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ABSTRACT

AN INVESTIGATION OF PHOSPHODIESTERASE ACTIVITIES
IN PLANT SOURCES

by Richard E. Jagger Jr.

An investigation of the phosphodiesterase activity
in plant sources has been described. p-Nitrophenylnucleo-
8ide~-5'-phosphates and p-nitrophenylthymidine-3'-phosphate
used as substrates for the phosphodiesterase were synthe-
sized chemically. Purine and pyrimidine oligonucleotide
substrates for phosphodiesterase assays were prepared from
DNA by chemical methods. Assay systems for measuring the
hydrolysis of the above substrates by crude tissue extracts
were developed. An investigation of the distribution of
the phosphodiesterases in extracts from a varliety of plant
seedlings was conducted, and the possible specificity of the
phosphodlesterase I activity of the extracts from plant
seedlings was examined.

Two phosphodiesterase activities were found in all
the plant sources tested. A nonspecific phosphodiesterase
activity was found with a pH bptimum of 5.0, and a phospho=-
diesterase I activity was found with a pH optimum of 8.9,
the activity of the latter being varlable among differing
sources but having an average specific activity of 4.3
units per milligram protein. A preference in the rate of

hydrolysis of the pyrimidine nucleotide derivatives over



Richard E. Jagger Jr.
the purine nucleotide derivatives was shown by all tissue
extracts., A high rate of hydrolysis of p-nitrophenylthymi-
dine-5t'-phosphate over the other nitrophenyl compounds was
exhlibited by most plant and animal tissue extracts. Two
members of the family Cucurbitaceae, muskmelon and cucumber,
showed an unusual phosphodiesterase I activity. The
pyrimidine/purine ratios of 2.70 and 3.29 determined by the
ratio of the rates of hydrolysis of the p-nitrophenylnucleo-
side-5'=phosphates were two fold higher than that of the
plant average, 1.37.

No correlation was found between the phylogenetic
position in the plant kingdom and the specificity or distri-
bution of phosphodiesterase activity from plant seedling
extracts., For crude extracts of phosphodiesterase I from
rabblt kidney and muskmelon, there was no correlation between
the Km values, and thus the affinity of the enzyme for a sub-
strate, and the relative rates of hydrolysis of the nitro-

phenyl substrates.
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INTRODUCTION

Phosphodiesterases are a group of enzymes which hydro-
lyze the bond between a phosphoryl functlion and one of two
ligands linked to it, the latter possessing an alcoholic func-
tion through which the phosphate ester bond is formed.
Although there 1s an abundance of phosphodiesterase activ-
ities in nature, the investigation of plant phosphodiester-
ases has been minimal. In the metabolism of nucleic acids,
there are enzymes which hydrolyze inter-deoxyribonucleotide
bonds, those which hydrolyze inter-ribonucleotide bonds, and
those which hydrolyze both of these. Hydrolysis of both
inter-ribo and inter-deoxyribonucleotide with the stepwise
formation of 3' or 5' nucleotides is characteristic of a
class of phosphodiesterases or exonucleases, the latter term
used somewhat interchangeably with the former, of which
phosphodiesterase I and phosphodiesterase II are primary
examples.

Phosphodliesterase I, using the nomenclature of W. E,
Razzell (1), exhibits an absolute specificity for a nucleo=-
side with a 5' phosphoryl residue and a 3' hydroxyl function.
This enzyme lliberates 5' mononucleotides from a number of
substrates which include DNA, RNA, coenzymes and a number of
synthetic substrates including nucleotide polymers and
p-nitrophenylnucleoside 5' phosphates. The hydrolysis of
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the nitrophenyl—pdx* demonstrate unequivocally the presence
of phosphodiesterase I activity in mixtures containing other
polynucleotidases (1).

The first report of phosphodiesterase I activity was
in 1932 by Uzawa (2) who found this activity as a component
of snake venom. An enzyme which liberated 5' nucleotides
from DNA and RNA was prepared by W. Klein in 1933 from
intestinal mucosa of calves (3). Until the late 1950!'s the
primary work on phosphodiesterase I was concerned with the
purification and properties of the enzymes from these two
sources, snake venom (4-12) and intestinal mucosa (13, 14).
Recently, the distribution of phosphodiesterase I was
examined in several other sources; hog kidney (15, 16),
animal tissue (17), hog liver (16), rat liver (18), peas,
corn and potato (19, 16), malt (20) and carrot (21). The
activities from malt and carrot are the only recent examples
of phosphodlesterase I purified from plant sources. PhoS-
phodiesterase I from snake venom has still been the principal
source of the enzyme for investigation. Numerous approaches
to the purification to homogeneity and examination of the
properties of this enzyme have been reported (22-27),

Although the preparations of phosphodlesterase I from
all of the various sources are still far from homogeneous,
numerous properties of these enzymes have been described.,

The reaction catalyzed by phosphodliesterase proceeds with

*The abbreviations used in this manuscript are those
adopted by the Journal of Biological Chemistry 241, 527 (1960).
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the liberation of 5' mononucleotides from substrates of the

form Xp-nucleoside according to the equation:

0
Il
XO-'I:-’-O-CH 0. Puor Py HO-P-0-CHp-0 ~_ Pu or Py
o~ Phospho- -
diesterase I>
++
OH Mg OH
+ HOH + X-OH

Using synthetic nucleotides, Razzell and Khorana (28) have
shown the mononucleotides to release sequentially from the
3t termini. In the same work, the enzyme was found to be
little affected by the substituent attached to the 5!
nucleotide., The reaction has a high pH optimum for activity
between pH 8.9 and 9.5 for the activity from most sources,
Phosphodiesterase I activitles have been shown to be enhanced
by the presence of Mg?* and inhibited by EDTA. Other prop-
erties of these enzymes are considered in reviews of phospho-
diesterases (1, 29-=32),

Phosphodlesterase II is the complementary exonuclease
to phosphodiesterase I. The substrates must have a free 5!
hydroxyl function and the products liberated are 3' nucleo-
tides. This type of enzyme was origilnally found in extracts
from calf spleen (33). Since 1953 the enzyme has been par-
tially purified and its properties have been reported (1,
34-39)., Phosphodiesterase II has also been found localized

in several tissues of animals (17) as well as in extracts
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from Lactobacillus acidophilus (40). The general propertles
of the bacterlal enzyme have been studied (41). The exo-
nuclease activity can be measured by the release of acid
soluble products from DNA or RNA oligonucleotides (36, 37, 39)
or by release of nitrophenol from Tp-nitrophenyl. The
latter assay 1s used to demonstrate the unequivocal presence
of this activity (38). The pH optimum of the enzyme activity
in different sources 1s rather broad, from pH 5.8-7.8 and the
activity 1s not inhibited by the presence of EDTA. The

general equation for the reaction is:

HO-CH 0 Pu or Py HO-C 0 Pu or Py
Phosphodiesterase II_
7

+ HOH 0 + X-OH
0=€ -0X 0=P-OH
- L-

The enzyme activity is not independent of the group
(X) attached to the 3' phosphoryl moiety. The rate of
hydrolysis 1s considerably slower when a nucleotide or
oligomer 1s attached to the 3' phosphoryl group in place of
the nitrophenyl group. The spleen enzyme is much less sensi-
tive to the ligand attached to the nucleotide., The rate of
hydrolysis of p-nitrophenyl nucleotides and of oligonucleo-
tides are within a factor of two (38), with the natural sub-
strate being hydrolyzed most rapidly. Phosphodiesterase II
hydrolyzes ollgonucleotides stepwise from the 5' termini
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liberating 3! mononucleotides (38)., There are no marked dif-
ferences in the rates of hydrolysis with either enzyme, due
to the presence of the ribose in place of the deoxyribose
molety or the nature of the base present. Again the homo-
genelty of these enzymes has not been established and
although there are no reliable values for many of the proper-
ties of phosphodiesterase II, several reviews include some
general properties (1, 27-29).

Because of the absence of a general survey of the
phosphodiesterase activities in the plant kingdom, it was
considered desirable, as well as interesting, to conduct an
investigation of the various phosphodlesterase activities
present in plants, in hope of discovering an enzyme of
unusual speclficity which could be used in nucleotide sequence
studies. In the broad sense, the alm of this study was to
gain further insight into the nature of phosphodlesterases
found in the plant kingdom.



METHODS AND MATERIALS

Substrates

The nucleotides and nucleosides as well as the deoxy-
ribonuclelc acid used in these syntheses were commercial
products of Nutritional Bilochemicals Corp. or Sigma Chemical
Company. The diethylaminoethyl cellulose (DEAE-cellulose)
was purchased from Bio Rad Laboratories. Organic reagents
were obtained from Distillation Products Industries or
Mallinckrodt Chemical Works. The hydrazine was purchased
from Matheson Coleman and Bell. Other chemicals were reagent
grade obtalned from commercial sources, All reaction sol-
vents were dried over calcium hydride or Linde 4-A Molecular
Sieves, Di-p-nitrophenyl phosphate and nitrophenyl-pT,

sodium salt, were purchased from Calbiochem.

Synthesis of p-Nitrophenylthymidine-3!-phosphate
The synthesis of Tp-nltrophenyl was carried out by

the reaction of p-nitrophenyl phosphorodichloridate with
5'=0=tritylthymidine. The phosphorylating agent was pre-
pared as described by G. M. Tener (42), Twenty grams of
powdered sodium-p-nitrophenoxide was added slowly to 125 ml
of ice cold phosphorus oxychloride in a round bottom flask
equipped with a stirring apparatus and reflux condenser.
After addition of the sodium salt the reaction mixture was
kept in 1ice for one hour after which the sodium chloride was

6
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removed by suction filtering. Phosphorus oxychlorlde was
removed under reduced pressure and the product was maintained
at 0,01 mm for 90 minutes. The p=-nitrophenyl phosphorodi-
chloridate was distilled using a shortpath apparatus (bp =
130 at 0,02 mm)s, 5'=0=-Tritylthymidine was prepared by the
method of P, T. Gilham and Khorona (42); 456 mg of thymidine
was dissolved in 13 ml dry pyridine and treated subsequently
with 536 mg of triphenylmethyl chloride., After standing 7
days in the dark the solution was poured into 100 ml cold
water, The amorphous white so0lid formed was recrystallized
from benzene. The yleld was 68%.based on original thymidine,

Five hundred forty mg of 5!'=0=tritylthymidine was
dissolved in 2.5 ml of anhydrous dioxane and added dropwise
to a solution of 500 mg of p-nitrophenyl phosphorochloridate
in 2,5 ml dioxane and .35 ml dry pyridine (43). The addition
was completed and the reaction solution was stirred for an
additional hour 1in the exclusion of moisture. The reaction
was quenched by adding .3 ml pyridine and 1.5 ml of water,
The crude product was extracted with chloroform, the latter
belng washed twice with 1 M pyridine-HC1 pH 5.5. The
organic solvent was evaporated to dryness. The gum was
taken up in 10 ml of 80% acetic acid and hydrolyzed 20 minutes
at 100°C. The solutlon was taken to dryness and redissolved
in 10 ml of water, After standing 18 hours at 4° the tri=
phenyl carbinol was filltered off and the solution was
lyophllized. An overall yield of 10Z was obtained. based on
5'«-0=-tritylthymidine.
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Alternate Synthesis of p-Nitrophenylthymidine-3!'-phosphate

An alternate method used for the preparation of Tp-
nitrophenyl in later work was that described by Borden and
Smith (44), 5%v-0-Mono-p-methoxytritylthymidine was prepared
by the following procedure., Three grams of thymidine was taken
up in 20 ml of dry pyridine and 3.85grams of monomethoxytrityl
chloride was added. This mixture was shaken in the dark for 7
days with the exclusion of moisture. The reaction was
stopped by the addition of 50 ml of ethanol and the solution
evaporated to a small volume in a rotary evaporator. A
suspension of 100 ml water and 100 ml chloroform was added
to the gum. The organic layer was washed twice with 100 ml
of water and dried over Nazsou for 24 hours. The dry chloro-
form solution was evaporated to remove the residual pyridine,
and the gummy residue was taken up in chloroform. This pro-
cedure was repeated twice., The final concentrate was applied
to an alumina column (100 g, 10% deactivated), and the 5!'=0-
monomethoxytritylthymidine was eluted with 100 ml of chloro-
form and then with 5% methanol in chloroform. Fifteen ml
fractions were collected. The product was found in tubes
20-50, These were pooled and the solutlon was lyophilized.
The yield was 80% based on the starting material, thymidine.

Sodium p-nitrophenyl phosphate (1.3 g) was passed
through a Dowex 50-8X column (pyridinium form, 1.5 x 25 cm).
The pyridinium salt of the compound present in the effluent
was taken to dryness. Dry p&ridine was added and the com-
pound subsequently dried two additional times. Then 1.35 g
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of 5'=0-monomethoxytritylthymidine was added., Addition of

dry pyridine and subsequent flask evaporation was carried
out twice. Ten ml of dimethylformamide (DMF) and 5 ml of
dry pyridine were added to the 5'=0-monomethoxytritylthymil-
dine and pyridinium p-nitrophenylphosphate, as well as 250
mg of Dowex 50-80X (H' form). dried at 130° for 24 hours.
Condensation of p-nitrophenylphosphate and 5'-0-
monomethoxytritylthymidine commenced upon addition of 2,06 g
of dicyclohexylcarbodiimide (DCC). The reaction mixture was
shaken 3 days in the dark, after which a fresh quantity
(0.50 g) of DCC was added. After additional 2 days of shak-
ing in the dark, 10 ml of water was added to stop the reac-~
tlon. The mixture was evaporated to a gummy residue and
then dissolved in ethanol. The solution was flltered to
remove the insoluble dicyclohexylurea and the resin, The
supernatant solution containing p-nitrophenylphosphate,
5'=0-methoxytritylthymidine and p-nitrophenyl=5!'=0-mono-
methoxytritylthymidine-3t'-phosphate was applied to the top
of a 3 x 40 cm column of DEAE cellulose (carbonate form)
previously equilibrated with 50% ethanol. The column was
washed with 1 liter of 50% ethanol, 500 ml water, and 1
liter of 0.1 M NH,HCO. A gradient of 50% ethanol to 0.1 M
NH@HCOB in 50% ethanol (3600 ml total volume) was applied to
the column. Twenty ml fractions were collected. Fractions
39-145 containing the product were pooled and lyophilized.
The yield was 50% based on the 5'-0-monomethoxytritylthymidine.
Treatment with 80% acetic acid for 6 hours at 37° liberated
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the precipitate of mono-p-methoxycarbinol. The final yield

of product based on 5'=0-monomethoxytritylthymidine was 35%.

Synthesis of p-=Nitrophenylnucleoside-5'-phosphates

The nucleoside-pdX compounds were prepared originally
by first acetylating the 3' hydroxyl group and the amino
group of the nucleotide with acetic anhydride in an analogous
procedure to that described by Ralph and Khorana (44). Ten
ml of water and 1.0 ml of pyridine were used to dissolve
165 mg of ACMP and the solution was then lyophilized to a
powder, The powder was suspended in 5 ml of dry pyridine
and 1.5 ml of acetic anhydride. This mixture was shaken in
the dark for 18 hours. To the acetylated dCMP solution, 20
ml of water was added and the solution was kept 1.5 hours at
35°. The solvents were removed in a rotary evaporator and
the gummy residue was dissolved in water., The solution of
the acylated dCMP was evaporated to dryness and the solids
redlssolved in water. These steps were repeated twice more.
The aqueous N-3'-0-dlacetyl ACMP was lyophilized to a powder.

The condensation reaction was improvised as a modifi-
cation of the procedure of Moffatt (4, 46) and Khorana and
Smith (47). The lyophilized N-3t'-0-diacetyl dCMP powder was
added to 19 ml of dry pyridine. To this solution, 700 mg of
p-nitrophenol and 1,03 g of DCC were added., The entire mix-
ture was placed in the dark for 7 days. The pyridine and DCC
were removed by evaporation in vacuo. The p-nitrophenyldi-

acetyl dCMP was dissolved in 20 ml of concentrated NHMOH and
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was kept at room temperature 48 hours. The NH,0H was removed
by evaporation. The nitrophenyl-pdC was dissolved in 20 ml
of water and the pH was ad justed to 3.5 with HCl. The exXcess
p-nitrophenol was removed by several extractions with ether,
The aqueous solution was then lyophilized to a powder, The
impure powder containing nitrophenyl-pdC weighed 670 mg. A
column technique for purification of this compound was
developed following a private communication from M. Smith,
The nitrophenyl-pdC powder was dissolved in 30 ml water and
the sample was applied to a DEAE cellulose column (1.5 x 30
cm, carbonate form). A gradient of water (1.5 1) to 0.15 M
NHL',HCO3 (L.5 1) was applied to the column and 10 ml fractlons
were collected. Fractions 41-80, which contained the desired
product were pooled and the salt was removed by repeated
evaporations. The yleld was 13% of the theoretical value
based on the starting material, dCMP. Successful results
were also obtailned from this synthesis using dAMP and 4GMP
as the starting nucleotides, Yields averaged 10-14%, The
low yleld was attributed to the concominant hydrolysis of
the p-nitrophenyl ester during the hydrolysis of the acetyl
group from the p-nitrophenyl-diacetyl 4dCMP.

Alternate Syntheslis of p-Nitrophenylnucleoside-5!'-phosphates

A much more convenient éynthesis of the nitrophenyl-
pdX compounds was found to be a modification of the procedure
of Borden and Smith (44). This procedure makes use of the

coupling of the nucleotide and p-nitrophenol without
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laborious and time consuming removal of protecting groups.
In a method similar to the previous procedure, 218 mg of
dGMP was passed through a Dowex 50-8X column (1.5 x 25 cm,
pyridinium form). The pyridinium dGMP was evaporated to
dryness, The dry powder was dissolved in 10 ml of dry
pyridine and evaporated to dryness. This procedure was
repeated three times. To the dry pyridinium 4GMP, 0.7 g of
p-nitrophenol was added. These two compounds were dissolved
in 10 ml of dry pyridine and evaporated to a gummy residue.
To the residue, 3 ml dry pyridine, 3 ml dry DMF, 0.5 ml tri-
butylamine, and 1.03 g of DCC were added. The entire mix-
ture was shaken 24 hours in the dark at room temperature.
The solvents were removed by rotary evaporatlon in vacuo. 4
mixture of 50 ml water and 25 ml ether was added to the dry
residue. The suspension was shaken several minutes and the
aqueous phase was washed several times with ether to remove
excess p-nitrophenol. The 1insoluble dicyclohexylurea, one
of the reactlion products, was filtered from the solution.
The flltrate was then washed onto 2 DEAE-cellulose column
(3 x 35 em, carbonate form) and a gradient of water (1.5 1)
to 0.15 M NH4HCO3 (1.5 1) was applied. Twelve ml fractions
were collected. Fractions 50-71, which contalned the nitro-
pPhenyl-pdG were pooled and evaporated several times to remove
the NHAHCOB.

Nitrophenyl-pdG was dissolved in water and lyophilized
to a powder. The yield based on dGMP was 28% of the theoret-

lcal value. Using this technique, the following deoxynucleo-
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tide and ribonucleotide derivatives were prepared: nltro-
phenyl-pdG, nitrophenyl-pdC, nitrophenyl-pdA, nitrophenyl-
PA and nitrophenyl-pU. The yields averaged between 25 and
Lo percent.

Each of the nitrophenyl-pdX compounds prepared accord-
ing to these procedures, as well as Tp-nitrophenyl, migrated
as a single spot in two solvent systems; isopropanoliwater:
ammonia (7:2:1) and n-butanol:acetic acid:water (5:2:3).

The ultraviolet spectra of these compounds were in agreement
with the spectra reported for each of the nitrophenyl deriva-
tives by Borden and Smith (44). The synthesized Tp-nitro-
phenyl chromatographed identically to a sample of the same
compound gracliously provided by Dr. Michael Smith,

Owing to the tedious procedure of introducing and
removing protecting groups from deoxynucleosides, the syn-
theses nf dXp-nitrophenyl compounds have posed somewhat
greater problems. Benzoyl chloride, used for protection of
amino functions of the heterocyclic bases, 1s a partially non-
specific reagent. Mono-p-methoxytritylchloride and di-p=-
methoxytritylchloride, used for protection of the 5'=hydroxyl
function of the deoxyribose moieties, form trityl derivatives
which are very labile. The di-p-methoxytritylchloride is not
commerclally available and must be synthesized via a Grignard
type reaction with p-anisylmagnesiumbromide and methylbenzoate
(48). After initial attempts to synthesize these 3' p-nitro-
phenyl derivatives provided poor ylelds of the intermediate

protected nucleosides, the further synthesis was suspended.
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A much easlier synthesis could be accomplished by the coupling
of 3' deoxynucleotides and p-nitrophenol by use of DCC. The
3' deoxynucleotides could be formed by exhaustive hydrolysis
of DNA by micrococcal nuclease and spleen phosphodiesterase

and separation of the products on a Dowex-1-Cl~ column (49).

Preparation of Pyrimidine Oligonucleotides

The preparation of pyrimidine oligonucleotides was
carried out by modifications of the procedures of Spencer and
Chargaff (50), H. Shapiro (51), Hall and Sinsheimer (52) and
Burton and Petersen (53). Two grams of salmon sperm DNA were
dissolved in 80 ml of 0.1 M H,S0,. The flask was sealed and
the mixture was hydrolyzed in a 100° water bath for 35
minutes, After coollng, the suspension was passed through a
0.45 4 membrane filter to remove the acid-insoluble material.
The hydrolysate was then either passed through a Dowex 50-8X
column (100-200 mesh, g form, 4 x 5 cm) or treated with 12.5
g of Dowex 50-8X batchwise to remove the purine bases from
the solution. This normally results in the recovery 45-48%
of the total A,., from the hydrolysate (20,000 Azgp). The
spectra of the solution after treatment with Dowex-50 shows
a shift to higher wavelengph indicative of removal of purine
bases (Figure 1). The hydrolysate (150 ml) was neutralized
with NH,OH and diluted to 1 liter with 0.01 M lithlum acetate
PH 5.0. The entire sample was then applied to a DEAE-cellulose
column (4.0 x 60 cm previously equilibrated with 0,01 M LiAc
pH 5.0; the startlhg buffer. The purlne bases not removed by

Dowex-50 treatment were eluted in the wash through peak.
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Figure 1: Spectral shift in DNA acid hydrolysates following
Dowex 50-8X treatment. The figure is a tracing of
spectra run on a Beckman DB spectrophotometer. The
pH of the solution i1s 1.0, (——) Spectrum of DNA
hydrolysate i1s a 1:500 dilution of an aliquot of
the solution following the removal of the acid
insoluble material. (----) Spectrumof a 1:100 dilu-
tion of an aliquot of the solution after treatment
with Dowex 50-8X, A shift toward longer wavelength
1s indicative of removal of the free purine bases

from solution by the cation resin,
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A step gradient of lithium chloride was used. The
column was washed wilth starting buffer until the Azgy was
below 0.15. The buffer was changed to 0.2 M LiCl in 0.01 M
LiAc pH 5.0 (8 1) and peak I was eluted. When the Apgg
dropped below 0.12, 0.4 M LiCl in the starting buffer (3 1)
was applied to the column thereby eluting peak II. The con-
centration of LiCl in the final step was 1.0 M. Thls eluted
peak III from the column, (Filgure 2).

The recoverles of A26O based on the origlnal acid
hydrolysates were: peak I 31%, peak II 5.8%, peak III 0.8%.
The fractions composing peak II were éombined and evaporated
to a 200 ml volume. This solution was dialyzed against 3
five-=liter changes of distilled water. The volume was again
reduced (10 ml) and the solution was made 0.5 M in Tris Cl
pH 8.5. The oligonucleotides were then incubated at 3?° with
five units of alkaline phosphatase which had been taken through
a 90° heat step. After 24 hours, an additional 2 units of
alkalline phosphatase were added. No further release of inor-
ganic phosphate from the oligonucleotides could be detected
after 48 hours using the isobutanol-xylene extraction method
of Dreisbach for phosphate determination (54). The salt was
removed by dialysis (3 five-liter changes of distilled water).
The final yield of the desired pyrimidine oligonucleotide was
1,250 Apgop units. This represents a 3% yleld based on the

A260 of the original acid hydrolysate.
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Preparation of Purine QOligonucleotides

The purine oligonucleotides were prepared in a manner
similar to that of Sedat and Sinsheimer (55), Chargaff et al.
(56), Shapiro (57) and Habermann (58). To 200 ml of dry
salmon sperm DNA, 3.0 ml of absolute hydrazine was added and
the flask was sealed. The absolute hydrazine was prepared
by refluxing 97% hydrazine with KOH and subsequent distilla-
tion (60). Hydrazinolysis was carried out for twelve hours
at 60°. The mixture was poured into 15 ml ice-cold benzalde-
hyde very slowly with stirring. The resulting suspension
was eXtracted four times with 15 ml portions of water. The
extract was washed several times with ether to remove the
residual benzaldehyde. The apyrimidinic acid was made 0.3 N
in KOH and heated to 100° for one hour. The hydrolysate was
dialyzed 3 times against 5 1 of water, neutralized with HC1
and diluted 5 fold with 0.01 M 1lithium acetate pH 5.0. The
solutlion was then applied to the top of a DEAE-cellulose
column. Subsequent steps were identical with the isolation
of the pyrimidine oligonucleotides. The yield of the desired
purine oligonucleotides was 540 Ao units. Assuming equal
molar concentrations of guanine and adenine nucleotides, a
purine molar extinction coefficient of 13,500 at 260 mu, and
an average molecular welght of these residues of 340, this
represents 13.6 mg. This gives a yleld of 6.8% based on the
dry weight of the DNA.

The concentration of the pyrimidine oligonucleotides

prepared as described earlier was 0.018 umoles of nucleotide/
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ul determined spectrophotometrically at 260 mu,aséumlng equal
molar amounts of cytidine and thymidine residues were con-
tained therein. Assuming the average chainlength to be 5
mononucleotide units in length because of the position of
elution in ion exchange chromotography, this would result in
a substrate concentration of 0.0036 pmoles/ul. A 100 ul
aliquot used in assay III would then contain 0.36 umoles.
The concentration of the prepared purine oligonucleotides
was 0,0038 umoles of nucleotide per ul which was also deter-
mined at 260 using similar assumptions. The purine oligo-
nucleotide substrate concentration used in assay III was

0.38 pmoles per 100 nl aliquot.

Preparation of the Enzymes

Enzyme solutions to be examined for phosphodliesterase
activity agalnst the varlious substrates described in the
previous section were prepared from a varilety of plant and
animal sources. The enzyme extracts from plants were pre-
pared by the following procedure, a modification of the pro-
cedure of Razzell (19). A variety of seeds, purchased from
Michigan Seed Foundation or Ferry Morse Seed Co., were ger-
minated on moist newsprint in the dark at 3?°C until the
shoots and roots had reached a length of 1-2 cm. The radicle
and plumule were removed, as well as the cotyledons 1if
present, and placed in ten ml of Tris Cl pH 7.5 per g of wet
tissue. This mixture was homogenized in an Omnimixer (16,000
rpm). for 2 minutes followed by centrifugation at 27,000 x g

for 20 minutes at 4°, The enzyme was kept at 4° for subsequent
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experiments. Protein concentrations of the enzyme extracts
were usually 3.0-4.0 mg/ml as determined by the method of
Lowry (61).

In some experiments, sodium acetate buffer 0.1 M, pH
5.5, replaced the Tris Cl buffer as the extracting medium to
determine if a higher specific activity could be obtained and
if any activity was present which was not solubilized at pH
7.5. The specific activities of Triticum vulgaris extracts
at pH 5.5 and 7.5 were nearly equal, 1.83 and 1,86 respec=-
tively, and the pH optima of the activitlies were the same.
The general use of Tris Cl, pH 7.5 was consequently retained.

Enzyme solutions were prepared from certain animal
sources in a similar manner. Kildneys and livers were removed
from male New Zealand white rabbits. Sections of these
tissues were homogenized as above but in ten ml of 0.25 M
sucrose per gram of wet tissue. Subsequent steps were iden-
tical with those of plant tissue.l Protein concentrations
averaged 20 mg/ml.

Venom phosphodliesterase from Crotalus adamanteus

(VPH) obtained from Worthington Biochemical Corp. was diluted
to five mg/ml with water and passed through a column of

Dowex 50-8X, HY form, previously equilibrated with 0.005 M
NaAc buffer pH 5.8, to remove the 5' nucleotidase activity
(62). The pH of the solution was brought to 7.5. The enzyme
was kept frozen. Proteln concentration of the solution was
320 pug/ml.

A purified preparation of phosphodiesterase I from
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Daucus carota sativa (48.8 U/mg of protein), 300 fold puri-

fied, was kindly furnished by Dr. C., L. Harvey. This enzyme
was used for comparison of rates of hydrolysis upon the
nitrophenyl compounds,

Alkaline phosphatase from E. coll (BAP-C) was obtained
from Worthington Biochemical Corp. This chromatographically
purified enzyme was taken up in a 10 fold dilution of 1.0 M
Tris Cl1l pH 8.0 and 102 M MgCl,. The enzyme solution was
then heated to 90° for twenty minutes to inactivate the con-
taminating diesterases in accordance with the procedure of
Garen and Levinthal (62). The enzyme displayed no diesterase
activity over blank value when assayed overnight at 37° with
bis-p-nitrophenylphosphate.

Assays for Phosphodiesterase Activity

Two different spectrophotometric assays for phospho-
dlesterase activity were utlilized. Assay I, used primarily
for determining plant phosphodiesterases was carried out by
& procedure similar to that of Razzell and Khorana (38). The
incubation mixture contained in a final volume of 0.3 ml,
0.25 umoles of nitrophenyl-pT or Tp-nitrophenyl substrate,
100 umoles of appropriate buffer, 12 umoles of EDTA or MgCl,
and 100 pl of the enzyme solution previously diluted with
water to an appropriate activity. The mixture, minus
enzyme, was preincubated for 5 minutes at 37°, The enzyme
was then added. Subsequently 0.05 ml aliquots were removed
at timed Intervals and placed in 1.0 ml of 1.0 N NaOH. The

absorbancy was determined at 400 mu in a Beckman DB spectro=-
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photometer., Assuming the molar extinction of p-nitrophenol
to be 12,000 under these conditions (38), an increase in the
absorbancy of 0.2 represents the release of 0.1 umole of
nitrophenol in the original reaction mixturef

Assay 1I, primarily used for comparing the rates of
hydrolysis of the various nitrophenyl-pdX substrates, was
based on the procedure of Razzell and Khorana (4). The reac-
tion was carried out in a Gilford Recording Spectrophotometer
equipped with a 37° constant-temperature cell compartment.
The substrate solution, consisting of 0.25 pumoles of sub-
strate, 50 umoles of Tris pH 8.9, and 6 umoles of MgCl, in a
0.45 ml volume, was preincubated 10 minutes at 37°. The
reaction was commenced by the addition of 0.05 ml of enzyme
solution and the increase in the absorbancy was followed with
time at 400 mu. Here an absorbancy increase of 1.2 indicates
the hydrolysis of 0.1 umole of nitrophenyl-pdX., Cuvettes
with the entire reaction mixture but without enzyme were used
as blanks and showed no change in OD after 20 minutes with
each of the nitrophenyl-pdx substrates.

Assays used for the examination of the specificity of
venom phosphodiesterase were carried out with two procedures.
The assay III substrate solution contained 0.37 4umoles of
purine or pyrimidine oligonucleotide substrate, 3 umoles of
MgCl2 and 0.05 units of alkaline phosphatase in a total
volume of 210 ul. These were preincubated for 15 minutes to
remove any terminal phosphate which may not have been removed

in prior dephosphorylation steps in the isolation of the

*A unit is defined as the hydrolysis of one pmole of
substrate in the original reaction mixture in one hour.
Specgf;c acplv;py @s deflned as units per mg of protein. Lo~
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substrates. fen Ml of the enzyme was added to the reaction
and the reaction was alloyed to proceed for 0, 15 and 30
minute periods. Termination of the reaction was insured by
the addition of 10 ul of concentrated HCl. Inorganic phos-
phate released by the alkaline phosphatase was determined
by a modification of the method of Dreisbach (54). Zero
time assays were used as.a blank in these experiments,

A titrimetric assay, assay IV, was performed as a
check on assay III and was a modification of the assay used
by Razzell and Khorana (4). A 1.0 ml unbuffered solution
containing 1 umole of oligonucleotide substrate and 3 umole
MgCl, was adjusted to pH 8.5 and preincubated at 37° for 5
minutes, Fifty ul of the venom enzyme was added to initiate
the reaction. The mixture was kept at pH 8.5 by the addition
of 0,02 M NaOH delivered from a 0.5 ml barrel syringe on a
Radlometer titrimeter equipped with microelectrodes. The
temperature was maintained by the use of Jacketed reaction

vessels and Haake constant temperature bath.

Paper Chromatography of Reaction Products

To determine whether the reaction'products were in fact
the expected mononucleotides and p-nitrophenol, paper chro-
matography was carried out with the descending technique using
the 1sopropanol:ammoniaswater (7:1:2) solvent system. The
filter paper used was either Whatman 3 MM paper which had
previously been washed with 0.1 M citrate buffer followed by

a water wash, or Whatman No. 40 acid-washed paper depending
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upon the nature of the sample. Assay mixtures, each consist-
ing of 10 pmoles of Tris pH 8.9, 0.50 umoles of nitrophenyl-
pdX substrate, and enzyme in a total volume of 0.05 ml, were
incubated for 0, 30 and 60 minutes with each substrate., Ten
Ml of each was placed in 3 pul of glacial acetic acid to stop
any reaction. The solutions were then spotted and developed

in the system described above.



RESULTS

Valildity of the Assays

The release of p-nitrophenol from nitrophenyl-pT and
Tp-nitrophenyl (Figure 3) in assay I was found to be linear
with respect to time and to an OD of 0.12 and linear over a
wide range of enzyme concentrations (Figure 4)., The spec=-
trophotometric assay II, used for comparing the rates of
hydrolysis of several substrates by phosphodiesterase type
I enzymes at pH 8,9, was similarly linear with time to an OD
of 1,0 and llnear with enzyme concentration with both animal
and plant extracts on nitrophenyl-pT (Figures 5 and 6).

Assay III was linear with time for both purine and pyrimidine
oligonucleotides as determined by the inorganic phosphate
released.,

Evidence that the reactlion being examined was in fact
the desired reaction was derived from several types of experi-
ments, Assays were carried out to ensure that the reactiont
was liberating p-nitrophenol and nucleotide products., Paper
chromatography of the products of a 30 and 60 minute hydroly-
8is demonstrated that the products of the reaction have iden-
tical Rf values with standard nucleotides and p-nitrophenol.
The chromatographs showed no detectable modification of the
p-nitrophenyladenosine-~5!~-phosphate to a deaminated p-nitro-
phenylinosine=5t-phosphate. The possible presence of a

27 |
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Figure 5

32

Linearity of assay II with time for three different
substrates., Assay conditions are described in
assay II in the Methods and Materlals Section.
Extracts (25 ul) from T. vulgaris was used in all
cuvettes except the blank. The cuvettes contained
as substrate, 0-0-0 nitrophenyl-pT, - -0 nitro-
phenyl-pdG, X-X-X nitrophenyl-pdC and A=A-A
nitrophenyl-pT, The latter minus enzyme was used

as a blank. This dlagram 1s a reproduction of a
tracing obtained from a Gilford Spectrophotometer

described in assay 1I.
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contaminating adenylate deaminase which might cause the
deamination of nitrophenyl-pdA and thus an altered rate of
hydrolysis was also examined by the method of Smiley and
Seulter (63). No detectable decrease in the absorbance of
a 1077 M solution of dAMP at 265 mu after a 30 minute incu-
bation with enzyme extract suggests no appreciable deamina-
tion of nitrophenyl-pdA.

It was considered that the presence of a specific
phosphomonoesterase for one nucleotide might cause a distor-
tion in the rates of hydrolysis of the nitrophenyl-pdX sub-
strates by remﬁving the products from the reagtion. To
examine this possibility, 0.05 units of alkaline phosphatase
was added to the assay prior to adding the enzyme extract.
The presence of a specific phoqphatase would have been
diluted, but the ratios of the fgtes of hydrolysis toward
the differing bases did not change more than 6%.

The possibility of the presence of an inhibitor in the
crude extracts which would distort the ratio of the rates of
hydrolysis was examined in a final validity experiment. The
rates of hydrolysis upon the four nitrophenyl-pdX éompounds

were established for C. adamanteus venom phosphodlesterase I

and wheat seedling phosphodlesterase I, the enzyme activities
of these two sources being ad justed such that they were
similar. Fifty percent mixtures of the two enzymes were
added to the assay cuvettes and the rates of hydrolysis
against the four substrates were determined. The ratio of

the rates of hydrolysis obtailned experimentally agreed within
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10% of the ratlo calculated from the average of the values

independently determined.

pH Optima
The pH proflles of the activities of several plant

phosphodlesterases (Table I) were slmilgr to previously
obtained by several investigators in the examination of
animal phosphodiesterases., The activity towards Tp-nitro-
phenyl was found to occur primarily in the wide range between
pH 4 and 8, with an indication of separate peaks at 5 and 7
in several instances. The activities at these two pH!'s are
listed for a varlety of plant extracts in Table I. This
table also gives the results for nitrophenyl-pT. In all
cases, activity was maximal at pH 8.9, the highest pH

tested. The addition of EDTA to a concentration of 0.02 M
did not appreciably affect the activity against Tp-nitro-
prhenyl; however, activity against nitrophenyl-pT in the
alkaline range was essentlially abolished by this treatment.
Figure 7 18 provided to illustrate in more detail the results
obtalned in these experiments with one of the plants, in

this case wheat seedlings.

It should be noted that the activities of plant
extracts were generally similar in terms of mass specific
activity, with corn seedling extract having an unusually high
activity against nitrophenyl-pT. Muskmelon and kidney bean
extracts had the highest ratios of activity against nitro-
phenyl-pT at pH 8.9 compared with activity at pH 5.0.
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Figure 7: The effect of pH on Triticum vulgaris phosphodies-

terase activity using two different substratas.
Assay conditions are described in assay I using a
wide range of pH buffers., The activities are
pPlotted as mass specific activity, umoles of
p-nitrophenol released in the original assay mix-
ture per hour per gram of wet tissue. The nitro-
phenyl-pT and Tp-nitrophenyl were assayed in the
presence elther of 10'2ﬂ Mg*t or 10'25 EDTA.
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Base Specificity

The utilization in this work of p-nitrophenyl deriva-
tives of the four nucleotides found in DNA proved an easy
method of determinatlion of the base specificlities of phospho-
diesterase I activities in plant sources. Phosphodiesterase
I activities were examined primarily because of their pre-
sence in all plant sources and secondly because of the rela-
tively large amounts of activity present. This investigation
was carried out using assay system II at pH 8.9. A summary
of the results of these rate studlies are found in Table II.

These values, which are ratios of the rates of hydroly-
sis based on nitrophenyl-pT as 1.0, show a pronounced pref-
erence of the phosphodliesterase I of several sources for
nitrophenyl-pT. It may be noted that the nitrophenyl-pdA
has the lowest hydrolysis rate of any of the nitrophenyl
derivatives tested, The nitrophenyl-pT + nitrophenyl-pdC/
nitrophenyl-pdG + nitrophenyl-pdA ratios (Py/Pu) are generally

similar with the exception of Cucumis melo and Cucumls sativus.

Michaelis Constants

The Michaelis constants found for the four nitrophenyl-
deoxyribonucleoside 5' phosphates, nitrophenyl-pU and dinitro-
phenylphosphate with the enzyme prepa;ations from C. melo and
rabblt kidney are presented in Table III. The K, values of
Tp=-nitrophenyl for phosphodlesterase I from rabbit kidney and
muskmelon, 6.5 x 105 M and 9.7 x 105 M respectively, can be



L2

12°1 89° #8° cL* I9ATT 379qey
12°1 69° L8° 08* LoupTq 37qQqe”
sneLUBWEDP8 SNTBR0ID
08°T ZL* H6°1 26° TTuspsIe
BN000003da43803da 4

29°1 6¢* H8°* ,9°* (3011890)
8310180 suous(
€e°1 €L° 85 * : 9¢* 38eq)
sTasdITNA BROd
St 09° 88° 99° (ustpex)
SNATABS snusydey
62°¢ it 71T 8T (Iequnono )
SNAT38BS sTUNon)

0L°2 (0] % Go°T 9z° (uoTeuysnm)
oTeW stwWnon)
SHT €8° H6° 16° (ZemoT juns )
snuue sNYaueTloH
22’1 0L° G9°* 89° (3eoum)
STJIBT[NA WNOT] TLL

82°T T16° 18° 16 (uz00
sAsu BO7Z

ng/£gq npd=TLusydoxq N opd=-TLusydoaa TN vrd=-TLusydoag N 90anog

e mcmtumes
a——

*00°T s® 6°g Hd 38 Jd=-TLusydoxztu Jo sTsATOIPAY JO 93BI aYj

U0 péeseq aJ8 sanTsA 9YJ °*SUOTFBUTWISLSP ©JI0W JO § JO 9FBISA® UB 8I8B senlsvA IV °pesn

SBM §90JNOS TBWIUB WOJIJ 308I3X® JO Tr 8ATJ °seoanos jueld TT® JIO0J pesn sBM 30BI}X® 9pPNIO

JO Trl eATJ-f3uem] °UOT308S SPOY3O| Pue STBTISIBW 9Yga Ul II £vsse Ul sv pemrojied agsm
suot3oBex 9yJ °seossiegsetpoydsoyd quetTd £q sezwvIjzsqns aInoJ JOo sTsATOIpPAY JO s9418BYH

II ¥IdVL



43

rA%] H =0T X 4°4 e38ydsoydrLusydoay ju-d=1p

09°0 H ¢g-0T X H°¢ nd=-tLusydoay ju

69°0 H ¢-0T X 1°6 npd=-TLusydoxatu

48°0 N ¢-0T X G°C ord=-TLusydoag u

08°0 H ¢g-0T X £€°g vrd=14Lusydoaytu

00°T W mtoa X G°9 Jd=-TLusydoagtu LaupTH 37499q8Y

60°0 it 4=0T X 4°2 a3vydsoydtLusydoaq fu~d=-1p

©8°0 H =0T X T°€C nd=1Lusydoxg tu

06°0 H =0T X €°9 ppd=-TLusydoay tu

G0°1 H ¢-0T X 0°8 opd-TLusydoaatu

92Z°0 W ¢=0T X 4°9 vrd-1Lusydoagju

00°T W mlo« X L*6 Jd=-1Lusydoaggu oTew stumon)
(eatq®19Y) -
£37AT30V p:| 93BI38QUE eoanog

Nes— —
e ——

°g 9INITJ UT uUMOYys os0yq 03 JIsTTUWTs s30Td Woxjy peutszqo 8Iom seunrsA TIV °g 8IndTJd
Ul pejou 818 SUOT1BOTJTPON °UOT300F SPOY3OW Pus S8TBTISIBH oYy Up II _Lesss Uy
PoqiTIOosep 88 pamaojiod axem sfevsss 8] °563BIFSQNS qQULISJITP JI0J senTsA EM

III J71dVL



by

compared with that of Crotalus adamanteus venom 5 x 10'4 M

(4), Hemachatus haemachates 2 x 10'5 M (27), Daucus carota

2.0 x 10=5 M (21), and hog kidney 4.6 x 107> M (15). With
the exception of dinitrophenylphosphate, there was little
variation in the values from compound to compound and between
the two enzyme sources. No correlations between Km values

and relative rates of hydrolysis of substrates were found.

Experiments with Phosphodiesterase from C. Adamanteus Venom

Early experiments with purified venom phosphodiester-
ase I from g, adamanteus using assay system. III exhibited a
preference for pyrimidine oligonucleotides prepared from
salmon sperm DNA over its counterpart, the purine oligonuc-
leotides. The hydrolyslis rate measured by release of phos-
phomonesterase sensitive phosphate from pyrimidine oligonuc-
leotides was 81.5 umoles/hr/mg protein, while the rate on
the purine oligonucleotides was 63.1 umoles/hr/mg protein,
thus a Py/Pu ratio of 1.29. Similar hydrolysis expeflments
measured by titrimetric assay IV yielded a Py/Pu ratio,
calculated from initial rate of hydrolysis slopes of 1.34.



DISCUSSION

This conclse investigation into the activity and
specificity of phosphodliesterases from plant sources yielded
several interesting and s;gnificant properties of these
enzymes., The assays for the pH optima of plant extracts are
quite similar to the results obtained by W. E. Razzell in
his survey of plant phosphodiesterases (19). Corn phospho=
dlesterase I shows comparable activity (25 U/g wet wt. vs
36 umoles/hour/g wet weight obta%ned by Bazzell) upon nitro-
phenyl=pT in the presence of 10'2,§ Mg++. The average value
for the mass activity from the eight sources tested was 8.9
U/g wet welght., This value appears low but this may be mis-
leading in view of the presence of cellular wall material
and starch which makes up 10% of the bulk weight. The
average specific activity of the sources tested is 4.3 U/mg
protein, with the corn extracts displaying the highest
specific activity of 10.0., This is much higher than the
rhosphodiesterase I specific activities from rat and human
tissue homogenates which average 2.7 and 1.2 U/mg protein
respectively (17).

A rather broad pH optimum of phosphodiesterase I
activity from pH 4 to pH 9 deserves some discussion. This
activity 1s apparently nonspecific in nature. The relatively
equal hydrolysis rates on Tp-nitrophenyl and nitrophenyl-pT

ks
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in the presence of Mgt or EDTA suggests that the phospho-
diesterase actiwlty may be due to the same enzyme(g). An
extremely high rate of hydrolysis of di-p-nitrophenylphos-
phate with a broad activity maximum centered at pH 5.0 (5.5
Units/g wet weight) tend to reinforce the nonspecific char-
acter of this activity. The activity at pH 7.0 seems to be
a reflection of the decrease in the activities at pH 8.9 and
5.0 in most cases rather than a separate activity. To label
the activity present at pH 7.0 as nucleotide pyrophosphatase
without further purification would probably be erroneous,
It 18 well to note that no activities were found at pH 7.0
which had equal rates of hydrolysis on nitrophenyl-pT with
and without MgClé or EDTA in the sources tested as Razzell
has shown earlier for peas and corn (19).

There 18 generally little difference to be found in
the base specificity of phosphodiesterase I in the various
plant and animal sources tested (Table II). Plant phospho-
diesterase I activities obtained from several sources show
an average Py/Pu ratio of 1.37. This average, however, does
not include the unusually high Py/Pu ratios of C. melo and
C. sativus which distort this average considerably. This
average reflects the preference for a pyrimidine base
attached to a deoxyribose molety over that of its purine
counterpart. This preference can also be seen in the animal
tissue and bacterial extracts, so it is common not only to
plants., Purified carrot phosphodiesterase I displays a much
higher Py/Pu ratio, 1.62 which may be indicative of either
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removal of contaminating activities from the crude extract
or a difference in the specificity or nature of the enzyme
from carrot itself. The latter may in fact be more probable
since the Py/Pu ratlos of C. sativus and C. melo are also
quite high, 3.29 and 2.70 respectively.

The nitrophenyl-pdA/nitrophenyl-pT (dA/T) ratios are
somewhat varied among the sources tested. The average for
the plant extracts 1s 0.50 while the average of all sources
is 0.62. The average value shows the rather high dA/T
ratios of animal and bacteral extracts and the much lower
dA/T ratios obtained from plant extracts. The extremes, C.
adamanteus venom with an dA/T ratio of 1.04 and the two
plant sources C. melo and C. sativus with dA/T ratios of
0.26 and 0.18 respectively represent a four fold difference
in the specificity of phosphodiesterase activities. An
interesting note is the low dA/T values of 0.75 and 0.80
for rabblt liver and kidney which contrast with the d4A/T
values of 1.13 and 1.06 obtalned from purified hog liver and
kidney by Razzell (16). The dA/T ratio of 0.67 for purified
carrot phosphodiesterase I 1s also larger than that of the
plant average. In light of the dA/T values obtained from
purified animal enzymes and the purified carrot enzyme, a
high dA/T ratio may be 1ndicat}ve of greater purlity of the
enzyme.

With the arrangement of plants in Table I and Table
II according to their phylogenetic position in the plant

kingdom (64, 65) it can be seen that no real correlations
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can be drawn as to the advancement of certain plants in the
plant kingdom and patterns of phosphodiesterase activity or
specificlty of phosphodliesterase I of these plants. The
division into monocots and dicots of class Anglospermae can
be seen to have no real correlation with any change in the
activities found in these two groupings. In retrospect,
however, the unusually large Py/Pu ratios and extremely low
dA/T ratios of C. melo and C. sativus present a possibility
that the phosphodiesterase I properties of these extracts
may be representative of a peculliar activity common to the
family Cucurbitaceae of which they are members.

It would be worthwhile to mention here the possible
effect of a contaminant present in one of the substrate prepa-
rations. This possibility cannot bg overlooked since Khorana
and Razzell have been troubled‘for.several years by the
presence of an inhibitor in their preparations of nitrophenyl-
pU. The presence of an inhibitor in one of the substrates
might podify the ratios considerably. No evidence has been
found, however, for the actual presence of an inhibitor in
the substrates used here.

As clearly shown by Fiers and Khorana (40) in their
work with Lactobacillus acidoghilus exonuclease, substrate
inhibition occurs at high conéentrations of the p-nitrophenyl
substrates as well as TpT dinucleotides. Phosphodlesterase I
from C. melo displayed this property with all six synthetic
substrates used in the Km determinations (Figure 8). The

maximum substrate concentration which could be attained with-
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out deviation from linearity in most cases was 5 x 10"+ M

Very simlilar results were obtained with extracts from rabbit
kidney, Table III. There 1s little correlation between the
Kn values, and thus the affinity of the enzyme for the sub-
strates, of the different nitrophenyl-pdX compounds and the
relative rates of hydrolysis. It can be noted, however,
that both a heterocyclic base as well as a ribose or deoxy-
ribose molety 1s needed for efficient binding and hydrolysis
of the phosphate diester linkage. This 1s clearly shown by
the high Km values and low rates of hydrolysis of di-p-nitro-
phenylphoéphate by C. melo and rabblt kldney extracts.

The use of pyrimidine and purine oligonucleotides as
substrates for phésphodiesterase assays require a purified
preparation of the enzyme free of the numerous polynucleo-
tidases found in crude extracts. The Py/Pu ratio of 1.29
obtained from hydrolysis of these oligonucleotides by snake
venom phosphodlesterase, determined in assay III, 18 in close
agreement with the Py/Pu ratio of 1.31 obtained by the rates
of hydrolysis of p-nitrophenyl compounds in assay II. The
titrimetric assay IV gave a Py/Pu ratio of 1.34 and was in
agreement with the other assays within 5%. The implications
of these results are two~-fold. The relative rates of
hydrolysis of the nitrophenyl-pdX compounds are consistant
with the values obtalned from other methods and thus provide
evidence that assay II is a valid method of determination of
the specificity of the enzyme. Secondly, the Py/Pu ratios
obtained from the synthetic substrates in fact reflect the
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ratios of the rates of hydrolysis of higher polymers. This
suggests that the nature of the nucleotide being hydrolyzed
is the primary controlling factor of the ratio of the rates
of hydrolysis and that large runs of purine or pyrimidine
oligonucleotides play little if any control over this ratio.
Thus cooperative effects in this instance do not play a major
role.

In summary, the examination of the distribution and
specificity of ghosphodiesterases has led to several interest-
ing observations. In all the plant sources tested, the
presence of two phosphgdiesterase activities was noted, a
phosphodiesterase I activity at pH 8.9 and a nonspecific phos-
phodiesterase activity at low pH. There was no correlation
between the distribution or specificity of plant phosphodi-
esterases and the phylogenetic position of the plant in the
kingdom. The most significant finding was the preference of
the phosphodiesterase I activity of the plant and animal
sources teated for pyrimidine over purine bases attached to
the deoxyribotide molety as well as a marked preference for
the hydrolysls of nitrophenyl-pT as compared with the other
nucleotide derivatives, No correlation between K, values and
the relative rates of hydrolysis could be established for
phosphodiesterase I from rabbit kidney and muskmelon. On the
basis of Py/Pu and dA/T activity ratios, an unusual phospho-
diesterase I activity was discovered in the two members of
the family Cucurbitaceae, This observation warrants further
investigation of the phosphodiegterases of this family by
enzyme purification and additional specificity studies.
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