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Combinatorial chemistry and library design have been reconciled by applying simple medicinal
chemistry concepts to virtual library design. The herein reported “Scaffold-Linker-Functional
Group” (SLF) approach has the aim to maximize diversity while minimizing the size of a
scaffold-focused library with the aid of simple molecular variations in order to identify critical
pharmacophoric elements. Straightforward rules define the way of assembling three building
blocks: a conserved scaffold, a variable linker, and a variable functional group. By carefully
selecting a limited number of functional groups not overlapping in pharmacophoric space, the
size of the library is kept to a few hundred. As an application of the SLF approach, a small-
sized combinatorial library (320 compounds) was derived from the scaffold of the known
phosphodiesterase 4 inhibitor zardaverine. The most interesting analogues were further
prioritized for synthesis and enzyme inhibition by FlexX docking to the X-ray structure of the
enzyme, leading to a 900-fold increased affinity within nine synthesized compounds and a single
screening round.

Introduction

With combinatorial chemistry as a tool, infinite varia-
tions on a core template are theoretically possible.1
However, in the drug discovery process, it is desirable
to gain the maximum of information2 out of a minimum
of experiments. For the medicinal chemist, this means
the optimization of a screening library, i.e., a minimal
size with a maximal chemical diversity. Hence, focused
libraries designed around a selected scaffold can only
span a wide range of physicochemical and structural
properties, when the decorations are diverse enough. To
date, a lot of combinatorial structure generation tools
have been developed and most of them are generating
rather large virtual libraries.3,4 However, awareness
that the highest possible number of compounds do not
automatically increase the hit rate and the fact that
most of the generated molecules are synthetically not
easily available make computational chemists apply a
second algorithm to select a representative subset.
Indeed, to stay in the order of magnitude of a hundred
compounds,5 virtual combinatorial libraries are assessed
by different techniques such as Monte Carlo calcula-
tions,6 genetic algorithms,7 artificial neutral network,
or simply statistical sampling with user-defined prop-
erty ranges.8

In contrast to the latest, we propose an alternative
approach to optimize size versus diversity that relies
on the combinatorial assembly of user-selected building
blocks: a scaffold, a linker and a functional group
(Figure 1). Thus, each enumerated molecule can be
considered as a chemical tool to probe the protein active
site. Similar approaches published recently are imple-
mented in COREGEN9 and SMILIB.10 On the basis of
homology and molecular diversity concepts, combining
a limited number of linkers and functional groups
(cations, anions, hydrogen bond acceptor-donor sys-
tems, aromatics/lipophilics) easily affords small-sized
polyfunctionalized compounds.11,12
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Figure 1. Schematic representation of the three types of
molecular fragments and the assembly rule for the complete
library enumeration.
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Indeed, chemists succeeded over the years to apply
combinatorial synthesis strategies to simple rings and
chains to form small organic molecules13,14 and not stay
limited to peptide and oligonucleotide polymers. Thus,
the virtual combinatorial library has to be designed in
order to have its physical counterpart and to guarantee
that all compounds are synthesizable. We herewith
present the combinatorial assembly method encoded in
the SLF_Libmaker program and its coupling to the
structure-based prioritization of the most interesting
compounds applied to the optimization of a known
phosphodiesterase 4 (PDE4) inhibitor.

Results
Selection of the Most Appropriate Docking Tool.

Predicting the best possible docking/scoring strategy
from the simple knowledge of a protein binding site is
still very difficult.15 Therefore, three accurate docking
engines16 (FlexX, Gold, Surflex) in combination with
four scoring functions (FlexXscore, Goldscore, Chem-
score, Surflex) were selected for a preliminary study
aimed at determining which X-ray structure (1q9m,
1mkd) is the most suitable and which docking strategy
recovers the X-ray pose of zardaverine. Out of the three
docking tools tested herein, FlexX was the only program
able to predict with a reliable accuracy (below 2.0 Å
rmsd) the X-ray pose of zardaverine, whatever the
scoring function used and the protein coordinates (Table
2). FlexX was then selected for further docking the
zardaverine-focused library, using the original FlexX
score for primary sorting the virtual hits and the 1q9m
coordinates of the holoprotein.

Setup and Docking of a PDE4 Focused Library.
The molecular fragments (Table 1) were assembled
according to the rules described above. Four scaffolds
with a single substitution point were derived from
zardaverine, replacing the difluoromethoxy by a meth-
oxy group. Moreover, the unsaturated pyridazinone
moiety was topologically explored at position N2, C4,
and C5, whereas the dihydropyridazinone was substi-

tuted only at position N2 (Table 1). The linkers were
chosen to be three odd-numbered (C1, C3, C5) and two
even-numbered polymethylene chains (C4, C6). The
functional groups were finally selected for their phar-
macophoric properties and for their synthetic feasibility.
Three hundred twenty structures were altogether gen-
erated to be part of the virtual library that was docked
against the PDE4 target. FlexX scores range from -42.9
to -13.5 kJ/mol, zardaverine being scored at -22.3 kJ/
mol. For most of the structures, a single binding mode
of the dimethoxyphenyl substructure, very close to that
observed for zardaverine, was found (Figure 2). Other
energetically favored binding modes were not discovered
through visual inspection of all poses. Browsing the top-
ranked pose of all compounds suggest that two ad-
ditional pockets (named A and B in Figure 2) could be
targeted by numerous compounds. Hitlist prioritization
was then achieved by selecting any compound whose
Flex score was lower than -15 kJ/mol and for which
the rmsd of the dimethoxyphenyl substructure from that
of zardaverine in its X-ray pose was lower than 1.0 Å.
The latter filter was simply used in order to avoid the
selection of misdocked false positives. Nine compounds
exploring additional pockets A and B unoccupied by
zardaverine were finally selected, synthesized, and
tested (Tables 3 and 4). Seven out of these nine
compounds were N2-substituted dihydropyridazinones
exploring two additional pockets of PDE4 not investi-

Table 1. Zardaverine-Derived Scaffolds, Linkers, and Functional Groups Used for the Combinatorial Enumeration of a
PDE4-Focused Library

a * indicates a connecting pseudo-atom used for the combinatorial assembly of scaffolds, linkers and fragments.

Table 2. Docking of Zardaverine to Two 1mkd and 1q9m
Coordinates of Human PDE4

1mkd 1q9mdocking/scoring
method best scorea best rmsdb best score best rmsd

FlexX/FlexScore 0.66 0.66 (1) 1.02 0.51 (7)
Gold/GoldScore 8.14 6.44 (29) 10.04 7.46 (10)
Gold/ChemScore 6.73 1.40 (7) 1.39 1.27 (3)
Surflex 7.05 1.49 (3) 5.84 5.56 (4)

a Best-scored solution. b Solution with the lowest rmsd from the
X-ray pose. The ranking of the corresponding pose is indicated in
commas.
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gated by either zardaverine or rolipram. A first hydro-
phobic channel (His462, His506, Phe642; site A) topped
by polar side chains (Glu641, Gln645) favors a phenyl
ring one to six carbon atoms from the N2-pyridazine

ring (Figure 3B). A second negatively charged subsite
around Glu532 and Asp574 (site B) favors basic amines
(primary amine or amidine) six carbon atoms from the
N2 pyridazine ring (Figure 3C). The last two selected
compounds (Table 4) belong to the series of 4-substituted
pyridazinones, with again a phenyl ring connected via
one or three carbon atoms to the C4 pyridazine atom
and predicted to interact with the above-mentioned
hydrophobic channel after 180° rotation of the dihedral
angle linking the dimethoxyphenyl moiety to the py-
ridazine ring.

PDE4 Inhibitory Potency. Out of the nine synthe-
sized compounds, five exhibit a stronger in vitro inhibi-
tion of bovine smooth muscle PDE4 than zardaverine
1. Considering the very high sequence conservation
among PDE4s in mammals, we can expect very similar
results with the human PDE4 that has been modeled
in the current study. A significant enhancement of
enzymatic inhibition is observed by adding a phenyl ring
at various distance (one to six carbon atoms) from the
N2-pyridazine atom, the best inhibitor being compound
5, bearing a phenylpentyl substituent and exhibiting a
subnanomolar IC50 (Table 3). A potent inhibitor (com-
pound 7, IC50 ) 20 nM) combining a hexyl linker and a
primary amine functional group was also discovered
(Table 3). Surprisingly, the corresponding amidine 8 was
found much less potent. Last, the two 4-substituted
pyridazinones 9 and 10 (Table 4) were much less active
than the corresponding 2-substituted dihydropyridazi-
nones 3 and 4 and show only micromolar affinities for
the PDE4.

Discussion

We herewith present a simple and straightforward
method to design small combinatorial libraries while

Figure 2. Docking of a scaffold-based library of 320 compounds into the X-ray structure of the human PDE4 catalytic domain.
The best-ranked pose of each compound is displayed as a color-coded wireframe in the active site of PDE4D represented as a
MOLCAD37 solid surface color-coded by cavity depth (blue f yellow: accessible f buried surfaces). Important side chains are
displayed as capped sticks and labeled at the CR atom. Subsites A and B are indicated by white arrows.

Table 3. PDE4 Inhibition of Compounds 1-8

compound
functional
group (FG) n

FlexX
scorea

IC50,
nMb

1 (zardaverine) -22.31 800
2 H 0 -20.84 2000
3 Ph 1 -19.45 60
4 Ph 3 -17.17 20
5 Ph 5 -15.63 0.9
6 Ph 6 -16.85 80
7 NH2 6 -26.84 20
8 NHC(dNH)NH2 6 -20.74 60000

a FlexX score, in kJ/mol. b The IC50 was calculated by nonlinear
regression and represents the mean value of three independent
determinations. The experimental error is about 15%.

Table 4. PDE4 Inhibition of Compounds 9 and 10

compound
functional
group (FG) n

FlexX
scorea

IC50,
nMb

9 Ph 1 -22.08 8000
10 Ph 3 -20.40 >10000

a FlexX score, in kJ/mol. b The IC50 was calculated by nonlinear
regression and represents the mean value of three independent
determinations. The experimental error is about 15%.
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optimizing size versus diversity. A key advantage of the
SLF approach is that diversity is encoded in a simple
pharmacophoric space. The method relies on three
building blocks that are all under the control of the
user: an invariable scaffold, a variable linker, a variable
functional group. The linker has the simple role of
varying the distance between the core of the molecule
(the scaffold) and a few functional groups carefully
selected to cover all possible intermolecular interactions.
Therefore, additional interactions may be gained either
locally or at a remote site within a single round of
library design.

The concept of enumerating combinatorial libraries
by assembling building elements (scaffolds, ring sys-
tems, linkers, building blocks) has been recently de-
scribed in several methods.9,10 COREGEN9 is a fragment-
based design method for assembling linkers and rings
frequently occurring in known kinase inhibitors. By
decomposing a molecule into R ring-building blocks and

L linkers, a combinatorial library of R * L * P com-
pounds (P being the number of positions that can be
derivatized) is generated. SMILIB10 assembles scaffolds,
linkers, and functional groups in product-space. How-
ever, the latter do not necessarily describe the phar-
macophoric space well. Thus, the combinatorial assem-
bly is unrestricted and generates very large libraries
unless subset selection according to user-defined queries
(e.g. drug-likeness) is performed to reduce the size of
the library. A basic difference with the above-mentioned
methods is that our approach does not fully optimize
the starting lead in a single round, but ensures at each
design step a significant affinity gain by an incremental
optimization of both the linker and the functional group.
Once a linker-functional group combination has been
identified in the first design round, both building blocks
may be optimized in a second round to fine-tune the best
possible combination by exploring the local chemical
space around the selected building blocks.

Figure 3. Close up to the human PDE4 inhibitor binding site filled with zardaverine 1 (A, X-ray pose), compound 5 (B, FlexX
best-scored pose), and compound 7 (C, FlexX best-scored pose). Left panels represent the inhibitor (zardaverine, cyan; compound
5, orange; compound 7, magenta) bound to PDE4 (green). Zn2+ and OH- ions are displayed by balls. The molecular surface of the
binding site was rendered using the SYBYL implementation of MOLCAD37 and color-coded by hydrophobicity (brown f blue:
hydrophobic f hydrophilic). The view was prepared with PyMol version 0.95 (http://www.pymol.org).
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The SLF approach has been applied to the structure-
based optimization of a known micromolar PDE4 in-
hibitor, zardaverine. By carefully selecting, in agree-
ment with medicinal chemists, a limited number of
linkers and functional groups, a zardaverine-focused
library of 320 compounds has been enumerated and
docked to the X-ray structure of PDE4 according to
settings previously known to reproduce the X-ray pose
of zardaverine in the enzyme. The catechol substructure
in both zardaverine and rolipram, two known PDE4
inhibitors, are positioned in the most hydrophobic
subpocket of the active site between Ile638 and Phe-
674.17,18 Both ether oxygen atoms are involved in
bifurcated hydrogen bonds to the side-chain of Gln671
(Figure 3A). The same binding mode is observed for the
very large majority of compounds in the virtual library
(Figure 2), indicating that unrestrained FlexX docking
is able to properly locate most of these ligands in the
protein active site. The advantage of the herein proposed
library design is exemplified by a series of zardaverine-
based compounds for which additional interactions with
remote pockets have been disclosed (Figures 2, 3). N2-
substituted pyridazines 3-6 (Table 3) interact with
hydrophobic pocket A (His462, His506, Phe642) through
a phenyl functional group that can be linked to the
pyridazine core by polymethylene spacers of various
lengths (one to six carbon atoms; Figure 3B). Compound
7 discloses another remote polar subsite B (Glu532,
Asp574) through a primary amine six carbon atoms
from the N2 pyridazine atom. The folded conformation
of the spacer however suggests that shorter polymeth-
ylene spacers (e.g. butyl) may be appropriate as well.

In the current study, the design effort has only been
focused toward potency for a given PDE. However, the
lack of selectivity of most PDE inhibitors toward other
PDE isoforms19 and genes probably account for observed
side effects such as emesis and arrhythmia, which
dramatically restricts the clinical development of PDE4
inhibitors as antiinflammatory compounds.20 Thus, it
may be valuable to identify specific 3-D features in the
selected PDE target to direct the design of potent and
selective inhibitors. A systematic survey of the amino
acid sequence of 21 human PDEs in the UniProt
database21 and a subsequent multiple alignment indi-
cates that the acidic subsite B is fully conserved in all
PDEs (data not shown). We therefore anticipate that
the additional interactions gained by compound 7 will
not affect its selectivity profile with respect to zardav-
erine. Conversely, hydrophobic subsite A targeted by
compounds 3-6 shows some degree of variation among
PDEs, especially at Ser510 and Cys660, as exemplified
by the recently described crystal structure of phosphodi-
esterase 4B in complex with (S)- and (R)-rolipram.22 The
present data can thus be used to try and design potent
and selective PDE inhibitors by simultaneously target-
ing the two remote subsites and directing the interaction
with variable residues of the hydrophobic pocket A.

Conclusion

The SLF method allows medicinal chemists to use
their knowledge in an iterative “design-synthesize-
screen-analyze” process. There are still certain short-
comings to the current implementation of the method,
and many further refinements are possible. For ex-

ample, a user-defined 3-D conformation (e.g. X-ray
conformation) of a scaffold could be selected as a rigid
body to avoid incorrect conformer generation from a
simple 1D representation (i.e. complex ring systems).
Furthermore, the automatic detection of symmetry
centers and/or axes would avoid the enumeration of
duplicates and spare an additional postprocessing step.
Last, a scaffold library designed from commercially
available screening collections23 will soon enable the
choice of multiple scaffolds fulfilling similarity/diversity-
based queries. The SLF method can be used for a fast
lead optimization consisting of the systematic search of
remote subpockets in the neighborhood of a given
scaffold by optimizing both the length of the necessary
linker and the nature of the terminal functional groups.

Materials and Methods
Virtual Library Construction. The three-fragment as-

sembly rule is “scaffold, linker, functional group”24 instead of
a more common use of binary combinations of building blocks.25

A more detailed look at the different building blocks is given
as follows. Two hypotheses about the scaffold26 are usually
cited: (i) a suitable scaffold is believed to optimally orient the
attached substituents for binding and (ii) the scaffold itself
interacts with the protein as an anchor. The maximum number
of possible connection points equals the number of removable
hydrogen atoms, but the most encountered examples of scaf-
folds have from one to four substituted positions.

The linker has two substitutions points. Its main role is
frequency variation, i.e., to modulate the distance between the
molecular scaffold and the protein active site. For a first
screening round, the linkers are chosen in the acyclic polym-
ethylenic series (Scaffold-[CH2]n-FG; FG: Functional Group).
Thus, by expanding an alkyl chain, the hydrophobicity of the
molecule is increased.27

Functional groups represent basic pharmacophoric features
resulting from steric, electronic, lipophilic, and H-bonding
properties. “H” is always the reference substituent. The other
substituents are smallest possible representative fragments
and will mostly mix property information, e.g. carboxylate
shows anionic or H-bond acceptor behavior depending on its
interaction partner.

The complete number N of enumerated molecules can be
expressed as:

where L is the number of linker fragments, F is the number
of functional groups, and S is the number of substitution points
marked on the scaffold. The complete enumeration with a core
structure showing a local symmetry in substitution points
gives a lower number of unique structures according to the
Pólya counting theory.28 The complete enumeration method
is implemented in SLF_LibMaker, a C++ program based on
OpenEye’s OEChem 1.3 library.29 The molecular fragments
(scaffolds, linkers, functional groups) are encoded as SMILES30

or SDF31,32 file formats with connecting pseudo-atoms repre-
sented by “*” in both formats. Depending on the user-defined
selection of scaffolds, linkers, and functional groups in separate
data files, the desired combinatorial library is assembled in
SMILES or SD file format and converted into 3-D structures
using Concord.33 In the current example, a library of 320
compounds was built from a selection of 4 scaffolds, 5 linkers,
and 16 functional groups, chosen in agreement with medicinal
chemists. OpenEye’s Filter29 program was finally used to ionize
compounds at physiological pH. For the specific case of the
benzylamino linker, it should be noticed that both neutral and
ionized states were explicitly considered.

Automated Docking. The crystal structures of the human
phosphodiesterase 4D (PDE4D) catalytic domain in complex
with zardaverine18 and rolipram17 (Chart 1) were retrieved
from the Protein Data Bank (pdb entries 1mkd and 1q9m,

N ) (L × F)S
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respectively).34 The numbering of the UniProt21 entry CN4D_
HUMAN (Q08499) was selected as a reference. These struc-
tures were used to generate two series of input coordinates
including the holo-protein, the corresponding active site, and
its native ligand. The protein active site was defined as the
set of amino acids for which at least one atom is included in a
6.5 Å-radius sphere surrounding any non-hydrogen atom of
the bound ligand. All metal ions were assigned as Zn2+ ions,
although their real nature is still a matter of debate17,35,36 and
included in the binding site. All water molecules were removed,
except the one supposed to be a hydroxide ion4 that is thought
to be a bridging element between the metal ions and the
pyridazinone moiety of zardaverine. Atomic types and proto-
nation states of protein atoms were manually checked. Hy-
drogen atoms were finally added by using the BIOPOLYMER
module of SYBYL package.37

To determine which docking tool was the most appropriate
in the current context, FlexX1.12,38 Gold2.1,39 and Surflex1.140

programs were used as previously described,16 to reproduce
the enzyme-bound pose of zardaverine. Docking was consid-
ered successful, when the best-scored pose was found within
2.0 Å root-mean-square deviation (rmsd) from the X-ray pose.
Cross-docking of zardaverine to the 1q9m entry and of rolip-
ram to the 1mkd structure was then achieved in order to select
the best set of holoprotein coordinates for both inhibitors.

Full database docking was realized using the 1q9m coordi-
nates and FlexX as described above. The final hitlist was
prioritized (i) by FlexX-score; (ii) by analysis of binding modes
achieved by a nearest-neighbor clustering of FlexX poses based
on the Cartesian coordinates of the common dimethoxyphenyl
substructure; and (iii) visual inspection of all compounds.

Synthesis. The synthesis of compounds 2-10 and structur-
ally related molecules will be described elsewhere (M.S and
J.-J.B., manuscript in preparation).

PDE4 Inhibition. PDE4 was isolated from the media layer
of bovine aorta by anion exchange chromatography as previ-
ously described,41,42 and its activity was measured at a
concentration of 1 µM cAMP by radioenzymatic assay.43 To
prevent the interaction of contaminating PDE3 in the assay
of isolated PDE4, studies were always carried out in the
presence of 100 µM cGMP. New compounds were dissolved in
DMSO or ethanol with a final concentration (1%) which did
not significantly affect PDE activity. The inhibition study on
PDE4 activity included six concentrations of the drug. The IC50

values were calculated by nonlinear regression using the Prism
Software (GraphPad Software, Inc., San Diego, CA 92130).
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