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The energetics of a-aminoisobutyric acid transport were examined in Vibrio costicola grown in a medium
containing the NaCl content (1 M) optimal for growth. Respiration rate, the membrane potential (4y) and
a-aminoisobutyric acid transport had similar pH profiles, with optima at 8.5-9.0. Cells specifically required
Na® ions to transport a-aminoisobutyric acid and to maintain the highest Ay (150-160 mV). Sodium was not
required to sustain high rates of O,-uptake. Ay (and a-aminoisobutyric acid transport) recovered fully upon
addition of Na* to Na*-deficient cells, showing that Na* is required in formation or maintenance of the
transmembrane gradients of ions. Inhibitions by protonophores, monensin, nigericin and respiratory inhibi-
tors revealed a close correlation between the magnitudes of Ay and a-aminoisobutyric acid transport. Also,
dissipation of Ay with triphenylmethylphosphonium cation abolished a-aminoisobutyric acid transport
without affecting respiration greatly. On the other hand, alcohols which stimulated respiration showed
corresponding increases in a-aminoisobutyric acid transport, without affecting Ay. Similarly, N,N’'-di-
cyclohexylcarbodiimide (10 uM) stimulated respiration and a-aminoisobutyric acid transport and did not
affect Ay, but caused a dramatic decline in intracellular ATP content. From these, and results obtained with
artificially established energy sources (4¢y and Na* chemical potential), we conclude that Ay is obligatory for
a-aminoisobutyric acid transport, and that for maximum rates of transport an Na* gradient is also required.

tion, hydrolysis of ATP by adenosine triphos-
phatase, or through photosynthetic or bacteriorho-
dopsin activity. The chemical and electrical com-
ponents of this force can be utilized, either in
combination or separately, for carrier-mediated
transport via substrate-proton symport.

While the importance of protons in carrier-
mediated transport has been recognized for some
time [4], only relatively few studies have shown the

Introduction

A concentrative transport of nutrients across
the cytoplasmic membrane can be accomplished
utilizing the energy of the transmembrane electro-
chemical proton gradient (protonmotive force) (for
reviews see Refs. 1-3). This protonmotive force is
generated by the efflux of protons during respira-
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breviations: Mes, 4-morpholineethanesulfonic acid; TPMP™,
triphenylmethylphosphonium; TPB~, tetraphenylboron;
CCCP, carbonyl cyanide m-chlorophenylhydrazone; TCS,
3,3’ 4’ ,5-tetrachlorosalicylanilide.

importance of Na* ions. Sodium-dependent
growth and transport was first reported for marine
bacteria [5,6], but later detected in several non-
marine species where saturation seems to occur at
much lower Na* concentrations [7-10]. Moreover,
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Na*-dependent transport systems can explain
growth in alkaline media of Escherichia coli and
alkalophilic bacilli (for review see Ref. 11). Gener-
ally, the mechanism for these effects is explained
by the conversion of the protonmotive force to a
sodiummotive force through Na* /H* antiport,
followed by substrate-sodium cotransport. It must
be noted, however, that sodium gradients can be
established in several ways in addition to Na* /JH™
antiport (reviewed in Ref. 12 and 13). The sodium-
motive force is composed of a membrane potential
and a Na* chemical potential, defined as Afi,+ =
Ay — 60 log([Na*],,,/[Na*];,) [13].

Vibrio costicola is a moderately halophilic
bacterium which requires 1 M NaCl for optimal
growth [14]. Carrier mediated transport of a-
aminoisobutyric acid in these bacteria requires
energy, depends on sodium ions, and is very salt
tolerant; this tolerance (up to 4 M NaCl) depends
on the NaCl concentration in which the cells are
grown or to which they are exposed [15]). The pH
optimum for growth extends from 6.5 well into the
alkaline region (pH 9.0), where the pH gradient is
reversed (inside acid). Both respiration-induced
proton efflux and Na* /JH™ antiport activities were
identified at pH 7.5, where there is no measurable
pH gradient. This suggested that antiport activity
may depend on Ay and may contribute to the
formation of a sodiummotive force [12]. In this
study we demonstrate the importance of Ay and
the sodiummotive force for the concentrative up-
take of a-aminoisobutyric acid.

Materials and Methods

Growth and preparation of bacteria. V. costicola
NRCC 37001 was grown aerobically as described
previously [12]. Cultures were maintained in com-
plex medium with 1.5% agar added, and stored at
4°C.

At the end of the exponential phase of growth
(16-18 h, 1-1.5 mg dry wt. per ml) bacteria were
washed twice with a solution of 1.0 M NaCl (or
1.0 M KCl when indicated) containing 8 mM
KCl/0.4 mM MgSO,/0.2 mM KH,PO,/50 mM
Tris-HC], final pH 7.2 (or as otherwise indicated).
Suspensions were used immediately. When a series
of experiments was carried out the suspension was
stored at 0°C during the course of this series, in

general for less than 2 h.

For salt solutions of different pH values, 50
mM Mes-KOH was used for pH values lower than
7.6 and 50 mM Tris-HCI for pH values higher
than 7.2, in a 1.0 M NaCl solution with other salts
as above. Solutions of NH,Cl, LiCl, KCl and
choline chloride contained 50 mM Tris-HCI (pH
8.8) and KCl, KH,PO, and MgSO, as above.
Bacterial dry weights were corrected for the weight
of the salts as before [12].

Measurement of respiration. An oxygen elec-
trode was placed in 5 ml of salt solution main-
tained at 30°C and stirred with a magnetic stirrer.
Bacteria (1.0 mg dry wt) and substrates (final
concentration 20 mM) were added from Hamilton
syringes. An immediate response (in O, utilization)
was observed on addition of the bacteria. For
experiments on oxidation of different electron
donors (methanol, ethanol, propanol and butanol)
the initial rate of respiration was measured for 2-3
min. In studying the effects of pH, inhibitors and
different ions (KCl, NH,Cl, LiCl and choline
chloride), respiration was studied after incubation
for 20 min at 30°C.

Since oxygen solubility changes with different
dissolved salts, the apparatus was calibrated for
each salt solution studied. The solutions were
saturated with air, in the absence of bacteria; then
the amount of dissolved oxygen was measured by
iodometry, following the technique of Winkler [16].
For each series of experiments, the bacteria to be
used were kept on ice with continuous aeration.
Immediately after respiration was measured, the
pH of each suspension of bacteria was measured
using an Orion digital pH meter.

Measurement of intracellular volume. The in-
tracellular volume using ['“CJurea and [*H]raf-
finose was 1.81 pl/mg cell dry wt. [12].

Measurement of 4y. The magnitude of 4y was
determined at 30°C by measuring the accumula-
tion of a lipophilic cation, triphenylmethylphos-
phonium (TPMP™), in the presence of the anion,
tetraphenylboron (TPB™), as previously described
[12].

Aminoisobutyric acid uptake. Bacteria (0.5 mg
dry wt./ml) were incubated 20 min at 30°C in the
salts medium indicated. a-Aminoisobutyric acid
(200 pM, 0.5 pCi/pmol; New England Nuclear)
was added and samples of 0.5 ml were filtered



through cellulose acetate filters (0.45 pwm), and
washed immediately with 5.0 ml of medium simi-
lar to which they had been incubated, without
a-aminoisobutyric acid. Filters were placed in
Aquasol (New England Nuclear) or ACS
(Amersham) for counting.

Measurement of aminoisobutyric acid efflux.
Bacteria (0.7-1.0 mg dry weight/ml) were loaded
with a-amino['*Clisobutyric acid by incubating
for 30 min under conditions optimal for transport
(pH 8.8 and 1 M NaCl). The cells were centrifuged
(10 min, 7700 X g) at 4°C, and resuspended in the
salt solution used for transport, but without «a-
aminoisobutyric acid. Aliquots of this bacterial
suspension were then diluted into salt solutions
(pH 8.8) containing 1 M KCl, LiCl, NH,CI or
choline chloride, to a final concentration of
0.25-0.5 mg dry weight/ ml. At the indicated times,
0.5 ml samples were filtered and treated as for the
measurement of a-aminoisobutyric acid transport.
Bacteria stored on ice in the presence of 1 M NaCl
did not release significant amounts of a-
amino['*Clisobutyric acid during the course of the
experiment.

Measurement of ATP. 1 ml of bacterial suspen-
sion (0.5 mg dry wt./ml) was added to 1.0 ml ice
cold 12% HCIQ,, incubated 20 min, and neutral-
ized with a 0.72 M KOH /0.16 M KHCO, mixture
[17]. ATP was reacted with luciferin-luciferase
(Sigma) and monitored on the tritium channel of a
scintillation counter [18].

Artificially imposed driving forces. Bacteria were
washed in salt solution containing 1 M either of
NaCl or of KCl, and final pH 7 or 9. Oxygen-free
nitrogen (passed through a heated copper catalyst)
was used to flush the cells (30 mg dry wt./ml) in
50 ml serum bottles for at least 30 min, at room
temperature. The anaerobic suspensions of cells
were then incubated at 30°C following closure
with a butyl rubber stopper, and at intervals 100
ul aliquots were transferred with a Hamilton
syringe to similar serum bottles containing the
transport media under a nitrogen atmosphere (1 M
NaCl, pH 9.0, a-amino['*Clisobutyric acid 5 uM,
10 nCi/pmol). Samples of 0.5 ml were filtered as a
function of time and washed with the salts medium
used for transport.

Inhibitors. lonophores, N,N’-dicyclohexyl-
carbodiimide (DCCD), and N-ethylmaleimide were

A8 Uptake (nmol/mg)
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prepared as methanolic solutions; appropriate
controls were run to account for any effects of
methanol alone. Treatments were for 20 min at
30°C.

Metabolism of aminoisobutyric acid. V. costicola
was incubated with a-amino['*Clisobutyric acid
for 30 min at pH 8.8 as described for transport
assays. The cells were extracted [12], and samples
of the cell extract and medium subjected to thin
layer chromatography on silica gel plates (250 pm,
Analtech). Plates were developed with n-propanol:
NH,OH, 70:30 (v/v). The R value of authentic
labeled compound was 0.46, as shown by autoradi-

ography.
Results

Effect of external pH (pH,) on aminoisobutyric
acid uptake and respiration. Because the protonmo-
tive force resulting from respiratory activity is the
energy source for transport in many membrane
systems, the effect of pH, on both a-aminoisobu-
tyric acid uptake and respiration was studied. In
Fig. 1 both activities are shown to be highest at
alkaline pH,, values, between 8.5 and 9; the same
values at which Ay is greatest (168 mV at pH 9.0)
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Fig. 1. Effect of external pH on a-aminoisobutyric acid uptake
and the respiratory rate. Bacteria were suspended in a solution
of 1 M NaCl, 8 mM KCl, 0.4 mM MgSO, and 0.2 mM
KH, PO, with 50 mM Tris-HCl (O) or 50 mM Mes-KOH (®).
The bacteria were incubated at 30°C for 20 min before measur-
ing a-aminoisobutyric acid uptake or respiratory rate. a-
Aminoisobutyric acid uptakes were for 1.0 min, although a
similar profile was obtained using 30 min uptake times. The pH
values shown were measured at the conclusion of each test.
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Fig. 2. Efflux of preloaded a-aminoisobutyric acid as influenced
by the ionic environment. At time zero, cells of V. costicola,
preloaded with a-amino[! Clisobutyric acid, were placed in 1
M NaCl or 1 M of the various salts containing 20 mM NaCl.
See Materials and Methods for details.

[12). These results show a strong correlation be-
tween transport, respiration, and Ay. A sharp
decline occurring in these activities between pH
9.8 and 9.9 (the lysis point of the cells) is il-
lustrated in the figure by the respiration data.

TABLE I

Although an energy source was not supplied for
the experiment shown, both the endogenous and
ethanol-stimulated respiration rates were maximal
at the same alkaline pH,, (results not shown).

No metabolism of a-aminoisobutyric acid was
detected in cell extracts prepared after a 30 min
uptake period.

Effect of ionic environment. V. costicola requires
Na™ both for growth and a-aminoisobutyric acid
transport [14,15]. In addition, considerable efflux
of a-aminoisobutyric acid from preloaded cells
occurs when the cells are transferred to various
salt solutions lacking NaCl (Fig. 2). The effect of
the ionic environment on respiration, 4y and ATP
content of cells was next studied, in order to
determine which factor(s) could be best correlated
with ionic effects on transport. These experiments
were carried out at the optimal pH, value (pH
8.5-9.0), determined above and by Hamaide et al.
[12].

As previously shown [15], V. costicola can re-
spire in 1.0 M KCl in the absence of Na™; the
cells also respire in 1 M LiCl, NH,Cl or choline
chloride (Table I). In contrast to the case with the
other ions, a large proportion of the cells lyse
when suspended in 1 M choline chloride (without
Na*) invalidating its use as an osmotic stabilizing
agent. Additional oxygen uptake occurs in the
presence of ethanol in all salts except choline

EFFECT OF VARIOUS IONS ON a-AMINOISOBUTYRIC ACID TRANSPORT, Ay, O, CONSUMPTION, AND IN-

TRACELLULAR ATP CONCENTRATION
All assays performed at pH 8.5-8.8. N.d., not done.

Ion a-aminoisobutyric acid transport * Ay O, Consumption ATP Concentration ®

(1 M) (nmol/mg cells) Endogenous (png O, /min per mg cells) (pg/mg cells)
[TPMP];, .

Endogenous Ethanol ¢ —————— (mV) Endogenous Ethanol® Endogenous Ethanol
[TPMP],,,
1 min 30min 1min 30 min

NaCl 29 163 52 227 420 157 1.0 2.4 4.27 6.51

KCl 2 8 3 7 19 76 13 1.9 0.88 3.06

LiCl 0 0 N.d. N.d. 38 95 0.25 1.2 N.d. N.d.

NH,Cl 0 3 N.d. N.d. 27 78 0.57 21 N.d. N.d.

CholineCl 0 0 N.d. N.d. 20 86 0.56 0.56 N.d. N.d.

* Transport was measured after 1 min and 30 min uptake periods.

P ATP was extracted from cells which had taken up a-aminoisobutyric acid for 30 min.
¢ Ethanol (20 mM) was added to the cell suspension about 10 s prior to initiating the assays.
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EFFECT OF VARIOUS CONCENTRATIONS OF KCl AND NaCl ON 4y AND a-AMINOISOBUTYRIC ACID TRANSPORT

Bacteria were washed twice in salt solution containing either 1 M NaCl or 1 M KCl (pH 7.2) and incubated 20 min in salt solutions
containing various concentrations of NaCl and KCI (pH 8.8). Standard errors are shown for two independent experiments.

Salt solution Washing solution

KCl NaCl KCl NacCl
M) M) Ay a-Aminoisobutyric acid Ay a-Aminoisobutyric acid
(mV) transport (mV) transport

(nmol /mg) (nmol /mg)

1 min 30 min 1 min 30 min
0 0 37453 1+1 1+ 1 39+ 56 0 0
0.5 0 37452 0 0 76+18 0 0
1 0 51+73 0 0 0 1+1 8+ 2
0 0.5 148+ 3 30+3 144 +29 152+10 28+4 124 +11
0.5 0.5 138+ S 16+3 104+ 21 139+ 4 17+1 90410
1 0.5 121+ 4 1341 75+19 132+ 8 13+1 74+ 6
0 1 154+ 1 33+4 174 +29 157+ 1 3143 174 +15
0.5 1 123415 1412 79412 148+ 1 1542 92+ 1
1 1 123+19 7+3 44+ 4 142+ 7 7+1 51+ 3

‘chloride. Furthermore, ATP is produced by the
cells respiring in the presence of ethanol and KCl,
though the concentration of ATP maintained in
cells carrying out endogenous respiration in KCl is
quite low. In contrast, though ethanol strongly
stimulates a-aminoisobutyric acid transport in cells
suspended in 1 M NaCl, no such stimulation is
observed in cells suspended in 1 M KCl; in the
latter cells, no transport at all is observed.

Ay is greatly lowered in KCl, LiCl, NH,Cl and
choline chloride in the absence of Na* (Table I).
These low values for Ay represent small distribu-

TABLE 11

tions of TPMP* (in/out) relative to that found
when Na* is present, and may therefore be subject
to overestimation resulting from non-specific bind-
ing of TPMP™ [12]. This effect on Ay indicates
either that Na™ is specifically required in the
formation or maintenance of an appreciable 4y,
or that ions other than Na™ dissipate the poten-
tial. To distinguish between these possibilities, cells
washed in 1 M KCI were tested to see if Ay (and
a-aminoisobutyric acid transport) recovered upon
NaCl addition (Table II). By comparing to the
NacCl control, it is evident that 4y recovered fully

EFFECT OF SOME ELECTRON DONORS ON THE RESPIRATORY RATE, a-AMINOISOBUTYRIC ACID TRANSPORT,

Ay AND ATP CONTENT

All measurements were initiated about 10 s following the addition of the alcohols. ATP was extracted from cells incubated for 30 min

with a-aminoisobutyric acid.

Energy supply Respiratory rate a-Aminoisobutyric acid Ay ATP content
(ng O, /min per mg) transport (mV) (pg/mg)
(nmol /mg)
1 min 30 min
Endogenous 2.20 29 173 147 5.34
Methanol (20 mM) 215 26 168 152 5.34
Ethanol (20 mM) 3.14 63 325 151 9.57
Propanol (20 mM) 321 66 313 148 9.07
Butanol (20 mM) 2.61 42 227 146 8.95
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Fig. 3. Influence of the ionic environment on a-aminoisobutyric
acid uptake and Ay. Bacteria were incubated for 20 min (pH
8.8) with the indicated concentrations of NaCl varied from 0 to

upon the readdition of NaCl to the cells, and that
the continued presence of KCI at high concentra-
tion (either 0.5 or 1.0 M) was only moderately
inhibitory to Ay. These studies show that Na™ is
necessary for the formation and maintenance of
AY. A positive correlation was seen between Ay
and a-aminoisobutyric acid uptake throughout this
study on ion effects.

To investigate further the relationship between
Ay and a-aminoisobutyric acid uptake, bacteria
were incubated in different concentrations of NaCl
(Fig. 3). As the NaCl concentration was lowered
below 0.3 M without any compensation for lowered
osmolarity (panel A), both a-aminoisobutyric acid
uptake and Ay markedly decreased. With V.
costicola lysis begins at 0.13 M NaCl [15]. Since at
0.3 M NaCl Ay was near its maximum value and
a-aminoisobutyric acid uptake had declined to
about 50% of maximum, this provides evidence for
a role(s) of Na* for a-aminoisobutyric acid trans-
port additional to that for Ay (see also Table I).
When osmolarity of 1.0 was maintained with LiCl
(panel B), marked parallel inhibitions of both Ay
and a-aminoisobutyric acid uptake were evident.
By comparing with panel A, it is evident that LiCl
has an inhibitory effect. Less inhibition was ob-
tained by using KCI to maintain osmolarity of 1.0,
since no changes in Ay or a-aminoisobutyric acid
uptake occurred in the range 0.1-0.9 M KClL In
all cases the correlation between a-aminoisobu-
tyric acid uptake and Ay was striking.

Electron donors. To test the effects of electron
donors on a-aminoisobutyric acid transport, it was
best to use substrates which should penetrate the
cells independent of Na™ or energy. Alcohols have
been used successfully for this purpose in Alrer-
omonas haloplanktis {19,20]. The effects of alcohols
were measured in cell suspensions containing 1 M
NacCl, at pH, of 8.8 where no positive contribu-
tion to a-aminoisobutyric acid uptake is expected
from ApH (Table III). The alcohols which im-
mediately stimulated respiration (ethanol, pro-
panol and butanol) also increased ATP concentra-

1.0 M (panel A), or with an osmolarity of 1.0 maintained, using
LiClI (panel B) or KCl (panel C). Values corresponding to 100%
uptake for 1.0 and 30 min in nmol/mg dry wt. are 30 and 170
(panel A), 24 and 137 (panel B), and 30 and 160 (panel C),
respectively.



tions and a-aminoisobutyric acid transport, but
produced no change in Ay. Incubation of the cells
with ethanol for either a few seconds or for 20 min
before adding [*)H]TPMP" produced no change in
Ay. Methanol produced no changes in any of the
parameters tested. These results suggest that the
energy generated by respiration, during oxidation
of electron donors, is not necessarily conserved as
a measurable form of Ay but may, rather, be used
immediately for functions such as ATP synthesis
or carrier mediated transport of a-aminoisobutyric
acid.

Inhibitors. DCCD is an inhibitor of ATPase
activity in mitochondria and numerous bacteria
including V. costicola [21,22].DCCD, when less
than 40 pM, stimulated a-aminoisobutyric acid
transport and respiration. Ay remained unchanged
and the ATP content of the cells decreased greatly,
presumably through inhibition of the ATPase (Fig.
4). At higher concentrations the specificity for the
ATPase was lost, since DCCD inhibited re-
spiration and a-aminoisobutyric acid transport,
and dissipated Ay.. These results suggest that ATP
is not a major energy source for a-aminoisobutyric
acid transport.

N-ethylmaleimide, which reacts with sulfhydryl
groups, and KCN have pronounced effects on the
respiratory chain of V. costicola and on Ay (Table
IV). In the presence of these inhibitors, no a-
aminoisobutyric acid transport takes place.

A decline in Ay occurs with the protonophores

TABLE 1V
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Fig. 4. Inhibitory effects of DCCD on a-aminoisobutyric acid
uptake, ATP content, respiration rate, and Ay. Bacteria were
incubated for 20 min, at 30°C, with DCCD (1 M NaCl, pH
8.8) prior to performing the various assays. In the case of ATP
extractions, these were carried out following the 30 min uptake
of a-aminoisobutyric acid. Endogenous activities were mea-
sured. Values corresponding to 100% uptake in nmol/mg dry
wt. are 29 and 151, for 1.0 and 30 min, respectively.

carbonyl cyanide m-chlorophenylhydrazone
(CCCP) and 3,3,4',5-tetrachlorosalicylanilide
(TCS). Both CCCP and TCS act as protonophores
in V. costicola [12] but may inhibit a-aminoisobu-
tyric acid transport by more than one mechanism
(see below). Moreover, the protonophores behave

EFFECT OF INHIBITORS ON THE RESPIRATORY RATE, Ay AND a-AMINOISOBUTYRIC ACID TRANSPORT

Treatment Activity (% of uninhibited) ®
Respiration Ay a-Aminoisobutyric
rate acid transport
(1.0 min)
N-ethylmaleimide (10 mM) 18 17 0
KCN (10 mM) 0 8 8
TCS (20 p M) 70 28 1
CCCP (20 uM) 265 32 2
Valinomycin (20 pM)+KCl (0.5 M) not done 49 53
Monensin (20 uM) 262 39 24
Nigericin (20 u M) 186 3 2
Gramicidin (10 pg/ml) 92 108 61

# 100% of activity = 0.58 pg O, /min per mg for the endogenous respiration; 156 mV for A¢; 27.5 nmol/mg for a-aminoisobutyric

acid transport.
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differently, since CCCP stimulates and TCS par-
tially inhibits respiration. A complete dissipation
of Ay by valinomycin (plus KCl) does not occur,
as expected from previous results showing that
valinomycin is unable to catalyze any appreciable
uptake of **Rb* in V. costicola [12].

Nigericin often elicits an electroneutral ex-
change of H* and K*, monensin an electroneu-
tral exchange of H* and Na*, and gramicidin
which acts as a rather nonspecific conductor of
H*, Na® and K" collapses Ay {23]. In spite of a
large increase in respiration rate, treatment with
nigericin and monensin resulted in the partial col-
lapse of Ay and a-aminoisobutyric acid transport
(Table IV). A role for monensin in catalyzing the
influx of protons with collapse of Ay is consistent
with previous results showing that monensin
mimics the effects of protonophores by abolishing
net proton efflux in response to an oxygen pulse
[12]. Hence, monensin and nigericin behave much
like protonophores in this system. Gramicidin ex-
erted little effect on either respiration or Ay, but
produced a small but significant decline in a-
aminoisobutyric acid transport. Although we do

o

100% 1.
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Fig. 5. Influence of unlabeled-TPMP™ | in the presence of 2 uM
TPB ™, on a-aminoisobutyric acid uptake and respiration. In-
cubation with TPMP* was for 20 min at 30°C before de-
termining a-aminoisobutyric acid uptake and respiration rate.
Measurements were made in the absence of an added energy
source with cells exposed to 1 M NaCl, pH 8.8. Similar results
for respiration (not shown) were obtained using 20 mM ethanol
as an energy source. Transport rates for control cells were as
shown in Fig. 4.

not know why gramicidin is ineffective, these re-
sults on Ay correlate to an absence of growth
inhibition by 20 uM gramicidin added to a defined
medium, pH 8.5 (not shown).

The effects of the lipophilic cation, TPMP™ (in
the presence of TPB~, 2 pM) were measured on
both a-aminoisobutyric acid transport and respira-
tion (Fig. 5). Concentrations higher than 40 uM
completely inhibited a-aminoisobutyric acid trans-
port. In contrast, the capacity of the bacteria to
respire diminished only slightly with increasing
TPMP™* concentrations. The lipophilic cation is
taken up by the cells, and should abolish Ay
according to the concentration of the cation added
[24]. Hence, these results support the conclusion
that Ay is required in a-aminoisobutyric acid
transport at alkaline pH,.

Aminoisobutyric acid uptake in response to artifi-
cially created energy sources. Attempts were unsuc-
cessful to demonstrate a-aminoisobutyric acid up-
take into anaerobic cell suspensions when the con-
ditions described by Tsuchiya et al. [8,9,25] were
used to establish artificial energy sources. This
included reaction of Ay (in the presence of Na*t)
by suddenly shifting the pH of the cell suspension
(pH 7-9) in the presence of the protonophores
CCCP or TCS. However, considerable concentra-
tion gradients of a-aminoisobutyric acid were
achieved in response to a pH shift, providing
protonophores were omitted (Fig. 6). These proto-
nophores exert more potent effects on a-aminoi-
sobutyric acid transport than on Ay (Table 1V).
Together, these results suggest a site(s) of inhibi-
tion additional to the energy supply. Data have
been presented for a direct interaction of these
protonophores with certain amino acid or sugar
translocators in other microorganisms (see Ref.
26). In the absence of protonophores, Ay may
form as a result of proton efflux through the
anaerobic membrane where initially the ApH is
acidic inside [12]. This would require a membrane
somewhat permeable to protons under the test
conditions. In support of formation of Ay in re-
sponse to a pH shift, high concentrations of
TPMP* partially prevented the uptake of o-
aminoisobutyric acid (as in Fig. 5) and only slight
uptake occurred in the absence of a pH shift. Also,
direct measurements consistently showed the for-
mation of Ay (inside negative) in response to the
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pH shift. These measurements varied quantita-
tively among experiments for reasons unknown.
The kinetics of a-aminoisobutyric acid uptake are
less transient in V. costicola than in other systems
employing a protonophore [8,25].

To establish an Na* chemical potential, a con-
centrated cell suspension in 1 M KCl was rapidly
shifted to a solution containing NaCl (with or
without a pH shift to create Ay). No uptake
occurred in response to the Na™ gradient alone,
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but uptake above that observed for a pH shift
alone was observed in response to the combined
driving forces. The kinetics of a-aminoisobutyric
acid uptake show a slow constant rate in response
to the pH shift and a fast uptake attributable to
the additional effect of the Na™ chemical poten-
tial. Although Ay was obligatory for uptake, for
maximum rates the Na* chemical potential was
also necessary.

Discussion

Sodium ions may play several roles in the func-
tions of the cytoplasmic membrane. Depending on
the bacterial species, the ion may be required to
prevent lysis and to stabilize the cytoplasmic mem-
brane, to activate enzymes, to establish a sodium
motive force or to change the K of the carrier for
the substrate. V. costicola requires 1 M NaCl for
optimal growth, and lysis occurs in water [15,27].
Lysis may be prevented by salts other than NaCl
including LiCl, KCl or NH,Cl. Since the bacteria
respire in these salt solutions, a requirement for
Na™* at the level of the respiratory enzymes is
unlikely ([12]; Table I). ATP is synthesized in the
absence of added Na™ as well (Table I), suggesting
no requirement of Na* for ATPase activity. How-
ever, at least three functions depend specifically on
the presence of the Na* ion. These include the
uptake and retention of a-aminoisobutyric acid
(this study), the regulation of internal pH in al-
kaline media through Na® /H™ antiport activity
[12] and the formation and maintenance of Ay
(this study). Li™ ions cannot substitute well for
Na™ in these functions and are even inhibitory to
a-aminoisobutyric acid transport and Ay (Fig. 3).
All of the mentioned Na*-dependent functions
are recovered when NaCl is added to V. costicola
stored in a 1 M KClI salt solution, showing that
membrane integrity was conserved in the absence
of NaCl. A role for Na™ in lowering the apparent
K, for a-aminoisobutyric acid transport approx.
10-fold has been found (Hamaide, F., Sprott, G.D.
and Kushner, D.J., unpublished data).

Transport of the non-metabolized amino acid
{a-aminoisobutyric acid) in V. costicola is carrier
mediated. Competition experiments (not shown)
using 20 pM each of labeled a-aminoisobutyric
acid and the competing amino acid revealed in-
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hibitions of 74, 48 and 18%, respectively, for
glycine, 1-alanine, and L-methionine; branched
chain amino acids and L-valine were not inhibi-
tory. Typical transport kinetics were obtained with
an apparent K, of 2.0-107° M and a maximum
velocity of 41 nmol/ min per mg dry wt. (Hamaide,
F., Sprott, G.D. and Kushner, D.J., unpublished
data). In these respects, a-aminoisobutyric acid
transport resembles that found in the marine
bacterium A/{lteromonas haloplanktis [28].

a-Aminoisobutyric acid transport in V. costicola
is energy dependent, showing a close relationship
to the respiratory rate (Fig. 1, Table III). Several
lines of evidence support the conclusion that the
transport system exhibits an obligatory require-
ment for an appreciable Ay. Variations in the
magnitude of Ay, as measured by TPMP* distri-
butions, result in corresponding changes in a-
aminoisobutyric acid transport; both Ay and
transport exhibit similar pH profiles with optima
of 8.5-9.0, and both experience corresponding
changes in response to the ionic environment and
to the presence of inhibitors.

The involvement of an energy source additional
to Ay is suggested by enhanced rates of a-amino-
isobutyric acid transport upon addition of al-
cohols, which stimulate respiration but do not
increase 4+. Similarly, appropriate concentrations
of DCCD enhanced both respiration rate and a-
aminoisobutyric acid transport without changing
the magnitude of Ay. Although changes in the
respiratory rate and a-aminoisobutyric acid trans-
port, induced by adding various alcohols, revealed
a concomitant change in ATP content (Table III),
no such correlation was seen during inhibitions by
DCCD (Fig. 4). Low concentrations of DCCD
caused ATP to decline while respiration and «-
aminoisobutyric acid uptake were stimulated. This
lack in correlation between the ATP content and
transport suggests that ATP is not the additional
energy supply for a-aminoisobutyric acid trans-
port described above.

The reason for the stimulation of respiration by
low concentrations of DCCD is not fully under-
stood. A perturbation in the energy charge of the
adenylate pool may have activated pathways [29]
to produce more reducing equivalents. Since respi-
ration in these endogenous cells is less than maxi-
mal, an enhanced rate of O, uptake could be
expected.

An increase in the respiration rate on addition
of alcohols can also be explained by increased
rates of NADH formation (and oxidation). The
lack of a concomitant change in Ay suggests that a
maximum Ay is already maintained with the en-
dogenous energy supply, such that additional pro-
tons once expelled leak back inside (partially
through the ATPase complex to explain the ob-
served rise in ATP content) or that the stoichiome-
try of charge movement becomes electroneutral at
high values of Ay. This would be the case if the
stoichiometry of respiratory-induced H™* efflux to
Na* /H* movement through the antiporter were
2:1:3. Conditions exist where the net flux of H*
is inwardly directed, since an alkalinization of the
medium (containing NaCl) occurs at pH, 8.8 when
anaerobic cells of V. costicola receive an O,-pulse
(data not shown). However, this would not be the
stoichiometry expected at lower values of Ay, since
respiration coupled with antiport activity may be
the normal means to form Ay at alkaline pH,, {12].
Similar explanations may apply to the DCCD
results where Ay does not increase at increased
rates of respiration.

Effects of increased respiration may be ex-
plained if the Na* chemical potential becomes
larger under these conditions. The enhanced re-
spiratory rates and increased rates of proton efflux
are expected to increase Na* /H™ antiport activ-
ity, as required to maintain a relatively constant
cytoplasmic pH, resulting in an increased Na™
gradient. Previously, we have shown that respira-
tory activity in cells suspended in an Na™-free
solution results in proton efflux at pH 7.5 [12] and
also at pH 8.8 (unpublished data) where both
respiration and transport are maximal. Results
with artificially established driving forces indicate
that this additional energy source is the Na*
chemical potential. Little a-aminoisobutyric acid
transport occurred in response to the Na™ chemi-
cal potential alone, but the transport observed in
response to a pH shift (creating Ay ) was enhanced
by the combination of both energy sources (Fig.
6). Measurements of a-aminoisobutyric acid trans-
port in response to artificial driving forces led to
the same conclusions for the marine bacterium,
Alteromonas haloplanktis [30]. Although direct evi-
dence for Na* /a-aminoisobutyric acid symport is
difficult to obtain [30,31], a-aminoisobutyric acid



transport in V. costicola by such a mechanism
would explain the influence of the chemical gradi-
ent of Na™ ions.

Marked differences in energy coupling are evi-
dent between V. costicola and V. alginolyticus. Both
organisms require NaCl, with optimal growth of
V. costicola in 1 M NaCl [14], and V. alginolyticus
in 0.5 M [32]. When Na*-loaded, both organisms
respire best at alkaline external pH and generate a
maximal Ay, inside negative [12,33]. However, the
mechanisms of forming Ay at alkaline pH appear
to be different. A respiration-dependent primary
Na* pump is operative at alkaline external pH in
V. alginolyticus, which generates a Ay insensitive
to protonophores [34]. Consequently, a Na™-re-
quirement for respiration can be demonstrated
above pH 8.0 [34]. In V. costicola respiration causes
proton extrusion even at pH 8.5-9.0 and Ay is
collapsed by protonophores (Ref. 12, and present
study). Respiration at external pH 8.8 showed no
significant requirement for Na™, while certain ions
such as Li™ were inhibitory (Table I). Finally, V.
alginolyticus formed Ay in the presence of only 50
mM Na* [33), while in this study we demon-
strated in V. costicola an absolute requirement for
much higher Na* concentrations to generate and
maintain Ay,
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