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We first noted activation by high concen- 
trations of ammonium sulfate of phosphodi- 
esterase(s) found in crude and partially puri- 
fied extracts of larvae of the European corn 
borer, Ostrinia nubilalis (Hiibner), after the 
ammonium sulfate precipitation step when 
we attempted to purify cyclic adenosine 
monop hosp ha t ase (c- AMP-ase ) , phospho- 
monoesterase , and phosphodiesterase by 
the method of Robison (1). Although nei- 
ther the ammonium nor the sulfate ions are 
of major importance in the activation of 
many enzymes, several workers have re- 
ported that ammonium ion enhances the 
activity of @-D-galactosidase (2) and the 
deamination of L-serine by the @-subunit of 
tryptophane synthetase (3). Also, the am- 
monium ion activates lactose hydrolysis (4), 
AMP-aminohydrolase ( 5 ) ,  and D-@-lysine 
mutase (6). Moreover, in the absence of 
potassium ions, @-lysine mutase is activated 
by ammonium ions; if potassium ions are 
present, the activity is inhibited (6). Ammo- 
nium ions can substitute for one subunit of 
tryptophane synthetase from Escherichia 
coli (7), and nucleoplasmin, divalent man- 
ganese ions, and ammonium sulfate to- 
gether activate RNA polymerases derived 
from eukaryotic nuclei (8-13). Kasten- 
Schmidt et al. ( 1 4 )  demonstrated activation 
of phosphorylase b from rabbit skeletal 
muscle by AMP. This activation was en- 
hanced by sulfate and fluoride ions when the 
reaction mixture was made up in glycylgly- 
cine. They suggested that sulfate ion en- 
hanced the interaction of AMP with phos- 
phorylase. Appleman found that inactive 
phosphorylase from liver is not activated by 
AMP unless a salt solution such as sodium 
sulfate is added (1 5 ) .  Sulfate ions also acti- 
vate sulfatases (1 6). 

Since one goal of our work is to determine 
differences in metabolism between insect 
tissues and other invertebrate and mammal 

tissues, in the present study we determined 
phosphodiesterase levels in at least one 
other arthropod (the crayfish), in two ru- 
minants, and in a rat. We believe that ours is 
the first report describing activation by am- 
monium sulfate of phosphodiesterase(s) 
prepared from insect tissue. 

Materials and methods. The European 
corn borer larvae used in the study were 
supplied by the European Corn Borer Labo- 
ratory, ARS, USDA, Ankeney, Iowa. The 
insects were maintained in our laboratory as 
described by Odesser et al. (17). The adult 
bovine brain and liver were supplied by 
Richard W. Miller of our laboratory, the 
yearling ovine liver, kidney, and brain tissue 
by the Ruminant Nutrition Laboratory, the 
rat livers from the Carbohydrate Laboratory 
and 3-in. Louisiana crayfish, Cambarus sp . , 
by the Pesticide Degradation Laboratory 
(all Beltsville Agricultural Research Center, 
USDA, Beltsville , Md .) 

The phosphodiesterase and phosphomon- 
oesterase were assayed as described by 
Odesser et al. (17) except that phenylthio- 
urea, which prevents browning of insect ex- 
tracts, was omitted from the extraction 
fluid. When ammonium sulfate was tested, 
it was added directly to the incubation tubes 
before the 1.4 ml of bis-Tris-MgC1, was 
added. All tubes were centrifuged at 25,000 
rpm for 30 min before colorimetric determi- 
nation. All reagents were C.P. grade or  bet- 
ter. 

Results and discussion. Figure 1 shows the 
effect of the ammonium sulfate concentra- 
tion on hydrolysis of bis(pnitropheny1) 
phosphate. Maximum phosphodiesterase 
activity was obtained when the reaction mix- 
ture was 30% saturated with respect to am- 
monium sulfate as illustrated in Fig. 1. Pre- 
cipitation of diesterase was a major factor in 
the observed decrease of enzyme activity 
above 30% saturation since ammonium sul- 
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FIG. 1. Activation of crude phosphodiesterase 
preparation by ammonium sulfate. Reaction vessel 
contains, in addition to ammonium sulfate as indicated, 
0.6 ml of enzyme preparation containing 15-18 mg of 
tissue (wet wt) in sucrose (0.25 M ) ;  phenylthiourea 
(0.1 saturation); bis(p-nitrophenyl) phosphate (6 
pmole in 0.6 ml of Tris [(hydroxymethyl)amino]- 
methane buffer (Tris); 0.2 M ,  pH 8.4); 0.6 ml of Tris 
buffer (0.2 M ,  pH 8.4); 0.2 ml of MgCl, (1 M ) .  0, 
Trial 1 ;  A ,  Trial 2; 0, average of two trials. 

fate is used to precipitate phosphodiesterase 
during purification of the enzyme (1). 

The reason for the 400-fold activation of 
phosphodiesterase could possibly be one or 
more of the following: 

1 .  Precipitation of magnesium ammo- 
nium phosphate could drive the reaction 
as follows: [a] bis(pnitropheny1) phos- 
p ha t e+p -n i t rip he n y 1 phosphate + p -n i t ro- 
phenol; [b] p-nitrophenyl phosphate + Pi + 
p-nitrophenol; [c] Pi + Mg+* + NH4+ -+ 
magnesium ammonium phosphate. 

2 .  Precipitation of a high molecular 
weight inhibitor. 

3. Action as a cation and anion activator 
of the enzyme. 

4 .  Alteration of the tertiary or quater- 
nary structure of the enzyme so that a more 
active form was obtained. 

5 .  Action resulting from some combina- 
tion of the preceding possibilities. 

The results of a test of the first possibility 
were negative. Addition of magnesium chlo- 
ride made no difference in the activation by 
ammonium sulfate; with magnesium present 

activity was 47.8 pmoles nitrophenol re- 
leased, and with magnesium absent activity 
was 49.8 pmoles nitrophenol released in a 
whole homogenate; in a 105,000 g superna- 
tant values with and without magnesium 
were, respectively, 9 .O and 10.1 pmoles lib- 
erated. 

A decrease in magnesium concentration 
should have resulted in a decrease in dies- 
terase activity. Also, the addition of ammo- 
nium sulfate should have resulted in in- 
creased monoesterase activity, since it is this 
reaction which generates the inorganic 
phosphate ion (see Eq. [b]). In two trials 
phosphomonoesterase activity was inhibited 
by ammonium sulfate (30% satd.); from 
13.1 to 8.6 and 13.9 to 11 .O pmoles nitro- 
phenol liberated/g wet wt corresponding to 
35 and 21% inhibition, respectively. 

Another test was made to determine 
whether a permanent change occurred in 
the configuration of the enzyme or whether 
an inhibitor was precipitated. Thus we 
added ammonium sulfate to the larval ex- 
tract at 30% saturation, centrifuged half the 
mixture at 5000 g for 20 min at room tem- 
perature and held the other half at room 
temperature for the same length of time. 
Both samples were then dialyzed at 40" 
overnight against the homogenizing fluid 
(sucrose, 0.25 M )  which in this case was 0.1 
saturated with phenylthiourea. After di- 
alysis the diesterase activity of each sample 
was determined. The activities of the two 
samples were not different from each other 
nor were they different from the activity of 
untreated homogenates. We therefore con- 
cluded that an inhibitor had not been pre- 
cipitated and that no permanent change had 
occurred in the configuration of the enzyme. 
Figure 2 shows that another ammonium 
salt, ammonium chloride and another sul- 
fate, sodium sulfate, did activate the en- 
zyme although not to the same extent as 
ammonium sulfate. These data suggest that 
ammonium and sulfate together are more 
effective than either ion alone in activating 
the enzyme. 

The possibility that activation might have 
been the result of increased salt concentra- 
tion was tested. The ionic strength of 10% 
sodium sulfate is 2.10; the ionic strength of 
30% saturated ammonium sulfate is 4.05. 
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The ionic strength of 30% ammonium chlo- 
ride was 6. These concentrations had been 
chosen on a somewhat arbitrary basis; for 
example, proteins are more readily precipi- 
tated in sodium sulfate than in ammonium 
sulfate and this had been considered in de- 
signing the tests. A test to determine the 
effects of sodium chloride and ammonium 
sulfate on enzyme activity when ionic 
strengths were approximately equivalent is 
illustrated in Table 111. Here the salt effects 
of NaCl appear to increase activity about 
50%, similar to effects obtained with am- 
monium chloride, i.e., about 50%. The ef- 
fect was distinctly less than the effect ob- 
served in ammonium sulfate in which activ- 
ity was increased either 248 or 463%, de- 
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We anticipated that 8 M urea might acti- 
vate the enzyme since it disrupts tertiary 
structures. If high concelitrations of ammo- 
nium sulfate were required, 30% saturation 
could produce alteration in the tertiary or 
quaternary structure. This was not the case 
as shown in Fig. 2. The 8 M urea solution 
inhibited activity 67%, probably by disrupt- 
ing tertiary structure. Since Winstead and 
Wold (1 8) observed that 0.5 M ammonium 
sulfate in 20% aqueous dioxane inhibited 
enolase by causing dissociation into sub- 
units, the activation we observed could pos- 
sibly have depended upon dissociation of 
our enzyme into subunits that were more 
active than a larger enzyme molecule. 

Our most reasonable explanation of the 
ammonium sulfate effect is that there was 
activation by both ammonium and sulfate 
ions. However, further work with purified 
enzyme will be required to determine 
whether this interpretation is correct. 

Subsequently the addition of ammonium 
sulfate to 30% saturation was found to de- 
crease the pH of our incubation mixture to 
7.6. Phosphodiesterase activity at pH 7.6 
and 8.4 was not different in the crude prepa- 
rations for in six samples run at each pH 
value the average activity was 11.5 2 5.3 
(pH 8.4) and 11.5 k 4.9 (pH 7.6) .  

In our previous paper (17) we demon- 
strated that preparations from insect sources 
exhibited phosp hodies terase activities quite 
different from the phosphodiesterase found 
in snake venoms. The results shown in Ta- 
bles I and I1 indicate that this is true in other 
species as well, since ammonium sulfate in- 
hibited or did not affect rather than acti- 
vated the phosphodiesterase of all samples 
tested (Table I). Also, Table I1 shows that 
the inhibitors, caffeine and thiophylline, in- 
hibited some mammalian phosphodiester- 

TABLE I .  INHIBITION OR ACTIVATION OF PHOSPHODIESTERASE ACTIVITY OF HOMOGENATES OF SELECTED 
VERTEBRATE AND INVERTEBRATE TISSUE BY (NH,),SO, AT 30% SATURATION. 

p-Nitrophenol released 

prnole/g wet wt + pmole/g wet wt - 
Organ (NH4)2S04 (NH4)2S04 Change (%) 

Rat liver (1 )" 7.8 6 .8  - 13 

Bovine kidney (1) 8 -5  7.8 -8 
Crayfish digestive gland (2) 37.6 32.6 - 13 
Whole European corn borer larvae ( 2 )  8.3 46.8 +463 

Bovine liver ( I )  11.4 5 .3  - 54 

a Number of determinations in parenthesis. 
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TABLE 11. THE EFFECT OF CAFFEINE (0.008 M)" AND THEOPHYLLINE (0.008 M)" ON PHOSPHODIESTERASE 
ACTIVITY OF SELECTED VERTEBRATE AND INVERTEBRATE TISSUES. 

Percentage difference in level of en- 

mixture of: 
Untreated homog- zyme activity after addition to reaction enate 

p-Nitrophenol re- 
leased (pmole/g 

Organ wet wt.) Caffeine' Theophylline' 
Rat liver (1)b 13.4 -4.5 -15.7 
Bovine liver (1) 33.0 -7.6 -23.1 

Ovine liver (2) 16.6 -15.8 -23.6 
Ovine kidney (2) 27.6 -11.3 -46.2 
Ovine brain (2) 1.8 - 16.8 -22.3 
Crayfish digestive gland (2) 21.6 -4.0 +11.8 
Crayfish green gland (1) 28.6 -6.3 - 17.9 

Bovine brain (1) 1.6 -25.0 -39.3 

a Final concentration in reaction mixture. 

' Odesser et al. (14) found 51 and 60% inhibition by caffeine (0.118 M) and theophylline (0.008 M), 
Number in parentheses indicates number of trials. 

respectively, of phosphodiesterase in homogenates prepared from fifth instar European corn borer larvae. 

TABLE 111. EFFECT EQUIVALENT OSMOLAR 
CONCENTRATIONS OF N A C ~  AND (NH4),S04 ON 

PHOSPHODIESTERASE ACTIVIW IN HOMOGENATES OF 
EUROPEAN CORN BORER LARVAE. 

p-Nitro- 
phenol re- 
leased/g 

Osmoles of wet wt Increase in 
Salt added salt added (pmole) activity (%) 

None 0 8.3 - 
NaCl 1.95 12.7 53 
(NH4),S04 1.95 28.9 248 
NaCl 3.90 13.0 57 
(NH4),S0, 3.90 46.8 463 

a The reaction mixture contained 0.6 ml of enzyme 
preparation containing 15-18 mg of tissue (wet wt); bis 
(p-nitrophenol) phosphate, 6 pmole in 0.6 ml of Tris 
(0.2M),pH8.4;0.6mlofTris(0.2M),pH8.4;0.2ml 
of MgCI, (1 M). Either NaCl or (NH,),SO, was added 
so that final solution contained 1.95 or 3.90 osm of the 
salt. 

ases slightly, but the levels of inhibition 
were far lower than the 5 1 % inhibition (caf- 
feine) and 60% (theophylline) reported for 
European corn borer diesterase (1 7). Also, 
another arthropod, the crayfish, had dies- 
terases that behaved differently from our 
enzyme, since the phosphodiesterase of the 
digestive gland (hepatopancreas) was acti- 
vated by caffeine in the concentrations used. 
Also, the phosphodiesterase of the green 
gland (antenna1 gland, renal-type function) 
is inhibited 6.3 % in the presence of caffeine 
and 17.9% in the presence of theophylline 
(Table 11). This suggested that the phospho- 
diesterases of the European corn borer were 

qualitatively different from those in other 
species examined in this study. 

Activation of the corn borer enzyme by 
ammonium sulfate may provide an explana- 
tion for an earlier, previously unreported 
observation made in our laboratory. We 
found that when 0.03 M ammonium chlo- 
ride was injected into European corn borer 
larvae, it caused death, while topical treat- 
ment of pupae of another species of Lepi- 
doptera, the tobacco budworm, HeZiothk vi- 
rescens (F.), with ammonium chloride also 
resulted in high mortality. The toxicity 
could be a result of activation of the phos- 
phodiesterase(s) that attack diphosphates in 
vivo. Further studies may suggest ways in 
which activation of phosphodiesterases 
could be used to manipulate harmful pest 
populations. 

Summary. European corn borer phospho- 
diesterase is highly activated by (NH4)2S04 
and moderately activated by NH4Cl (pH 
7.6, 33"). Vertebrate and crayfish diester- 
ases, on the other hand, are inhibited by 
(NH&SO,. It is likely that (NH4),S04 
causes some configurational change in the 
European corn borer phosphodiesterase 
molecule which results in the exposure of 
more active sites and hence greater enzyme 
activity. In in vitro tests caffeine (0.008 M )  
and theophylline (0.008 M )  inhibit phos- 
phodiesterase more effectively in European 
corn borer larvae than in crayfish, ovine, 
bovine, or rat tissue. 
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