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Abstract--A cychc nucleotlde phosphochesterase has been Isolated and partially purified from carrot tap-root 
tissue The properties of thts enzyme are very different from cyclic AMP phosphodiesterases found m mammalian 
cells A dlalyzable inhibItor of carrot cychc nucleotlde phosphodiesterase was also isolated from carrot tissue 
Because the mlnbitor behaved like inorganic phosphate on ion-exchange chromatography and Inhibited the 
enzyme m proportion to Its morgamc phosphate content, the mhibitor was tentatively Identified as lnorgamc 
phosphate 

INTRODUCTION 

RECENT reports have provided evidence for the mcorporatlon of adenine-C3H] mto 3’S’- 
cychc adenosme monophosphate (CAMP) in higher plant tissues.ls2 Treatment of plant tis- 
sue (Auena coleoptlles) with mdole acetic acid (IAA) gave rise to a large mcorporation of 
adenine-C3H] mto CAMP,’ similar to the stlmulatory effect of hormones in the animal sys- 
tem 

CAMP was shown to effect the synthesis of gibberellic acid m embryo-less barley seeds4 
and to stimulate hormone-induced changes in other tissues 5 However, in pea stems and 
other tissue@ CAMP failed to elicit a hormone-like response. 

Initial attempts to detect basal levels of CAMP and adenyl cyclase activity in carrot 
homogenates were not successful. However, we have found an enzyme capable of hydro- 
lyzing 3’,5’-cyclic AMP and this report is concerned with its partial purification and 
propertles. 

RESULTS 

Initial attempts to detect phosphodiesterase activity were carried out at pH 7.4, near 
the pH optimum of most mammalian phosphodlesterase. However, since only a small 
amount of activity was detected a pH study was performed with the crude homogenate. 
The optimum pH for enzyme activity is 55. This 1s close to the pH optimum for pea cyclic 
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nucleotlde phosphodlesterase isolated by Lm and Varner 7 Subsequently all experiments, 
unless otherwlse mdlcated, acre run at pH 5 5 

Experiments with dialyzed crude homogenate showed a dependency on a metal ion for 

maximal activity (Table 1). Mg*+ and Mn” gave the best stlmulatlon with C’CI’ I. Co’ + 
and LI’ A being less effectlvc The dependency on metal Ions mcrcaqed with more purified 
enzyme preparations. with the optimum ion concentration being about 30 mM for Mn’ ‘. 
Metal Ions had no effect on the snake venom actlvltl 

The enzyme seems to be fairly stable. at least m crude preparations. as Judged by Its 
high actlvlty at 45” and its aImost Imear mcreasc m actlvlt4 up to 1X mm mcubatlon 

pH has a profound effect on the solublllty of the enzyme. If a whole homogenate 1s cen- 
trlfuged at 10000 y for 20 mm m pH 5.5 buffer, 87”; of the actlvltb IS found m the pellet. 

However, the same type of centrlfugatlon m pH 7-4 bufliir gives 93”,, of the actlvlty m the 
supernatant (Table 2). 

In order to characterize the enzyme more precisely. it was necessary to attempt partial 
purification The results of typIca preparation are presented m Table 3. A 5 h-fold Increase 

in purification and a 4-fold increase m total units 1s achieved slmplq bk dlalysls of the 
20000 6~ supernatant This suggests the presence of a dlalyzable mhlbitor 111 the crude 

_ _____~ _____.-- __--. 
Fraction Specllk dctlvltyt ‘I,) of u hole homogen‘Lte 

pH 7 4 Whole homogenate 6 00 lo(l 
pH 7 4 Supernatant 5 60 9 1 
pH 7 4 Pellet 0 30 5 
pH 5 5 Whole homogenate 6 00 IO0 
pH 5 5 Superndtant 0 51 x 
pH 5 5 Pellet 5 24 x7 

* Centrifugatlon was perlormed at 100(X) y fool 20 mm m 10 mM sodmm acetate bulk, pH 5 5 and 10 mM 
Trla HCI buffer, pH 7 4 Pellets wcrc resuspended m a volume 01” appropriate bufler equal to that of the superna- 
tant Assays were performed ds dwcrjbed under Experlmentdl 

t Speak actl~ity :- unikmg protein 



Nucleotlde phosphodlesterase from carrot 2731 

homogenate. The characterization of this inhibitor is discussed later. The precipitates 
obtained at 30-60 and 60-90’% saturatron with (NH&SO4 contained equal amounts of 
enzyme activity and were combined and dialyzed. The (NH&SO4 step yields a lo-fold 
purified enzyme and another increase in total umts 

TABLE 3 SUMMARY OF PURIFICATIONOF CYCLIC NUCLEOT~LX PHOSPHODIFSTERASE FROM 300 g OF CARROT TISSUE 

Step Volume 
Total 
umts 

Protem 

(mg) 

Specific 
activity 

Recovery 

(%I 

Purl- 
ficatlon 

Whole homogenate 
20 000 g 
supernatant 
Dialyzed 20000 g 
superndtant 
3@90”:, saturated 

(NH&SO, 
(dialyzed) 
Acid treatment 
(pellet) 

322 ml 2028 860 24 100 

320 ml 1886 832 27 93 11 

370 ml 8880 592 150 438 62 

59 ml 9381 336 216 462 115 

59 ml 9086 242 315 448 156 

Since Lin and Varner’ achieved a large increase in the specific activity of pea cyclic nuc- 
leotide phosphodiesterase by a pH 5.0 treatment, their method was followed with the car- 
rot enzyme. A slight increase m purification was achieved (Table 3); however, contrary to 
their results, 96% of the total activity was recovered in the pellet rather than the superna- 
tant. 

An attempt was also made to fractionate the enzyme on DEAE-cellulose. The phospho- 
diesterase in pH 7.4 buffer remained bound to the anion exchange resin, indicating that 
its isoelectric point was probably below 7.0. It was eluted from the column as one peak 
at @15 M KCl. Less than 2% of the starting material was recovered from the column and 
no increase m purification was achieved. Other DEAE fractions were tested for the poss- 
ible presence of an activating factor’ which might have been separated during the chro- 
matography. None of the fractions contained such an activity factor. 

The inhibitors of mammalian phosphodiesterase, caffeme and theophyllme, had no sig- 
nificant effect on the carrot enzyme, neither did the plant growth substances, phenyllsobu- 
tyladenine, l-methyl-3-isobutylxanthme, 3-mdolylacetic acid, kmetm and gibberellic acid. 

Because of the low recovery of active material from the DEAE-column, ultracentrifuga- 
tion was performed to see da portion of the enzyme was particulate. Carrot tissue was 
homogenized m 10mM Trrs-HCl buffer, pH 7.4, contammg 1 mM dithrothreitol The 
homogenate was dialyzed overmght against 100 vol of homogenizatron buffer to remove 
endogenous inhibitor Homogenate was then centrifuged at 20000 g for 30 mm, and the 
supernatant from this treatment centrifuged at 100000 y for 3 hr Although only 11% of 
the starting material was recovered m the 100000 g pellet, it had a higher specific activity 
than any of the other fractions (Table 4). Rewashing the pellet several times did not result 
in any further solubihzation of the enzyme. 

Various properties of the soluble and particulate phosphodiesterases were compared 
(Table 5). Although the pH optima for the two fractions were similar, consistently different 
V max and K, values were observed. Additionally, the two fractions exhibited differential 
sensitivity to rmidazole, inorganic phosphate (P,) and the dialyzable inhibitor. Compari- 
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TABLE 4 SUMMARY OF CENTRIFCGATION STUD\ ON ~‘ARKOT CYCLIC NWLFO~ILX. PWSPHOIX~SI~ RASI 

step 
Total 
umt5 

Protem 

(mg) 

Spec1lic 
dictlvlty 

Whole homogenate 
(dialyzed) 
20000 y 
rupernatant 
20000 q pellet 
100000 g 
supernatant 
l00000 q pellet 

1260 504 2s 00 IO0 

926 412 27 47 7‘; 

40 40 IO 00 : 

614 27 2 71 i7 A_ _ 4Y 
136 42 32 38 I1 

______ 

sons of the enzymes were made immediately followmg ultracentrlfugatlon smce the par- 
ticulate phosphodlesterase was much more labile than the soluble e1174me. 

As mentioned previously, our mltlal studies revealed a large increase m total umts of 
enzyme activity after dialysis of a whole homogenate After lyophlhzatlon of the dlalqzatc 
from 5 ml of whole homogenate, the concentrated mhlbltor was dissolved 111 5 ml of glass 
dlstllled water. A 50 ,~l ahquot of this solution gave 7&809;, mhlbltion when tested agamst 
the (NH&SO, purified enzyme. The concentrated mhlbltor had no effect on snake \cnom 
activity Further characterization of the inhibitor was achieved by chromatography on 
Dowex l&2 x 400 and Dowex 50 columns. The mhlbltor binds to Dowcx IL2 x 400. an 

anlon exchange resm. and IS eluted with 0.05 M NaOH However. wht~ the solution 15 
adjusted to 0.05 M HCl and applied to Dowex 50, it 1s not bound These data mdlcatc 
that the active prmclple has a net negative charge and probably 1s not amphoterlc Bolhng 
the mhlbltor for 30 mm does not destroy its actlvlty. AdditIonal experiments showed that 
the concentrated mhlbltor contamed P, (53 pg!lml) and that P, m slmllar conccntrntlons 
added to enzyme reaction mtxtures inhibited the emyme to almost the same degree as the 
inhibitor 

DISCUSSION 

An enzyme that hydrolyzes CAMP has been found m carrot root tissue Based on the 
following evidence, we believe this enzyme to be distinct from the phosphodiesterasc from 
carrots reported by Harvey ct ~1 ‘),“I The pH optimum for their cnzymc using r-mtro- 

TABLI 5 PR~P~I< ~II s 01 F’AIU ICL!I ATt ANI) so~,~~nr.i I~Host~t~oI)n s I,KAS~ \* 
- 

Partlculdte Spillable 
Property phosphodlcsterase pho\phodlestcla.\c 

V mix 140 I ‘)h 
Kill 34 x IO-“M Y I x I 0 J “\I 
pH optimum 55 >5 
Effect of lmtdazole 
(40 mM)t 46’;,, mhlbltlon XI”,, InhIbitlon 
Effect of 2 mM P, 70” mhlbltlon IO iY” mhlhltlon I> 
Effect of dlalyzable 
mhlbltor X0” mhlbltlon 0 46” Inhibition ‘) 

* Partlculatc and soluble actlvltles refer to the pellet and supernatant respectively from Ci 3 hr 100000 11 ccntrl- 
fugatlon When compounds were added to the reaction mixture m 50 111 alquots, the cn/ymc fr,ictron a,~\ also 
reduced to 50 ~1 to keep the total volume constant 

+ Optimum Ion concentration 

‘) HARVEY. C. MALSMAN, L and NUSSBALJM, A L (1967) Blochen~rstrr 6, 3689 
I” H.~RvF\ C L Or soh K C and WKIGHI, R (1970) B~och~~~st~ 1 9, 921 
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phenyl-S-thymidylic acid (PNP-pT) as the substrate was 9.5 while cyclic nucleotlde phos- 
phodiesterase has a pH optimum of 5.5. The PNPpT enzyme IS slightly activated by NaF, 
while our phosphodiesterase is inhibited. Finally, Lerch and Wolf’ ’ have isolated a phos- 
phodiesterase from sugar beet which has properties very similar to the PNP-pT enzyme 
from carrot. The former enzyme had no activity when cyclic nucleotides were tested as 
substrates. 

Although the carrot cyclic nucleotide phosphod1esterase is similar in many propertIes 
to the pea enzyme (pH optimum, K, for CAMP, inhibition by P, and NaF) isolated by 
Lin and Varner,7 it 1s different in that 1t 1s inhibited by rm1dazole, stimulated by divalent 
metal ions, and 1s precipitated by a pH 5.0 treatment. The last property may be explained 
by a contaminant in the carrot homogenate which is co-preclprtatmg the enzyme or per- 
haps the enzyme is at its lsoelectrlc point and therefore precipitates out of solution. 

Because the concentrated dialyzable inhibitor contained a sigmficant amount of P,, 
behaved like P, in anion-cation exchange chromatography and inhibited the enzyme in 
proportion to 1ts P, content, we conclude that the d1aIyzable 1nh1bttor IS probably P,. This 
is 1n agreement with other 1nvest1gators’2”3 who have identified a CAMP phosphodiester- 
ase inhibitor from potato tubers as being P,. 

The carrot phosphodlesterase is quite distinct from mammalIan CAMP phosphodiester- 
ase in that the former has an acid pH optimum, is not inhlblted by methylxanthines, but 
is inhibited by lmidazole, P, and NaF. Lin and Varner7 have shown that the highly purified 
cyclic nucleotrde phosphodresterase from pea has a high activity with 2’,3’-cyclic AMP.* 
From a number of different criteria, they Judged that the hydrolysis of 2’,3’-CAMP and 
3’,5’-CAMP was due to a single enzyme. They further propose that the enzyme plays a role 
in RNA degradation, since most plant RNases yield 2’,3’-cyclic nucleotrdes. In view of the 
fact that physiologically significant amounts of 3’,5’-CAMP, adenyl cyclase actlvlty, or 
CAMP-dependent protein kmase have not by use of rigid criteria been detected m carrot 
homogenates, the role of a 3’,5’-CAMP phosphodresterase 1n carrot tissue remains un- 
known. 

EXPERIMENTAL 

All carrots (Daucu~ carota L ) used m these experiments were purchased from Shafter Vegetable Growers, 
Shafter, California, and stored m a cold room until used 

Adenosme r8-3H1-3’,5’-cycllc monophosphate (4 4 Cl/mmol from New England Nuclear) was taken to dryness, 
resuspended 1; 1 5 ml of 1dmM Trls+HCl buffer, pH 7 4, layered on a small Dowex l-2 x 400 column, washed 
with 3 ml of Trls-HCl buffer and eluted with 2 ml of 0 05 M HCl It was then diluted to 6 PM with 10 mM 
Trls-HCl buffer, pH 7 4 Adenosme[8-‘4C] (30 mCl/mmol from New England Nuclear) was used wlthout further 
purdicatlon Adenosme-3’,5’-cyclic monophosphate from Boehrmger Mannhelm and snake venom (Croralus 
atr0.r) from Ross Allen ReDtIle Institute. Inc. Sliver Smmgs. Florida, were both used directly Dowex l-2 x 400 
amok exchange resm was prepared by washing with i0 VA of 0 5 M NaOH. glass dlstllledwater (gd H,O), 0 5 
M HCl and gd HLO, respectively It was stored as a 3X slurs!, in gd t1,O DFAE-cellulose, type 20. OX meq/g 
was prepared m a manner similar to Dowex l-2 x 400 except that butler was substituted for gd Hz0 and the 
resm titrated to pH 7 4 Dowex 50 was prepared by washmg with 10 ~01 of gd H,O, 2 M NaOH, gd H20, 2 
M HCl, gd H,O, 0 1 M NaOH, gd HzO. 0 1 M HCl, and gd H,O. respectively The last wash was contmued 
until the resm was free of Cl- 

* Note added m proof Recent experiments m our laboratory have demonstrated that both soluble and par- 
ticulate fractions of carrot tissue have high cychc nucleotlde phosphodlesterase actlvltles with 2’.3’-cychc AMP 
ds a substrate 
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