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Abstract-Dark-grown Phaseolus seedlings exposed to 11ght for 18 hr contain more than x 3 the concentration of 
cyclic AMP in controls kept 1n an 18 hr light/6 hr dark cycle. Chloroplast cyclic AMP concentrations behaved 
similarly. Cyclic AMP phosphodiesterase activity of spinach chloroplasts showed a light-dependent response. The 
phosphodiesterase activity of chloroplasts from light-grown and dark-grown spinach seedlings exhibit similar V,,,,, but 
different K, values The K, of the enzyme from light-exposed plants was more than x 30 that of the corresponding 
activity from dark-treated plants. The two enzymes showed different responses to the combined addition of Ca*+ and 
calmodulin; a x 3 stimulation of the enzymic activity from light-treated plants was observed. The light-effects were not 
directly related to general photosynthetic effects, reflected in protein and chlorophyll concentrations. Light regimes 
also markedly modified the effects of d1butyryl cychc AMP and dibutyryl cyclic GMP on terpenoid concentrations. 
Dlbutyryl cyclic AMP doubled the cr-tocopherol content and reduced by 40% the y-tocopherol and chlorophyll 
concentrations of chloroplasts from light-grown plants; simultaneously then ubiqulnone content increased by 48%. 
The main effect on dark-treated plants was that of dibutyryl cyclic AMP which gave a 107% increase in ubiqulnone 
concentration. The main response to dibutyryl cyclic GMP was seen in dark-grown plants with substantial increases 1n 
the concentration of a-tocopherol, y-tocopherol, and chlorophyll Plants grown in darkness and then given 15 mm 
ilIum1nation showed an 83% increase 1n a-tocopherol concentration and a 168% increase 1n ubiquinone concentration 
following treatment with dlbutyryl cyclic GMP. Under these conditions the cyclic AMP analogue increased 
chlorophyll and ubiqulnone concentrations by 57 and 78%, respectively. 

INTRODUCTION 

It is established that adenoslne 3’,5’-cychc monophosph- 
ate (cyclic AMP) and guanosIne 3’5’~cychc monophosph- 
ate (cychc GMP) play key roles 1n the regulation of 
mammalian [l, 21, bacterial [3, 41, and lower plant 
metabohsm [5]. The presence 1n higher plants of both 
cyclic AMP [6] and cychc GMP [7, 81 has also been 
unamblgously demonstrated by mass spectrometry and 
there are an increasing number of indications that they 
are involved in the control of higher plant metabolism. As 
yet however, no precise function has been demonstrated 
for them [9, lo]. Attempts to investigate the role of cyclic 
AMP in plants have frequently been based upon the 
known function of this compound 1n mammals as a 
hormone mediator, and have therefore involved studies of 
possible relatlonshlps between phytohormones and cyclic 
AMP. While the function of CAMP as a mammalian 
second messenger 1s well established, it is only compara- 
t1vely recently that the functions of cyclic GMP have been 
elucidated Cychc GMP has been shown to be a compo- 
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nent of the mammalian visual cycle [ll] and an mter- 
mediary 1n the effect of atria1 natiuretlc factor on smooth 
muscle [12]. The earlier suggestion that many of the 
actions of cyclic GMP are antagonistic to the actions of 
cyclic AMP, described as the ‘Yin-Yang’ hypothesis [13], 
seems to be largely unsubstantiated. 

As has been discussed previously [lo], most of the 
hormone effects mediated by cyclic nucleotldes in animal 
tissues are short-term, sudden effects. It is therefore 
reasonable to infer that this 1s the type of rapid physio- 
logical response in which the role of cyclic nucleotides 
may reside 1n plants. Consequently, demonstration of the 
involvement of cychc GMP 1n a rapid, light response 
mechanism in animals may be of relevance to the plant 
problem. A role for cyclic AMP in connexlon with 
phytochrome activity has previously been suggested [14, 
151 but others have argued that the cychc nucleotlde 
exerted 1ts effect merely by acting as a cytokinin analogue 
[16, 171. Although other evidence for an interaction 
between cychc nucleotides and hght has been reported, 
e.g. the concentration of cyclic AMP 1n Avena etioplasts 
greatly increased following exposure to light [18], no 
relationship has been elaborated. To examine this possi- 
bility further, the present paper describes and considers 
the effects of different light/dark regimes on the concen- 
trations of cyclic AMP and cyclic GMP, and on the 
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respecttve cyclase and phosphodiesterase activities Also 
analysed are the effects of cychc nucleotide derivatives on 
the terpenold composition of higher plant plast1ds. 

RESULTS AND DISCUSSION 

During our earlier studies on the btochem1stry of cyclic 
nucleotides in the tissues of higher plants, we observed 
[lo] that etiolated seedlings of Phaseolus uulgarzs con- 
sistently had substantially lower concentrations of adeno- 
sine 3’,5’-cyclic monophosphate (cyclic AMP) than their 
hght-grown counterparts (Table 1). However, as Table 1 
shows, dark-grown seedlings, extracted immediately after 
an 18 hr period of constant illumination, contained more 
than x 3 the concentration of cyclic AMP 1n control 
seedlings grown in an 18 hr light/6 hr dark cycle Exam- 
ination of the chloroplast cychc AMP concentrations 
(Table 1) revealed s1mdar trends 

Subsequent lnvestigatlons of the cyclic AMP phospho- 
diesterase activity of spinach chloroplasts also indicated a 
light-dependent response (Table 2) Whereas the phos- 
phodiesterase activity extracted from chloroplasts of 
spinach seedlings kept in the dark for 18 hr showed a 
similar V,,, to that of the corresponding activity ob- 
tained from spinach seedlings kept under constant 1llum1- 
nation for 18 hr, their respective K, values were s1gniti- 
cantly different. The K, of the enzyme from the hght- 
treated plants was more than x 30 that of the correspond- 
ing activity extracted from the dark-treated plants A 

further difference was in the nr urtr~ response of the two 
enzymtc activities to the combined addition of Ca*+ and 
calmoduhn. Simultaneous addition of these two factors 
effected a three-fold stimulation of the activity extracted 
from light-treated seedlings whereas 1n a parallel exper- 
iment the enzymtc activity extracted from the dark- 
treated plants was not significantly affected 

Studies with the chloroplasts of light-grown and dark- 
grown seedlings of Phaseolus vulgaris showed (Table 3) 
that light affected the total enzym1c actlvtties and the 
concentrations of a number of components of cychc 
nucleotrde systems m chloroplasts and that these re- 
sponses were not directly related to generalized photo- 
synthetic effects on total protein or chlorophyll content 
For example, 1n chloroplasts of dark grown plants, 
whereas the protein content fell to half the control value, 
and the chlorophyll content decreased to a similar extent, 
there was a concomitant three-fold increase in adenylate 
cyclase activity and a smaller but slgnlficant increase 1n 
that of cychc AMP phosphodiesterase actrv1ty. On the 
other hand, the same dark-grown condttions produced an 
almost complete depletion of chloroplast cyclic GMP 
phosphodiesterase and guanylate cyclase activities, with 
the total chloroplast cychc GMP concentration falhng by 
50% With all the chloroplast parameters examined, 
exposure of the plants to 1 hr of light immediately 
following the 12 hr dark period caused a reversal of the 
trends with, in most cases, a constderable overshoot For 
the chloroplast enzymes investigated, this overshoot had 

Table 1 Cychc AMP concentrattons m shoots and Isolated chloroplasts from hght- 
grown and dark-grown seedlings of Phaseolus uulgarrs 

Maternal Growth condttrons* 
Cychc AMP 
(pmol/mg dry wt) 

Shoot 
Shoot 
Shoot 

Chloroplast 
Etroplast 
Chloroplast 

hght 4.6 100 
dark 06 13 
dark/l8 hr hght 152 330 

(pmol/mg protein) 
hght 38 3 100 
dark 112 29 
dark/l8 hr light 529 138 

*Detatls of the hght regrmes are gtven m the Expertmental. 

Table 2 Properttes of cyclic AMP phosphodresterase acttvity m Isolated chloroplasts from 
spinach plants kept m hght or dark condtttons 

Property Ltght (18 hr)* Dark (18 hr)* 

L 
Z$onse to Ca2 + 

and/or 
calmodulm 

Control 
Control 
fcalmoduhn 
Control 
+ calmodulm + Cal + 

87~10-~M 27x10-‘M 
1 1 nmol/mm/mg protein 1 1 nmoI/mm/mg protem 

45 pmol/min/jd 47 pmollmm/~l 

90 pmol/mm/~l nd 

15 1 pmol/mm/nl 52 pmol/min/~l 

*Plants were grown as described m the Expertmental sectton but exposed to 18 hr 
contmuous hght (6 klx) or 18 hr dark tmmedtately before chloroplast rsolatron, as mdtcated 

nd = Not determmed 
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largely disappeared after a further 5 hr in the light. It was 
of interest that the cyclic GMP concentration showed a 
400% overshoot after 1 hr in the light but that this, too, 
had returned to the control level by the end of the 5 hr 
tlluminatton period. 

Despite thetr magnitude, there appears to be no simple, 
direct correlation between light-induced changes in the 
corresponding cyclase or cychc nucleotide phosphodies- 
terase activities For example, relative to controls, the 
cyclic GMP concentration in the chloroplast decreases by 
50% in the dark, increases by 500% in 1 hr in the hght, 
and after 5 hr is still elevated by 250%. However, the 30- 
fold depression of guanylate cyclase activity m the dark 1s 
still apparent after 1 hr illumination and only 65% of the 
origmal activity is restored after 5 hr, while cychc GMP 
phosphodiesterase is decreased 50-fold in the dark and is 
slightly above the control value after illumination (Table 
3). A similar situation exists for cyclic AMP and its 
associated enzymes (Tables 1 and 3). It would thus appear 
that other factors such as cyclic nucleotide interaction are 
involved, e g. cychc AMP and cyclic GMP competing for 
the same phosphodtesterase site. Equally, it has to be 
borne m mmd that the chloroplast 1s not a completely 
closed system and any change in membrane permeation 
by cychc nucleotides, induced by changes m light condi- 
tions, may be significant. The earher suggestion that 
cyclic AMP is transported from root to shoot m a hght- 
dependent process [19] and the presence of cyclic AMP 
in plant transport vessels [20] may also be relevant. As 
reviewed in ref. [lo], cells of green and blue-green algae, 
bacteria, and slime moulds, all permit physiological pas- 
sage of cyclic AMP and the same may be true of 
chloroplasts. 

In addttton to the responses described, the light regime 
under which Phaseolus seedlings were grown markedly 

influenced the effects that the dibutyryl derivatives of 
cyclic AMP and cyclic GMP had on terpenoid concen- 
trations (Table 4). Whereas dibutyryl cyclic GMP had 
little significant effect on the concentration of the maJor 
terpenoid constituents m light-grown plants, dibutyryl 
cychc AMP doubled the concentration of a-tocopherol 
and reduced the concentration of y-tocopherol and chlor- 
ophyll by 40% in the same group of plants; simulta- 
neously then concentration of ubiqumone increased by 
48%. If the hght-grown plants were put m the dark for 
15 hr before similar treatment with dibutyryl cyclic nu- 
cleotides, the main effect was that of dibutyryl cyclic 
AMP on ubiquinone concentratton, which increased by 
107%. Again, dtbutyryl GMP had little significant effect. 
The main responses to dibutyryl cyclic GMP were seen 
with the terpenoid constituents of dark-grown plants 
with 62, 81 and 78% increases, respectively, in a-tocoph- 
erol, y-tocopherol, and chlorophyll concentrattons. After 
15 min illumination, plants grown in the dark showed an 
83% increase in a-tocopherol content and a 168% in- 
crease in that of ubiquinone after treatment with dibu- 
tyryl cychc GMP. The mam effect of dtbutyryl cychc 
AMP on the concentration of the terpenoids in these 
plants was to increase the concentratton of chlorophyll 
and ubiquinone by 57 and 78%, respectively. 

In mammals, the primary process in light perception 
involves excitation of rhodopsin which then mduces 
changes in cyclic GMP concentrattons, and these in turn 
affect cytoplasmic membrane permeabilrty. In higher 
plants, phytochrome has been identified as the light- 
receptor for a number of light-sensitive processes but the 
subsequent biochemistry 1s largely unknown; analogy 
suggests that cychc nucleottdes may be involved. It can be 
seen from the data presented that changes elicited by 
dibutyryl cyclic nucleotides are not solely ascribable to 

Table 3. Enzymes of cychc nucleotide metabolism and other components of chloroplasts Isolated 
from light-grown and dark-grown Phaseolus seedlings 

Control* 
Light condittons 

Dark (12 hr)t Light (1 hr)j Ltght (5 hr)$ 

Protein (mg/ml) 
Chlorophyll (mg/ml) 
NADP-glyceraldehyde 
dehydrogenase 
(nmol/mm/mg protem) 
Cyclic AMP 
phosphodiesterase 
(nmol/mm/mg protem) 
Cychc GMP 
phosphodtesterase 
(nmol/min/mg protem) 
Adenylate cyclase 
(nmol/mm/mg protein) 
Guanylate cyclase 
(pmol/mm/mg protein) 
Cychc GMP 
(pmol/g fresh wt) 

6 3 14 15 
6.5 32 11.8 12.5 

500 100 1000 600 

1.13 1.51 1.47 1.61 

49 0.1 6.9 5.3 

1.0 2.8 1.0 0.8 

294 9.9 7.24 190 

20 10 100 50 

*14 day seedlings grown m 16 hr light (6 klx)/8 hr dark cycle Leaves taken 2 hr after light phase 
began 

tAs for control but plants then placed m dark for 12 hr 
$As for t but then exposed to 1 hr in the hght. 
§As for $ but final hght phase was 5 hr instead of 1 hr. 
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Table 4 Effect of cychc AMP and cychc GMP derlvatlves upon terpenold concentrations m Phaseolus uulgaru grown under 

different hght regimes 

a-Tocopherol y-Tocopherol Chlorophyll p-carotene PQAv UQ, 

*Light grown 

+dbcAMP 

+ dbcGMP 
Light grown + 15 hr dark 

+dbcAMP 

+dbcGMP 

Dark grown 

+dbcAMP 

+dbcGMP 

Dark grown + 15 hr hght 

+dbcAMP 

+dbcGMP 
*Light cycle of 18 hr hght + 6 hr dark 

+ 105 

+2 

f31 
+3 

+47 

f62 

-13 

+s3 

-40 f41 

-3 -12 

+23 +38 
-I +21 

+32 +4x 

+81 +78 

-3 +51 
-37 -15 

-3 -28 +48 
_- 5 -12 -4 

+47 
+23 

-3 

-5 

-4 

+I5 

-I f107 

+31 -7 

+30 f45 

f43 f28 

+31 +78 
-28 +168 

Each datum IS expressed as % change relative to a hght-grown butyric acid control, actual control values for the terpenolds per g 
trssue (fresh wt) were a-tocopherol 10 2 gg, y-tocopherol4 3 ,u& chlorophyll L 5 mg /?-carotene 0 7 mg, PQAy t 0 ,ug, UQu 1 t ,ug 

butyrate residues and that the differences in response to 
the two cychc nucleotides, and changes m these responses 
dependent upon light regimes, are consistent with a hy- 
pothesis involving cyclic AMP and cychc GMP as medl- 
ators m light-regulated metabolic events The present 
observations that the concentrations of cychc AMP and 
cychc GMP in the chloroplast and the activities of the 
associated plastldlc cyclase and phosphodlesterase vary 
m response to change m hght condltlons are also con- 
slstent with such a hypothesis The hght-related changes 
In sensltlvity of the chloroplastlc cychc AMP phospho- 
dlesterase to calmodulm are of especial slgmficance As 
yet, however, these findmgs can only be considered as 
mdlcators of a possible role for cychc AMP and cychc 
GMP m light-induced or light-regulated events m higher 
plants Even in the absence of such a role UI UUO, the data 
confirm the complexity of the plant cychc nucleotlde 
system as previously discussed [lo] Further, the appar- 
ent sensltlvlty ofthe system to changes m hght condmons 
may explain earher contradictory reports on the physlo- 
logical effects of cyclic nucleotides m higher plants 

EXPERIMENTAL 

Plant material Seeds of Phaseolus vulgaru cv The Prmce (Bees 

Seeds Ltd, Sealand, U K ) were germmated m moist vermlcuhte 

and seedlmgs grown at 23” m a hght cycle of I6 hr hght 

(6 klx)/8 hr dark except where otherwise mdlcated Seeds of 

Spmacea oleracea cv Vlroflay (Hurst, Gunson, Cooper and 

Taber Ltd. Wltham, UK.) were also germmated m moist 
vermlcuhte but seedhngs were grown at 20” Light grown plants 
were cultivated rn a 20 hr hght (6 klx)/4 hr dark cycle, dark 

grown plants were cultivated m 20 hr dark/4 hr hght (6 klx) 

cycle 

Determrnatron of cychc AMP and cyck GMP concentratrons 
Cychc nucleotldes were extracted from whole leaf tissue and 

from Isolated plastlds and partially purified as previously de- 
scribed [21] Cychc AMP concentrations were determmed by 

saturation bmdmg analysts as described earher [21] Cychc 

GMP concentrations were determmed by radlolmmunoassay 

(RIA) usmg a commercially avadable RIA lclt [7] from Amer- 
sham InternatIonal plc, Amersham, U.K 

Isolarlon and eutractlon ofplastlds Leaves (160-200 g samples) 
were harvested from 8-day Sprnatea or L-day Phaxolus 
seedhngs a green safehght was used as appropriate Chloroplast 
preparations were obtained by the procedure of ref 1221 with 

mmor modlficatlons For enzymlc assay purposes, Isolated plas- 
tlds were either broken by a rdpld cycle of freezmg and thawmg, 

repeated SIX times, or by ultrasomcatlon for 90 set at 20 kHz 

(cycle of 15 set on/l 5 set off) During ultrasomcatlon, the sample 

was kept on ice 
AT?ay of plastld enzymes The adenylate cyclaae, guanylate 

cyclase, cychc nucleotlde phosphodlesterase, and NADP-linked 

glyceraldehyde 3-phosphate dehydrogenase actlrlttes of Isolated 
chloroplasts were assayed by the followmg procedures adenyl- 

ate cyclase 1231, guanylate cyclase [24], cyclic AMP- and cqchc 

GMP- phosphodlesterase 17,251, and NADP-hnked glyceralde- 
hyde 3-phosphate dehydrogenase [26] 

Partial purrfic atwl o/ chloropla\r phosphodwsterasejor exam- 
matron of effecr of&* + :cahnodulm. Somcated chloroplast prep- 

aratlons obtamed from Spmacea leave.\, as described above, were 

dlalysed exhaustively agamst 40mM Tns-HCI buffer at pH 7 5 

and samples (2 ml) apphed to a Sephacryl-200 Lolumn (26 
x 1 5 cm) at a flow rate of 1 ml/mm of the same buffer The 

fraction elutmg between 70 and 95 ml was retamed and used as 

the cychc AMP phosphodlesterasc preparation Its actlvlty wab 
determmed by the standard assay procedure [7, 251 m the 

absence and presence of 20 PM Ca’+ and 0 4 untts calmoduhn- 

/assay tube 

Adnumstration ofdzbutyryl cychc nucleorldes Seeds of Phaseo- 
lus vulgaru were soaked overmght In runnmg water and germm- 

ated m trays of moist vermlcuhte Each batch of plants com- 

prosed 4 trays (ca 100 seedhngsjtray) One batch was grown for 15 
days at 25” m d hght cycle of 18 hr hght (6 klx),‘6 hr dark 

Another batch was kept under the same condltlons but on days 

I3 and 14 one tray was sprayed with dlbutyryl cychc AMP 
(10 ml,0 4 M)a second tray wcth n-butyrlcactd (10 ml,0 8 mM) a 

third tray with N4.2’-O-chbutyryl cychc GMP (10 ml, 0 2 mM) 
and the fourth tray with n-butync acid (10 ml, 0 4 mM) The 

butyryl compounds were all m dq soln, the concentratlom of the 
butyrlc acid solutions were chosen to provide controls agamst 

possible effects of the dlbutyryl cychc nucleotrdes being due to 

the butyrate residues alone A further eight trays of seedlmgs 

were used to duphcate all the above treatments but after 15 days 

they were placed m the dnrk for 15 hr Fmally. eight trays of 
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seedhngs were grown for 15 days m the dark at 25”, subJected to 
the same chemical treatments to those described, and on day 15 

placed m a hght cycle (6 klx) of 18 hr light/6 hr dark for 15 hr. 
The entue experrment was repeated on a separate occasion 

Ltptd extractton and analysts Leaves (6c80 g) were washed in 

H,O, blotted dry wrth paper trssues, and macerated m aq. 

Me&O (10% w/v) using a Polytron homogenizer (Northern 

Media Supplies) The homogenate was filtered under vacuum 

through a smtered glass Buchner funnel (porosrty 3) then mrxed 
wrth an equal vol of petrol (bp 40-60’) Two phases were 

obtained, the upper (petrol) fractron was taken, washed x 3 wrth 

H,O, then drted over Na,SO, After evapn to dryness under O,- 

free nitrogen, the sample was redtssolved m the mmrmum vol. of 

cyclohexane and applied to a column of Also, (20 g, Brockmann 

grade III) Lipids were eluted m a series of petrol mixtures 

contammg increasing concentrations of Et,0 [27] The concns 

of mdrvrdual tocopherols and chlorophylls were determined as 

prevrously described [27] Qumones were estimated by reducing 

them with NaBH, to the correspondmg qumols and measurmg 
the decrease m Alma, (255 and 275 nm for PQ,, and UQs, 
respectively) B-Carotene was determined from rts A:$, value at 
I max 
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