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A system for transport of coenzyme M, 2-mercaptoethanesulfonic acid
(HS-CoM), in Methanobacterium ruminani strain Ml required energy,
showed saturation kinetics, and concentrated the coenzyme against a gradient.
The process was sensitive to temperature and was maximally active at pH 7.1.
Cells took up HS-CoM at a linear rate, with a V,,,. of 312 pmol/min per mg (dry
weight) and an apparent K., of 73 nM. An intracellular pool of up to 5 mM
accumulated which was not exchangeable with the medium. Uptake required
both hydrogen and carbon dioxide; it was inhibited by 02. Bromoethanesulfonic
acid (BrCH2CH2SO31), a potent inhibitor of methanogenesis in cell-free extracts,
inhibited both uptake and methane production. Results of inhibitor studies with
derivatives and analogs of the coenzyme showed that the specificity of the carrier
is restricted to a limited range of thioether, thioester, and thiocarbonate deriva-
tives. 2-(Methylthio)ethanesulfonic acid (CH-S-SCoM) showed an apparent K,
for HS-CoM uptake of 15 nM, being taken up itself with a V. of 320 pmol/min
per mg (dry weight) and an apparent K. of 50 nM. An analysis of intracellular
pools after HS-CoM uptake indicated that the predominant forms are a heter-
odisulfide of unknown composition and CH3-S-CoM.

The discovery of 2-mercaptoethanesulfonic
acid (HS-CoM) as a coenzyme for methyl-
ransfer reactions in methanogens (16) led to the
development of a bioassay for the cofactor,
Methanobacterium ruminantium strain Ml has
an obligate growth requirement for the coen-
zyme (15). The bioassay is both sensitive and
quantitative, showing a half-mnximal growth
yield at 25 nM, a level typical of other vitamin
bioassays (1). In a previous communication
Balch and Wolfe defined the structural specific-
ity of the coenzyme for growth of strain Ml (2).
Ofthe compounds tested, only a restricted range
of thioether, thioester, and thiocarbonate deriv-
atives of the coenzyme M were found to replace
the cofactor requirement on an equimolar basis.
In addition, BrCH2CH2SO3, a potent inhibitor
of methane production from 2-(methyl-
thio)ethanesulfonic acid (CHs-S-CoM) in cell
extracts of M. thermoautotrophicum (8), was
found to inhibit the growth response of strain
Ml to the coenzyme.

Considerable interest has appeared in the past
several years in the uptake and metabolism of
micronutrients by bacteria. In particular, studies
of vitamin Bs (9, 10, 12), B12 (3, 6), and folate
(13) have delineated the range oftransport proc-
esses available to the cell. The present commu-
nication describes a characterization of uptake
and metabolism ofcoenzymeM by M. ruminan-

tium Ml. These studies represent the first at-
tempt to define the properties of a carrier-me-
diated process in such strict anaerobes.

MATERIALS AND METHODS
Organims and growth conditions. M. ruminan-

tium Ml was kindly provided by M. P. Bryant, De-
partment of Dairy Science, University of Illinois, Ur-
bana. Other or were obtained as described
previously (2). Culture medium, anaerobic procedures,
and growth conditions were as described by Balch and
Wolfe (1, 2). Cells for transport assays were routinely
cultured in a 125-ml serum vial (Wheaton Scientific,
Millville, N.J.) in 10 ml of medium at 2 atm of pressure
of an 80% hydrogen-20% carbon dioxide gas mixture,
or in 100 ml of medium in a 1-liter bottle (no. 219760,
Wheaton Scientific) modified to accommodate syringe
injection (Fig. 1). After steflization, the atmosphere
in the large bottle was pressurized to 2 atm with the
gas mixture. The medium in each bottle, when inocu-
lated, was incubated at 39°C in a rotary-shaker water
bath at 120 rpm. For safety the large culture bottle
was placed inside a cylindrical stainless-steel petri-
dish container which had an opening (3.5 cm in di-
ameter) in the bottom to allow for ciculation of water
and a simila opening in the top, providing access to
the serum top. (The large bottle specified above has a
special design which provides the rigidity required for
this procedure. We advise that other bottles should
not be used for this technique.) Growth was measured
at 660 nm with a Bausch & Lomb Spectronic 20
spectrophotometer; an 18-mm light path was used.
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Cell water content was determined by the method of
Winkler and Wilson (17) with 14C-labeled starch (spe-
cific activity, 15.2 mCi/mg).
Measurement of uptake. Cells of a mid-logarith-

mic culture (Awo, 0.4 to 0.8) which had been grown in
the presence of 100 ng of HS-CoM per ml (630 nM)
were used for transport assays without harvesting and
washing. A 2- to 5-ml amount of culture was trans-
ferred with a Glaspak disposable syringe (Becton,
Dickinson & Co., Rutherford, N.J.) to a 30-ml serum
vial which contained an 80% hydrogen-20% carbon
dioxide gas mixture at 1 atm of pressure. Prior to
initiation of the assay, each cell suspension was prein-
cubated for 15 min at 41°C in a reciprocal shaking
water bath (120 strokes/min) to allow for gas equili-
bration. Uptake was initiated by addition of labeled
substrate. At each time period a measured sample of
0.5 to 1.0 ml was removed from the assay vial with a
syringe. The sample was added to a membrane filter
of 0.22 um pore size (Millipore Corp., Bedford, Mass.).
Cells were vacuum-filtered from the assay mixture and
washed twice at room temperature with 2.5-ml por-
tions of a mineral salts buffer (pH 7.1) which contained
(g/liter): KH2PO4, 2.2; K2HPO4, 6.1; (NH4)2SO4, 0.45;
NaCl, 0.9; MgSO4.7H20, 0.18; and CaCl2.2H20, 0.012.
This procedure is referred to as the filter assay. For
kinetic experiments a rapid-dilution assay was used. A
measured 0.5- to 1.0-ml portion was transferred at
each time interval (0.5, 1.0, and 1.5 min) to a separate
tube which contained 5 ml of mineral salts buffer and
100 ,ug of HS-CoM per ml (630 ,uM) at room temper-
ature. The contents of each tube were immediately
blended in a Vortex mixer in air for 10 s to terminate
transport. Samples were vacuum-filtered as described
above. Each membrane filter was placed in a separate
scintillation vial which contained 10 ml of Bray's so-
lution (4), and radioactivity was measured with a
Packard Tri-Carb model 3375 liquid scintillation spec-
trometer. Quenching was corrected by the channels
ratio method. Transport rates, unless specified other-
wise, are expressed as picomoles per minute per mil-
ligram (dry weight) of cells, and were calculated from
linear plots by the linear least-squares method. Liquid
additions to assay vials were not routinely degassed
unless more than 25 pl per ml of assay medium was
being added.

Synthesis of[2-3S]ammonium 2-mercaptoeth-
anesulfonate (H`S-CoM). H'S-CoM was syn-
thesized by the procedure of Gunsalus et al. (8) with
the following modifications: 2.7 mg of [3S]thiourea
(283 mCi/mmol; New England Nuclear Corp., Boston,
Mass.) was dissolved in 130 pl of absolute ethanol and
added to a 0.3-ml Reacti-Vial (Pierce Chemical Co.,
Rockford, Ill.) which contained 32.4 mg of sodium
bromoethanesulfonate and 7.5 mg of unlabeled thi-
ourea in the solid state. The mixture was refluxed for
4 h at 83°C in the sealed vial (Miniert Teflon valve,
Pierce Chemical Co.) with frequent mixing until an
observable precipitate formed. The hot ethanol was
removed with a 1-mil syringe fitted with a 25-gauge
needle. The precipitate was washed with three sepa-
rate 100-pl portions of hot ethanol (80°C). The re-
maining residue was dissolved in 92 pd of concentrated
NH40H and refluxed for 2 h at 105°C. The residue
was transferred to a small column, 4 by 80 mm (a

-Aluminum seal cap
-Aluminum seal stopper
-Aluminum seal tube -
cut-off and flanged

-Cap with 21mm dia. hole
-*4 block rubber stopper

with 09 bore hole

-I liter bottle

-2 atrm 80:20-H2:C02

Q jfj 9 )O O Oml medium

FIG. 1. Modified 1-liter storage bottle used for
growing cells in 100- to 200-mi liquid volumes at 2
atm ofpressure. The cap has a 21-mm diameter hole
to allow serum tube (no. 2048-00150, Bellco Glass,
Vineland, N.J.), which has been cut and flanged, to
protrude from the bottle. The tube is sealed in the
bottle with a no. 4 black rubber stopper with a no. 9
size hole. The tube and stopper are held in place by
screwing the bottle cap down. A black rubber stopper
(no. 2048-1180X), Bellco Glass) is crimped into place
with a one-piece aluminum seal (no. 224183, Wheaton
Scientific, Millville, N.J.).

Pasteur pipette), which contained Sephadex SP C-25
(NH4+) (Pharmacia Fine Chemicals, Inc., N.J.) equil-
ibrated with water. The sample was eluted with 2 ml
of water and lyophilized to dryness. The residue was
dissolved in 100 pl of water and applied to a cellulose
powder (CF-11) column (8 mm by 25 cm; Whatman,
Clifton, N.J.) which had been equilibrated with ace-
tone-water (16:3). Fractions which gave a positive
reaction to EUman's reagent (7) were pooled. Acetone
was removed by gentle evaporation under nitrogen,
and the sample was lyophilized to dryness. The residue
was dissolved in 200 pl of water and recrystallized by
the addition of 3 ml of diethylether. The precipitate
was collected on a Nucleopore filter (1.2 ,um; Nucleo-
pore, Pleasanton, Calif.). Identity and purity of the
product was confirmed by thin-layer chromatography
(TLC) on cellulose sheets (no. 13255, Eastman, Roch-
ester, N.Y.) in two separate solvent systems of ace-
tone-water (16:3) and acetone-water-concentrated
NH40H (16:2:1) as well as by thin-layer electropho-
resis (TLE) at pH 2.0 with formic acid-acetic
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acid-water (13:58:1,000) for 45 min at 12 mA, 400 V in
a Desaga-Binkman apparatus. A 50% yield was ob-
tained (10 mg) with a specific activity of80 mCi/mmol.

Synthesis of [2,2'-"SJammonium 2,2'-dithiodi-
ethanesulfonate (MS-CoM)2 and [2-"S]ammo-
nium 2-(methylthio)ethanesulfonate (CHs-
'S-CoM). (MS-CoM)2 and CHa-3S{CoM were
synthesized from HMS-CoM as described by Gunsa-
lus et al. (8) and were purified by CF-11 column
chromatography as described above. Other coenzyme
M derivatives and analogs used in inhibitor studies
were obtained as described previously (2, 8).

Extraction of the intracellular as pool from
cells. To determine the composition of the intracel-
lular TMS pool, cells which had taken up H3S-CoM
were harvested and washed as described in each ex-
periment. The cells were extracted at 600C in 10 ml of
methanol-water (66:33) which contained 100 pl of 0.1
M potassium phosphate buffer (pH 7.5) and 50 Al of
100 mM N-ethyhnaleimide (NEM). HS-CoM was
quantitatively derivatized by NEM under these con-
ditions. After 5 min at 600C, the precipitate, which
was devoid of radioactivity, was removed by centrifu-
gation and discarded. The supernatant solution was
flash-evaporated to dryness at 300C. The residue was
resuspended in a minimal volume of methanol-water
(66:33) and spotted on an Eastman cellulose thin-layer
sheet along with the appropriate nonradiolabeled car-
rier (20 ,Ag of each/spot). Plates were developed with
acetone-water-concentrated NH4OH (16:2.5:0.5) in
the first dimension. Where indicated, plates were dried
and subjected in the second dimension to TLE at pH
2.0 with formic acid-acetic acid-water (13:58:1,000) for
45 min at 12 mA, 400 V. Silver-fluoresceinate reagent
(14), Ellman's reagent (7), or potassium ferricyanide-
ferric chloride reagent (14) was used to visualize ap-
propriate compounds. To reduce disulfide bonds, ex-
tracts were treated with dithiothreitol (100 mM) for 4
h; under these conditions ('S-CoM)2 was quantita-
tively reduced to HMS CoM. After TLC or TLE each
plate was thoroughly dried, and an autoradiogram was
obtained by exposing Eastman Kodak NS-2T X-ray
film to the sheet for 1 to 10 days. To quantitate
radioactivity the chromatogram was cut into seg-
ments, each segment being placed in a separate scin-
tillation vial which contained 2 ml of methanol. After
15 min, 10 ml of Bray's solution (4) was added to each
vial, and radioactivity was determined as described
above.

RESULTS

Growth of organism. M. ruminantium Ml
was easily cultivated in 100- to 200-ml amounts
in the pressuized atmosphere of the 1-liter bot-
tle described in Fig. 1. Under these conditions,
cells had an average generation time of 12 to 14
h. Cells that were harvested and washed anaer-
obically once in a mineral salts buffer and resus-
pended in coenzyme-free medium showed rates
of uptake identical to that of unwashed cells.
When resuspended only in mineral salts buffer,
cells showed a depressed rate (70%) of uptake.
Identical rates of uptake were observed in celLs

for periods up to 2 h, the rate of proliferation
being too low to affect uptake ignificantly. One
absorbance unit corresponded to 0.45 mg (dry
weight)/ml when mid-logarithmic cells were
used. Cell water content was found to be 3.2 (±
0.2) p1 of cell water/mg of cell dry weight.
Time course of HS-CoM uptake. Uptake

rates of radiolabeled substrate were identical as
measured by the filter assay or the rapid-dilution
assay. Uptake ofH3S-CoM was found to occur
at an optimal rate in cells from the mid-logarith-
mic growth phase which were being cultivated
in the presence of HS-CoM at levels between
0.63 and 630 itM (Table 1). The rate of uptake
was found to be proportional to cell concentra-
tion in the range tested (50 to 1,000 ,ug of dry
weight/ml).

Figure 2 shows a typical time course of coen-
zyme uptake when cells were incubated at 410C
in the presence of excess coenzyme (50 PM).
Uptake was linear for up to 40 min, with an
average rate of 250 to 300 pmol/min per mg (dry
weight) and a range of 200 to 400 pmol/min per
mg (dry weight) for different cell preparations.
This corresponds to an average rate of 225 mol-
ecules of HS-CoM/cell per s (Table 2). Under
these conditions cells accumulated HS-CoM to
form an intracellular 'S pool against a concen-
tration gradient at least 106-fold higher than
substrate detectable in the medium. The 'S
pool was not reversibly exchangeable with the
medium or the mineral salts buffer in the pres-
ence or absence of excess unlabeled HS-CoM
(500M M).
Kinetics of HS-CoM uptake. Uptake was

concentration dependent and demonstrated sat-
uration kinetics. A linear least-squares fit of a
double reciprocal plot of uptake velocity over
the concentration range of 20 to 1,000 AM for

TABLE 1. Effect of increasing concentrations of
HS-CoM in the growth medium on uptake of

HMS-CoM by cell suspensions ofM. ruminantium
Mla

HS-CoM in medium H'S-CoM up-
take (pmol/min

Amt (jug/ml) Concn (uM) per mg, dry wt)

0.001 0.0063 195
0.01 0.0630 250
0.1 0.630 400
1.0 6.30 370

10.0 63.00 400
100.0 630.00 360

Cells were grown for 60 h in 10 ml of medium
supplemented with the indicated amounts of
HS-CoM. Harvested celLs were washed anaerobically
with 3 volumes of coenzyme-free medium and resus-
pended in 4 ml of the same medium. HIS-CoM
uptake was assayed by the rapid-dilution assay de-
scribed in Materials and Methods.
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FIG. 2. Time course of HS-CoM uptake. CeUs

were incubated in thepresence of50IJMH S-CoM,

uptake being foUowed by the filter assay. Sampls
were removed for assay at the indicated times.

TABLE 2. Uptake ofH"S-CoM by strain Ml in the
presence of limiting substrate0

A B c
Extracellu- Uptake of Intracel-Time lar HMS- H*S-CoM I Ratio

(min) COW (nmol/ml of poolb C/A
(nmol/ml of filtered cell

filtrate) suspension) (M)

0 1.18 - - -

6 0.90 0.28 410 455
12 0.55 0.63 930 1,690
18 0.27 0.93 1,360 5,037
24 <0.0005c 1.19 1,750 >10l
30 <0.0005 1.20 1,760 >10l

aCells (426 pg [dry weight]/ml, 2.5 x 10' celi/mi
by Petroff-Hausser chamber count) were pulsed with
5.88 nmol of H&-.CoM. A 1-ml amount of cell sus-
pension was transferred to a 0.22-pm membrane filter
at the indicated time intervals and washed three times.
The filtrate was collected directly into a scintillation
vial mounted beneath the filter, 5.95 nmol of 'S was
recovered in cells.

b Cell water 3.2 p1/mg (dry weight).
C No radioactivity detectable above background.

three separate experiments yielded an apparent
Km of 73 nM and a V.. of 312 pmol/min per mg
of dry weight (correlation coefficient = 0.98).

Effect of pH on uptake. HS-CoM uptake
waspH dependent, demonstrating optimal activ-
ity over a broad range (pH 6.2 to 8.0), when
short-term (3 min) preincubation conditions

were used (Fig. 3). When longer preincubation
times were used to allow for complete equilibra-
tion of the HCO3/C02 buffer (15 min), a nar-
rower pH optimum was observed from pH 6.9 to
7.8. A pH range of 7.0 to 7.2 was used routinely.
Effect of temper,ture on uptake. A sharp

temperature optimum for HS-CoM uptake was
observed at 51°C (Fig. 4). The activation energy
was calculated to be 9 kcal/mol. The transport
assay was routinely carried out at 41°C, this
being the optimal growth temperature for M.
ruminantium Ml.

Effect of gas phase on uptake. Uptake of
HS-CoM by strain Ml required both H2 and
C02 (Fig. 5). Cells incubated in the presence of
H2 alone or N2-CO2 (80:20) showed no uptake
activity. Uptake was potently inhibited by the
addition of 02 to cells that were being incubated
in the presence of H2-CO2 (80:20). Cells that
were heat-treated at 1000C for 5 min exhibited
no uptake of label. Results of preliminary exper-
iments indicated that formate replaced the hy-
drogen and carbon dioxide requirement for the
transport system.

Effect of metabolic inhibitors. Table 3 lists
the effects of metabolic inhibitors on HS-CoM
uptake. Addition of sodium azide, 2,4-dinitro-
phenol, iodoacetate, or BrCH2CH2SO3 (inhibi-
tors of methanogenesis in whole celLs, as well as
methane production from CHa-S-CoM by
methyl-coenzyme M reductase in cell extracts of

1200\

' 50_L50

pH

FIG. 3. Effect ofpH on uptake. Each ceU suspen-
sion was adjuwted to the indicatedpH with NaOH or

HCI and preincubated for 3 min (0) or 15 min (0)
prior to addition oflabeled substrate (0.5 M). Uptake
was followed with the rapid dilution assay. The pH
also was measured immediately upon completion of
each assay.

X
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FIG. 4. Effect oftemperature on uptake. Cells were
preincubated for 3 min at the indicated temperature
prior to addition oflabeled substrate (0.5 tM). Uptake
was followed with the rapid dilution assay.

M. thermoautotrophicum [8, 11]) resulted in
marked inhibition of uptake. Neither carbonyl
cyanide-m-chlorophenol hydrazone (CCCP), a
compound which renders membranes permeable
to protons, nor N,N'-dicyclohexylcarbodiimide
(DCCD), an adenosine triphosphatase inhibitor,
affected coenzyme uptake when added under
the conditions shown. Valinomycin, a compound
known to collapse membrane potentials, showed
slight inhibition of uptake.
Inhibition of uptake by derivatives and

analogs ofHS-CoM. A number of derivatives
and analogs of HS-CoM were examined for
their effect on uptake when added at a 100-fold
molar excess over that ofHS-CoM prior to the
addition of labeled substrate. The results were
as follows.

(i) The indicated percent inhibition of up-
take was observed upon addition of the follow-
ing derivatives: -OOCCH2-S-CoM, 66%;
CH3CH2-S-CoM, 78%; CH30C0-S-CoM,
84%; CHs-S-CoM, 98%; CH3CO-S-CoM,
98%; HOCH2-S-CoM, 99%; and (S-CoM)2,
99%.

(ii) No inhibition was observed with
+

(CH3)2-S-CoM, -03SCH2CH2-S-CoM, or
03SCH2CH2SCH2-S-CoM.
(iii) Addition of either one or two meth-

ylene carbons to the ethylene bridge between
the sulfide and sulfonate moieties of the co-
enzyme resulted in the following in-
hibition: HSCH2CH2CH2SO3T, 46%; HSCH2.
CH2CH2CH2SO3-, 83%.

(iv) Replacement of the sulfide moiety by

H2.

F H2: CO2

Time (min)
FIG. 5. Effect of gas phase on HS-CoM uptake.

CeUs were harvested and resuspended in coenzyme-
free medium (without formate) which contained the
indicated buffer: (b) 50 mMpotassium phosphate at
pH 7.1; (a) 50 mM NaHCO3 atpH 7.1 under an H2-
CO2 (80:20) gas mixture. Cells were transferred to
assay vials and preincubated for 15 min under the
indicated gasphaseprior to addition oflabeled sub-
strate (5 M). 02 was added to the H2-CO2 (80:20) gas
phase at 0.25 atm over-pressure. Heat-killed cells
were prepared by heating cells for 5 min at 100°.C.
Uptake was followed with the filter assay.

TABLE 3. Effect ofmetabolic inhibitorsa and
uncoupling agents on HS-CoM uptake

Inhibitor Final concn Inhibition

Sodium azide 10mM 95
Potassium cyanide 10mM 0
2,4-Dinitrophenol 1 mM 69
Iodoacetate 100 iM 88
BrCH2CH2SO3- 1 JIM 100
Br(CH2)3SO3& 10 ,uM 0

DCCDb 1 mM 0
CCCPb 10AM 0

Valinomycin 1OuM 20

a Inhibitor was added to cells 3 min prior to addition
of 0.5 AsM H*S-CoM. Uptake rate was determined
from 0.5-, 1.0-, and 1.5- min time points. Rate is
expressed relative to a control which contained no
inhibitor.

b DCCD (N,N'-dicyclohexylcarbodiimide) and
CCCP (carbonyl cyanide-m-chlorophenyl hydrazone)
dissolved in methanol. A 10-ld portion was added to 1
ml of cell suspension to give the final concentration
indicated. No inhibition was observed by addition of
methsnol alone.

1 ~ ~ ~ ~~~~~~~~~~1

, A EaC, - 9 Kcol /mole .~~~~~~~-9
/ % l~~~~~~~~~~~~~)_/D o/1v \e ;~~~~~~~-

,~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,. |
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hydroxyl, amino, hydrogen, or sulfonate func-
tional group resulted in a decreasing range of
inhibition: 49, 20, 10, and 0%, respectively.

(v) Replacement of the sulfonate moiety by a
carboxyL sulfhiydryl, or amino functional group
resulted in a decreasing range of inhibition: 61,
18, and 0%, respectively.
The effect of increasing inhibitor concentra-

tions on uptake was examined for some of the
above compounds (Fig. 6). Here, 50% inhibi-
tion of uptake occurred at a molar ratio (inhib-
itor to HS-CoM) of 0.1 for BrCH2CH2SO3 ;
1.0 for (S-CoM)2, CH3-S-CoM, and
CHCO-S-CoM; and greater than 10 for the
other derivatives and analogs tested.

Since CH3-S-CoM replaced HS-CoM on
an equimolar basis in the bioassay (1) and is an
important intermediate in methanogenesis (16),
the kinetics of its interaction with the carrier
protein were examined. As shown in Fig. 7,
CH3-S-CoM was a strong competitive inhibi-
tor of the HS-CoM transport system (Ki = 15
nM). In addition, uptake ofCH3-_S-CoM was
found to be concentration dependent and
showed saturation kinetics. A double reciprocal
plot of uptake velocity over the concentration
range of 15 to 1,000 ,uM yielded an apparent K.
of 50 nM and a Vm.. of 320 pmol/min per mg of
dry weight (correlation coefficient = 0.99). The

CH3-S-CoM transport system showed a re-
quirement for hydrogen and carbon dioxide
identical to that observed for HS-CoM. Uptake
of CH3-S-CoM was not inhibited by the ana-
logs CH3SCH2CH2NH2, CH3SCH2CH20H,
CH3S(CH2)3S03, or CH3S(CH2)4S03 when
each compound was added at a 100-fold molar
excess prior to the addition of labeled substrate.
(36S-CoM)2, which also replaced the growth
requirement for HS-CoM at one-half molar
concentration (1), was found to be taken up at a
rate one-half that of the reduced coenzyme.
Such results are in keeping with the observation
that (S-CoM)2 was unstable in the assay me-
dium which contained 0.05% cysteine, the disul-
fide being converted predominantly to the re-
duced form of the coenzyme and a heterodisul-
fide of cysteine and HS-CoM (2).
BrCH2CH2SO3 was found to be a potent in-

hibitor, of growth (2) and uptake when it was
incubated with celLs prior to the addition of
HS-CoM (Fig. 6). When HS-CoM was in-
jected 10 s prior to addition of BrCH2CH2SO3 ,
nearly a 100-fold molar excess of the inhibitor
was required to terminate uptake over a 10-min
period. A similar effect on growth was observed
(2). Since BrCH2CH2SO3 irreversibly inacti-
vates CH4 production from 0H3-S-CoM by
the intracellular methyl-coenzyme M reductase

Inhibitor Concentration

Molar Ratio (IInhibitor/H3S-coM )
FIG. 6. Inhibition of uptake by derivatives and analogs ofHS-CoM. Cells were incubated for 3 min with

the indicated level of inhibitor prior to addition of H35S-CoM (3.8 pM). Uptake was followed by taking
samples at 3, 6, 9, and 12 min. The filter assay was used and rates were determined from the linear portion
of curve. Rates are expressed relative to a control which contained no additions.
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I/HS-CoM (uMF)-I
FIG. 7. Kinetics of CH3-S-CoM inhibition of

HS-CoM uptake. CH3-S-CoM waspremixed with
HS-CoM prior to initiation of the experinent. Up-
take was initiated by addition of H3"S-CoM
(± CHa-S-CoM) to give the final concentrations
indicated. Uptake was foUowed with the rapid-dilu-
tion assay.

(8), these data suggest that the primary site of
inhibition is intracellular. As shown in Fig. 8,
preincubation of BrCH2CH2SO3- with cells for
15 min before addition of 100-fold molar excess
substrate terminated both methane production
and uptake; when the order of addition of
BrCH2CH2SO3 and HS-CoM was reversed, no
effect on uptake or CH4 production was ob-
served.
Composition of the "S intracellular pool.

Cells that had been incubated for 3, 10, 20, and
40 min in the presence of excess H'S-CoM
were filtered rapidly and extracted in the pres-
ence of NEM, a sulfhydryl trapping reagent, to
determine the distribution of 'S in the oxidized
and reduced forms of the coenzyme as well as
other metabolites (Fig. 9). Four major radioac-
tive peaks were observed. Peaks II, IV, and V
co-chromatographed with (S-CoM)2,
CH3--S-CoM, and NEM-S-CoM, respec-
tively. CH-S-CoM and peak I (Fig. 9) con-
stituted the major metabolites, NEM-S-CoM
represented less than 1% of the total radiolabel
present at 40 min. The distribution of radiolabel
in extracts obtained from cells pulsed for 10 min
with CH3g-S-CoM was very similar to that of
HmS-CoM pulsed cells (Fig. lOA and B). Treat-
ment of these extracts with 100 mM dithiothre-
itol (Fig. lOA and B) quantitatively reduced
peak I to a radiolabeled compound which comi-
grated with HS-CoM, suggesting that peak I
was a heterodisulfide. Results of two-dimen-

sional analysis of these extracts by TLC and
TLE (Table 4) may be summarized as follows.
(i) In extracts pulsed with H"S-CoM, 12% of
the total label was detectable as the reduced
form (NEM-S-CoM). The remaining 78% was
found as a heterodisulfide, CH-S--CoM, or
(S-CoM)2. Reduction of the heterodisulfide
(peak I) resulted in at least two electrophoreti-
cally distinct, strongly anionic compounds (AC-
1 and AC-2, Table 4) in addition to HS-CoM
which were not previously detected by TLC
(Fig. 10A). (ii) In extracts pulsed with
CH36-S-CoM, both NEM-S-CoM and
CH3-S-CoM were found at nearly twice the
level found in H'S-CoM pulsed cells and ac-
counted for greater than 50% of the total label
(Table 4, Fig. lOB). The heterodisulfide (peak I)
was quantitatively reduced by dithiothreitol to
a compound comigrating in both dimensions
with HS-CoM (Table 4).
Uptake of HS-CoM by other methano-

gen. The uptake activity ofmethanogens avail-
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FIG. 8. Inhibition of methane production and up-

take by BrCH2CH2SO3-. Mid-logarithmic cells were
incubated with inhibitor prior to addition of a 100-
fold molar excess ofHS-CoM. Uptake was followed
with the filter assay. CHI was determined with a
Poropak QS column in a Packard gas chromato-
graph (model no. 871) equipped with hydrogen flame
detector.
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FIG. 9. Distribution of intracellular 36S in
H36S-CoM pulsed cells. Portions of 10 ml of cells
(350 pg[dry weight]/ml) which were incubating with
H35S-CoM (5 pM) were removed at the indicated
times by use of a GasPak 10-cm3 disposable syringe.
The sample was rapidly filtered (15 8), and cells were
washed (<30 s) with two 5-mi volumes of mineral
salts buffer by use of a Swinnex 47-mm disk filter
holder (Millipore Corp., Bedfore, Mass.) fitted with a
47-mm Nucleopore membrane (0.4 pm pore size). Fil-
tered cells were extracted immediately, and a 20-,ul
portion was chromatographed in acetone-water-
concentrated NH40H (16:2.5:0.5) and counted as de-
scribed in Materials and Methods. Prior to addition
ofH35S-CoM, control cells were washed and added
to extraction buffer; then a known amount of
H35S-CoM was added to insure complete recovery
of the N-ethylmaleimide (NEM) derivative.

able in pure culture was examined. Actively
growing cells of Methanobacterium strain
M.o.H., M. ruminantium PS, M. formicicum, M.
thermoautotrophicum, M. mobile, Methanospi-
rillum hungatii, Methanosarcina barkeri,
Methanococcus strain PS, and Methanococcus
vannielii were incubated in the presence of 5
,M H3S-CoM, uptake being followed with the
filter assay. Of the 10 species examined, only
Methanospirillum hungatii demonstrated a sig-
nificant level of uptake, the rate being approxi-
mately 30% ofthat observed for strain Ml. Meth-
anobacterium mobile, a methanogen which re-
quires a growth factor found in rumen fluid, and
M. ruminantium PS, a methanogen which is
morphologically similar to strain Ml but which

.1

-ORIIN tHeterodsulfide) A

(S-CAM AC-IAC-2 HS-CoM C145-S-CoM NEM-S-CoM

1111 11

Migration Distance (cm)

urln tmfrwwrwsullus D

(S-CM )2 HS-CoM CH3-S-COM NEM-S-CoM

Migration Distance (cm)

FIG. 10. Effect of dithiothreitol (DTT) on extracts
from cells pulsed for 10 min with H35S-CoM (A) or
CH3-35S-CoM (B). Amounts of 100 ml of cells (310
pg[dry weightl/ml) were incubated with limiting la-
beled substrate (0.5 pM) to insure complete uptake in
10 min. Cells were pelleted anaerobically (15,000 x g
for 3 min) and extracted under an N2 atmosphere. A
20-,l portion of the extract was chromatographed
and counted as described in Materials and Methods.
Where indicated, extracts were incubated with 100
mM DTT prior to chromatography. The chromato-
gram was developed with acetone-water-con-
centrated NH40H (16:2.5:0.5). AC-I and AC-2 are
unidentified anionic compounds comigrating with
HS-CoM (see Table 4).
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TABLE 4. Analysis of extracts prepared from cells pulsed with CH3-3S-CoM or H3S-CoM by thin-layer
chromatography (TLC) and thin-layer electrophoresis (TLE)G
Rf H3S-CoM CHs-MS-CoM

Compoundb -DTT +DTT -DTT +DTT
TLC TLE % ofto- % ofto- % ofto- % ofto-

dpm %id dpm %ta dpm tal dpm tol

NEM-S--CoM 1.00 0.37 499 12 415 11 1,002 22 670 18
CH3-S-CoM 0.90 0.59 728 17 750 19 1,562 34 1,408 38
HS-CoM 0.74 0.78 -t - 205 6 - - 1,581 43
AC-2 0.61 1.00 - - 1,741 45 - - - -
AC-i 0.43 1.00 - - 725 19 - - - -
(S-COM)2 0.30 0.70 404 9 - - 275 6 - -

Origin 0.02 0.70 2,645 62 - - 1,717 38 - -

Total 4,276 3,836 4,556 3669

'A 100-ml amount of cells (300 pg (dry weight]/ml) was incubated with a limiting amount of labeled substrate (0.5 pM) to
insure complete uptake in 10 min. Cells were pelleted anaerobically (15,000 x g, 3 min) and extracted under an N2 atmosphere
in the presence of 5 mM N-ethylmaleimide (NEM). A 20-pi portion of concentrated extract (± dithiothreitol [DDT]) was
spotted on a cellulose sheet and developed in the first dimension in acetone-water-concentrated NH40H (16:2.5:0.5) and
subjected to electrophoresi in the second dimension at pH 2.0 formic:acetic:water (13:58:1,000) for 45 min at 12 mA, 400 V.
Spots were located; radioactivity was extracted and counted as described in Materials and Methods.
bNEM-S_CoM, N-ethylmaleimide derivatized HS-CoM; AC, anionic compound.
c R, values relative to compound with highest mobility as measured from origin.
d Percentage of total disintegrations per minute recovered from the plate.
' Not detectable.

synthesizes HS-CoM intracellularly, showed
low levels of uptake, the rate being less than 10%
of that found for strain Ml. No uptake was
observed for the other species examined.

DISCUSSION
HS-CoM uptake by M. ruminantium Ml

shows characteristics of a carrier-mediated, ac-
tive process. Uptake is dependent on energy,
pH, and temperature; it shows saturation kinet-
ics and is maintained against a concentration
gradient. An analysis ofthe intracellular 'S pool
of cells pulsed with H3S-CoM indicates that
the coenzyme is found predominantly in the
heterodisulfide, CH3-S-CoM, and (S-CoM)2
forms, only 10% being trapped by NEM after 10
min. Reduction of the heterodisulflide with di-
thiothreitol reveals two electrophoretically dis-
tinct, strongly anionic compounds (AC-1 and
AC-2) in addition to HS-CoM. In contrast,
CH3a3S{CoM pulsed cells show greater than
50% of the pool to be the NEM and methylated
forms ofthe coenzyme, the heterodisulfide being
quantitatively reduced to CoM. None of the
intracellular forms is exchangeable with the me-
dium. It is not clear whether these forms are a
result of intracellular metabolism or a product
of group translocation, in which an energy-re-
quiring process mediates cell entry through
chemical modification. If direct energy coupling
to the porter occurs, it would most likely drive
CH3-S-CoM uptake. CH-S--CoM is trans-
ported with high efficiency; it is a potent com-
petitive inhibitor of the HS-CoM carrier and
is a major stable intracellular form of
the coenzyme. Other derivatives such as

CH3CO-S-CoM may be transported with
equal facility. Use of intact vesicles of strain Ml
will be necessary to define the relationship of
energy coupling to the transported form of the
coenzyme.
The carrier-mediated uptake of HS-CoM

provides a molecular basis for study of the spec-
ificity and sensitivity of the bioassay. The ability
of strain M1 to grow in the presence of trace
levels of coenzyme M is reflected in the high
affinity of the uptake system for HS-CoM (Ki,
73 nM). This value is characteristic of other
vitamin transport systems (7, 12, 13).
CHs-S-CoM, which replaces the cofactor re-
quirement quantitatively in the bioassay, is
readily taken up by strain Ml. The inhibition of
HS-CoM uptake by other derivatives of coen-
zyme M closely parallels their activity in the
bioassay (2). The thioether, thioester, and
thiocarbonate derivatives (CH3-S-CoM,
CHaCH2-S-CoM, HOCH2-S-CoM,
CHaCO-S-CoM, and CHaOCO-S-CoM)
are inhibitors of HS-CoM uptake and stoichi-
ometrically replace the coenzyme requirement

+
in the bioassay. In contrast (CHa)2 -S-CoM,
CH2-(S-CoM)2, and -03SCH2CH2-S-CoM
have no cofactor activity and were found not to
inhibit uptake at a 100-fold molar excess. The
exception, -OOCCH2-S-CoM, inhibits uptake
significantly but lacks cofactor activity. This
may reflect the inability of intracellular enzymes
to cleave these derivatives to yield HS-CoM
(J. A. Romesser, Ph.D. thesis, University of n-
linois, Urbana, 1978).
Although no structural analogs were found to

272 BALCH AND WOLFE J. BACTRIOL.



VOL.171979TRANSPORT OF COENZYME M IN METHANOBACTERIUM 273

replace coenzyme M activity in the bioassay (2),
several showed notable inhibition of uptake. Re-
sults restrict the structural specificity of the
carrier to compounds with a terminal sulfonate
linked by an ethylene bridge to a sulfhydryl; the
latter moiety can be modified to a restricted
range of thioether, thioester, and thiocarbonate
derivatives.
BrCH2CH2S03- is a potent inhibitor ofgrowth

(2), uptake, and methane production by methyl-
coenzyme M reductase (8), an enzyme system
active in the terminal steps of methane produc-
tion from hydrogen and carbon dioxide (R. P.
Gunsalus, Ph.D. Thesis, University of Illinois,
Urbana, 1977). However, addition of HS-CoM
prior to addition of the inhibitor substantially
negates the inhibition of uptake by whole cells.
These results suggest a low affinity of the carrier
for BrCH2CH2SO3 , its primary mode of inhibi-
tion being inactivation of the intracellular meth-
ylcoenzyme M reductase. Attempts to demon-
strate a Ki for BrCH2CH2SO3 inhibition of
HS-CoM transport were not successful, but did
support the notion that the carrier has a high
binding constant for the halogenated analog.
That translocation requires a functional meth-
ylreductase is further supported by the obser-
vations that removal of either substrate, hydro-
gen or carbon dioxide, or addition of iodoacetate
or 2,4-dinitrophenol, also inhibits uptake.
Whether the enzyme system plays a role in
energy transduction or is required for other rea-
sons remains to be clarified.
Only one other methanogen exhibited a sig-

nificant level ofuptake, when compared to strain
Ml. Considering that all methanogens tested
have a significant intracellular coenzymeM pool
(2), when grown in HS-CoM-free medium, it is
not surprising that the uptake capability is not
universally expressed. Strain Ml, however, is
dependent on the exogenous coenzymeM supply
found in the rumen, presumably provided by
other methanogens. Since coenzyme M plays a
central role in the energy metabolism of these
organisms, the survival of Ml is reflected in its
unique ability to elaborate a specific, high-affin-
ity uptake system.
The culture vessel diagrammed in Fig. 1 rep-

resents a significant advance for the culture of
methanogens in 100- to 200-ml amounts. The
previously described technique (5) employed an
open system through which a sterile, anaerobic
gas atmosphere was passed. Loss of sulfide from
the culture medium introduced a variable, pro-
ducing erratic growth responses for certain
methanogens. In addition, the medium in the
flask was exposed to air during sterilization and
required reduction before it could be inoculated.
When the technique which employed a pressur-

ized atmosphere (1) was extended to the liter
bottle, all of the advantages of the serun tube
were found to apply to the bottle. This proce-
dure renders the previously used culture vessel
obsolete (5).
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