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Several 8-substituted alkylthio and alkylamino cyclic adenosine 3',5'-mono-
phosphate (cAMP) derivatives were tested for their ability to stimulate ,B-galac-
tosidase synthesis in Escherichia coli in vivo and in vitro and to inhibit the
cAMP phosphodiesterase activity of E. coli. Stimulation of fl-galactosidase syn-
thesis in vivo by cAMP derivatives decreased with increasing length of the
unbranched carbon chain of the substituent. On the other hand, the stimulation
in vitro was increased as the carbon chain elongated. The 8-decylthio- and 8-
dodecylthio-cAMP compounds stimulated /8-galactosidase synthesis almost eight-
fold compared with cAMP, whereas 8-undecyl-, 8-dodecyl-, and 8-tridecylamino-
cAMP stimulated ,8-galactosidase synthesis about threefold. However, in in vitro
experiments with a phosphodiesterase-deficient strain of E. coli, the Crooks
strain, the stimulatory effects of the derivatives disappeared, except for 8-dode-
cylthio cAMP which stimulated ,-galactosidase about 1.4- to 1.6-fold. All deriv-
atives were quite resistant to hydrolysis by phosphodiesterase. Most derivatives
competitively inhibited the hydrolysis of cAMP by phosphodiesterase.

Knowledge of the biology of cyclic nucleotides
has markedly increased during the last decade.
The role of cyclic AMP (cAMP) in the physiol-
ogy of eucaryotes and of procaryotes, although
by no means completely understood, is now rea-
sonably clear. In higher animals, cAMP acti-
vates protein kinases, resulting in changes in
various enzyme activities in the mediation of
hormonal effects and in other cellular functions
(21). In bacteria, cAMP controls gene activation,
and many papers indicate that cAMP is neces-
sary not only for the initiation of the transcrip-
tion of catabolite-sensitive enzymes such as f-
galactosidase (2, 7, 8, 13, 18) but also for lyso-
genization of temperate phages (10, 12) and for
formation of flagella (24).
The use of cAMP for in vitro and in vivo

studies, however, suffers from potential draw-
backs, especially in higher animals, since cAMP
is poorly permeable in eucaryotic cells and is
susceptible to destruction by intracellular cyclic
nucleotide phosphodiesterase.
The synthesis of derivatives of cyclic nucleo-

tides related to the naturally occurring nucleo-
tides has held promise in overcoming some of
the drawbacks of cAMP discussed above. This
paper deals with activities of 8-alkylthio and 8-

alkylamino derivatives of cAMP on the in vivo
and in vitro synthesis of ,-galactosidase by
Escherichia coli.

MATERIALS AND MEETHODS
Bacterial strains. AU bacterial strains employed

are listed on Table 1.
Chemicals. cAMP, 8-amino-cAMP, 8-methyla-

mino-cAMP, 8-ethylamino-cAMP, 8-propylanino-
cAMP, 8-butylamino-cAMP, 8-heptylamino-cAMP, 8-
octylamino-cAMP, 8-decylamino-cAMP, 8-undecyl-
amino-cAMP, 8-dodecylamino-cAMP, 8-tridecylam-
ino-cAMP, 8-methylthio-cAMP, 8-ethylthio-cAMP, 8-
propylthio-cAMP, 8-butylthio-cAMP, 8-pentylthio-
cAMP, 8-hexylthio-cAMP, 8-heptylthio-cAMP, 8-oc-
tylthio-cAMP, 8-decylthio-cAMP, and 8-dodecylthio-
cAMP were chemically synthesized by Asahi Chemical
Industry Co. Ltd. (Tokyo, Japan) (22). Isopropyl-,B-
D-thio-galactoypranoside (IPTG), o-nitrophenyl-f-D-
galactopyranoside, trisodium phosphoenolpyruvate,
pyruvate kinase, DNase I (from bovine pancreas), and
snake venom (Crotalus atrox) were purchased from
Sigma Chemical Co. (St. Louis, Mo.). ATP, GTP,
CTP, UTP, and tRNA from E. coli were obtained
from Boehringer Mannheim, Mannheim, West Ger-
many), and [89H]cAMP (ammonium salt: specific ac-
tivity, 30 Ci/mmol) was obtained from Radiochemical
Centre (Amersham, End). All other chemicals
used were analytical grade and commercially available.
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In vivo synthesis of f8-galactosldase. An ade-
nylate cyclase-less mutant, E. coli CA7902 (23), was
precultured at 370C overight with shaking in 5 ml of
LC medium, which conisted of 0.2% sodium lactate,
0.1% casein hydrolysate, 5 pg of thiamine per ml, and
inorganic salts (14), supplemented with 0.1 mM cAMP.
The cells were washed once with M9 salts solution (6),
resuspended in 5 ml of the same solution, and inocu-
lated into 20 volumes of fresh LC medium containig
no cAMP, followed by incubation at 370C with shaking
for 3 h. The cells were harvested by centrifugation,
washed once with 0.15 M Tna-hydrochloride (pH 8.0)
containing 1 mM sodium phosphate and resuspended
in the same solution to a density of 10" cells per ml.
The reaction mixtures consisted of 4.8 ml of the cell
suspension, 0.1 ml of 50 mM IPTG, and 0.1 ml of 10
mM cAMP or one of the 8-substituted derivatives.
The mixtures were incubated at 370C. Portions of 0.5
ml each were taken at 10-min intervals, which were

immediately followed by the addition of 0.1 ml of 100
pg of chloramphenicol per mL After addition of 1 drop
of toluene, the activities of B-galactosidase were meas-
ured by the method of Hestrin et al. (9). In some
experiments, the bacterial cells were treated with 10
mM EDTA for 2 min at 370C before induction of ,6-
galactosidase to increase the permeability of the mem-
brane by the method of Pastan et al. (18).

In vitro snthesis of f8-galactosidase. The cell-
free synthesis of 8-galactosidase followed essentially
the method of Zubay et al. (25).

For preparation of the S-30 extract, E. coli Elil or
E. coli JI-1 was cultured at 280C in 300 ml of Zubay
culture medium with shaking overnight. The whole
culture was inoculated into 7.5 liters of the same fresh
medium followed by incubation at 280C with shaking
for 4 h until the culture reached a Klett-Summerson
colorimeter reading of 150 with filter no. 66. The cells
were harvested by centrifugation, washed once with
buffer 1 consisting of 10 mM Tris-acetate (pH 8.2), 14
mM magnesium acetate, 60 mM 1C0, and 6 mM Ii-

mercaptoethanol and kept at -80°C.
Twenty grams of the frozen cells was resuspended

in 26 ml of buffer 2 (10 mM Tris-acetate [pH 8.2], 14
mM magnesium acetate, and 60 mM potassium ace-
tate) and disrupted by a French press (Ohdake Man-
ufacturing Co. Ltd., Tokyo) at a pressure of 15,000 lb/
in2. A 1-umol amount of dithiothreitol per ml was
added immediately after the cell lysis. The cell lysate
was centrifuged twice at 30,000 x g for 30 min, and 25
ml of the clear extract was incubated at 300C for 80
min in a light-protected tube with 7.25 ml of preincu-
bation mixture; this mixture consisted of 0.34 M Tris-
acetate (pH 8.2), 9.6mM magnesium acetate, 2.8 mM
ATP, 31 mM triium phosphoenylpyruvate, 34 pg

of pyruvate kinase per ml, 37 puM each of 20 amino
acids, and 20 mMM6-mercaptoethanol.

After the incubation, the mixture was dialyzed
against buffer 3 containing 10 mM Tris-acetate (pH
8.2), 14 mM magnesium acetate, 60 mM potassium
acetate, and 1 mM dithiothreitol at 40C for 16 h. The
dialyzed solution was centrifuged at 30,000 x g for 30
min, and the supernatant (S-30) was rapidly frozen in
a dry ice-ethanol bath and stored at -80°C.
Template DNA for in vitro /l-galactosidase synthe-

sis was extracted from bacteriophage Ah80dlacP1 (11).

J. BACTERIOL.

E. coli RV, which is doubly lysogenic for
Ah80cI857st68 and Ah8OcI857st68dlacP', was cultured
at 30°C in 2.5 liters of L-broth with shaking up to a
Klett reading of 160, followed by heating at 43°C for
15 min. The heated culture was further incubated at
350C for 4 h, and the cells containing phage particles
were harvested by centrifugation at 4,000 x g for 20
min. CelLs were suspended in 35 ml of 10 mM Tris-
hydrochloride (pH 7.5), 5 mM MgSO4, and 50 mM
NaCl and lysed by the addition of 2.5 ml ofchlorofonn.
After DNase treatment (0.1 pg/ml) for 30 min at 300C,
the cell debris was removed by centrifugation at 7,000
x g for 20 min. The phage particles were purified by
the CsOl density gradient ultracentrifugation, and the
DNA was extracted by the phenol method of Zubay
et al. (25).
The reaction mixture for in vitro 8-galactosidase

synthesis in 160 p1 contained: 44 mM Tria-acetate (pH
8.2); 1.4 mM dithiothreitol; 55 mM potassium acetate;
27 mM ammonium acetate; 14.7 mM magnesium ace-
tate; 7.4 mM CaCl2; 0.22 mM each of 20 amino acids;
2.2 mM ATP; 0.55 mM each of GTP, CTP, and UTP;
21 mM tisodium phosphoenylpyruvate; 160 pg of E.
coli tRNA, 4.3 pg each of flavin adenine dinucleotide,
NADP, pyridoxine hydrochloride, and folinic acid; 1.8
pg ofp-aminobenzoic acid; 160 pg of polyethylenegly-
col 0.25 mM of IPTG; 0.01 to 1.0mM cAMP or the 8-
substituted derivatives; 6.5 to 6.7 mg of protein of the
S-30 fraction; and 42 to 60 pg of DNA prepared from
phage XdlacP .
The reaction mixture was incubated at 370C for 60

min followed by addition of 1.2 ml o-nitrophenyl-f6-D-
galactopyranoside solution (0.55 mg of o-nitrophenyl-
,f-D-galactopyranoside per ml of buffer containing 0.1
M sodium phosphate, pH 7.3, and 0.14 M ,B-mercap-
toethanol) to measure f?-galactosidase activity. The
tubes were further incubated at 280C for 60 to 120
min. The reaction was terminated by the addition of
1 drop of acetic acid, and the mixture was chilled on
ice. After centrifugation at 3,000 rpm for 20 min, the
supernatant fluids were mixed with equal volumes of
1 M sodium carbonate, and absorbances were meas-
ured at 420 um.

TABLE 1. List of the E. coli strains used
Strains Genotype Source

CA 7902 cya thi J. R. Beckwith (4)
Ell HfrC met lac i z y T. Horiuchia
K-12 Wild-type Stock in our labo-

ratory
Crooks strain cpd Y. Shizutab
Crooks strain cpd lac z This labolatoryc

JI-1
RV Ah80cI867st68/ Y. KaZirod

Ah8OcI867st68dlacP
a Department of Bacteriology, Faculty of Pharmaceutical

Sciences, Kyushu University, Fukuoka, Japan.
^ Department of Medical Chemistry, Faculty of Medicine,

Kyoto University, Kyoto, Japan.
'This ft-galactosidase-deficient strain was isolated by us

after N-methyl-N'-nitro-nitrosoguanidine treatment of the
Crooks strain. The mutant produced no lactose-positive re-
vertants on MacConkey agar with 1 mM IPTG, nor did it
produce .-galactosidase in vitro.

d Department of Chemistry, Institute for Medical Science,
University of Tokyo, Tokyo, Japan.
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Stabilities of 8-substituted cAMP derivatives
to E. coli phosphodiesterase. cAMP phosphodies-
terase (EC 3.1.4.17) was partially purified from a cell-
free extract of E. coli by the acid precipitation method
of Nielsen et al. (15). Stabilities of the 8-substituted
cAMP derivatives were examined by the Butcher and
Sutherland method (5).
A 0.4-ml amount of reaction mixtures consisting of

1.56 mM cAMP or one of the derivatives, 0.15 mM
Tris-hydrochloride (pH 7.3), 2 mM MgCl2, 2.5 mM
dithiothreitol, 60 mM FeSO4, and 500 ug of protein of
partially purified phosphodiesterase was incubated at
300C for 20 min. At the end of the reaction, the
mixtures were boiled for 90 s and cooled to 300C, and
100 ,ug of snake venom was added to liberate inorganic
phosphate from 5'-AMP produced from cAMP or the
derivatives. The final reaction continued for 10 min at
300C and was stopped by the addition of 0.1 ml of 55%
trichloroacetic acid, and the amount of inorganic phos-
phate was measured by the Fiske and Subbarow
method (3).
Examination of the inhibitory effect of 8-sub-

stituted cAMP derivatives on E. coli phosphodi-
esterase. Inhibitory effect of the synthesized deriva-
tives on E. coli phosphodiesterase was examined by a
competition assay, performed by the method of Niel-
sen et al. (15) with a slight modification. The reaction
mixture consisted of 50 mM Tris-hydrochloride (pH
7.0), 2.5 mM dithiothreitol, 60 mM FeSO4, 0.0125 to
0.05 mM [3H]cAMP with or without 0.05 to 0.25 mM
of the 8-substituted derivatives, and 0.05 ml of phos-
phodiesterase solution (0.6 mg/ml) in the total volume
of 0.2 ml.

After incubation at 370C for 15 min, the reaction
was terminated by heating at 1000C for 90 s, followed
by cooling to 37°C and addition of 0.02 ml of an
aqueous solution of snake venom (2.5 mg/ml) contain-
ing 20 mM MgCl2. The mixtures were further incu-
bated at 370C for 15 min, and 2.2 ml of Dowex 1 x 2
(200 to 400 mesh, formate form) was added. After
holding the samples at room temperature for 30 min
with occasional shaking, the resin was removed by
centrifugation, and 1.0 ml of the supernatant fluid was
transferred to scintillation vials containing 2.0 ml of
ethanol and 7.0 ml of scintillation fluid (1,4-bis-2-[5-
phenyloxazolyl]-benzene, 100 mg/liter; 2,5-diphenyl-
oxazole, 4 g/liter in toluene). The radioactivity was
determined by liquid scintillation counting. The Km of
cAMP was calculated from the Lineweaver-Burk plot,
and Ki's of the derivatives were calculated from the
Dixon plot.

RESULTS
Effect of 8-alkylthio- and 8-alkylamino-

cAMP derivatives on in vivo synthesis of
f8-galactosidase by E. coli CA7902. Although
less than 0.007 U of fi-galactosidase per mg of
dry bacteria was synthesized by the adenylate
cyclase-less CA7902 strain of E. coli in the ab-
sence of cAMP, as much as 0.376 U of enzyme
was produced in the presence of 0.2 mM cAMP.
Thus, the production of B-galactosidase is com-
pletely regulated by exogenous cAMP.

The activities of the 8-alkylthio- and 8-
alkylamino-cAMP derivatives were compared
with the above-described values. It was found
that almost all of the derivatives were relatively
ineffective on the in vivo synthesis of ,B-
galactosidase by the intact cells (Table 2) at 0.2
mM concentration, except for 8-methylamino-
cAMP which stimulated,B-galactosidase synthe-
sis as high as 58% of that by natural cAMP.
When the cells were pretreated with 10 mM
EDTA, the stimulatory effect of several of the
derivatives of ,B-galactosidase synthesis in-
creased to some extent, e.g., from 9 to 28% by 8-
propylthio-cAMP, 1 to 16% by 8-decylthio-
cAMP, 6 to 48% by dodecylthio-cAMP, 0 to 11%
by dodecylamino-cAMP, and 0 to 17% by tride-
cyl-amino-cAMP. These results may indicate
that a part of the ineffectiveness of the 8-substi-
tuted derivatives on the in vivo fi-galactosidase
synthesis depends upon their poor permeability
to the cell membrane of E. coli.

Effect of 8-alkylthio- and 8-alkylamino-
cAMP derivatives on in vitro synthesis of
P-galactosidase with cell-free extracts of E.
coli Elll. Effect ofthe 8-substituted derivatives
of cAMP on the in vitro ,8-galactosidase synthe-
sis by Adlac DNA and S-30 fraction was quite
different from that of in vivo synthesis. Without
adding cAMP, no detectable fi-galactosidase was
synthesized (less than 0.7 x 10-3 U). In the
presence of 0.5mM cAMP, however, 20.6 x 10-3
U of /3-galactosidase was synthesized.

It may be noteworthy that several long-chain
8-alkylthio- or 8-alkylamino-cAMP demon-
strated much a stronger stimulatory effect than
cAMP itself in the in vitro /3-galactosidase syn-
thesis. The stimulation became stronger with
the increase of the length of the carbon chain.
Almost three times the amount of /B-galactosid-
ase was produced with 8-octylthio-, 8-unde-
cylamino-, 8-dodecylamino-, and 8-tridecyl-
amino-cAMP compared with that by natural
cAMP. With 8-decylthio- and 8-dodecyl-thio-
cAMP, almost eight times the amount of f8-ga-
lactosidase was produced.

Effect of 8-alkylthio- and 8-alkylamino-
cAMP derivatives on the in vitro fl-ga-
lactosidase synthesis with the cell-free
extract of phosphodiesterase-deficient
Crooks 8train JI-1 of E. coli. To explain why
8-decylthio-cAMP, 8-dodecylthio-cAMP, etc.,
showed much stronger activity than natural
cAMP for the in vitro ,B-galactosidase synthesis,
the S-30 fraction of E. coli Elll was replaced
with that of the phosphodiesterase-deficient
Crooks strain JI-1.

It was confirmed that the amount of cAMP
required for the half maximum synthesis of ,8-
galactosidase in the former (cpd) and latter

VOL. 138, 1979
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TABLE 2. Stimulatory effect ofcAMP derivatives of /8-galactosidase 8ynthes8w in vivo and in vitro
,8-Galactosidase activitya

cAMP derivatives 8-substituted In vivo (U/mg of dry bacteria)
with: In vitro (mU/ml)

Intact cell EDTA-treated cells

H 0.154 (100) 0.141 (100) 18.3 (100)
-SCH3 0.018 (12) 0.027 (19) 7.3 (40)
-SCH2CH3 0.014 (9) 0.039 (28) 10.8 (59)
S(CH2)2CH3 0 (0) 0 (0) 11.0 (60)
S(CH2)3CH3 0.003 (2) 0.006 (4) 15.6 (85)
S(CH2)4CH3 0 (0) 0.001 (1) 12.3 (67)
S(CH2)5CH3 0.002 (1) 0.006 (4) 26.0(142)
S(CH2)6CH3 0 (0) 0 (0) 28.2 (154)
S(CH2)7CH3 0 (0) 0 (0) 45.2 (247)
S(CH2)9CH3 0.002 (1) 0.023 (16) 161.0 (880)
S(CH2)11CH3 0.009 (6) 0.065 (46) 133.4 (729)

-H 0.207 (100) 0.201 (100) 33.2 (100)
-NH2 0.021 (10) 0.028 (14) 3.0(9)
-NHCH3 0.120 (58) 0.137 (68) 14.3 (43)
-NHCH2CH3 0.004 (2) 0.022 (11) 19.9 (60)
-NH(CH2)2CH3 0.002 (1) 0.012 (6) 17.6 (53)
-NH(CH2)3CH3 0.004 (2) 0.018 (9) 18.3 (55)
-NH(CH2)5CH3 0.002 (1) 0 (0) 18.3 (55)
-NH(CH2)7CH3 0.002 (1) 0.004 (2) 27.9 (84)
-NH(CH2)9CH3 0.002 (1) 0.002 (1) 44.8 (147)
-NH(CH2)10CH3 0.002 (1) 0.016 (8) 97.9 (295)
-NH(CH2)I1CH3 0 (0) 0.022 (11) 99.6(300)
-NH(CH2)12CH3 0 (0) 0.034 (17) 92.3 (278)

a Synthesis of f3-galactosidase was measured in the presence of cAMP or one of the cAMP derivatives
indicated at a concentration of 0.2 mM (in vivo experiment) or 0.1 mM (in vitro experiment). A unit of /8-
galactosidase in vivo is defined as the amount producing 1 ,mol of o-nitrophenol per min at 300C and pH 7.25
(9). A unit of /B-galactosidase in vitro is defined as the amount producing 1 Amol of o-nitrophenol per min at
28°C and pH 7.3 (25). Data in parentheses are percents.

(cpd) cases were 0.06 and 0.006 mM, respectively
(Fig. 1).
The stimulatory effect of 8-alkylthio- and 8-

alkylamino-cAMP derivatives on the in vitro ,B-
galactosidase synthesis with the S-30 fraction
derived from the phosphodiesterase-deficient
strain is shown in Table 3. cAMP derivatives at
0.01 mM were effective enough for the enzyme
synthesis, and only dodecylthio-cAMP but not
decylthio-cAMP demonstrated a slightly higher
activity than cAMP, although both analogs
showed almost eight times stronger stimulatory
effect of the ,B-galactosidase synthesis with the
phosphodiesterase-positive strain. The latter ev-
idence suggests that a part of the stronger bio-
logical activity of 8-decylthio- and 8-dodecyl-
thio-cAMP's can be explained by their stability
to phosphodiesterase.

Furthernore, dose-response curves of 8-hex-
ylthio-cAMP and 8-octylthio-cAMP indicate
that high concentrations of the derivatives in-
hibit the in vitro 83-galactosidase synthesis, al-
though the lower concentrations stimulate that
(Fig. 2). This may indicate that the derivatives
show an optimal concentration to activate the

cAMP receptor protein rather than inhibit phos-
phodiesterase preventing destruction of endog-
enous cAMP.
Competitive inhibition of cAMP phos-

phodiesterase by 8-alkylthio- and 8-alkyl-
amino-cAMP derivatives. It was found that
the most 8-substituted derivatives were not only
stable to the partially purified phosphodiester-
ase derived from E. coli K-12 but also inhibited
activity of the enzyme (Table 4). The mode of
inhibition was competitive, as indicated in Fig.
3, with cAMP as the substrate and 8-octylthio-
cAMP as an inhibitor.
The Km of cAMP was calculated as 0.025 mM.

Ki's for the 8-alkylthio-cAMP and 8-alkylamino-
cAMP are presented in Table 4. Most of the Ki's
of the derivatives were around 1 mM. With 8-
alkylthio-cAMP, K, decreased as the carbon
chain length increased. In the 8-alkylamino-
cAMP series, the least K, was obtained with 8-
carbon-number side chain.

DISCUSSION
Anderson et al. (1) and Nissley et al. (16)

reported that only tubercidin 3',5'-cycic mono-

J. BACTERIOL.674 ITO ET AL.
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cAMPconcn, mM

FIG. 1. Dose response curve of cAMP for in vitro
,B-galactosidase synthesis. Symbols: *, experiment
with S-30 from the phosphodiesterase-positive strain
E. coli Elll; 0, experiment with S-30 from the phos-
phodiesterase-negative strain E. coli Crooks strain
JI-1. Synthesized f3-galactosidase activity with var-

ious concentration of cAMP was indicated as per-

centages ofthe ,B-galactosidase activity with 0.25mM
of cAMP.

TABLE 3. Stimulatory effects ofcAMP derivatives
on in vitro ,B-galactosidase synthesis with the S-30
fraction prepared from the phosphodiesterase-

deficient strain Crooks strain JI-1

cAMP derivatives 8-substi- % f?-galactosidase activitya
tuted with: 0.01 mM 0.1 mM

cAMP 100 100
-SCH3 57 73
-SCH2CH3 78 80
-S(CH2)2CH3 24 39
-S(CH2)3CH3 56 36
-S(CH2)4CH3 31 36
-S(CH2)5CH3 54 4
-S(CH2)6CH3 18 16
-S(CH2)7CH3 51 20
-S(CH2)sCH3 68 43
-S(CH2)11CH3 142 162

a Activities of ,B-galactosidase were measured with
0.01 or 0.1 mM cAMP or one of cAMP derivatives
indicated.

phosphate could replace cAMP for the tran-
scription of the galactose operon in E. coli
among various cAMP analogs employed for their
experiments. In the present paper, however, it
was shown that long-chain 8-alkylthio- and 8-
alkylamino-derivatives of cAMP possessed
stronger stimulatory effect on the in vitro syn-
thesis of 8-galactosidase than did native cAMP
with the Xlac DNA and S-30 fraction of a wild-
type strain of E. coli, although the derivatives
demonstrated only little effect on 81-galactosid-
ase synthesis by whole cells of the same bacteria
(Table 1). It was shown that the analogs had
almost no effect ofthe whole-cell ,B-galactosidase
synthesis at concentrations as high as 10 mM.
Furthermore, no lactose-positive colonies ap-
peared around paper disks soaked in 100 mM 8-

substituted cAMP derivatives and placed on

MacConkey agar plates except for the short-

100,

I

r1
/QOI QOt Q1o

cA cosan, A

FIG. 2. Dose-response curve of 8-hexylthio- and 8-
octylthio-cAMP's for in vitro /3-galactosidase synthe-
sis with S-30 fraction prepared from a phosphodies-
terase-negative strain, Crooks strain JI-1. Symbols:
0, experiment with 8-hexylthio cAMP; *, experiment
with 8-octylthio-cAMP. Synthesized /3-galactosidase
activities with the concentration of 0.01, 0.05, 0.1, and
0.5 mM derivatives were indicated as percentages of
the /3-galactosidase activity with cAMP at each con-
centration.

TABLE 4. Hydrolysis of 8-substituted cAMP
derivatives by crude E. coli phosphodiesterase and
inhibition ofcAMP hydrolysis by these derivatives

cAMP derivatives % Hydrolyzed' K, (mM)b8-substituted with: ~ HdAd ,(~~)

-H 100 %
-SCH3 15.6 0.69
-SCH2CH3 9.8 0.46
-S(CH2)2CH3 7.0 0.73
-S(CH2)3CH3 4.8 0.53
-S(CH2)4CH3 2.2 0.47
-S(CH2)5CH3 2.3 0.42
S(CH2)6CH3 6.4 0.45

-S(CH2)7CH3 3.0 0.32
-S(CH2)9CH3 1.3 0.25
-S(CH2)iiCH3 0.8 NDC

-NH 12.3 1.25
-NHCH3 6.2 NId
-NHCH2CH3 3.4 NI
-NH(CH2)2CH3 6.4 1.45
-NH(CH2)3CH3 7.3 0.87
-NH(CH2)5CH3 0.3 0.39
-NH(CH2)7CH3 4.2 0.33
-NH(CH2)9CH3 1.7 0.48
-NH(CH2)i0CH3 0 0.83
-NH(CH2)1iCH3 0.8 1.48
-NH(CH2)12CH3 0.8 1.34

a Inorganic phosphate liberated from cAMP deriv-
atives is expressed as percentage of cAMP.

b K,'s were calculated from the Dixon plot. [3H]-
cAMP (0.0125, 0.025, and 0.05 mM) and cAMP deriv-
atives (0.25 and 0.05 mM) were used in this experi-
ment.
'ND, Not determined.
d NI, Not inhibited.

VOL. 138, 1979
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FIG. 3. Lineweaver-Burk plot of phosphodiester-
ase activities. The activities without (0) or with 0.25
mM (0) 8-octylthio cAMP.

substituted cAMP derivatives and placed on

MacConkey agar plates except for the short-
chain 8-substituted derivatives, i.e., ethylthio-
cAMP, ethylamino-cAMP, etc.

Since some of the analogs, i.e., 8-dodecylthio,
8-decylthio-, and 8-tridecylthio-cAMP's, dem-
onstrated somewhat better stimulatory effect of
the ,f-galactosidase synthesis in EDTA-treated
cells (Table 1), it was assumed that the deriva-
tives are poorly permeable to the bacterial mem-
brane.
The reason why long-chain 8-alkylthio-cAMP

and 8-alkylamino-cAMP stimulated the in vitro
DNA-directed f-galactosidase synthesis more

than cAMP remains obscure because ofthe com-
plexity of the S-30 fraction prepared from the
wild-type strain of E. coli containing such en-

zymes as phosphodiesterase, esterase, and acy-
lase. The stimulatory effects ofthe analogs, how-
ever, can be postulated as follows: stronger affin-
ity to the cAMP receptor protein (catabolite
gene activator protein); better activation of
cAMP receptor protein even with the same af-
finity as cAMP; more stability to phosphodies-
terase, resulting in longer effect of endogenous
cAMP (17, 19); and gradual liberation of cAMP
from the derivatives. To investigate whether the
derivatives activated the cAMP receptor protein
more effectively than cAMP, the influence of
the derivatives on in vitro 18-galactosidase syn-
thesis was studied with the S-30 fraction of
phosphodiesterase-less Crooks strain of E. coli.
Since only a moderate stimulatory effect was
observed when the cell-free extract of phospho-
diesterase-less E. coli was employed (Table 3),
a part of the effects would be explained by an

inhibitory effect of the derivatives on endoge-
nous phosphodiesterase. To clarify the details of
biochemical activities of 8-alkylthio-cAMP and
8-alkyl-amino-cAMP, however, further tran-
scriptional experiments will be required with
purified components (20). Direct activation of
the cAMP receptor protein by the derivatives
may be also tenable, because the highest stim-

ulatory effects of 8-hexylthio-cAMP to 8-octyl-
thio-cAMP were observed with rather low con-
centrations (Fig. 2).

It may be noteworthy that 8-alkylamino-
cAMP and 8-alkylthio-cAMP were not only
more tolerant to phosphodiesterase but also
competitively inhibited cAMP hydrolysis by
phosphodiesterase (Table 4).
We reported previously that 8-octylthio-

cAMP and 8-heptylamino-cAMP among the is-
ochemical groups possessed the strongest affin-
ity for the high-Km phosphodiesterase derived
from the hog brain cortex (22). In the case of
phosphodiesterase of E. coli K-12, however, the
minimal Ki value was obtained with 8-octylam-
ino-cAMP in the alkylamino group, and the Ki's
decreased with an increase of carbon numbers
in the alkylthio group. This evidence suggests
that enzymatic characteristics of bacterial phos-
phodiesterase are quite different from those of
hog brain. It should be mentioned that 8-octyl-
thio-, 8-decylthio-, and 8-hexylamino-cAMP's
are among the strongest inhibitors of bacterial
phosphodiesterase known.
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