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FIG. 3. The effect of dilution of the total protein

content of rat heart mitochondrial fractions on the

inhibition ofMAO by clorgyline

Each point represents the mean activity (± S.E.R.)

of duplicate determinations in four groups of mito-

chondrial fractions, each derived from the hearts of

three rats, and preincubated with clorgyline for 20 mm

prior to assay, expressed as percent inhibition of the

activity in the absence of inhibitor. Protein contents

of the fractions at preincubation were set to: 2.0 mg/

ml (L�J, 0.5 mg/mI (0) and 0.5 mg/mI made up to 2.0

mg/ml with bovine serum albumin (#{149}).Substrates

MAO specific activities in these fractions
with all three substrates when assayed un-
der an atmosphere of oxygen (Table 1). A
similar result was obtained when the MAO
activities were assayed in air. Furthermore,
when the MAO activities of these two frac-
tions were set to the same level by suitable
dilution with sucrose buffer, in spite of their

different protein contents, the percent in-
hibition caused by 0.1 nM clorgyline was

approximately the same. For example, with
serotonin as substrate, the values were 46%
and 41% for mitochondrial fractions and
homogenates respectively.

From these data, molecular turnover
numbers could be calculated for the MAO

toward the three substrates assayed under
an atmosphere of air or oxygen. The values

in oxygen were in each case significantly
higher than those in air, and the values for
respective determinations in homogenates
and mitochondrial fractions were closely
similar. These results are shown in Table 2.

The MAO specific activity and the
amount of clorgyline causing 100% inhibi-
tion/(mg protein) were determined in ho-
mogenates and mitochondrial fractions of
hearts from rats of 140, 304 and 487 g mean
body weight. In both fractions, as the ani-
mals grew older, the specific activity toward

serotonin and tyramine increased, with no
change in the Km of the enzyme toward
these substrates (Table 3). Plots of percent
inhibition against clorgyline concentration
were found to be linear, passing through
the origin (Fig. 4A & B). These data were
used to calculate the amount of clorgyline
causing 100% inhibition/(mg protein) for
each age group in both homogenates and
mitochondrial fractions. The increase in

specific activity of MAO toward serotonin
and tyramine was accompanied by an in-

crease in amount of clorgyline causing 100%

inhibition/(mg protein) (Table 3).

used were: A, serotonin (0.25 mM); B, tyramine (0.25

mM); C, /9-phenethylamine (0.25 mM). There was no

significant difference between the inhibition produced

by the same concentrations of clorgyline in the two

fractions that contained 0.5 mg/ml of mitochondrial

protein (95C4 confidence limits of a ratio, 19).



The MAO specific activity and enzyme content of crude homogenates and mitochondrial fractions of rat
heart

Vrna, values were calculated from triplicate determinations of MAO activity with six substrate concentrations,

incubated at times which were linear with both time of incubation and enzyme concentration, and expressed as

nmol (of substrate metabolized)/(mg protein)/min, calculated by the method of Wilkinson (26), and corrected

for the efficiency of extraction of the deaminated metabolites. The enzyme content was calculated from the

amount of clorgyline needed to inhibit the activity of MAO by 100�, divided by the protein concentration, and

expressed as fmol/mg protein, calculated from the lines of best fit (19). Four groups, each derived from the

hearts of three rats of body weight 541 ± 20 g were used. “Ratio” describes the ratio of the mean specific

activities or enzyme contents of the mitochondrial fractions with respect to those in the homogenates. Values

are expressed in terms of means (±S.E.M.). For the determination of enzyme contents, all concentrations of

substrate were 0.25 mM. The K,,, values for the individual substrates were not different for the two fractions,

when assayed in atmospheres of either air or oxygen. The V�, values given here are for the activity in oxygen.

Substrate Crude homogenate Crude mitochondria Ratio

TABLE 2
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19).

DISCUSSION

Acetylenic inhibitors of MAO react with

the enzyme first through a reversible asso-
ciation with the active center, followed by
covalent bond formation with the MAO

fiavin prosthetic group (7, 8). A similar
mechanism would account for the inhibi-

tion of rat heart MAO-A by clorgyline
where initially competitive inhibition is

converted to a noncompetitive interaction
with time (Fig. 1). The kinetics of this in-
teraction can therefore be described as:

TABLE 1

E + I�EI-� EI*

Serotonin

Specific activity

Enzyme content

Tyramine

Specific activity

Enzyme content

fi-Phenethylamine

Specific activity

Enzyme content

22.78 ± 2.40

745 ± 45

25.83 ± 2.16

680 ± 30

2.87 ± 0.33

695±90

45.26 ± 6.74

1605 ± 45

5:3.43 ± 5.26

1540 ± 50

6.59± 1.19

1615 ± 65

1.99

2.15

2.07

2.26

2.30

2.32

Molecular turnover numbers ofMAO for the same homogenates and mitochondrial fractions as described

in TABLE I

The values were determined from the V,,,,, values divided by the enzyme contents, and expressed as moles

(of substrate deaminated)/mole of MAO/mm. All assays were performed in triplicate and expressed as means

(±S.E.M.). No significant differences were found between the molecular turnover numbers of mitochondrial

fractions and homogenates (9Sc/ confidence limits of a ratio, 19).

Molecular turnover numbers moles ((of substrate deaminated)/
mole MAO/mm)

Assayed in oxygen Assayed in air

Serotonin

Crude homogenates 29,600 ± 2,400 20,500 ± 2,(�)0’

Crude mitochondria 29,300 ± 6,400 19,500 ± 4.500’

Tyramine

Crude homogenates 36,100 ± 2,000 24,600 ± 1,100’

Crude mitochondria 34,200 ± 4,800 24,500 ± 3,100’

f3-Phenethylamine

Crude homogenates 5,100 ± 900 3,400 ± 500’

Crude mitochondria 4,300 ± 1,200 2,50() ± 600

a Significantly different from the corresponding values obtained in oxygen (95� confidence limits of a ratio,



NS, not significant.
*p<0.05.

‘a � < 0.01.

where E = enzyme, I = clorgyline, El =

reversible complex and EI* irreversible
enzyme-inhibitor adduct.

The rate equations can be written:

dtEI] = k1�E][I] - (k2 + k:tflEI]

dtEI*] = k:t[EI]

(2) [El = [E,�] - [El] - [EI*]

[‘1 = [Ia] [El] - [EI*]

Where [E,)] and [1(1] are initial concentra-
tions of enzyme and inhibitor, respectively.
Thus at infinite time,

kI([E,)] - [EI*])([I,,] _ [EI*j) �j (4)

i.e., two solutions are found. When EL,] <

[E0], [EI*j = [I,,]; and when [LI > [EO],

[EI*] = [E,,]. Thus, at infinite time, a plot
of percent inhibition against concentration
of inhibitor should give a straight line pass-
ing through the origin. The concentration
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TABLE 3

The effect ofage upon the specific activity (V�) and K ofMAO and upon the enzyme content of

homogenates and mitochondrial fractions of rat heart

v,fl,*,(corrected for the efficiency of extraction of the deaminated metabolites) and K,, values were determined

by the method of Wilkinson (26) from duplicate determinations at six substrate concentrations. Enzyme contents

were determined by line of best fit to data from at least six concentrations of clorgyline by the method described

in TABLE 1, with 0.25 mM substrate. Results are expressed as means ± S.E.M. Statistical significance was

measured by Student’s t-test upon the original values. Significant values refer to comparisons of all groups with

the Group A values.

Group A: 4 groups, each of 6 rats, body weight 140 ± 2 g, heart weight 468 ± 8 mg; Group B: 4 groups, each

of 6 rats, body weight 304 ± 4 g, heart weight 865 ± 17 mg; Group C: 4 groups, each of 6 rats, body weight 487

± 15 g, heart weight 1231 ± 34 mg. Figures in brackets represent the absolute values as a percentage of the

values from Group A.

Group K,,, V,� Enzyme content

(fLM) (nmol/mg protein/mm) (fmol/mg protein)

Crude homogenates

Serotonin A

B

C

134 ± 31

92 ± 12 (NS)

112 ± 30 (NS)

5.23 ± 0.48 (100)

7.59 ± 0.33” (145)

25.01 ± 2.61** (479)

261 ± 10 (100)

340 ± 23’ (130)

1147 ± 37” (439)

Tyramine A

B

C

39 ± 7

40 ± 13 (NS)

51 ± 12 (NS)

4.66 ± 0.25 (100)

8.04 ± 0.78* (172)

26.36 ± 2.22** (565)

267 ± 11 (100)

368 ± 16’ (138)

1154 ± 40” (432)

Crude mitochondria

Serotonin A

B

C

68 ± 11

69 ± 10 (NS)

100 ± 20 (NS)

11.18 ± 0.57 (100)

16.25 ± 0.69” (145)

47.81 ± 3.40w’ (428)

654 ± 37 (100)

820 ± 57’ (125)

3302 ± 201” (505)

Tyramine A

B

C

44 ± 8

47 ± 17 (NS)

68 ± 13 (NS)

16.90 ± 0.99 (100)

25.53 ± 2.83’ (151)

75.74 ± 543** (448)

666 ± 37 (100)

838 ± 46’ (126)

3164 ± 146” (475)

(3)

These equations have been considered in
detail in the case where both enzyme and
inhibitor concentrations are reduced by the
formation of El and EI* (9). The present
discussion is restricted to the boundary con-
ditions of these equations.

At infinite time, it can be assumed that
all reactions have stopped, and therefore
d�EI]/dt and d[EI*]/dt = 0. From Eq. 3,
[Eli is also 0. Therefore, at infinite time,

k1[E][I] = 0. h� the general case, where the
concentrations o� free enzyme and inhibitor
are both reduced by the formation of en-

zyme-inhibitor com1’lexes, [E] and [I] can
be expressed as:
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FIG. 4. The effect of age on the inhibition of rat

heart MAO-A by clorgyline

Each point represents the mean activity (± S.E.R.)

of duplicate determinations in four groups of homog-

enates each derived from the hearts of six rats and

preincubated with clorgyline for 20 mm prior to assay,

expressed as percent inhibition of the activity in the

absence of inhibitor. Body weights of the rats were 140

± 2 g (S); 304 ± 4 g (0) and 487 ± 15 g (A). Protein

concentrations of the homogenates at preincubation

were set to 2 mg/ml. Substrates used were: A, sero-

tonin (0.25 mM); B. tyramine (0.25 mM).

of inhibitor required to give exactly 100%
inhibition equals the concentration of en-

zyme in the reaction mixture, provided that
there are no other factors such as nonspe-
cific binding of the inhibitor to sites other
than the active center of the enzyme.

The inhibition of rat heart MAO-A by
clorgyline follows a time-dependent reac-
tion, with the inhibition of enzyme activity
reaching a plateau by about 10 mm (Fig. 2).
In the rat liver, about 1 hr is required for
the inhibition to reach the plateau value
(9). The inhibition of MAO-B activity in

the rat liver by clorgyline with �-pheneth-
ylamine as substrate needed 4 hr (20). No

assessment of the time course for the inhi-
bition of activity of MAO-B in the rat heart
has been possible as no substrate for this

form alone has been found (2).
The value for k1 (rate constant of asso-

ciation of the reversible component) can be
calculated from the data in Figure 2 by the
method described previously (9) to give a
value of about 108/m/min. In the rat liver,
the corresponding value is about 50 times
less (2 x 106/m/min) (9). From theoretical

considerations (see 9) the maximum con-
centration of the reversible complex (El)

appeared at about 2 mm after the addition
of clorgyline to the enzyme, but no accurate

experimental measure was possible due to
the speed of the reaction.

For the MAO-A of rat heart, the plateau
value represents the situation at time infin-

ity, when all reactions have stopped. Thus
a plot of percent inhibition against the con-
centration of clorgyline will be a straight
line passing through the origin (Fig. 3).
Furthermore, when the mitochondrial frac-
tions are diluted fourfold, there is a fourfold
decrease in the concentration of clorgyline
required to produce 100% inhibition (Fig.

3). Addition of bovine serum albumin to
increase the nonenzyme protein content
does not change the amount of clorgyline
required for inhibition (Fig. 3), which would
suggest that the clorgyline does not bind
irreversibly to this particular protein. In
fact there seems to be no detectable non-
specific binding after 20 mm of preincuba-

tion, as the molecular turnover numbers for
homogenate and mitochondrial fractions
appear to be the same (Table 2). Moreover,
when the fractions are set to the same MAO

activity, the degree of inhibition by clorgy-
line is the same. This is in contrast to the
liver, where a considerable amount of non-
specific binding has been found (9).

Another complication in the rat liver is
the presence of clorgyline metabolizing en-
zymes. Preincubation of rat liver homoge-
nates for 1 hr with 50 zM SKF 525A, a
concentration that inhibits the microsomal
enzymes (21) did not itself cause any inhi-
bition of MAO, but slightly decreased the
concentration of clorgyline needed to in-
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hibit the MAO (unpublished observations).
In the rat heart, this concentration of SKF
525A, which caused a substantial inhibition

of MAO activity by itself, did not change
the concentration of clorgyline needed to

produce the same degree of inhibition as
that seen in the absence of SKF 525A.
Furthermore, the molecular turnover num-
bers for MAO from homogenates, which
have a large amount of microsomal content,
are the same as those for the mitochondrial
fraction, in which the microsomal contam-
ination is much smaller (Table 2). This
would also suggest that the microsomal en-

zymes do not play a significant part in the
reaction of clorgyline with rat heart MAO.

The deamination of fl-phenethylamine
and benzylamine in the rat heart is brought
about not only by MAO, but also by a

clorgyline-resistant, semicarbazide-sensi-
tive enzyme found largely in the superna-
tant fraction (4-6). However, in the present

results, this activity accounted for less than
5% of the total enzyme activity toward $-
phenethylamine and did not contribute at

all to the deamination of either serotonin
or tyramine. Since the proportion of the
clorgyline-resistant component declines
with age (13), the homogenates were ob-

tamed from old rats (541 ± 20 g) when f.�-
phenethylamine was used as substrate to

minimize any contribution from this en-
zyme.

The very low level of nonspecific binding
makes it possible to use the inhibition of
MAO activity in rat heart homogenates by
clorgyline as an assay for the number of
MAO active centers/(mg protein), and an
estimate to be made of the molecular turn-
over numbers for rat heart MAO toward
the different substrates for MAO-A (Table
2). The values reported here are much
higher than those reported by Egashira et
a!. (22) who used preincubation times of 4
hr duration and pargyline as the inhibitor,
which is MAO-B selective in most tissues

(2). At present, the reason for this discrep-
ancy is not clear but may be associated with
the different inhibitors used.

The values for the molecular turnover
numbers when the assay was done in air
were about two-thirds of those obtained
when the assay was done in oxygen (Table

2). This is to be expected, as the deamina-
tion of substrates follows a ping-pong, or

double displacement, reaction in most tis-
sues (see 23, 24), but it is important to

specify the oxygen concentration in the as-
says when the molecular turnover numbers
are calculated.

The inhibition of the activity of MAO-A

by clorgyline described above was used to
determine the effects of growth upon the
number of active centers of this enzyme
form in the rat heart. Horita (12) has shown
that there is an increase in MAO specific
activity as the rat grows older. Turnover

studies after irreversible inhibition of MAO
with pargyline in vivo indicated that this
increase is due to a decreased rate of ap-

parent degradation of the enzyme, rather
than an increase in the rate of synthesis
(14, 25). Furthermore, there appears to be
a selective increase in the specific activity
ofMAO-A (13).

The results in Table 3 and Figures 4A
and B show that, as the rats grew older,
there was an increase in the amount of

clorgyline needed to produce the same de-

gree of MAO inhibition. This would suggest
that the increase in the specific activity of
MAO toward the substrates tyramine and
serotonin is accompanied by a concomitant
increase in the number of enzyme active

centers responsible for the deamination of
these substrates. Thus it would seem that
the increase in MAO specific activity with
age is due to an increased number of avail-
able active centers, rather than to an in-
creased molecular turnover number of the
enzyme. At present, although other evi-
dence indicated a reduction in the rate of
enzyme degradation as the cause, which
would lead to an increased number of en-
zyme active centers, there is still uncer-

tainty concerning the mechanism respon-
sible for this increase in the number of
active centers of MAO in the rat heart as
the animal grows older.

This approach toward an estimate of the
number of the active centers of MAO-A
was possible due to the exceptional prop-
erties of the rat heart: a high rate of asso-

ciation (k1) between clorgyline and the en-
zyme leading to a fast reaction; a very low
amount of nonspecific binding; and no sign



CLORGYLINE AND RAT HEART MAO-A 555

of drug metabolism in vitro. In view of the

less satisfactory situation found in the rat
liver (9), the use of this assay in tissues
other than the rat heart must be evaluated.
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SUMMARY

FERRELL, J. E. JR., P. D. G. CHANG SING, G. LOEW, R. KING, J. M. MANSOUR, AND

T. MANSOUR. Structure/activity studies of fiavonoids as inhibitors of cyclic AMP
phosphodiesterase and relationship to quantum chemical indices. Mol. Pharmacol.

16: 556-568 (1979).

A series of 45 flavonoids and related compounds were tested as inhibitors of liver fluke

cyclic nucleotide phosphodiesterase. Many were found to be potent inhibitors; seven were
as potent or more potent than any inhibitor previously tested. The kinetics of six
compounds spanning a wide range of activities were investigated and found to be
competitive. The most potent inhibitors, cyanidin chloride and quercetin, had K, values
of 10 ± 3 /IM and 13 ± 6 tiM, respectively, approaching the K,,, for cAMP (8 j.tM). Structure!
activity studies showed that adding exocyclic substituents to the basic flavonoid skeleton
affected activity only slightly, while changing the planarity of the heterocyclic ring greatly
decreased activity. This observation, taken with the competitive kinetics, suggests that
flavonoids compete with cAMP for a nucleotide binding site at which stacking occurs,

perhaps similar to the binding sites of bovine pancreatic ribonuclease A and lobster
glyceraldehyde-3-phosphate dehydrogenase. Quantum chemical calculations further sug-
gest that the competition arises from the mimicking of the pyrimidine ring in cAMP by
the pyranone ring of the flavonoids. If the flavonoids are comparably potent inhibitors of
other phosphodiesterases, several reported pharmacological effects of the flavonoids

might be explained.

INTRODUCTION

The flavonoids form a large class of nat-
ural products synthesized by ferns and flow-

ering plants. They are important compo-
nents of many preparations used in folk
medicine and constitute up to 5% of the dry
weight of some herbal teas (1). Flavonoids

first interested pharmacologists when
Szent-Gy#{246}rgi asserted that some possess
vitamin-like properties (2). Since then nu-

merous pharmacological effects have been
attributed to various flavonoids (3). On a
gross pharmacological level, some flavo-
noids and related compounds produce cor-

(X)26-895X/79/050556- 13$02.0()/()
Copyright (D 1979 h� Academic Press, 1n.

All rights of reproduction in any form reserved.

onary vasodilation (4), spasmolysis (4), or
anti-asthmatic activity (5). On a biochemi-
cal level, several flavonoids inhibit mast cell
degranulation (6); others elevate levels of
cAMP’ and inhibit glycolysis in Erlich as-

cites tumor cells (7, 8).

I The abbreviations used are: cAMP, adenosine

3’,5’-cyclic monophosphate; ATP, adenosine triphos-

phate; 5’-AMP, 5’-adenosine monophosphate; DMSO,

dimethyl sulfoxide; PDE, cyclic nucleotide phospho-

diesterase; P,, inorganic phosphate; NaEDTA, sodium

(ethvlenedinitrilo)tetraacetate; IBMX, 3-isobutyl-1-

methylxanthine; RNase, ribonuclease; NAD� , nicotin-

amide-adenine dinucleotide; GAPDH, glyceraldehyde-

556
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The ability of flavonoids to inhibit one or

more enzymes has been invoked to explain

some of their observed biochemical and
pharmacological effects. For example, there
is a statistically significant correlation be-

tween the extent to which flavonoids inhibit
rabbit skeletal muscle Ca2�-dependent
ATPase and rat cell histamine release.2
Some of the effects, however, have not yet
been explained, notably the reported $-ad-

renergic-like effects (4).
A simple hypothesis to account for these

unexplained effects is that certain flavo-

noids affect one of the enzymes involved in
regulating cAMP levels. Intracellular levels
of cAMP are controlled by two enzymes:

adenylate cyclase, which catalyzes its for-

mation from ATP; and cyclic 3’,S’-nucleo-

tide phosphodiesterase, which catalyzes its
degradation to 5’-AMP. Stimulation of the
former or inhibition of the latter might
produce the observed effects.

In the present study, the hypothesis that
flavonoids inhibit phosphodiesterase is con-
sidered. This possibility is supported by the

recent demonstration that one flavonoid,
quercetin, decreases degradation of cAMP

in Ehrlich ascites tumor cell homogenates
(7). Further rationale for this hypothesis is

provided by a survey of the enzymes which
are known to be inhibited by flavonoids. It
has been established that flavonoids inhibit
isolated (Na�, K�) ATPases (9), mitochon-

drial ATPases (8, 10), a Ca2� dependent

ATPase (6), lens aldose reductase (1 1), mal-
ate dehydrogenase (12), glycerol dehydro-
genase (13), glutamate decarboxylase (13),
hexokinase (13), pancreatic ribonuclease
( 14), and catechol-O-methyl transferase
(15). Like phosphodiesterase, most of these

3-phosphate dehydrogenase; IEHT, iterative extended

H#{252}ckel theory; CN1)O/2, complete neglect of differ-

ential overlap; LEMO, lowest energy empty molecular

orbital.

2 Assuming a normal distribution, a straight line

defined by the equation Y = 33(( + 1.20 X, where Y

and X are, respectively, histamine retease and ATPase

activity measured as percent of control, can be lit to

the data reported by Fewtrell and Gomperts (6). The

correlation is significant at the 1� level, with r = 0.79

(and thus r2 = 0.62).

Partially supported by NCI Contract #CP 75928

and National Institute of Mental Health Grant MH

23464.

enzymes require the binding of adenine

containing nucleotides and have a demon-

strated or postulated dinucleotide fold at
their nucleotide binding sites (16). More-
over, the chromophore of the affinity gels
which bind to phosphodiesterases as well
as kinases and dehydrogenases (17) is struc-
turally related to the flavonoids.

The present investigation is a three phase
study of the flavonoids as inhibitors of the
phosphodiesterase obtained from the liver
fluke, Fasciola hepatica. The role of cyclic

AMP in the regulation of metabolism in the

liver fluke has already been reported (18).

This study is a further contribution to our
understanding of the enzyme systems that
regulate the levels of cyclic AMP in this

parasite. In the first phase, 45 flavonoids
and related compound were screened as
inhibitors, and the structural features nec-

essary for inhibition were determined. In

the second phase, the kinetics of the inhi-
bition were examined for six flavonoids
spanning a wide range of activities. Finally,
quantum chemical indices were calculated
for several flavonoids and cAMP to inves-
tigate electronic aspects of the inhibition.

MATERIALS AND METHODS

Experimental. Liver fluke phosphodies-
terase is present only as a high affinity
form, with a K,,, of 8 /zM for cAMP. It is
Mg2�-dependent and Ca2tindependent and
is inhibited by quazodine, papaverine, and
methylxanthines. The enzyme used in these

experiments was obtained from a 2000 g
supernatant, prepared as described previ-

ously (18).
Some of the forty-five compounds tested

were obtained from commercial sources;
others were generously provided by Dr.
Martin Apple. The source of each com-

pound is given in Tables 1-3 and the rep-
resentative classes of structures to which
they belong are shown in Figure 1 . Because
of the poor solubility of some of the com-
pounds, a small quantity of each inhibitor
was dissolved in DMSO just prior to run-

ning the assay and the resulting solution

was quickly diluted in hot water. Aliquots
of this solution were then added to the
reaction mixture to yield a final flavonoid
concentration of 5 j�M to 1 mM and a DMSO



TABI.E 1

Inhibition ofliver fluke .yclic nucleotide

phosphodiesterase by 21 flat’one deriratit-es

Trivial name’ Systematic name Inhibi-
tion#{149}’

TABLE 2

Flavonamine

Flavone’

Rhamnetin

Cyanidine

90c chloride

Flavanone

85� -

85� Naringenin

80�

I00�

55�i
5#{216}C�

Quercitrin

Chrysin

Morint

flavone

Robinetin 3,34’,5’,7-Pentahydroxy-

flavone 70�

4#{216}C�

15�i

15�

On

VOfle 65c

65� PDE
cAMP ‘ 5’

6oc

I)ichloro-

quercetin

I)ichlorofise-

tin

concentration of 0.5%. This amount of

DMSO did not measurably inhibit the
phosphodiesterase; nevertheless, all en-
zyme activities were measured relative to

0.5% DMSO blanks run simultaneously.
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Quercetin” 3,3’,4’,5,7-Pentahsdroxy-

flavone

Kaempferol 3,4’,5,7-Tetrahydroxyfla-

�one

:3-An�mn�flavone

Flavone

3.:3’,4’,5-Tetrahvdroxv-7-

methoxyflavone

- 3-Amino-3’,4’,7-trime-

thoxyflavone

Fisetin ether 3,7-I)ihvdroxv-3’,4’-(meth-

ylenedioxv)-flavone

Quercetin-3- L-rhamnoside

5,7-I)ihvdroxyflavone

2’,3,4’,5,7-Pentahvdroxy-

flavone

Mvricetin 3,3’,4’,5,5’,7-Hexahydroxy-

3-Amino-4’,T-dimethoxv-

flavone

3-Chloro-5,7-diacetoxyfla-

vone

Flavonol 3-Hydroxyflavone

- 3-Hydroxylamino-3’,4’-di-

methoxyflavone

Fisetin 3,3’,4,7-Tetrahydroxyfla-

3-Amino-3’,4-dimethoxy-

flavone

Apiin 4’,5,7-Trihydroxyflavone-

7-apiosylglucoside

3,5,7-Trihvdroxv-3’,4’-

dichloroflavone

3,7-I)ihydrox�--3’.4’-dichlo-

roflavone � - 15�”

�, Inhibition expressed relative to a 0.5� I)MSO

blank run simultaneously. Unless otherwise indicated,

the reaction was run with an inhibitor concentration

of 1(X) /LM and a cAMP concentration of 2.478 �tM.

I, Inhibition measured in a saturated solution with

an inhibitor concentration less than 25 fLM.

. Unless otherwise indicated, compounds were gen-

erously provided by I)r. Martin Apple.

(I Obtained from Aldrich.

Inhibition of/jeer fluke cyclic nucleotide

phosphodiesterase by 9 non.flat’one flae’onoids

Trivial name 4vstematic name lnhibi-
tion��

3,3’,4’,5,7-Pentahydroxy-

flavvlium chloride

Flavanone

4-Isonitrosoflavan

4’,5,7-Trihydroxvflava-

none 50�(

- 3’,5-I)ihydroxy-4’-meth-

80� oxyflavanone

Malvidin 3,4’,5,7-Tetrahydrox�-3’,5’-

80� chloride dimethoxyflavylium

chloride

75(( L-Catechin L-3,3’,4’,5,7-Flavanpentol

75(( Fustin 3,3’,4’,7-Tetrahydroxyfla-

75(� vanone

Leucocyani- 3,3,4,4’,5,7-Hexahydroxy-

70� din flavan

70� �‘ See footnote , Table 1.

( I, Insoluble in DMSO.

, Obtained from Aldrich.

To assay the phosphodiesterase activity,
70� a modified version of the method of

., C, Butcher and Sutherland was employed
;i� (19). This procedure consists of two reac-

( tions:

Crotalus atrox
- AMP a adenosine + P,

venom

and the resulting nucleoside was separated
50’�- from unreacted nucleotide by anion ex-

. C, I’ change chromatography..30 � The reaction mixtures contained 6 mi��

magnesium acetate, 25 mM Tris-HC1, (pH
7.5), 25 mM imidazole (pH 7.5), enough [8-

‘4C] cAMP to yield i0� cpm, 2 mM-50 mM

non-labeled cAMP, 5 mi�i-1000 nmt flavo-
noid or other inhibitor, 0.5% DMSO, and
enough water to yield a total volume of 0.45
ml. The excess of Mg2� ensured that the
flavonoids could not affect enzyme activity
by chelation. The imidazole activated the
enzyme, and control experiments done in
its absence suggested that flavonoids do not
interfere with this activation. To begin the
assay, the reaction mixtures were warmed
in a shaking bath to 37#{176}and the first reac-

tion was initiated by the addition of 0.05 ml
of the phosphodiesterase diluted in 0.25 M



TABLE 3

Inhibition of liter fluke cyclic nucleotide phosphodiesterase by 16 non -fiwonoid compounds

Trivial name Systematic name � Inhibition’

9-Xanthenone 7#{216}((

hy -

3-Isobutyl-1-methylxanthine

4,9-Dimethoxy-7.methyl-5H-furo[3,2-g][llbenzopyran-5-one

6-Hydroxy-7-methoxy-5-benzofuranacrylic acid iS-lactone

IO-[3-(4-Methylpiperazin- 1-yl)propyll-2-trifluoromethylphen-

othiazine hydrochloride

Xanthene

Menadione”

Dimethyl pyrone”

Coumarin”

Pyrone”

Chalcone”

Anthrone”

65 ± 1’�
55Cr

45C(

45((I

4O�i

:w
30n(

3O�

15C(

5((

.‘ See footnote a, Table 1.

4’ Inhibition measured at an inhibitor concentration of 85 tiM.

Inhibition measured at an inhibitor concentration of 1(X) �tM.

“ Obtained from Aldrich.

(. Obtained from Sigma.

‘ Obtained from Smith, Kline, & French.

g Obtained from K & K Labs Division, ICN.

4, Inhibition measured in a saturated solution with an inhibitor concentration less than 25 ;IM.
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Xanthone’

IBMX’

Khellin’

Methoxsalen�

Trifluoperazine’

drochloride

Xanthene”

2- Ethylchromone

2-Carboxvchromone

2-Methyl- 1,4-naphthoquinone

2,6-Dimethvl-4H-pyran-4-one

1 ,2-Benzopvrone

4H-Pyran-4-one

1,3-Diphenvl-2-propen- 1 -one

9,1O-1)ihvdro-9-oxoanthracene

n-Naphthoflavone

fl-Naphthoflavone ______

sucrose to hydrolyze a maximum of 30% of
the substrate in the subsequent 10 minute
incubation. After this incubation, the reac-
tion was stopped by adding 0.05 ml of 0.1
M NaEDTA. Immediately the second re-
action was begun by adding 0.1 ml of Cro-

talus atrox venom, suspended at 5 mg/mi
in 0.05 M Tris (pH 7.5). After another 10
minute incubation, the reaction mixtures
were removed from the shaking bath, 0.35

ml of 0.1 mM adenosine was added to each,
and 0.8 ml of the resulting mixtures were
placed on anion exchange columns over
scintillation vials. Once these mixtures ran
through, the columns were eluted with 4 ml
of 20 mM ammornum formate. Finally, 5 ml
Instagel was added to each scintillation vial
and the samples were counted for 10 mm-
utes in a liquid scintillation spectrophotom-
eter. For blanks the phosphodiesterase was

added just after the NaEDTA and snake
venom. A standard inhibitor, IBMX, was

included in each set of assays as an extra
control. Further information on this proce-

dure can be found in a previous publication
(18).

Theoretical. It is not obvious why the
biochemistry of flavonoids should resemble

the biochemistry of cAMP. Neither struc-
tural formulas nor molecular models reveal
any clear similarities between the mole-
cules. To determine if there might be more
subtle electronic similarities between

cAMP and the flavonoids, quantum me-
chanical calculations were carried out for
eight flavonoids; cyanidin, quercetin, fla-
vone, myricetin, morn, robinetin, fisetin,
and flavanone; three related compounds:
xanthone, xanthene and pyrone; and

cAMP. These compounds were chosen be-
cause they allow investigation of the effects
of exocyclic modifications retaining a fla-
vone skeleton (flavone, quercetin, myrice-

tin, morin, robinetin, and fisetin) as well as
effects of modifying the skeleton (cyanidin
versus quercetin; flavone versus flavanone,
xanthone, xanthene, and pyrone). Two in-

terrelated questions were addressed by
these calculations. First, the possibility that

the flavonoids might mimic qualitatively
cAMP in their conformations, charge dis-
tributions, nucleophilicities, or electrophil-




