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Intact cells of Vibrio costicola hydrolyzed ATP, ADP, and AMP. The mem-
brane-bound 5'-nucleotidase (C. Bengis-Garber and D. J. Kushner, J. Bacteriol.
146:24-32, 1981) was solely responsible for these activities, as shown by experi-
ments with anti-5'-nucleotidase serum and with the ATP analog, adenosine 5'-(J-
imido)-diphosphate. Fresh cell suspensions rapidly accumulated 8- 4C-labeled
adenine 5'-nucleotides and adenosine. The uptake of ATP, ADP, and AMP (but
not the adenosine uptake) was inhibited by adenosine 5'-(P3y-imido)-diphosphate
similarly to the inhibition of the 5'-nucleotidase. Furthermore, the uptake of
nucleotides had Mg- requirements similar to those of the 5'-nucleotidase. The
uptake of ATP was competitively inhibited by unlabeled adenosine and vice
versa; inhibition of the adenosine uptake by ATP occurred only in the presence of
Mg2+. These experiments indicated that nucleotides were dephosphorylated to
adenosine before uptake. The hydrolysis of [cx-32P]ATP as well as the uptake of
free adenosine followed Michaelis-Menten kinetics. The kinetics of uptake of
ATP, ADP, and AMP also each appeared to be a saturable carrier-mediated
transport. The kinetic properties of the uptake of ATP were compared with those
of the ATP hydrolysis and the uptake of adenosine. It was concluded that the
adenosine moiety of ATP was taken up via a specific adenosine transport system
after dephosphorylation by the 5'-nucleotidase.

We have recently purified a specific 5'-nucleo-
tidase (EC 3.1.3.5) from the membrane of a
moderate halophile, Vibrio costicola (3). The
enzyme hydrolyzed ATP, ADP, and AMP with
adenosine and phosphate as end products and
required high concentrations of Mg2" for opti-
mal activity. We have been very interested in a
possible physiological role of this novel enzyme.
Preliminary experimental evidence suggested
that, in the intact cell, this nucleotidase was
oriented in the cytoplasmic membrane toward
exogenous nucleotides. Since bacterial plasma
membranes are considered impermeable to nu-
cleotides (5), we thought that the physiological
function of this enzyme might reside in cleaving
extracellular nucleotides for uptake.

Experiments described here showed that in
whole cells of V. costicola the membrane-bound
5 '-nucleotidase dephosphorylates exogenous ad-
enine 5'-nucleotides to adenosine, which is then
taken up by a mediated transport mechanism.

MATERIALS AND METHODS
Materials. 8-14C-labeled ATP, adenosine, and ade-

nine were the products of New England Nuclear
Corp.; [8-14C]ADP, [8-14C] AMP, [cx-32P]ATP, and [-y-

t Present address: Department of Biology, The Technion-
Israel Institute of Technology, Haifa 32000, Israel.

32P]ATP were obtained from Amersham Corp. Unla-
beled adenine 5'-nucleotides, adenosine, adenine, and
sugar phosphates were purchased from Sigma Chemi-
cal Co. Adenosine 5'-(l-y-imido)-diphosphate (AMP-
PNP) was obtained from Boeringer-Mannheim Corp.
N,N-Dicyclohexylcarbodiimide (DCCD) was the
product of Sigma. All chemicals used were of analyti-
cal grade.

Cell growth. V. costicola NRC 37001 was grown in
proteose peptone-tryptone broth containing 1 M NaCl
as previously described (3). For all assays of the 5'-
nucleotidase activities and uptake of radioactively
labeled substrates, the cells were grown in the above
medium to an optical density at 660 nm of 0.9 to 1.3
and washed once with a buffer containing 50 mM Tris-
hydrochloride (pH 8), 2 mM MgCl2, and 1.1 M NaCl.
No differences in the uptake were observed when
phosphate buffer (pH 8) was used instead of Tris-
hydrochloride or when 1.1 M NaCl was replaced by 1
M NaCl plus 10% sucrose. The pellet was suspended
in the washing solution at a protein concentration of
1.5 mg/ml and used for the assays at once.
For experiments testing growth on different carbon

sources, the cells were grown in a minimal medium in
the presence of 1 M NaCl (20), in which glucose was
replaced by an appropriate substrate. Each substrate
was added to a final concentration of 1% (wt/vol).
Uptake of radioactively labeled adenine 5'-nucleo-

tides, adenosine, and adenine. The reaction mixture for
the uptake experiments contained (in a final volume of
1 ml) 50 mM Tris-hydrochloride (pH 8), 2 mM MgCl2,
5 mM K2HPO4, 1 M NaCl, and one of the following 8-
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14C-labeled substrates in concentrations of 0.1 to 4
,uM: ATP (55.4 Ci/mol), ADP (55 Ci/mol), AMP (59 Ci/
mol), adenosine (45.5 Ci/mol), or adenine (55.6 Ci/
mol).
The uptake was started by the addition of 50 p.l of

fresh cell suspensions and stopped, after 90 s of
incubation at 30°C, by rapid filtration of 0.5-ml sam-
ples through a 0.45-p.m membrane filter (type HA;
Millipore Corp.) in a Millipore 1225 sampling mani-
fold. The filters were washed three times with 1-, 3-,
and 3-ml samples of the buffer used for suspending the
cells, and their radioactivity was measured in a liquid
scintillation counter. Uptake values at zero time were
determined for each sample and subtracted in all
cases. In all kinetic experiments the concentrations of
substrates after 45-s incubations were calculated and
used in the determination of kinetic parameters when-
ever initial concentrations decreased at least 5%.

Assays of the 5'-nucleotide phosphohydrolyzing activ-
ities. For kinetic studies on the 5'-nucleotidase in
whole cells, [a-32P]ATP (41 Ci/mmol) or [,y-32P]ATP
(4.02 Ci/mmol) was used in concentrations of 0.1 to 4
pLM. The reaction mixtures were identical to those of
the uptake experiments. The reaction was started by
adding cells and stopped after 30 s of incubation at
30°C by adding 0.1 ml of 60% trichloroacetic acid. The
precipitated protein was removed by centrifugation,
and 50- to 200-p.l samples were added to 4 ml of 1.2%
ammonium molybdate in 1.2 N HC1. The released Pi
was separated from ATP by one extraction with isobu-
tanol-benzene-acetone as described by Nelson et al.
(12) and counted for radioactivity in a liquid scintilla-
tion counter. Zero time values for each sample were
obtained by adding cells to the reaction mixtures
containing 0.1 ml of 60% trichloroacetic acid. Assays
of the hydrolysis of adenine 5'-nucleotides with unla-
beled substrates were performed by the method of
Taussky and Shorr (22) as previously described (3).

Protein determination. The concentrations of protein
were determined by the method of Lowry et al. (9) as
previously described (3).

Antibody preparation. The 5'-nucleotidase was puri-
fied from the membranes of V. costicola as previously
described (3), and the rabbit antibody against the
purified enzyme was prepared by the method of Nel-
son et al. (13). Immunodiffusion experiments were
performed by a published procedure (15); agarose gel
plates contained 0.5% Triton X-100.

RESULTS
Hydrolysis of adenine 5'-nucleotides by whole

cells of V. costicola. To establish the orientation
of the 5'-nucleotidase in the cytoplasmic mem-
brane, its activities were assayed, in comparison
with the DCCD-sensitive FoF1 ATPase, in intact
and lysed cells. The FoF1 ATPase in bacteria is
located on the inside of the cytoplasmic mem-
brane (24). We had previously shown that the
DCCD-sensitive ATPase and the 5'-nucleotidase
could be selectively assayed in membrane prep-
arations from V. costicola, using 2 and 20 mM
MgCl2 respectively, with 4 mM ATP as a sub-
strate (3). In the experiment depicted in Fig. 1,
cells grown at 1 M NaCl were diluted 20-fold
into the reaction mixtures containing 0 to 1 M

NaCl and assayed for the 5'-nucleotidase and
DCCD-sensitive ATPase. Electron micrographs
showed that such dilutions into the assay mix-
tures containing less than 0.5 M NaCI caused
local disruptions of the envelope or complete
lysis depending on the concentrations of NaCl;
the lysis was accompanied by a drastic fall in
turbidity (data not shown). It is evident from
Fig. 1B that the DCCD-sensitive ATPase was
maximally detectable in lysed cells and negligi-
ble in intact cells (0.5 M NaCl and above). On
the other hand, the rates of the ATP hydrolysis
in the presence of 20 mM MgCl2 were similar in
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FIG. 1. Activities of the 5'-nucleotidase and the
DCCD-sensitive ATPase in whole cells of V. costicola
in the presence of various NaCl concentrations in the
reaction mixture. Washed cells of V. costicola, sus-
pended in a solution of 1 M NaCl, 10% sucrose, and 50
mM Tris-hydrochloride (pH 8) at a concentration of 2
mg of protein per ml, were diluted 20-fold into reaction
mixtures containing NaCl in concentrations varying
from 0 to 1 M and were assayed for 5'-nucleotidase (A)
and DCCD-sensitive ATPase (B). The assays were
performed as described in the text. All nucleotides
were added to 4 mM. The 5'-nucleotidase and DCCD-
sensitive ATPase activities were assayed in the pres-
ence of 20 and 2 mM MgCl2, respectively.
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* rabbit before immunization caused no inhibition

of the 5'-nucleotidase in any of the preparations
containing this enzyme. As expected, the anti-

3 5t _ S'-nucleotidase serum did not inhibit the DCCD-
sensitive ATPase in Triton X-100-treated cells.

0 As shown in Table 1, the specific activities of the
nucleotide hydrolysis in Triton X-100-treated
cells were similar to those in intact cells. Fur-

2 - thermore, the extent of the antibody inhibition in
\ Triton X-100-treated cells (Table 1) was similar
2\ to that in the membrane preparations (data not

shown) or in the preparations of the purified 5'-
_ < _ nucleotidase. In addition, the activities of other

phosphoric monoester hydrolases (EC 3.1.3.5)
o o in whole cells or in Triton X-100-solubilized cells

were negligible. Thus, the antibody experi-
ments, although performed in vitro, indicated
that the hydrolysis of 5'-nucleotides in intact

O 3 6 9 12 15 18 21 cells in the presence of 20 mM MgCI2 was due to
Antiserum, L the activity of the 5'-nucleotidase.

IG. 2. Antibody inhibition of the purified 5'-n Uptake of labeled adenine 5'-nucleotides, aden-
)tidase of V Icosucola. The 5-nucleotidase was osine, and adenine by fresh cell suspensions of V.
fled as previously described (3). The reaction costicola. We denote "uptake" as the accumula-
ture for the assay of the ATP, ADP, and AMP tion (within the cell) of radioactivity derived
Irolysis contained (in a final volume of 1 ml) 50 mM from extracellular labeled substrate regardless
,-hydrochloride (pH 8), 1 M NaCl, 20 mM MgCl,. of enzymatic transformations outside or inside
,ug of the purified enzyme, and the volume of the the cytoplasmic membrane.
[serum indicated in the figure. After 10 min of (i) Mg2+ requirements for the uptake of ATP.
ibation at room temperature the reaction was start- As described in the preceding paper (3), ATP
with 4 mM either ATP, ADP. or AMP (final (and ADP) hydrolysis by the membrane-bound
Lcentrations). The release of P, from ATP (@). ADP.. ~~~~~orpurified 5'-nucleotidase had an absolute re-and AMP (O) iS illustrated. rpr

glquirement for Mg2> In the presence of 2 to 4
mM ATP the Mg2 t activation of this hydrolysis

intact and lysed cells (Fig. IA). The apparent
higher activity of ADP and AMP hydrolysis in

intact cells than in the lysed cells was probably a
reflection of the higher salt requirements of the
ADP and AMP hydrolyzing activities of the
membrane-bound 5'-nucleotidase (3). ATP hy-
drolysis at 20 mM MgCl, was DCCD insensitive
(data not shown).
The anti-5'-nucleotidase serum obtained by

injecting a rabbit with the purified 5'-nucleotid-
ase as described by Nelson et al. (13) inhibited
ATP, ADP, and AMP hydrolyzing activities of
the purified enzyme (Fig. 2). In immunodiffusion
experiments, the antibody formed precipitin
bands without any spur with the purified 5'-
nucleotidase, membrane preparations, or cells
solubilized with Triton X-100 (data not shown).
The antibody did not interfere with the 5'-
nucleotidase activities in intact cells (Table 1) or

membrane preparations (data not shown), sug-

gesting that the antigenic site was not accessible
to its antibody. However, after whole cells (Ta-
ble 1) or membranes (data not shown) were
solubilized with Triton X-100, the antibody in-
hibited hydrolysis of ATP, ADP, and AMP in
the presence of 20 mM MgCl2 in the assay

TABLE 1. Inhibition of 5'-nucleotidase in Triton-X-
100-treated cells of V. costicola by anti-5'-

nucleotidase serum

,umol of Pi released/mg of pro-
Prepn tein/min with 5'-nucleotidase'

ATP ADP AMP

Intact cells 0.53 0.58 0.44
Intact cells + 20 ,u 0.56 0.60 0.48

of antiserum"
Triton X-100- 0.57 0.62 0.50

treated cells'
Triton X-100- 0.14 0.12 0.07

treated cells +
20 ,ul of anti-
serumb

C The 5'-nucleotidase activities were assayed as
described in the text in the presence of 1 M NaCl in the
reaction mixture.

" The cells were incubated with antibodies in the
assay medium for 10 min at room temperature, and the
reaction was started with the substrate.

C The Triton X-100 treatment involved incubation of
the cell suspension (2 mg of protein per ml) with 2%
Triton X-100 for 30 min on ice before the assay.

E

0.CD.0_
a0

E
X
-a

x
Q)
0
a)
a)
.._

E-
E
::.

J. BACTERIOL.



ADENINE 5'-NUCLEOTIDE UPTAKE BY V. COSTICOLA

TABLE 2. Mg2+ requirements for the uptake of
ATP by cell suspensions of V. costicola

(plM) MgCI2 Uptake"Substrate(~LM) (MM) (nmol/0.1 mg of
protein/90 s)

[8-14C]ATP (0.37) None" 0.0
0.1 0.030
2.0 0.089

20.0 0.090

[8-54C]adenosine (0.44) None" 0.105
20 0.106

a The uptake experiments were performed as de-
scribed in the text.

b To ensure complete absence of Mg2+, EDTA (1
mM) was added to reaction tubes where MgCI2 was
not added.

reached a plateau at about 20 mM MgCl2 and did
not change up to at least 100 mM Mg . In whole
cells, the 5'-nucleotidase in the presence of 2 to
4 mM ATP had similar Mg2' activation profile,
whereas at the micromolar concentrations of
ATP used in kinetic studies, the rate of ATP
hydrolysis was already saturated at 2 mM MgCl2
and was constant up to at least 20 mM MgCl2
(data not shown). The Mg2' requirements of the
uptake of [8-14C]ATP (or ADP) were similar to
those of the ATP hydrolysis, whereas the uptake
of free adenosine did not require and was not
stimulated by the Mg ion (Table 2).

(ii) Inhibition of the uptake of ATP, ADP, and
AMP by AMP-PNP. The uptake of 14C-labeled
adenine 5'-nucleotides was inhibited by an ATP
analog, AMP-PNP (Table 3), unlike the uptake
of free adenosine, which was not affected by
AMP-PNP (data not shown). The hydrolysis of
adenine-5'-nucleotides was also inhibited by
AMP-PNP in intact cells as well as in the prepa-
rations of the purified 5'-nucleotidase (Table 4).
Thus, at an eightfold excess of the analog (4
mM) over the substrate (0.5 mM), AMP-PNP
inhibited the rate of ATP hydrolysis by the
purified 5'-nucleotidase to about 20% of the rate
in the absence of the inhibitor (Table 4). Similar-
ly, the rate of uptake of labeled ATP (Table 3)
was inhibited to the same extent by an 11-fold
excess of the inhibitor (10 ,uM) over the sub-
strate (0.9 F.M). The hydrolysis of ADP and
AMP by the purified 5'-nucleotidase (Table 4)
and the respective rates of uptake of these
substrates (Table 3) were also similarly inhibited
by AMP-PNP. The extent of the AMP-PNP
inhibition of the 5'-nucleotidase activities in
whole cells was similar to that in the purified
enzyme preparations, except for the inhibition
of AMP hydrolysis, which was somewhat great-
er in intact cells (Table 4). It is noteworthy that
the Km value for ATP hydrolysis by the purified
5'-nucleotidase was 2 orders of magnitude high-

TABLE 3. Inhibition of the uptake of [8-`4C]adenine
nucleotides by an ATP analog, AMP-PNP, in cell

suspensions of V. costicola

AMP-PNP Uptake" (nmol/ % ofSubstrate~LM) 4LM) 0.1 mg ~of1/
nr

Substrae(,)(M) protein/90 s) control"

ATP (0.9) 0.100 100
10 0.027 27
20 0.012 12

ADP (0.9) 0.120 100
4 0.060 50
10 0.037 30
20 0.024 20

AMP (0.85) 0.123 100
4 0.073 60
10 0.054 44
20 0.033 27

a Uptake experiments were performed as described
in the text.

b Control uptake rates were those measured in the
absence of AMP-PNP.

er (data not shown) than that value for ATP
hydrolysis by intact cells (1.3 ,u.M, see below).
Therefore, millimolar concentrations of nucleo-
tides and of AMP-PNP were used in the experi-
ment depicted in Table 4 as compared with
micromolar concentrations used in the uptake
experiment (Table 3).

(iii) Kinetics of the uptake of ATP, ADP, AMP,
adenosine, and adenine. The uptake of radioac-
tively labeled adenine- 5'-nucleotides and aden-
osine each appeared as saturable transport

TABLE 4. Inhibition of the hydrolysis of adenine
5'-nucleotides in whole cells and in purified

preparations of the 5'-nucleotidase by an ATP
analog, AMP-PNP

Pi released, % of control'
Substrate AMP-PNP
(mM) (mM) Whole Purified

cells 5'-nucleotidaseb

ATP (0.5) 100 100
2 37
4 20 17

ADP (0.5) 100 100
2 42
4 29 35

AMP (0.5) 100 100
2 39
4 27 50

a The assays of the nucleotide hydrolysis were
performed as described in the text. The specific activi-
ties of the hydrolysis in the absence ofAMP-PNP were
taken as controls.

b The 5'-nucleotidase was purified as previously
described (3).
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FIG. 3. Effect of the concentrations of ATP. ADP.

AMP, or adenosine on their respective uptake into
intact cells of V. costicola. Uptake of all substrates
was assayed in one experiment, with the same cell
suspension. The assays were performed with fresh
cells as described in the text; 8-'4C-labeled substrates
were diluted into the reaction mixtures to final concen-
trations specified in the figure. and the reaction was

initiated by the addition of cells.

which followed Michaelis-Menten kinetics.
Lineweaver-Burk plots of the rates of uptake of
ATP, ADP, AMP, and adenosine per 90 s per 0.1
mg of cell protein as a function of substrate
concentrations are shown in Fig. 3. In all kinetic
experiments precautions were taken to use
freshly grown cells immediately after washing
and resuspension in the buffer. Under such
conditions glucose did not stimulate uptake and
therefore was not added to the reaction mix-
tures. However, we observed that the addition
of glucose did stimulate the uptake by 20 to 50%
in cells which were kept in ice for 1 to 3 h before
the assay. Pi (5 to 10 mM) caused twofold
stimulation of uptake of all substrates and was
therefore added to all assays.
The experiments described above gave sub-

stantial evidence in favor of the dephosphoryla-
tion of adenine 5'-nucleotides by the membrane-
bound 5-nucleotidase before uptake. The uptake
of [8-_4C]adenine (data not shown) also followed
Michaelis-Menten kinetics, with K,,, and VM,x
values of 0.6 FM and 0.05 nmol/0.1 mg of protein
per 90 s, respectively. Thus, the Vmax value of
adenine uptake was 3 to 4 times lower than the
respective values for the uptake of nucleotides
or adenosine (Fig. 3) measured under the same
conditions and usually in the same experiment.
Therefore, it was assumed that the adenosine
moieties of ATP, ADP, or AMP after hydrolysis
were taken up directly without prior catabolism
to adenine. The data on substrate inhibition of
the uptake of ATP, adenosine, and adenine
(described below) supported this hypothesis.
The uptake of [8-14C]ATP was competitively

inhibited by unlabeled adenosine, with a K,
value of 0.2 FM. The uptake of adenosine was
competitively inhibited by unlabeled ATP (Ki,
1.67 FM); as expected, this inhibition occurred
only in the presence of Mg2 Although the
uptake of labeled adenine was inhibited competi-
tively by adenosine (Ki, 0.14 F.M), adenine at 11-
fold excess over adenosine was able to inhibit
uptake of the latter only by a maximum of 20%.
Thus, the adenosine moiety of ATP apparently
used the adenosine transport system, whereas
adenine seemed to be transported via a separate
system.

(iv) Kinetics of the 5'-nucleotidase activity in
whole cells of V. costicola. Figure 4 shows the
Lineweaver-Burk plot of the rate of hydrolysis
of k(x-32P]ATP and [y-3-P]ATP, as a function of
substrate concentrations, by whole cells of V.
costicola. As described above, the assays of the
ATP hydrolysis were performed with strictly
fresh cells under the conditions identical to
those of uptake. As expected, the hydrolysis of
both substrates had the same K,.. value, whereas
the velocity of the release of y-labeled phos-
phate was higher than that of the ox-labeled
phosphate release. These results supported our
previous assumption that the y-, 3-, and ox-
phosphates of ATP were cleaved sequentially by
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FIG. 4. Effect of ATP concentration on the rates of
release of the y- and a-labeled phosphates of the ATP
molecule in intact cells of V. costicola. The assays of
the hydrolysis of [cs-32P]ATP and [y-32P]ATP were
performed in one experiment. Freshly harvested cells
were washed, suspended in the washing solution (see
text), and used at once; the assay conditions and the
reactions mixture were the same as those used in
uptake experiments; the reaction was started by the
addition of cells and stopped by the addition of 0.1 ml
of 60% trichloroacetic acid.
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the 5'-nucleotidase (3). The rate of release of the
a-labeled phosphate from ATP was taken as a
rate of release of adenosine, since the presence
of 103- to 104-fold excess of unlabeled Pi in the
reaction mixture virtually eliminated the possi-
bility of metabolism of the phosphate released
from ATP.

(v) Theoretical analysis of the mechanism of
ATP uptake by whole cells of V. costicola. As can
be concluded from the experiments shown
above, the uptake of ATP consisted of two
processes, both of which followed Michaelis-
Menten kinetics: dephosphorylation of ATP to
adenosine by the 5'-nucleotidase

1 Km1 1 1

V, Vmax, [ATP] Vmax1

and uptake of adenosine (Ado)

1 Km 1 1
V2 Vmax, [Ado] Vmax, (

where [ATP] and [Ado] are substrate concentra-
tions, and V, and V2 are their respective rates of
hydrolysis and uptake. If adenosine in equation
2 is derived from the hydrolysis of ATP (equa-
tion 1), then we can substitute 1/[Ado] by 1/
(V1t), since under our experimental conditions
both the hydrolysis of [a-32P]ATP (Fig. 4) and
the uptake of adenosine were linear with time up
to 3 min (data not shown). Furthermore, substi-
tution of 1/V1 from equation 1 into equation 2
gives a theoretical relationship for the uptake of
ATP if it consisted of two sequential processes

Km1

[Vmax1 [ATP]/

1

Vmax, _J

1
+

The values of the kinetic parameters are K,,
= 1.3 ,uM and Vmax, = 0.5 nmol/0.1 mg of
protein per min for the hydrolysis of [ot-32P]ATP
(Fig. 4), and Km2 = 0.24 F.M and Vmax, = 0.14
nmol/0.1 mg of protein per min for the uptake of
adenosine (Fig. 3).
The theoretical relationship (equation 3) was

compared with the experimental curve obtained
for the uptake of 14C-labeled ATP, for the reac-
tion time t = 1.5 min and ATP concentrations of
0.4 to 4 F.M, which were the conditions of the
experiment shown in Fig. 3; the experimental
curve had a form of Michaelis-Menten relation-
ship with apparent kinetic parameters, Km = 0.6
puM and Vmax, = 0.094 nmol/0.1 mg of protein
per min.
The calculated Km and Vmax values obtained

from equation 3 were 0.3 FtM and 0.11 nmol/0.1
mg of protein per min, respectively. The experi-
mental velocities of the ATP uptake were within
65 to 80% of those calculated from equation 3, in
the range of ATP concentrations from 0.4 to 4
p,M, respectively. This treatment assumes that
at least under these experimental conditions, the
dephosphorylation of ATP and the uptake of the
released adenosine proceeded sequentially; in
other words, the 5'-nucleotidase functioned only
in the hydrolysis of the nucleotides and not in
the transport of their nucleoside moieties.
Growth of V. costicola on AMP or adenosine as

a sole carbon source. V. costicola was able to use
adenosine or AMP as the only carbon and ener-
gy source for growth (Fig. 5). Growth on adeno-
sine was almost as fast as on glucose. However,
the growth curve with AMP as a substrate had a
longer lag and doubling time. This indicated that
dephosphorylation of AMP was the rate-limiting
step under the conditions of the growth experi-
ments, whereas this was not the case in the
uptake experiments (see above). It is notewor-
thy here, to resolve this seeming contradiction,

1.0

0.93
E 0/

0.82
(0
4-

0

0~.5

2 2'-AMP
00.4 ~**----

0.3-

0.2-

0.I

0 2 3 4 5 6 7

Hours
FIG. 5. Growth of V. costicola on AMP or adeno-

sine as a carbon source. V. costicola was grown on
glucose in a minimal medium as described in the text.
The cells were washed in the late-logarithmic stage
and resuspended in the minimal medium, in which
glucose was replaced by a carbon source specified in
the figure. Each substrate was added to a final concen-
tration of 1%.
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that the substrate concentrations in the growth
experiments were millimolar, and not micromo-
lar as those used in all kinetic experiments.
Preliminary kinetic experiments not shown here
indicated that a different transport system with
higher Km and Vmax values might be responsible
for the uptake of higher adenosine concentra-
tions.
The cells did not grow on adenine, ribose,

ribose 5-phosphate, ribose 1-phosphate, or a
combination of adenine with ribose phosphates.
These results indicated that the ribose moiety of
adenosine had to be transported as a part of
adenosine molecule to be used as a growth
substrate. This was another line of evidence
supporting our conclusion that adenosine was
taken up by a specific transport system without
prior catabolism.

All experiments described above were repeat-
ed several times, with close agreement when
freshly harvested cells were used.

DISCUSSION
We present here direct evidence of a biochem-

ical mechanism by which bacteria can efficient-
ly utilize low concentrations of extracellular
adenine nucleoside 5'-tri-, -di-, and -mono-
phosphates. This mechanism involves two con-
secutive processes: dephosphorylation of nucle-
otides by membrane-bound 5'-nucleotidase (3)
and uptake of the released adenosine by a carri-
er-mediated transport system.

It is generally believed that in bacteria exter-
nal nucleotides must be cleaved to nucleosides
or bases outside the cytoplasmic membrane be-
fore uptake into the cell. However, no experi-
ments have as yet been reported which would
show directly the biochemical pathway for the
utilization of the nucleotides by a bacterial cell.
In Escherichia coli a soluble periplasmic 5'-
nucleotidase (14) has been linked with the up-
take of AMP (25). However, the evidence sup-
porting this conclusion was based only on a
study of the AMP uptake by a mutant deficient
in this nucleotidase.
Although numerous studies of nucleoside up-

take by bacteria have appeared, the views as to
the mechanisms of uptake are conflicting. One
group of investigators reached a conclusion that
nucleosides are transported without prior ca-
tabolism (8, 10, 11, 19), whereas other workers
postulated that adenosine is cleaved by phos-
phorolysis before uptake (7, 17, 25). The results
presented in this paper suggest that in V. costi-
cola adenosine is taken up without prior catabo-
lism. Furthermore, as was also found for E. coli
(19), adenosine and adenine apparently use sep-
arate although possibly overlapping transport
systems, since the uptake of adenine was com-

petitively inhibited by adenosine, whereas ade-
nine at 11-fold excess inhibited the uptake of
adenosine only by 20%.
As to the possible molecular mechanism of the

nucleotide uptake, the experiments described
here showed that at least under our experimental
conditions the uptake of the adenosine moiety of
the ATP molecule and the uptake of free adeno-
sine appeared as kinetically similar processes. In
agreement with these data, the competitive inhi-
bition studies (see above) suggested that the
adenosine formed as a result of dephosphoryla-
tion and the free adenosine used the same trans-
port system. In addition, an ATP analog, AMP-
PNP, which inhibited the uptake of nucleotides,
did not inhibit the adenosine uptake (Table 3 and
above). On the basis of the above considerations
it seems unlikely that the adenosine transport
system is a part of the 5'-nucleotidase complex.
It is noteworthy here that the 5'-nucleotidase of
lymphocyte membranes (4, 18) does facilitate
the uptake of adenosine formed as a result of
ATP hydrolysis (4). It must be kept in mind,
however, that the uptake of adenosine in mam-
malian cells occurs by a mechanism different
from that of bacteria (16), and that the structures
of the two enzymes may be completely different
although their physiological functions appear
quite similar.

It has been recently reported that seawater
contains dissolved ATP in significant (nanomo-
lar) concentrations, and furthermore, that ma-
rine bacteria could rapidly accumulate radioac-
tivity from added ATP, ADP, and AMP (2).
Interestingly, several marine strains (1, 23) and
the slightly halophilic Vibrio alginolyticus found
in marine fish (6) possessed membrane-bound
5'-nucleotidase activities with properties similar
to those of the 5'-nucleotidase of V. costicola.
Although the 5'-nucleotidase activities of marine
bacteria were not assayed in whole cells and no
purification of these activities was attempted, it
is tempting to suggest that marine bacteria and
moderately halophilic V. costicola may possess
a similar 5'-nucleotidase. V. costicola, which
had been originally isolated from bacon-curing
brines in Australia (21), could well have had
marine origin, possibly entering these brines as a
contaminant of solar salt.

Transport of nucleosides and bases in bacteria
is considered to be energy dependent (8, 10, 11,
16, 19). In fresh cells of V. costicola, as men-
tioned above, glucose did not stimulate the
uptake of either adenosine or adenine. Similarly,
transport of the nonmetabolizable amino acid
analog, o-aminoisobutyric acid, into fresh cells
of V. costicola was not stimulated by glucose,
but was inhibited by KCN (D. J. Kushner and R.
A. McLeod, unpublished data). In line with
these data, recent experiments in our laboratory
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have shown that V. costicola was able to main-
tain high rates of endogenous respiration for as

long as 2 h in the absence of an added energy
source (F. Hamaide and D. J. Kushner, unpub-
lished data).

Finally, the uptake of only adenine 5'-nucleo-
tides was studied in this work. It would seem

worthwhile, however, to look at the uptake of
other purine and pyrimidine 5'-nucleotides since
the 5'-nucleotidase hydrolyzed all purine and
pyrimidine 5'-nucleotides, except CTP, at com-

parable rates (3).

ACKNOWLEDGMENTS

We thank K. Hanna for skillful technical assistance, B. B.
Diena and F. E. Ashton for generous help in the preparation of
antibodies, I. Schweitzer for carrying out the electron micros-
copy of V. costicola cells, Y. Shalitin, and Y. Avi-Dor for
helpful comments.
This work was supported by a grant from the Natural

Sciences and Engineering Research Council of Canada.

LITERATURE CITED

1. Ahlers, J., T. Gunther, and H. W. Peters. 1978. Phospho-
lipid composition of plasma membranes and kinetic prop-

erties of membrane-bound nucleotidase from marine bac-
teria. Int. J. Biochem. 9:573-578.

2. Azam, F., and P. E. Hodson. 1977. Dissolved ATP in the
sea and its utilization by marine bacteria. Nature (Lon-
don) 267:696-698.

3. Bengis-Garber, C., and D. J. Kushner. 1981. Purification
and properties of 5'-nucleotidase from the membrane of
Vibrio costicola, a moderately halophilic bacterium. J.
Bacteriol. 146:24-32.

4. Dornand, J., J. C. Bonnafous, G. Gavach, and J. C. Mani.
1979. 5'-nucleotidase-facilitated adenosine transport by
mouse lymphocytes. Biochimie 61:973-977.

5. Futai, M. 1978. Experimental systems for the study of
active transport in bacteria, p. 7-41. In B. Rosen (ed.),
Bacterial transport, vol. 4. Marcel Dekker, New York.

6. Hayashi, M., T. Unemoto, Y. Kozuka, and M. Hayashi.
1970. Anion-activated nucleotidase in cell envelopes of a

slightly halophilic Vibrio alginolyticus. Biochim. Biophys.
Acta 220:244-255.

7. Hochstadt-Ozer, J. 1972. The regulation of purine utiliza-
tion in Bacteria. IV. Roles of membrane-localized and
pericytoplasmic enzymes in the mechanism of purine
nucleoside transport across isolated E. coli membranes. J.
Biol. Chem. 247:2419-2426.

8. Komatsu, Y. 1973. Adenosine uptake by isolated mem-

brane vesicles from E. coli. Biochim. Biophys. Acta
330:206-221.

9. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phenol
reagent. J. Biol. Chem. 193:265-275.

10. Munch-Petersen, A., B. Mygind, A. Nicolaisen, and N. J.
PihI. 1979. Nucleoside transport in cells and membrane
vesicles from E. coli K12. J. Biol. Chem. 254:2730-2737.

11. Mygind, B., and A. Munch-Petersen. 1975. Transport of
pyrimidine nucleosides in cells of E. coli K12. Eur. J.
Biochem. 59:365-372.

12. Nelson, N., R. Chibovsky, and D. L. Gutnik. 1979. ATP-Pi
exchange preparation from Escherichia co1i. Methods
Enzymol. 55:358-363.

13. Nelson, N., D. W. Deters, H. Nelson, and E. Racker. 1973.
Partial Resolution of the enzymes catalysing photophos-
phorylation. XIII. Properties of isolated subunits of cou-

pling factor 1 from spinach chloroplasts. J. Biol. Chem.
248:2049-2055.

14. Neu, H. C. 1967. The 5'-nucleotidase of Escherichia coli.
I. Purification and properties. J. Biol. Chem. 242:3896-
3904.

15. Ouchterlony, 0. 1968. Handbook of immunodiffusion and
electrophoresis, p. 21-22. Ann Arbor-Humphrey Science
Publishers, Ann Arbor, Mich.

16. Plagemann, P. G. W., and R. M. Wohlhuefer. 1980.
Permeation of Nucleosides, nucleic acid bases and nucle-
otides in animal cells. Curr. Top. Membr. Transp. 14:225-
330.

17. Rader, P. L., and J. Hochstadt. 1976. Regulation of purine
utilization in bacteria. VII. Involvement of membrane-
associated nucleoside phosphorylases in the uptake and
the base mediated loss of the ribose moiety of nucleosides
by Salmonella typhimurum membrane vesicles. J. Bacter-
iol. 128:290-301.

18. Riordan, J. R. 1978. Glycoprotein membrane enzymes.

Curr. Top. Membr. Transp. 11:145-231.
19. Roy-Burman, S., and D. W. Visser. 1975. Transport of

purines and deoxyadenosine in E. coli. J. Biol. Chem.
250:9270-9275.

20. Shindler, D. B., R. W. Wydro, and D. J. Kushner. 1977.
Cell-bound cations of the moderately halophilic bacteri-
um, Vibrio costicola. J. Bacteriol. 130:698-703.

21. Smith, F. B. 1938. An investigation of a taint in rib bones
of bacon. The determination of halophilic Vibrios (n. spp.)
Proc. R. S. Queensl. 49:29-52.

22. Taussky, M., and E. Shorr. 1953. A microcolorimetric
method for the determination of inorganic phosphorus. J.
Biol. Chem. 202:675-685.

23. Thompson, J., M. L. Green, and F. C. Happold. 1969.
Cation-activated nucleotidase in cell envelopes of a ma-

rine bacterium. J. Bacteriol. 68:128-131.
24. Wilson, D. B., and J. B. Smith. 1978. Bacterial transport

proteins, p. 494-557. In B. Rosen (ed.), Bacterial trans-
port, vol. 4. Marcel Dekker, New York.

25. Yagil, E., and I. R. Beacham. 1975. Uptake of adenosine
5'-monophosphate by Escherichia coli. J. Bacteriol.
121:401-405.

VOL. 149, 1982


