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ABSTRACT
Mammalian phosphodiesterases types 3 and 4 (PDE3 and
PDE4) hydrolyze cAMP and are essential for the regulation of
this intracellular second messenger. These enzymes share
structural and biochemical similarities, but each can be distin-
guished by its sensitivity to isoenzyme-specific, substrate-
competitive inhibitors. We present a model configuration for the
PDE4 substrate (cAMP) and a PDE4-specific inhibitor (rolipram)
within the active site of the enzyme. The docked models were
also used to examine the structural consequences of mutations
that confer resistance to rolipram and other PDE4-specific in-
hibitors. The proposed rolipram-binding configuration is con-
sistent with the substrate-competitive nature of inhibition and
also provides a structural basis for the observed specificity of
binding to the R- versus S-enantiomer. For mutations that

render the enzyme rolipram-insensitive, there was generally an
inverse relationship between the magnitude of the drug resis-
tance and the distance of the altered residue from the predicted
binding site. We observed a direct correlation between the net
loss of protein residue interactions (van der Waals contacts and
hydrogen bond interactions) and the degree of rolipram resis-
tance. The positions of several drug sensitivity-determinant
residues define a surface leading to the substrate- and drug-
binding sites, suggesting a possible approach channel leading
to the enzyme active site. The binding of other PDE4 inhibitors
(high- and low-affinity) was also modeled and used to predict
the involvement of residues that were not previously implicated
in pharmacological interactions.

cAMP is a ubiquitous intracellular second messenger. Its
effects are principally mediated through the indirect activa-
tion of cAMP-dependent protein kinases. There are families
of enzymes that regulate cAMP synthesis (adenylyl cyclases)
and cAMP degradation [phosphodiesterases (PDEs)] (Hous-
lay and Milligan, 1997). The mammalian PDEs have been
categorized into 11 types relating to their substrate selectiv-
ity, kinetics, and pharmacological sensitivity (Francis et al.,
2000; Soderling and Beavo, 2000). PDEs across families
share considerable sequence similarity. Confined primarily
to the catalytic domain, these conserved residues are likely to
have direct or indirect involvement in cyclic nucleotide hy-
drolysis (Jin et al., 1992; Jacobitz et al., 1997; Owens et al.,
1997). Within PDE families, sequence identity is more exten-
sive, reflecting greater relatedness in their biochemical prop-
erties. PDEs are clinical targets for a range of biological
disorders, such as congestive heart failure, asthma, chronic
obstructive pulmonary disease, depression, retinal degrada-

tion, and inflammation (Conti et al., 1991; Teixeira et al.,
1997; Barnette and Underwood, 2000; Spina, 2000). There is
a particular interest in the enzymes encoded by PDE4 genes
(PDE4A, PDE4B, PDE4C, and PDE4D) in the search for
therapeutically useful inhibitors (Raeburn et al., 1994; Co-
han et al., 1996; Holbrook et al., 1996). Rolipram (4-[3-(cy-
clopentyloxy)-4-methoxyphenyl]-2-pyrrolidinone) is one of
the earliest and most extensively studied PDE4 inhibitors. It
has an IC50 of approximately 1 �M (lower under some con-
ditions) and shows at least a 100-fold selectivity for this PDE
family. Indeed, sensitivity to rolipram has become a defining
feature of these isozymes. As with other PDE inhibitors,
enzymatic inhibition is competitive with substrate. Attempts
to identify determinants of substrate- and inhibitor-binding
within PDE4 have included a variety of deletion, chimera,
and directed point-mutation studies (Jin et al., 1992; Pillai et
al., 1993; Atienza et al., 1999). In addition, an approach of
random mutagenesis coupled with rolipram-resistance selec-
tion has been used to identify drug-specificity determinants
within PDE4 (Pillai et al., 1993; Atienza et al., 1999). These
mutant enzymes display different degrees of sensitivity to
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rolipram, as measured by IC50 determinations and, in some
cases, drug binding assays. Among the studied PDE4 mu-
tants, W406R, M411K, E427G, C432G, V439L, V444E,
G445S, I450T, and V451L showed a slight reduction in sen-
sitivity to rolipram, whereas I410T, I410N, D241A, D241N,
Y403C, T407A, and F414S were affected more dramatically.
In the present study, we performed automated docking of the
cAMP substrate and rolipram inhibitor using the known
three-dimensional structure of the catalytic domain of hu-
man PDE4B (Xu et al., 2000) to understand the inhibition
effect of rolipram. Molecular modeling of these PDE4 mu-
tants on the docked models was conducted to better under-
stand their different degrees of resistance to rolipram. The
resulting model was used to examine other PDE4 inhibitors.
These studies may facilitate the design of therapeutically
useful compounds, as well as predict the involvement of
residues not previously implicated in pharmacological inter-
actions.

Experimental Procedures
The three-dimensional structure of human PDE4B and cAMP

were retrieved from the Protein Data Bank (http://www.rcsb.org/pdb;
accession codes 1F0J and 1NHK, respectively). Mark W. Orme pro-
vided (R)-rolipram coordinates. Automated docking simulation was
implemented to dock cAMP and rolipram into the active site of PDE4
with the program AutoDock version 3.03 (http://www.scripps.edu/
pub/olson-web/doc/autodock/; Goodsell et al., 1996; Morris et al.,
1998) using the Lamarckian genetic algorithm (Morris et al., 1998).
This method has been previously shown to produce binding modes
similar to the experimentally observed modes (Goodsell et al., 1996;
Sippl, 2000). AutoDock uses a simulated annealing procedure to
explore the binding possibilities of a ligand in a binding pocket. The
interaction energy of ligand and protein is evaluated using atom
affinity potentials calculated on a grid (Goodford, 1985). All ligand
atoms but no protein atoms were allowed to move during the docking
simulation. Before the docking procedure, water molecules and het-
eroatoms (magnesium and zinc ions) were removed from the protein
crystal structure. Atomic volume and atomic salvation parameters
were assigned to the protein molecule using the default values.
Hydrogen bonds were added, and partial atomic charges of PDE4,
cAMP, and rolipram were assigned using the program Insight II
(version 3.0; http://www.msi.umn.edu/bscl/tutorials/insight). The
atomic interaction energy grids for cAMP and rolipram were calcu-
lated using probes corresponding to each atomic type (C, N, and O)
found in these ligands. An atomic energy grid for the protein was
produced using the Lennard-Jones coefficients with 12-6 parameters
for all types of hydrogen atoms (polar and nonpolar). The grid map
consists of 60 points in each x, y, and z direction equally spaced at
0.375 Å. cAMP and rolipram were each docked into the active site of
PDE4 and the simulations were composed of 100 docking runs, each
of 50 cycles containing a maximum of 10,000 accepted and rejected
steps. The simulated annealing procedure was started at high tem-
perature (RT � 616 kcal/mol, where R is the gas constant and T is
the steady state temperature) and was decreased by a factor of 0.95
on each cycle. The 100 docked complexes were clustered with a
root-mean-square deviation tolerance of 1 Å. The program generated
100 rolipram- and cAMP-docked conformers corresponding to the
lowest-energy structures. A detailed inspection of the independent
cAMP conformers revealed that most (61%) had nearly identical
orientation. Although only one third of the rolipram conformers have
the same orientation, the remaining were situated too close (�2 Å) to
residues in the active site. One conformer from each cAMP and
rolipram cluster was adopted as the “consensus” structure and used
for further analysis. The atomic coordinates of the consensus cAMP
and rolipram models have been deposited in the Protein Data Bank

(http://www.rcsb.org/pdb; accession codes 1JP1 and 1JP2, respective-
ly).

Side chains in the wild-type protein were altered to those in each
mutant (Table 1) by using the rotamer library in the O software
(http://alpha2.bmc.uu.se/�alwyn/o_frameset.html; Wallace et al.,
1995). Alternate orientations were tested, but they were ruled out
because of geometric clashes with neighboring protein residues.
cAMP and rolipram were docked into the active site of each of the
refined PDE4 mutant structures, as described above. In addition,
van der Waals interactions and electrostatic contacts between cAMP
or rolipram and neighboring amino acid side chains were calculated
using the program LigPlot (http://www.biochem.ucl.ac.uk/bsm/lig-
plot/ligplot.html; Wallace et al., 1995).

Results and Discussion
The PDE4B structure is composed of 17 �-helices that form

three subdomains (Xu et al., 2000). A deep pocket in the
center of the carboxyl-terminal subdomain extends to the
junction of the three subdomains. The most highly conserved
residues across all PDE family members lie near this pocket.
The pocket has a volume of 440 Å3, large enough to accom-
modate molecules with sizes comparable with that of cAMP.
A comparison of the 100 independent cAMP conformers, ob-
tained using the automated program AutoDock, revealed
that 61 of them have nearly identical orientation (Fig. 1A).
However, the rest of the conformers are positioned too close
(�2 Å) to at least one of the following residues at the active
site: Leu303, Glu304, His307, Thr345, and/or Cys499. Fur-
thermore, the same cluster of conformers was obtained when
an alternate cAMP conformation was used as a starting
model in the docking procedure. The cluster of the docked
cAMP conformers is similar to that of the previously pro-
posed model using the program Ligand Fit (http://www.
accelrys.com/support/life/relnotes/RN_C2-30.html) (Xu et al.,
2000) with comparable hydrogen bond distances between
protein residues and cAMP atoms [obtained using the pro-
gram LigPlot (Wallace et al., 1995)]. In both models, cAMP
adopts the anticonformation with the adenine base inserted
into a lipophilic pocket formed by Asp392, Leu393, Pro396,
and Ile410. In addition, Tyr233, His234, His238, Thr407, and
Cys499 are also found in the active site pocket. Some of the
mutations selected for resistance to rolipram (Pillai et al.,
1993; Atienza et al., 1999) directly interact with cAMP at-
oms, whereas others are in the vicinity of the binding pocket.
Next, rolipram was positioned in the active site using the

TABLE 1
Distance to the closest PDE4 residue and substrate/inhibitor effects for
PDE4 with large changes in rolipram sensitivity (Atienza et al., 1999;
Pillai et al., 1993)
Substrate Km, change in IC50 (compared with wild-type), and closest distance be-
tween wild-type side chain and the docked drug, as obtained by the AutoDock
program, are indicated.

Km cAMP Fold �IC50 for Rolipram
Distance

cAMP Rolipram

�m Å

PDE4B�wt 2
D241A 7 390 7.0 7.0
D241N 3 270
I410T 340 260 3.0 3.0
I410N 1200 910
T407A 18 330 4.0 2.8
Y403C 19 8 5.5 4.3
F414S 25 8 6.3 3.5
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above-described automated docking procedure. Approxi-
mately one third of the rolipram conformers had a similar
orientation (Fig. 1B), whereas 20 other conformers are lo-
cated too close to at least one of the following residues situ-
ated at the active site: His274, His278, Ser282, Asp329,
and/or Pro346. The remaining rolipram conformers (�50) are
positioned too near either Glu413 or Cys499 residues. A more
detailed model of rolipram with potential hydrogen bond and
hydrophobic interactions to PDE4 residues is illustrated in
Fig. 2,, A and B. Remarkably, the cluster of rolipram con-
formers is positioned in the same general location as the
above docked cAMP cluster, with the cyclopentyloxy moiety
superimposed on the ribose moiety of cAMP. A superposition
of clusters of cAMP and rolipram models is shown in Fig. 1C,
and superposition of the consensus cAMP and rolipram
docked in the PDE4 active site is shown in Fig. 3.

Side chains in the wild-type protein were then altered to
those in the rolipram-resistant mutants (Pillai et al., 1993;
Atienza et al., 1999). The side chain rotamers were carefully
chosen to minimize clashes with neighboring residues. When
the docking procedure was performed on the mutated struc-
tures, the clusters of cAMP and rolipram conformers corre-
sponded well to the conformations obtained for the wild-type
enzyme. In addition, van der Waals interactions and electro-
static contacts of native and mutated residues with their
neighboring residues, in the presence of either cAMP or ro-
lipram (consensus structure), were calculated using the pro-
gram LigPlot (Wallace et al., 1995). Among the studied PDE4
mutants, M411K, E427G, C432G, V439L, V444E, G445S,
I450T, and V451L (wild-type residues depicted with green in
Fig. 3) showed a slight reduction in sensitivity to rolipram,
whereas I410T, I410N, D241A, D241N, Y403C, T407A, and
F414S (Pillai et al., 1993; Atienza et al., 1999; wild-type
residues depicted with red in Fig. 3) were more dramatically
affected (Table 1).

Inspection of hydrophobic and electrostatic interactions
between PDE4 residues and the docked cAMP or rolipram
atoms revealed that rolipram forms more contacts than does
cAMP. Some of these residues interact with both cAMP and
rolipram (Asp392, His238, Tyr233, Ile410, Cys499, and
His234), whereas others interact preferentially with one or
the other. One of these residues, Phe414, is highly conserved
among PDE family members (only PDE8 and PDE9 differ,
with Tyr at this position). It is situated significantly closer to
rolipram than to cAMP (3.5 Å versus 6.3 Å; Table 1) and

forms hydrophobic contacts with rolipram atoms (Fig. 2, A
and B). In addition Phe414 forms extensive hydrophobic and
hydrogen bond interactions with neighboring residues. How-
ever, when Phe414 is replaced with Ser, some of these inter-
actions are lost. Moreover, rolipram is 7.5 Å away from the
Ser side chain, too great a distance for productive contacts.
This observation is consistent with previous results indicat-
ing that this substitution reduces rolipram binding by 8-fold
(Atienza et al., 1999). A more potent effect was observed for
I410T and I410N mutations. Ile410, another conserved resi-
due (Ile, Leu, or Val in all PDEs), displays hydrophobic
contacts with several rolipram atoms as well as with the
protein residues Tyr233 and Thr407. It also has electrostatic
interactions with Arg409, Met411, and Phe414. When Ile410
is mutated to Thr or Asn, the hydrophobic interactions to
atoms in Thr407 and rolipram are lost. This is in agreement
with the large reduction in rolipram sensitivity observed for
I410T and I410N mutants (260- and 900-fold, respectively).
Another consequence of these disruptions and of the close
proximity of Ile410 to docked cAMP is that both the I410T
and I410N mutants showed a dramatic increase in Km values
(Table 1).

The T407A mutation also caused a dramatic reduction in
rolipram binding (19-fold) and IC50 (330-fold) (Pillai et al.,
1993). From our docked models, the Thr side chain is approx-
imately 4.0 Å from cAMP but only 2.8 Å from rolipram. The
O1 atom from the pyrrolidinone moiety is within hydrogen-
bonding distance to OG1 of Thr407 (Fig. 4). However, when
Thr407 is replaced by Ala, this electrostatic interaction is
lost, along with an electrostatic interaction between the OH
group of Tyr480 and the OG1 atom from Thr407. The same
phenomenon, a net loss of contact strength, is observed for all
of the mutations that confer the most dramatic reduction in
rolipram sensitivity (D241A, D241N, I410T, I410N, T407A,
Y403C, and F414S, colored red in Fig. 3). Remarkably, these
key residues are all located around the binding site with their
side chains directed toward the center. In contrast, muta-
tions that confer less resistance, as mentioned above, tend to
be located at some distance from the active site and are out of
range for direct contact with the inhibitor (wild-type residues
are colored green in Fig. 3). Consequently, the interactions
between these residues (wild-type or mutated) and neighbor-
ing side chains are essentially identical when cAMP or roli-
pram are placed in the active site. Our model also predicts
that PDE4 residues, Asn395, His234, Cys499, Tyr233,

Fig. 1. Ensemble of cAMP and rolipram conform-
ers docked in the binding pocket of PDE4, as
obtained by the AutoDock program. A, cluster of
61 cAMP conformers with similar orientation. B,
cluster of 32 rolipram conformers. C, superposi-
tion of cAMP cluster (61 conformers), shown in
black, and rolipram cluster (32 conformers),
shown in gray.
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Asp392, and Met503, may play a role in rolipram binding
based on predicted hydrogen bonds or van der Waals inter-
actions (Fig. 2, A and B). Of these, Tyr233 has been identified
as a critical residue in drug binding as a result of studies of
the closely related PDE4A protein (Richter et al., 2001). The
Y233F mutation reduced binding to rolipram by 140-fold.
This mutation also has a profound effect on RP 73401 binding
(reduced 1200-fold), which is consistent with our prediction
that the tyrosine hydroxyl group participates in a hydrogen
bond with the nitrogen atom of the drug. The fact that per-
turbations of these residues were not isolated in drug-resis-
tance selections may reflect a less than exhaustive analysis
or, in some cases, a low tolerance for substitutions at these
sites when the detection of drug resistance requires that
catalytic activity is intact.

It is noteworthy that all of the selected rolipram-resistance
mutations are located within the region that is most highly
conserved among PDE family members. Mutations giving
rise to relatively minor reductions in rolipram sensitivity
occurred at residues within helix �15a and are distal from
the active site. The residues altered in the most drug-resis-
tant mutants are located in helix �14 and are part of subdo-
main 3. The exception to this clustering is Asp241, which,
although nearby in three-dimensional space, is located in
helix �6 of subdomain one (Fig. 3). The �14 residues involved
in rolipram sensitivity form the lining of a tunnel located
between helices �14 and �6 and lead to the deep active site
pocket (arrow in Figs. 2A and 3). Moreover, their side chains
are pointing toward the interior of the tunnel (Fig. 3). This
configuration suggests that mutations in residues located
within the tunnel may affect inhibitor entry and/or binding.
This model is supported by the reduction in rolipram binding
and sensitivity resulting from Asp241 mutants (D241A and
D241N) (Pillai et al., 1993; Atienza et al., 1999). This residue
is approximately 7 Å away from rolipram or cAMP (Table 1)
and is therefore not expected to interact directly with them.
Nevertheless, its side chain is pointing toward the tunnel;
therefore, mutations of this residue might interfere with
rolipram approaching the binding site.

It has been reported that PDE4 enzymes show an approx-
imately 20-fold preference in binding to the R- versus the
S-enantiomer of rolipram (Schneider et al., 1986; Underwood
et al., 1993). Comparing hydrophobic and electrostatic inter-
actions of the (R)- and (S)-rolipram conformations with the
proposed binding site revealed a molecular basis for this
observation. The two conformations (R and S) correspond to
a rotation of the bond connecting C5 and C3. Manually flip-
ping the pyrrolidinone moiety resulted in N1’s facing a dif-
ferent part of the protein (Fig. 2, B and C, respectively).
Strikingly, this led to the prediction that for S-rolipram, a
hydrophobic interaction with Trp406 and electrostatic con-
tacts with Thr407 and Asn395 are lost, relative to the docked
model of the R-enantiomer. Moreover, the positive charge on
N1 is not counter-balanced in the S-conformation, possibly
resulting in destabilization.

In experimental systems, rolipram can display both high-
affinity (nanomolar range) and low-affinity micromolar
range) binding to PDE4 enzymes (Schneider et al., 1986;
Torphy et al., 1992). The presence of a divalent cation (e.g.,
Mg2�) in the active site seems to be involved in high-affinity
drug binding as well as catalytic activity toward the sub-
strate (Laliberte et al., 2000). The predicted site of cation
binding places it �2.6 Å from rolipram, which is within range
to participate in direct interactions (with the pyrrolidinone
ring) or water-mediated hydrogen bonding. Although no
large conformational changes are believed to result from
cation occupancy (Laliberte et al., 2000), it is possible that
some localized perturbations could result in enhanced drug
affinity.

We examined the configuration of two other established
PDE inhibitors. RP 73401 (Ashton et al., 1994; Souness et al.,
1995) is a highly potent PDE4-specific inhibitor. When
docked into the PDE4 active site, 50 of the 100 conformers
are situated too close to either Tyr233 or Cys499 residues.
The remaining conformers are clustered into three general
orientations, two of which are translated by �2 Å with re-
spect to each other (red and blue clusters in Fig. 5). In all
three conformations, the cyclopentyloxy methoxyphenyl

Fig. 2. Model of rolipram bound at the active site of PDE4. A, ball-and-stick representation of side chains predicted to interact through hydrogen bond
(red) or hydrophobic contact (green) to rolipram (blue). A possible tunnel for substrate/inhibitor entry to the active site is shown as an arrow. B and
C, schematic diagrams of PDE4 interactions with the docked (R)- and (S)-rolipram conformations, respectively, created using the program LigPlot
(Wallace et al., 1995). The two conformations correspond to a rotation around the bond connecting C5 and C3 (arrow), flipping the pyrrolidinone moiety.
Hydrogen bonds are presented as dashed lines, and the interatomic distances are shown in Ångstroms. The residues that form van der Waals contacts
with docked rolipram are depicted as labeled arcs with radial spokes that point toward the ligand atoms with which they interact.
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group of RP 73401 is adjacent to that of rolipram (when
independently docked), suggesting that they share a similar
orientation in the enzyme active site. Although the three RP
73401 conformers are not identical, they all display potential
for multiple hydrogen bonds not found in rolipram. These
additional interactions (with residues Asp275, Phe446, and
Leu393) could form the basis for the increased potency of RP
73401. The existence of alternate, although closely related,
binding configurations may also contribute to the observed
high affinity and efficacy of this compound (a potentially
useful conservation in drug design).

3-Isobutyl-1-methylxanthine (IBMX) is a general competi-

tive inhibitor that works on most PDE isoforms but typically
displays low affinity. For PDE4 enzymes, IBMX is a weak
inhibitor, with IC50 values that are approximately 10-fold
higher than the Km value for substrate (Pillai et al., 1993;
Atienza et al., 1999). This molecule is smaller than cAMP,
rolipram, or RP 73401 and is too small to fill the available
space in the active site. When docked into the active site,
IBMX can adopt multiple conformations positioned in differ-
ent places of the active site. Manual alignment of the com-
mon purine components of IBMX and cAMP, however,
showed a loss of hydrogen bond interactions with both
His238 and Asp392. These interactions involve the ribose
phosphodiester moiety of cAMP for which there is no coun-
terpart in IBMX. As a result, IBMX would be expected to
show reduced binding affinity, in agreement with observa-
tion.

In conclusion, the cAMP and rolipram docked in the active
site of PDE4 revealed that rolipram forms more van del
Waals and electrostatic contacts with neighboring protein
residues. This is in agreement with the observation that
rolipram is found to be a PDE4-specific inhibitor that effec-
tively competes with substrate. A correlation was observed
between the net loss of electrostatic and van der Waals con-
tacts of rolipram with protein residues and resistance to
rolipram for the most affected mutants. The distribution of
mutation sites suggests a possible molecular entry path for
substrate and/or inhibitor to the active site. Furthermore, the
PDE4 residues Tyr233, His234, Asp392, Ile410, and Cys499
are within hydrogen-bond distance or hydrophobic interac-
tions with cAMP, rolipram, and RP 73401 atoms. These res-
idues are located along the entry path to the active site
(arrow in Fig. 2). On the other hand, Asn395 and Met503 are
within hydrogen bond distance to rolipram and each of the
three RP 73401 conformers but not to cAMP. Thus, it is
reasonable to assume that the mutation of these residues
could affect other PDE4 inhibitors. In addition, the increased
sensitivity (lower IC50 value) for the R- versus S-conforma-
tion of rolipram can be explained, at least in part, by a

Fig. 3. The active site pocket of PDE4B. Residues at which mutations can
give rise to weak (green) or strong (red) resistance to rolipram are shown.
The former are part of helix �15a and are distal from the active site. In
contrast, the high drug resistance-conferring mutations are part of heli-
ces �6 and �14 and are in the vicinity of the substrate-binding pocket.
The stick drawing of the consensus rolipram conformer (1 of 32) is
depicted in magenta. The cAMP conformer (1 of 61) is in cyan. A possible
tunnel for substrate/inhibitor entry to the active site is shown as an
arrow.

Fig. 4. Stick representation of the interactions between residue T407 and
neighboring PDE4 residues and with the docked rolipram (green) con-
sensus conformer. Residues that form hydrogen bonds to Thr407 (center)
are depicted in red, and residues that form van der Waals contacts are
depicted in blue.

Fig. 5. Ensemble of the three RP 73401 conformer clusters docked in the
PDE4 active site as obtained by using the AutoDock program. The three
clusters contain 20, 19, and 12 conformers and are depicted in green, red,
and blue, respectively.
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diminished number of hydrophobic and hydrophilic contacts
for the S-conformation. Finally, modeling of compounds with
higher (RP 73401) or lower (IBMX) affinities for PDE4 has
been used to provide insight into drug-enzyme interactions.
These results, which represent the first working model for
specific binding of phosphodiesterase inhibitors, should facil-
itate the further design and refinement of therapeutically
useful compounds.
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