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Abstract-The effects of various known inhibitors on the cyclic GMP phosphodiesterase and cyclic AMP 
phosphodiesterase enzymatic activities found in human lung tissue were investigated. Of the five compounds 
studied. I-methyl-3-isobutylxanthine was the most specific for cyclic GMP hydrolysis. while I-ethyl-4. 
(isopropylidine-hydrazino- lH-pyrazolo-(3, 4-b)-pyridine-5.carboxylic acid. ethyl ester hydrochloride 
(SQ 20009) was the most potent for inhibiting cyclic AMP hydrolysis. Common non-cyclic nucleotides 
were tested for their inhibitory abilities only. ATP, GMP and IMP revealed significant inhibition of both 
phosphodiesterase activities. Certain nucleosides and cyclic nucleotides were also tested at 1 PM substrate 
concentrations for their ability to inhibit hydrolysis. Cyclic IMP inhibited cyclic GMP activity, but it had no 
effect on the cyclic AMP phosphodiesterase. The i’-deoxy nucleosides (2’-deoxy guanosine and Zdeoxy 
inosine) inhibited both enzymes; Zdeoxy GMP inhibited mainly the cyclic GMP acitivity, while Edeoxy 
adenosine inhibited only the cyclic AMP activity. The observation that 2’-deoxy guanosine was a non- 
competitive inhibitor of cyclic GMP hydrolysis suggested that a site on the enzyme, distinct from the active 
site, might be involved in the regulation of the human lung phosphodiesterase. 

Intracellular cyclic nucleotide levels can be controlled 
through regulation of either synthesis via respective 
cyclases or degradation via the phosphodiesterase en- 
zyme(s) [ 1,2]. Although much is known about adenyl 
cyclase activation [ 3-5 I, little is known about the regu- 
lation of phosphodiesterase activity. While synthetic 
inhibitors of cyclic AMP and cyclic GMP phospho- 
diesterases are numerous [ 6-81, fewer studies have in- 
volved physiologically available compounds that may 
act as inhibitors 19-121. 

Human lung tissue contains cyclic AMP and cyclic 
GMP phosphodiesterases [ 13- 15 1 which reveal three 
apparent K,,, activities for cyclic AMP and two appar 
ent activities for cyclic GMP. Human lung tissue has 
been implicated as a source of pharmacological media- 
tors in asthma and immediate hypersensitivity reac- 
tions [16- 181, and, consequently, it has been a target 
for pharmacological research into compounds which 
decrease mediator release [ 191. Since excellent bio- 
chemical studies by Austen et al. [ 20, 2 11 and Boume 
el al. [ 221 have shown cyclic AMP and cyclic GMP to 
be closely related to mediator release, inhibition studies 
of the human lung phosphodiesterase may provide 
useful information regarding the allergic release of 
these mediators. 

EXPERIMENTALPROCEDURES 

il4uteriuZs. Cyclic 1G-3HlAMP (20 Ci/m-mole) and 
cyclic lG-3H]GMP (10 Ci/m-mole) were purchased 
from Schwarz Mann, Orangeburg, NY. All nucleotides, 
cyclic nucleotides, 2’-deoxy nucleosides, xanthosine, 
inosine, cordycepin. and N’-adenosine oxide, were ob- 
tained from the Sigma Chemical Co., St. Louis, MO. 
Snake venom (Crotalus atrox), aminophylline, and 
caffeine were also obtained from the Sigma Chemical 

Co. The phosphodiesterase inhibitor dl-4-(3.butoxy-4- 
methoxybenzyl)-2’-imidazolidione (Ro 20- 1742) 
was a gift from Hoffmann-LaRoche, Nutley N.J.; E. R. 
Squibb & Sons, Inc., Prineton, N.J., graciously sup- 
plied the phosphodiesterase inhibitor l-ethyl+(isopro- 
pylidine-hydrazino- lH-pyrazolo(3, 4-b)-pyridine-5- 
carboxylic acid, ethyl ester hydrochloride (SQ 20009). 
Aldrich supplied 3-isobutyl- 1-methylxanthine (MIX). 
Adenosine and guanosine were obtained from the East- 
man Chemical Co.; Bio-Rad Laboratories (Richmond, 
CA) furnished the AG l-X2 ion exhange resin (chloride 
form, 206400 mesh). Brinkmann Instruments pro- 
vided the PEI-cellulose thin-layer sheets (0.1 mm 
thickness). All other chemicals were purchased from 
standard sources in the highest available grade. 

Enzyme preparation and assay of the cyclic nucleo- 
tide phosphodiesterase activities. The phosphodiester- 
ase enzymes used in this study were obtained as de- 
scribed earlier I141. Briefly, human lung tissue, ob- 
tained surgically and frozen immediately, was trimmed 
of excess fat and connective tissue before homogeniza- 
tion in cold (4”) Tris-HCl buffer (pH 7.5, 0.05 M) 
containing 0.0 1 M MgClz and 0.004 M P-mercaptoeth- 
anol. After centrifugation (25,000g. 30 min), the su- 
pernatant fraction (containing > 93 per cent ofthe total 
enzymatic activity) was taken to 55% saturation with 
solid ammonium sulfate, stirred for 30 min at 4’, and 
centrifuged. The pellet was re-dissolved and dialyzed in 
the homogenizing buffer, and frozen (-20”) until use. 
Two assay procedures were utilized for monitoring the 
phosphodiesterase activities. The two-step method by 
Green et al. [ 141 and Appleman [ 23 1 was used for 
assaying the known phosphodiesterase inhibitors (i.e. 
caffeine, aminophylline, Ro 20-1724, MIX and SQ 
20009) by the addition of substrate (either cyclic AMP 
or cyclic GMP) at the desired concentration containing 
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250,00&300,000 cpm of the tritiated compound. Suf- 
ficient enzyme was used to convert 5-l 5 per cent of the 
substrate to product during the reaction time. Ethanol 
(5.0%) was used to attain the highest concentration 
(2.5 mM) of Ro 20-1724; this concentration of solvent 
did not interfere with any of the determinations. After 
the addition of resin, the samples were centrifuged at 
1500 g for 15 min, and an aliquot (0.20 ml) was re- 
moved and counted in a scintillation counter. The 
blanks (absence of enzyme or boiled enzyme) were 
usually 46% of added cyclic nucleotide. 

The second assay procedure was developed from the 
results described by Tritilo and Dobson [24]. In addi- 
tion to enzyme, substrate and nucleotide (or nucleo- 
side), each tube contained 0.05 M Tris-HCl, pH 7.5, 
0.02 M MgC&, and 0.004 M p-mercaptoethanol in a 
total volume of 0.20 ml. The enzymatic reaction was 
terminated by boiling for 0.5 min. After centrifugation 
(15OOg, 10 min) in a clinical centrifuge, 6 ~1 of the 
solution was applied (3 x 2 p 1) to a thin-layer PEI 
impregnated cellulose (0.1 mm thick) plastic sheet. 
Each experimental aliquot was spotted at l-cm inter- 
vals along an origin line 3.0 cm from the bottom edge. 
After allowing the solvent phase to run approximately 4 
of the length, the sheet was dried and the radioactive 

product (5’.AMP or 5’.GMP) was cut out, placed 
into a scintillation vial, and eluted from the sheet with 
0.10 ml of 1 M potassium phosphate (pH 3.4). This 
assay method was necessary to eliminate any undesira- 
ble effects of the nucleotides on the snake venom 
nucleotidase used in the two-step procedure. This thin- 
layer method offers excellent reproducibility, a low 
blank of 40-70 cpm, and it eliminates the use of a 
second enzyme step that can yield erroneous results in 
inhibition studies. 

RESULTS 

In our earlier study [ 141 of the human lung phospho- 
diesterase enzyme(s), the relative potencies of amino- 
phylline, caffeine and MIX in inhibiting the cyclic 
AMP and cyclic GMP enzymatic activities at an ele- 
vated substrate concentration of 100~ M were deter- 
mined. However, since multiple enzyme forms (i.e. 
apparent Km values for cyclic AMP of 0.4, 3 and 
40~ M; apparent K,,, values for cyclic GMP of 3 and 
40~ M) are observed, lower substrate concentration are 
needed to include all of the phosphodiesterase activi- 
ties. In order to establish more clearly the relative 
capabilities of these inhibitor compounds to inhibit 

Inhibitor Concentration (mhi) 

Inhibitor Concentration [mM) 

Fig. 1. Inhibition by various phosphodiesterase inhibitors of cyclic AMP phosphodiesterase (panel A) and 
cyclic GMP phosphodiesterase (panel B) from human lung. In both cases, the substrate concentration was 

1 PM. Key: SQ 20009 (0); MIX a); Ro 20-1724 (A); aminophylline (0); and caffeine (;I). 
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Table 1. Inhibition of human lung cyclic AMP and cyclic GMP phospbodiester~e activities at various 
substrate concentrations * 

I,, (mM) 
Cyclic AMP Cyclic GMP 

Inhibitor 1pM IOLIM 100 PM l&I 10fiM 100 FM 

Aminophylline 0.160 0.32 1.80 0.138 0.35 1.59 
Caffeine 0.800 I.41 2.40 1.0 1.2 1.7 
Ro 20- 1724 0.113 1.50 0.85 >2.s >2.s >2.s 
SQ 20009 0.007 0.022 0.180 0.040 0.005 0.20 
MIX (methylisobuty~~thine) 0.050 0.070 0.10 0.00s 0.010 0.05 

* The assay procedure utilized the Thompson and Appleman method. The concentrations of the 
inhibitors ranged from 10m6 to 10e2M: all inhibitors (except Ro 20- 1724 as indicated in Experimental 
Procedures) were dissolved in the assav buffer. All assays were performed in quadruplicate, and the means 
of two separate determinations are presented. 

these phosphodies~erases at a more physioIog~c~ con- 
centration of substrates, aminophylline, caffeine, MIX, 
and two other well-established inhibitors, SQ 20009 
and Ro 20- 1724, were tested at lower substrate concen- 
trations of 10 and 1~ M. Figs 1A and 1B illustrate that 
inhibition results at 1 p M cyclic AMP and 1 p M cyclic 
GMP, respectively, for the five inhibitors. For cyclic 
AMP (Fig. lA), SQ 20009 reveals an extremely potent 
ability to inhibit enzymatic hydrolysis. Significant inhi- 
bition is seen at the low inhibitor concentration- 
0.0005 to 0.00 1 mM (0.50 to 1.0~ M). MIX is the next 
most potent inhibitor. Aminophylline and Ro 20- 1724 
are essentially equivalent inhibitors of cyclic AMP 
hydrolysis; however, both are, in most instances, ap- 
proximately l/l& l/20 as potent as SQ 20009. Caf- 
feine is the least effective inhibitor. 

The inhibition patterns for cyclic GMP are illus- 
trated in Fig. 1B. The xanthine derivative, MIX, reveals 
the most potent inhibition of cyclic GMP hydrolysis. 
This inhibition patter differs from its cyclic AMP 
potency (Fig. 1A). SQ 20009 shows the next strongest 
inhibition of enzymatic activity; however, the inhibi- 
tion appears to be less for cyclic GMP than for cyclic 
AMP. Aminophylline and caffeine have similar inhibi- 
tion patterns for both cyclic GMP and cyclic AMP. 
The compound Ro 20- 1724, in contrast to its ability to 
inhibit cyclic AMP hydrolysis. is a very poor inhibitor 
of cyclic GMP hydrolysis. Although solubility prob- 
lems with this compound (Ro 20- 1724) limit its use at 
concentrations greater than 4-5 mM, little inhibition 
(ca. 20 per cent) is noted at 2-3 mM. 

The data observed at higher substrate (cyclic AMP 
and cyclic GMP) concentrations, as well as 1 b M, are 
summarized in Table 1. The ka data at the different 
substrate levels resemble those seen at a 1.0~ M con- 
centration. For cyclic AMP hydrolysis at a l.OpM 
concentration, the inhibitor potencies are; SQ 
20009 > MIX > Ro 20- 1724 > aminophylline > 
caffeine. However. for cyclic GMP hydrolysis (at 
1.0~ M), the potency order is MIX > > SQ 20009 > 
aminophylline > caffeine > > Ro 20- 1724. One possi- 
ble explanation for the slight variations in the order of 
potency of the three substrate concentrations is that the 
different enzyme forms (i.e. the different apparent K,,, 
values observed) have distinct specificities for the inhib- 
itors. In data not shown, the type of inhibition for 
caffeine, MIX and ~inophylline for the lowest appar- 

ent Km enzymatic activity {cyclic AMP and cyclic 
GMP) is competitive. 

With the possible exception of ctieine, the five 
previously described inhibitors are not normally found 
within human tissues. In an effort to investigate the 
possible regulatory role that certain metabolites might 
have on phosphodiesterase activity, nucleotides were 
studied as inhibitors. Table 2 reveals that most of the 
mono-, di- and triphosphates are inactive as inhibitors. 
The results with ATP are in general agreement with 
those reported earlier on human lung phosphodiester- 
ase [ 141. In these studies, the Mg*+ ion concentration is 
20 mM and the pH is maintained at 7.5 by first neutral- 
izing the nucleotides before addition to the assay mix- 
ture. Although ATP produces slight inhibition, GMP 
and IMP produce approximately 25 per cent inhibition 
with cyclic AMP as a substrate. With cyclic GMP as 
the substrate, similar results are obtained except that 
stronger ~ibition is produced by GMP and IMP; 
ATP produces 30 per cent inhibition, while GMP and 
IMP produce approximately 50 per cent inhibition. 

rable 2. Effect’of nucleotides on cyclic AMP and cyclic GMP 
phosphodiesterase activities * 

Activity (%) 
[nhibitor Cyclic AMP Cyclic GMP 

AMP 95+7 89f9 
ADP 106i 8 95+ 5 
ATP 865 9 66t 7 
GMP 73f 7 44+ 5 
GDP 91f9 82+ 10 
GTP 95+6 93+8 
IMP 78+ 8 5816 
IDP 97+ 5 9s+ 7 
ITP 95*5 89k.9 

XMP 98+ 4 82rt 8 
XTP 94f 5 892 9 

.UMP 1061 S 91i 8 
UDP 1OOIfI 8 86f 5 
UTP 97f 3 86f 7 

* The assay procedure utilized the thin-layer chromatogra- 
phy method outlined in Experimental Procedures. The con- 
centration of substrate was 10.‘M; the inhibitor concentra- 
tion was 3 mM in the assay buffer containing 20 mM MgC 12. 
All assays were performed in duplicate. and the means of two 
separate determinations are presented. 
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Table 3. inhibition of cyclic AMP and cyclic GMP phosphodiesterase 
activities by various nucleoside and nucleotide analogs * 

Compound 

Cyclic XMP 
Cyclic IMP 
Adenosine 
Guanosine 
Inosine 
Xanthosine 
ZDeoxy adenosine 
2’Deoxy guanosine 
2’-Deoxy inosine 
5’-GMP 
2’-Deoxy GMP 
2’. 3’Cyclic AMP 
2’. 3’-Cyclic UMP 
8-Bromo cyclic IMP 
N’-adenosine oxide 
3’-Deoxy adenosine (cordycepin) 

I,,, (mM) 
Cyclic GMP Cyclic AMP 

0.18 0.95 
0.008 > 1.0 

> 1.0 > 1.0 
0.9 1 > 1.0 

> 1.0 > 1.0 
> 1.0 > 1.0 
> 1.0 0.40 

0.15 0.30 
0.18 0.52 

> 1.0 > 1.0 
0.10 0.90 

> 1.0 > 1.0 
> 1.0 > 1.0 

0.56 > 1.0 
> 1.0 > 1.0 
> 1.0 0.44 

* The assay procedure utilized the Thompson and Appleman method. The 
concentrations of the various compounds ranged from 10.” to 10-j M. All 
inhibitors were dissolved in the assay buffer (with gentle heating when 
necessary). All assays were performed in triplicate, and the means of two 
separate determinations are presented. 

Since GMP and IMP produced significant inhibi- 
tion, other nucleotide and nucleoside analogs were 
tested for their ability to inhibit cyclic AMP and cyclic 
GMP hydrolysis. Table 3 shows the & ,, (mM) for these 
compounds. Inosine 3’: .5’-monophosphate (cyclic 
IMP) is very potent inhibitor of cyclic GMP hydroly- 
sis, with an I,, of less that 10 PM. Interestingly, the next 
three most active inhibitors of cyclic GMP hydrolysis 
are 2’-deoxy derivatives: Zdeoxy GMP, 2’-deoxy 
guanosine and 2’-deoxy inosine. These deoxy com- 
pounds are at least 6, 10 and 5 times, respectively, more 
potent than their Zhydroxy analogs. Xanthosine 3’: 5’- 
monophosphate (cyclic XMP) and &bromo oyclic 
IMP also inhibit cyclic GMP hydrolysis, with an ap- 
proximate I,, of 0.50 mM. 

Three 2’-deoxy compounds (2’-deoxy adenosine, 
2’-deoxy guanosine and 2’-deoxy inosine) are the 

most potent inhibitors of cyclic AMP activity. How- 
ever, 2’-deoxy adenosine is the only compound which 
shows a specificity for cyclic AMP hydrolysis (i.e. it 
does not inhibit cyclic GMP acitivity, while 2’-deoxy 
guanosine and 2’-deoxy inosine do inhibit cyclic 
GMP). Although cyclic IMP is a good inhibitor of 
cyciic GMP hydrolysis, it is a very poor inhibitor of 
cyclic AMP hydrolysis (ho > 1.0 mM). Cordycepin 
(3’-deoxy adenosine) shows some inhibition of cyclic 
AMP but is relatively inactive with cyclic GMP as a 
substrate. 

Using cyclic GMP as the substrate, cyclic IMP (the 
most potent inhibitor) and 2’-deoxy guanosine reveal 
different modes of inhibition when plotted on a typical 
L~ew~ver-Burk diagram (Fig. 2). Cyclic IMP shows 
competitive inhibition, with an apparent Ki of 6pM. 
This type of inhibition by cyclic IMP has been seen by 

0 

/ 

0 

0 

-08 -0.2 0 0.2 04 0.6 0,s 

[cycli: GMP] ’ “-” 
IA I.6 Lo 

Fig. 2. Double-reciprocal plot of the inhibition of cyclic GMP phosphodiesterase (no inhibitor, 0) by 125 
PM 2’-deoxy guanosine 01) and 30 PM cyclic IMP (0). The data represent the mean of two determinations 

performed in duplicate. 
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Davis and Kuo 1251. However, 2’-deoxy guanosine 
reveals a typical non-competitive inhibition of cyclic 
GMP hydrolysis. 

DISCUSSION 

Cyclic AMP and cyclic GMP phosphodiester~e 
enzymatic activities exist in human lung tissue. Com- 
parative inhibition studies with five known phospho- 
diesterase inhibitors reveal important differences in 
their abilities to inhibit either cyclic AMP or cyclic 
GMP hydrolysis. The inhibitor potencies for cyclic 
AMP at 1.0 PM concentrations are: SQ 20009 > MIX 
> Ro 20- 1724 > aminophylline > caffeine. For cyclic 
GMP, the order is MIX >> SQ 20009 > aminophyl- 
Line > caffeine > > Ro 20- 1724. These observed com- 
parisons are similar to those reported by Davis and 
Kuo i 261 for guinea pig lung phosphodiesterase. The 
xanthine derivative MIX is (at 1 FM substrate concen- 
tration) ten times more potent in inhibiting cyclic GMP 
phosphodiesterase activity than the cyclic AMP enzy- 
matic activity. These results are similar to those re- 
ported by others 127,281 using different sources of 
enzyme. The Ro 20-1724 (a substituted imidazolidi- 
none) compound, however, reveals a higher specificity 
for inhibiting cyclic AMP hydrolysis than cyclic GMP. 
Since elevated intracellular cyclic AMP levels inhibit 
mediator release and elevated cyclic GMP levels en- 
hance mediator release ! 2 11, the observed selectivity of 
Ro 20- 1724 for inhibiting cyclic AMP activity could 
be of potential clinical usefulness in asthma and other 
allergic diseases. On the contrary. aminophylline, one 
of the currently available drugs for asthma. may have 
limited efficacy since it inhibits nearly equally the two 
(cyclic GMP and cyclic AMP) hydrolytic activities. 

The inhibition of phosphodiesterases by nucleotides 
has been investigated in many reports dealing with 
enzymes from several sources 129-321. ATP has been 
shown to be a potent inhibitor of several en- 
zymes 129,301, while having no effect on others [ 3 11. 
These experiments confirmed our initial results [ 141 
that ATP reveals significant inhibition of both cyclic 
AMP and cyclic GMP hydrolysis. A stronger inhibi- 
tion by ATP of cyclic GMP hydrolysis is noted. The 
close monitoring of pH is essential when studying the 
nucleotides since the pH can be lowered to levels which 
slow enzymatic activity. Also, the requirement of Mg2’ 
for enzymatic activity necessitates the use of higher 
Mg” concentrations to compensate for any nucleotide 
chelation. The use of a nucleotidase step in the Thomp- 
son and Appleman procedure also necessitates careful 
interpretation of data involving nucleotides 1331. Con- 
sequently, we used a thin-layer chromato~aphy proce- 
dure that allows one to isolate and measure the product 
of the phosphodiesterase reaction, the 5’.monophos- 
phate nucleotide 1241. This method has a low blank 
(40-70 cpm), is highly reproducible. and its use elimi- 
nates the need for a second nucleotidase step. 

The analogs of nucleotides and nucleosides showed 
varying potencies when inhibiting cyclic AMP and 
cyclic GMP hydrolysis. The strong inhibition by cyclic 
IMP of cyclic GMP hydrolysis has been seen by oth- 
ers 126,341. The finding that 2’-deoxy nucleosides 
inhibit phosphodiesterase activity has been noted in 
several reports 135, 361. The observation that, at low 

substrate concentrations of cyclic GMP, 2’-deoxy 
guanosine is a non-competitive inhibitor is intriguing. 
Since the enzyme preparation is impure and multi- 
enzymatic activities are present, our data are prelimi- 
nary. The most obvious interpretation, though, is the 
presence of a second site on the phosphodiesterase 
enzyme that interacts in some way with the active site. 
However, before a conclusion on the exact nature of 
this second site can be drawn, more extensive inhibitor 
studies must be made on a more homogeneous enzyme 
preparation. Our laboratory is involved currently in 
this project. 
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