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Uptake and autoradiography experiments with natural populations of marine bacteria, seawater cultures,
and cultured isolates showed that the high-affinity cyclic AMP transport system in marine bacteria has
stringent structural requirements, is found in a minority of cells in mixed bacterial assemblages, and appears

to be related to the culture growth state.

Natural assemblages of marine bacteria take up intact
adenosine 3',5'-phosphate (3',5'-AMP or cyclic AMP
[cAMP]), which is dissolved in seawater in extremely low
concentrations (ca. 10 pM) (1), by an active transport system
with picomolar Km values (2). In contrast, dissolved 5'
nucleotides like ATP are hydrolyzed to nucleosides at the
bacterial cell surface by the enzyme 5'-nucleotidase (3). This
enzyme does not hydrolyze cAMP (3; J. W. Ammerman,
unpublished data). cAMP in seawater is probably too dilute
to be a significant carbon source for bacteria (1). cAMP
uptake from seawater, however, can increase the intracel-
lular cAMP concentration of the average bacterium by 0.1 to
3 F.M h-I (1). Since concentration changes within this range
can regulate catabolic enzyme synthesis in bacteria (14), we
are interested in the possible ecological implications of
cAMP uptake by marine bacteria. The high-affinity cAMP
uptake system may be unique to bacteria in the ocean; it is
absent in Escherichia coli cultures that have a low-affinity
uptake system (9) and in several marine isolates that have
been tested (2). In this study we wanted to determine
whether cAMP transport has stringent structural require-
ments and varies with growth state, as would be expected if
this uptake has regulatory significance. We also wanted to
know whether all bacteria in natural marine assemblages
take up cAMP.

Surface seawater was collected with a sterile sampler from
the pier of the Scripps Institution ofOceanography (32°53'N,
117°15'W), and 5-m-deep samples were collected 2 km
offshore with Niskin bottles. [3H]cAMP (27 Ci mmol-1) and
[32P]cAMP (1,500 Ci mmol-1) were obtained from ICN
Pharmaceuticals Inc., Irvine, Calif.). [32P]cAMP was ob-
tained from ICN by special order. Radiochemical purity was
checked by thin-layer chromatography (17). Uptake of
[32P]cAMP (10 pM), alone or in the presence of inhibitors at
1 ,uM, was determined in 2- to 4-h incubations at 18°C (2).
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Formalin-killed blanks (2% Formalin, 15-min preincubation)
were subtracted.

Grain density autoradiography was done by the MARG-E
method (15), except that bacteria were stained with acridine
orange (for epifluorescence enumeration) before filtration.
Seawater samples were incubated with 2 nM [3H]cAMP or
10 pM [32P]cAMP plus 1 ,uM each of unlabeled Pi, 5'-AMP,
and 3'-AMP to prevent labeling by cAMP hydrolysis prod-
ucts. NTB2 emulsion (Eastman Kodak Co., Rochester,
N.Y.) was used for 3H, and NTB3 (Kodak) was used for 32P.
Clusters of >3 silver grains on 3H-labeled slides and >10
silver grains on 32P-labeled slides (which had higher back-
grounds) were counted as labeled cells. Clusters on slides
made from Formalin-killed samples were subtracted.
Three types of cultures were used for studies of cAMP

transport (by the method described above) under different
growth conditions. (i) Natural bacterial assemblages in fil-
trates (0.6 pum pore size; Nuclepore Corp., Pleasanton,
Calif.) of seawater (gentle filtration) were diluted (2%;
vol/vol) into unenriched filtered (0.22 ,um pore size) seawater
(seawater cultures [4]). (ii) Bacteria in another filtrate (0.6
,um pore size) of seawater were allowed to grow without
dilution. (iii) Pure cultures of the marine bacterium Se'rratia
rubidaea and a recently isolated uncharacterized marine
strain, designated P1, were grown overnight in CP medium
(7). (iii) Before uptake was measured, these overnight cul-
tures were diluted with unenriched, unfiltered seawater to
approximately natural abundance levels and shaken for 2 h.
Bacterial abundances in all three culture types were mea-
sured by epifluorescence microscopy (10).

Structural requirements for transport substrates were de-
termined from the degree of inhibition of [32P]cAMP uptake
by unlabeled Pi, 3'-AMP, 5'-AMP, or 14 different cyclic
nucleotides. Results of previous work (2) have shown that
increasing concentrations of three different unlabeled cyclic
nucleotides (3',5'-AMP, 3',5'-GMP, and 2',3'-AMP) pro-
gressively inhibit [32P]cAMP uptake. We infer from this that
these nucleotides are competitive inhibitors and, therefore,
are substrates of the transport system. There was an abso-
lute requirement for both the cyclic structure and the 2'
oxygen (Table 1). The structurally related noncyclic com-
pounds 3'-AMP and 5'-AMP were not recognized by the
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TABLE 1. Uptake of [32P]cAMP in the presence of inhibitorsa

% Inhibition inb:
Inhibitor

Expt 1 Expt 2

None 0c od

Pi 2 ± 3 3 ± 2
5'-AMP 3 ± 1 4 ± 0
3'-AMP 6 ± 3 6 ± 2

3',5'-AMP 100 ± 0 100 0
2',3'-AMP 100 ± 0 100 0
1,N6-etheno 3',5'-AMP 99 ± 0 98 ± 0
N6-monobutyryl 3',5'-AMP 99 ± 0 97 ± 0
2'-O-monobutyryl 3',5'-AMP 91 ± 0 91 ± 0
N6,2'-O-dibutyryl 3',5'-AMP 84 ± 0 82 ± 1
3',5'-GMP 100 ± 0 100 0
3',5'-IMP 100 ± 0 99 0
3',5'-XMP 94 ± 0 92 0
3',5'-CMP 87 ± 0 83 0
3',5'-UMP 97 ± 0 94 0

d3',5'-AMP 14 ± 4 16 ± 3
d3',5'-GMP 13 ± 2 13 2
d3',5'-TMP 5 ± 2 7 1

a The substrate concentration was 10 pM, and the inhibitor concentration
was 1 F.M in all cases.

b Values are means ± standard deviations (n = 3).
c Control substrate turnover rate was 4.15% h-1.
d Control substrate turnover rate was 4.06% h-1.

cAMP transport system (poor inhibitors), as shown previ-
ously (2). The cyclic deoxynucleotides also were not recog-
nized by the transport system, although cAMP analogs
derivatized on oxygen 2' of the ribose or nitrogen 6 of the
adenine were recognized (effective inhibitors). All other
cyclic nucleotides were recognized, including 2',3'-AMP and
cyclic nucleotides with other purine and pyrimidine bases.
These specific and stringent structural requirements were
observed even though we were working with mixed bacterial
assemblages. Thus, the responsive components of the as-
semblage appear to have similar structural requirements for
cAMP transport.
The importance of the reactive 2' hydroxyl is not unique to

cAMP transport; it also imparts important properties to
nucleotide polymers. For example, RNA undergoes much
more rapid hydrolysis than DNA because the 2' OH acts as
an internal nucleophile and results in the formation of a
2',3'-cyclic intermediate (12, 19). Polymers of ribonucleo-
tides with the 2' OH (or 2'-O-methyl) groups also have
different conformations and optical activities than deoxyri-
bonucleotide polymers, presumably because of the steric
effects of the 2' substituents (6).

Results of the autoradiography experiments showed that
only 2 to 7% of the total cells in natural marine bacterial

assemblages from Southern California coastal waters took
up cAMP by the high-affinity transport system (Table 2). The
first experiment, for which data are presented in Table 2,
may not represent strictly high-affinity transport since the
substrate concentration was 2 nM, but the results were
similar in the two experiments. These are minimum esti-
mates because only large clusters of silver grains were
counted (see above) and because exposure times were short.
In several recent studies (8, 13, 15, 16) similar methods have
been used which combine autoradiography with epifluores-
cence microscopy to determine the fraction of active bacte-
ria in coastal or estuarine waters. The substrates used in
these studies were readily metabolized compounds such as
tritiated acetate, amino acids, and glucose, as well as triti-
ated thymidine, which is the nucleoside that is commonly
used in bacterial production studies (8). The level of active
bacteria in these studies ranged from 2 to 94%, and mean
values were from 31% to greater than 50%. If we assume
from the results of the studies mentioned above that half of
the total cells in our samples were active, then less than 15%
of these active bacteria took up cAMP, and the uptake rates
per cell were much higher than suggested previously (1).
Since we did not determine the fraction of active bacteria
ourselves in parallel samples, however, our results must be
interpreted with caution.

Figure 1A to C shows sharp contrasts in the magnitude
and temporal patterns of cAMP transport capacity among
two of the three types of cultures studied; uptake capacity
may be inversely correlated with energy availability. The
filtrate (0.6 ,um pore size undiluted), which had only the
organic nutrients found in seawater, was probably the most
energy limited. It showed a threefold increase in cAMP
uptake per liter of culture (Fig. 1B) because of de novo
synthesis or increased expression of uptake capacity and
even a slight increase in the uptake rate per cell (Fig. 1C).
The two seawater cultures may have increased their meta-
bolic rates because of the 50-fold dilution with seawater. The
nutrient concentration would be the same as that of the
undiluted culture described above, but the nutrients avail-
able per cell would be 50 times greater because of dilution.
Although their cAMP uptake capacity per liter of culture
increased about 10-fold, the increase in cell number was
much faster, resulting in a 10-fold decrease in uptake per cell
within 2 or 3 days (Fig. 1A to C). The two pure cultures did
not take up cAMP at all (and are therefore not shown in Fig.
1). These cultures were probably still replete with energy,
despite brief (2 h) conditioning in unenriched seawater.

In the classical model (14), the intracellular cAMP con-
centration in bacteria is low when glucose or another readily
metabolizable carbon source is abundant and, therefore,
cellular energy is high. Recent observations (5, 18) have
complicated this picture somewhat, however. Under these
conditions, catabolic enzymes for less desirable carbon

TABLE 2. cAMP autoradiography experiments

Sampling site, Bacterial counts Substrate(s), Incubation Exposure Uptake % Cells
depth (106 cells ml-') concn time (h) time (days) (cpm ml-1)a labeleda,b

Scripps pier, surface 0.92 [3H]cAMP, 2 nM 5.2 4 873 ± 45 (3) 6.7 ± 2.7 (3)
2 km offshore, 5 m 1.50 [32P]cAMP, 10 pM, + 1 ,uM each 3.9 15 1,263 ± 27 (3) 2.5 ± 0.1 (2)

of unlabeled Pi, 3'-AMP, and
5'-AMP

a Values are means ± standard deviations (n is shown in parentheses).
Cells with clusters of three or more silver grains on 3H-labeled slides or clusters of 10 or more silver grains on 32P-labeled slides.
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FIG. 1. Variation in bacteria (A), cAMP uptake (B), and cAMP
uptake per cell (C) with time in seawater cultures ( ,------- ),
and in an undiluted 0.6-,um filtrate (. ). Values shown in panels
B and C are means ± standard deviations (n = 3), fmol equals 10-15
mol, and amol equals 10-18 mol. Note the scale breaks in the
abscissas.

sources are repressed (catabolite repression). If glucose
disappears, then the cells increase their intracellular cAMP
concentrations (usually by synthesis from ATP), new cata-
bolic enzymes are made, and other substrates can be used.
Our results are consistent with a similar model for natural
marine bacterial populations, except that intracellular cAMP
concentrations would be increased by uptake. We have no
information on cAMP synthesis and did not measure
intracellular cAMP concentrations in this study. However,
our previous data (2) suggest that natural marine bacteria
populations have intracellular cAMP concentrations of ap-
proximately 1 ,uM, which are similar to those reported for E.
coli and other procaryotes (14). In this scenario, cAMP
uptake per cell should increase if energy becomes limiting
and causes seawater cultures to enter the stationary phase
(Fig. 1C). However, if the stationary phase was caused by
nitrogen limitation (11), then no increase in cAMP uptake
per cell would be expected.

In conclusion, (i) the cAMP transport system of marine
bacteria has stringent structural requirements; only cyclic
nucleotides which had a 2' hydroxyl or derivative were
recognized. (ii) Apparently, only a small fraction (2 to 7%) of
the bacteria in natural planktonic assemblages rapidly trans-
ported cAMP. This, however, still represented 104 to 105
cells ml-'. Uptake rates were sufficient to increase the
intracellular cAMP concentration in these cells by 1 ,uM
within a few minutes. (iii) cAMP uptake capacity varied
greatly under different degrees of energy limitation. There-
fore, marine bacteria living in the dilute ocean environment
may transport and accumulate cAMP for regulatory pur-
poses when energy is limiting.

This study was supported by grants OCE85-18401 (to J.W.A.) and
OCE85-01363 (to F.A.) from the National Science Foundation.
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