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To ascertain its physiological similarity to other methanogenic bacteria,
Methanospirillum hungatii, the type species of the genus, was characterized
nutritionally and biochemically. Good growth occurred in a medium consisting
of mineral salts, cysteine sulfide reducing buffer, and an H,-CO, (80:20)
atmosphere. Addition of amino acids and B vitamins stimulated growth. Cell-
free extracts contained methylcobalamin-coenzyme M methyltransferase, meth-
ylreductase, and formate hydrogenlyase. Cells contained coenzyme M and
coenzyme F 5. Coenzyme F,,, was required for formate hydrogenlyase activity.
Coenzyme F,,, purified from M. hungatii had identical properties to that
purified from species of Methanobacterium. The physiological basis of the
family Methanobacteriaceae is strengthened by these findings.

Methanospirillum hungatii, a recently de-
scribed methanogenic species (7, 8, 14), has
been shown by electron micrographic studies
to have unusual morphological characteristics
that clearly set it apart from all other known
organisms (8, 22). The substructure of the rigid
cell envelope is unique in its regular pattern
and lateral arrangement of the “structural ele-
ments” (22). In addition, the organism pos-
sesses a curious structure termed a “cell spacer”
that is formed between cells. The function of
this structure is unknown. At the end of each
chain of cells is the “end component,” which
may be a modified “cell spacer.” Long chains of
cells produce light and dark striations through-
out a colony, forming one of the most interest-
ing and characteristic colonies among the bac-
teria (8).

Methanogenic bacteria share physiological
and biochemical characteristics such as the
ability to anaerobically oxidize hydrogen and
reduce carbon dioxide to methane (2). Two
unique coenzymes, coenzyme M and coenzyme
F., have been shown to be involved in this
process (17-19). We were interested in learning
whether M. hungatii, which has such unusual
morphological characteristics, was similar in
its biochemical characteristics to other meth-
anogenic bacteria. We present here results
which clearly show that, although this orga-
nism is morphologically distinct, it is physio-
logically and biochemically a typical methano-
gen.

t Present address: Anaerobe Laboratory, Virginia Poly-

technic Institute and State University, Blacksburg, VA
24061.

MATERIALS AND METHODS

Media. Mineral salts medium contained the fol-
lowing constituents at the indicated final percent
composition by weight: KH,PO,, 0.021; K,HPO,,
0.021; (NH,),S0,, 0.021; NaCl, 0.042; MgSO, - 7H,O0,
0.0084; CaCl,-2H,0, 0.0056; resazurin, 0.0001;
Na,CO,, 0.4; cysteine-hydrochloride, 0.025;
Na,S-9H,0, 0.25. Before sterilization, the medium
was adjusted to pH 7.2 with HCI1. The final pH after
sterilization and equilibration with a gas mixture
of H,-CO, (80:20) was 7.0. Media used for nutritional
studies were prepared by supplementing mineral
salts medium with yeast extract (Difco), Casamino
Acids (Difco), or vitamin B solution (20).

Cultural procedures. The type strain (ATCC
27890) of M. hungatii, the type species of the genus
Methanospirillum, was used in this study; the iso-
lation and maintenance of this organism have been
described previously (8).

Nutritional studies were performed in 500-ml
anaerobic shake flasks as described by Bryant et al.
(3), with a glass sampling tube (40 by 15 mm) fitted
into the side of the flask; a rubber stopper was
inserted in the open end of the tube. The Hungate
technique (9), as modified by Bryant and Robinson
(4), was used. The flow rate of H,-CO, (80:20) was
50 ml/min, and each culture was incubated at 45°C
with shaking. Each flask contained 200 ml of me-
dium and was inoculated with a 5-ml test tube
culture previously grown in mineral salts medium.
Growth was followed by periodically removing a 3-
ml sample and measuring the absorbance at 660 nm
in a 1-cm light path.

M. hungatii was mass cultured as described by
Bryant et al. (3) in mineral salts medium supple-
mented with 0.4% each of yeast extract (Difco) and
Trypticase (BBL). Fermentors were sparged with
H,-CO, (80:20) at a flow rate of 300 ml/min. The
growth temperature was 41°C, and the pH was
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maintained between 7.0 and 7.4. Inocula (200 ml)
were grown in shake flasks (3).

Preparation of extracts. Crude cell-free extracts
were prepared by passing a suspension of 20 g (wet
weight) of packed cells in 20 ml of 0.05 M TES [N-
tris (hydroxymethyl)methyl-2-aminoethanesulfonic
acid] buffer (pH 7.2) through a French pressure cell
at 15,000 1b/in2. The partially oxidized cell lysate
was immediately gassed with H, by the Hungate
technique, which produced a rapid reduction of
coenzyme F,y, (6). The cell lysate was centrifuged
at 46,000 x g for 30 min in a Sorvall refrigerated
centrifuge at 4°C. Anaerobic conditions were main-
tained by using capped 50-ml stainless-steel centri-
fuge tubes flushed with argon. The clear dark-brown
supernatant solution was stored under a hydrogen
atmosphere at —20°C.

Diethylaminoethyl (DEAE)-cellulose-treated ex-
tract was prepared in the following manner. Crude
extract (10 ml) was applied to a DEAE-cellulose
column (1.2 by 7 cm) previously equilibrated with
0.05 M TES buffer (pH 7.1). The extract was eluted
in the cold with the same buffer at a flow rate of 3
ml/h. The extract was collected in a volume of 7 ml,
gassed immediately with H,, and stored at 4°C.
Protein was estimated by the method of Lowry et
al. (10). Crystalline bovine serum albumin was used
as a protein standard.

Partial purification of coenzyme F,, Methods
used for the purification of coenzyme F,;,, were
similar to those used previously (18). The amount
of coenzyme isolated from M. hungatii was esti-
mated by using the reported extinction coefficient
(6). Spectra were obtained with a Cary model 14
spectrophotometer.

Enzymatic assays. Methane biosynthesis in
crude cell extract was measured as described by
Wolin et al. (20), except that the side arm was
sealed with a small serum stopper and vented with
a 21-gauge needle during final gassing of the flask
with H,.

Flasks were placed in a 40°C water bath and
shaken until endogenous methane production
ceased. The reaction was initiated by tipping in the
substrate from the side arm or replacing the H, gas
phase with H,-CO, (80:20). The final pH of the
reaction mixture was 7.0. Each 1.2-ml reaction mix-
ture contained: TES buffer, pH 7.2, 50 umol; adeno-
sine 5'-triphosphate (ATP), 15 umol; MgCl,, 15

umol; crude cell-free extract, 45 mg of protein; and

the test substrate. Test substrates were: sodium
formate, 100 pumol; sodium acetate, 100 wmol; so-
dium benzoate, 100 umol; methylcobalamin, 7.2
umol, or coenzyme M as 2,2'-dithiodiethanesulfonic
acid [(S-CoM),], 45 nmol. Methane was measured
with a Packard 7800 series gas chromatograph fitted
with a silica gel column and a flame ionization
detector. Helium was used as the carrier gas and
the column was operated at 50°C. Methane was
quantitated by measuring peak heights.

Formate hydrogenlyase assays with DEAE-cellu-
lose-treated extract were carried out in small-scale
reaction tubes as described by Taylor and Wolfe (16).
All constituents except enzyme were added to the
tube, which then was sealed with a serum stopper.
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The tube was flushed with nitrogen at a flow rate of
10 to 13 ml/min for 15 min. The gassing needles were
removed, and the reaction was initiated by inject-
ing enzyme. Each reaction mixture (0.59 ml) con-
tained: TES buffer, pH 7.2, 50 wmol; MgCl,, 3.5
pmol; sodium formate where indicated, 5 pmol;
coenzyme Fy,, where indicated, 1.6 ug; dithiothrei-
tol, 1.5 wmol; DEAE-cellulose-treated cell-frée ex-
tract, 21 mg of protein. The reaction temperature
was 40°C. Hydrogen evolution was measured with a
Packard 7800 series gas chromatograph fitted with
a silica gel column and an electron capture detector.
Helium was used as the carrier gas and the column
was operated at 0°C in an ice bath.

Methods for the assay of methylcobalamin-coen-
zyme M methyltransferase in crude cell-free ex-
tracts of M. hungatii were as described by Taylor
and Wolfe (16). The samples were counted at an
efficiency of 86 = 1%, and the specific activity of
[methyl-'*Clmethylcobalamin (*CH,-B,,) was 2.33
X 105 dpm/umol. Components used in the reaction
mixtures (0.029 ml) were: TES buffer, pH 7.2, 50
pmol; ATP, 5 umol; MgCl,, 1.8 umol; crude cell-free
extract, 5.9 mg of protein; *CH;-B,,, 700 nmol; (S-
CoM),, 90 nmol; tripolyphosphate, 7.8 umol; nicotin-
amide adenine dinucleotide phosphate (NADPH),
150 nmol. The reaction temperature was 40°C.

Methylreductase in crude cell-free extracts of M.
hungatii was assayed in small-scale reaction tubes
as described previously (17). The reaction mixture
(0.3 ml) contained: TES buffer, pH 7.2, 50 umol,;
MgCl,, 1.8 umol; ATP, 2.5 umol; crude cell-free
extract, 4.6 mg of protein; 2-(methylthio)ethanesul-
fonic acid (CH;-S-CoM), 1.32 umol. The reaction
temperature was 40°C.

The simplified assay with crude cell extracts as
described by Taylor and Wolfe (16) was used to dem-
onstrate the presence of coenzyme M in M. hungatii.
Crude cell-free extract from Methanobacterium
MOH was used as a source of methyltransferase.
The reaction was allowed to proceed for 30 min.

Chemicals. Synthesis of methylcobalamin was
performed as previously described (16); [methyl-
14Clmethyliodide was purchased from Amersham/
Searle, and cyanocobalamin was from Sigma Chem-
ical Co. Sephadex QAE-A-25 and Sephadex G-10
were purchased from Pharmacia Fine Chemicals,
Inc.; (S-CoM),, CH;-S-CoM, and 2-mercaptoethane-
sulfonic acid (HS-CoM) were kindly provided by
Craig Taylor.

RESULTS

Nutritional characteristics. Significant
growth was obtained in the mineral salts me-
dium with an H,-CO, (80:20) atmosphere (Fig.
1). When this medium was supplemented with
0.4% Casamino Acids (Difco), growth was stim-
ulated. The addition of 0.4% yeast extract
(Difco) with Casamino Acids further stimulated
growth. The vitamin B solution (1%, vol/vol)
in combination with Casamino Acids partially
replaced the stimulatory effect of yeast extract.
Similar results were obtained if Trypticase






