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The scope of the current work is to investigate whether structurally similar ligands bind in a similar fashion
by exhaustively analyzing experimental data from the protein database (PDB). The complete PDB was
searched for pairs of structurally similar ligands binding to the same biological target. The binding sites of
the pairs of proteins complexing structurally similar ligands were found to differ in 83% of the cases. The
most recurrent structural change among the pairs involves different water molecule architecture. Side-chain
movements are observed in half of the pairs, whereas backbone movements rarely occurred. However, two
structurally similar ligands generally confirm a high degree of structural conservation. That is, a majority
of the ligand pairs occupy the same region in the binding sites, providing support for the use of shape
matching in the drug design process. We allow ourselves to draw general conclusions because our data set
consists of ligands with drug-like physicochemical properties complexed to a broad spectrum of different
protein classes.

Introduction

A central theme in drug design is to make small modifications
to lead molecules to obtain desired properties. The rationale of
this approach is that similar molecules bind in a similar fashion
and would, thus, induce the same desired biological effect. The
hypothesis runs like a red line through the entire drug design
process, from typical early stage approaches (such as assigning
similar compounds from an HTS into clusters) to typical mid-
stage approaches (such as making modifications to lead
compounds to increase affinity and solubility) and all the way
through to typical late stage concerns (such as attending to
toxicity and metabolism issues). This hypothesis is so entrenched
in the drug design process that it is practically universally
believed. It is also the assumption when experimentally
determined protein structures are used in structure-based design
efforts. Nevertheless, and perhaps somewhat paradoxically, the
solution of the atomic positions for a new ligand-protein
complex frequently leads to unexpected insights compared with
those from previously solved complexes. For example, a ligand
can upon binding cause a side-chain to assume another rotamer,1

and it can affect the presence of water molecules2 as well as
causing larger effects, such as backbone movements3 and even
domain movements.4 Moreover, the ligand itself can adopt
different modes of binding such as flipping into so-called
reversed-binding modes.5-8 Because it is no trivial task to predict
any of these events, their effect on the outcome of structure-
based design efforts may turn out to be detrimental. One
simplistic way to circumvent the many difficulties of protein
flexibility is to neglect the protein and simply use the shape of
the bioactive conformation of a lead compound alone to find
novel compounds. This approach has proven successful in a
number of cases. For example, the use of the shape-matching
program ROCS9 has recently led to the identification of a set
of novel inhibitors of the ZipA-FtsZ protein-protein interac-
tion.10 Even so, it is clear that having the 3D coordinates of a
ligand-protein complex plays an important role in improving

success rates in the drug discovery process,11 and the exploita-
tion of structural data is crucial in improving the accuracy of
structure-based as well as ligand-based techniques.

The aim of this study is to investigate whether similar ligands
actually do bind in a similar fashion by systematically analyzing
pairs of structurally similar ligands binding to identical biologi-
cal targets. Because the crystallographic protein-ligand database
(PDB)12 offers the most comprehensive and reliable source of
information about ligand-protein interactions, the PDB was
searched using Reliscript.13 The occurrence of events such as
protein flexibility and ligand binding modes are recorded in
detail for these pairs. There are numerous examples of such
events in the medicinal chemistry literature. For instance, Teague
recently presented an excellent review including several il-
lustrative examples of the effect of protein flexibility upon ligand
binding.14 However, most publications are concerned with a set
of ligands binding to a single biological target. This is the first
exhaustive experimental survey on the complete PDB. Here,
we present the facts and statistics, and challenge the belief that
similar molecules bind in a similar fashion. In addition to
supporting the use of shape-matching in drug design, the output
of this study can give guidance to medicinal chemists in their
decisions toward requesting structural data for their compounds.

Materials and Methods

With the aim to derive an exhaustive data set of pairs of
structurally similar ligands complexed to the binding site of the
same biological target, structures from the PDB were filtered
using Reliscript and a series of in-house programs. Reliscript13

is a command-line interface that allows access to PDB data and
elaborate search methods from within the Python15 scripting
language environment. The steps for retrieving such a data set
are illustrated in Figure 1 and described below.

Retrieval of Drug-Like Ligands from the PDB. Starting
from the Relibase+ November 2004 data-release with 27 887
PDB structures deposited, only X-ray structures with a resolution
better than 2.5 Å and not containing the PDB-tagCAVEATwere
considered. The remaining data set was queried forreleVant
ligands, which were defined as small molecules that would be
of interest to a medicinal chemist during the drug discovery
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process. Identifying such relevant ligands from PDB data
required an elaborate filtering cascade accompanied by manual
inspection and deselection at various stages because PDB-data
also contain small molecules, such as cofactors, crystallization
buffers, solvents, and other agents that cannot be straightfor-
wardly distinguished from the true ligand that is in complex
with the protein. At the time, Relibase+ registered 161 570 small
molecules as ligands which were subject to the empirically
defined filter criteria as listed in Table 1. The criteria a-g ensure
lead-like properties for small molecules. Previous in-house
studies on PDB-data returned a list with 451 PDB-HET group
IDs that are typically used for cofactors, sugar molecules,
crystallization agents, or other non-lead-like ligands; the criterion
h uses this list to remove all Relibase-ligands that contain only
these fragments. Criteria i and j exclude ligands with special
binding features, whereas k discards further artifacts that are
not of interest in the current study. Despite this thorough and
systematic processing, the automatic filtering steps for small
molecules from PDB structures had to be accompanied by
manual inspections to remove additional non-lead-like ligands.

A subsequent step removed the redundancy from the remaining
data set by applying two additional criteria: for cases of
oligomeric structures where the asymmetric unit contains the
same ligand in the same protein environment more than once,
only one binding site environment was kept, and for PDB-
structures representing identical protein-ligand complexes, only
the structure with best resolution was kept. The overall selection
resulted in a nonredundant data set of 1484 small molecules in
1451 protein-ligand complexes that were of potential relevance
for this study.

Identification of Pairs by Chemical Similarity. In the next
step, pairs of structurally similar ligands were identified from
the filtered data set. There are numerous ways to determine if
molecules are similar or not. Maximum common substructures
(MCSS) provide an intuitively reasonable view of the structural
similarity between two molecules and is, thus, well suited to
identify structurally similar compounds. Hence, in line with
work by Raymond16 and Barker,17 we calculated Tanimoto
similarities on the basis of the MCSS in a pairwise manner.
TheTanimotoMCSSwas calculated using the OpenEye OEChem-

Figure 1. Scheme used for filtering protein structure information from the PDB. The cascade resulted in 206 pairs of binding sites from the same
biological targets that complex structurally similar ligands.
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toolkit,18 according to eq 1.

whereNA andNB are the number of atoms in molecules A and
B, respectively, andNAB is the number of atoms in the MCSS
of A and B. TheTanimotoMCSS can have values between 0 and
1. A value of 1 is obtained if two molecules are identical. By
manual inspection, it was established thatTanimotoMCSSvalues
g0.8 disclose structurally similar ligand pairs. This cutoff
resulted in 1869 pairs, obtained from the above-described data
set of relevant ligands. In the current study, we investigate
similar, but not identical, ligands. Consequently, identical ligands
(TanimotoMCSS) 1.0) were removed. Identical pairs of ligands
would give valuable information as a positive control. However,
only five such examples passed the filtering cascade, which we
consider to be too small a number from which to make a
statistical inference.

To determine the equivalence of the corresponding binding
sites for these ligand pairs, the sequence similarity of the
underlying proteins was compared using FASTA19 as imple-
mented in Relibase+. If the ligand-adjacent protein chains for
the two proteins of the underlying ligand pairs have at least
95% sequence identity, then the binding sites were considered
to originate from the same biological target. This conservative
cutoff still allows for mutations or PDB-structure depositions
of the same protein with differentC- or N-terminal lengths.
However, for cases where the difference in the sequence of the
ligand-adjacent chains falls into the proximity of the binding
site, the ligand pairs were manually removed from the data set.
Applying the above-described cutoffs results in a data set that
contains 397 pairs of similar ligands binding to equivalent
protein binding sites. The protein structures for each pair were
then superimposed using the align structures by homology option
in Sybyl20 and visually analyzed. This step lead to the removal
of additional structures from the data set, such as cases where
one binding site contains cofactors or other small molecules in
addition to the complexed ligand, whereas the other does not.
The reason being that the binding sites for such a pair are not
truly comparable. In a few cases, where structure factor files
were available, the quality of the X-ray structures was assessed
by analyzing electron densities. Accordingly, doubtful structural

pairs were also removed. The final manual inspection resulted
in 206 binding site pairs with similar ligands. The PDB codes
for the binding site pairs obtained in this study are provided in
the Supporting Information.

The binding sites for the pairs were subsequently examined
for three structural changes that impact the overall binding site
environment and, thereby, potentially influence the binding
modes for two structurally similar ligands.

(1) Water molecule architecture: if the number of water
molecules in the first shell differs, or if they are displaced by
more than 2 Å, then the binding site pair is classified as non-
identical.

(2) Side-chain rotamers: if the RMSD for all side-chain atoms
of at least one amino acid residue within a 5 Å distance from
the ligand is greater than 1.0 Å, then the binding site pair is
classified as non-identical.

(3) Backbone movements: if the RMSD of at least one
backbone heavy atom in three (or more) consecutive amino acids
differs by more than 0.5 Å, then the binding site pair is classified
as non-identical.

While inspecting the PDB models, it was deemed necessary
to flip the glutamine amide functional group 180° for three cases
(1i91, 1f06, 1sqn). This was done in order to optimize their
hydrogen-bonding network and to make them coherent with their
binding site pair partner (1i8z, 3dap, 1a28).

Calculation of Shape Similarity. Two types of shape
Tanimotos were calculated to assess the shape similarity of the
pairs of ligands obtained from the protocol just described and
illustrated in Figure 1. ROCS9 calculations were carried out to
obtain shape Tanimoto values, which are a measure of the
difference in shape between ligands and are bounded by zero
and one. Shape Tanimotos above 0.8 correspond to structures
that are visually of very similar shape.

The underlying methodology in ROCS is to compute overlap
volumes based on a Gaussian description of molecular shape.21

Optimal shape Tanimoto values (TanimotoShape,Optimized) are
found by computing the best alignment between a pair of
ligands. An important characteristic of the ROCS method
is that it also enables the description of a difference in shape of
an arbitrary alignment of a pair of ligands. Such a shape
Tanimoto is referred to as an unoptimized shape Tanimoto
(TanimotoShape,Unoptimized). These were calculated for each ligand
pair in the alignment obtained from the superimposed pro-
tein structures that are associated with these ligands. This
essentially measures how well a ligand retains its 3D position
in the binding site upon a minor structural modification, whereas
the TanimotoShape,Optimizedprovides an upper limit on how well
the shapes of the bound conformations from two similar ligands
match.

Results and Discussions

Data Set Composition.Using the selection criteria described
above, we identified a total of 206 binding site pairs. These
412 (206+ 206) protein-ligand structures contain 282 unique
proteins and, therefore, 282 unique ligands. Figure 2a-f shows
the distribution for standard molecular properties, such as log
P,22 molecular weight (MW), the number of rotatable bonds,
and the number of hydrogen-bond acceptors/donors, for these
ligands. These histograms essentially show the same charac-
teristics as those of the corresponding histograms for compounds
with typical lead-like properties.23

The data set of 282 unique proteins contains structures from
all enzyme classes (EC1-6) as well as structures from various
receptor families, such as nuclear hormone receptors and ion-

Table 1. Filter Criteria Used to Retrieve Relevant Ligands from PDB
Structural Data as It Is Deposited in Relibase+a

Criteria to retrieve relevant ligands from the PDB

(a) 80< molecular weight (Da)< 750
(b) 10< number of nonhydrogen atoms< 70
(c) must not contain atoms of types other than

H, C, O, N, F, P, S, Cl, Br, or I
(d) must contain at least one

non-carbon/non-hydrogen atom
(e) must not contain two or more phosphorus atoms
(f) must not have more than 10 rotatable bonds
(g) must not be a nucleic acid
(h) must not be composed only from

non-lead-like PDB-HET-groupsb

(i) must not be covalently bound
(j) must not have protein contacts from the crystal

packing environment in less than 3 Å distance
(k) must have contacts with protein in less than

7Å distance

a Relevant ligands are defined as small molecules that would be of interest
to a medicinal chemist during a drug discovery process.b Using a previously
derived list with 451 PDB-HET-group IDs for cofactors, sugar molecules,
crystallization agents, or other non-lead-like fragments.

TanimotoMCSS)
NAB

(NA + NB) - NAB

(1)
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channels, although with different representations. Figure 3
provides a pie-chart based on EC classification24 and illustrates
that all protein classes are reasonably well represented in the
data set. It should be noted that Figure 3 reflects a distribution
that must be expected when retrieving data from the PDB, that
is, an under-representation of ligases (EC6) and isomerases
(EC5) with a slight predominance of hydrolases (EC3).25

Moreover, a great majority of the binding site pairs (96%) have
been published by the same crystallographer.

In summary, a systematic and elaborate filtering cascade
resulted in a diverse data set of pairs of structurally similar
ligands with relevant physicochemical properties complexed to
an extensive set of different protein classes. We advocate that
such a data set composition allows us to draw general conclu-
sions.

Analysis of Protein Binding Sites Pairs.The high-quality
X-ray data set of 206 binding site pairs was analyzed on a
protein level as well as on a ligand level. The protein binding
site pairs were monitored to quantify differences in water
molecule architecture, side-chain rotamers, and backbone move-
ments. These events are separately reported below and sum-
marized in Figure 4a-c.

Water Molecule Architecture. Water molecules have been
shown to be of great importance in the ligand-binding event,

both chemically and structurally.26 For example, water molecules
can mediate hydrogen bonds between the ligand and its target
protein. Water molecules can also be displaced by the ligand.
In this context, it should be noted that the inherent mobility of
water molecules make visualization of them using crystal-
lography challenging. Nevertheless, the X-ray structures in the
current data set are of high resolution, thus increasing the
probability of the water molecules having been correctly
identified.

In the vast majority of the 206 complexes, one or more water
molecules form hydrogen bonds between the ligand and the
protein. When comparing the water molecule architecture within
a pair, a difference in the water positions or the number of tightly
bound water molecules is observed in as many as 68% of the
cases (Figure 4a). The observation of different water molecule
architecture cannot be confined to a certain class of proteins
but is seen throughout all protein classes.

An example is shown in Figure 5a and b, where a water
molecule is mediating a hydrogen bond between backbone atoms
in the thrombin protein (PDB code: 1o2g) and a nitrogen in
the bound ligand (APC-10302). In the corresponding binding
site (PDB code: 1gj4), the corresponding water is displaced
by a chlorine substituent in the bound ligand (APC-8696). The
indole moiety of the APC-10302 ligand is somewhat differently
oriented from that of the matching part in APC-8696 and is
approximately 1 Å deeper into the so-called S1 pocket, placing
the chlorine well into the cavity produced by the removal of
the water molecule. Table 2 shows the molecular structures in
2D as well as the calculated similarity values for the ligand
pairs in Figures 5-7, 9, and 10. The analysis shows that the
probability of a change in the water molecule architecture within
a binding site pair, and thereby the entropic effect on the binding
affinity, is well above 50% even for a minor structural
modification on the ligand. The prediction of binding affinities
by structure-based computational methods (e.g., docking) is,
therefore, not only challenged by the scoring function but also
by the ability of a particular method to predict the correct water
molecule architecture. An accurate prediction of ligand-binding
modes requires a tool to individually determine potential water
positions for every docked ligand. At present, the majority of
docking methods, in their standard form, do not allow the use

Figure 2. (a-f) Distributions of common molecular property parameters for the 282 unique ligands used in the current study.

Figure 3. Distribution of the 282 unique proteins used in the study,
based on the EC classification.

Figure 4. (a-c) Distributions of the differences in (a) water molecule architecture, (b) side-chain conformations, and (c) backbone movements for
the 206 binding site pairs.
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of different water architectures for different ligands. However,
Verdonk et al.27 recently addressed this issue by implementing
a method to score water mediation and displacement in the
docking program GOLD.28 The method allows water molecules
to be switched on and off during the docking protocol. In the
same spirit, Rarey et al.29 dealt with this issue in the program
FlexX.30 FlexX can, in a preprocessing phase, calculate favorable
positions of water molecules in the binding site and store it in
a list. The water molecules are subsequently placed at the
precomputed positions, if they can form additional hydrogen
bonds to the ligand during docking. These new approaches show
potential but need to be further developed to produce an
acceptable correlation between calculated and experimental
binding affinities. Nevertheless, from the perspective of virtual
screens used in hit-to-lead processes, where the aim is to identify
a subset of active compounds for a given protein target from a
sufficiently large database, omitting water molecules in the
calculations is easier to justify because enrichment factors are
frequently regarded more important than correctly predicting
binding affinities.

Side-Chain Movements.Protein conformational flexibility
is an important aspect of structure-based drug design. The
conformational change of a single side-chain can significantly
alter the shape, size, and electrostatics of a binding site. Thus,
it can have major consequences for drug design efforts such as
de noVo design and ligand-protein docking.

Side-chain movements are the second most frequent change
observed in the current study. The effect of side-chains assuming
a different conformation upon or prior to ligand binding is seen
in half of the pairs (50%), as shown in Figure 4b. It is not
possible to pinpoint a particular protein class or a particular
amino acid responsible for this relatively frequent event. That
is, there is a roughly equal distribution of side-chain changes
among all of the protein classes as well as among the types of
amino acids involved.

The crystal structures of the GluR2 ligand-binding core in
complex with two structurally similar ligands are shown in
Figure 6a and b. In this particular case, the structures of the
bound ligands differ by one substituent. The ligand in PDB entry
1mqi has a fluoro substituent (Fluoro-Willardiine), whereas the
corresponding ligand in PDB entry 1my3 contains a bromo
substituent in the equivalent position (Bromo-Willardiine). To
optimally accommodate the specific ligand, the protein side

chain of MET:196 assumes two different rotamers in the two
binding sites. The contours visualizing the binding site in Figure
6 clearly show the difference in volume and electrostatics for
the two binding sites, the binding site accommodating Bromo-
Willardiine being largest.

It is apparent from the results obtained in the current study
that the use of a single rigid protein structure is in most cases
too primitive for accurately docking ligands into proteins.
Nevertheless, this is still standard practice in current docking
protocols. Although a number of docking algorithms are likely
to fit a ligand into a binding site, and possibly produce a
reasonable geometry of the bound conformations, success and
accuracy of predictions drops dramatically in a more common
situation with conformational changes of side-chains. However,
structure-based design programs are in a state of rapid develop-
ment. Progress has already been made in improving the
computational methods to accommodate protein flexibility.31-39

For example, Sherman and co-workers31 recently published an
induced-fit method that accounts for both ligand and receptor
flexibility by combining rigid-receptor docking (Glide40) with
protein structure prediction (Prime31) techniques. Correspond-
ingly, Cavasotto and co-workers recently presented a method
called the ICM-flexible receptor docking algorithm (IFREDA)
to account for protein flexibility in virtual screening.32

Backbone Movements.Minor structural modifications to a
ligand might also cause larger effects on the protein such as
changes in the secondary and tertiary structures. These are
known as backbone movements and perceived to be the most
problematic event to predict in structure-based design efforts.

Backbone movements are observed in no more than 7% of
the binding site pairs in our data set. The incidences are again
spread over a number protein classes (transferases, nuclear
hormone receptors, cocaine anti-bodies, chaperones, and lyases).

Figure 7 shows an example of a backbone movement for the
binding site of two structurally similar molecules, diethyl-
stilbestrol (DES) and (R,R)-5,11-cis-diethyl-5,6,11,12 tetra-
hydrochrysene-2,8-diol (THC), binding to estrogen receptors
(ERR) with PDB codes 3erd and 1l2i, respectively. Both ligands
act as ERR agonists and, consequently, stabilize the agonist
conformation of the receptor. However, when analyzing the
binding sites in detail, it is clear that THC induces a backbone
movement compared to that of the DES binding site. The
backbone movement is induced by the bulky diethyl substituents

Figure 5. Illustration of different water molecule architectures for two structurally similar ligands binding to thrombin. The water in (a) is expelled
by a ligand chlorine substituent (light green) in (b). The binding site surface is illustrated with meshed contours colored red.
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in THC, which are in close proximity to a helix composing the
binding site. As a result, it forces the helix to be positioned
further away from the location of its counterpart in the DES
complex structure (the heavy atom RMSD for three consecutive
backbone amino acids differs by 1.0 Å). The shapes and the
sizes of the two binding sites differ significantly.

We conclude that backbone movements do occur even for
structurally similar molecules, yet it can be seen as an exception.
From a drug design perspective, this is fortunate because
backbone movements are the most difficult to account for.
Nevertheless, incorporating binding site flexibility in proteins
will have to go beyond modeling water molecule architectures
and side-chain conformations.

Analysis of the Ligand Pairs. Shape Similarity. The
distribution of optimized shape Tanimoto (TanimotoShape,Optimized)
values for each pair are displayed in Figure 8. It should be noted
that shape Tanimoto values greater than 0.8 are very similar in
shape and have a high probability of functional similarity.10

The results obtained after optimizing the shape overlays with
ROCS are encouraging. As many as 186 pairs (90%) show
TanimotoShape,Optimizedvalues greater than 0.8. Most ligands
would consequently be very highly ranked in a database search
using ROCS (provided the correct conformations were in the

conformational ensemble), supporting the design strategy of
identifying similar compounds by shape matching. The ligand
pairs that showed mediocre shape similarity after ROCS
alignment can be rationalized by three observations: the ligand
X-ray conformations were too different, the ligands had different

Figure 6. Illustration of a side-chain movement for two structurally similar ligands binding to the GluR2 protein. The different ring substituents
in Bromo-Willardiine (a) and Fluoro-Willardiine (b) cause side-chain MET:196 to assume two different rotamers. As a result, the shape and
electrostatics of the binding site are considerably altered. The binding site surface is displayed by meshed contours colored according to the electrostatic
potential.

Figure 7. Illustration of a backbone movement for two structurally
similar ligands binding to estrogen receptors (ERR). One helix in the
protein complexing the bulky ligand (red) is shifted to the left compared
to the position of the helix of the protein complexing the less bulky
ligand (green).

Figure 8. Histogram of binned shape Tanimotos for the 206 binding
site pairs. A majority of the ligand pairs (90%) show shape Tanimoto
values greater than 0.8 after shape optimization (black bars). The shape
Tanimotos for the ligand pairs in the orientation obtained after
superimposing the protein X-ray structures are generally high, that is,
80% of the pairs show shape Tanimotos above 0.8 (grey bars),
indicating that the binding mode as defined by the relative orientation
of the ligands in the protein is in most cases conserved.

Figure 9. Illustration of two structurally similar ligands of high
molecular weight binding to a human factor Xa protein. The shape
Tanimoto for the fixed alignment is 0.89, meaning that the ligands
essentially occupy the same space in the binding site. Hence, the two
ligand structures confirm a high degree of structural conservation. The
binding site surface is displayed by solid contours colored gray.
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chirality, and ROCS failed to produce the best possible
alignment.

In addition, to investigate if the pairs of similar ligands
occupy the same 3D region in the binding site, the unoptimized
shape Tanimoto (TanimotoShape,Unoptimized) values were also
calculated. That is, these shape Tanimotos were calculated
for the ligands in the fixed orientation obtained from the
alignment of the protein X-ray structures. The histogram in
Figure 8 shows that a majority of the ligand pairs occupy the
same region in the binding sites. That is, 80% of the pairs show
TanimotoShape,Unoptimizedvalues greater than 0.8. This gives
emphasis to the fact that structurally similar molecules generally
occupy the same region in the binding site. The results are
consistent with the recent work by Hare and co-workers.41 They
showed that a majority of kinase ligands that contained related
molecular frameworks are found in a single orientation. From
a docking perspective, this is an algorithmically useful observa-
tion because it allows poses to be discarded where the common
framework does not overlap with previously determined ex-
perimental structures. Moreover, this concept can also be used
in conjunction with docking algorithms based on incremental
construction42,43 because the weakness of such approaches is
the need for accurately defining the base fragment.

For a fraction of the pairs (41 out of 206), it is apparent from
visual inspection that the overlay is not optimal. These pairs
haveTanimotoShape,Unoptimizedvalues less than 0.8. A number of
physicochemical descriptors were calculated to see if it was
possible to identify an intrinsic characteristic associated with
these ligand pairs. However, mapping the chemical space of
the pairs of ligands shed little light on structural aspects that
could potentially be used to discriminate good versus mediocre
shape overlays. Only the molecular weight parameter provided
some useful insight. If the ligand pairs were classified by
molecular weight, it becomes apparent that pairs with MW>370
Da essentially all show highTanimotoShape,Unoptimizedvalues,
above the cutoff of 0.8. The pairs of ligands of lower molecular
weight (MW <370 Da) have a slightly higher probability of
occupying different regions in the binding site. These results
are consistent with the notion of molecular complexity.44,45The
more complex a ligands is, the more stringent the mode of
binding should be. Furthermore, it should also be noted that
even the pairs with a mediocre overlap still show a significant
degree of structural conservation.

The crystal structures of human factor Xa complexed with
two structurally similar compounds with MW>370 Da are
shown in Figure 9. The structures include different basic groups
(the so-called P1 fragments), an aminoisoquinoline group in
ligand RPR208815 (PDB entry: 1f0r), and an azaindole group
in ligand RPR208707 (PDB entry: 1f0s). The two ligand X-ray
structures confirm a high degree of structural conservation as
well as the spatial congruence of the aminoisoquinoline and

azaindole groups. Consequently, theTanimotoShape,Unoptimized

value is high (0.89).
Figure 10a illustrates two ligands of a rather low

TanimotoShape,Unoptimizedvalue (0.66) and low molecular weight
(MW: 152 Da) complexed with the dioxygenase protein
Pseudomonas putida. The ligands 3-hydroxy-phenylacetate
(MHP) and 4-hydroxy-phenylacetate (PHP) differ only by the
position of the hydroxy substituent. Both MHB (PDB entry:
3pce) and PHP (PDB entry: 3pcg) coordinate an iron (Fe3+)
through its phenolate moiety. As a consequence, the carboxylate
groups point into two different regions in the binding sites.
Despite this minor structural modification, the positions of the
two compounds are not identical. The relative orientation of
the ligands is not conserved, and the mediocre shape overlay is
reflected in the relatively lowTanimotoShape,Unoptimizedvalue. The
shape Tanimoto for the optimized overlay is as high as 0.93.
The overlay is shown in Figure 10b.

It should be mentioned that no examples of reversed binding
modes are found in our data set. The reasons for known
examples5-8 not being present are 3-fold: (i) the ligand-protein
coordinates are not available from the PDB; (ii) the ligand pairs
did not pass our X-ray resolution filter; and (iii) the ligand pairs
did not pass our similarity cut off. Unexpected binding modes
certainly exist. But in view of the results presented in the current
work, the probability of such an event is very low for structurally
similar molecules.

Conclusions

General conclusions and knowledge about ligand binding
modes and protein flexibility are decisive for the drug design
process, particularly in the structure-based part of it. We have,
therefore, presented the first example of a comprehensive
experimental survey on the complete PDB using an elaborate
filtering cascade. A diverse set of structurally similar pairs of
lead-like ligands spanning a broad range of proteins has been
obtained and systematically analyzed.

In general, if two ligands are structurally similar, then the
binding mode as defined by the relative orientation in the protein
is conserved. That is, a majority of the ligand pairs occupy the
same space in the binding sites, in terms of showing shape
Tanimoto values greater than 0.8. This is especially true for
ligand pairs with molecular weights greater than 370 Da.
Practically all pairs show aTanimotoShape,Optimizedvalue greater
than 0.8, supporting the design strategy of identifying novel
compounds by shape similarity to a known compound.

Nevertheless, two binding sites complexing two structurally
similar ligands often have surprisingly different shapes and water
architectures. The most frequent structural change involves
tightly bound water molecules. Side-chain movements are
observed in half of the pairs, whereas backbone movements
rarely occur. With the results at hand, it is clear that method

Figure 10. (a) Illustration of two structurally similar ligands of low molecular weight binding to a dioxygenase protein. The two carboxylate
groups do not occupy the same region in the binding sites. The shape Tanimoto for the fixed alignment is 0.66, and the relative orientation of the
common fragment is not conserved. The binding site surface is illustrated with meshed contours colored according to the electrostatic potential. (b)
The optimized overlay. The shape Tanimoto is 0.93, and the structural positions of the two compounds are virtually identical.
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development efforts in structure-based drug design should
primarily address protein flexibility rather than finding the holy
grail of scoring functions.

In conclusion, the probability of a surprise-binding mode is
very low. Two structurally similar ligands (e.g., ligands belong-
ing to the same structural series in a drug design project) can
safely be assumed to occupy the same 3D position in the binding
site. However, there is a significant possibility that minor
modifications on a ligand will produce changes in the binding
sites that arise from side-chain movements. These changes may
give rise to the unexpected structure-activity relationships that
are generally seen in drug design projects.
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