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SUMMARY 

An enzyme from pea seedlings that  hydrolyzes both 2',3'-cyclic nucleoside 
monophosphate and 3',5'-cyclic nucleoside monophosphate has been partially purified 
from pea seedlings. I t  has a molecular weight of 35 ° ooo and has optimal activity at 
pH 5.4-6.o. I t  is insensitive to methylxanthines and imidazole. I t  catalyzes the forma- 
tion of 3'-AMP exclusively from 2',3'-cyclic AMP and the formation of 3'-AMP and 
5'-AMP from 3',5'-cyclic AMP. The ratio of 3'-AMP to 5'-AMP in the latter case is 7 
to I. The activities toward 2',3'-cyclic AMP and 3',5'-cyclic AMP are quite similarly 
affected by pH, metal  ions, sulfhydryl reagents, temperature, and urea. Furthermore, 
the two activities have identical physical properties. I t  is suggested, therefore, that  a 
single enzyme molecule is responsible for both activities. 

INTRODUCTION 

Since the discovery of 3',5'-cyclic AMP in biological tissues 1, it has been 
implicated as a second messenger in the action of a variety of animal hormones 2. I t  is 
also known to be a mediator of catabolite repression or the so-called "glucose-effect" 
in bacteria ~. Although extensive studies have been made on the distribution and func- 
tion of this nucleotide in animal and unicellular organisms 2, information concerning 
3',5'-cyclic AMP in higher plants is meager. 

Preliminary a t tempts  to detect adenylate cyclase and to incorporate radioactive 
adenine and adenosine into 3',5'-cyclic nucleoside monophosphate in pea and barley 
tissues were unsuccessful. However, an enzymatic system for the degradation of 3',5'- 
cyclic AMP in both pea and barley tissues has been found. I t  seemed necessary to 
study such a 3',5'-cyclic nucleotide phosphodiesterase in more detail in order to de- 
velop a better  assay for adenylate cyclase or endogeneous cyclic nucleoside mono- 

Abbrev ia t ions :  T E M E D ,  N,N,N',N'-tetramethylethylenediaInine; BIS-ac ry lamide ,  N,N'- 
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phosphates in higher plants. The partially purified phosphodiesterase hydrolyzed not 
only 3',5'-cyclic nucleoside monophosphate but also 2',3'-cyclic nucleoside mono- 
phosphate. I t  has been suggested that  RNA degradation in higher plants is catalyzed 
by a ribonuclease that  hydrolyzes both RNA and 2',3'-cyclic nucleoside monophos- 
phate4, 5. Although a specific enzyme for the hydrolysis of 2',3'-cyclic nucleoside mono- 
phosphate, but not RNA, has been found in both animal and bacterial systems 6-9, it 
has not up to now been reported in higher plants. 

This paper presents the detailed procedures for isolation and purification of 
cyclic nucleotide phosphodiesterase, together with a description of the general chemi- 
cal and physical properties of the enzyme with respect to its action on the substrate of 
2',3'-cyclic AMP and 3',5'-cyclic AMP. The biological significance of cyclic nucleotide 
phosphodiesterase and its possible role in the degradation of RNA in higher plants are 
discussed. 

EXPERIMENTAL PROCEDURES 

Materials 
Early Alaska peas (Pisum sativum, Vat.) used for all enzyme preparations were 

obtained from the Vaughan's Seed Co., Chicago, Ill.. Nucleotide and nucleoside de- 
rivatives, glutathione, dithiothreitol, cysteine, Coomassie blue and Tris were obtained 
from Sigma; calf thymus DNA from Worthington; Sephadex products and blue 
dextran from Pharmacia; sucrose and (NH4)zSO 4 (special enzyme grade) from Mann 
Research Laboratory; polyadenylic acid and [8-14C]polyadenylic acid (o.154/,Ci/mg) 
from Miles Laboratory; cellulose powder MN 300 (Brinkmann) from Macherey and 
Nagel Co. ; BioRad Ag I-X2, 400 mesh, chloride form ion exchanger from BioRad 
Laboratory; and acrylamide, N,N,N',N'-tetramethylethylenediamine (TEMED), 
N,N'-methylenebisacrylamide (BIS-acrylamide) from Eastman Kodak. 

Acrylamide and BIS-acrylamide were recrystallized twice from chloroform and 
acetone prior to use. High molecular weight ribosomal RNA was prepared from com- 
mercial yeast by the method of Crestfield et al. 1°. The 3',5'-cyclic [3HIAMP with a 
specific activity of 16.3 Ci/#mole and about 2 % impurity was purchased from Sehwarz 
BioResearch. All standard chemicals were reagent grade and were used without 
further purification with the exception of 3',5'-cyclic [3H]AMP which was purified ac- 
cording to the following procedures. Thin-layer chromatography showed that most of 
the 2% impurity was located in the area of authentic adenosine, adenine, and 3'-AMP 
of 5'-AMP. The method used for purification was similar to that  described for the as- 
say of adenylate cyclase in animal system by Krishna et al. n. A commercial sample of 
cyclic AMP was applied to a Dowex 50 (H +, 200-400 mesh) column (1.5 cm × 8 cm) 
and eluted with deionized water in 2 ml fractions. 

The third and fourth fractions containing 95% of 3',5'-cyclic AMP were com- 
bined and freeze-dried. Deionized water was used for dissolving the purified material. 
With thin-layer chromatography in a two-dimensional separation system (Solvent 
system I and water) as described under Methods, purified 3',5'-cyclic [3H]AMP was 
shown to be free of bases, nucleosides, and other nucleotides. About 80-85% recovery 
of 3',5'-cyclic [3H]AMP was achieved in these procedures. 
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Methods 
Growth of pea seedlings. Alaska peas were surface-sterilized for 2o rain in I ~ .... / 0  

sodium hypochlorite, rinsed with sterile distilled water several times, and planted in 
a 4-1 Erlenmeyer flask containing moist, sterile vermiculite. After germination at 23 ':C 
in the dark for about one week, the seedlings were removed and rinsed with distilled 
water. 

Assay of 3'-nucleotidase. The assay measured the release of Pi from nucleoside 
monophosphate. The standard reaction mixture in a total volume of 0.5 ml contained 
50/,moles of potassium acetate buffer, pH 5.4, or Tris-acetate buffer, pH 8.0, 2/,moles 
of nucleoside monophosphate, and 2-4 units of the enzyme preparation. The reaction 
mixture was incubated at 37 °C for 30 rain, and the reaction terminated by the addi- 
tion of 0.05 ml of cold 55% trichloroacetic acid. After standing in an ice bath for 15 
min, tile precipitate formed was removed by centrifugation at 2ooo × g for IO min. 
The resulting supernatant was analyzed for P~ by the method of Fiske and SubbaRow a2. 
One unit of nucleotidase activity is defined as that amount of enzyme which causes 
the release of o.i/*mole of Pi per 3o min under the assay conditions described above. 

Assays of ribonuclease and deoxyribonuclease. Ribonuclease was assayed ac- 
cording to the procedures of McDonald la and Ibuki et al. 14. One unit of ribonuclease 
activity is defined as that amount of enzyme which causes an increase in the absor- 
bance at 26o nm of o.I unit per 3o rain incubation under the assay conditions. Assay 
of deoxyribonuclease activity was essentially the same as that described for the ribo- 
nuelease activity with the exception that denatured calf thymus DNA (heated IO rain 
at IOO °C, followed by quick cooling) was used instead of ribosomal RNA as substrate. 
One unit of deoxyribonuclease is defined as previously described for ribonuclease. 

Assay of cyclic nucleotide phosphodiesterase. With the presence of an excess of 
pea 3'-nucleotidase I (EC 3.1.3.6) (P. P-C. Lin and J. E. Varner, in preparation) in the 
reaction mixture, this assay measures the release of Pi from cyclic nucleoside mono- 
phosphate. In the routine assay, the incubation mixture (o.5o ml) contained 5o #moles 
of potassium acetate buffer (pH 5.4) ; 2 #moles of cyclic nucleoside monophosphate ; 
and 2- 4 units of enzyme, The reaction mixture was incubated for I h at 37 °C with 
the addition (in o.I ml) of 2o units of pea 3'-nucleotidase I at 45 min. The reaction 
was terminated by the addition of o.o 5 ml of cold 7o~o trichloroacetic acid solution 
and the reaction tubes were placed in an ice bath for 15 min. The precipitate formed 
was removed by centrifugation at 2ooo × g for IO min. The resulting supernatant was 
analyzed for Pi by the method described for the assay of 3'-nucleotidase. Whenever 
3',5'-cyclic IaH]AMP was used as substrate, the standard reaction mixture (o.5o ml) 
contained 5 °/,moles of potassium acetate buffer (pH 5.4); 2/,moles of 3',5'-cyclic 
[3H] AMP (7" IO5 cpm//,mole) ; and 2 units of enzyme. The reaction mixture was incu- 
bated at 37 °C for I h and terminated by heating in a boiling water bath for 3 min. 
An aliquot of o.oi ml of the reaction mixture was then spotted on a cellulose precoated 
thin-layer plate, along with 3/ ,g each of 5'-AMP, 3'-AMP and adenosine as carriers. 
The chromatogram was developed with the solvent system of 2-propanol-o.o3 M 
NH4HCO a (pH 8.6) (3 :I, v/v) at room temperature for 4 h. The carriers were located 
with ultraviolet light, scraped off and eluted from the cellulose with o.5 ml of distilled 
water in a boiling water bath for 2o rain. After centrifugation at 2oo0 × g for io rain, 
the supernatant was poured directly into a scintillation vial to which 15 ml of Bray's 
solution 1~ was added. The radioactivity was determined in a Beckman liquid scintilla- 
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tion spectrometer. One unit of enzyme activity is defined as o.I #mole of Pi released 
per h of incubation. 

Determination of protein content. Protein concentration was determined accord- 
ing to the method of Lowry et al. 16 with crystalline bovine serum albumin as a stan- 
dard. Colorimetric readings were made at 660 nm. Specific activity of the enzyme is 
defined as units per mg of protein. 

Polyacrylamide disc-gel electrophoresis. The apparatus  used for gel electrophoresis 
was similar to that  described by  Ornstein 17 and Davis TM. Electrophoresis was per- 
formed at pH 8. 5, 4 °C for 45 min with a constant current of 2 mA per tube. The pro- 
tein bands were located by  a method similar to that  described by Chrambach et al. 19. 
The gel was stained for a minimum of 2 h in 0.05% Coomassie blue (prepared in 12.5% 
trichloroacetic acid) and destained by diffusion in either distilled water or 5% tri- 
chloroacetic acid. 

Sucrose density gradient centrifugation. The linear sucrose density gradient was 
prepared according to the method of Martin and Ames ~°. Centrifugation was routinely 
performed at 2 °C in a swinging bucket rotor, SW39 (Beckman) in a L-2 65B ultra- 
centrifuge (Beckman). Upon completion of the run, Io-drop fractions were collected 
after needle puncture of the bot tom of the tube. Enzyme assays were made on alter- 
nate fractions with two different substrates for each gradient. 

Electro focusing column chromatography. An LKB model 81Ol eleetrofocusing 
column with a total capacity of IiO ml was used. Electrofoeusing was done according 
to the methods described in the LKB manual. 

A potential of 350 V (kept constant throughout the procedure) was applied to 
the column for a period of 48 h. The working temperature was maintained at 2 °C. 
After completion of the run, 8o-drop fractions were collected. 

Because ampholine was found to form a precipitate with the ammonium mo- 
lybdate used in the Pi assay, the ampholine was removed from the fractions before 
the enzyme assays were performed. After the determination of pH, fractions within 
the pH range from 3.0 to 6.0 were dialyzed against I M NaC1 at 4 °C overnight, then 
against deionized water for 6 h. The resulting dialyzed fractions were flee of ampho- 
line and were assayed for enzyme activity. 

Dowex ion exchange chromatography. For the separation of 2'-AMP, 3'-AMP and 
2',3'-cyclic AMP, a column of BioRad Ag I-X2, chloride form, 400 mesh, 0.5 cm × 5 
cm, was equilibrated with 2 mM HC1 and calibrated by chromatographing a mixture 
of authentic 2' and 3' isomers of adenylic acid and 2',3'-cyclic AMP. 2 mM HC1 was 
used as the eluting solvent. Fractions of 60 drops (approx. 3.4 ml) were collected with 
a flow rate of 12 drops per rain and the absorbance measured at 260 nm. 

EXPERIMENTAL RESULTS 

Purification of enzyme 
All the procedures were carried out in ice ba th  or at 4 °C unless otherwise stated. 
Preparation of crude extract of cyclic nucleotide phosphodiesterase 
Routinely, 300 g of 9- to Io-day-old pea seedlings, germinated in sterile vermic- 

ulite in the dark, was homogenized with 30o ml of deionized water for 1-2 min in a 
Waring Blender. The homogenate was then squeezed through a double-layer of 
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cheese-cloth to remove tile bulk of insoluble material. The resulting filtrate (375 ml) 
was taken as the crude extract for purification of the enzyme. 

(NH4)2SO 4 fractionation and pH 5 treatment 
The crude extract  was centrifuged at IO ooo × g for IO min. The supernatant 

(36o ml) was brought to 5oO/o saturation with (NH4)2SO 4 by slowly adding solid 
(NH4)2SOa (29.5 g per IOO ml of supernatant). The solution was stirred for 3o rain and 
the precipitate was removed and discarded by  centrifugation at IO ooo × g for 2o 
rain. The resulting supernatant  (38o ml) was decanted and then brought to 8o~0 satu- 
ration with the addition of 19. 7 g of solid (NH4)2SO 4 per Ioo ml of the extracted solu- 
tion. After stirring for 2 h, the precipitate was collected by centrifugation at IO ooo × 
g for 3o min and dissolved in 3o ml of 2 mM Tris-acetate buffer, pH 7.5. The resulting 
solution was dialyzed against 2o vol. of 2 mM Tris-acetate buffer, pH 7.5, with con- 
stant  agitation for 24 h, with 3 changes. After dialysis, the solution (32 ml) was cen- 
trifuged at io ooo × g for IO rain to remove a small amount of precipitate which 
formed during the dialysis. The pH of the resulting supernatant (32 ml) was adjusted 
to 5.o with o.I M acetic acid. The precipitate formed from the pH 5.o t reatment  was 
removed and discarded by centrifugation at IO ooo × g for IO min. The supernatant 
(3 ° ml) containing 5o% of the original activity with a 7- to Io-fold increase in specific 
activity was adjusted to pH 7.5 with o.I M KOH. 

The enzyme up to this step still contained an appreciable amount of 3'-nucleo- 
tidase. 

Chromatography of cyclic nucleotide phosphodiesterase on Sephade~ G-2oo column 
After pH 5.0 treatment,  a 5-ml portion of the enzyme preparation containing 6 

mg of protein was applied to a Sephadex G-2oo column (1. 5 cm × 12o cm) which had 
been equilibrated with o.oi M Tris-acetate buffer, pH 7.5- The enzyme was eluted 
with the same buffer and collected in 3-ml fractions at a flow rate of 9 ml/h. 

The elution profile of protein and enzyme activities is shown in Fig. I. Although 
only 28.2% of the total activity toward 2',3'-cyclic AMP and 41.5% of that  toward 

0.2-- 7~ 

!LZ! 
.. ." . 

1~ £ 3b ~ 5b 6b 7b 
F RACIION NUMBER 

Fig. I. Elut ion profile of cyclic nucleotide phosphodiesterase  from Sephadex G-2oo column chro- 
matography .  The enzyme prepara t ion  from the p H  5.0 t r ea tmen t  (5 ml, containing 6 mg protein, 
12o units  toward  3',5'-cyclic AMP and 380 units  toward  2',3'-cyclic AMP) was applied to a column 
(1. 5 cnl x i2o cm) which had been equilibrated wi th  o.oi M Tr is -aceta te  buffer, p H  7-5. Elut ion 
was carried out  with the same buffer at a flow rate  of  9 ml /h  at  4 °C. 3-ml fractions were collected. 
Enzyme  activities (in units/ml) on 2',3'-cyclic AMP (O--O)  and on 3',5'-cyclic AMP ( O - - O )  
were determined as described under  Methods. Protein concentrat ion was measured as the ab- 
sorbance at  280 nln ( . . . . . .  ). 
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3',5'-cyclic AMP was recovered, about 95% of the protein originally applied to the 
column was removed from the major enzyme fractions. This resulted in a 5-fold in- 
crease in the specific activity toward 2',3'-cyclic AMP and 8-fold increase toward 
3',5'-cyclic AMP. The summary of the purification of cyclic nucleotide phosphodiester- 
ase from 30o g of pea seedlings is shown in Table I. Three peaks of enzyme activity 
toward 2',3'-cyclic AMP and one having activity toward 3',5'-cyclic AMP were con- 
sistently observed. Fractions 17-26 were combined as the enzyme preparation for the 
remaining studies. The elution peak for blue dextran was in Fraction 16. 

Enzyme preparation from this step was concentrated from IO ml to 2 ml with a 
Centriflo membrane cone (Amicon filter) at 19oo rev./min for 20 rain in an Interna- 
tional portable refrigerated centrifuge (Model PR-2). The specific activity of the en- 
zyme toward cyclic nucleoside monophosphate was maintained constant with 95% 
recovery in total activity after concentration. The concentrated enzyme preparation 
was then stored at --20 °C for further use. At this temperature the enzyme was stable 
for at least 4 months. 

Although the profile of enzyme activities in Sephadex G-2oo chromatogram 
(Fractions 17-26 ) suggested that  the enzymatic hydrolysis of 2',3'-cyclic AMP and 
3',5'-cyclic AMP might be due to the same protein molecule, further attempts were 
made to separate the two activities. 

Further attempts to separate the activities toward 2',3'-cyclic A M P  and 3',5'-cyclic A M P  
Sucrose density gradient centrifugation 
Three peaks of enzyme activity toward 2',3'-cyclic AMP were observed with 

sucrose density gradient prepared in o.I M Tris-acetate buffer, pH 7.5, while only one 
of them showed appreciable activity toward 3',5'-cyclic AMP (Fig. 2A). The major 
peak represented 5O~o and 80% of the total activity toward 2',3'-cyclic AMP and 
3',5'-cyclic AMP, respectively. About 60-70% of enzyme activity was recovered after 
centrifugation. Compared to bovine liver catalase (sedimentation constant, 11.3 S; 
tool. wt, 247 5oo), the major cyclic nucleotide phosphodiesterase had a sedimentation 
constant of 14. 3 S. I f  an acidic sucrose density gradient (prepared in o.I M potassium 
acetate buffer, pH 5.4) was used, only one peak of enzyme activity was obtained for 
either 2',3'-cyclic AMP or 3',5'-cyclic AMP (Fig. 2B). Again, the two activities sedi- 
mented in an identical pattern with maximal activity in the same fraction. The loss 
of the two minor peaks of enzyme activity (which appeared in the alkaline sucrose 
density gradient) may be due to their inactivation by the acidic pH rather than by 
enzyme association since 6o-70% of the activity was recovered. This result also sug- 
gested that  the dissociation may not occur in alkaline pH as does the experiment 
shown in Fig. 2A. The elution profiles of enzyme activity toward 3',5'-cyclic AMP and 
3',5'-cyclic GMP were essentially the same (Fig. 2C). An experiment using 2',3'-cyclic 
UMP as substrate gave the same distribution pattern of enzyme activity as for 2',3'- 
cyclic AMP in Figs 2A and 2B. 

Polyacrylamide disc-gel electrophoresis and isoelectric focusing 
The enzyme activity of cyclic nucleotide phosphodiesterase was separated from 

the contaminating enzymes such as 3'-nucleotidases, ribonuclease and most of the 
acidic phosphatase by polyacrylamide gel electrophoresis (Fig. 3). However, enzyme 
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Fig. 2. The  elut ion profiles of  cyclic nucleot ide  phosphod ie s t e r a se  ac t iv i t ies  f rom sucrose  dens i ty  
g rad ien t  cen t r i fuga t ion .  Pa r t i a l ly  purif ied e n z y m e  p repa ra t i on  (from the  p H  5.0 t r e a t m e n t ,  
0. 3 ml, con ta in ing  0.39 m g  p ro te in  (24 un i t s  t o w a r d  2 ' ,3 ' -cyclic AMP) was  layered  over  a 5 - 2 0 %  
sucrose  dens i t y  gradient .  Cen t r i fuga t ion  was  pe r fo rmed  wi th  a swinging  b u c k e t  rotor,  SW39 
(Beckman) ,  in a B e c k m a n  L-e65B u l t r acen t r i fuge  a t  34 ooo r ev . /m in  for 12 h. The  t e m p e r a t u r e  
was  m a i n t a i n e d  a t  2 °C. Io-drop  f ract ions ,  to ta l  of  4 ° f ract ions ,  were collected af te r  cen t r i fuga t ion .  
E n z y m e  a s says  were carr ied ou t  in t he  a l t e rna t e  f rac t ions  wi th  two different  s u b s t r a t e s  for each 
gradient .  The  3 ' -nuc leot idase  purif ied f rom pea  was  used  for t he  coupled a s s a y  s y s t e m  as descr ibed 
u n d e r  iT[elhods. Beef  l iver ca ta lase  (tool. wt,  247 5oo) was  used  as t he  m a r k e r  for e s t ima t i on  o f  the  
re la t ive  molecu la r  weight  of  cyclic nuc leo t ide  phosphod ies t e rase .  (A) E lu t ion  profile of  e n z y m e  
ac t iv i t ies  t oward  2 ' ,3 ' -cyclic A M P  ( © - - G )  and  3 ' ,5 ' -cyclic AMP ( Q - - Q )  in the  sucrose dens i t y  
g rad ien t  p repa red  in o. i  M T r i s - a c e t a t e  buffer,  p H  7.5. Cata lase  ac t iv i ty  was  a s sayed  accord ing  
to t he  m e t h o d  of Chance  et al. sl. (B) S ame  cond i t ions  as descr ibed in (A) excep t  the  sucrose  
dens i t y  g rad ien t  was p repared  in o. I M p o t a s s i u m  ace t a t e  buffer,  p H  5.4. (C) E lu t ion  profile of  e n z y m e  
ac t iv i t ies  t oward  3',5"-cyclic A M P  ( 0 - - - 0 )  a n d  3 ' ,5 ' -cycl ic  GMP ( 0 - - 0 ) .  Same  condi t ions  as 
descr ibed in (A). 

activities toward both 2',3'-cyclic AMP and 3',5'-cyclic AMP were still found to be 
associated with each other. An electrofocusing experiment indicated that the activity 
toward 3',5'-cyclic AMP had an isoelectric point at pH 4.8 while there were 3 isoelec- 
tric points (pH 4.8, 4.6 and 4.3) for the activity toward 2',3'-cyclic AMP. 

Characterization of the reaction products 
Action on 2',3'-cyclic nucleoside monophosphates 
Qualitative evidence that 3'-AMP and 3'-UMP were the immediate products 

formed by the hydrolysis of 2',3'-cyclic AMP and 2',3'-cyclic UMP, respectively, was 
provided by the coupled assays with 3'-nucleotidase (Table II). 
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ORIGIN 
Fig. 3. S ta in ing  p a t t e r n  of  p ro te in  and  the  d i s t r ibu t ion  o f  e n z y m e  act iv i t ies  wi th in  a polyacryl -  
a m i d e  gel a f te r  e lectrophoresis ,  o. 3 ml  of  cyclic nucleot ide  phosphod ie s t e r a se  p repa ra t i on  con ta in -  
ing IO/*g of  p ro te in  was  appl ied  to a 7% po lyac ry l amide  gel as descr ibed u n d e r  Methods. Electro-  
phores is  was c o n d u c t e d  a t  p H  8. 5 a t  4 °C for 45 rain wi th  an  appl ied  cu r r en t  of  2 m A  per  tube.  
The  gel was cu t  in half ;  one ha l f  was s t a ined  wi th  Coomass ie  blue dye,  and  t he  o the r  ha l f  was cu t  
in 3 m m  segment s .  E n z y m e  a s s a y s  for hydro lys i s  o f  2',3"-cyclic A M P  and  3' ,5 '-cyclic A M P  were 
pe r fo rmed  in a l t e rna t e  s e g m e n t s  as descr ibed in E x p e r i m e n t a l  Procedures .  

Pea 3'-nucleotidase I and II were rather specific for 3'-nucleoside monophos- 
phates with activities toward both 3'-AMP and 3'-UMP (P. P-C. Lin and J. E. Varner, 
in preparation). However, 3'-nucleotidase from rye grass (Sigma) has been shown to be 
without activities toward pyrimidine 3'-nucleoside monophosphates. The enzyme ac- 
tivity found in the control reaction may be due to the presence of a small amount of 

T A B L E  II  

E N Z Y M A T I C  A N A L Y S I S  O F  T H E  H Y D R O L Y S I S  P R O D U C T  F O R M E D  F R O M  2 t , 3 ' - C Y C L I C  N U C L E O S 1 D ] ~  

M O N O P H O S P H A T E  

Act iv i t y  was de te rn l ined  in a o .5-ml  reac t ion  m i x t u r e  con ta in ing  2 p m o l e s  subs t r a t e ,  o. i  ml 
e n z y m e  solut ion (concen t ra ted  F rac t ion  18 f rom S ephadex  G-2oo co lumn  c h r o m a t o g r a p h y ,  o.oi 
m g  prote in /ml)  and  5o p m o l e s  of  p o t a s s i u m - a c e t a t e  buffer,  p H  5.4. I n c u b a t i o n  was pe r fo rmed  a t  
37 °C for i h. Af t e r  incuba t ion ,  t h e  reac t ion  m i x t u r e  was hea t ed  in boi l ing wa t e r  for 3 min  to ter-  
m i n a t e  t he  react ion.  T h e n  3 ' -nuc leo t idase  in excess  a m o u n t  was  added  and  i n c u b a t e d  a t  i ts  opti-  
ma l  p H  for I5 min .  PI re leased was  de t e rmi ned  as descr ibed in Methods. 

Addition /*moles P, released 

Substrate assayed : 

2",3"-Cyclic A M P  2",3"-Cyclic U M P  

None  o .  I I o ,  1 5  

3 ' -Nucleo t idase  I (pea) 0.38 0.43 
3 ' -Nucleo t idase  I I  (pea) 0.36 0.42 
3 ' -Nuc leo t idase  (rye grass) 0.36 o.16 
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3'-nucleotidase in the preparation of cyclic nucleoside monophosphate from the 
Sephadex G-2oo chromatogram. 

Further evidence for the reaction product being exclusively 3'-AMP was ob- 
tained from an ion exchange chromatogram. The amount of 3'-AMP formed from 2',3'- 
cyclic AMP increased with time while there was no apparent formation of 2'-AMP 
(Fig. 4). Another experiment, using 2',3'-cyclic [14CLAMP prepared from E14C]poly- 
adenylic acid by the action of purified pea ribonuclease (P. P-C. Lin and J. E. Varner, 
in preparation), gave the same result as shown above without any detectable forma- 
tion of 2'-E14C]AMP. 

i 

I 
o.li 

02 - -  2 ' - -AM P 

i 

I 
! 

i 
I I I I 

2 0  4 0  6 0  8 0  

F R A C T I O N  N U M B E R  

Fig. 4. Ion  e x c h a n g e  c h r o m a t o g r a p h y  of  t he  hyd ro lys i s  p r o d u c t  of  2 ' ,3 ' -cyclic AMP.  The  e n z y m e  
p r e p a r a t i o n  f rom the  sucrose  dens i t y  g rad ien t  (Frac t ion  16 in Fig. 2) was  i n c u b a t e d  wi th  o . i  ml  
of  o .oi  M 2 ' ,3 ' -cycl ic  A M P  a n d  o.o 5 ml  o f  o.2 M p o t a s s i u m  ace t a t e  buffer,  p H  5.4, in a final v o l u m e  
of  0.3 ml  for 6.5 a n d  19 h a t  37 °C. Af te r  t e r m i n a t i o n  b y  h e a t i n g  t he  reac t ion  solut ion in a boi l ing 
wa te r  b a t h  for 3 min ,  t he  whole  reac t ion  m i x t u r e  was  appl ied  to an  ion e x c h a n g e  c o l u m n  as de- 
scr ibed in Methods. T he  e lu t ion p a t t e r n  o f  t he  hydro lys i s  p r o d u c t  of  2 ' ,3 ' -cyclic A M P  is repre-  
s en ted  b y  t he  dashed  line ( - -  -- - - ) .  The  t i me  (h) for i ncuba t i on  is ind ica ted  wi th in  t he  figure. 

Action on 3',5'-cyclic nucleoside monophosphates 
Purified 3',5'-cyclic [SH]AMP was used as a substrate. The preparation of cyclic 

nucleotide phosphodiesterase was freed of 3'-nucleotidase by sedimenting 0.3 ml of 
the concentrated enzyme preparation from the Sephadex G-2oo column, containing 
I i  units toward 3',5'-cyclic AMP, in a sucrose density gradient. This separated the 
maior cyclic nucleotide phosphodiesterase fractions from pea 3'-nucleotidases. The en- 
zyme of Fraction 14 from the sucrose gradient as shown in Fig. 2 catalyzed the forma- 
tion not only of 3'-E~H]AMP but also of 5'-[~H]AMP from 3',5'-cyclic E3H~AMP with a 
ratio of 3'-AMP/5'-AMP of 6.8:i  (Fig. 5a). The enzyme preparation in this fraction 
was essentially free of 3'-nucleotidases, because there was no detectable Jail]adenosine. 
The fact that  the incubation of Fraction IO of the sucrose gradient with the substrate 
gave no detectable 5'-[~HIAMP or [SH~adenosine (Fig. 5b) indicated that  the forma- 
tion of 5'-AMP was due to enzymatic hydrolysis rather than nonenzymatic degrada- 
tion of 3',5'-cyclic Jail]AMP. The minor amount of 3'-Jail]AMP formed was due to the 
presence of a small amount of cyclic nucleotide phosphodiesterase. 

In order to check the result shown above with a different enzyme preparation 
and to make sure of the location of the end products in the thin-layer chromatograph, 
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Fig. 5. Th in - l aye r  c h r o m a t o g r a p h y  of  the  hydro lys i s  p r o d u c t s  ob ta ined  f rom the  ac t ion  of  e n z y m e  
on 3',5"-cyclic Jail]AMP. The  e n z y m e  of  F rac t ion  14 f rom Fig. 2B was i n c u b a t e d  wi th  a reac t ion  
m i x t u r e  (o. 5 ml) con ta in ing  2 /*moles  of  3',5"-cyclic [aH~AMP (7'  I°S cpm//zmole) a t  37 °C for 5 h. 
Af te r  incuba t ion ,  a o.o2-ml a l iquo t  was s t r eaked  on a cellulose th in - l aye r  p la te  (5 cm × 2o cm), 
The  c h r o m a t o g r a m  was developed  as descr ibed u n d e r  Methods. The  resu l t ing  c h r o m a t o g r a m  was 
t h e n  s canned  wi th  a P a c k a r d  Strip scanner .  E n z y m e  f rom Frac t ion  io of  Fig. 2B was used as 
the  control  e n z y m e  p repara t ion .  O, origin of  c h r o m a t o g r a m ;  SF, so lven t  front .  The  full scale was 
3o0 cpm.  (a) R a d i o c h r o n l a t o g r a m  of  t he  hydro lys i s  p roduc t s  ob ta ined  f rom Frac t ion  14. The  
locat ions  of  a u t h e n t i c  3",5'-cyclic AMP,  3 ' -AMP,  5 ' -AMP,  and  adenos ine  are ind ica ted  by  the  
arrows.  (b) R a d i o c h r o m a t o g r a m  of  the  hydro lys i s  p roduc t s  ob ta ined  f rom Frac t ion  IO (control). 

the enzyme preparation from gel electrophoresis (Segment 2 4 in Fig. 3) was used. This 
fraction contains some 3'-nucleotidase. As shown in Fig. 6a, 3'-E3H]AMP, 5'-E3H! - 
AMP, and [~H]adenosine were formed from 3',5'-cyclic [3H]AMP. With the presence 
of excess amounts of 5'-nucleotidase, 5'-AMP but not 3'-AMP was converted to 
adenosine (Fig. 6b). However, 3'-AMP and some of the 5'-AMP was converted to 
adenosine in the presence of an excess of pea 3'-nucleotidase I (Fig. 6c). The ratio of 
the formation of 3'-AMP/5'-AMP was 6.8-7.o:I.  These results show that  both 3'- 
AMP and 5'-AMP were products of the enzymatic hydrolysis of 3',5'-cyclic AMP. A 
subsequent experiment utilizing the enzyme preparation from Fractions 16 and 17 of 
Sephadex G-2oo chromatogram as shown in Fig. I gave essentially the same result as 
that  reported in Fig. 6. 

Sucrose density gradient study and time course of the formation of J - A M P  and 
5'-AMP from 3',5'-cyclic A M P  

Although both 3'-AMP and 5'-AMP appeared to be products of the hydrolysis 
of 3',5'-cyclic AMP, it was desirable to know whether this was due to the presence of 
two different enzymes. As shown in Fig. 7 A, both 3'-AMP and 5'-AMP increased 
gradually with time in the reaction mixture containing enzyme from Fraction 16 of 
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Io I 3~S;cyAMP !~'~ ,~ 3=AMP 
AOENOSINE "~ '~  - -  ~ '~ 

SF O 

Pig. 6. Thin-layer chromatography of the hydrolysis products obtained from the action of e n z y m e  
on 3",5'-cyclic [3H~AMP. The reaction mixture (I.O ml) contained 2 #moles of 3",5"-cyclic [3HI- 
AMP (7' lO5 cpm//~mole), 5 ° #moles of potassium acetate buffer (pH 5.4) and Segment 24 from 
Fig. 3. After 24 h incubation at 37 °C, the reaction mixture was separated in to  t h r e e  equal parts, 
o. 5 ml in each part, and incubated separately with an excess of 5'-nucleotidase (snake venom from 
Sigma) or pea 3'-nucleotidase (P. P-C. Lin and J. E. Varner, in preparation) or with an equal 
amount of buffer (o.2 M potassium acetate, pH 5.4) for an additional i h. A t  t h e  end  o f  t h e  incu- 
bation, o.oi-ml aliquots from each incubation were separately subjected to thin-layer chromato- 
graphy with the addition of authentic compounds. O, origin of chromatogram; SF, solvent front. 
The full scale was 3oo cpm. (a) Radiochromatogram of the hydrolysis products from 3',5"-cyclic 
?H~AMP without further treatment.  (b) Radiochromatogram of the hydrolysis products t r e a t e d  
w i t h  e x c e s s  5'-nucleotidase. (c) Radiochromatogram of the hydrolysis products t r e a t e d  w i t h  e x c e s s  
3'-nucleotidase I. 

Fig. 2 while there was no detectable formation of these two nucleotides in the control 
reaction mixture. The ratio of 3'-AMP/5'-AMP was about 6.8 : I throughout the whole 
time course. This indicates that both 3'-AMP and 5'-AMP are enzymatic products 
from 3',5'-cyclic AMP. However, this result does not rule out the possibility of the 
presence of two enzymes. In an attempt to demonstrate two activities, enzyme from 
Fractions 12-28 from sucrose density gradient centrifugation as shown in Fig. 2A 
were assayed for cyclic nucleotide phosphodiesterase with the standard reaction mix- 
ture. 

The radioactivity profile of reaction products is shown in Fig. 7 B. It is evident 
that 3'-AMP and 5'-AMP are produced in identical ratios by Fractions 12-2o. The 
ratio of 3'-AMP/5'-AMP was 6.8-7.o:1. The drop in the ratio after Fraction 20 was 
due to the presence of 3'-nucleotidase which converted 3'-AMP and 5'-AMP at differ- 
ent rates to adenosine. 

Although there was no contaminating 3'-nucleotidase in Fractions 12-2o (Fig. 
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Fig. 7. Sucrose dens i ty  gradient  s tudy  and  analysis of  end produc t  format ion  from enzymat ic  
hydrolysis  of  3",5"-cyclic [3H]AMP as a funct ion of  t ime. (A) Enzyme  from Fract ion 16 in Fig. 2 
was incuba ted  at  37 °C with  the  s t andard  react ion mix ture  conta ining 2 / ,moles  3' ,5 '-cyclic [3HI- 
AMP (7" Io5 cpm/ffmole).  Frac t ion  8 from the  same enzyme prepara t ion  was used as a control.  
During the  t ime courses, o .o i -ml  al iquots were t aken  for th in- layer  ch roma tography  and de- 
veloped, eluted,  and  counted  as described in Methods. Duplicate  al iquots were taken.  The value 
of  3 '-[3H]AMP/5'-[3H]AMP is shown on the  left  corner  of  the  figure. O---  ©, 3'-[3H]AMP; O - - O ,  
5'-[3H]AMP; & - - A ,  [3H]adenosine. The control  fract ion shows no de tec table  amoun t s  of  t r i t ia ted  
p roduc t s  formed.  (B) After  incubat ion the  s t andard  react ion mix ture  (containing 2/*moles 3',5'- 
cyclic [aHIAMP with  specific ac t iv i ty  of  7" l ° s  cpm/ffmole) for 3.5 h a t  37 °C- o .oI-ml  al iquots were 
t aken  for th in- layer  ch roma tog raphy  analysis.  The rat io of  3"-[aH]AMP/5'-[aH~AMP is shown on 
the  r ight  corner  of  the  figure. O- - -© ,  3'-[3H]AMP; 0 - - 0 ,  5'-[3HIAMP; A---&, [3Hladenosine. 

7B), it was still possible that  5'-AMP (or 3'-AMP) might be formed from 3'-AMP (or 
5'-AMP) by the transferase enzyme which has been reported in Escherichia coli 21 and 
carrot leaves 22. Purified 3'-[3HIAMP from the enzymatic hydrolysis of 3',5'-cyclic 
[3H]AMP as described under Methods was incubated in a reaction mixture containing 
the enzyme from Fraction 16 (in Fig. 2), 20/,moles of potassium acetate buffer (pH 
5.4), i ffmole of 3',5'-cyclic AMP, and 0. 5/,mole of 3'-EaH]AMP (4" Io4 cpm/#mole) in 
a total volume of 0. 5 ml. During the time courses, o.o5-ml aliquots were streaked on a 
cellulose thin-layer plate with the authentic compounds (3'-AMP and 5'-AMP and 
adenosine) and developed as described in Methods. There was no formation of 5'-[3H? - 
AMP even after 3 h incubation. In a further experiment with I #mole of 5'-E3H~AMP 
(5" Io4 cpm//*mole, prepared from the action of rat brain cyclic nucleotide phosphodi- 
esterase on 3',5'-cyclic [3HIAMP )instead of 3'-[3H]AMP in the above reaction mix- 
ture, there also was no detectable 3'-[3H]AMP after 3 h incubation. It  is, therefore, 
suggested that both 3'-AMP and 5'-AMP are direct products from the enzymatic 
hydrolysis of 3',5'-cyclic AMP. Apparently, the enzyme is able to cleave both ester 
linkages. 

Properties of cyclic nucleotide phosphodiesterase 
Reaction rate as a function of time and enzyme concentration 
With the standard assay procedure and IO/*g of protein of the enzyme prepara- 
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tion, the progress curve of cyclic AMP hydrolysis was linear up to 2 h with either 2',3'- 
cyclic AMP or 3',5'-cyclic AMP as substrate (Fig. 8A). In addition, the amount  of 
cyclic AMP hydrolyzed was a linear function of protein concentration under standard 
incubation conditions (Fig. 8B). The rate of hydrolysis of 2',3'-cyclic AMP was about 
twice that  of 3',5'-cyclic AMP. 
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Fig. 8. (A) T i m e  course  of  cyclic nucleoside  m o n o p h o s p h a t e  b r e a k d o w n  by  cyclic nucleot ide  phos-  
phodies te rase .  The  reac t ion  m i x t u r e  con ta in ing  60 t~g of  protein,  12/~moles of  subs t r a t e ,  300/zmoles  
p o t a s s i u m  ace t a t e  buffer,  p H  5.4, and  dist i l led wa te r  in a final vo lume  of  3.0 ml  was  i ncuba t ed  
a t  37 °C. E v e r y  3 ° min ,  o .5-ml a l iquots  were t a k e n  for a s s ay  of  inorganic  p h o s p h a t e  as descr ibed 
unde r  Methods. Purif ied 3 ' -nuc leot idase  was added  a t  zero t ime.  S u b s t r a t e  used :  Q - - - © ,  2 ' ,3 ' -  
cyclic A M P ;  0 - - 0 ,  3 ' ,5 ' -cyclic AMP.  (B) E n z y m e  ac t iv i ty  as a func t ion  of  pro te in  concen t ra t ion .  
The  reac t ion  m i x t u r e  and  expe r i men t a l  condi t ions  were as descr ibed for t he  s t a n d a r d  a s say  ex- 
cep t  t he  a m o u n t  of  p ro te in  was  var ied  as shown.  S u b s t r a t e  used :  G - - - Q ,  / ' , 3 ' - cyc l ic  AMP;  
0 - - 0 ,  3 ' ,5 ' -cyclic AMP.  

Effect of pH on enzyme activity and stability 
As shown in Fig. 9, cyclic nucleotide phosphodiesterase had a pH o p t i m u m  

around 5 .4-6 .0  with  either 2',3'-cyclic AMP or 3' ,5'-cyclic AMP as substrate.  These 
e n z y m e  activit ies  were quite stable under pH 5.4 at 4 °C or - - 2 0  °C. The opt imal  pH 
of pea cyclic nucleotide phosphodiesterase was different from that of similar e n z y m e s  
in microorganisms23, 2t and animal systems2, 25 for which the e n z y m e  has been shown 
to have a maximal activity at pH 7-5 to 8.0. 

Influence of various metal ions and sulfl~ydryl compounds 
It  is evident  that  both act ivit ies  behaved similarly in response to the presence 

of various meta l  ions. A slight increase in both e n z y m e  activit ies  was  observed in the 
presence of Mn 2+, Co s+, and Zn *+ at concentrat ions of o . I - I .O raM. N a F  at I mM 
showed a 45% inhibition of act iv i ty  toward 3',5'-cyclic AMP with  no apparent effect 
on the act iv i ty  toward 2',3'-cyclic AMP. There was  no significant effect on the e n z y m e  
ac t iv i ty  wi th  the presence of Mg 2+, NH4÷ , K + or Na  + at concentrations of o .I  or I.O 
raM. E D T A  at concentrat ions of o .I  mM and I.O mM had no effect on either act iv i ty .  
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Fig. 9. Effect of  p H  on the act ivi ty of pea cyclic nucleotide phosphodiesterase.  The reaction mix- 
ture  and exper imenta l  procedures were as described for the s tandard  assay. Buffer used: O, 
o,I  M potass ium acetate;  O, o.i  M Tris-acetate .  Subst ra te  used: , 2',3'-cyclic AMP; 
- - - - - ,  3',5'-cyclic AMP. 

Cysteine and dithiothreitol at concentrations from o.o 4 mM to 4.o mM had similar 
effects on the two activities with a maximum enhancement of 35-400/0 . 

Effect of urea on enzyme activity 
Both activities decreased in the presence of increasing concentrations of urea 

(Fig. Io). However, points of 50% activity were at 6 M urea for activity toward 3',5'- 
cyclic AMP, and 8 M urea for the hydrolysis of 2',3'-cyclic AMP. Both activities also 
decreased in parallel during various times of preincubation in 6.5 M urea. 
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Fig. io, Effect of  the concentra t ion of urea on the activity of pea cyclic nucleotide phosphodies-  
terase. The s tandard  reaction mix tures  containing 2o/~g protein were incubated with various con- 
centrat ions of  urea at 37 °C for I h. After incubation,  excess 3'-nucleotidase was added and the 
inorganic phospha te  released was determined as described under  Methods. Subs t ra te  used: 
(D---O, 2',3'-cyclic AMP; 0 - - 0 ,  3',5"-cyclic AMP. 
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Optimum temperature and heat stability of enzyme activity 
The enzyme activities toward 2',3'-cyclic AMP and 3',5'-cyclic AMP had an op- 

t imum temperature at 4o °C under the standard assay condition. Heat  inactivation 
became appreciable at 5 ° °C. Activi ty toward 2',3'-cyclic AMP was apparently more 
sensitive to high temperature denaturation than that  toward 3',5'-cyclic AMP. An 
Arrhenius plot of data taken from the effect of temperature on enzyme activities 
showed a change in slope at 4 ° °C (Fig. I I ) .  The activation energy was calculated to be 
8.6 kcal/mole for hydrolysis of 2',3'-cyclic AMP and 7.2 kcal/mole for hydrolysis of 
3',5'-cyclic AMP in the temperature range from 20-40 °C. The value for the hydrolysis 
of 3',5'-cyclic AMP is close to the value of 7.5 kcal/mole reported by Cheung 25 for rat  
brain enzyme, but quite different from the 19 kcal/mole reported by  Nair 26 for dog 
heart enzyme. The two activities showed a similar heat inactivation. After heating at 
60 °C for 5 rain, about 50% of the activity was lost. 
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Fig. I1. Ar rhen ius  p lots  for t he  ac t iv i t ies  t o w a r d  2',3"-cyclic A M P  a n d  3',5"-cyclic AMP.  The  
s t a n d a r d  reac t ion  m i x t u r e  con ta ined  2o/~g protein.  Exces s  3 ' -nuc leo t idase  was  a d d e d  af te r  I h 
i ncuba t ion  a t  va r ious  t e m p e r a t u r e s .  F u r t h e r  detai ls  were as descr ibed in Methods. S u b s t r a t e  
used :  (2)---@, 2",3'-cyclic AM P :  ~ - - O ,  3 ' ,5 ' -cycl ic  AMP.  

Effect of various compounds on enzyme activity 
Unlike their effects of inhibition on animal 3',5'-cyclic AMP phosphodiester- 

aseZ,*2, 83, caffeine and theophylline at a concentration of o.I mM or 4.0 mM had no 
appreciable effect on enzyme activity as shown in Table I I I .  Imidazole at a concen- 
tration of 4 mM has been shown to activate phosphodiesterase in various animal tis- 
sues*6, ~7, but it has no effect on the pea enzyme. Various nucleotides, Pi and PPi were 
inhibitory. 

Km values and the relative rates of hydrolysis of cyclic nucleoside monophosphates 
With 4 mM substrate, pea enzyme showed the following relative rates (%) of 

hydrolysis of substrates: 2',3'-cyclic UMP (lOO%) > 2',3'-cyclic AMP (83%) > 3',5'- 
cyclic UMP (68%) > 2',3'-cyclic GMP (51%) > 3',5'-cyclic IMP (45%) > 3',5'-cyclic 
AMP (41%) > 2',3'-cyclic CMP, 3',5'-cyclic GMP, 3',5'-cyclic TMP (26%) > 3',5'- 
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T A B L E  I I I  

E F F E C T  OF V A R I O U S  C O M P O U N D S  ON T H E  E N Z Y M E  A C T I V I T Y  U S I N G  3 ' , 5 ' - C Y C L I C  [aH1AMP AS SUB- 
S T R A T E  

A o.25-ml reac t ion  m i x t u r e  con t a in ing  I /*mole  of 3 ' ,5 ' -cycl ic  [aH~AMP (7' I°a cpnl// ,nlole),  
i o / , m o l e s  p o t a s s i u m - a c e t a t e  buffer (pH 5.4), 4 un i t s  of enzyme  and  the  c o m p o u n d  to be t e s t ed  
a t  the  concen t r a t ion  ind ica t ed  was i n c u b a t e d  a t  37 °C for i h and  the  r ad i oac t i ve  end p roduc t s  
f rom a o.o2-ml a l i quo t  were d e t e r m i n e d  as descr ibed u n d e r  Methods. 

Compound added Activity (% of control) 

Concentration of compound added : 
4"±°-a  M z ' z o  -4 M 

None ioo  ioo  
3 ' ,5 ' -cycl ic  GMP 41 78 
3",5"-cyclic CMP 28 81 
2",3'-cyclic AMP 27 95 
2 ' ,3 ' -cycl ic  UMP 61 ioo  
A T P  27 74 
2 ' -AMP 43 IO6 
3"-AMP 33 9o 
5"-AMP 3 ° l e o  
Adenosine  IO3 lOi 
Pi 35 87 
PPi  29 72 
Imidazo le  i 16 IOO 
Caffeine 95 i oo 
Theophy l l i ne  ioo  i o c  

cyclic CMP (23%). It is interesting that 2,6-dibutyryl 3',5'-cyclic AMP, an analog of 
3',5'-cyclic AMP which is not hydrolyzed by the animal enzyme 2, was hydrolyzed at 
a rate similar to that of 3',5'-cyclic AMP by the pea enzyme. In general, the enzymes 
so far isolated and partially purified from animal tissues have been shown to be specific 
for hydrolysis of 3',5'-cyclic AMP and 3',5'-cyclic GMP 2,28. Although the diesterase 
from rabbit brain seems to have activity toward 2',3'-cyclic AMP, it may be due to 
the contamination of a separate enzyme ~9. The Km values of the pea enzyme were as 
follows: 2',3'-cyclic CMP (5.0 mM), 2',3'-cyclic GMP (4.34 mM), 3',5'-cyclic CMP (1.81 
raM), 3',5'-cyclic GMP (1.61 mM), 3',5'-cyclic AMP (o.9o mM), 2',3'-cyclic AMP (o.83 
raM), 2',3'-cyclic UMP (o.62 raM), 3',5'-cyclic UMP (0.58 inM). 

Activity toward other organic phosphates 
Although the pea cyclic nucleotide phosphodiesterase from the Sephadex G-2oo 

contained activities toward RNA, DNA, and other organic phosphates as indicated in 
Fig. 12, such activities were probably not due to the cyclic nucleotide phosphodiester- 
ase itself. For instance, evidence for the contamination of ribonuclease and 3'-nucleo- 
tidase in cyclic nucleotide phosphodiesterase preparation was demonstrated by gel 
electrophoresis (Fig. 3). Furthermore, the sucrose density gradient centrifngation 
provided evidence that pea cyclic nucleotide phosphodiesterase had no significant ac- 
tivity toward either RNA or 3'-nucleotides (Fig. 13).  

DISCUSSION 

An enzyme from Alaska pea seedlings hydrolyzes both 2',3'-cyclic nucleoside 
monophosphate and 3',5'-cyclic nucleoside monophosphate. This cyclic nucleotide 
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Fig. 12. The elution profiles of enzyme activities from Sephadex G-2oo column chromatography. 
All experimental conditions are the same as described in Fig. I. Enzyme activities for various sub- 
strates were assayed according to Methods. In the upper graph, each solid curve represents the 
enzyme activity for one specific substrate as indicated by the arrow (G = glucose; FDP = fruc- 
tose diphosphate). The dashed line shows the activity toward p-nitrophenol phosphate (PNP) 
as measured by the absorbance at 41o rim. Each fraction corresponds to the number shown in 
the lower part of the figure. In the lower graph, the solid curve represents protein concentration 
as measured by the absorbance at 28o nm. Enzyme activities (in units/ml) on 2',3'-cyclic AMP 
(O---O), 3',5'-cyclic AMP (©--C)), 3'-AMP (pH 8.0, x - - -x ) ,  RNA (&---&) and DNA (A---A) 
were determined as described under Methods. cyNPDE = cyclic nucleotide phosphodiesterase. 

phosphodies te rase  was purif ied approx.  2IS-fold  wi th  a recovery  of abou t  8% of  the  
to ta l  a c t i v i t y  t oward  2 ' ,3 ' -cycl ic  AMP. 

Al though  the enzyme p repa ra t i on  stil l  had  de tec tab le  act iv i t ies  toward  3'- 
nucleotides,  RNA,  DNA,  and  some organic phosphates ,  such act iv i t ies  are p r o b a b l y  
due to the  con tamina t ion  of  nucleot idases  and o ther  phospha tases  r a the r  than  to cyclic 
nucleot ide  phosphodies te rase  itself. Ev idence  for th is  is as follows: (I) The  enzyme ac- 
t i v i t y  toward  cyclic nucleoside monophospha t e  can be c lear ly  d is t inguished  from the  
ac t iv i t ies  t o w a r d  o ther  nucleotides,  RNA,  DNA,  and  var ious  organic phospha tes  b y  
means  of gel f i l t ra t ion,  sucrose dens i ty  g rad ien t  centr i fugat ion,  and  gel electro- 
phoresis.  (2) Compared  to the  proper t ies  of  pea  r ibonuclease (P. P-C. Lin and  J, E.  
Varner ,  in prepara t ion) ,  pea  cycl ic  nucleot ide  phosphodies te rase  is qui te  different  
wi th  respect  to p H  op t imum,  effect of  reducing reagents ,  acid s tab i l i ty ,  r a te  of sedi- 
men ta t i on  in sucrose dens i ty  gradient ,  e lec t rophore t ic  mob i l i t y  and  molecular  weight .  

Since most  of the  r ibonucleases  so far  charac te r ized  from higher  p lan t s  are 
cycl izing enzymes  t h a t  y ie ld  2 ' ,3 ' -cycl ic  nucleoside monophospha te s  wi th  negligible 
ac t i v i t y  t o w a r d  2 ' ,3 ' -cycl ic  nucleoside monophosphate4 ,  5, the  pea  cyclic nucleot ide  
phosphodies te rase  descr ibed  here m a y  p lay  a crucial  role in the  deg rada t i on  of RNA.  
W e  suggest  t h a t  R N A  degrada t ion  in higher  p l an t s  m a y  not  follow the scheme tha t  is 
genera l ly  accep ted  in which r ibonuclease  (cyclizing enzyme) hydro lyzes  bo th  R N A  
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Fig. 13. The elution profiles of cyclic nucleotide phosphodiesterase (cyNPDE), ribonuclease, and 
3'-nucleotidases from sucrose density gradient centrifugation. For detailed experimental con- 
ditions, refer to the description in Fig. 2A. (A) The elution profile of enzyme activity toward 2',3'- 
cyclic AMP (O--II) and ribonuclease (O---©). (B) The elution profile of 3'-nucleotidases activi- 
ties. Substrates and buffers used: 3'-AMP, potassium acetate o.I M, pH 5.4 (Q---O);  3'-AMP, 
Tris acetate o.I M, pH 8.0 (O---11). (C) The elution profile of enzyme activity toward 2",3'-cyclic 
AMP (11---11) and 3'-nucleotidase activity toward 3'-AMP (@---O). o.I M potassium acetate buf- 
fer (pH 5.4) was used for assays. 

a n d  2 ' ,3 ' - cyc l ic  nuc leos ide  m o n o p h o s p h a t O ,  5. W e  propose  t h a t  t he  d e g r a d a t i o n  o f  
R N A  in h igher  p lan t s  is as fol lows:  

RNA 

(Ribonuclease, cyclizing enzyme) 

2',3'-Cyclic nucleoside monophosphate 

I (Cyclic phosphodiesterase) nucleotide 

3"-Nucleoside monophosphate 

(3'-Nucleotidase) 

Nucleoside + Pi 
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W i t h  respect  to the  hydro lys i s  of 3' ,5 ' -cycl ic  AMP, the  pea  enzyme was purif ied 
approx .  47o-fold wi th  a recovery  of  abou t  19% of the  t o t a l  a c t i v i t y  p resen t  in the  
crude ex t rac t .  

Unl ike  the  enzyme from animal  tissues, the  pea  enzyme exh ib i t ed  an acidic p H  
op t imum,  and  insens i t iv i ty  to caffeine, theophyl l ine ,  and  imidazole.  Fu r the rmore ,  the  
pea enzyme a c t i v i t y  was not  dependen t  upon  the  presence of  Mg ~+. Other  me ta l  ions 
had  no effect on enzyme ac t iv i ty .  The reason for the  inhibi t ion  b y  N a F  is no t  clear. 

The  pea  enzyme ca ta lyzes  the  fo rmat ion  of bo th  3 ' -AMP and  5 ' -AMP wi th  a 
ra t io  of 3 ' -AMP/5 ' -AMP of abou t  7 : I while 5 ' -AMP is the  exclusive p roduc t  of the  en- 
zyme from the an imal  sys tem s, slime molds  3°, and  microorganisms8,23, 24,39. 

The d a t a  suggest  t ha t  the  format ion  of two produc ts  from one subs t ra te  is due 
to a single enzyme.  This  conclusion is based  on the following evidence:  

(I) The fo rmat ion  of the  two nucleot ides  was para l le l  wi th  a cons tan t  ra t io  
t h roughou t  the  t ime course of the  hydro lys i s  of  3 ' ,5 ' -cycl ic  AMP. (2) The ra t io  of  the  
two nucleot ides  was cons tan t  th roughou t  the  f ract ions of the  sucrose dens i ty  gradient .  
(3) The  enzyme ac t iv i ty  t oward  3 ' ,5 ' -cycl ic  AMP was inh ib i ted  to a s imilar  degree by  
3 ' -AMP and  5 ' -AMP. 

The act iv i t ies  of  the  enzyme toward  2 ' ,3 ' -cycl ic  AMP and 3 ' ,5 ' -cycl ic  AMP were 
ma in t a ined  in a r a the r  cons tan t  ra t io  t h roughou t  the  pur i f icat ion procedures  and  
were qui te  s imilar  wi th  respect  to p H  opt ima,  me ta l  ion effects, effect of su l fhydryl  
reagents ,  hea t  s tab i l i ty ,  t e m p e r a t u r e  opt ima,  and  the sens i t iv i ty  to t r e a t m e n t  wi th  
urea.  Fu r the rmore ,  bo th  ac t iv i t ies  had  the  same e lec t rophoret ic  mobi l i ty ,  the  same 
ra te  of sed imen ta t ion  in sucrose dens i ty  gradient ,  the  same isoelectric po in t  and  the 
same behav ior  on gel f i l t rat ion.  Therefore,  i t  is suggested t h a t  the  hydro lys i s  of  these 
two cyclic nucleot ides  was due to the  same enzyme molecule. 

The  possible biological  significance of the  presence of  an enzyme wi th  ac t i v i t y  
t oward  3 ' ,5 ' -cycl ic  nucleoside monophospha t e  in higher  p lan t s  is not  known. 

ACKNOWLEDGEMENTS 

This  inves t iga t ion  was suppo r t ed  b y  the  Uni ted  S ta tes  Atomic  Ene rgy  Com- 
mission under  con t rac t  No. A T ( I I - I )  1338. This work  forms pa r t  of the  d isser ta t ion  
presen ted  b y  P. P-C. Lin to  the  D e p a r t m e n t  of B iochemis t ry  of Michigan S ta t e  Uni-  
ve rs i ty  in pa r t i a l  fulf i l lment of the  requ i rements  for the  degree of Doctor  of Phi losophy.  

REFERENCES 

I E. W. Sutherland and T. W. Rail, J. Biol. Chem., 232 (1958) lO77. 
2 G. A. Robison, R, W. Butcher and E. W. Sutherland, Annu. Rev. Biochem., 37 (1968) 149. 
3 I. Pastan and R. Perlman, Science, 169 (I97 o) 339. 
4 E. A. Barnard, Annu, Rev. Biochem., 38 (1969) 677. 
5 W. J. Tang and A. Maretzki, Biochim. Biophys. Acta, 212 (197 o) 300. 
6 M. S. Center and F. J. Behal, J. Biol. Chem,, 243 (1968) 138. 
7 T. Unemoto and M. Hayashi, Biochim. Biophys. Acta, 171 (I969) 89. 
8 I). Monard, J. Janecek and H. V. Rickenberg, Bioehem. Biophys. Res. Commun., 35 (1969) 584. 
9 G, I. Drummond, N. T. Iyer and J. Keith, J. Biol. Chem., 237 (1962) 3535. 

IO A. M. Crestfield, K. C. Smith and F. W. Allen, J. Biol. Chem., 216 (1955) 185. 
I i  G. Krishna, B. Weiss and B. B. Brodie, J. Pharmacol. Exp. Therap., 163 (1968) 379. 
I2 C. H. Fiske and Y. SubbaRow, J. Biol. Chem., 66 (I925) 375. 
13 M. R. McDonald, in S. P. Colowick and N. O. Kaplan, Methods in Enzymology, Vol. II, Aca- 

demic Press, New York, 1957, p. 427 . 

Biochim. Biophys. Acta, 276 (1972) 454-474 



4 7 4  v. p-c .  L1N, J. E. VARNP;I~ 

14 F. 
15 G. 
16 O. 
17 L. 
18 B. 
19 A. 
2o R. 
21 E. 
22 E. 
23 T. 

Ibuki ,  A. Aoki  and  S. Ma t sush i t a ,  Agric. Biol. Chem., 2,S 11964) 144. 
A. Bray ,  Anal. Biochem., i 1196o) 279. 
H. Lowry,  N. J.  Rosebrough ,  A. L. Fa r r  and  R. J. Randal l ,  J. Biol. Chem., r93 (195J) 205. 
Orns te in ,  Ann. N . Y .  Acad. Sci., I2I  (1964) 321. 
J. Davis ,  Ann. N . Y .  Acad. Sci., 121 11964) 4o4 • 
C h r a m b a c h ,  R. A. Reisfehl,  M. Wyckof f  and  J. Saccari,  Anal. Biochem., 2o 11967) 15o. 
G. Mar t in  and  B. N. Ames ,  J. Biol. Chem., 236 (1961) 1372. 
F. B r u n n g r a b e r  and  E. Chargaff ,  Proc. Natl. Acad. Sci. U.S,, 67 (~97 o) lO7. 
F. B r u n n g r a b e r  a n d  E. Chargaff ,  J .  Biol. Chem., 245 (197 o) 4825 • 
O k a b a y a s h i  and  M. Ide, Biochim. Biophys. Acta, 22o (197 o) 116. 

24 A. W. Mur ray ,  M. Spisz inan and  ]). E. Atk inson ,  Science, 171 11971 ) 496. 
25 \V. Y. Cheung ,  Biochemistry, 6 11967) lO79. 
26 K. G. Nair,  Biochemistry, 5 11966) 15 o. 
27 J. Nakano ,  R. Oliver and  T. Ishii, Pharmacology, 3 1197 o) 273- 
28 J. A. ]Aeavo, J.  G. H a r d m a n  and  E. W. Su the r l and ,  J. Biol. Chem., 245 (197 o) 5649 . 
29 G. I. D r u m m o n d  and  S. Per ro t t -Yee ,  J. Biol. Chem., 236 (1961) 1126. 
3 ° Y. Y. Chang ,  Science, 16o 11968) 57. 
31 B. Chance  and  A. C. Maehly,  in S. P. Colowick and  N. O. Kaplan ,  Methods in En~ymology, 

Vol. II ,  Academic  Press,  New York, I955, p- 764 . 
32 R. W. B u t c h e r  and  E. W. Su the r l and ,  J. Biol. Chem., 237 11962) 1244. 
33 L. A. Menahan ,  K. D. H e p p  and  O. Wie land ,  liur. J. Biochem., 8 11969) 435. 

Biochim. Biophys. Acta, "276 (1972) 454-474 


