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Methanobacterium bryantii, grown autotrophically on H2-CO2, transported
nickel against a concentration gradient by a high-affinity system (Km = 3.1 ,uM).
The system had a pH optimum of 4.9 and a temperature optimum of 49°C with an
energy of activation of 7.8 kcal/mol (ca. 32.6 kJ/mol). A headspace ofH2-CO2 (4:1,
vol/vol) was required for maximum rate of transport. The system was highly
specific for nickel and was unaffected by high levels of all monovalent and
divalent ions tested (including Mg2+) with the sole exception of Co2+. Kinetic
experiments indicated that accumulated nickel became increasingly incorporated
into cofactor F430 and protein. Nickel transport Was inhibited by nigericin,
monensin, and gramicidin but not by carbonyl cyanide-p-trifluoromethoxyphenyl
hydrazone, carbonyl cyanide-m-chlorophenyl hydrazone, N,N'-dicyclohexylcar-
bodiimide, valinomycin plus potassium, or acetylene. The ineffectiveness of
carbonyl cyanide-p-trifluoromethoxyphenyl hydrazone, carbonyl cyanide-m-
chlorophenyl hydrazone, and N,N'-dicyclohexylcarbodiimide may be related to
difficulties in the penetration of these compounds through the outer cell barriers.
Nickel uptake was greatly stimulated by an artificially imposed pH gradient
(inside alkaline). The data suggest that nickel transport is not dependent on the
membrane potential or on intracellular ATP, but is coupled to proton movement.

A nickel requirement for growth of bacteria
has been reported in only a few cases (37), most
notably for chemolithotrophic growth of many
hydrogen-oxidizing bacteria (4, 14, 36). Recent
studies conducted on methanogens, members of
the so-called Archaebacteriae (13), have indicat-
ed that nickel is required for growth of all
methanogens tested (8, 31, 32), including Meth-
anobacterium bryantii (19). It has also been
recently shown that the conversion of acetate to
CH4 and CO2 by a mixed methanogenic popula-
tion from an anaerobic fixed-film digestor is
stimulated by the addition of nickel (26).
The precise role of nickel in those circum-

stances where it is an essential growth require-
ment is obscure. Nickel is required for active
hydrogenase formation in Alcaligenes eutro-
phus, and it may be required for CO2 fixation in
that organism as well (14). In methanogens,
nickel has been reported to stimulate hydroge-
nase activity in Methanobacterium thermoauto-
trophicum (10), and it has been recently shown
that this enzyme contains nickel (16). Nickel has
also been shown to be a component of a unique
cofactor, coenzyme F430, in all methanogens
tested (7, 8, 40). Very recently, it has been
demonstrated that nickel is required to prevent
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rapid lysis of M. bryantii in a synthetic medium
(19). It has not been shown that any of these
requirements is the sole and essential reason for
the strict nickel requirement for growth.

In Escherichia coli, Nelson (personal commu-
nication to Jasper and Silver [21]) has demon-
strated that nickel appears to be transported by a
high-affinity magnesium system. Both magne-
sium and cobalt competitively inhibited nickel
uptake in these experiments, and a reduction in
nickel uptake was observed at 0°C or in the
presence of azide or cyanide. Based on the few
nickel transport studies performed on bacteria,
it is generally believed that nickel is transported
by an energy-dependent system naturally re-
sponsible for magnesium uptake (for a review,
see 22).

It was of interest to study nickel transport in
M. bryantii because of the nickel requirement
for growth and the apparent nickel involvement
in maintaining cell wall integrity (19). In addi-
tion, since at least some methanogens lack a
proton gradient (inside alkaline) but instead pos-
sess a small pH gradient (inside acid) at neutral
external pH (20, 30), it was also of interest to
examine some aspects of the mechanism of
nickel uptake by this organism.

(Portions of this work were presented at the
82nd Annual Meeting of the American Society
for Microbiology, Atlanta, Ga., March 1982.)
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MATERIALS AND METHODS

Organism, media, and growth conditions. M. bryantii
(6) was obtained from M. P. Bryant. Cultures were
maintained at 35°C by weekly transfers in a carbonate-
buffered synthetic broth containing vitamins and min-
erals (S medium) (5) under an atmosphere of H2-CO2
(4:1, vol/vol). The medium was prereduced (18) with
cysteine-hydrochloride (1.27 mM) and sodium sulfide
(0.83 mM). Most of the sulfide is lost during medium
preparation, resulting in a final concentration in the 10
to 100 ,uM range. JM medium (19), a recently de-
scribed modification of S medium which contains
increased amounts of phosphate, NH4Cl, Na2
MoO4 * 2H20, and NiCl2 * 6H20, was used in some
experiments.

Cells were routinely grown from a 10o (vol/vol)
inoculum in 100-ml volumes in modified 1-liter Whea-
ton bottles at 35°C under an atmosphere of H2-CO2
(4:1, vol/vol). Cultures were shaken at 150 rpm, and
the bottles were pressurized daily with H2-CO2 (4:1,
vol/vol) to 170 kPa. Growth of the organisms was
followed turbidimetrically at 600 nm with cuvettes of
1-cm light path.
Chemicals. The following radioactive compounds

were obtained from New England Nuclear Corp. of
Canada, Lachine, Quebec, Canada: [3H]triphenyl-
methylphosphonium bromide, 63NiC12, and D-[U-
14C]glucose. ['4C]methylamine was obtained from
Amersham Corp., Oakville, Ontario, Canada. Valino-
mycin, tetraphenylboron, gramicidin, and carbonyl
cyanide-m-chlorophenyl hydrazone (CCCP) were pur-
chased from Sigma Chemical Co., St. Louis, Mo.; 2,4-
dinitrophenol (DNP) was purchased from Matheson,
Coleman and Bell, Norwood, Ohio; and N,N'-dicyclo-
hexylcarbodiimide (DCCD) was purchased from
Schwarz/Mann, Orangeburg, N.Y. Nigericin and mon-
ensin were kind gifts of J. Kwong (Eli Lilly Canada,
Inc., Scarborough, Ontario, Canada), and carbonyl
cyanide-p-trifluoromethoxyphenyl hydrazone (FCCP)
was the kind gift of P. G. Heytler (E. I. du Pont de
Nemours & Co., Inc., Wilmington, Del.).

General anaerobic techniques. Methods for monitor-
ing and maintaining anaerobiosis, anaerobic centrifu-
gation to concentrate cells, and preparation of anaero-
bic buffers have been described previously (20).

Intracellular space. The intracellular space of M.
bryantii was determined to be 2.08 IL/mg (dry weight)
(average of eight determinations) based on the pene-
tration of [14C]glucose (35).

General procedure for nickel uptake. Cells (generally
5-ml final volumes) concentrated by anaerobic centrif-
ugation were transferred to 60-ml serum bottles filled
with H2-CO2 (4:1, vol/vol). After the addition of
63NiC12 (final concentration, 15 puM unless otherwise
stated), 0.5-mi samples were removed at timed inter-
vals over a 10-min period, filtered (0.45-,um Millipore
EH or HA filters), and washed with 5 ml of 0.1 M LiCl.
The filters were placed in 5 ml of Aquasol (New
England Nuclear) and counted on the tritium channel
of a liquid scintillation counter.
pH optimum for nickel uptake. M. bryantii cells were

centrifuged, and the pellets were suspended in an
anaerobic buffer at 35C for 15 min before the addition
of 63Ni2. The buffers used were 100 mM sodium
acetate (pH 4 to 5), 100 mM MES (morpholineethane-
sulfonic acid) (pH 4.7 to 6.5), 100 mM sodium phos-

phate (pH 6 to 7), and 100 mM HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid) (pH 6.5 to
7.5).
Temperature optimum for nickel uptake. The anaer-

obic pellet from 15 ml of S medium-grown cells (mid-
log phase) was suspended in 5 ml of anaerobic 50 mM
HEPES buffer (pH 7.0) and transferred to a 60-mi
serum bottle under H2-CO2 (4:1, vol/vol). After tem-
perature equilibration for approximately 10 min,
63Ni2 was added, and uptake was followed as de-
scribed above. The temperature range studied was 10
to 600C.

Nickel uptake under various atmospheres. The anaer-
obic pellet from 20 ml of mid-log-phase M. bryantii
cells was suspended in 5 ml of anaerobic 100 mM
sodium phosphate buffer (pH 6.5). The concentrated
cells were transferred to 60-ml serum bottles contain-
ing the desired gas atmosphere and flushed thoroughly
with the desired gas. The bottles were sealed and
incubated at 35°C for 90 min before nickel uptake was
determined.

Effect of other ions on nickel uptake. Mid-log-phase
cells grown in S medium were centrifuged anaerobical-
ly, and the pellets were suspended in anaerobic 100
mM HEPES buffer (pH 7.0), resulting in a threefold
concentration of cells. HEPES buffer was used since it
does not form complexes with metal ions (15). The
cells were transferred to 60-ml serum bottles under H2-
CO2 (4:1, vol/vol) and temperature equilibrated at
35°C. To determine the effect of various ions on nickel
transport, the ion being tested was added to the cells to
a final concentration of 1 mM immediately before the
addition of 15 ,uM 63Ni2+. The ions used were ammoni-
um, calcium, cobaltous, ferrous, magnesium, manga-
nese, nickelous, potassium (all as the chloride salts),
and zinc (as the sulfate salt). The anions carbonate,
phosphate, and sulfate (as the potassium salts) were
also tested.

Effect of rapid pH shift on nickel uptake. M. bryantii
cells were concentrated by anaerobic centrifugation,
transferred in S medium to 120-ml serum bottles,
flushed thoroughly with N2, and capped under N2.
After 2 h at 35°C, the cells were transferred to an
anaerobic apparatus similar to that described by Patel
and Agnew (27) such that a pH probe was immersed in
the sample for constant pH monitoring. 63Ni2+ (10.7
,uM) was added by syringe to begin the experiment.
After 6 min, 8 ,ul of concentrated HCI was added to
cause a pH drop from approximately 7.5 to 2.5. Nickel
uptake was followed by the filtration assay with a 0.5-
ml sample per filter. For controls, nickel uptake was
determined with cells suspended under N2 in S medi-
um to which no acid was added and also with cells
suspended under N2 in S medium adjusted with HCI
for 3 min before nickel addition. All experiments were
performed at ambient temperature.

Effect of inhibitors on nickel uptake. All inhibitors
except DCCD and acetylene were added for 15 min
before the addition of 63Ni2+, and uptake was followed
as described above. DCCD was added for 90 min
before the addition of nickel. Acetylene was present
for 2 h before nickel addition, an incubation period
more than sufficient to deplete the intracellular ATP
concentration to less than the detection limit of 0.2
nmol/mg of protein (G. D. Sprott, K. F. Jarrell, K. M.
Shaw, and R. Knowles, J. Gen. Microbiol., in press).
Separate controls were run for the DCCD- and acety-
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FIG. 1. Time course of nickel uptake by M. bryan-
tii in S medium (pH 6.5). Uptake was followed by the
filter assay after the addition of 15 ,uM 63NiC12. By 6 h,
approximately 5% of the extracellular nickel was cell
associated.

lene-treated cells. The inhibitors used were FCCP (10
,uM), valinomycin (20 ,uM) plus KCI (0.5 M), nigericin
(20 ,uM), monensin (20 ,uM), DNP (1 mM), DCCD (0.1
mM), CCCP (20 ,uM), gramicidin (10 ,ug/ml), and
dissolved acetylene (290 ,uM).

Determination of the electrical potential. The electri-
cal potential was estimated in cells suspended in S
medium from the distribution of the lipophilic cation
triphenylmethylphosphonium (10 ,uM, 10 tXCi/p.mol) in
the presence of the counterion, tetraphenylboron (2
,uM), by using a filter system (20). In some experi-
ments, the results were compared to those obtained by
centrifuging cells anaerobically through oil (1) by using
polypropylene tubes pretreated with 0.1 M sodium
sulfide solution.

Kinetics of nickel incorporation into factor F4". M.
bryantii was grown by using a shaking water bath at
35°C in three modified 1-liter Wheaton bottles, each
containing 100 ml ofJM medium without added nickel.
After 2 days of growth (absorbance at 600 nm, -0.6), 5
,uM 63NiC12 was added, and incubation was continued.
After 10 min, 1 h, and 4 h, a bottle of cells was
harvested (at 10,000 x g for 10 min), the pellet was
washed once with distilled water, and the cofactors
were isolated from the pellet essentially as described
by Diekert et al. (9).

RESULTS

Nickel uptake was examined in M. bryantii
cells grown in S medium (containing no added
Ni2+) or in JM medium (containing 5 ,uM added
Ni2+). The rate of nickel uptake was somewhat
greater (<twofold) with S medium-grown cells
than with JM medium-grown cells and was most
rapid in the early log phase. The rate of uptake
per milligram (dry weight) of cells decreased as
the culture aged. Nickel uptake into cells grown

to the stationary phase in JM medium was very
poor (data not shown). Nickel uptake into sta-
tionary-phase S medium-grown cells could not
be performed because rapid lysis occurs before
the stationary phase (19). For all further work,
mid-log-phase cells grown in S medium were
used.

Nickel uptake was studied by using a filtration
assay and also by anaerobic centrifugation with
prereduced polypropylene tubes. A similar total
nickel accumulation was observed with either
system. It was therefore unlikely that the wash-
ing procedure used in the filtration method was
removing accumulated nickel. Because of the
comparative ease of the filtration method, it was
used for the remainder of the study.
Time course of nickel uptake. A time course of

uptake of 63Ni2' by M. bryantii cells in S
medium (pH 6.5) indicated that within 1 h the
rate of nickel uptake had decreased. However,
nickel continued to be accumulated throughout
the entire course of the experiment (6 h) at a
reduced rate (Fig. 1), suggesting incorporation
into cellular material.

Kinetics of nickel uptake. Nickel uptake by M.
bryantii followed Michaelis-Menten kinetics
over the concentration range from 0.5 to 15 ,uM,
whereas at higher levels of nickel (50 to 100
,uM), there was some (-15 to 20%) inhibition of
uptake. At 35°C and pH 6.5, the Km obtained
from a double-reciprocal plot of the data was 3.1
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FIG. 2. Effect of temperature on nickel uptake.
Cells were preincubated for 10 min at the indicated
temperature before the addition of 15 F.M 63NiC12.
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FIG. 3. Effect of pH on nickel uptake. S medium-
grown cells were centrifuged anaerobically and sus-
pended in the indicated buffer at 35°C for 15 min before
the addition of 15 ,uM nickel. The rate of nickel uptake
was followed over a 10-min period by using a filter
assay.

+ 1.8 puM. The Vm... was 24 ± 7.5 pmol/min per
mg (dry weight) of cells under these conditions.
Temperature and pH optima for nickel uptake.

Nickel uptake by M. bryantii was temperature
dependent, with an optimum of about 49°C (Fig.
2). Uptake was not observed at temperatures
below 10°C. The energy of activation was calcu-
lated to be 7.8 kcal/mol (ca. 32.6 kJ/mol). Trans-
port assays were routinely performed at 35C,
the temperature used for growth. The uptake of
nickel at 35°C was strongly dependent on pH,
with a sharp maximum at approximately pH 4.9
(Fig. 3). The initial rate of nickel uptake at pH 5
was usually four to fivefold higher than that
observed at pH 6.5 (the approximate growth
pH). Uptake was very poor at even slightly
alkaline pH. Similar results were obtained when
the pH was adjusted by the addition of small
amounts of concentrated HCI or NaOH to cells
suspended in growth medium:

Effect of headspace gas on nickel uptake. Maxi-
mum uptake of nickel occurred only under a
headspace containing both CO2 and H2. Under
an atmosphere lacking either or both of these
gases, the rate of uptake was reduced by 50 to
70% (Fig. 4). These experiments were conduct-
ed on cells suspended in 100 mM sodium phos-
phate buffer (pH 6.5), since the pH of this buffer
was relatively constant (within 0.11 pH units)

under any of the tested headspaces. When simi-
lar experiments were conducted on cells in S
medium, N2 and H2 headspaces caused an ap-
parent total inhibition of nickel uptake. This,
however, could be explained by the alkaliniza-
tion of the S medium from pH 6.5 to 7.5 caused
by the absence of CO2. Nickel uptake was not
observed when the cells were exposed to 02
(20% [vol/vol] for 90 min) or when the cells were
heat treated (at 90°C for 10 min) before nickel
addition.

Specificity of nickel uptake. The rate of nickel
accumulation by M. bryantii cells suspended in
anaerobic 100 mM HEPES buffer (pH 7) was
unaffected by a variety of unlabeled cations
added at levels (1 mM) 67-fold higher than that
of 63Ni2+ (15 ,uM). The ions having no effect
were NH4', K+, Ca2+, Fe2 , Mn2 , Mg2+, and
Zn2+ (Fig. 5). Co2+ had a strong inhibitory effect
at a concentration of 1 mM and progressively
less effect at 100 ,M and 10 ,uM. The rate of
nickel uptake was not stimulated by several
anions tested, including phosphate, carbonate,
and sulfate tried as possible counterions.

Nickel uptake in response to an artificial pH
gradient. When M. bryantii cells were incubated

400e
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FIG. 4. Effect of gas phase on nickel uptake. Cells
in 100 mM sodium phosphate buffer (pH 6.5) were
transferred to 60-ml serum bottles under the indicated
gas phase and preincubated for 90 min before the
addition of 15 ,uM 63Ni2+. The pHs of the cell suspen-
sions at the end of the experiment were 6.41 under
C02-H2 or C02-N2 and 6.52 under N2 or H2.
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FIG. 5. Specificity of the nickel transport system.
Cells were centrifuged, and the pellets were suspended
in anaerobic 100 mM HEPES buffer (pH 7.0) at 35°C.
The test ions were added at a final concentration of 1
mM immediately before the addition of 15 M 63Ni2+.
*, Control; *, with Mg2+; A, with Mn2+; V, with
Fe2+; 0, with Co2+. Other ions tested and found to be
ineffective in altering the rate of nickel uptake were
NH4+, Ca2+, Zn2+, K+, phosphate, sulfate, and car-
bonate. The Km for nickel was 3.1 ,uM.

under N2 for 2 h and then tested for 63Ni2+
transport, no uptake was observed (Fig. 6).
However, if such cells were subjected to a rapid
pH drop (from approximately 7.5 to 2.5) caused
by injection of concentrated HCl, there was a
dramatic uptake of 63Ni2+, reaching a peak
concentration gradient of 63 (in/out). Constant
monitoring of the pH showed that the lower limit
was achieved within 1 to 2 s of HCI injection,
which excluded the possibility that the peak
represented an increase in 63Ni2+ uptake as the
cells were transiently exposed to the optimal pH
for uptake during mixing after HCl addition. The
effect of acid injection was transient, since efflux
of the label was evident. Further, when the cells
were subjected to this pH drop for 3 min before
nickel addition, no uptake was observed.

Effects of metabolic inhibitors and ionophores.
The effects of various metabolic inhibitors and

ionophores on nickel uptake by M. bryantii are
listed in Table 1. The effects were tested in
growth medium of approximately pH 6.5 (or, on
occasion, in 100 mM HEPES buffer [pH 7.0])
and in 100 mM MES buffer of pH 5.1 to 5.3,
which is near the pH optimum for uptake. Under
b,oth conditions, the most effective inhibitors
were nigericin, usually causing an electroneutral
K+-H+ exchange (17), and monensin, usually
causing an electroneutral Na+-H+ exchange.
Gramicidin, a rather nonspecific cation conduc-
tor (17), was only effective at neutral pH. DNP,
a proton ionophore (29), was partially effective,
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FIG. 6. Effect of an artificial pH gradient on nickel
uptake. Cells were preincubated under a 100o N2
atmosphere for 2 h. Uptake was studied on cells under
N2 (A); on cells under N2 acidified for 3 min before
nickel addition (v); and on cells under N2 to which
acid was added at 6 min (V). HCI injection caused the
following typical pH response recorded for the reac-
tion mixture at the indicated times after injection (V)
(pH was 7.5 before HCI injection): 1 to 2 s, pH 2.5; 15
s, pH 2.5; 30 s, pH 2.5; 1 min, pH 2.7; and 2 min, pH
2.8.
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TABLE 1. Effect of metabolic inhibitors and
ionophores on nickel uptake

Inhibition (%)' in:

Inhibitor Concn Growth MES
medium buffer
(pH 6.5) (pH 5.2)

CCCP 20 p.M 2 2
FCCP 10 FM 1 NDb
Gramicidin D 10 ,u.g/ml 51 15
Nigericin 20 ,uM 72 62
Monensin 20 ,uM 56 63
Valinomycin + 20 ,uM 11 24

0.5 M KCI
Acetylene 290 ,uM 10 9
DCCD 0.1 mM 0 ND
DNP 1 mM 37 ND

a The uninhibited rate of nickel uptake in growth
medium and MES buffer was 27 and 92 pmol/min per
mg of cells (dry weight), respectively.

b ND, Not determined.

but other supposed proton ionophores, such as
FCCP and CCCP, never affected nickel trans-
port. CCCP at 50 ,uM still had no effect on nickel
uptake, even though M. bryantii is reported to
be sensitive to the ionophore at this level (28).
Similarly, CCCP did not affect significantly ei-
ther CH4 synthesis or intracellular ATP concen-
trations (data not shown). Acetylene, recently
shown to cause a dramatic decline in the intra-
cellular ATP concentration of M. bryantii (G. D.
Sprott, K. F. Jarrell, and R. Knowles, Abstr.
Annu. Meet. Can. Soc. Microbiol. 1981, H3p, p.
121), had little effect on nickel uptake, as did
DCCD, which is usually, but not always (33), an
inhibitor of ATPase. Valinomycin in the pres-
ence of 0.5 M KCI (a level which approximates
the free potassium level inside M. bryantii cells)
(unpublished data) eliminated the electrical po-
tential, which was measured to be 102 or 113 mV
(by the filtration and centrifugation assays, re-
spectively; negative inside) from the distribution
of triphenylmethylphosphonium. However, the
effect of valinomycin plus potassium on nickel
uptake was small.

Distribution of cell-associated 63Ni2+. A large
percentage of the accumulated 63Ni2+ was pre-
cipitable with 70% (vol/vol) acetone (Fig. 7).
This percentage decreased with time, but even
when cells were grown in 63Ni2t-supplemented
medium for 4 days, more than 20o of the label
was precipitable with 70% (vol/vol) acetone. The
acetone supernatants were loaded onto a quater-
nary aminoethyl Sephadex A-25 column and
washed. Of the total counts, only 9 to 16% either
were not absorbed onto the column or were lost
during washing with 50 mM glycine-KOH buffer
(pH 9.5). The column-associated radioactivity

was eluted in two distinct peaks with 50 mM
glycine-KOH buffer (pH 9.5) containing increas-
ing concentrations of NaCl. Peak I corre-
sponded to nickel ions and nickel hydroxides
(7), whereas peak II coeluted with factor F430
(Fig. 8). Over the course of the experiment, the
amount of label eluting with F430 increased dra-
matically. This appears to be due partly to a
burst of F430 synthesis (Fig. 8), which is proba-
bly due to the addition of nickel to the medium
(9). After 4 h, about 40% of the total cell-
associated counts coeluted with F430. This is
almost as high as the 43% found when the cells
were grown in the presence of 63Ni2+ for 4 days
(Fig. 7) and compares with only 3% found asso-
ciated with F430 after 10 min with the label. The
level of free nickel in the cells, if represented by
the first peak eluted from the quaternary amin-
oethyl Sephadex column, stayed fairly constant
at about 10% of the total cell-associated counts.

Concentration gradients of Ni2+. The distribu-
tion of 63Ni2+ across the cell membrane was
determined from measurements of the amount of
free nickel present in washed cells (Fig. 8, peak
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FIG. 7. Distribution of cell-associated 63Ni2+.
Cells were incubated with 5 p.M 63Ni2+ for the indicast-
ed time and centrifuged, and the pellets were washed
twice. Fractions were then isolated (see text). (A)
Acetone-precipitable 63Ni2+; (B) free 63Ni2+; (C) F430-
associated 63Ni2+. The total cell-associated counts
present at each of the times were: 10 min, 251,000
cpm; 1 h, 573,000 cpm; 4 h, 1.9 x 106 cpm; 4 days, 8.8
x 106 cpm.
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FIG. 8. 63Ni2l incorporation into F430. Cells were incubated for 10 min (0), 1 h (V), or 4 h (0) in the presence
of 5 M 63Ni2+, and then cofactors were extracted (see text). The 70%6 acetone supernatant was applied to a
quaternary aminoethyl Sephadex A-25 column, and the radioactivity was eluted with 50mM glycine-KOH buffer
(pH 9.5) containing increasing amounts of NaCl.
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I). Whereas the total nickel taken up by the cells
indicated an in/out concentration of 70- to 90-
fold after uptake had proceeded for 10 min in S
medium (pH 6.5), only about 10% of the total
counts were free (Fig. 7). Thus, a gradient offree
nickel of seven to nine existed. Cells grown for 4
days in the presence of 5 or 0.3 ,M nickel (initial
concentrations) established gradients (free intra-
cellular 63Ni2+/63Ni2+ remaining in the medium)
of about 30- and 30,000-fold, respectively.

DISCUSSION
The results of the present study document the

presence of an active transport system for nickel
in M. bryantii. Other than a study by Balch and
Wolfe (3) on coenzyme M transport by Metha-
nobacterium ruminantium (Methanobrevibacter
ruminantium) (2) and a brief report on adenine
nucleotide translocase in M. thermoautotrophi-
cum (11), this is the only study of a transport
system in methanogens. The nickel transport
system of M. bryantii was pH and temperature
dependent, required the presence of H2 and CO2
(conditions resulting in methanogenesis) for
maximum uptake, established appreciable con-
centration gradients of free Ni2+, and could be
inhibited by nigericin, monensin, and gramici-
din. The system was specific for nickel and was
unaffected by all cations tested except Co2+.
Interestingly, Mg2+ did not inhibit nickel up-
take. In most, if not all, other reported cases of
nickel transport in bacteria, Ni2+ is transported
as an alternate, low-affinity substrate by the
Mg2+ transport system (21, 22, 39).
The nickel transport system ofM. bryantii had

a high affinity (Km = 3.1 ,uM) and a low rate of
accumulation (Vm., = 24 pmol/min per mg of
cells [dry weight]). These characteristics are
quite similar to those of specific transport sys-
tems in other bacteria for essential micronutrient
cations, such as Mn2+ in E. coli, Bacillus subti-
lis, and Rhodopseudomonas capsulata (for a
review, see 34). This high-affinity system pre-
sumably accounts for the ability of M. bryantii
to grow in media containing only contaminating
levels of nickel.

Nickel is an essential growth factor in M.
bryantii (19) as well as in other methanogens (8,
31, 32). The majority of nickel (-50 to 70%o)
taken up by the cells is associated with coen-
zyme F430 (8, 9; this study), which contains Ni2+
(7, 40). Ellefson and Wolfe (12) have recently
suggested that F430 may be the prosthetic group
of methyl coenzyme M reductase. A large per-
centage of the total nickel, however, is also
associated with the protein fraction (8), and it
has very recently been shown that at least one
protein, the hydrogenase from M. thermoauto-
trophicum, contains nickel (16). Since nickel is
required to prevent rapid lysis ofM. bryantii in a

synthetic medium (19), nickel protein(s) may
have a role in cell wall maintenance or synthesis.

Kinetic studies demonstrated the increasing
incorporation of 63Ni2+ into F430. After 10 min of
incubation with 63Ni2+, only 3% of the cell-
associated 63Ni2+ was F430 associated, whereas
after 4 h, over 40% of the label was found in
F430, a value similar to that found for M. bryantii
after growth of the cells in 63Ni2'-supplemented
medium for 4 days. The addition of nickel also
seemed to stimulate F430 synthesis over a 4-h
period. A similar burst of F430 synthesis was
observed by Diekert et al. (9) when nickel was
added to a culture of M. thermoautotrophicum
growing in nickel-deficient medium.
Attempts to determine the mechanism of nick-

el transport were presented. First, a direct re-
quirement for ATP in nickel transport, such as
that reported for calcium transport in Strepto-
coccus faecalis (23), seems to be precluded by
the general ineffectiveness of acetylene in inhib-
iting uptake. Dissolved acetylene at 65 FM
caused a decrease in the intracellular ATP con-
centration in M. bryantii to below the detection
limit (Sprott et al., in press). The effect on nickel
transport was minimal at concentrations as high
as 290 ,uM (Table 1). Second, a major involve-
ment of membrane potential in nickel transport
seems unlikely since, in the presence of valino-
mycin and potassium, which eliminated any
detectable membrane potential determined by
triphenylmethylphosphonium distribution, nick-
el transport was not greatly affected. This would
seem to eliminate the possibility of nickel uni-
port with accumulation due to an electrical po-
tential (inside negative). Third, nigericin, mo-
nensin, and gramicidin (at pH 6.5) were all
effective in inhibiting nickel uptake. Nigericin
and monensin usually facilitate electroneutral
exchange of H+ for K+ and Na+, respectively,
whereas gramicidin is a rather nonspecific cation
ionophore (17). All three ionophores induced a
large uptake of H+, resulting in acidification of
the cytoplasm of M. bryantii (Jarrell and Sprott,
unpublished data). Furthermore, the proton con-
ductor DNP inhibited nickel transport to a limit-
ed extent (Table 1), whereas the ATPase inhibi-
tor DCCD had little effect on nickel transport or
ATP concentration in cell suspensions of this
methanogen (100 ,uM DCCD for 1 h) (G. D.
Sprott and K. F. Jarrell, Can. J. Microbiol., in
press). The protonophores FCCP and CCCP had
no effect on nickel uptake. It is presently uncer-
tain whether the latter inhibitors penetrate the
unusual walls (24) and membranes (25, 38) of
these bacteria.

Further work is in progress on the effects of
the ionophores used here on the protonmotive
force in M. bryantii. Although a model for Ni2+
transport is premature pending these results, it
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seems probable that Ni2l transport in M. bryan-
tii is coupled to H+ movement.
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