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The ability of hydrolytic products of coenzyme F.y, to substitute for F,z in the
hydrogenase and nicotinamide adenine dinucleotide phosphate-linked hydrogen-
ase systems of Methanobacterium strain M.o.H. was kinetically determined. The
nicotinamide adenine dinucleotide phosphate-linked hydrogenase system was
employed to quantitate the levels of Fyz in a number of methanogenic bacteria as
well as in some nonmethanogens. Methanobacterium ruminantium and Meth-
anosarcina barkeri contained low levels of F,., whereas other methanogens
tested contained high levels (100 to 400 mg/kg of cells). Fy. from six of the seven
methanogens was tested by thin-layer electrophoresis and was found to be
electrophoretically identical to that purified from Methanobacterium strain
M.o.H. The only exception was M. barkeri, which contained a more electroneg-
ative derivative of Fy. Acetobacterium woodii, Escherichia coli, and yeast
extract contained no compounds able to substitute for F,s in the nicotinamide

adenine dinucleotide phosphate-linked hydrogenase system.

Structures have been proposed recently for
the unique electron carrier coenzyme F., and
some of its derivatives (9). These structures are
shown in Fig. 1. F,, when acid hydrolyzed, loses
N-(N-vL-lactyl-y-L-glutamyl) - L-glutamic acid
(lactyl-yLGLG) to form a deaza-flavin mononu-
cleotide (a flavin mononucleotide [FMN] ana-
log), 5-(8-hydroxy-5-deazaisoalloxazin-10-yl)-
2,3,4-trihydroxypentyl phosphate (F+). The de-
phosphorylated derivative of F+, 8-hydroxy-10-
(2,3,4,5-tetrahydroxypentyl) - 5-deazaisoalloxa-
zine (FO), also i1s formed during hydrolysis. An-
other derivative of F.,, 8-hydroxy-10-formyl-
methyl-5-deazaisoalloxazine (PA), is formed
during the periodate oxidation of F.

Fy, was first purified from Methanobacterium
strain M.o.H. and was partially characterized by
Cheeseman et al. (6). It now has been purified
from Methanobacterium ruminantium strain
PS (19), Methanobacterium thermoautotroph-
icum (22), and Methanospirillum hungatii (11).
Tzeng et al. (19) reported the presence of an
Fi:-dependent NADP-linked hydrogenase sys-
tem (19) and an Fi»-dependent formate hydro-
genlyase system (18) in cell extracts of M. ru-
minantium PS. Methanospirillum hungatii was
found by Ferry and Wolfe (11) to possess a
similar, if not identical, formate hydrogenlyase
system. Both colonies (8) and cells (7, 15) of

1 Present address: Department of Biology, Portland State
University, Portland, OR 97207.

methanogens exhibit a bright blue-green fluores-
cence when illuminated with long-wavelength
UV light. The fluorescence is partially due to
high levels of oxidized F» formed during active
metabolism (8) and has been employed as a
preliminary screening technique for the isolation
and identification of methanogenic organisms.
We report here results of studies in which we
have compared the biological activities of Faz,
its derivatives, and its structural analogues,
FMN and flavin adenine dinucleotide (FAD), by
employing the hydrogenase and NADP-linked
hydrogenase system of Methanobacterium
strain M.o.H. A number of different organisms
also have been tested, both qualitatively and
quantitatively, for the presence of F.

MATERIALS AND METHODS

Cultivation of organisms. Unless stated other-
wise, all the organisms listed below were mass cultured
by the general procedure described previously (3).
Methanobacterium strain M.o.H. was grown as de-
scribed by Taylor and Wolfe (17). Methanobacterium
thermoautotrophicum was grown at 60°C by the pro-
cedures of Zeikus and Wolfe (22). Methanobacterium
strain M.o.H.G., which appears to be similar to strain
M.o.H. in morphology and in lack of formate catabo-
lism, was isolated by S. Schoberth from sludge; it was
grown by methods described for M. thermoautotroph-
icum except that a temperature of 40°C was used.
Methanospirillum hungatii was grown as described
by Ferry et al. (10). Methanobacterium formicicum
and Methanobacterium strain AZ were both grown in
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FiG6. 1. Structures of Fi, F+, FO, and PA.

the medium described for M. hungatii except that
NaHCO:; (6 g/liter) was substituted for Na,CO;. Cells
of Methanobacterium ruminantium strain M-1 were
grown as described by Balch and Wolfe (3). Cultures
of M. formicicum, M. hungatii, Methanobacterium
strain AZ, and M. ruminantium M-1 were maintained
and kindly supplied by W. E. Balch. Cells of Methan-
osarcina barkerit MS were kindly supplied by S. Shap-
iro, who grew the cells at 37°C on a medium consisting
of the following constituents (per liter): mineral solu-
tion no. 1 (5), 37.5 ml; mineral solution no. 2 (5), 37.5
ml; vitamin solution (20), 10 ml; trace mineral solution
(20), 10 ml; yeast extract, 2 g; Trypticase (BBL Micro-
biology Systems), 2 g; sodium acetate, 1.5 g; NaHCOs,
1.7 g; NH,4C], 0.33 g; 0.1% resazurin, 1 ml; 1% ferric
ammonium citrate, 0.25 ml; cysteine-HCl- H,0, 1.25 g;
and Na,S-9H,0, 1.25 g. The pH was adjusted to 6.5.
Cells of Methanogenium marisnigri were kindly sup-
plied by J. A. Romesser and were grown as described
by Romesser and Wolfe (16). Cells of Acetobacterium
woodii were kindly supplied by R. Tanner. The cells
were grown as described by Balch et al. (2). All of the
organisms listed above were grown on H;-CO, (80:20,
vol/vol) as the substrate (3-5). Escherichia coli strain
JK-1 was obtained from J. Konisky and was grown
aerobically in nutrient broth at 37°C.

Preparation of extracts. Cells were harvested and
cell extracts were prepared as described previously
(12). Deproteinated extracts were prepared in the

following manner. The cells were broken by means of
a French pressure cell at a pressure of 20,000 lb/in®
The broken-cell preparation (cell extract in the case
of M. hungatii) from each organism was placed in a
boiling-water bath for 15 min, cooled, and centrifuged
at 40,000 x g. The supernatant solution was collected.
The pellet was suspended in an amount of water equal
to its volume and recentrifuged. The supernatant so-
lution from each organism was pooled. All steps were
performed aerobically. Fio and other anionic com-
pounds were removed from the cell extracts by means
of anion-exchange chromatography, using a method
similar to that of Tzeng et al. (18). Cell extract (10 ml)
was applied to a DEAE-Sephadex A-25 column (10 by
1 cm) which had been equilibrated with 50 mM potas-
sium phosphate buffer, pH 7.0. The extract was eluted
at 4°C by use of the same buffer at a maximal flow
rate. The dark-brown band which passed directly
through the column was collected and immediately
placed under an atmosphere of hydrogen. This extract,
which will be referred to as DEAE-Sephadex-treated
extract, lost no Fyo-dependent NADP-linked hydro-
genase activity upon storage for 5 months at —20°C.
The protein content in extracts was estimated by the
method of Lowry et al. (14), with bovine serum albu-
min as a standard.

Enzyme assays. The reaction mixture for the hy-
drogenase assay (3.0 ml) contained 270 pmol of potas-
sium phosphate buffer (pH 7.0), 30 to 40 pmol of 2-



22 EIRICH, VOGELS, AND WOLFE

mercaptoethanol, 5 pg of protein (cell extract from
Methanobacterium strain M.o.H.), and electron ac-
ceptor as desired. The hydrogenase was extremely
sensitive to oxygen, and care was taken to maintain
anaerobic conditions during all manipulations. The
buffer was degassed and sparged for 1 h with oxygen-
free hydrogen. 2-Mercaptoethanol was added by sy-
ringe, and the buffer was dispensed into assay tubes
under a nitrogen atmosphere. Each tube was sealed
with a rubber serum stopper and flushed with hydro-
gen before the addition of the electron acceptor. The
reaction solution was saturated with hydrogen by pe-
riodic mixing throughout the 20-min gassing period.
The enzyme was added to start the reaction. Reduc-
tion rates were determined at 40°C by spectrophoto-
metrically following the decrease in absorbance at 420
nm (Fy, F+, FO, and PA) or at 445 nm (FMN and
FAD) with a modified Bausch & Lomb Spectronic 20
spectrophotometer (containing a jacketed cuvette
holder) with an attached recorder. The reaction mix-
ture for the NADP-linked hydrogenase assay (3 ml)
contained: potassium phosphate buffer (pH 8.0), 290
pmol; NADP, 250 nmol; protein (DEAE-Sephadex-
treated extract from Methanobacterium strain
M.o.H.), 1.2 mg; and electron carrier as indicated. The
addition of 10 pmol of 2-mercaptoethanol, though not
required, aided in maintaining anaerobic conditions.
The experimental procedure followed was similar to
that of the hydrogenase assay except that NADP was
added to start the reaction. The increase in absorbance
at 340 nm was followed at 40°C. The recorder was
adjusted so that a change in absorbance of 0.05 would
cause a full-scale pen deflection. Initial velocities were
determined by adjusting the chart speed to give a full-
scale pen deflection within 12.5 to 25 cm of chart
paper. Typical chart speeds varied from 2.5 cm/10 s to
2.5 cm/2 min. The initial rates were linear over the
absorbance range used. A plot of initial velocity versus
Fix0 concentration was linear from 0 to 5 ug of Fa per
3 ml of reaction mixture. A double-reciprocal plot of
initial velocity versus Fi. concentration was linear
over concentrations of Fiy from 0.7 to 20 pg/3 ml of
reaction mixture. The detection limit for Fys in the
assay was 0.1 pg. In both assay systems described, the
replacement of hydrogen with argon was used as a
control, and the results from duplicate reactions were
averaged.

The reaction mixture for the formate hydrogenlyase
assay (3 ml) contained: N-tris(hydroxymethyl)methyl-
2-aminoethane-sulfonic acid buffer (pH 7.1), 20 pmol;
sodium formate, 10 umol; protein (DEAE-cellulose-
treated extract from Methanospirillum hungatii), 1.5
mg; and Faz, 0 to 25 ug. A Warburg flask (approximate
volume, 7.0 ml), fitted with rubber serum caps at all
openings, was used as a reaction vessel. All additions
(except formate) were placed in the main compart-
ment; 50 pl of 6 M KOH was placed in the center well.
After gassing the vessel and contents with argon for
10 min and preincubating for 5 min at 40°C, an oxygen-
free solution of sodium formate was added to start the
reaction. The incubation temperature was 40°C. The
evolution of hydrogen gas was followed by assaying
50-ul gas samples at various intervals in a Packard 871
gas chromatograph which contained a silica gel col-
umn connected to an electron capture detector.
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Purification, electrophoresis, and spectro-
scopic analysis of Fyz and its derivatives. F..,
F+, FO, and PA were purified, thin-layer electropho-
retic analyses were performed, and UV-visible spectra
and pK, values (determined spectrophotometrically)
were obtained as described by Eirich et al. (9). Flu-
orescent spectra were obtained with an Aminco-Bow-
man spectrophotofluorometer employing dilute solu-
tions of the test compounds dissolved in 0.1 M sulfuric
acid, 0.1 M sodium acetate buffer (pH 3.6) and/or 0.1
M potassium phosphate buffer (pH 6.7), and 0.1 M
sodium hydroxide.

RESULTS

Spectrophotometric comparisons be-
tween Fyy and its derivatives. Even though
structurally different, Fy and its hydrolysis
products, F+ and FO, demonstrated spectral
properties which were similar with respect to
pK. values, absorption maxima, extinction coef-
ficients, and fluorescence activation and emis-
sion maxima and intensities (Tables 1 and 2).
The absorption maxima of F+ and FO were
similar to those reported (9) for Fis, but the
extinction coefficients were 15% lower, probably
as a result of an interference of the lactyl-yYLGLG
moiety with the ring system. The fluorescence
spectra of the three compounds were similar
within the limits of the accuracy of the measure-
ments (Table 2 and Fig. 2). The periodate oxi-
dation product of Fys, PA, however, was found
to differ in many of its spectral properties and
exhibited only two pK, values. Reduced Fuy
exhibited a UV-visible absorption spectrum very
similar to that of 1,5-dihydro-5-deazariboflavin
(9). The extinction coefficient of reduced Fy, at
320 nm amounted to about 18% of the value of
oxidized Fiy» at 420 nm, but the fluorescence
(measured with reduced F+) was only 0.75%
(Table 2 and Fig. 3). The fluorescence of the
reduced F+ disappeared almost completely on
acidification of this compound. The reduced
product formed by the hydrogenase-H, system
was not readily oxidized by oxygen in the ab-
sence of enzymatically active cell extract.

Hydrogenase assay. To compare the biolog-
ical activities of Fyy, its derivatives, and its an-
alogs, FMN and FAD, we used a spectrophoto-
metric hydrogenase assay. The assay took ad-
vantage of the fact that these compounds lose
their long-wavelength absorption maxima upon
reduction. The hydrogenase was found to have
an apparent K, for Fy of 25 uM but exhibited
a much higher value of 100 uM for F+ and FO
(Fig. 4A). Vi amounted to 8 umol of electron
acceptor reduced per min per mg of protein. An
eightfold-greater apparent K,, (200 uM) was ob-
served for FMN (Fig. 4B). A stimulation of the
rate of reduction of FAD was observed when the
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TABLE 1. UV-visible spectral properties and pK, values of F+, FO, and PA

Compound pH Amax (nm) pK.
F+ and FO 0.1 375 (25.1)% 267 (17.2); 250 (18.5); 230 (31.9)
4.0 395 (23.2); 385sh” (22.0); 267 (22.3); 250 (21.6); 234 1.8 +0.1
(35.7)
9.9 420 (39.3); 295 (11.0); 267 (22.2); 247 (32.5) 6.1 0.2
13.0 420 (44.1); 290 (9.9); 245 (45.8) 11.7 £ 0.2
PA 2.0 380 (23.4); 267 (13.3); 247 (18.1); 230 (27.2) 44 0.2
7.0 418 (22.8); 292 (13.4); 240 (24.6) 8.6 0.3
12.9 417 (27.7); 286 (12.8); 239 (34.3)

“ € values (millimolar™' centimeter™') are given in parentheses.

® sh, Shoulder.

TABLE 2. Fluorescence spectral properties of Fyy
and its derivatives

Fluorescence emission®

Compound pH Maximum Relative
wavelength intensity
(nm) (%)
Fix, F+, and FO 0.7 495 (375)° 42
36 {450 (395) 35
’ 470 (395) 36

9.2 480 (420)

13.0 475 (420) 90
Reduced F+ 6.8 390 (320) 0.8
PA 0.7 480 (380) 36

6.7 485 (418) 44
13.0 480 (418) 64

? The wavelengths may deviate 5 nm and the inten-
sities may deviate 10% of the actual values.

® Numbers given in parentheses are activation
wavelengths given in nanometers.

concentration of FAD was increased. This stim-
ulation was greatest in the lower concentration
ranges (less than 25 pM). For this reason an
accurate value for the apparent K, was not
measurable. However, rates similar to those of
FMN were observed within the concentration
range employed for the assay. PA was not re-
duced under the given conditions. The artificial
electron acceptors methylene blue and methyl
viologen were reduced, although the kinetics of
these reactions were not studied.

Figure 5 shows a pH titration of the long-
wavelength absorption maxima of Fyz. This fig-
ure indicates that, when the pH was changed
from 8.5 to 5.0, an absorption peak at 395 nm
appeared concomitantly with the loss of the 420-
nm absorption maximum. An apparent isosbes-
tic point was found at 401 nm. For spectropho-

fluorescence (o)
—-—=pH137
——pH 6.2
—--pH33

activation

emission

200 300 100 500
wavelength (nm)
Fi1G. 2. Fluorescence spectra of F+ obtained at the
indicated pH values. The fluorescence intensities are
compared with the fluorescence emission (which was
assigned a value of 100%) of an equimolar concentra-
tion at pH 9.2. The emission wavelength (for the
activation spectra) and the activation wavelength (for
the emission spectra) were the same as those shown
in Table 2. The spectra at the extreme left are acti-
vation spectra obtained at a higher sensitivity than
those on the right.

tometric comparison of the hydrogenase activi-
ties at various pH values, it would therefore be
best to follow the loss in absorbance of Fu at
401 nm, rather than at 420 nm.

NADP-linked hydrogenase assay. Tzeng
et al. (19) developed a spectrophotometric assay
for the NADP-linked hydrogenase system which
involved the Faix-mediated reduction of NADP
by hydrogen, resulting in an increase in the
absorbance at 340 nm. A similar spectrophoto-
metric assay was employed to study some fea-
tures of the NADP-linked hydrogenase system
from Methanobacterium strain M.o.H.

A temperature optimum of 40°C was deter-
mined for this system. However, 85% of the
maximal activity was found at 28°C and 68%
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Fic. 3. Fluorescence spectrum of reduced F+. The
fluorescence intensities are compared with the values
of the emission of oxidized Fy at pH 9.2. F+ was
reduced under an atmosphere of hydrogen by the
hydrogenase of Methanobacterium strain M.o.H. at
pH 6.8. Conditions for obtaining spectral data were
the same as noted in Fig. 2 and Table 2.
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was at 60°C. A pH optimum of about 8 was
found by use of K,HPO,-KH,PO, buffers be-
tween pH 5.8 and 8.5. The effect of varying the
pH was similar to that found by Tzeng et al. (19)
for the same system in M. ruminantium PS.

The apparent K, values for Fu, F+, and FO
were found to be 27, 110, and 44 uM, respectively
(Fig. 4D). V...« amounted to 0.18 pumol of NADP
reduced per min per mg of protein. PA was not
reduced by hydrogenase and was found also to
be inactive in the NADP-linked hydrogenase
system. Neither FMN nor FAD was found to be
active in this system. No activity was observed
when Fi, NADP, or hydrogen was omitted
from the reaction mixture.

Since the NADP-linked hydrogenase system
was quite specific for Fuy or its closely related
derivatives, F+ and FO, it was employed to
quantitate the amounts of Fi in various meth-
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Fi16. 4. Kinetic studies with Fi, F+, FO, FMN, and FAD. (A) Comparison of the concentration-dependent
rates of reduction of Fin, F+, and FO by hydrogenase. The assay for the hydrogenase was performed as
described in Materials and Methods. The rate of reduction of Fix, F+, and FO was determined at 40°C by
spectrophotometrically following the decrease in absorbance at 420 nm. (B) Comparison of the concentration-
dependent rates of reduction of Fv, FMN, and FAD by hydrogenase. (C) Effect of Fix concentration on the
rate of hydrogen evolution by the formate hydrogenlyase system. (D) Comparison of the rates of reduction of
NADP by the NADP-linked hydrogenase system using Fi., F+, and FO as electron carrier. The assay was
performed as described in Materials and Methods.
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Fi16. 5. Effect of pH on the absorbance of oxidized
Fix. Absorption spectra of Fix at the indicated pH
values were obtained on a Cary 14 recording spectro-
photometer by R. P. Gunsalus. A potassium phos-
phate buffer (100 mM) was employed.

anogens (Table 3). The results demonstrated
that Fy» was present in all the methanogenic
organisms tested. Most of the organisms con-
tained relatively high levels, i.e., greater than
150 mg/kg of cells (wet weight). However, two
species, Methanosarcina barkeri and Methan-
obacterium ruminantium M-1, were found to
have very low amounts (less than 20 mg/kg of
cells). Neither Escherichia coli nor Acetobac-
terium woodii, a gram-positive anaerobe, was
found to contain measurable levels of F,»,. Yeast
extract contained nothing which would substi-
tute for Fyz in this system (results not shown).

By employing thin-layer electrophoresis at pH
4.4, Fyo, F+, FO, and PA were separated and
identified easily (9). This method was chosen to
determine whether the activity that one sees
with crude preparations is due to Faz or to one
of its derivatives. Preparations of Fg, from
Methanobacterium strain M.o.H. and strain
M.o.H.G., M. ruminantium M-1, M. thermoau-
totrophicum, M. hungatii, and M. formicicum
exhibited a similar electrophoretic mobility (5.9
cm to the anode), whereas Fyz from M. barkeri
was more negatively charged at pH 4.4 (7.5 cm
to the anode). This compound was not F+, FO,
or PA, and a partially purified preparation was
found to substitute for F,z in the NADP-linked
hydrogenase system; no furcher studies were
made to elucidate its structure.

Formate hydrogenlyase. Tzeng et al. (18)
reported that extracts of M. ruminantium PS
exhibited F4,-dependent ‘ormate hydrogenlyase
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activity. The electrons from reduced F4y that
were formed in this reaction could also be used
to reduce NADP. Ferry and Wolfe (11) have
reported that Methanospirillum hungatii also
exhibited F4,-dependent formate hydrogenlyase
activity. A gas chromatographic assay was em-
ployed to measure the formate hydrogenlyase
activity of DEAE-cellulose-treated extracts of
M. hungatii. The results presented in Fig. 4C
indicate that this system has an apparent K,, of
45.5 uM for Fiz. Vimax amounted to 0.2 pmol of
H. produced per min per mg of protein. No
activity was observed if Fsy or formate was
removed from the reaction mixture.

DISCUSSION

Since the lactyl-yLGLG moiety of F4 proba-
bly plays a role when the coenzyme interacts
with the enzyme, it was not surprising to find
that the apparent K,, in the hydrogenase assay
for F+ and FO was about fourfold higher than
the value for Fyy of 25 uM. The NADP-linked
hydrogenase system also showed a fourfold-
higher apparent K,, for F+ but only a slightly
higher apparent K,, for FO than for Fis. The
two negative charges on the phosphate group of
F+ appear to have a negative effect on the

TaBLE 3. Content of F. in different species"

Amt of
Amt of  Fuo/k
Test organism Cell mass Fiofound  of c/el{Z
tested (mg)
(ug) mass
(mg)
Methanobacterium
strain M.o.H. 40.6 16.7 410
Methanobacterium
strain M.o.H.G. 375 8.5 226
Methanobacterium
thermoautotroph-
icum 47.6 15.4 324
Methanobacterium for-
micicum 32.1 6.6 206
Methanospirillum hun-
gatii 417 13.3 319
Methanogenium maris-
nigri 54.0 6.4 120
Methanobacterium
strain AZ 38.6 11.8 306
Methanobacterium
ruminantium M-1 109.0 0.6 6
Methanosarcina bar-
keri 70.0 1.1 16
Acetobacterium woodil 54.1 <0.1 <2
Escherichia coli JK-1 36.1 <0.1 <3

“ Deproteinated extracts were prepared as described
in Materials and Methods and were assayed for the
presence of Fiz by use of the NADP-linked hydrogen-
ase system of Methanobacterium strain M.o.H.; cell
masses were wet-weight determinations. The detec-
tion limit for F,. in this assay is 100 ng.
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interaction of F+ with the Fy0:NADP oxidore-
ductase. FO, which has lost this highly charged
group, seems to react with the enzyme nearly as
well as Fyy does. The fact that PA did not act as
an electron acceptor from hydrogenase is of in-
terest. Perhaps the carbonyl group on the side
chain prevents this compound from interacting
properly with the active site of the enzyme.

Tzeng et al. (19) found that FMN and FAD
were reduced by the hydrogenase of M. rumi-
nantium PS but were unable to donate electrons
for the reduction of NADP. When FMN and
FAD were tested for their ability to substitute
for Fy» in the hydrogenase and NADP-linked
hydrogenase assays of strain M.o.H., a similar
observation was made. The apparent K,, of hy-
drogenase for FMN was approximately eight
times larger than that for Fy,. Both FAD and
FMN were unable to substitute for Fys in the
NADP-linked hydrogenase system. In addition
to structural differences, perhaps there is rele-
vance in the fact that the redox potential for
FMN and FAD (13) is much different than that
for Fy (9). The formate hydrogenlyase system
of M. hungatii also was found to have a low
apparent K, for Fy.

Since the UV-visible and fluorescent spectral
properties of Fyy, F+, and FO are almost iden-
tical, spectral properties alone are insufficient to
distinguish the compounds. For this reason we
employed thin-layer electrophoresis to distin-
guish Faz from its derivatives. It was found that
M. thermoautotrophicum, M. formicicum, M.
ruminantium M-1, Methanobacterium strain
M.o.H.G., and M. hungatii all contain a blue
fluorescent compound that is electrophoretically
identical to Fyz from strain M.o.H. M. barkeri
was found to contain a similar compound that
had a significantly different electrophoretic mo-
bility from that of Fi,. This compound, when
partially purified, was active in the NADP-
linked hydrogenase system, indicating its close
relationship to Fi. Since it was found to be
more negatively charged than Fu, at pH 4.4, it
may be a polyglutamate derivative of F.,), as is
found with some natural folic acid derivatives.

With the exception of M. ruminantium M-1
and M. barkeri, all the methanogens tested were
found to contain high levels of Fy,, as deter-
mined by the NADP-linked hydrogenase sys-
tem. The levels of Fy. in these two species were
from 20 to 40 times lower than for other meth-
anogens. Since the different electrophoretic
properties of Faiy from M. barkeri probably re-
flect a structural difference in the molecule, it is
possible that Fqz from this organism may not be
as reactive in the enzymatic assay; the levels of
Fi20 detected in M. barkeri could be artificially
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low. According to the results of Tzeng et al. (19),
M. ruminantium PS also contains low levels of
F. We have no explanation for this wide vari-
ability.

Balch et al. (1) have shown by means of 16S
rRNA oligonucleotide catalogue comparisons
that the methanogens are phylogenetically dis-
tant from typical procaryotes. Although a large
number of organisms have not as yet been
screened for the presence of Fyy, present obser-
vations of Fu support this concept; detectable
levels of Fys0 have not been found in Clostridium
pasteurtanum (19), E. coli, Acetobacterium
woodil, or in yeast extract. In addition, no com-
pound with similar properties has been reported
for any organism except the methanogens.

ACKNOWLEDGMENTS

The assistance of Victor Gabriel in the mass culture of
Methanobacterium is gratefully acknowledged. We thank R.
P. Gunsalus for providing the results presented in Fig. 5.

These studies were supported by National Science Foun-
dation grant PCM 76-02652.

LITERATURE CITED

1. Balch, W. E,, L. J. Magrum, G. E. Fox, R. S. Wolfe,
and C. R. Woese. 1977. An ancient divergence among
the bacteria. J. Mol. Evol. 9:305-311.

. Balch, W. E., S. Schoberth, R. S. Tanner, and R. S.
Wolfe. 1977. Acetobacterium, a new genus of hydrogen-
oxidizing carbon dioxide-reducing anaerobic bacteria.
Int. J. Syst. Bacteriol. 27:355-361.

3. Balch, W. E,, and R. S. Wolfe. 1976. New approach to
the cultivation of methanogenic bacteria: 2-mercapto-
ethanesulfonic acid (HS-CoM)-dependent growth of
Methanobacterium ruminantium in a pressurized at-
mosphere. Appl. Environ. Microbiol. 32:781-791.

4. Bryant, M. P, B. C. McBride, and R. S. Wolfe. 1968.
Hydrogen oxidizing methane bacteria. I. Cultivation
and methanogenesis. J. Bacteriol. 95:1118-1123.

5. Bryant, M. P, and J. M. Robinson. 1961. An improved
nonselective culture medium for ruminal bacteria and
its use in determininig diurnal variation in numbers of
bacteria in the rumen. J. Dairy Sci. 44:1446-1456.

6. Cheeseman, P., A. Toms-Wood, and R. S. Wolfe. 1972.
Isolation and properties of a fluorescent compound,
Factor 420, from Methanobacterium strain M.o.H. .J.
Bacteriol. 112:527-531.

. Doddema, H. J., and G. D. Vogels. 1978. Improved
identification of methanogenic bacteria by fluorescence
microscopy. Appl. Environ. Microbiol. 36:752-754.

8. Edwards, T., and B. C. McBride. 1975. New method for
the isolation and identification of methanogenic bacte-
ria. Appl. Microbiol. 29:540-545.

9. Eirich, L. D., G. D. Vogels, and R. S. Wolfe. 1978.
Proposed structure for coenzyme F.. from Methano-
bacterium. Biochemistry 17:4583-4593.

10. Ferry, J. G., P. H. Smith, and R. S. Wolfe. 1974.
Methanospirillum, a new genus of methanogenic bac-
teria, and characterization of Methanospirillum hun-
gatu sp. nov. Int. J. Syst. Bacteriol. 24:465-469.

11. Ferry, J. G., and R. S. Wolfe. 1977. Nutritional and
biochemical characterization of Methanospirillum hun-
gatu. Appl. Environ. Microbiol. 34:371-376.

12. Gunsalus, R. P., and R. S. Wolfe. 1977. Stimulation of
CO. reduction to methane by methyl coenzyme M in
extracts of Methanobacterium. Biochem. Biophys. Res.
Commun. 76:790-795.

~1



VoL. 140, 1979

13. Loach, P. 1970. Oxidation-reduction potentials, absorb-
ance bands and molar absorbance of compounds used
in biochemical studies, p. J38. In H. Sober (ed.), Hand-
book of biochemistry. Chemical Rubber Publishing Co.,
Cleveland.

14. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and A. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

15. Mink, R. W., and P. R. Dugan. 1977. Tentative identi-
fication of methanogenic bacteria by fluorescence mi-
croscopy. Appl. Environ. Microbiol. 33:713-717.

16. Romesser, J. A., and R. S. Wolfe. 1979. Methanogen-
ium, a new genus of marine methanogenic bacteria and
characterization of Methanogenium cariaci and Meth-
anogenium marisnigri. Arch. Microbiol. 121:147-153.

17. Taylor, C. D., and R. S. Wolfe. 1974. A simplified assay
for coenzyme M (HSCH,CH,SO;"). J. Biol. Chem. 249:
4886-4890.

COENZYME Fi AND ITS HYDROLYTIC FRAGMENTS 27

18. Tzeng, S. F.,, M. P. Bryant, and R. S. Wolfe. 1975.
Factor 420-dependent pyridine nucleotide-linked for-
mate metabolism in Methanobacterium ruminantium.
J. Bacteriol. 121:192-196.

19. Tzeng, S. F., R. S. Wolfe, and M. P. Bryant. 1975.
Factor 420-dependent pyridine nucleotide-linked hy-
drogenase system of Methanobacterium ruminantium.
J. Bacteriol. 121:184-191.

20. Wolin, E. A.,, M. J. Wolin, and R. S. Wolfe. 1963.
Formation of methane by bacterial extracts. J. Biol.
Chem. 238:2882-2886.

21. Zeikus, J. G., G. Fuchs, W. Kenealy, and R. K.
Thauer. 1977. Oxidoreductases involved in cell carbon
synthesis of Methanobacterium thermoautotrophicum.
J. Bacteriol. 132:604-613.

22. Zeikus, J. G., and R. S. Wolfe. 1972. Methanobacterium
thermoautotrophicum sp. n., an anaerobic, autotrophic,
extreme thermophile. J. Bacteriol. 109:707-713.



