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Ammonium and methylammonium are rapidly taken up by cultures of Azoto-
bacter vinelandii respiring in the presence of succinate. The rate of methylamine
uptake increased with external pH from 5.5 to 7.5 but increasing the pH further
to 8.5 had little effect on activity, indicating that methylammonium cation rather
than uncharged methylamine is the perneant species. The kinetics of methyl-
ammonium entry followed the Michaelis-Menten relationship, yielding a Km of 25
AM and a V.. of 3.8 nmol/min permg of cell protein. At saturating concentrations
ammonium was taken up at rates 30-fold higher than those for methylammonium.
Ammonium was a competitive inhibitor of methylammonium uptake and gave an
inhibition constant of 1 ,uM. Ammonium derivatives were inhibitors of methyl-
ammonium entry in order of effectiveness: hydrazine > methylhydrazine >
formamidine > guanidine > dimnethylamine > ethylamine; amides and amino
acids did not block uptake. Likewise, metal cations inhibited in the order Tl >
Cs' > Rb+, whereas Na+, K', and Li+ produced no significant effect. Methylam-
monium uptake was blocked in cells exposed to an uncoupler, p-trifluorome-
thoxycarbonyl cyanide-phenyl hydrazone or gramicidin D, but not with dicyclo-
hexylcarbodiimide or arsenate. Valinomycin stimulated methylammonium entry
into cells in a K'-free medium but prevented entry in the presence of 10 mM K'.
Monensin and nigericin had little effect on transport. These results indicate that
methylammonium and ammonium ions enter A. vinelandii electrogenically via a
specific transporter.

The transport of ammonium is of special in-
terest in nitrogen-fixing bacteria because it is a
powerful repressor of nitrogenase. Kleiner (7)
found that cultures of Azotobacter vinelandii
can maintain a 100-fold concentration gradient
of ammonium, indicating activity of an energy-
linked transport system. Recently, Laane et al.
(8) have shown that addition ofammonium chlo-
ride to cultures of A. vinelandii produces a
rapid, complete inhibition ofnitrogenase activity
in vivo. They suggested that ammonium entry,
via a potassium transporter, results in depolari-
zation of the membrane potential and a decrease
in the reducing equivalents necessary for nitro-
gen fixation. Little information is available con-
cerning the specificity and mechanism of am-
monium transport in bacteria. Stevenson and
Silver (13) used radioactive methylamine as sub-
strate to describe two energy-linked uptake sys-
tems in Escherichia coli; although inhibited by
ammonium, these systems proved difficult to
characterize kinetically. Bellion et al. (2) found
an inducible uptake process for methylamine by
Pseudomonas sp. MA, but it was not sensitive
to inhibition by ammonium. Ammonium trans-
port has been studied more extensively in eucar-

yotic microorganisms (5, 10, 11) in which uptake
required expenditure of metabolic energy. The
mechanism of energy coupling has not been
elucidated in these cases.

In this paper we demonstrate that methyl-
ammonium is a suitable substrate for the char-
acterization of ammonium transport in A. vine-
landii. This system is distinct from those for
transport of other monovalent cations and pro-
vides an electrogenic pathway for ammonium
entry into the cell.

MATERIALS AND METHODS

A. vinelandii OP (ATCC 13705) was grown at 300C
on a medium previously described (14) except that 1%
succinic acid (sodium salt) was the carbon source.
Cells from an overnight culture were diluted 250-fold
with fresh medium and grown out to mid-log phase
(40 to 60 Klett turbidity units with a no. 66 filter). The
cells were pelieted by centrifugation for 5 min at 3,000
x g and suspended in an equal volume of 20 mM
sodium phosphate buffer (pH 7.4) containing 0.2 mM
MgCl2. This washing procedure was repeated once,
and the cells were resuspended at a protein concentra-
tion of 0.3 to 0.4 mg/ml in the same buffer and stored
on ice.
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The assay method for measuring uptake of methyl-
ammonium was a modification of a method already
described (1). The assay mixture (0.1 ml) contained 10
mM sodium phosphate (pH 7.4), 0.1 mM MgCl2, 2 mM
sodium succinate, and 15 to 20 ,ug of cell protein. These
mixtures were incubated at 250C for 5 min under an
atmosphere of water-saturated 02. Then [14C]methyl-
amine hydrochloride (61.1 Ci/mol) was added at a
final concentration of 20 IM, and the incubation was
continued for the time specified. The reaction was
terminated by dilution with 10mM sodium phosphate
(pH 7.4) and filtration onto a polycarbonate filter with
0.8-,m pores (Bio-Rad Laboratories, Richmond,
Calif.). The nonspecific binding of ["4C]methylamine
to these filters was <0.5% of that usually retained by
the cells. In some cases the reaction was terminated
by centrifugation of cells through a layer of oil com-
posed of a mixture of 41.25 g of bromododecane and
0.749 g of dodecane (3). An Eppendorf 5412 centrifuge
which reached 15,600 x g in 5 s was used in these
experiments. Filters or cell pellets were counted by
liquid scintillation. Values for methylamine uptake
agreed within 10% for the two methods. The uptake of
ammonium was measured with a larger assay mixture
(1 ml), termination of reaction by oil centrifugation,
and determination of ammonium in the supernatant
by use of glutamic dehydrogenase (15). All results for
uptake were expressed as nanomoles per milligram of
cell protein as determined by the method of Lowry et
al. (9).
The intracellular metabolism of ['4C]methylamine

was detected by extraction of filters with boiling water
and thin-layer chromatography of the extracts on sil-
ica gel plates developed with methanol-water-acetic
acid, 60:38:2 (vol/vol/vol). Radioactive zones were de-
tected by autoradiography and identified by cochro-
matography of ninhydrin-reactive authentic methyla-
mine. Methylamine (Rf= 0.52) was converted to a less
polar metabolite (Rf = 0.67). The purity of ['4C]meth-
ylamine hydrochloride (Amersham Corp., Arlington
Heights, Ill.) was checked by dansylation (12) and
thin-layer chromatography on silica gel plates devel-
oped with benzene-cyclohexane-methanol, 85:10:5
(vol/vol/vol). Two batches of this material were found
to be radiochemically pure but significantly contami-
nated with ammonium. The extent of ammonium con-
tamination was determined by enzymatic assay (15) to
be 0.28 mol of ammonium per mol of methylamine.
Since the uptake of ammonium by A. vinelandii is
much more rapid than uptake of methylammonium
(see Results), the ammonium contaminant in [14C]-
methylamine was removed by incubation with celLs.
After removal of cells, the [14C]methylamine was ra-
diochemically pure, but ammonium content was re-
duced to <0.006 mol/mol of methylamine.

Nigericin and monensin were gifts of Lilly Labora-
tories, Indianapolis, Ind. Valinomycin was purchased
from Calbiochem, La Jolla, Calif. Gramicidin D, bro-
mododecane, and dodecane were from Sigma Chemi-
cal Co., St. Louis, Mo. Pierce Chemical Co., Rockford,
Ill., was the source ofp-trifluoromethoxycarbonyl cy-
anide-phenyl hydrazone (FCCP). Methylamine hydro-
chloride, obtained from J. T. Baker Chemical Co.,
Phillipsburg, N.J., contained <0.1% ammonium and
was used without further purification.

RESULTS
Cultures of A. vinelandii OP rapidly accu-

mulate ["C]methylamine when respiring in the
presence of succinate (Fig. 1). Washed cells with-
out energy source took up methylamine at <2%
of the rate observed with incubations containing
succinate. The amount of methylamine uptake
is proportional with time for the first 5 or 10 mi
(Fig. 1) and with cell protein from 20 to 100 ,ug
(not shown). Under the conditions of Fig. 1, the
entry of methylamine was blocked essentially
completely by KCN (2 mM), excess unlabeled
methylamine (1 mM), or ammonium (0.2 mM),
but these agents failed to produce exodus of
previously accumulated [14C]methylamine (not
shown). Loss of methylamine during the filtra-
tion assay does not appear to be a complication,
since duplicate experiments using rapid centrif-
ugation of cells through oil (see Materials and
Methods) agreed within 10%. A substantial por-
tion of the methylamine taken up by A. vinelan-
dii was converted to a less polar unidentified
metabolite which accounted for 66% of the total
radioactivity taken up in 1 min and for 91% after
5 min; the remaining cellular radioactivity was
chemically unaltered methylamine.
The dependence of methylamine uptake on

the external pH is illustrated in Fig. 2. Although
the amount of accumulation increased nearly
threefold between pH 5.5 and 7.5, little effect
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FIG. 1. Effect of succinate on methylammonium

uptake by A. vinelandii. Incubation mixtures (0.1 ml)
contained 10mM sodium phosphate (pH 7.4), 0.1 mM
MgCl2, 20MM[ 4C]methylammonium chloride (61 Cii
mol), 18pg ofcellprotein, and2 mMsodium succinate
(where indicated). Reactions were terminated by di-
lution and filtration at the times shown, and radio-
activity was counted as described in the text. Values
for methylammonium uptake are expressed as nano-
moles per milligram of cell protein. Symbols: (0)
control; (0) 2 mM succinate.
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under similar conditions was not affected by 100
2_A,uM Tl+. At levels of 1 mM, Cs' and Rb+ pro-

duced 44 and 35% inhibition, respectively, of
0

methylammonium uptake; Na+, K+, or Li' failed
to block significantly. Of the ammonium deriv-
atives tested (Table 1), hydrazine and hydrox-

8 _ * ylamine were the most potent inhibitors of
methylammonium uptake. Because of the reac-
tivity of these substances, the inhibition kinetics

6 were analyzed further (not shown). Hydrazine
proved to be a competitive inhibitor (Ki = 2.3

/ A,M), whereas hydroxylamine gave inhibition of
+ the mixed type (Ki = 6.3,AM). Methylhydrazine

H/+NH4 was a less effective inhibitor of methylammo-
2 _ nium accumulation, followed by fornamidine

and guanidine. Of the other analogs tested (not
shown), dimethylamine and ethylamine gave 51

D6 JL and 21% inhibition, respectively, at 1 mM con-
5 6 7 8 9 10 centrations; allylamine, propylamine, trimethyl-

amine, and the higher homologs produced less
pH than 20% inhibition under these conditions.

Effect of external pH on methylammonium Likewise, amides (acetamide and formamide)
yA. vinelandii. Incubations were carried out and amino acids (Gly, Ala, Arg, Asn, Asp, Glu,
cbed in the legend to Fig. 1 except for addition Gln) were not inhibitory.
tdicated buffer (10 mM) adjusted to the pH A series of ionophores (Table 2) was tested for
vith NaOH. Uptake was terminated at 10 effect on uptake of methylammonium by A.
nbols: (0) 2-(N-morpholino)ethanesulfonate vinelandii. The uncouplers FCCP and gramici-
(0) phosphate; (A) N-2-hydroxyethylpiperi- . D
2-ethanesulfonate (HEPES); (A) 2-(cyclo- dmiD were very potent ihbitors of methylam-
ino)ethanesulfonate (CHES); (O) buffers as monium accumulation. The presence of EDTA
ith 50,LM NH4CI added. was shown to be required for the inhibition by

gramicidin and was included in this series of
ed between pH 7.5 and 8.5. At pH 9.0 to experiments. EDTA produced no significant ef-
ond uptake component was noted which fect on control values. Valnomycin stimulated

nsitive to inhibition by ammoni. f accumulation of methylammonium in the ab--nsitive to inhibition by ammonium.This+
robably represents passive methylamine sence of added K' but blocked uptake dramati-
lation due to a transmembrane pH gra- cally in the presence of 10 mM external K . Byla.Sionemthyam hasm a pK v ralo contrast, monensin and nigericin were poor in-
)t .hynce.monyumin ist pr.vdominan hibitors. Agents known to block phosphoryla-
at pH 7o4 (99.9%). Althoughepreasin tion, 0.2 mM arsenate or 0.2 mM dicyclohexyl-ra pH 7. 0 tou8. increasing carbodiimide, had no significant effect on the
oinca tHfrato of mehlamie to- accumulation ofmethylammonium (not shown).
tnmonium by over 30-fold, the uptake of The properties of ammonium uptake by cul-inoium7bywmoamAhov I Th i.e.

the urpake of
tures of A. vinelandii were also investigated

gests that methylammonium rather than meth-
ylamine is the permeant species.
The initial rate of methylammonium uptake

by A. vinelandii obeys the Michaelis-Menten
relationship since linear monophasic Eadie-Hof-
stee plots (not shown) were obtained. This anal-
ysis gave a Km value of 25 ,uM for methylam-
monium and a V.. of 3.8 nmol/min per mg of
cell protein. Ammonium ion was a competitive
inhibitor of methylammonium uptake and
yielded a Ki value of 1.1 ,uM. Of the metal cations
tested, Tl was the most potent inhibitor and
gave a Ki value of 13 MM, with the inhibition
being of the mixed type. A nonspecific effect of
T1+ is unlikely since 45Ca2" uptake measured

TABLE 1. Nitrogenous inhibitors of
methylammonium uptake by A. vinelandiia

Inhibitor I5 (1sM)
Hydroxylamine .............. ... 3
Hydrazine ........... ... ... 6
Methylhydrazine ................. 24
Formamidine ......... 46
Guanidine ........... 620

Assays were carried out as described in the legend
to Fig. 1, except that the compounds listed were added.
Uptake was terminated after 5 min. The concentration
of inhibitor necessary to produce a 50% inhibition of
methylamine uptake (I50) was determined from plots
of uptake versus log of the inhibitor concentration.
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TABLE 2. Effect of ionophores on methylammonium
uptake by A. vinelandiia

Methyl-

Addition Concn (M) ptamoeum
(%)

None 100
FCCP 1 x 10-7 1.3
Gramicidin D 1 x 0o-6 4.7
Valinomycin 1 x 10-7 130
Valinomycin + KCI 1 x 10-7 13

1 X 10-2
Monensin 1 X 10-7 70
Nigericin + KCI 1 x 10-7 83

1 X 10-2
KCI 1 x 10-2 85

a Incubations were carried out as in the legend to
Fig. 1 except that 1 mM EDTA (sodium salt) and the
compounds listed were added; uptake was terminated
after 5 min. Uptake values are expressed as a percent-
age of controls without inhibitor. Ionophores were
added as aliquots of ethanol or dimethyl sulfoxide
solutions. Solvent concentrations did not exceed 1% in
the assay and had no effect on methylammonium
uptake.

briefly. Ammonium, present at an initial concen-
tration of 0.1 mM, was removed from the me-
dium by respiring celLs at a rate of 49 nmol/min
per mg of cell protein. Methylammonium was
taken up at only 4% of this rate under compa-
rable conditions. Like methylammonium up-
take, the removal of ammonium from the me-
dium required succinate and was inhibited by
0.1 jM FCCP but not by 1 mM K+ (not shown).
The inhibition of ammonium uptake by 1 mM
methylammonium (20%) was in the range pre-
dicted (28%) by the Michaelis-Menten equation
for competitive inhibition. For this calculation it
was assumed that the Km for ammonium trans-
port is identical to the Ki (1 ,uM) for ammonium
inhibition of methylammonium uptake and, fur-
thermore, that the K, for methylammonium in-
hibition is the Km for methylaumnonium uptake
(25 ,uM).

DISCUSSION
The studies described demonstrate that

methylammonium is a useful substrate for in-
vestigation of ammonium transport in A. vine-
landii. The uptake of ammonium and methyl-
ammonium is energy dependent, and both sub-
strates mutually compete for translocation. Am-
monium has greater apparent affinity for the
transporter than methylammonium, as was pre-
viously found with a fungal system (5). These
two substrates were transported at similar rates
in fungi, whereas we found ammonium entry to
be much more rapid than methylammonium

entry in A. vinelandii. There are precedents for
large differences in V.. values for a single trans-
porter, e.g., an eightfold difference for lactose
and thiodigalactoside uptake rates by the 1)-ga-
lactoside transport system of Escherichia coli
(6).
The use of methylammonium as a substrate

in A. vinelandii is complicated by its conversion
to a less polar unknown metabolite. Identifica-
tion of this compound is in progress. The most
significant question raised by this observation is
whether transport or metabolism is rate limiting
for uptake of ["4C]methylammonium by the
cells. The suggestion that translocation is rate
limiting rests on four lines of evidence. (i) The
uptake of methylammonium is strongly depend-
ent on external pH (Fig. 2), with the ammonium-
sensitive component of uptake being optimal at
neutral pH. Such a dependence on external pH
would not be expected if metabolism was rate
limiting. (ii) Potent inhibition by Tl1 of methyl-
ammonium uptake is consistent with an effect
on an ion transporter but less likely for a meta-
bolic conversion. (iii) The effects of valinomycin
on methylammonium uptake are more consist-
ent with a membrane transport process (see
below). (iv) After 1 min, methylamine consti-
tutes 34% of the intracellular radioactivity; this
declines to <5% after 10 min. This behavior
suggests that the onset ofmetabolism is delayed.
Since the initial rate of uptake is the same as
the rate after 5 or 10 min (Fig. 1), it is unlikely
that metabolism controls the overall transport
rate within this time span.
The effect of ammonium derivatives and

metal cations on methylammonium uptake sug-
gests that the transport system is quite specific
for ammonium. Ammonium had the lowest in-
hibition constant (1 juM) of any compound
tested; the next most potent competitive inhib-
itor was hydrazine, a closely related derivative.
The order of effectiveness for metal cations as
inhibitors of methylammonium uptake was: Tl1
> Cs+ > Rb+ > Na+, K+, Li'. This seems to rule
out significant ammonium transport via a potas-
sium transporter, as proposed by Laane et al.
(8). Furthermore, the substrate selectivity of the
ammonium transporter cannot be strictly based
on ionic radius because of the discrimination
between ions of similar radii (e.g., NH4+ versus
T1+ versus Rb+ and dimethylammonium versus
ethylammonium). The selectivity in favor of
pseudoalkalis (NH4+ and Tl+) with an asymmet-
rical charge distribution may, according to the
principles of Eisenman and Krasne (4), suggest
a tetrahedral arrangement of liganding groups in
the binding site of the transporter.
The effect of ionophores (Table 1) and other

inhibitors on methylammonium uptake by A.
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vinelandii indicates that the mechanism of en-
ergy coupling involves facilitated movement of
methylammonium down the electrical gradient.
The uncouplers FCCP and gramicidin D were
potent inhibitors of methylammonium uptake
but agents which block phosphorylation, dicy-
clohexylcarbodiimide and arsenate, were ineffec-
tive. Valinomycin stimulated methylammonium
uptake in the absence of added K+ but blocked
uptake in the presence of K+. This is consistent
with a hyperpolarizing effect of K+ exodus and
a depolarizing effect of K+ entry. Furthermore,
monensin and nigericin, which perturb proton
gradients, had little effect on methylammonium
accumulation. In addition, the shape of the pH
profile (Fig. 2) indicates that methylammonium
rather than uncharged methylamine is the per-
meant species. Under the conditions reported
here, A. vinelandii cells develop a transmem-
brane electrical potential of 170 to 180 mV neg-
ative-inside (measured by the accumulation of
[3H]tetraphenylphosphonium), indicating that a
substantial driving force is available for electro-
genic movement of ammonium. But in contrast
to the findings of Laane et al. (8), no evidence
for a depolarization by methylammonium or am-
monium was found (E. M. Barnes, Jr., unpub-
lished data). We are currently investigating pos-
sible compensatory movements of other ions
which could account for these differences.
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