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The cells of the marine bacterium Ant-300 were found to take up arginine when
this substrate was at low concentrations. The cells possessed an uptake system(s)
that specifically transported L-arginine. The kinetic parameters for uptake ap-
peared to differ when the cells were exposed to nanomolar and micromolar
concentrations ofthe amino acid. Uptake over this concentration range functioned
in the absence of an exogenous energy source, even after the cells had been
preincubated in unsupplemented artificial seawater. Respiratory activity ap-
peared to be a more important driving force for arginine uptake than adenosine
5'-triphosphate hydrolysis. The cells also exhibited chemotaxis toward L-arginine.
The minimum arginine concentration needed to elicit a chemotactic response was
between 10-5 and 106 M. It is proposed that the capture of arginine by cells of
Ant-300 in nutrient-depleted waters, which are typical of the open ocean, proceeds
via high-affinity active transport, whereas in substrate-enriched seawater, capture
involves chemotaxis and an active transport mechanism with reduced affinity for
the substrate.

Most of the organic matter from the deep sea
is considered to be resistant to microbial degra-
dation (2). The concentration of organic matter
in the open ocean, particularly below the ther-
mocline, is generally less than 1 mg/liter (20),
and the concentrations of specific organic com-
pounds such as amino acids range from 10 to 30
nM (16). Although never directly demonstrated,
organic matter in the ocean is thought to be
reduced to these low levels via the mineralizing
activities of heterotrophic bacteria. Thus, the
bacteria are under strong selective pressure to
function efficiently at low nutrient (substrate)
concentrations. Marine bacteria, in particular,
must be well adapted to scavenge the right mol-
ecules needed for cellular maintenance.

In this communication we shall use the term
"capture" to refer to the mechanisms by which
microorganisms obtain nutrients. Kalckar (14)
suggested that binding proteins, located in the
bacterial cell envelope, may be a means by which
microorganisms scavenge specific substrates
from the environment. Recently, binding pro-
teins have been implicated both in the chemo-
tactic response and in high-affinity substrate
transport by bacteria, two processes which co-
operate in effectively sequestering organic mol-
ecules from the environment (1, 2, 11).
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While marine bacteria have been shown to
exhibit chemotactic responses to organic mole-
cules (3), their capacity for high-affinity sub-
strate transport has not been well documented.
No marine bacterial transport systems have yet
been described which function at the low sub-
strate concentrations normally observed in the
open ocean.

In this communication we describe one mech-
anism by which marine bacteria capture arginine
and reduce the concentration of this amino acid
to levels normally observed in the open ocean.
Arginine was chosen in view of the fact that it is
a building block for cellular material and may
also serve as a source of energy for the cell.
Furthermore, arginine is rapidly reduced to very
low concentrations in seawater, probably be-
cause it is rich in nitrogen and therefore a pre-
ferred substrate (12).

MATERIALS AND METHODS
Organism. The marine bacterium referred to as

Ant-300 has been tentatively identified as a Vibrio
species. The psychrophilic nature of the organism has
been previously characterized (9).
Uptake studies. All procedures subsequently de-

scribed were performed at 5°C unless otherwise indi-
cated. Cells were cultured in a Casamino Acids me-
dium composed of: vitamin-free Casamino Acids
(Difco), 2.4 g; sodium nitrate, 0.5 g; Rila Marine Mix,
(Rila Products, Teaneck, N.J.), 30 g; ferrous sulfate,
0.0005 g; distilled water, 1 liter. The pH after autoclav-
ing was 7.8. Cells were harvested during the logarith-
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mic phase of growth (optical density = 0.52 at 600 mn)
by centrifugation in a Sorvall RC-2B centrifuge
at 3,000 x g, washed once in artificial seawater
(ASW) [4% Rila Marine Mix in 0.01 M tris(hydroxy-
methyl)aminomethane-hydrochloride buffer, pH 7.8],
diluted to approximately 107 cells per ml with ASW,
and allowed to reduce their endogenous reserves by
starving for 18 to 24 h (9). Portions of starved cells (5
ml) were transferred to 25-ml flasks containing chlor-
amphenicol (80 jLg/ml) and agitated for 5 min. Energy
donors, and metabolic inhibitors, when added, were
introduced at the time of chloramphenicol addition.
The uptake reaction was initiated by the addition of
L-[U-'4C]arginine (277 to 295 [LCi/4tmol) at the appro-
priate concentration. The reaction was stopped by
filtration through a membrane filter (0.45-,um pore
size, Millipore Corp., Bedford, Mass.), which was com-
pleted within 20 s, and the filter was washed with 5 ml
of ASW solution. That fraction of radioactivity taken
up as arginine which was converted to '4C02 was
measured in gas-tight reaction vessels (9). The filter
with the cells was air dried for 30 min at room tem-
perature and placed in a scintillation vial containing 5
ml of Omnifluor (4 g/liter of toluene). The radioactiv-
ity of each sample was determined in a model I Nu-
clear Chicago liquid scintillation counter.

Uptake kinetics were determined under conditions
outlined by Rosen (23). One-minute uptake periods
were chosen where initial rates were required. Sub-
strate concentrations were adjusted so that no more
than 10% of the substrate added to the medium was
accumulated by the cells. Cell densities were used in
a range over which substrate accumulation increased
linearly with cell concentration.
The procedure of Reid et al. (22) was used to obtain

the kinetic constants (Kt, the transport constant, and
V,,,, the maximum velocity of uptake). A nonlinear
least-square regression analysis (program BMD 07R,
University of California at Los Angeles computer pro-
gram library) was used to obtain kinetic parameters
from the data. A series of values for the transport
constants, K1 and K2, and the maximum rate constants
VI and V2, were substituted in a modified Michaelis-
Menten equation for two simultaneous reactions
which are described by the expression:

Vt 2 ,+ VIS K2+ S (1)K1I+S K +S

where Y1 and Y2 refer to the velocities of uptake and
V, K, and S have their usual meanings.
ATP assay. For assay of cellular adenosine 5'-tri-

phosphate (ATP), cells were cultured as described
previously, washed, diluted to a cell concentration
yielding 2 mg of cell protein per ml, and allowed to
reduce endogenous reserves for 24 h in ASW (9).
Chloramphenicol and the appropriate metabolic inhib-
itor were added to 1 ml of cell suspension and agitated
for the desired period of time. The reaction was
stopped by addition of 1 ml of 12% perchloric acid, the
reactants were neutralized to pH 7.4, and the cellular
ATP was extracted by the method of Berger and
Heppel (5). After extraction, the ATP was measured
by the luciferin-luciferase reaction. Desiccated firefly
lanterns were frozen in liquid nitrogen pulverized to

powder, and stored at -21°C until used. Twenty-four
hours before assay, pulverized lanterns at a concentra-
tion of 10 mg/ml were extracted with lantern buffer
consisting of 50 mM sodium arsenate and 2 mM mag-
nesium sulfate (pH 7.4) and stored at 2°C. The lantern
extract was centrifuged at 2,000 x g, and 0.04 ml of
the supernatant fraction was added to a reaction mix-
ture containing 0.5 ml of ATP standard or extracted
sample and 2 ml of buffer composed of 50 mM sodium
arsenate, 5mM potassium phosphate, and 5 mM mag-
nesium choloride (pH 7.4). The mixture was shaken
for 5 s on a Vortex mixer, and the luminescence rate
was immediately determined over a 10-s period on a
Packard TriCarb scintillation counter on optimum
tritium setting with the coincidence switch off. Pho-
tons emitted over this period are proportional to ATP
concentration in the sample (8). Cellular ATP concen-
trations were determined from a standard curve using
equine muscle ATP as a standard.

Chemotaxis. Cells were cultured in Lib-X broth
(10) and examined at intervals for motility by phase-
contrast microscopy. Cultures used for chemotaxis
studies were harvested from this medium by centrifu-
gation and suspended to an optical density of 0.05 at
600 nm in ASW. After 72 h of incubation, the cells
were again centrifuged and resuspended in ASW to a
cell concentration of approximately 107 cells per ml.
The cells were then applied to a chemotaxis chamber
similar to that described by Adler (1) with a syringe
containing a 21-gauge needle. L-Arginine (free base)
was diluted to the desired concentration in ASW, the
pH was adjusted to 7.6, and the solution was drawn
into 1-p1 micropipettes (Drummond Scientific Co.).
The micropipettes were inserted into the chemotaxis
chamber. After incubation for 1 h, the contents of the
micropipettes were expelled into a screw-cap tube
containing ASW, mixed vigorously, diluted, and plated
on Lib-agar medium.

Protein determination. Protein concentration in
cell suspensions was determined by the method of
Lowry et al. (19). Bovine serum albumin fraction V
was used as a standard.

Chemicals. Chloramphenicol, ATP, firefly lan-
terns, 2,4-dinitrophenol (DNP), N,N'-dicyclohexylcar-
bodiimide, D-lactate, N,N,N,'N'-tetramethyl p-phen-
ylenediamine, phenazine methosulfate, ascorbic acid,
and reduced nicotinamide adenine dinucleotide were
obtained from Sigma Chemical Co. Disodium succi-
nate, D-glucose, sodium arsenate, and potassium cya-
nide were obtained from Fisher Scientific. Sodium
amytal was obtained from Eli Lilly and Co. L-[U-
'4C]arginine and Omnifluor were obtained from New
England Nuclear Corp.

RESULTS
Cells of Ant-300, previously depleted of en-

dogenous reserve material, were found to take
up specific substrates that were present in ASW
at low concentrations. Radioactivity introduced
as L-[U_14C]arginine (0.07 ,uM) in ASW was con-

centrated 300-fold by the cells after 60 s. This
estimation was based on an average cell volume
of 2.2 ,um3, which was calculated from size mea-
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surements obtained by phase-contrast and elec-
tron microscopy. The cells took up arginine at
an extremely high rate during the first 15 s of
exposure to the substrate (Fig. 1). This was
followed by a lower but more constant rate of
arginine uptake by the cells. After 10 min, less
than 10% of the radioactivity taken up was res-
pired as '4CO2.

In view of the rapid rate at which the radio-
activity was taken up by the cells, an attempt
was made to determine whether the uptake of
arginine was mediated by active transport. Un-
der certain conditions (substrate present at less
than saturation concentrations) the active trans-
port of specific substrates by bacterial cells ex-
hibits a linear relationship between accumula-
tion rate and external substrate concentration.
The Lineweaver-Burk plot illustrated in Fig. 2
revealed a bimodal relationship for arginine up-
take over a range of arginine concentrations
from 0.034 to 0.59 ,uM. When the experimental
data were substituted in equation 1 (Materials
and Methods), assuming two simultaneous re-
actions, Kt values of 1.7 x l0-8 and 4.5 x 10-6 M
and Vmax values of 12 and 51 pmol/min per 5 x
107 bacteria, respectively, were obtained.
The uptake system(s) was relatively specific

for L-arginine. A 20-fold molar excess of L-lysine
or L-ornithine, two amino acids with structures
similar to arginine which are normally present
in seawater, produced at most a 35% inhibition
of L-arginine uptake (Table 1).

Since, by definition, active transport requires
the expenditure of energy, an effort was made to
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FIG. 1. Uptake of L-arginine by cells in the pres-

ence (A) and absence (0) of glucose. Cells were ex-

posed to L-[U-'4C]arginine (0.070 pM) for increased
periods oftime. Glucose was added to a final concen-
tration of20 mM.
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FIG. 2. Double-reciprocal plot of initial rates of L-

arginine uptake by cells ofAnt-300. Uptake was car-
ried out as described in the text in the absence of a
supplementary carbon source. The points represent
the experimental data. The Kt and VmLx were calcu-
lated by substituting experimental data in equa-
tion 1.

TABLE 1. Specificity of L-arginine uptake systemsa

Arginine Inhibitor (JM) Ativ-
(UM) Inhibior (uM) ityb Inhibi-(jtM) ity ~~~~~~~~tion'

0.035 None 6.81 0
L-Lysine (0.72) 5.21 23
L-Ornithine (0.72) 4.42 35

0.360 None 9.84 0
L-Lysine (7.20) 8.54 13
L-Omithine (7.20) 6.97 29

a Cells were prepared as described in the text. The
reaction was initiated by simultaneous addition of
unlabeled L-lysine or L-ormithine and labeled L-argi-
nine at the final concentrations indicated in parenthe-
ses. Arginine uptake was determined for a period of 60
S.

b Expressed as picomoles taken up per 5 x 107 cells.
Percent inhibition is based on the amount of L-

arginine taken up in the absence of competitor, which
is arbitrarily assigned a value of 0.

determine what energy-yielding pathways were
coupled to arginine uptake in cells of Ant-300.
In general, the addition of respiratory substrates
to the uptake reaction mixture produced a mod-
erate stimulation of arginine uptake (Table 2).
The order of effectiveness was succinate > D-
lactate > N,N,N',N'-tetramethyl p-phenylene-
diamine ascorbate > phenazine methosulfate
ascorbate. The presence of D-glucose in the ex-
ternal medium produced a stimulation in argi-
nine uptake by the cells, but this stimulation
was only observed during the first 60 s of expo-
sure to the amino acid (Fig. 1).
The effect of various metabolic inhibitors on

arginine uptake further supported indications
that the accumulation of arginine at low external
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TABLE 2. Effect of electron donors on L-arginine
uptakea

Activity"
Electron donor

0.035 AM 0.360 AM
None 6.74 9.01
PMS ascorbate 4.02 8.22
TMPD ascorbate 8.78 13.03
NADH 7.36 10.69
Succinate 10.23 15.78
D-LaCtate 8.79 13.75

a Arginine uptake was determined at two arginine
concentrations (0.035 and 0.360 ,uM) for 60 s. The final
concentrations of the respiratory substrates in the
reaction mixture were: phenazine methosulfate
(PMS), 150,M; N,N,N',N'-tetramethyl p-phenylene-
diamine (TMPD), 150,uM; ascorbate, 20 mM; reduced
nicotinamide adenine dinucleotide (NADH), 4 mM;
succinate, 20 mM; D-lactate, 20 mM.

b Expressed as picomoles of arginine taken up per 5
x 107 cells.
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FIG. 3. Effects of metabolic inhibitors on L-argi-
nine uptake by cells ofAnt-300. Cells were treated as
described in the text. DNP (2 mM), sodium arsenate
(200 mM), N,N'-dicyclohexylcarbodiimide (100 mM),
potassium cyanide (20 mM), or sodium amytal (10
mM) was added to the reaction mixture 5 min before
the addition of L-[U-'C]arginine in the absence of
inhibitor.

concentrations required the expenditure of en-
ergy by the bacteria. The uncoupler, DNP, com-
pletely inhibited uptake of arginine by the cells
(Fig. 3). The respiratory inhibitors amytal and
cyanide also reduced arginine uptake but not to
the same extent as DNP (Fig. 3). Chemicals
which interfered with the fornation or mainte-
nance of ATP, such as arsenate and, N,N'-di-
cyclohexylcarbodiimide had little effect on argi-
nine uptake (Fig. 3). Arsenate, however, was
subsequently found to be ineffective in reducing

the cellular ATP level below that which existed
in cells depleted of endogenous reserve material
(Table 3). In contrast, the addition of DNP
resulted in a significant reduction in the ATP
level of these cells.

Actively growing cells were nonmotile, dis-
playing no detectable chemotactic response to
L-argilnine when cultured in Lib-X broth. After
transfer to ASW, however, the relative number
of motile cells increased with time. After 72 h,
the majority of cells in suspension were motile.
Under these conditions the cells were found to
exhibit a positive chemotactic response toward
L-arginine. The optimal chemotactic response
occurred at an arginine concentration of 10'4 M,
whereas the threshold concentration (the mini-
mum concentration required for a detectable
chemotactic response after 60 min) was between
10-5 and 10-6 M (Fig. 4).

DISCUSSION
These studies revealed that cells of Ant-300

maintain several mechanisms for the capture of

TABLE 3. Effects of metabolic inhibitors on
intracellular ATP concentration'

Exposure ATP concn
Inhibitor time (nmol/mg of

(min) protein)

None - 0.865
Arsenate (200 ,uM) 1 1.103

5 0.812
15 0.700

DNP (2 mM) 1 0.091
5 0.046
15 0.025

aPrior to ATP determination, cells were allowed to
reduce endogenous reserves in ASW for 24 h. One-
milliliter volumes of cell suspension were exposed to
metabolic inhibitors at the concentrations indicated in
parentheses for 1-, 5-, and 15-min periods, after which
the reaction was stopped and the intracellular ATP
levels were determined as described in the text.
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FIG. 4. Concentration-response curve for L-argi-
nine. Cells were exposed to attractant at 50C for 1 h.
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nutrients in the marine environment. The ki-
netic data indicated that high-affinity arginine
uptake in this bacterium operated at one-half
the maximum velocity (Vmax = 12 pmol/min per
107 bacteria) when the arginine concentration
was as low as 17 mM. Since this is within the
range of amino acid concentrations found in the
open ocean (16), high-affinity substrate uptake
is one mechanism by which this marine bacte-
rium can obtain organic molecules for cellular
maintenance and growth when nutrient levels
are low.
At higher substrate concentrations a different

set of kinetic parameters was observed which
promoted a greater rate of uptake when the
substrate was present in micromolar concentra-
tions. The expression of bimodal kinetics thus
enabled cells of this marine bacterium to adapt
to a wide range of substrate concentrations. Al-
though the data suggest the operation of at least
two independent arginine transport systems, a
phenomenon which has been reported in other
bacteria (22, 23), it is possible that negative
cooperativity (17) or a number of other mecha-
nisms (22) produced the observed bimodal ki-
netics. Experiments are in progress to investi-
gate this problem in more detail.
One would predict from the results that in the

presence of these bacteria, free arginine would
disappear approximately four times faster in the
micromolar concentration range than in the na-
nomolar range, following its enrichment in sea-
water. This is characteristic of the rate of dis-
appearance of dissolved organic carbon from
seawater following a phytoplankton bloom in
the sense that more than one decay rate has
been observed and that these rates vary with
concentration of dissolved organic carbon (21).
The inhibitory effects of DNP indicated that

L-argimiine uptake in cells of Ant-300 was de-
pendent upon an "energized membrane state"
formed by a proton gradient across the cytoplas-
mic membrane. This gradient, which is dissi-
pated by DNP, contributes to a proton motive
force believed to drive active transport systems
in other bacteria (4). The proton gradient is
thought to be generated by the oxidation of
substrates along a respiratory pathway or by the
hydrolysis of ATP (5).

Several lines of evidence suggested that cells
of Ant-300 were more dependent on respiration
than on ATP hydrolysis to drive arginine up-
take. First, substrates such as succinate and D-
lactate were better stimulants of arginine uptake
than glucose; oxidation of the former two sub-
strates is closely coupled to respiratory path-
ways, whereas the latter is primarily coupled to
ATP synthesis via substrate-level phosphoryla-
tion. Glucose is, however, taken up and metab-
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olized by this bacterium (9). The apparent inhi-
bition of uptake in the presence of the artificial
electron donor phenazine methosulfate ascor-
bate has been observed in other marine bacteria
and appears to be an effect produced by phena-
zine methosulfate specifically (25). Second,
greater inhibition of arginine uptake occurred in
the presence of chemicals (amytal and cyanide)
that blocked various steps of respiration than in
the presence of chemicals (arsenate and N,N'-
dicyclohexylcarbodiimide) that reduced or pre-
vented the formation of intracellular ATP (15).
This evidence must be interpreted with caution,
though, since arsenate, which is known to de-
plete some bacteria of their intracellular ATP
(5), produced no such effects in cells of Ant-300
that were depleted of endogenous reserve ma-
terial. The decrease in cellular ATP that occurs
in the presence of DNP is thought to be the
result of the cells' futile attempt to regenerate a
transmembrane potential (13).

Arginine uptake in this marine bacterium was
driven, at least initially, by endogenous sub-
strates which were retained by the organism
even after 24 h of incubation in unsupplemented
ASW. In contrast, enteric bacteria are generally
incapable of significant substrate transport ac-
tivity when subjected to comparable conditions
(4). Thus, it is likely that the cells were able to
maintain an energy reserve for a limited period
under conditions comparable to those of the
open ocean. The fact that uptake was sustained
for as long as 10 min suggests either that there
was substantial energy present in the cells even
after the 24-h incubation period or that arginine
metabolism was coupled to arginine uptake. It
was subsequently shown, however, that the cells
did not contain excessive amounts of ATP, but
were rather low compared to levels reported
elsewhere (18, 24). Further steps to distinguish
between these possibilities have not yet been
attempted. Nevertheless, this marine bacterium
does not appear to require a separate exogenous
energy source to drive the uptake of organic
nutrients such as arginine. This feature is partic-
ularly important since the energy source would
likely be present in the same dilute concentra-
tions as, and might even be identical to, the
substrate. In this regard, cells of Ant-300 are
well adapted to their environment.

Cells of Ant-300 also appeared to possess a
mechanism which induced motility and chemo-
taxis toward arginine only after prolonged incu-
bation in unsupplemented ASW. This type of
control represents a potential means for the cells
to conserve energy until a time when it becomes
advantageous to employ this substrate capture
system (i.e., during a period of nutrient enrich-
ment). Chemotaxis appears to be most useful in
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guiding the bacteria to areas of nutrient enrich-
ment, since the lowest concentration of arginine
able to elicit a detectable tactic response, based
on the assay employed, was between lo-5 and
106 M. Since the threshold concentrations fell
within the operational range of low-affinity ar-
ginine uptake, it seems likely that the two mech-
anisms cooperate to allow bacteria to locate and
utilize arginine when the concentrations of this
amino acid are relatively high, such as during
phytoplankton blooms (7).

High-affinity uptake appears to be one mech-
anism these bacteria possess which allows them
to take up arginine when the substrate is present
in nanomolar concentrations. In view of the nor-
mal occurrence of these conditions in the open
ocean, this arginine capture mechanism repre-
sents one means by which cells of this marine
bacterium may obtain organic molecules in be-
tween periods of nutrient enrichment.
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