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SUMMARY

Based on the pharmacophoric relationship heterocycle-phenyl-
imidazole (H-P-I) and upon consideration of several potent inhib-
itors of cardiac cAMP phosphodiesterase, a topographical model
of this receptor is proposed. The model consists of two binding
sites which interact with H, two steric features, preferential

rotation of P away from coplanarity with H, and a binding site for
an electron-rich system (I). It is supported by molecular modeling
studies and accommodates a variety of inhibitors. It also encom-
passes the active site of the enzyme and can distinguish cAMP
from cGMP as substrates.

In pursuit of cardiotonic drugs (1) which act through selective

(2), competitive (3) inhibition of cardiac cAMP PDE III,’ we

became interested in the structural details of this receptor.

Based upon the SARs for the pyridazinone series 1 , it recently

has been suggested (6) that this receptor has a “generally flat

topography” which contains binding sites for a “dipolar

moiety,” an “adjacent acidic proton,” and a “hydrogen bonding

region.” In addition, because lb exhibits greater inhibitory

potency than either la (imazodan) or lc (7), a “small lipophilic

space” was proposed to reside above the general plane and

opposite the site for the acidic proton (Scheme 1). It is apparent,

however, that this model cannot explain SARs for the inhibitors

represented by 2 where increased potency is similarly observed

for 2b (milrinone) compared to 2a and 2c (8), even though the

alkyl group R now resides on the wrong side for interaction

with the purported lipophilic space.

Alternatively, we have proposed2 that the small alkyl groups

influence the conformation between rings I and II (Fig. 1) such

that their importance at either R or ‘ is to rotate the rings

away from coplanarity. It follows that, in our model, the pre-

ferred pharmacophoric relationship reflects a nonplanar recep-

tor topography. This possibility has also been implied by Wells

et al. (9) after considering xanthines and, more recently, by

I Also referred to as low K,. or high affinity cAMP PDE, FIll PDE (4), or type
IV PDE (5).

2 Presented in part by P. W. Erhardt at the IXth International Symposium on

Medicinal Chemistry, September 1986, in West Berlin, FRG. Abstract number
111.

Leclerc et al. (10, 11), who considered quinolone derivatives.

The latter suggest that the pharmacophoric relationship for

rings I and II in la is about 12’ away from coplanarity (12).

We have reported (13, 14) that certain heterocycle-phenyl-

imidaZoles (H-P-Is) exhibit inotropic activity through inhibi-

tion of PDE. One compound, 3, is an extremely potent inhibitor

(14) and represents an ideal ligand to model this receptor. We

now describe theoretical and molecular modeling studies which

have led to a topographical model of the cardiac PDE III

receptor and its active site.

Experimental Procedures

Theoretical studies. Calculations were preformed on fragments 4
and 5 as models for compound 3 (Scheme 2). The semiempirical

MNDO and AM1 methods of Dewar and co-workers (15, 16) were

implemented in a version of MOPAC3 modified by J. McKelvey,4 and

Version 1.00 of AMPAC,5 respectively. Except as noted in the text, the

atoms of, and bonded to, the imidazolone ring were constrained to

coplanarity while all other geometric parameters were relaxed. Ab initio

Hartree-Fock calculations via GAUSSIAN 826 programs with the STO-

3G (17) basis set were performed for the optimized geometries of the

3 Dewar Group, University of Texas at Austin.
4 Personal communications with J. McKelvey, Eastman Kodak, Rochester,

NY.
5 Quantum Chemistry Program Exchange, Program 506, Indiana University,

Chemistry Department.
S j� � Binkley, M. J. Frisch, D. J. DeFrees, K. Raghavachari, R. A. Whiteside,

H. B. Schlegel, E. M. Fluder, and J. A. Pople, Carnegie-Mellon University.
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Fig. 1. Nonplanar conformation resulting from the presence of alkyl
groups at R or R ‘ . X, Y, Z, P, and unsaturation can be adjusted to

accommodate structures such as 1-3 and many of the other new

cardiotonic drugs thought to inhibit cAMP POE.

semiempirical schemes. The notation Al lB designates an energy

calculation with method A using the structure obtained from method

B.

Molecular modeling. Matching studies were performed as follows.

Structures 7-9 were entered into CHEMLAB-II7 and their geometries

were optimized by molecular mechanics. Compounds 7 and 8 were

matched with the indicated (5a) atoms essentially overlapped. The

ethyl group in 7 was then rotated at 45’ intervals through 360’ while

the methyl carbon atom in 8 was allowed to search for potential overlap

(5b) at each interval via appropriate bond rotations. The methyl

carbons of structures 8 and 9 were similarly matched with rotations at

45’ intervals of the ethyl group of 9. The energies of the conformations
resulting from successful matches (average deviations � 0.5 A) were

again calculated using molecular mechanics. In all cases these energies

Theoretical studies. At the MNDO/ /MNDO level, the

lowest energy conformation of 4 (Table 1, row [1]) has both

the imidazolone (I) and phenyl (II) groups rotated =-60#{176}away

from the carbonyl group. Forcing the imidazolone and ketone

portions to lie in one plane during optimization results in a

conformation (Table 1, row [2]) that is 1.5 kcal/mol less stable

than the lowest energy conformation and causes the phenyl

ring to become nearly perpendicular to the plane of the imida-

zolone ring. When the benzoyl portion is constrained planar

(Table 1, row [3]), the imidazolone ring is nearly perpendicular

to that plane and unavailable for hydrogen bonding such that

the energy is 2.2 kcal/mol higher than that of the lowest energy

conformation. The STO-3G calculations using these structures

(STO-3G/ /MNDO) suggest that 4 prefers the imidazolone

and ketone portion to be coplanar, allowing a hydrogen bond
length of 2.58 A. Such stabilization due to hydrogen bonding
at this level ofcalculation is expected. Within the AM1 scheme,

the lowest energy conformation has rings I and II rotated 29�

and 37#{176}away from the carbonyl group, and the energies for the

relaxed and constrained conformations (Table 1, rows [1] to

[3]) span 0.9 kcal/mol. At the STO-3G/ /AM1 level, the

planar-benzoyl conformation is the most stable of the AM1

structures (-=1.4 kcal/mol lower in energy than the one in which

the ketone is in the plane of ring 1). Again, it can be noted that

rings I and II are still significantly rotated from coplanarity.

Most important, with all methods, the fully conjugated confor-

mation (Table 1, row [4]), where rings I and II would be

coplanar, is predicted to be unstable by a range of 9.2-19.8

kcal/mol. While all calculations performed on fragment 5 (Ta-

ble 2) suggest that the imidazole ring (III) prefers to rotate

away from ring II, the energy barrier to its rotation tends to be

small, such that a generalized statement about the conforma-

tional relationship between rings II and III is not appropriate.

The theoretical calculations are in line with published (14)

X-ray and NMR data for 3. In the crystalline state, angles A,

2 Erhardtetal.

7 Revision 8.0; Molecular Design Limited, San Leandro, CA.

Ringil N

Ring III

Ris� �

2. � = -P4�,N (Ring III) 5

R = Et

4 P=H

R = Et

were found to compare favorably with the initial energies (differences

� <1 kcal/mol).

Results
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.c=4c�”N”,c4’c3
a The STO-3G values were derived from a least squares fit of the results of

several optimizations, where C is constrained at selected values, to a cosine Fourier
expansion truncated to three terms.

2.

I.

8

N

,M

. As determined from data contained in Refs. 7, 8, and 18. Tests in our
laboratories have shown that the same trends in potency are observed for cAMP
POE inhibition.

a Most potent compound in series 1.
C Most potent compound in series 2.
a Enoximone.

. Most potent compound in series 6.

4

A Model of the Cardiac cAMP Phosphodiesterase Receptor 3

TABLE 1

Theoretical study of 4

zation constraints

MNDO optimized geomethes PAll optin�zed geomethes

Optimi Dihedr� angles’

A B

Relative energy

A

Dihe� angles

B

Relative en�gy

MNDO/ /MNDO STO-3G/ /MNDO AM1/ /AM1 STO-3G/ /AM1

[1]
[2]
[3]
[4]

A
B
A

=

=

=

O�
0#{176}
B = 0#{176}

degrees

-57
0

-90
0

-63
-88

0
0

kcal/mo!

0.0 2.9
1 .5 0.0
2.2 1.4

1 9.8 8.6
-

degrees

-29
0

130
0

-37
-87

0
0

kcal/mol

0.0 0.3
0.3” 1 4b

0.9 0.0
1 1 .4 9.2

A = �t N,c5c.o7 Wld B 4 c2’c,’c6o7.

a In this optimization, the value of the dihedral angle that the ethyl group makes with c4c5 is fixed at -135#{176} (i.e., the result of the AM1 optimizations � and [31);

without this additional constraint, the value of this dihedral angle is 1 80#{176}and the AM1/ /AM1 and 5T0-3G/ /AM1 relative energies are 0.0 and 2.6 kcal/mol, respectively.

TABLE 2

Theoretical study of 5

Method of calculation
Minimum en&gy

dihedr� angle
C.

Barrier

� � �

to rotation

� -

MNDO/ /MNDO
degrees

90 3.8

kcal/mo!

0.0
AM1/ /AM1 26 0.3 1.6
STO-3G/ /MNDOb 35 0.9 2.3
STO-3G/ /AM1 b 35 1 .0 2.4

TABLE 3

SARs for alkyl substituents R or R’

Compound RorR’
Relative potency
(dp/dt)invivo,

�a

la H 0.3
lb CH3 10b

Ic CH2CH3 0.01
2a H 0.01
2b CH3 1.0c
2c CH2CH3 0.3
2d CH2CH2CH3 0.05

6a H 0.1
6b” CH3 0.6
6c CH2CH3 1.0
6d CH2CH2CH3 0.06

B, and C were previously found to be -20#{176},��33a, and 31#{176},

respectively, which agrees most closely with the AM1/ /AM1
calculations. For solutions of 3 and 4 in deuterated dimethyl
sulfoxide, the NMR chemical shifts of the ring II ortho and
meta/para protons were within 0.06 ppm, suggesting that ring
II is rotated from, and is not conjugated with, the carbonyl
moiety since conjugation would tend to separate these reso-

nances (e.g., 0.5 ppm separations are observed for acetophen-

one). It should be noted that, although the magnitude of rota-
tion for ring II can be estimated to be in the range 15-45#{176},the
sense of rotation (clockwise or counterclockwise) relative to the

plane established by ring I cannot be specified from any of
these studies.

CH3

L;#{231}�

Fig. 2. Stenc hypothesis and probe of receptor surface on the same side
as the acidic proton. Matching of model structures 7 with 8 (atoms
matched indicated by a) is shown. Average deviations for matched atoms
were: 0.03 A (a) and 0.33 A (b). The distance of the match point (b) from
the plane of heterocycles is 0.1 1 A. Also note the closeness of electron
density at region c.

Molecular modeling studies. The SARS associated with
the alkyl group R in 1 and 2, and for analogous substitution in
3 and the related imidazolones 6 (18), provide additional in-

sight about receptor topography. As shown in Table 3, al-

though a small R group such as methyl in 1 and 2 or ethyl in

6 improves potency, activity then decreases sharply when the

alkyl is further lengthened by one carbon in each of these

systems. It seems reasonable that these abrupt decreases in

potency result from collision with common steric boundaries

on the receptor surface. The simplest model for such interac-

tions would be for the terminal methyl group present in lc and
the terminal methyl of 6d to collide with a similar boundary

located on the same side as the acidic proton and, because it is
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4 Erhardtetal.

N

Fig. 3. Steric hypothesis and probe of receptor surtace on the side opposite to the acidk proton. Two matches of model structures 8 with 9 were
found (atoms matched indicated by a). Average deviations for matched atoms are: 0.03 A (a), 0.35 A (b), and 0.48 A (C). Distances of match points

b and c from the plane of heterocycles are 0.67 A and 1 .57 A, respectively. Also note closeness of electron density at region d.

possible for the imidazolone ring in 3 or 6 to offer either NH

to the receptor, for the terminal methyl in 6d and the terminal

methyl of 2c to collide with a second boundary located on the

side opposite to the acidic proton. As a test of this proposal,

and to define the three-dimensional space potentially occupied

by such protrusions, pairs of model compounds 7 and 8, and 9
and 8 were compared by molecular modeling techniques. The

results from these comparisons are shown in Figs. 2 and 3.

First, since significant overlaps were found, these studies sup-

port the notion that at least two steric protrusions may bd

present at this receptor and that they act to diminish the

inhibitory potency observed for structures such as 1-6. Second,

the distance between the matched methyl carbons and the

carbonyl carbons is approximately 4.0 A for 7 with 8, and

approximately 4.6 and 5.0 A for the two matches of 9 with 8.

The distances of these match points from the plane of the

heterocyclic ring were approximately 0.11 A, 0.67 A, and 1.57

A, respectively. Thus, the relative three-dimensional relation-
ships between the two purported steric protrusions and the

heterocyclic ring I of 1, 2, and 3 have been defined. While the

actual size of the protrusions cannot be determined, it is ap-

parent that no protrusions can extend closer to the acidic

proton-binding site unless they then form a pocket which

interacts favorably with appropriate alkyl ligands (e.g., with

lb. 2b, and 6c). Since the alkyl overlaps were found to occur

near the plane established by ring I, it follows that ligands

which are fully unsaturated in ring I, and thus rigidly hold their

substituents in this plane, should experience greater constraint

than their saturated analogs when they possess steric bulk at

R or R ‘ . Previously reported (7, 19) SARs support the latter

possibility in that this type of unfavorable interaction appears

to negate the potentially beneficial conformational effect re-

sulting from such substitution in fully unsaturated versions of

1 (e.g., various pyridazinone derivatives). Finally, there is a

similar electron-rich center in each of the molecules as shown

in Figs. 2 and 3. Based on this observation and on results from

our laboratory, where fully saturated versions of ring I (e.g.,

pyrrolidinones) were found to be inactive as cardiac PDE

inhibitors,8 we propose that this electronic similarity also re-

flects an important receptor-binding region for ring I.

While the steric protrusions are something to be avoided,

they could extend toward the region of ring I and in that

location form a pocket which binds appropriate alkyl groups at

R or R’ in a manner similar to that originally proposed by

Bristol et al. (6). Similarly, they could extend toward the region

of ring II and in that location form the pocket which binds ring

II. In this regard, the SARs for compounds related to 3, in

which ring II has been replaced by alkyl chains of varying

lengths connected to a terminal imidazole, suggest that the

S Details concerning the chemical synthesis and biological evaluation of these
compounds are in preparation for publication elsewhere.
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A
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Fig. 4. Topographical model of the cardiac cAMP POE receptor shown in three-dimensional (A) and overhead (B) views. Features (whose centers

have the indicated x, y, z coordinates in A) include: I (0, 0, 5.4 for center of negative region), dipole-binding site; Ia (-1 .4, 0, 4.6), location of other
heteroatom of the resonance hybrid; 2 (-0.6, 0, 3.2), binding site for electron-rich center present in antagonist molecules; 3 (-1 .0, -2.0-3.0, 0),
binding site for aromatic ring (note that a benzene ring has been used to depict this site in order to show the -15-20#{176} angle of the yr-electron cloud
that is thought to be optimal for its interaction with ligands); 4 (4.0, 0.7-1 .6, 3.2), stenc protrusion; 5 (-4.4, 0.1 , 3.2), steric protrusion; 6 (0, -0.5-
1 .5, ca. -2.5 to -4.0), binding site for electron-rich system such as imidazole. The rigid representations of this model are not meant to imply that a
more dynamic relationship, such as mutual molding, is not also operative during drug-receptor interaction.

presence of an aryl ring, or possibly just unsaturation, may be

requisite since the alkyl chain compounds are devoid of PE�E-

inhibitory activity (see Footnote 8).

The final binding site necessary to accommodate the phar-
macophoric relationship H-P-I is that which interacts with the

imidazole ring (III) or some related electron-rich functionality.

Since the quaternized imidazolium analogue of 3 is completely

inactive (14), ring III is probably unprotonated when interact-

ing with this site. The X-ray structure for 3 shows that, relative

to the phenyl ring, the imidazole group is rotated back toward

the plane of ring I (14). A similar preferred conformation

between rings II and III was obtained from theoretical studies
on compound 5, although barriers to rotation were found to be

small. The analog having a methylene group between rings II

and III shows reasonable activity (14), suggesting that this final

site is less restrictive in its spatial accommodation of an elec-

tron-rich pharmacophore. Alternatively, substitution with

small alkyl groups on the phenyl ring ortho to the Il-Ill bond

or at any position on the imidazole ring tends to decrease
potency (14) such that the binding site in this region may,
indeed, be sensitive to steric or spatial constraints.

The topographical model. Assembly of the receptor sites

affords the topographical model depicted in three-dimensional

fashion and as an overhead view in Fig. 4. The Cartesian

coordinates are specified in A. The overhead view is obtained

by looking directly down the y axis toward the xz plane. Fig. 5

depicts the interaction of molecules lb, 2b, and 6c with the
receptor model (overhead view). Alternatively, it is apparent

that for each of these cases, adding one more methyl group to

the alkyl substituent (to give the less active compounds ic, 2c,

and 6d) would present steric problems with protrusion site 4

or 5.

Discussion

It is important at this point to challenge the receptor model

with structurally varied PDE inhibitors which might not, at

first glance, be accommodated. A tabulation of the newer car-

diac cAMP PDE inhibitors has appeared recently (1). Inspec-

tion ofthese structures reveals striking similarities in that most

conform to the general structure depicted in Fig. 1. Particularly

important is that both an acidic proton and a dipole moiety are

in the specific relationship required by this recognition site on

the receptor model and that most of the structures possess an

electron-rich region that can interact with site 2. Such corn-

pounds are reasonable candidates for interaction with the re-

ceptor model in a manner analogous to that depicted for 1, 2,

and 6. The most challenging of these structures would he
compounds in which the rings analogous to I and II are con-

nected in bicyclic or tricyclic arrangement and, therefore, could

be constrained in a relationship that may not be compatible

with the model. As a representative of this type of PDE inhib-

itor, compound 10 (OPC-8212) (20) was constructed (Dreiding

model) and placed on an overhead view of the receptor (1 cm

= 0.4 A). This result is recorded in Fig. 6 and shows a reasonably

good fit for 10. Ring II resides at an angle approximately 20#{176}

from the plane established by the ring I dipole and electron-
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A B

9 “Side views” of various structures, as they pertain to interaction with the
receptor model, result from the observer looking essentially along the z axis

toward the xy plane. The terms “behind,” “above,” and to the “right” also relate
to this view of the model.

6 Erhardtetal.

Fig. 5. Pictures showing the favorable interaction between Dreiding structures (1 cm = 0.4 A) of lb (A), 2b (B), and 6c (C) on the overhead view of
the receptor model. Note that interaction with site 3 (and perhaps site 6) actually occurs from the top side of the Dreiding structure rather than from
below, as for sites 1 and 2 (this pertains to all following figures.as well).

rich sites (side view9 in Fig. GB). As a test of this mode of be nearly as potent as 10 as an inhibitor of cAMP PDE and

binding for 10, we prepared compound 1 1, which should retain
activity even though the elaborate substituent group has been

drastically changed (Scheme 3). Compound 1 1 was found to

slightly more potent in producing positive inotropy in vitro (see

Footnote 8). The quinazolinone 12 (ORF 16600) (21) and the
more linear system 13a (anagrelide) (22) represent rigidly

planar versions of rings I and II. However, as shown in Fig. 7,

when these compounds are fitted on the receptor model, the
dimethoxy or dichloro substituents actually play the role of
ring II and interact with site 3. Presumably, the methoxy

oxygens or chlorine atoms are oriented so that their lone pairs
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A B

20’

Fig. 6. Picture showing the favorable interaction between a Dreiding structure of compound 10 on the receptor model (A). Also presented (B) is a
side view of 10 that shows an approximately 20#{176}deviation between the plane of the amide and the plane of the benzene ring.

10 In addition, the in-plane electrostatic potential map for the xanthine system,
as represented by caffeine, does not resemble those depicted in Fig. 1 1A (as

discussed later).

11 It should be noted that in this analysis, protrusion 5 becomes similar to the
“sterically hindered site” in the receptor model published by Wells et al. (9).

A Model of the Cardiac cAMP Phosphodiesterase Receptor 7

can interact favorably with site 3. In line with this analysis,

the recent papers by Venuti and co-workers (23, 24) suggest

that, while the parent heterocycle (three-ring nucleus of 13) is

unimpressive as a cAMP PDE inhibitor, the oxybutyramide

side chain (seemingly capable of enchancing interaction with

sites 3 and 6) as in 13b (RS-82856) provides an “unambiguous

advantage” in potency.

Sircar et al. (25), in a recently published extension of their

earlier work (6, 7), have also examined rigid, planar analogs of

1 . They report that compounds l4a and 15 have activity (in

vivo canine data) comparable to that of la and again conclude

that a “generally planar ring structure is desirable for maximum

positive inotropic activity.” Alternatively, Cignarella et al. (26),

for the same ring system (e.g., 14b and c), conclude that

“embodying the freely rotating phenyl ring into rigid quasi-

planar structures” appears to result in “substantial differences

in drug-receptor interactions” (in vivo rat data). Fig. 8 shows

how our model can accommodate structures 14 and 15. Similar

to compound 10, the “quasi-planar” relationship between rings

I and II in 14 deviates --20” from coplanarity (Fig. 8B, side

view of 14a). For 15, however, its Dreiding model is rigidly

planar and it is necessary to perform theoretical calculations

to determine its conformational flexibility. For this purpose,

structure 16 was employed as a model of 15 and was subjected

to molecular mechanics calculations. The costs in energy to

bring the pyridazinone ring approximately 10#{176}and 20#{176}away

from coplanarity with the phenyl ring in 16 are 1.6 and 6.5

kcal/mol, respectively. Such energies are probably obtainable

at physiological temperature (--1 kcal/mol) during interaction

with a receptor when other energetically favorable processes

also occur (-�5 kcal/mol). Therefore, these structures would be

predicted to be active, although they should be weaker than

compounds that have preferred conformations rotated approx-

imately 15-20#{176}from coplanarity. Interestingly, compounds in

which the preferred conformations are rotated significantly

higher than -20” (e.g., 3) may also have to pay a modest energy

toll to interact with site 3, although their enhanced rotational

flexibility would allow such costs to be substantially less than

for the rigid systems.

A different challenge for the receptor model is posed by the

xanthines 17. For the latter, SARs (9) reveal that, even when

all nitrogen atoms, which might have otherwise provided an

acidic hydrogen, are substituted as in 1 7b, PDE inhibitory

potency is maintained.’0 Therefore, these heterocycles probably

do not bind like ring I of structures 1-3. Instead of using

receptor sites 1 and 2, the xanthines may interact with sites 3

and 6 as well as with other sites which are as yet unmapped in

our receptor model. A possible binding mode is shown in Fig.

9. In this arrangement the orientation of the dipole for the

xanthine system (27) is directed so as to lie nearly along the

bisector of the x and negative z axes and is similar to that for

the adenine nucleus (28) as discussed later. As a test for this

mode of binding, an interpretation of the general SARs (9) for

xanthines was made through inspection of our model (Scheme

4). At xanthine positions 1 and 3, a lipophilic substituent

enhances activity (unobstructed areas on the model), whereas

substitution at position 8 dramatically reduces activity (protru-

sion 5)”, with electron-withdrawing substituents being the
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worst offenders (binding site 3 prefers an electron-rich system).

It is also important to ask whether the receptor model, even

though it is derived from inhibitors, can accommodate the

endogenous substrate cAMP (18) and, if so, whether it distin-

guishes cAMP from cGMP. Fig. 10 addresses these considera-

tions. First, in order to align the phosphate for interaction with

the resonance dipole-binding site 1, cAMP must turn its sugar

and phosphate rings perpendicular to the plane established by

this site. Since this positions these rings so as to offer their

most narrow width in this region, it supports the notion that

there may be a groove or pocket for binding sites 1 and 2 which

is situated between two walls or protruding steric features (sites

4 and 5). The “anti” conformation shown in 18 (Scheme 5),

which is thought (29) to be the preferred conformation for

cAMP, then allows the imidazole ring portion of�ts adenine to

interact with the electron-rich binding site 3. Furthermore, as

shown in the side view of cAMP (Fig. lOB), the imidazole

portion of the adenosine ring is approximately 5.0 A behind

(see Footnote 9) the phosphate oxygen of the acidic OH group’2

2 ‘I’hese distances and angles are similar to those specified in the receptor

model published by Leclerc et a!. ( 10) where: a distance of 5 A is specified between

the nitrogen atom of the acidic amide NH and the center of the electron-rich

phenyl system; the angles between the two planes vary from about l5� to about

45� for variouscompounds, and the distance between the two planes varies from

about 0.5 to 1 A.

and lies at about a 15-20#{176}angle and 1.5-2.0 A above (see

Footnote 9) the plane established by the phosphate phosphonyl

and acidic OH group (see Footnote 12). This relationship

correlates remarkably well with the notion that preferred bind-

ing of the phenyl groups (ring II) in the various inhibitors

occurs when the phenyl rings are able to rotate so as to raise

one edge slightly above the plane established by their hetero-

cyclic rings (I) and, perhaps even more importantly, to turn

their ir-electron cloud at about a 15-20#{176}angle from the perpen-

dicular to this plane (see Fig. 10). Finally, the remainder of the

adenine nucleus lies about 1.0 A above the plane and near site

6 which correlates with the suggestion that binding site 6, when

compared to 3, is closer to the plane of sites 1 and 2. Binding

site 2 is not utilized by the substrate and, therefore, appears to

be associated only with inhibitors. Alternatively, it is likely

that there are other binding sites utilized by the substrate, for

example, a specific site for recognizing the amino substituent

of cAMP. Such an amino substituent site would be located near

the axis of the dipole and a few A behind or further away than

site 6. From this analysis, the sense of rotation as shown in

Fig. 4 appears to be the correct one. In addition, it seems

reasonable to speculate that if binding site 3 (and perhaps site

6) protrudes from above as opposed to originating from the

same plane as sites 1 and 2, then cAMP and the various

inhibitors can be thought of as trying to reach up to this site

as they interact with site 1. This, then, explains why both
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A

Fig. 7. A. Picture showing the favorable interaction between a Dreiding structure of 12 and the receptor model. Note that the aromatic-oxygen
bonds can rotate so as to place the oxygen lone electron pairs in an approximately 20#{176}angle from the perpendicular to the general plane of the
molecule. B. Similar picture showing the favorable interactions with structures 13a and b.

A

H- Niuui..�c

I
0

C

Is.

20

Fig. 8. Pictures showing the interactions between Dreiding structures of 14a and 15 with the receptor model (A), a side view of 14a (B), and a side
view of 15 (C) for its twisted conformation that is -‘-6 kcal/mol higher in energy than its planar conformation.

A Model of the Cardiac cAMP Phosphodiesterase Receptor 9

H-N��’

conformationally flexible systems and semi-rigid systems can

show inhibitory activity, i.e., it is not requisite for these struc-

tures to be flexible in order to avoid and adjust for a binding

protrusion originating from the same plane as sites 1 and 2.

At this point a brief discussion concerning the relative acid-

ities of the various heterocyclic systems (ring I) versus the

cyclic phosphate present in the substrate is necessary. The pK

for the imidazolone in 3 is approximately 12 and this ring is
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Fig. 9. Picture showing the favorable interaction between a Dreiding
structure of 17a and the receptor model.

Scheme 4

17a RH

R=Me

largely nonionized at physiological pH, whereas the pK for

phosphate is approximately 2 and this group is essentially

completely ionized at pH 7.4. While one can argue that the

actual receptor site is microscopic and does not need to obey

the laws ofbulk solution (i.e., the phosphate may be nonionized)

or that site 1 contains a group that has substantial amounts of

both protonated an’l unprotonated equilibrium forms at phys-

iological pH (e.g., an imidazole residue), the receptor must be

able to locate and attract its specific substrate in the biological

milieu of the cell and, therefore, it is most appealing to consider

that site 1 bears a positive charge (or partial positive charge)

in order to assist in this initial recognition and attraction

process for an anionic phosphate group. Nevertheless, since the

nonionized heterocycles (I) and ionized phosphate form strik-

ingly similar resonance dipole systems, as shown in Fig. hA,

it is this analogy which is utilized in our topographical model

to depict recognition site 1. In this regard, however, we do not

mean to imply that more complicated interactions should be

ruled out. For example, the alternate binding schemes depicted

in Fig. 11, B and C, seem reasonable, and one of these could,

instead, be operative. The involvement of Mg�� in these

schemes derives from the requirement (30, 31) for this ion to

be present during measurement of PDE hydrolytic activity.

The proposed alignment of cAMP has some literature prec-

edent. During their analysis of buquineran, 19a (Scheme 6),

Campbell et al. (32) also considered various binding schemes at

the active site of PDE and similarly concluded that the carbonyl

function in 19a may act “as a surrogate electrophilic center in

place of the natural phosphate moiety.” Furthermore, theoret-

ical calculations for 19b “revealed that the piperidine ring and

the quinazoline nucleus lie at an angle of Ca. 20”” away from

coplanarity.

For cGMP, which prefers a “syn” conformation (9, 29), it is

obvious that if the cyclic phosphate is aligned near site 1, site

6 cannot be utilized for binding. Even when cGMP is placed in

an “anti” conformation (Fig. 1OC) similar to cAMP, its guanine

amino group is located too far to the right (see Footnote 9) to

be associated with either site 6 or the nearby binding site

specific for the amino group on cAMP. When the alternate

“anti” conformation is adopted (Fig. 1OD), so as to place its

amino group close to site 6, the electron-rich imidazole area is

now too far to the right to interact with site 3, and there is an

apparent collision with protrusion 4. Therefore, our model of

the cardiac cAMP PDE receptor does not accommodate cGMP

as a substrate, and this finding is in accord with the report (3)

that cGMP is poorly hydrolyzed by this enzyme. It should he

noted that in this analysis the requirements for binding and

hydrolysis of the phosphate systems in cAMP and cGMP have

been treated in a similar fashion. That the corresponding PDEs

have conserved these features associated with their identical

functional activities and rely on binding differences of the two

purines for their substrate specificity seems reasonable. Alter-

natively, if cGMP were to give up its interaction and potential

hydrolysis at the functional site 1 and, instead, adjust solely

for favorable interactions with sites 3 and 6 (Fig. bE, “syn”

conformation) in a manner similar to the xanthines, its binding

could then result in competitive inhibition of cAMP. This,

again, is in accord with the literature which indicates that

cGMP, although not a substrate, is a competitive inhibitor of
this enzyme (3, 33).

In conclusion, our topographical model of the cardiac cAMP

PDE receptor can be described by the following features. 1) A

general plane which contains a binding site for a resonance

dipole moiety (site h) similar to an acidic amidic or phosphate

function and a binding site (2) for an electron-rich center

similar to a double bond. The heterocyclic rings present in

several of the cAMP PDE inhibitors tend to interact with these

sites in a planar fashion. Alternatively, the general plane estab-

lished by the phosphate ring and sugar ring in cAMP sits

perpendicular to the plane of these binding sites, thus allowing

the phosphate dipole portion to interact in an appropriately

planar manner with site 1. Whereas site 2 is not utilized by the

substrate, additional unmapped sites for the oxygen atoms

present in the sugar ring are likely to be present in this region.

2) A binding area (site 3) which interacts with ir-electrons when

the latter are turned at an angle approximately 20” from the

perpendicular to the plane established by sites 1 and 2. This

site probably protrudes from the top of the receptor pocket

such that conformationally flexible inhibitors tend to turn their

aryl functions slightly clockwise (as viewed down the z axis or

dipole function from negative to positive as it sits on site 1) for

optimal interaction. Whereas the substrate is inherently poised
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A B 11

D
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HOP Plane

0

Fig. 10. Pictures showing: A, the favorable interaction of a Dreiding structure of cAMP with the receptor model; B, a side view of cAMP with the
angle of its adenine jr-electron cloud highlighted; C and 0, unfavorable attempts to align cGMP with the model; and E, a possible inhibitory binding
mode for cGMP.
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to interact with this site, an optimal interaction may not be

requisite for inhibitors since certain rigid, nearly planar systems

can demonstrate reasonable inhibitory activity. 3) Two steric

boundaries (4 and 5), one on each side of the region containing

sites 1 and 2, that limit the size of alkyl substituents which can

be placed on the heterocyclic rings of various inhibitors and,

also, probably serve to guide the phosphate and sugar rings of

the substrate perpendicularly into its pocket for optimal inter-

action of the phosphate dipole with site 1. These boundaries

may extend toward sites h and 2 and, thereby, form pockets

which can bind favorably with small alkyl groups, or they may

extend toward site 3 and thereby form part of that pocket. 4)

A site (6) nearly in the plane of sites 1 and 2, that interacts

with an electron-rich system similar to an imidazole or thio-

methyl group as present in certain inhibitors, or with certain

of the nitrogen atoms present in cAMP. The location of this

Scheme 5 site is probably critical in determining the selectivity exhibited

A

a
Fig. II. A. AM1 in-plane molecular elec-

B trostatic potentials of the imidazolone
(nonionized) portion of 3 (a) and the phos-
phate (ionized) portion of cAMP (b). B.

-.4.., Binding model showing receptor region 1

displacing the proton from the imidazo-

N .� lone directly (a) or via a Mg2� ion (b). C.
- ‘.,. #{188} Binding model showing the proton from

#{128}2‘, the imidazolone displacing the Mg2� at

b the receptor.

-H#{174}

I

It
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Scheme 6

CH3O

CH.

�j R: NHCONH(CH2)3CH3

R�H

toward both substrates and antagonists. Also important for

selectivity, it is likely that a region specific for the amino group

present in cAMP resides in nearly a direct line with the dipole

portion of site 1 and a few A further away than site 6.

The interaction of a ligand with our receptor model can be

expressed as a summation of the interactions with each of the

sites 1-6 where the contribution by each interaction is a func-

tion of both the site’s relative importance and the correctness

of the fit exhibited by the ligand for that site. In addition, some

mutual molding is likely, especially for the functional end (site

1) where hydrolysis of the substrate occurs.
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