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Abstract—An enzyme, which hydrolyzes 3',5'<cyclic AMP to 3-AMP and 5-AMP, has been 1solated from dormant
tubers of Jerusalem artichoke and purified 850 x with a recovery of 15% of total activity The partially purified
enzyme differs greatly from both animal and bacterial phosphodiesterases in terms of pH optimum, substrate
specificity, cation dependence and sensitivity to methylxanthines The plant hormones are without effect, whereas
ATP, §-AMP, 3-AMP, inorganic phosphate and pyrophophosphate are inhibitors. The enzyme seems to be
greatly inhibited in viwo by norganic phosphate during dormancy

INTRODUCTION

ADENOSINE 3, 5’ cyclic monophosphate (cyclic AMP) has been shown to be an intracellular
mediator of the response to a number of animal hormones' and to control some aspects
of bacterial metabolism.? The level of cyclic AMP depends upon two enzyme activities;
adenylate cyclase, which catalyzes the formation of cyclic AMP from ATP; and phospho-
diesterase, which hydrolyzes cyclic AMP to 5-AMP. The animal hormones mduce a
change in the concentration of cyclic AMP within the cells of their target tissues by activat-
ing a membrane-bound adenylate cyclase.!

Cyclic AMP has recently been detected in higher plant tissues by different assay techni-
ques®~° and 1ts possible roles as mediator in plant hormone effects has been envisaged.” ¢
Some mformation on the metabolism of cyclic AMP in higher plant tissues is also avail-
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able enzymatic synthesis of cyclic AMP from ATP has been detected in extracts from
Vinea rosea tumor cells'” and Jerusalem artichoke tubers;'® cyclic AMP degrading phos-
phodiesterases have been purified from potato tubers.'®!° pea seedlings.’” soybean
callus,! barley seeds?? and Phaseolus.”?

After the discovery of an enzymatic system forming and degrading cyclic AMP 1n dor-
mant tubers of Jerusalem artichoke,'® we have mvestigated its possible role i the metabo-
lism of cyclic AMP. We observed* that the rapid dechine of cyclic AMP level, occurring
at the dormancy break of Jerusalem artichoke tubers. was accompanied by a correspond-
ing increase in phosphodiesterasc activity toward cyclic AMP and by a dramatic degrada-
tion of cychc AMP 1 vivo Since these observations suggested a role for phosphodiester-
ase(s) in the control of the levels of cyclic AMP in Jerusalem artichoke tubers, 1t seemed
interesting to study this enzyme 1n more detail. This paper deals with the purification and
characterization of a soluble cyclic AMP phosphodiesterase from dormant tubers of Jeru-
salem artichoke The effect of different factors, including the plant hormones. on the acti-
vity of partially purified enzyme has also been investigated in order to elucidate the
mechanism regulating its activity

RESULTS

Purification
The results of a typical purification of the enzyme are summarized in Table 1. A purifica-

tion of 850 x was obtamed with a recovery of 15°, of total activity As shown i Table
1, dialysis of crude extract 1s the purification step giving the greatest mcrease m enzyme
specific activity Crude cxtract contains 2 mM norganic phosphate (P1) The dialysis of
the crude extract completely removes the Prand increases the enzyme activity 10-fold. The
addition of 2 mM P1 to the dialyzed extract reduces the phosphodiesterase activity to the

pre-dialysis level

TasLt 1T PURIFICATION OF JERUSALEM ARTIC HOKE PHOSPHODIFSTI RASH

Total Total Specific
protemn enzyme activity Relative Recovery of
Fraction (mg) (untts} {units, mg) purity activity

Supernatant
105000 g 1284 256 002 10
Supernatant
after dialysis 708 1416 020 100 100
Ammonium sulphate
(25 45°, satd) 132 672 051 255 47
Sephadex G4q 10 240 240 1200 17
DEAE-cellulose 13 220 170 850 1S
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Properties of the enzyme

In acetate buffer, maximal enzyme activity was obtained between pH 52 and 54. At
a concentration of 1 mM, Mg?*, Mn?" and EDTA shightly (110-115%) stimulated the
enzyme activity, whereas | mM Ca*' shightly inhibited. Caffeine (§ mM), theophylline (8
mM) and Ro-7-2956 (0-01 mM)?# were not inhibitory to Jerusalem artichoke phosphodies-
terase, although they have been shown to mhibit animal and bacterial enzymes, whereas
imidazole (8 mM) slightly stimulated (+ 15%) enzyme activity Most phosphate esters were
strongly inhibitory: at 1 mM, ATP (—65%,), 5-AMP (—90%), 3-AMP (—92%), 3'5'-cyclic
AMP (—58%), 2,3-cyclic AMP (—97%), 3.5-cyclic GMP (—59%), 2,3'-cycic GMP
{(—98%,), 3,5 -cyclic UMP (—65%), 3',5-cyclic IMP ( —52%) and 3',5-cyclic CMP (—38%).
Inorganic phosphate and pyrophosphate at 0-10 mM both showed 70%, inhibition. On the
other hand indoleacetic acid, gibberellic acid, abscisic acid and fusicoccin had no effect
on the enzyme activity at O-1 or 1 mM. The cytokinin, isopentenyladenosine, nhibited the
enzyme activity slightly (115%) at 3 mM. To determine the K,,, purified phosphodiesterase
was assayed, as described under experimental, but with a different concentrations of cyclic
AMP (9 x 107°to 8 x 10™%). The apparent K,, calculated for 3,5 cyclic AMP phospho-
diesterase was approximately 6:8 x 107* M.

Chromatographic identification of the reaction products. When the reaction mixture was
chromatographed with either Solvent A or Solvent B, radioactivity was always localized
in the area of authentic ¥-AMP (R, = 0-10 in Solvent A and 0-43 1n Solvent B) and 3'-
AMP (R, = 0-15in Solvent A and 0:28 m Solvent B). Cyclic AMP phosphodiesterase also
degraded 2,3' cyclic AMP. When the reaction mixture for 2,3’ cyclic AMP phosphodies-
terase was chromatographed with Solvent B, only 3-AMP (R, = 0-28) but not 2’-AMP
(R, = 0-35) was detected. The R, of 2',3' cyclic AMP was 0-12. Cyclic AMP phosphodies-
terase did not contain nucleotidase activity, but showed slight activity toward RNA.
However, the ribonuclease could be separated from cyclic AMP phosphodiesterase by
disc-gel electrophoresis.

DISCUSSION

The partially purified enzyme greatly differs, in terms of pH optimum, substrate speci-
ficity, reaction products, cation dependence and sensitivity to methylxanthines, from both
animal'?® and bacterial?®27 phosphodiesterases and seems very similar to that extracted
recently from pea seedlings®® and barley seeds.??

The plant hormones tested are meffective on the activity of partially purified phospho-
diesterase. In this respect, Jerusalem artichoke phosphodiesterase is similar to animal
phosphodiesterases, for which direct hormonal regulation has not been found.! Further-
more, we have observed that ATP,5-AMP,3-AMP, inorganic pyrophosphate (PP1) and
Pi are mhibitors. suggesting that the enzyme 1s susceptible to some regulation. Since ATP
1s a substrate of the reaction catalyzed by adenylate cyclase,'® in contrast to 5-AMP and
3'-AMP which have been found to be the products of phosphodiesterase, one might specu-
late that the regulation occurs during the synthesis and the breakdown of cyclic AMP.
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As for potato phosphodicsterase.’” P11s a natural inhibitor of Jerusalem artichoke phos-
phodiesterase. P1 was found 1n crude extract of dormant tubers at very high concentration,
suggesting that the enzyme may exist during the dormancy period i a greatly mhibited
state in vivo. This possibility 15 supported by the findings that, in spite of the presence of
phosphodiesterase. the cychic AMP content in dormant tuber tissucs 1s very high compared
with that of activated tissues *

Jerusalem artichoke phosphodiesterase. like pea seedling and barley seed phosphodies-
terases,”"?? hydrolyzes both 3.5 cyclic AMP and 2.3' cycic AMP Lin and Varner,?”
assuming that the hydrolysis of both cyclic nuclcotide phosphates was duc to the same
enzyme. suggested that the pea seedling phosphodlesterase. hydrolvzing the 2.3 cychic nu-
cleotides produced by ribonuclease. could play a crucial role m the degradation of RNA
Our previous observations on the metabohsm of cyclic AMP durmg dormancy break of
Jerusalem artichoke tubers® suggest that the enzyme mvestigated 1n the present study may
represent a physiological mechanism of cychic AMP degradation m higher plant tissues.

FXPERIMENTAL

Dormant tubers of Jerusalem artichoke (Hetanthus tuberosus) were haivested i November and stored at 4
for 4 6 months before cxperimental use Cyclic AMP (8-H Y {spec act 265 C1 mmole) was purchased from Amer-
sham (England) and purificd according to Lin and Varner ¢

35 cvelie AMP phosphodiesterase assayv Fach reaction munture contamed m o total vol of 04 mi 16 umol
ot acetate butfer {pH 541 40 nmol ot 3 5 cyclic AMP and cyclic AMP (-8-*H) (2 > 10* vpm} The reactions were
started by adding | pg of enzyme protem except where indicated After 1oy at 37 the tubes were heated to
100 for 3 mun | miof 10 mM Tris HCY buffer, pH 7 4 was added and the tubes vortex-mned and then centri-
fuged for 10 mn at 2500 rev, min The supernatant from cach tube was applied onto an alumina column prepared
as described by White and Zenser® except that the aluming was equitibrated with 10 mM Trs HCL pH 74
The first 3 ml eluted from the columns, comaming 85 909, cyche AMP were cotlected and the radioactivity
counted The amount of the cychic nucteotide hydrolyrzed was calculated on the basis of the difference between
the amount added to the reaction mixture and that recovered fiom the column 16 One unit of phosphodiesterase
activity 1s defined as the amount of enzvme requued to catalize the hydrolysis of 1 gmol of cvelic AMP per
60 min 1n a standard reaction misture

Chiomatographic analy iy of the 1eaction products 35 cyelic AMP phosphodiesterase was also determined by
chromatographic analysis Aliquots of the reaction nmuxtures were chromatographed on a P1Li-cellulose precodted
TLC plates by usimg unlabeled cyche AMP. S-AMP 3-AMP adenosine and 3.5 cyclic IMP us mcor porated
standards The chromatograms were developed uang o PrOH -H,O NH,OH (7 2 1) (Solvent A) or satura-
ted{NH),SO -1 M NaOAc 1so-PrOH (20 4 5) (Sotvent BY The spots detected under UV hight, were scraped
from the plates placed m vials and counted in Instagel The radioactivity wds determined i 4 hquid seinuliation
counter To detect the products ot the hydiolysis of 2.3 cyche AMP the chromatograms were developed with
the sohvent B along with 2.3 (yche AMP, 3-AMP, 2-AMP and adenosne as cariers The compounds were
detected under UV hight

Determnation of protenr and Pi coment Protein was determmed according to the method of Lowry ef of 29
with erystathne bovine alburn as standard Pt was deternun d according to Chon or ol ™ with KH.PO, as
standard

Pobao viamide disc-gel clectiophaorests was perlormed according to Ornstemn* and to Davis®™ m Trs-ghyemne
buffer (pH 8 S)at 4" with a constant current of 2 mA tube 3 tubes were run at the same tme Alter 2 hr of electio-
phoresis, one gel was stained with 005° ) Coomassie biithant bluc m 1257, TC Y and destauned by diffusion
H,O The other two gels were cut in segments of 63 mm each and cach segment w.as tested tor eyehic AMP
phosphodiesterase or tor nibonuclease activity The eychie AMP phosphodiosterase and 1ihonuckease activitios
wete assaved by adding | segment of gel to cach reaction mnvture Ribonuclease activits was assay d accordimg
to Udvardy er al *?
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Enzyme purification All procedures were carried out at 2°-4° Step 1 In a typical experiment, 200 g of peeled
tubers were cut into small pteces and homogenized with 200 ml of 10 mM Tris-HCI, pH 7 4, in an OmmMaixer
set at high speed for five 30-sec periods with cooling between each homogenization The homogenate was then
filtered through 3 layers of cheesecloth and the resulting filtrate was centrifuged 2 hr at 105000 g The supernatant
was taken as the crude extract for purification of the enzyme Step 2 The supernatant was dialyzed against 20
vol of 10 mM Tris~HCI, pH 7 4, with constant agitation for 24 hr, with 4 changes Then the soln was centrifuged
at 10 000 g for 20 mun to remove the ppt which formed during dialysis Step 3 The clear supernatant was then
fractionated with (NH,),SO, The precipitate between 25-459 saturation was dissolved in 10 ml mM Tris-HC],
pH 74 Step 4 A column 25 x 89 cm, contaming Sephadex G, was washed with 10 mM Tris-HCl, pH 74
30 mg of protein enzyme obtained by (NH,),SO, precipitation was applied to the column Fractions (4 ml) were
collected (at a flow rate of 8 ml/hr) and analyzed for protemn content and phosphodiesterase activity Phospho-
diesterase activity was eluted between 120-170 ml Step 5 The pooled Sephadex fractions (30-42). containing
22 mg of protein, were applied to a DEAE-cellulose column (1 x 10 ¢m) equilibrated with 10 mM Tris-HC],
pH 74 The column was washed with 10 mM Tris-HC, pH 74, and the proteins were eluted stepwise n 1 ml
fractions with 0 125, 0250, 0 375 and 0 5M NaClin 10 mM Tris-HCl adjusted to pH 74 The phosphodiesterase
was eluted with 0 125 M NaCl The active fractions were collected and used m all experiments described hereafter
At this stage the phosphodiesterase was unstable The enzyme activity was completely lost after 48 hr at 2-4°
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