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Amino acid transport was studied in membranes of the peptidolytic, thermophilic, anaerobic bacterium
Clostridiumfervidus. Uptake of the negatively charged amino acid L-glutamate, the neutral amino acid L-serine,
and the positively charged amino acid L-arginine was examined in membrane vesicles fused with cytochrome
c-containing liposomes. Artificial ion diffusion gradients were also applied to establish the specific driving forces
for the individual amino acid transport systems. Each amino acid was driven by the AW and AiiNa+/F and not
by the ZApH. The Na+ stoichiometry was estimated from the amino acid-dependent 22Na+ efflux and
Na+-dependent 3H-amino acid efflux. Serine and arginine were symported with 1 Na+ and glutamate with 2
Na+. C. fervidus membranes contain Na+/Na+ exchange activity, but Na+/H+ exchange activity could not be
demonstrated.

Bacteria growing in nonextreme environments pump out
H' to keep the intracellular pH around 7 to 8 and maintain
an inwardly directed Na' concentration gradient and an
outwardly directed K+ gradient (1, 15, 32, 41). These H' and
Na+ concentration gradients in turn can be used for ener-
getically unfavorable reactions, such as motility and uphill
transport of substrates (10, 32, 33). In bacteria, secondary
transport often occurs in symport with H+, but in recent
years several Na+ symport systems have also been de-
scribed (26, 37). Na+ taken up into the cell by symport
systems can be pumped out again by a Na+/H+ antiporter
or, less commonly, by a primary sodium pump, such as
decarboxylases and ATPases in anaerobic bacteria and
components of the electron transport chain in aerobic,
marine bacteria (10-12, 33, 38).

Bacteria living in extreme environments have adapted to
their surroundings in various ways. Alkaliphilic bacteria,
growing at high pH, have an outwardly directed H+ gradient
maintained by an electrogenic Na+/H+ antiporter. Second-
ary transport in these organisms is driven by the A4iNa+/F
(20-22), where F is the Faraday constant. Acidophilic bac-
teria, growing at low pH values, use H+ as a chemiosmotic
coupling ion. The very large, inwardly directed H' gradient
is compensated by a reversed membrane potential (22, 27).
Thermophilic bacteria are adapted to elevated temperatures
by compensating the increased permeability for ions. In
general, thermophiles have altered their membrane compo-
sition so that at the same temperature the membranes are
more rigid and less fluid than the membranes of mesophiles
(23). The membrane of the aerobic thermophile Bacillus
stearothennophilus is, at its growth temperature (65°C),
equally viscous as its mesophilic counterpart Bacillus subti-
lis at its growth temperature (37°C); however, the H+
permeability is much higher (5, 8). B. stearothermophilus
compensates the increased H+ permeability by investing
more metabolic energy in very active H+ pumps present in
its membrane (5, 8). Secondary transport systems in this
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organism are Na+ symport systems, except for glutamate,
which is symported together with a H+ and Na+ ion, and
lysine, which is transported via a uniport mechanism (6, 18).
For anaerobic thermophilic bacteria, which derive relatively
little metabolic energy from their substrates and produce
ApH dissipating fatty acids, the mechanism of energy-trans-
ducing processes is not well established but may very well
differ from that in the aerobes.

In this study, amino acid transport was studied in CMs-
tridium fervidus, a fermentative, peptidolytic, and thermo-
philic organism. The role of Na+ as a coupling ion in
transport of the neutral amino acid serine, the negatively
charged amino acid glutamate, and the positively charged
amino acid arginine was examined in detail. Under all
conditions tested, amino acid transport was found to be
dependent on the APNa+/F and without involvement of the
ZApH as a driving force (Z = 2.3 RT/F = 58.8 at room
temperature, where R = gas constant and T = absolute
temperature). The bioenergetic implications of this phenom-
enon are discussed.

MATERIALS AND METHODS

Cell growth and preparation of membrane vesicles. C.
fervidus ATCC 43204 was grown at 68°C in the tryptone-
yeast extract-glucose (TYEG) medium, and membrane ves-
icles were prepared as described by Speelmans et al. (35).

Purification and reconstitution of B. stearothermophilus
cytochrome c oxidase. The purification of B. stearothenno-
philus cytochrome c oxidase was performed as described by
de Vrij et al. (7), with omission of the final gel filtration step.
The oxidase preparation contained 12.7 nmol of heme a per
mg of protein and was stored in liquid nitrogen. Proteolipo-
somes containing B. stearothermophilus cytochrome c oxi-
dase were prepared essentially as described by Hinkle et al.
(19). B. stearothermophilus cytochrome c oxidase was re-
constituted into liposomes consisting of acetone-ether-
washed Escherichia coli phospholipid and L-phosphatidyl-
choline (3:1 [wt/wt]) at a ratio of 0.4 nmol of heme a per mg
of phospholipid.
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Preparation of liposomes and fusion of (proteo)liposomes
with C. fervidus membranes. Liposomes were prepared from
acetone-ether-washed E. coli phospholipid and L-phosphati-
dyicholine dissolved in CHCl3 in a 3:1 (wt/wt) ratio as
described by Speelmans et al. (35). C. fervidus membrane
vesicles (1 mg of membrane protein) were fused with lipo-
somes or B. stearothennophilus cytochrome c oxidase-
containing liposomes (10 mg of phospholipid) as described
by Speelmans et al. (35), yielding hybrid membranes.

Determination of transmembrane gradients. The mem-
brane potential (interior negative) generated by B. stearo-
thermophilus cytochrome c oxidase was determined from
the distribution of the tetraphenylphosphonium ion across
the membrane with a tetraphenylphosphonium ion-selective
electrode. The membrane potential was estimated by apply-
ing a correction for concentration-dependent probe binding
as described by Lolkema et al. (24). Tetraphenylphospho-
nium ion uptake in hybrid membranes was registered
at 30'C in a 1-ml vessel containing hybrid membranes (40 pug
of protein per ml) and an air-saturated 50 mM 2(N-morpholi-
no)ethanesulfonic acid (MES)-piperazine-NN'-bis(2-eth-
anesulfonate) (PIPES)-N-2-hydroxyethylpiperazine-N'-2-
morpholino-ethanesulfonic acid (HEPES)-NaOH buffer,
containing 10 mM MgSO4, adjusted to pH 6.0, 7.0, or 8.0
with N-methylglucamine. Tetraphenylphosphonium ion (4
puM) and the electron donor system ascorbate (20 mM) and
N,N,N',N'-tetramethyl-p-phenylene-diamine (TMPD) (300
1iM) were added. The ionophore monensin (final concentra-
tion, 20 nM) and the uncoupler 3,5-di-tert-butyl-4-hydroxy-
benzelidene malonitrile (SF-6487) (final concentration, 300
nM) were used to convert the ZApH into AiUiNa+/F and to
dissipate the Ap, respectively.

Qualitative estimations of the artificially imposed mem-
brane potential in the hybrid membranes were determined
with the membrane potential indicator 3,3'-dipropylthiocar-
bocyanine iodide by measuring membrane potential-depen-
dent absorbance changes (MA683,60) at 40°C as described by
de Vrij et al. (5). The imposed ZApH was estimated by the
method described by Clement and Gould (2).
Uptake of amino acids in hybrid membranes. The uptake of

amino acids in hybrid membranes driven by a Ap, generated
by B. stearothennophilus cytochrome c oxidase, was mea-
sured at 40°C by the described procedures (35). The buffer
used was the same as described above. After 1.5 min of
preincubation with the electron donor system ascorbate (20
mM) and TMPD (300 RM), ['4C]serine (final concentration,
5.8 ,uM), [14Cjglutamate (final concentration, 3.5 ,uM), or
[14C]arginine (final concentration, 4.4 ,M) was added, and at
given intervals samples of 100 RI were taken, diluted into 2
ml of ice-cold 0.1 M KCl, and filtered immediately over
0.45-pum-pore-size cellulose-nitrate filters (Millipore). Filters
were washed once with 2 ml of 0.1 M KCl and transferred to
scintillation vials. Scintillation fluid was added, and the
radioactivity was measured with a liquid scintillation counter
(Packard Tri-Carb 460 CD; Packard Instruments Corp.).
Uptake of amino acids in membranes driven by artificial

gradients. Hybrid membranes obtained from vesicles fused
with liposomes were loaded and concentrated in a buffer
containing 20 mM (each) MES, PIPES, and HEPES, 100
mM potassium acetate, 10mM MgSO4, and various amounts
(0 to 50 mM) of NaCl. The ionic strength was kept constant,
and the pH was adjusted to 6.0, 7.0, or 8.0 with N-methyl-
glucamine or H2SO4. Valinomycin was added to the hybrid
membranes at a final concentration of 2 nmol/mg of protein.
A combination of a membrane potential (ANI) and a chemical
gradient of sodium (AjNa+/F) was generated by diluting the

hybrid membranes (loaded with a Na'-free and K+-contain-
ing buffer) 100-fold into a buffer containing 20 mM (each)
MES, PIPES, and HEPES, 100 mM sodium acetate, and 10
mM MgSO4. A chemical gradient of sodium ions only was
generated by omitting the valinomycin. A membrane poten-
tial only was generated by dilution of valinomycin-treated
hybrid membranes (loaded with a buffer containing various
concentrations of Na') into a buffer containing 20 mM
(each) MES, PIPES, and HEPES, 100 mM acetic acid, the
same concentration of Na', and 10 mM MgSO4. Dilution of
the hybrid membranes into a buffer containing 20 mM (each)
PIPES and HEPES, 100 mM potassium, 120 mM MES, the
same amount of Na', and 10 mM MgSO4 resulted in the
generation of a transmembrane pH gradient (ZApH) only. As
a control hybrid, membranes were diluted into the loading
buffer (no gradient). In all cases the dilution buffer (200 pI)
was supplemented with L-U-14C-amino acids at final concen-
trations of 2.9 puM serine, 2.2 puM arginine, and 1.8 puM
glutamate. The uptake experiments were performed at 40'C.
At given intervals samples were taken, washed, rapidly
filtered, and counted as described above.

Efflux, exchange, and counterflow experiments. Membrane
vesicles were washed and resuspended in a 50 mM N-meth-
ylglucamine-MES buffer, pH 6.0, containing 5 mM MgSO4
to final protein concentrations of 20 to 30 mg/ml. SF-6847
was added to a final concentration of 1 pRM. The membrane
vesicles were loaded with 3H-amino acids (1 mM, 0.1 mCi/
ml) and/or 22Na' (1 mM, 20 puCi/ml) for 3 h at 40°C.
Membrane vesicles (2 pI) were diluted 300-fold into the
equilibration buffer without Na+ and amino acids (efflux) or
with 1 mM NaCl and 1 mM amino acid (exchange). When
Na+/H+ activity measurements were performed, SF-6847
was replaced by valinomycin (2 nmol/mg of protein), and the
buffers used to generate an artificially AT and/or ZApH were
composed as described above, with the pH adjusted to 6.5,
7.0, or 7.5. For the arginine-ornithine counterflow experi-
ments, hybrid membranes were loaded with 1 mM unlabelled
arginine or ornithine in a 50 mM sodium phosphate buffer
and diluted 100-fold into the equilibration buffer, containing
1.7 ,uM [14C]ornithine or 2.2 puM [14C]arginine. At given
times, 2 ml of ice-cold equilibration buffer was added and
the samples were filtrated immediately over cellulose ace-
tate filters. Filters were washed and counted as described
above.

Protein determination. Protein was determined by the
method of Lowry et al. (25) or Smith et al. (34) with bovine
serum albumin as a standard.

Internal volume. The internal volume of the fused mem-
branes was determined from the relative fluorescence
quenching by cobalt of membrane-entrapped calcein as
described by Oko et al. (29). An internal volume of 8 ,ul/mg
of membrane protein was determined for the fused mem-
branes. An internal volume of 3 RI/mg of membrane protein
was used for C. fervidus membrane vesicles.

Materials. The following uniformly labelled 14C-amino
acids were used: L-serine (6.4 TBq/mol), L-glutamate (10.5
TBq/mol), L-arginine (12.6 TBq/mol), and L-ornithine (10.4
TBq/mol). The following uniformly labelled 3H-amino acids
were used: L-serine (1.07 TBq/mmol), L-glutamic acid (1.85
TBq/mmol), and L-arginine (2.29 TBq/mmol). 22Na' was at
27.2 TBq/mol. All radioactive chemicals were obtained from
the Radiochemical Centre, Amersham, United Kingdom. All
other chemicals were reagent grade.
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FIG. 1. Uptake of amino acids in cytochrome c oxidase-containing hybrid membranes of C. fervidus. Amino acid uptake was measured

at 400C in a 50 mM (each) MES-PIPES-HEPES buffer, containing 50 mM NaGH and 10 mM MgSO4, set to pH with N-methylglucamine (as
indicated below). Amino acid uptake was measured in the absence of an electron donor (0) or presence (S) of 20 mM K-ascorbate and 300
p.M TMPD with the addition of 20 nM monensin (El) or 300 nM SF-6847 (U). (A) Glutamate (3.5 p.M) uptake at pH 8.0; (B) serine (5.8 ,u.M)
uptake at pH 7.0; (C) arginine (4.4 ,u.M) uptake at pH 8.0.

RESULTS
Amino acid transport in hybrid membranes obtained by

fusion of membrane vesicles with cytochrome c oxidase-con-
taining liposomes. Uptake of the amino acids L-glutamate,
L-serine, and L-arginine (negatively charged, neutral, and
positively charged at the pH values used) was studied in
membrane vesicles of C. fervidus fused with liposomes
containing cytochrome c oxidase from B. stearothermo-
philus. The membrane potential (AT) generated on the
addition of ascorbate and TMPD to a Na+-MES-PIPES-
HEPES buffer was -124, -143, and -150 mV at pH 6.0,
7.0, and 8.0, respectively. On addition of monensin, the AT
amounted to -150 mV at all pH values. Ap-driven uptake of
the different amino acids was observed, though the uptake of
glutamate was relatively low (Fig. 1). Without ascorbate-
TMPD or when the protonophore SF-6847 was present,
accumulation of the amino acids was not observed (Fig. 1).
The highest uptake was found in the presence of the Na+/H+
exchanger monensin. The same trends were found for all
three amino acids at pH 6.0, 7.0, and 8.0 (data not shown).
These results indicate that glutamate, serine, and arginine
uptake is driven by (a component of) the Ap but that
glutamate uptake is mainly dependent on a concentration
gradient of sodium ions.
Amino acid uptake driven by artificial ion diffusion gradi-

ents. To establish the precise nature of the driving forces for
glutamate, serine, and arginine transport, amino acid uptake
in response to artificially imposed ion gradients was studied.
At 40°C, the artificially imposed AlT in hybrid membranes
was transient. After 2 min, the AT had dropped to 50% of the
initial value (data not shown), which is sufficiently stable to
study qualitatively the nature of the driving forces in trans-
port processes. The pH or the composition of the buffer had
only minor effects on the magnitude and stability of the AlT
imposed (data not shown). A AT, a ZApH, a A4Na+/F, or
combinations of AlT and ALiNa+/F were employed. Glutamate
was taken up in the presence of a sodium gradient. A small,
but significant, uptake was observed when a AT was applied
in the presence of equal concentrations of sodium on the
inside and outside. When a combination of both gradients
was applied, the highest uptake was observed. No uptake
was observed when a ZApH was applied in the presence of

sodium (Fig. 2A). Serine uptake was found with a AjiiNa+/F
and a AT alone (provided that Na+ was present in the
medium) and was most prominent when both gradients were
presented (Fig. 2B). Strikingly, the uptake of arginine was
driven by a AlT and by a sodium gradient. Again, the highest
uptake was found when both gradients were present (Fig.
2C). No uptake of serine and arginine was found with ZApH
as the sole driving force (data not shown). The same trends
were observed at pH 6.0, 7.0, and 8.0 (data not shown).
Serine and arginine uptake rates were highest (100%) at pH
6.0, but at pH 8.0 the rates were still 70%. The highest rate
of glutamate uptake was found at pH 8.0. At pH 6.0, the
uptake rate was only 55%. These results indicate that the
uptakes of glutamate, serine, and arginine are electrogenic
processes with Na+ as a symported ion. The contribution of
AT as a driving force in the uptake of glutamate is less
pronounced than with the other amino acids. The cause of
this difference was further investigated.
Na+ dependency of the glutamate transport system. Artifi-

cially imposed ion gradients were used to study uptake of
L-glutamate in the presence of increasing amounts of Na+
(inside and outside). The optimum concentration of Na+ for
AT-driven glutamate uptake was 10 mM (Fig. 3). At higher
concentrations, the initial uptake rate is lowered. A ZApH
alone could not drive glutamate uptake, irrespective of the
absolute Na+ concentrations. Since glutamate is negatively
charged and a AlT can drive glutamate uptake, these results
indicate that glutamate is taken up in symport with at least 2
Na+, and that high internal Na+ concentrations inhibit
glutamate uptake. When glutamate uptake was measured in
hybrid membranes containing cytochrome c oxidase (as in
Fig. 1) with 10 mM NaCl inside and outside, Ap-driven
uptake could be also demonstrated (data not shown).

Cation and substrate specificity of the amino acid transport
systems. The cation specificity of the amino acid uptake
systems was determined by imposing different ion concen-
tration gradients in the presence of an artificial AT. Serine
and arginine uptake could be driven by a concentration
gradient of Na+ or Li', but not by a NH4 , Rb+, Cs+, or
choline+ gradient ([outside] > [inside]). Glutamate uptake,
on the other hand, could only be driven by a Na+ gradient
(Fig. 4).
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FIG. 2. Uptake of amino acids in hybrid membranes of C. fervidus driven by artificial ion gradients. Ion gradients were imposed as

described in Materials and Methods, and experiments were performed at 40'C. Amino acid uptake was measured upon generation of a

ANa+/F (E), a A'T in the presence of Na' (@), a ZApH in the presence of Na+ (A), a AT and a AiUNa+/F (U) or no gradient (0). (A) Glutamate
(1.8 p.M) uptake, pH 6.0; (B) serine (2.9 p.M) uptake, pH 6.0; (C) arginine (2.2 puM) uptake, pH 8.0.

The substrate specificity of the L-glutamate uptake system
was studied by measuring the initial rate of uptake in the
presence of a 100-fold excess of unlabelled aspartate, glu-
tamine, asparagine, cysteate, methylglutamate, hydroxyas-
partate, succinate, or D-glutamate. None of these acids
affected significantly the initial rate of uptake (data not
shown). L-Serine uptake was completely inhibited by L-thre-
onine and to a minor extent (60%) by L-alanine, L-cysteine,
L-leucine, and glycine but not by D-serine (data not shown).
Arginine uptake was inhibited by ornithine, and ornithine
was inhibited by arginine (Fig. 5, insets). Also, arginine
uptake was inhibited by lysine (data not shown).

Counterflow experiments showed that internal arginine or
ornithine could be exchanged for external ornithine or
arginine with similar rates (Fig. 5). The highest rates of
transport were achieved in a buffer containing Na'; in a
Na'-free buffer, uptake was about 20% (data not shown).
Also, in exchange experiments with equimolar concentra-
tions of arginine and ornithine inside and outside, exchange
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FIG. 3. Effect of Na+ concentration on the uptake of glutamate
in hybrid membranes of C. fervidus. Uptake was performed at 40°C
as described in Materials and Methods. The pH was set at 6.0, and
the glutamate concentration used was 1.8 ,uM. The internal [Na+]
equaled the external [Na+]. An artificial AT (-), an artificial ZApH
(O), or no gradient (V) was applied.

of the amino acids occurred at a higher rate in the presence
of Na+ (data not shown).

Stoichiometry of amino acid transport. Only serine was
taken up to steady-state accumulation levels in cytochrome
c oxidase-containing hybrid membranes. The cation/serine
stoichiometry could, therefore, be determined. When only a
A'T is the driving force ([Na+]in = [Na']0.,), steady-state
levels of accumulation are AUserine/F = nA1L, where n

represents the cation-serine stoichiometry during transport.
The stoichiometry was 0.9 cations per serine (35). For
arginine uptake, a steady-state level of accumulation was not
reached after 20 min, while for glutamate the inhibitory role
of the internal Na+ complicates the thermodynamic analysis
of amino acid/Na+ stoichiometries. Therefore, kinetic ex-

periments in which the Na+/amino acid stoichiometry was
estimated directly from the Na+-stimulated 3H-amino acid
efflux and the amino acid-stimulated 22Na' efflux were
performed. Figure 6 shows the typical result obtained for
glutamate. The ratio of the rates of amino acid-stimulated
Na+ efflux and Na+-stimulated amino acid efflux gives the
Na+/amino acid stoichiometry. These ratios were 1.0 for
Na+ to serine, 1.1 for Na+ to arginine, and 1.9 for Na+ to
glutamate. With this method, rather high variations in the
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FIG. 4. Cation specificity of the amino acid uptake systems in
hybrid membranes of C. fervidus. Uptake was performed at 40°C,
pH 7.0, on imposition of valinomycin-mediated K+ diffusion poten-
tial. The external medium contained 50 mM NaCl, LiCl, choline Cl,
RbCl, NH4Cl, or CsCl. Glutamate (1.8 ,uM) uptake, serine (2.8 ,uM)
uptake, and arginine (2.2 ,uM) uptake were measured.
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FIG. 5. Arginine/ornithine counterflow in hybrid membranes of
C. fervidus. (A) Membranes were loaded with 1 mM ornithine (U),
1 mM arginine (0), or nothing (E) and diluted into a buffer
containing 2.2 p.M ["4C]arginine. (B) Membranes were loaded with 1
mM ornithine (0), 1 mM arginine (-), or nothing (l) and diluted
into a buffer containing 1.7 p.M ['4C]ornithine. The inset of panel A
shows uptake of arginine, and the inset of panel B shows uptake of
ornithine, driven by a AP and AiNa+/F without further additions (0)
and in the presence of a 100-fold excess of unlabelled arginine (A) or

ornithine (A).

apparent Na+/glutamate stoichiometries were observed (Ta-
ble 1).
22Na' exchange experiments. Since in bacteria the most

common mechanism to generate a Na+ gradient ([outside] >
[inside]) is the interconversion of a Ap into a AiIUNa+/F, the
presence of a Na+/H+ exchange system was examined.
Membrane vesicles loaded with 22Na+ showed no enhanced
efflux at pH 7.0 when a At, a ZApH, or a combination of
both gradients was applied (data not shown). At pH 6.5, 7.0,
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FIG. 6. Efflux of 22Na+ and [3H]glutamate from C. fervidus
membrane vesicles. Membrane vesicles were loaded with 1 mM
22Na+, 1 mM [3H]glutamate, or both for 3 h at 40'C. The equilibra-
tion buffer contained 50 mM MES buffer, plus 5 mM MgSO4, set at
pH 6.0 with N-methylglucamine. Membrane vesicles (2 p.l) were
diluted 300-fold into the equilibration buffer. Efflux experiments
were performed at 400C. Efflux of 22Na+ without (A) and together
with (A) 1 mM [3H]glutamate and efflux of [3H]glutamate without
(0) and together with (0) 1 mM 22Na+ were estimated. Samples
were determined in fourfold.

TABLE 1. Stoichiometry of Na'-coupled amino acid efflux from
membranes of C. fervidusa

Amino acid x SD n

Glutamate 1.9 0.7 11
Serine 1.0 0.05 4
Arginine 1.1 0.03 4

a Efflux experiments were performed as described in the legend to Fig. 6.
Experiments were performed in membrane vesicles, in membrane vesicles
fused with liposomes, and in liposomes in which membrane proteins were
reconstituted. x, mean value of the Na+/amino acid stoichiometry; n, number
of experiments performed.

or 7.5, an imposed Ap as high as -240 mV did not signifi-
cantly enhance Na' efflux in membrane vesicles or in hybrid
membranes. On the other hand, when externally an equimo-
lar concentration of Na' was present, enhanced efflux was
observed. Li' could replace Na' (Fig. 7). However, Na+/
H+, Na+/K+, Na+/Ca2+, or Na+/NH4+ exchange activities
could not be demonstrated.

DISCUSSION
This paper shows that the peptidolytic, thermophilic

anaerobic bacterium C. fervidus takes up amino acids in
symport with Na+. No secondary transport systems with
protons as coupling ions could be demonstrated. Also, the
presence of a Na+/H+ exchanger could not be demonstrated
in membrane vesicles of this organism, despite the high
sensitivity of the method used.
The neutral amino acid serine was found to be symported

with 1 Na+. A At and a AjUNa+/F are equally effective as the
driving force for the uptake, and efflux of 1 mol of serine is
coupled to the efflux of 1 mol of Na+. Also, in E. coli a Na+
symport system has been found for serine and threonine,
albeit with a much higher affinity for Na+ (16). Besides a
Na'-coupled system, a serine/H' symport system is present
in E. coli (17). In Streptococcus bovis a serine (threonine)/
Na+ symport system with a low affinity for Na+ has been
found. However, in this case Li+ cannot replace Na+ (30).

Arginine is a positively charged amino acid. Uptake via a
uniport system with the AT as the driving force is in
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FIG. 7. Efflux of 22Na' from C. fervidus membranes. Membrane
vesicles were loaded with 1 mM 22Na', and efflux was performed as
described in the legend to Fig. 6 with, on the outside, 1 mM NaCl
(-), 1 mM LiCl (A), 1 mM KCl ([), 1 mM NH4Cl (A), 1 mM CaC12
(-), or no salt (0).
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principle possible, as has been shown for lysine transport in
B. stearothennophilus (18). Arginine uptake in C. fervidus is
symported with 1 Na+ and therefore driven by 2x At and a
Ajj +/F. Because of this high driving force for Na+/arginine
symport, a very high arginine concentration gradient would
be expected in the cytochrome c oxidase-containing hybrid
membranes. However, because of the relatively slow uptake
of arginine, a steady-state accumulation level was not
achieved. Efflux experiments, however, demonstrated un-
equivocally that arginine was transported with 1 Na'. In
whole cells of C. fervidus, the generation of citrulline from
arginine could be measured, indicating that the arginine
deiminase pathway is present (34a). This pathway is present
in a number of bacteria, and per 1 mol of arginine, 1 mol of
ATP, 1 mol of ornithine, 1 mol of C02, and 2 mol of NH3 are
formed (3). Arginine is taken up by the cells in exchange for
ornithine, thereby minimizing the bioenergetic costs of
transport. In Lactococcus lactis a true arginine/ornithine
antiporter is present. No Ap-driven uptake of arginine via
this carrier is possible (13). In Pseudomonas aeruginosa a
Ap-driven uptake system of arginine, which functioned un-
der physiological conditions as an arginine/ornithine ex-
changer, was present. It has not been established whether
arginine was taken up in this organism via a uniport system
or in symport with a proton (40). Our results demonstrate
that in C. fervidus, arginine can be taken up in symport with
1 Na+ and that under physiological conditions, arginine
uptake takes place in exchange for intracellularly formed
ornithine. This exchange is also Na+ dependent. A Na+/
arginine symport system was also proposed for the rumen
bacterium strain SR (39). It was suggested that ornithine
efflux was also Na+ coupled but mediated via a different
carrier and that the ANa+/F generated by ornithine efflux
could drive arginine uptake. However, it was not examined
whether ornithine acts as a competitive inhibitor for arginine
uptake and whether the carrier could perform arginine/
ornithine exchange. The results obtained for the rumen
bacterium could very well be explained by the model pro-
posed for C. fervidus.

Glutamate is negatively charged at physiological pH val-
ues. The amino acid was taken up electrogenically in sym-
port with 2 Na+. A A* and a A4tNa+/F drive the uptake of
glutamate, and efflux of 1 mol of glutamate is coupled to
efflux of, most likely, 2 mol of Na+. In a previous article,
glutamate was reported to be transported with 1 Na+ (35).
These experiments were performed under conditions of a
high [Na+]in, which inhibited the uptake, and AT-driven
uptake was not detected. Intracellular Na+ ions may inhibit
the uptake of glutamate by preventing the release of the Na+
ions on the inside through a shift in the equilibrium of the
carrier-ligand intermediate(s) to a form that has the Na+-
binding site(s) occupied. Serine uptake was also inhibited
when high internal Na+ concentrations were employed (data
not shown). In the thermophilic aerobic bacterium B. stearo-
thermophilus, glutamate is taken up in symport with 1 H+
and 1 Na+ (6). Such a Na+/H+/glutamate symport system
was also reported for E. coli (9), but recently two distinct
genes encoding two different secondary transport proteins
were cloned (4). One of these genes (gltP) codes for a protein
which takes up glutamate with, most likely, 2 H+ (35a, 36);
the other (gltS) codes for a Na+/glutamate transport protein.
The stoichiometry of the latter process has not been deter-
mined. The glutamate uptake system of C. fervidus is the
first system for which it has been demonstrated that 2 Na+
are cotransported with the amino acid. Like the GHS of E.
coli, Li+ cannot replace Na+, but unlike this system, a-me-

thylglutamate is not an inhibitor (31). The glutamate uptake
system of C. fervidus also has a substrate specificity differing
from that in B. stearothermophilus. The gene encoding the
C. fervidus protein has been cloned and is currently being
characterized genetically. It is of special interest to compare
its primary structure with that of the other known glutamate
transport proteins.

This study demonstrates that glutamate, arginine, and
serine are AIuNa+/F-driven symport systems in C. fervidus.
This implies that even when there is a low Ap in the cells, the
amino acids can be taken up as long as a AUNa+/F is present.
At the growth temperature of 680C, the membranes are
probably very leaky for protons. Furthermore, weak acids
such as acetic acid are formed, which could lower the Ap by
dissipating the ZApH component. It is under those condi-
tions certainly an advantage to have Na'-coupled systems,
provided the Na' gradient is generated by a primary Na+
pump, since the permeability of the membrane for H' is
orders of magnitude higher than that of Na' (28). The way in
which this Na' gradient is generated in C. fervidus is not yet
clear. Although Na+/Na+ exchange is observed, no Na+/H+
antiport activity could be demonstrated. In eukaryotes Na+/
Li+ exchange activities, which do not result from a Na+/H+
antiporter and of which the physiological role is unclear, are
also known (14). The presence of a Na+ ATPase to generate
a Na+ gradient in C. fervidus seems most likely, so studies of
the coupling ion of the membrane-bound ATPase are under
way.
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