). Measurement of the
that was not activated did not decrease after passage throughedox potential of the growth cell medium poised by 20 mM
a Penefsky desalting column. Therefore, activation of MCR sodium dithionite showed that it was 0.23 V more negative
appears to displace the sulfide (e.g., from the Ni) which can than that poised by 20 mM sodium sulfite in the cell medium.
then be removed from MCR by gel filtration. This resultis Thus, MCRy. can be stabilized at two drastically different
consistent with earlier studies of Ni model compounds in cell culture redox potentials. These observations suggests
which it has been shown that Ni(l)4% prefers a four- that the changes that occur in the redox potential of the cell

0.8 - 0.8

0.6 -

- 0.6

0.4 + - 0.4

MCR , spin per mole of MCR
35S-labeled sulfide per mole of MCR

0.2

0.0 [—%

Different Preparations of MCR

- 0.2

coordinate square planar geomet8d 40. medium are not solely responsible for the formation of
MCRox2, a result that may also pertain to MGIR
DISCUSSION The generation of MCR; by sodium sulfide treatment

of growing cells was also successful with/80O,-grownMb.

The most acute and persistent problem in studying the thermoautotrophicum We project that it will be applicable
catalytic mechanism of methane formation by MCR has been g other methanogens. Interestingly, the addition of sulfide
the enZyme'S low aCtIVIty It has seemed fruitless to consider to cell extracts or puriﬁed enzyme did not generate the
mechanistic studies on an enzyme with less than 1% activity. MCR,,, state, indicating the existence of an enzymatic
Our efforts to overcome this problem have been guided by process that promotes NB formation in vivo. Presumably
two important conclusions of the work of Goubeaud et al. thjs is a labile system that is disrupted upon cell lysis.
(1997): (i) the MCR, state was stable enough to be purified,  Qur results demonstrate that the MGRstate of the
and (i) MCRya could be reduced in vitro to the active enzyme that is generated by sulfide additiorMs. thermo-
MCRieq: State @1). Thus, our objective was to find a way  phila andMb. thermoautotrophicurstrain Marburg) grow-
to optimize the amount of MC&, from Ms. thermophila  jng cells can be nearly quantitatively converted to the
Unfortunately, the protocol of changing the feed gas from \CR,.q, state. We propose the “MGR state” can be
H2/CO; to No/CO; before harvesting the cells could not be  referred to as a “ready state” (Scheme 1) in analogy to the
extended taVis. thermophila Therefore, it was necessary  terminology used in classifying the different forms of the
to deVelOp an alternaUVe protqcol that was usefu”ﬁB. Ni_Containing hydrogenasé@_ This termino'ogy was also
thermophilaand generally applicable. used earlier in describing the activation of MCRLY.

We conceived that one possible strategy was to induce It will be interesting to know if the MCR; state generated
the MCRy, form by controlling the Ni ligation state of4ky by sulfide treatment oMs. thermophileandMb. thermoau-
in MCR. It had been suggested that ligand exchange at thetotrophicum(strain Marburg) is analogous to the MGR
sixth axial position of Ni in k30 is enhanced if a strongly  state formed ifMb. thermoautotrophicurby replacing the
coordinating fifth axial ligand is presen#]). Resonance feed gas with YCO, (21). EPR spectra are highly sensitive
Raman studies of model compounds also demonstrated thato the environment, including the ligation state. The similar
subtle changes in the structure of the nickel tetrapyrrolic EPR spectra and activation properties of MCR obtained by
macrocycle can substantially alter ligand affinity and reactiv- the two protocols suggests that the M&Rstate may be a
ity (42). Thus, we decided to tredfls. thermophilawith Ni-thiol adduct in both cases. For the MgRfrom Mb.
different ligands that could plausibly enter the cells and thermoautotrophicumthis mercapto-ligand may be sulfide
coordinate to the Ni in MCR, but still be labile enough to (the cells are grown with~ 0.1% HS in the medium) or
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tightly bound HS-CoM. In summary, the discovery of an alternative method for
Scheme 1 is a proposed activation mechanism for MCR Preparing the MCR. ready state that can be converted to

from Ms. thermophila MCRoy is defined as a ready state the MCReql active state will help make investigations into

and MCR.4; as an active state. This scheme is similar to the catalytic mechanism o_f methane formation from methyl-

an activation mechanism proposed earlier that included SCOM and HS-CoB feasible. The ready state appears to

“inactive” Ni(ll), “ready”, and “active” MCR statesl(1). We contz_;un a N1—S_ bo_nd although further_ e>_<per|ments are

have formulated the ready state as Ni(lll) because conversion"@quired to confirm if a mercapto group is ligated to the Ni

of MCRoy1 to MCReeq: requires reduction, although it is still N MCR,. Activation of MCR may labilize this proposed

not conclusively known whether MGR contains Ni(l) or ~ Ni—S bond.

Ni(lll) (22). Ti(lll) citrate could function by either reducing

Ni(lll) to Ni(l) or by reducing a ligand of a Ni(l) species ACKNOWLEDGMENT

(21). Thus, conversion of MCE; to MCRq1 iS proposed We thank Prof. Rolf Thauer and Dr. Marcel Goubeaud

to involve a two electron reduction and displacement of the for their helpful comments and for sharing a copy of their

axial ligand to form a four-coordinate Ni(l) state. On the manuscript21) four months prior to publication during the

basis of EPR and ENDOR studies of the Ni(l) form of development of this protocol for generating MGR

uncomplexed ko, it was concluded that there are no axial

ligands in this redox statet(). One issue is why only the NOTE ADDED IN PROOF

MCR.x; State can undergo reductive activation. The results While this paper was under review, a high resolution

from the experiments witfi*S-labeled sulfide suggest that .y sta| structure of thilb. thermoautotrophicurMCR was
the sulfide ligand can be displaced during activation allowing published [Ermler, U., Grabarse, W., Shima, S., Goubeaud

formation of the four-coordinate Ni(l) state. We surmise a1 and Thauer. R. K. (19973 cience 2781457-1462)].
that the Ni active site is inaccessible to substrate (or BPS) ’
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