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ABSTRACT

The incorporation of adenosine-8-"C into adenosine cyclic
3': 5'-monophosphate in coleoptile-first leaf segments of Avena
sativa L. was investigated. Homogenates of segments incubated
in adenosine-8-'4C for either 4 or 10 hours were partially pulri-
fied by thin layer chromatography followed by paper electro-
phoresis. A radioactive fraction, less than 0.06% of the "4C
present in the original homogenate, mig-rated as adenosine
cyclic 3': 5'-monophosphate during electrophoresis. Upon treat-
ment with cyclic nucleotide phosphodiesterase, however, less
than 10% of this radioactive fraction appeared as 5'-AMP.
Deamination with NaNO. as well as further chromatographical
purification also suggested that only a small fraction of the "4C
in the partially purified samples could be in adenosine cyclic
3' : 5'-monophosphate. The data suggest that levels of this nu-
cleotide can probably be no greater than 7 to 11 picomoles per
gram of fresh weight in oat coleoptiles. Treatment of such
coleoptiles with physiologically active concentrations of in-
doleacetic acid, furthermore, had no significant effect on the
4C radioactivity in marker adenosine cyclic 3' : 5'-monophos-
phate-containing fractions at any stage of purification during
several experiments.

In a single experiment, no labeled guanosine cyclic 3': 5'-
monophosphate could be detected in oat coleoptile-first leaf seg-
ments incubated in guanosine-8-"C either with or without in-
doleacetic acid. These results do not support the hypothesis that
a cyclic nucleotide mediates the action of indoleacetic acid on
oat coleoptile extension.

In the last 5 years numerous attempts have been made to
determine whether or not cAMP' exists in higher plants. Levels
of cAMP ranging from 0.06 to 0.50 [LM (approximately 60-500
pmoles/g fresh wt) have been reported from lettuce seeds, Acer
cells, and tobacco and carrot pith tissue using both a protein
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kinase activation assay (20) and a bioluminescence assay (19,
20) and from Robinia phloem sap using a radioisotope dilu-
tion test (4). Brown and Newton (6) claim to have detected
cAMP spectrophotometrically in purified preparations from
Phaseollis vulgaris L. seeds, while cAMP was reported to occur
in oat coleoptiles and soybean suspension cultures from assays
utilizing a cAMP-binding protein (5, 27). The protein binding
assay was also used by Kessler and Levinstein (16), who
reported levels of cAMP ranging from 50 to 9500 pmoles/g
fresh wt in various storage, stem, and leaf tissues. Using
another approach, a radioactive compound having some of the
properties of cAMP was reportedly isolated from maize
coleoptiles (12), oat coleoptiles (24. 27), Bengal gram seeds
(3), mustard seedlings (13), and barley aleurone layers (18)
incubated in 3H- or '4C-adenine. Keates (15), on the other
hand, was unable to demonstrate conclusively the occurrence
of such a compound in barley aleurone layers incubated in '4C-
adenosine. Alvarez et al. (1) were also unable to confirm the
presence of cAMP in barley seeds.
The status of cAMP in higher plants thus remains uncer-

tain. Many assays developed for routine determinations of
cAMP levels in animals may lack the high specificity required
for measurement of cAMP in plant tissues, since plants possess
compounds capable of interfering with such assays (unpub-
lished data of Ray Bressan in our laboratory). Furthermore,
because cAMP must occur in very low concentrations, very
rigorous purification is required to establish its synthesis from
radioactive precursors.
We report here our efforts to isolate labeled cAMP and

cGMP from auxin-treated oat coleoptile-first leaf segments
incubated in radioactive adenosine or guanosine. The diffi-
culties in obtaining a pure compound and establishing that
the substance is the cyclic nucleotide in question are the
major points of emphasis.

MATERIALS AND METHODS

Preparation of Coleoptiles. Oat seeds (Avena sativa L. cv
Park or Russell) were planted in trays of moist vermiculite
and grown for 4 days in darkness at about 26 C. Two adjacent
5-mm subapical segments were cut from each coleoptile, the
uppermost cut being made 3 mm below the tip. The segments
were pooled in sterile distilled H20 and subsequently dis-
tributed into incubation flasks.

Incubation Procedures. In experiment 1, 100 coleoptile
segments were incubated on a water shaker bath in the dark
for 10 hr at 29 C in a medium containing 5 mm potassium
phosphate (pH 6.1), 0.5 mm CaCI2, 50 /-Lg/ml chloramphenicol,
0.5 mM theophylline (Sigma Chemical Co.), 0.01 mm IAA, and
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30 ,Ci of adenosine-8-`4C (Schwarz-Mann, 52.4 mCi/mmole).
Final volumes were 4 ml.

In experiment 2, the incubation flasks contained 2.5 mM
potassium phosphate (pH 6.0), 2% (w/v) sucrose, 50 ,ug/ml
of chloramphenicol, 15 juCi of adenosine-8-14C (Schwarz-Mann,
52.4 mCi/mmole) and either 0.01 mm IAA or sterile H20 in
a final volume of 4 ml. Each of 6 flasks received 75 coleoptiles
and was incubated in the dark at 29 C for 4 hr.

In experiment 3, the incubation medium consisted of 5 mM
potassium phosphate (pH 6.1), 50 ,g/ml chloramphenicol, 1
mM CaCl, 0.01 mM theophylline, 15 uCi of guanosine-8-14C
(International Chemical and Nuclear Corp., 54.9 mCi/mmole)
and either 0.01 mm IAA or sterile H20 in a final volume of 3
ml. Incubation procedures were as in experiment 2.

In all experiments, glassware and all chemicals except the
radioisotopes were sterilized by heat or by filtration. Sub-
sequent dilution plating of incubation media on a National
Institutes of Health agar medium (28) just prior to tissue
analysis indicated approximately 103 bacteria/ml in experi-
ments 1 and 2, while none were detected in experiment 3.
Chromatography Solvent Systems. Solvent systems used to

separate cyclic nucleotides from contaminants were: iso-
propanol-NH,OH-H20(7:1:2, v/v), solvent A; (NHJ11COc-
acetone-H20(0.98 g :75 ml:30 ml), solvent B; isobutyric acid-
NH4OH-H20(57:4:39, v/v), solvent C; ethanol-1 M ammonium
acetate (7:3, v/v), solvent D; methanol-I M ammonium acetate
(7: 3, v/v), solvent E.

Extraction and Purification of Labeled Nucleotides. Cole-
optile segments were rinsed in running tap water for 30 sec
to wash off unabsorbed nucleosides, then either homogenized
immediatelv (experiments 1 and 2) or frozen in liquid nitrogen
(experiment 3). A Polytron homogenizer (Brinkmann Instru-
ments, Inc.) was used for grinding the tissues. The homogeniz-
ing medium (at a temperature about 2 C) was 3 ml of 0.2 N
HClI4 containing 1 umole of unlabeled cAMP or cGMP
(experiment 3) as an internal marker. Authentic 3H-cAMP
(8 X 10 cpm in experiment 1 and 8 X 105 cpm in experiment
2) or 3H-cGMP (4 X I0O cpm in experiment 3) were added just
before homogenizing the tissues to monitor recoveries and
purities of cyclic nucleotide fractions. Both 3H-labeled cyclic
nucleotides were obtained from the International Chemical
and Nuclear Corp.
Homogenates were centrifuged at 27,000g for 20 min at

about 5 C: supernatant fractions were then neutralized with
2.5 N KOH. After removal of KClO, by centrifugation, either
all (experiment 1) or half (experiments 2 and 3) of each HClO-
soluble fraction was chromatographed on a 20 x 20 cm MN
300 cellulose plate (Brinkmann Instruments, Inc.) in solvent A
or solvent B. Cyclic nucleotide-containing regions detected
under UV radiation were eluted with H20. Aliquots were taken
from the resulting solutions for 3H or '4C analysis, and the
remainder of each solution was dried with forced air. Radio-
active products were redissolved in H20 and subjected to paper
electrophoresis on Whatman 3MM papers in 50 mm ammo-
nium acetate (pH 6.5) for 8 to 10 hr in a cold room at 1 C
with a voltage gradient of 40 v/cm. The zones of the resulting
electropherogram were assayed for 3H and 14C by liquid
scintillation spectrometry. The cyclic nucleotide-containing
zones were then eluted with toluene, dried, and eluted with
H20. The resulting aqueous solutions were air-dried, redis-
solved, and further purified by techniques varying with the
experiment. Specific procedures are described below and in
the "Results" section.

Hydrolysis with Phosphodiesterase. Samples (100 ,l) par-
tially purified by the above TLC and electrophoretic proce-
dures were incubated for 1 to 3 hr with 2 /Amoles of MgSO,

and 0.1 unit of beef heart cyclic nucleotide PDE obtained
from Sigma Chemical Co. Final volumes were 0.25 ml. Reac-
tions were terminated by boiling, and denatured protein was
removed by centrifugation.

Deamination. Samples subjected to the same two initial
purification steps were partially deaminated by modifying the
method of Kaplan (14) so that the reaction mixtures contained
136 mg of NaNO. and 0.35 ml of 2 N acetic acid in a final
volume of 0.5 ml. The samples were incubated 48 hr at room
temperature. In attempts to use the much higher NaNO2
concentration and shorter reaction time employed by Kaplan,
excess salt always prevented any effective separation by TLC
or electrophoresis.
Measurement of the Specific Radioactivity of ATP in

Coleoptile Segments. To determine the extent of isotopic dilu-
tion of adenosine-8-'4C during its conversion to ATP, oat cole-
optile-first leaf segments were incubated under conditions
similar to those described for experiments 1 and 2. Each of
four flasks containing 50 segments (about 0.35 g fresh wt)
received 14.5 pci of adenosine-8-14C (Schwarz-Mann, 47.3
mCi/mmole) in 2 ml of incubation medium. After 4 hr and 10
hr of incubation, tissues were harvested and homogenized in
HClO, as described above. Following centrifugation and
neutralization, the acid-soluble extract was concentrated byfreeze-drying and duplicate samples of each were chromato-
graphed two-dimensionally on Whatman 3MM paper usingsolvents C and E. Each ATP-containing region was located by
autoradiography using Kodak Blue Brand x-ray film and an
exposure period of 1 week, then eluted with H20. Four aliquotsof each eluate were analyzed for ATP by the luciferase assay
essentially as described by Ebadi et al. (8). For the determina-
tion of radioactivity, similar aliquots were spotted on paper
and counted by liquid scintillation spectrometry. That the "C
present was indeed in ATP was verified by chromatography
with a 1.2 M LiCl solvent and sheets of PEI cellulose
(Brinkmann Instruments).
Measurement of Radioactivity. Radioactivity from 'H and

"C was measured directly in zones from papers or TLC plates.
These zones were placed in 7 ml of scintillation fluid con-
taining 4 g/liter PPO and 50 mg/liter POPOP. Radioactivity
was measured with a Nuclear-Chicago Unilux liquid scintilla-
tion spectrometer. Engberg plots (17) were used to determine
correct settings for double label counting. Background radia-
tion was measured by analyzing blank zones of equivalent
sizes from paper or cellulose powder.

RESULTS

Purification of Cyclic Nucleotides by TLC and Electro-
phoresis. Thin layer chromatography in either solvent A or B
eliminated most of the noncyclic nucleotides (RF 0.0 to 0.10)
but did not completely separate cAMP or cGMP (RF 0.40 to
0.45) from nucleosides and bases (RF 0.2 to 0.6). These were
eliminated by the electrophoresis step, as indicated by results
from experiment 1 shown in Figure 1. Contaminants in zones
2 to 11, which account for 90 to 95% of the total "C on the
papers, consisted largely of adenine and adenosine as indicated
by electrophoretic data not shown. The "C peak which roughly
corresponded to the marker 3H-cAMP peak centered at zone
17 contained approximately 1200 cpm of 6.9 X 106 cpm in the
original HCIO,-soluble extract. The first two purification steps
thus eliminated over 99.9% of the labeled contaminants. Simi-
lar purifications were obtained in experiments 2 and 3.

Analysis of Products Resulting from PDE Treatment in
Experiment 1. Aqueous solutions were obtained by eluting the
marker cAMP-containing regions of electrophoretic papers
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FIG. 1. Typical radioactivity profiles on electrophoresis papers
showing the separation of cAMP from purine bases and nucleosides
(zones 2 to 11). Prior to electrophoresis samples had been partially
purified by TLC in solvent A. The off-scale region contained
105,500 cpm.

with H,O. Half of the sample (100 pd) was subsequently treated
with PDE, and reaction mixtures were then chromatographed
one-dimensionally in solvent A alongside the sample half not
treated with PDE. Typical results are shown in Figure 2. The
PDE treatment converted 94% of the 'H-cAMP to 'H-5'-AMP,
but the "C activity in the 5'-AMP region (zones 1-3) increased
by only 24 cpm (from 2.8% to 6.6% of the total "C in that lane
of the TLC plate). The major portion of "C activity was not
affected by PDE and migrated similarly to cAMP (zones
10-12).

After correcting for incomplete hydrolysis, loss of marker
cAMP, and the fact that only half the sample was hydrolyzed,
the amount of "C present in cAMP can be no more than 161
cpm compared to 8.1 x 106 cpm of "C in the original acid-
soluble extract.

Careful inspection of the data from the unhydrolyzed half-
sample shown in Figure 2 reveals that the major peak in '4C
activity appears slightly beyond the 'H-cAMP peak on the TLC
plate. That the major part of this "C activity cannot be in
cAMP was further demonstrated by additional chromato-
graphical purification of the unhydrolyzed control sample of
Figure 2. When chromatographed in solvent D (Fig. 3), the
major peak of "C activity again migrated slightly beyond
authentic 'H-cAMP. Another contaminant (zones 28-30) was

completely resolved from cAMP by this purification.
In preliminary work similar to that described above, 40% of

the labeled material migrating as cAMP during TLC and elec-
trophoresis migrated as 5'-AMP in solvent A after treatment
with the same PDE preparation used in experiment 1. Addi-
tional chromatography in solvent D, however, suggested that
the precursor to this 5'-AMP might not be cAMP. The possi-
bility exists that in the preliminary work a labeled compound
was produced in the tissues which was converted to 5'-AMP
by a contaminant of the PDE preparation no longer active
during experiments 1 and 2. Goldberg et al. (10) reported that
PDE preparations purified 40-fold from beef heart contain
contaminants which liberate 5'-AMP from ADP-ribose. In
addition, AMP was also released from NADH, NAD, and
NADP by the enzyme preparations. These compounds, how-
ever, are largely eliminated by our first purification step, TLC
in solvent A.

Analysis of Products Resulting from Deamination Treat-

ment. A second sample from experiment 1 was partially puri-
fied by TLC and electrophoresis, and then half of the sample
was partially deaminated as described in "Materials and
Methods." Both the deaminated and control half-sample were

then subjected to paper electrophoresis. Figure 4 shows the
radioactivity obtained in each zone of the resulting electro-
pherogram. In the deaminated sample half, a small peak in
'4C activity appeared (zones 11-13) which chromatographed
with authentic 'H-cIMP, the product of deamination of 'H-
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FIG. 2. "C (from metabolized "C-adenosine) and 'H (from
marker 'H-cAMP) radioactivity profiles obtained by chromatog-
raphy of PDE-treated and untreated half-samples in adjacent
lanes of a TLC plate in solvent A. Samples used in the PDE
treatments were obtained from the marker cAMP-containing
region of electrophoresis papers in experiment 1. Since salts and
residual protein in the PDE reaction mixture usually retarded
chromatographic migration, it seems likely that the "C peaks
shown in zones 11 and 13 of the PDE-treated half-sample repre-

sent the same compounds seen in zones 12 and 14 of the control

half-sample.
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FIG. 3. Distribution of "C and 3H radioactivity obtained by
descending paper chromatography. The marker cAMP-containing
region of the chromatogram (see Fig. 2, zones 10 to 12) containing
the half-sample not treated with PDE was eluted with toluene to

remove PPO and POPOP, then eluted with water. The resulting
aqueous solution was concentrated with forced air and chroma-

tographed on Whatman 3 MM paper in solvent C for 24 hr.
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FIG. 4. Distribution of 3H and "C radioactivity following paper
electrophoresis of a control half-sample and a half-sample subjected
to deamination (experiment 1). Both half-samples were spotted on
adjacent lanes of Whatman 3 MM paper and subjected to electro-
phoresis for 5 hr with 50 mm ammonium formate (pH 3.0) as
buffer.

cAMP. Deamination converted 30% of the marker 'H-cAMP
to 'H-cIMP, but only about 11% of the "C on the electro-
pherogram migrated with cIMP. These results therefore sug-
gest that no more than 35 to 40% of the "C activity in the
major peak of the undeaminated half-sample can be cAMP.

In two preliminary experiments, the major radioactive
product of deamination migrated between cAMP and cIMP
when chromatographed in solvent C. We thus cannot say with
certainty that deamination of our samples resulted in the
production of any cIMP from cAMP.

Analysis of Products of PDE Hydrolysis in Experiment 2.
Samples subjected to TLC in solvent A followed by electro-
phoresis were also hydrolyzed with PDE, but were then
chromatographed in solvent D. The amount of "C migrating
with 5'-AMP again was almost undetectable. Figure 5 shows
the distribution of 'H (from authentic labeled cAMP) and of
"C (from metabolized adenosine) in each zone. Also shown is
the distribution of the two isotopes in corresponding zones
resulting from simultaneous chromatography of an equivalent
amount of unhydrolyzed sample in an adjacent lane of the
same Whatman 3MM paper. PDE treatment resulted in nearly
complete (96%) conversion of 'H-cAMP into 'H-5'-AMP.
However, most of the "C in the same solution was now dis-
tributed among three contaminants, one still migrating with
authentic cAMP and two beyond it. Whether the barely
detectable peak of "C corresponding to 5'-AMP truly repre-
sents PDE-catalyzed conversion of "C-labeled cAMP could not
be established. It seems likely that one of the contaminants
(zones 30-32) is the same as that found in experiment 1 (see
zones 28-30 of Fig. 3).

Tab!e I summarizes the results of experiment 2. Following
step 3, samples were either chromatographed in solvent D (3a)
or treated with PDE and then chromatographed in solvent
D (3b). Recovery of cAMP after each step was measured by
means of authentic 3H-cAMP added to the homogenizing
medium. The "C activity in the cAMP and 5'-AMP fractions
has been corrected for loss and for splitting the samples after
steps 1 and 3. Thus, the calculation of 44 cpm in 5'-AMP
after step 3b was based on a "C peak having less than 20 cpm

(see zones 15-18, Fig. 5).

Measurement of the Specific Radioactivity of ATP in Oat
Coleoptiles. Two-dimensional chromatography of the neu-
tralized acid-soluble extract revealed that the major products
of metabolized adenosine-8-"C are ATP and two other com-
pounds which have not yet been identified. The specific radio-
activity of ATP reached 11.4 + 1.4 mCi/!tmole (25% that of
precusor adenosine-'4C) after 4 hr and 21.3 7.6 mCi/,smole
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FIG. 5. "C and 'H radioactivity profiles obtained by paper
chromatography of a partially purified sample following treatment
of half of the sample with PDE. Results shown are from a pooled
sample obtained from auxin-treated tissues in experiment 2.
Samples from control tissues not treated with PDE gave results
similar to those of the unhydrolyzed half-sample. Spillover of 3H

into the "C channel was less than 0.007%.

Table 1. Summary of Purification of Oat Coleoptile Homnogentates
ini Experimenit 2

All analyses of 14C and 3H were made at comparable counting
efficiencies. After step 1, half of each sample was frozen, and the
remainder was used in subsequent purification steps. Following
step 3, the three half-samples from control tissues were pooled,
as were the three half-samples from IAA-treated tissues. Half of
each pooled sample was then used in steps 4a and 4b. The values
given in the table have been corrected for sample pooling and
splitting and for loss of cyclic AMP after each step as determined
by the recovery of 3H-cyclic AMP.

14C Activity of Cyclic ANIP Recovery of
Fraction MIarker 3fl Cyclic

Purification Step AMP

Control IAA Control IAA

rcpmt 0

1. HC104 extract' 1.65 X 106 1.85 X 106 100.0 100
2. TLC in solvent A 46,800 46,000 80.0 84.0
3. Paper electrophoresis 1,086 932 46.98 48.5
4. a. Paper chromatog- 362 318 31.51 30.2

raphy in solvent D
b. PDE, then chro- 442 29.82

matography in sol-
vent D

1 Values represent all 4C-labeled compounds.
2 As 5'-AMP. The value of 44 cpm represents the net increase

in 14C in the 5'-AMP region after treatment with PDE.
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FIG. 6. Chromatographic distribution of 14C (from metabolized
"C-guanosine) and 3H (from marker 3H-cGMP) radioactivity in a

partially purified cGMP sample following treatment of half of
the sample with PDE. Chromatography: PEI-F cellulose thin layer
plates developed in 0.1 M LiCl, dried, and redeveloped in 0.35 M

LiCI.

(45% that of precursor adenosine) after 10 hr of incubation.
The concentration of ATP in the tissues averaged 31.3 +
8.7 X 10' mmoles/g fresh wt.

Purification of cGMP Fractions from Oat Coleoptiles.
Homogenates of apparently sterile oat coleoptiles incubated in
4C-8-guanosine were partially purified by TLC in solvent B
and electrophoresis as described previously. A discrete peak
usually coinciding exactly with marker UV-quenching and 3H-
cGMP was produced by electrophoresis. When a half-sample
obtained from auxin-treated tissues was eluted from an elec-
trophoresis paper and incubated with PDE, then developed
alongside the untreated half on a TLC plate of PEI-F cellulose,
no new "4C peak corresponding to 5'-AMP was found (Fig. 6).
The "4C-labeled material which had migrated as cGMP during
TLC and electrophoresis was not cGMP, since it migrated
slightly beyond authentic cGMP on PEI cellulose and was not
hydrolyzed by PDE under conditions which converted over

96% of the marker H-cGMP in the same reaction tube to 3H-
5'-GMP. A control and an auxin-treated sample yielded essen-

tially identical results.
The major portion of the unknown radioactive material

which migrated with cGMP during TLC and electrophoresis
appears to be xanthosine. Both xanthosine and the unknown
material have very similar mobilities during chromatography in
solvent C and when subjected to paper electrophoresis at pH
6.5. After an aliquot of the unknown material was boiled in
1.5 N HCI for 1 hr, a radioactive product was produced which,
when chromatographed in solvent C, had the same mobility
as xanthine, the product of acid hydrolysis of xanthosine.

Effect of IAA and cAMP on Oat Coleoptile Elongation. In
experiments carried out under conditions similar to those
described above, 0.01 mm IAA increased the length of 5-mm
coleoptile segments by 35% in 4 hr, while control segments
increased less than 3 %. These results confirm that the auxin
treatments used in all of our experiments did promote growth,
a fact that was noted but not quantified with sections just prior
to homogenization. Cyclic AMP (Sigma Chem. Co.) at 1 mM,
either with or without 1 mm theophylline. did not promote
elongation and had no significant effect on IAA-stimulated
growth (unpublished results).

DISCUSSION
The data presented in experiments 1 and 2 indicate that,

even after purification by TLC and electrophoresis, 65 to 90%
of the 14C-labeled material which migrates with 3H-cAMP
cannot be hydrolyzed to 5'-AMP by PDE or deaminated to
cIMP by NaNO2. These experiments illustrate the difficulty
in obtaining pure cAMP fractions from plant tissues and
suggest that contaminants very similar to cAMP are present.
If these contaminants are chemically similar to cAMP, they
might cause misleading results in various assays utilizing the
binding of cAMP to proteins, especially when neither the
binding protein nor the assay samples have been extensively
purified.

For the purpose of discussion, the 14C radioactivity in cAMP
is assumed to be that which migrated with authentic 3H-cAMP
during chromatography and electrophoresis and appeared as a

net increase in "4C-5'-AMP after PDE hydrolysis. Thus, the
'4C in cAMP was 161 cpm in experiment 1 and 44 cpm in ex-

periment 2 (values corrected for loss, incomplete hydrolysis,
and splitting of the sample). Based on the results of a separate
experiment, the specific radioactivity of ATP, the precursor

to cAMP, was approximately 24.5 mCi/mmole in experiment
1 and 13.2 mCi/mmole in experiment 2. Assuming that the
specific radioactivity of any tissue cAMP would be at or near

that of ATP, the estimates of cAMP concentration are ap-

proximately 11 pmoles/ g fresh wt from the results of experi-

ment 1 and 7 pmoles/g fresh wt from experiment 2. These
estimates are similar to those calculated for Chlaniydomtionas
by Amrhein and Filner (2), and are 10 to 50 times lower than
concentrations in higher animals (21, 26). Raymond et al.
(20) calculated that cAMP concentrations of several plant
tissues ranged from about 50 to 950 pmoles/g fresh wt. They
obtained comparable results with the beef heart protein kinase-
activation assay and with a bioluminescence (luciferase) assay.
The latter assay involves hydrolysis of cAMP to 5'-AMP by
PDE, then enzymatic conversion of 5'-AMP to ATP. Our
preliminary results suggest that under certain conditions the
nonspecificity of PDE preparations will cause greatly over-

estimated determinations of cAMP in the luciferase assay, at
least for oat coleoptiles.

Since the low level of radioactivity (44-161 cpm) in cAMP
precluded further attempts at purification, it is not certain that
cAMP is synthesized at all in oat coleoptiles. These results are

not consistent with an earlier report (24) of as much as 1 12,000
cpm in cAMP purified from IAA-treated oat coleoptiles
incubated in adenine-8-34C. Our results suggest that substances
other than cAMP comprise a large portion of putative cAMP
fractions reported in that and other previous studies (3. 18).

The proposal (24) that cAMP mediates auxin-induced
elongation of oat coleoptiles presently appears highly ques-
tionable. In experiment 2 and several preliminary experiments
with oat coleoptiles and soybean hypocotyl segments, we have
never detected any increase in radioactivity of marker cAMP-
containing fractions due to auxin treatment. Since the results
of Keates (15) further indicate that cAMP is not synthesized
in responce to GA3 in barley aleurone layers, we consider it
unlikely that this nucleotide plays a ubiquitous second
messenger role in higher plants. If cAMP is synthesized by
them at all, it may function only in certain processes not uni-

versal to all species. The case may be analogous to that in

bacteria, where cAMP is required for functioning of the
lactose operon in Escherichia coli and other species (7), but
it does not greatly affect in vivo expression of the galactose
operon (22) and cannot be detected at all in some species
(23, 25).
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The single experiment with guanosine-8-"C produced no

evidence for cGMP synthesis in oat coleoptile segments.
Assuming that little or no isotopic dilution occurred, the level
of cGMP could probably be no more than 1 pmole/g fresh
wt, a value 5 to 50 times lower than those reported for ani-
mals (9).
The numerous effects of exogenous cAMP (see ref. 11 for

references) show that it can modify many plant physiological
responses. Nevertheless, much additional work will be required
to establish unequivocally the status of cyclic nucleotides in
plants.

Note Added in Proof. Since this manuscript was submitted
for publication, N. Amrhein (Planta 118:241-258, 1974) has
shown, using a protein kinase activation assay, that cyclic
AMP levels in oat coleoptile sections were less than 25
pmoles/g fresh wt in one experiment and less than 8 pmoles/g
fresh wt in another. Three other species gave values less than
2 pmoles/g fresh wt.

Acknowledgment-The technical assistance of Patricia Fox is gratefully
acknowledged.

LITEATURE CITED

1. ALVAREZ, R., T. C. MOORE, AND J. VANDEPEUTE. 1974. Formation of adenosine
5 '-phosphofluoridate and the assay of adenyl cyclase in barley seeds.
Plant Physiol. 53: 144-148.

2. A.N1RHEIN-, N. AN-D P. FILNER. 1973. Adenosine 3' :5' -cyclic monophosphate in
Chlamnydomonas reinhardtii: Isolation and characterization. Proc. Nat.
Acad. Sci. 70: 1099-1103.

3. AZHAR, S. AND C. R. K. MURTI. 1971. Effect of indole-3-acetic acid on the
synthesis of cyclic 3' ,5'-adenosine phosphate bY Bengal Gram seeds.
Biochem. Biophys. Res. Commun. 43: 58-64.

4. BECKER, D. AND H. ZIEGLER. 1973. Cyclisches Adenosin-3' :5' -monophosphat
in pflanzlichen Leitbahnen? Planta 110: 85-89.

5. BREWIN, N. J. AND D. H. NORTHCOTE. 1973. Variations in the amounts of
3' ,5'-cyclic AMP in plant tissues. J. Exp. Bot. 24: 881-888.

6. BROWN, E. G. AND R. P. NEWTON. 1973. Occurrence of adenosine 3':5'-cyclic
monophosphate in plant tissues. Phytochemistry 12: 2683-2685.

7. DE CRONIBRUGGHE, B., B. CHEN, W. ANDERSON, P. NISSLEY, Mr. GOTrESMAN,
R. PERL-MAN, AND I. PASTAN. 1971. Lac DNA, RNA polymerase, cyclic
AMIP receptor protein, cyclic AMP, lac repressor and inducer are the

essential elements for controlled lac transcription. Nature 231: 139-142.
8. EBADI, 'M. S., B. WEISS, AND E. COSTA. 1971. MIicroassay of adenosine-3' ,5' -

monophosphate (cyclic AMP) in brain and other tissues by the luciferin-

luciferase system. J. Neurochem. 18: 183-192.
9. GOLDBERG, N. D., S. B. DIETZ, AN-D A. G. O'TOOLE. 1969. Cyclic guanosine

3', 5' -monophosphate in mammalian tissues and urine. J. Biol. Chem.
244: 4458-4466.

OAT COLEOPTILES 351

10. GOLDBERG, N. D., J. LARNER, H. SASKO, AND A. G. O'TOOLE. 1969. Enzymic

analysis of cyclic 3',5'-AMP in mammalian tissues and urine. Anal. Bio-
chem. 28: 523-544.

11. HALL, K. A. A_ND A. G. GALSKY. 1973. The action of cyclic-AMP on GA3
controlled responses IV. Characteristics of the promotion of seed germina-

tion in Lactuca sativa variety 'Spartan Lake' by gibberellic acid and

cyclic 3',5'-adenosine monophosphate. Plant Cell Physiol. 14: 565-571.
12. JANISTYN, B. 1972. Indol-3-essigsaure-induzierte Nucleotidabgabe bei gleich-

zeitig erhohter Adenosin-3' :5' monophosphosaure (c-AMP) -synthese in

Maiskoleoptilzylindern. Z. Naturforsch. 276: 273-276.
13. JAN-ISTY-N-, B. AND H. DRUMM. 1972. Light-mediated changes of concentration

of c-AMP in mustard seedlings. Naturwissenschaften 59: 218.
14. KAPLAN, N. 0. 1957. Preparation of deaminated adenine derivatives. 'Methods

Enzymol. 3: 873-874.
15. KEATES, R. A. B. 1973. Evidence that cyclic A'MP does not mediate the

action of gibberellic acid. Nature 244: 355-357.
16. KESSLER, B. AND R. LEVINSTEIN. 1974. Adenosine 3' ,5' -cyclic monophosphate

in higher plants: assay, distribution, and age-dependency. Biochim. Bio-
phys. Acta 343: 156166.

17. LOBAYASHI, Y. AND D. V. MAUDSLEY. 1970. Practical aspects of double isotope

counting. In: E. E. Bransome, Jr., ed., The Current Status of Liquid
Scintillation Counting. Grune and Stratton, Inc., New York.

18. POLLARD, C. J. 1970. Influence of gibberellic acid on the incorporation of
8-14C-adenine into adenosine 3',5'-cyclic phosphate in barley aleurone
layers. Biochim. Biophys. Acta 201: 511-512.

19. PRADET, A., P. RAYMOND, AND A. NARAYANAN. 1972. Confirmation de la
presence de l'AM-IP cycLique dans les semences de laitue, var. Reine de
mai. C. R. Acad. Sci. Paris 275: 1987-1988.

20. RAYMON-D, P., A. NARAYANAN, AND A. PRADET. 1973. Evidence for the
presence of 3',5'-cyclic AMP in plant tissues. Biochem. Biophys. Res.
Commun. 53: 11151121.

21. ROBISON`, G. A., R. W. BUTCHER, AND E. W. SUTHERLAND. 1971. Cyclic A'MP.
Academic Press, New York.

22. ROTHMAN-DENES, L. B., J. E. HESSE, AND W. EPSTEIN-. 1973. Role of
cyclic adenosine 3',5'-monophosphate in the in vivo expression of the
galactose operon of Eschenichia coli. J. Bacteriol. 114: 1040-1044.

23. SAHYOUN, N. A'ND I. F. DURR. 1972. Evidence against the presence of 3',5'-
cyclic adenosine monophosphate and relevant enzymes in Lactobacillus
plantarum. J. Bacteriol. 112: 421-426.

24. SALOMON, E. AND J. P. MASCARENHAS. 1971. Auxin induced syrnthesis of
cyclic 3',' -adenosine monophosphate in Arena coleoptiles. Life Sci. 10:
879-885.

25. SETLOW, P. 1973. Inability to detect cyclic AMP in vegetative or sporulating
cells or dormant spores of Bacillus megaterium. Biochem. Biophys. Res.
Commun. 52: 365-372.

26. STEINER, A. L., D. 'M. KIPNIS, R. UTIGER, AND C. PARKER. 1969. Radioim-

munoassay for the measurement of adenosine 3',5'-cyclic phosphate. Proc.
Nat. Acad. Sci. 64: 367-373.

27. WELLBURN, A. R., J. P. AseBY, AND F. A. AM. WELLBURN. 1973. Occurrence

and biosynthesis of adenosine 3',5'-cyclic monophosphate in isolated

A rena etioplasts. Biochim. Biophys. Acta 320: 363-371.
28. WELLS, T. R.. W. A. KREUTZER, AND D. L. LINDSEY. 1972. Colonization of

gnotobiotically grown peanuts by Aspergillus flatus and selected interacting
sungi. Phytopathology 62: 1238-1242.

Plant Physiol. Vol. 55, 1975


