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A procedure for analyzing and classifying publicly available crystal structures has been developed. It has
been used to identify high-resolution proteiigand complexes that can be assessed by reconstructing the
electron density for the ligand using the deposited structure factors. The complexes have been clustered
according to the protein sequences, and clusters have been discarded if they do not represent proteins thought
to be of direct interest to the pharmaceutical or agrochemical industry. Rules have been used to exclude
complexes containing non-drug-like ligands. One complex from each cluster has been selected where a
structure of sufficient quality was available. The final Astex diverse set contains 85 diverse, relevantyprotein
ligand complexes, which have been prepared in a format suitable for docking and are to be made freely
available to the entire research community (http://www.ccdc.cam.ac.uk). The performance of the docking
program GOLD against the new set is assessed using a variety of protocols. Relatively unbiased protocols
give success rates of approximately 80% for redocking into native structures, but it is possible to get success
rates of over 90% with some protocols.

Introduction reliably assigned to a real effect rather than random differences
driven by the composition of the test set. (vi) It should contain
relatively recent structures. This ensures the use of modern
ligand geometry generation and refinement programs. Another
reason for this restriction is to ensure that there is no overlap
with the existing members of the CCDC/Astex test set (see
below) so that the new test set could be used independently
from older sets. (vii) It should be freely available to academics,
software producers, and industrial companies so that the field
as a whole could benefit from the time taken both to define the
set and to prepare the ligands and proteins in a suitable form
for docking.

A number of docking studies have been performed in the
literature in which the validation has employed more than 50
protein-ligand complexes (i.e., the validation is consistent with
requirement (v) above). The original GOLD test set consisted
of 134 complexe8.These complexes later formed a large part
of the 200 complexes used in the FlexX validatiorf seid the

Protein-ligand docking continues to be an area of intense
interest to the pharmaceutical industry. Virtual screening is
commonly used to generate hits against drug targets for which
the structure is known, and docking is also heavily used in
structure-based design projects to prioritize medicinal chemistry
efforts! Despite the success of docking methods, there is still
a need to improve the performance of docking prografesd
one of the key steps toward this goal is to provide suitable
validation sets to test methods.

This paper is concerned with the construction of a new
docking validation set, derived from the Protein Data Bank
(PDB), which it is hoped will prove useful in the assessment
of docking methods. We decided that the requirements of such
a validation set are as follows: (i) It is relevant to assess how
useful the methods are to drug discovery (and agrochemical
research). This means it should only include relevant protein
targets containing drug-like complexes. (ii) It should contain a

diverse list of proteirrligand complexes, with no particular 153 tcaortljpllcle'xze(s)f szgid 0'21 tlf;eetestlng 0; dféjt[;@t%rl]_ggﬁec;
target represented more than once, and a diversity of IigandsSu stantial 1is COMPIEXES Was us N

with distinct molecular recognition types represented. This this was derived mainly from the FlexX validation set and

means that the set should be suitable to assess the gener omplexes from the set used to derive the empirical scoring

performance characteristics of a docking method. (iii) It should unction Chergscoré&mllarly, the recent dOCk'r.'g comparison
contain very high-quality experimental structures, and in by Chen et al® uses 164 complexes and the testing of ConsDock

1 :
particular, we would emphasize the availability of crystal- by Paul et af:* uses 100 complexes, but in both cases, the vast

lographic structure factors so that the experimental binding mode Majorty of examples are derived from the GOLD and/or

of the ligands can be easily assessed. Ideally, the electron densit / herqscgr(_a selts. A qr|t|c_|smtr?f aIIhthesi Val'dat'to': Seiﬁ Is that
(calculated from the structure factors) should account for all espite being farge In size they have been put together on a

parts of the ligand. (iv) It should not contain complexes in which somewhat ad hoc basis, often leaning on the makeup of existing

ligands make contact with protein atoms from multiple copies Sets. In'man%wnf;lvys, th(;.sff's a gtood thing bebcziu.fe I aIIov;/; ?Ome
of crystallographically related subunits (unless the arrangementgolTpa”S.on € theen tl eren_pr:og{a??, utt mean? atany
of the subunits is known to be physiologically relevant), because enciencies in he sets are nherited from oné perlormance

such contacts can sometimes affect the binding modes of ”gandsassgsstment to an(t):]he;_Add|_t;onally, lno formal ?tttt;mpt has Ibeen
at the point of contact. (v) It should be sufficiently large so made 1o assess the diversily or relevance of the complexes

that improvements and differences in performance can be more'nCIUded' o
In 2004, the CCDC/Astex validation set was construéfed.
“To whom correspondence should be addressed. Teld 1223 This set contains 305 complexes incorporating the original 134
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s.com. the Chemscore set, and 123 new complexes. A substantial
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attempt was made to provide a clean subset of this list in which Materials and Methods

o!oubtful entries were removed on the basis of th.e following:  ggjection of Complexes. Sequence AnalysEhe first stage

(i) contacts between the ligand and crystallographically related ;, preparing the validation set was to perform a sequence
chains; (ii) significant clashes between the protein and ligand; anaysis of the proteins contained within the PDB. The purpose
(iii) incorrect ligand representation; (iv) dubious ligand geom- ¢ this analysis was to group together all of the amino acid
etry; or (v) incongruity between ligand placement and electron chains that represent the same protein structure, for example,
density. Approximately 20% of the structures were considered the cdk2 kinases, the HIV proteases, and so on. The analysis
doubtful and were removed using these criteria, and a further was performed using a local mirrored copy of the PDB as of
6% of complexes were removed for diversity reasons, leaving June 27, 2006, which contained a total of 31 875 entries.

a clean list of 224 compounds. The number of doubtful entries  Each PDB file was processed to extract the amino acid
in the original list was worrying because many of these sequence(s) contained within it. This was done by examining
complexes had been routinely used in docking validations by each alpha carbon (CA) atom and converting the residue name
different research groups. Also of some concern was the factto a single letter amino acid code. Care was taken to handle
that structure factors had not been deposited in the PDB for residues with disordered CAs appropriately. The residue was
about 75% of the clean list, so it was not possible to assess theonly considered if the alternate location indicator was a space
ligand positioning versus the experimental electron density. In character or an A. New sequences were started whenever the
the construction of the Astex/CCDC set, there was no effort to chain name changed or a TER record was encountered. PDB

restrict the list to only drug-like ligands or to proteins relevant files were ignored if they did not originate from experimental
to drug discovery. X-ray crystallography studies. This was defined by examining

the value in the EXPDAT record of the PDB file.

A total of 62 727 amino acid chains were identified from the
PDB. A Blast* database was constructed from these sequences,
which was to be used for clustering the sequences into highly

above), and they have also considered diversity in the construc-Similar families. Each sequence from the set was compared
' Y y against the rest of the database using a blast search with a

tion of the set, althpugh it does contain multiple representat_ions p-value cutoff of 1.0 and with low complexity filtering turned

of the same protein. An amount equal to 44% of the publicly o This yielded a set of very similar sequences for each
available complexes are kinases and 42% are proteases. Th@equence in the input and it was empirically determined that a
Perola set, therefore, does not match the diversity requirementg|ast sequence identity of 75% indicated that two sequences
that has been targeted in our work. Additionally, Perola et al. \yere of the same protein. Each set of matching sequences was
have not prioritized the aVa.||ab|||ty of structure factors and assigned to a cluster. Once a sequence was part of a C|uster, it
electron density data in selecting entries. To illustrate the \as not available for inclusion in other clusters. This method
importance of this issue, Perola et al. identified 12 complexes robustly assigns the PDB sequences to clusters comprised of
for which none of the docking programs studied generated a the same protein and handles the following difficulties that can
good quality solution. Structure factors are available for three occur with the sequences present in a PDB file: (i) A particular
of these named complexes (1cet, 1nhu, and 1nhv). These thred°DB file may contain chains of more than one protein. (ii) There
complexes would have been discarded in our work because wemay be loops missing because they could not be identified in
were not able to generate an electron density map that provideshe electron density of the structure. (jii) Different structures of
good support for the positioning of the entire ligand. A final the same protein may have used different constructs, so there
potential problem with the Perola validation set is that there is may be N or C terminal extensions. (iv) There may be terminal

no indication in the paper that the set is available to the researchextensions due to the presence of purification tags. (v) There
community. may be a small number of mutations that were incorporated

for crystallographic purposes.

This clustering procedure yielded a total of 9188 clusters,
each corresponding to a distinct protein.

Ligand Analysis. To complete the characterization of protein/
ligand complexes in the PDB, it is necessary to identify the
chemical structures of ligands that are part of the PDB entry.

section, the composition of the set is discussed with regard to Unfortunately, the PDB does not contain all of the information

. . . ecessary to describe the valence structure of a general small
the representation of different protein classes, the presence 01!1 y 9

keted d dth lability of affiniti K molecule ligand (such as a drug or an inhibitor). Among other
marketed drugs, and the availability of affinities. A key purpose y,inqq ‘the following difficulties occur when trying to identify
of the validation set is to facilitate standardization of tests on

) X i a small molecule structure present in a PDB file: (i) The bond
docking programs, and so, the final part of the paper outlines gers of ligands are not specified in a standard way. (i) The
the performance of the docking program, GOLD, on the charge state of atoms in the ligand is not specified. (i)
validation set. Here, a number of different protocols are used sometimes even identifying the element type of an atom is not
that have been designed to mimic the type of protocols that trjvial.

have been employed in previous validation studies. The results These problems greatly diminish the value of the PDB for
illustrate that it is possible to get very different success rates storing protein/ligand complexes. A number of approaches have
depending on the protocol adopted and also underline how heen devised for assigning the likely structure of a ligand from
difficult it can be to compare the performance of different the information that is present in a PDB file. These range from
docking programé.it is hoped that these results will be useful manual curation methods, such as those used by Refbase,

in benchmarking the performance of different programs against a number of geometric analyses that will generate a sensible
the new validation set in future studies. valence structure for a bound ligand. To extract the ligand

Perola et al. have constructed a validation set that consists
of 100 PDB entries and 50 complexes from their corporate
databasé3 The authors have worked hard on ensuring that the
complexes are relevant to drug discovery (requirement (i)

From the foregoing discussion, it should be apparent that there
is a great need for an entirely new validation set that is based
on the six requirements outlined above. The present paper first
describes the methodology used in the construction of such a,
set, which is based on a systematic analysis and classification
of all the proteir-ligand complexes in the PDB. In the next
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structures, we have implemented our own algorithm based onTable 1. Addi_tional Rules for Identifying Compounds That Are Likely
the one described by Sajfewith a few extensions. The  To Be Drug-Like

algorithm is briefly described here: (i) The PDB file is read structure filters physicochemical filters
and ann_ECtiVity is a_SSign_ed using standard bonding radii. (ii)  structure contains 3434 exclude compounds 1653
Potential ligands are identified as groups of connected HETATM  ligand with more than 10
residues or connected components with less than 100 atoms. , rotatable bonds
(iii) Elements are assigned from element codes stored in the gl‘r“rﬁzr‘;orgg'” oxygen 3400 ;i’t‘ﬁ';‘gﬁecrotg:””ds 1356
ATOM record or from the ligand atom name using a set of d 10 heavy atoms
rules. (iv) Hybridization of each atom center is assigned on the mustonly containH, 2731 exclude compounds 1318
basis of the sum of the bond angles around the atom. (v) Where C,N,O,F, P, S, Cl, with MW outside
possible, five- and six-membered rings are made aromatic. (vi) andl Bdf 2692 fangledloewo g 1510
A Kekulée structure is assigned by searching for the optimal ~€}¢ude common exclude compounds
. . glycosylation that fail the rule

arrangement of single and double bonds to aromatic atoms.  gructures of fivedl

The aim of the ligand analysis is to identify a set of high-  exclude simple 2477

quality protein/ligand complexes, where the ligands are of saccharides

therapeutic or agrochemical interest. Many protein structures g?gilg;‘;rtetrapept'des 2000

in the PDB have cofactors or crystallization additives bound to  exclude compounds 1896

them. These are of little interest for this work and it was decided containing

to remove them completely from the analysis. This was done CH:CHCH,CH—

by drawing up a list of HET group identifiers that correspond QZE?JZe dlycerolike 1821

to these ligands and ignoring all atoms that have identifiers in compounds

this list. — . N
The starting list of identifiers was based on that described Commﬁ]bers of complexes surviving each filter are shown in adjacent

by Wang et al”-18During the preparation of the ligand database,

it was found that some additional HET groups occurred  The clash checking was performed by reading the MOL file
frequently in the PDB. The list of ignored HET group identifiers  of each ligand and comparing it with the atoms in the original
was extended by including all HET groups that occurred more ppp file. Care was taken to ignore the atoms of the ligand that
than 20 times in the PDB (see Supporting Information). are present in the original PDB file. Atom Van-der-Waals radii
The output from the ligand extraction phase is a series of were assigned using the rules of Tsai e2alnd a clash was
MDL MOL files 9 that contain a sensible valence structure for recorded if any pair of atoms was closer together than the sum
a particular ligand. These ligands were converted into SMILES of the radii minus 0.9 A. We believe this to be a forgiving
string$° using the Daylight program mol2sr#fi.Once in this definition of a poor contact and it serves only to remove the
form, the structures were stored in a searchable database. Thgery worst complexes.
structures were then annotated with physical properties that are  To identify interactions with the symmetry environment, we
necessary for classifying them as drug-like or not drug-like. ysed symmetry generation tools from our AutoSolve suite of
These physical properties include molecular weight, Ct#8gP  programs* A 10 A shell of symmetry atoms was generated
(calculated octanol/water partition coefficient), polar surface around all atoms present in the PDB file. Each ligand MOL
area, number of hydrogen bond donors, number of hydrogenfile was compared against this shell of atoms, and if any contacts
bond acceptors, and heavy atom count. shorter than the sum of atom radii 0.5 A were found, a
Once the ligands had been stored and annotated, a numbesymmetry contact was recorded for that ligand.
of filtering rules were devised to identify those that were drug- Electron Density Generation. For each PDB file, we
like. The filters were split into two groups: (i) Chemical pattern recorded whether or not structure factors are available in the
filters that remove any remaining ligands that slipped through PDB structure factor repository. Structure factors are essentially
the HET group filter. The chemical filters are described in Table the primary experimental data for a crystal structure determi-
1. (i) Physicochemical filters that remove molecules that do nation and can be used to calculate electron densities for all or
not have drug-like properties. These filters are also shown in part of a structure. We have found examination of electron
Table 1. densities to be extremely helpful in our structure-based drug
PDB File Analysis. Clash/Symmetry Contacts.As de- design projectd> We decided to exclude structures for which
scribed in the Introduction, a common problem with previous we were not able to construct electron density maps.
validation sets is that they contain structures with poor non-  Where structure factors were available, we constructed an
bonded interactions between the ligand and the active site, orOMIT map for each ligand using the procedure outlined in
that the ligand has interactions with a symmetry related molecule Mooij et al2* The OMIT map contains a close approximation
that is not physiologically relevant. Both of these problems to the original density observed for the ligand. This is similar
introduce serious limitations on the usefulness of such com-in spirit to the approach adopted by Kleywegt for producing
plexes: (i) If the ligand has clashes with the active site, then electron density maps in the Electron Density Seffdt we
the binding mode is probably incorrect. (i) If the ligand is prefer to produce an,~F, map rather than a 2FF; map. This
sandwiched between symmetry related protein molecules, thenfacilitates the visualization of the ligand electron density because
it is possible that these interactions influence the binding mode. there is no electron density visible for correctly interpreted parts
For these reasons, we have tried to identify all complexes of the protein structure.
that contain serious clashes between the protein structure and The OMIT maps were generated for all structures and then
the ligand and those where the ligand forms any short-rangeclipped to the region around the ligand atoms to minimize the
nonbonded interactions with a symmetry copy of the protein or storage requirements for the electron density maps. Although
cofactors. Hydrogen atoms were ignored when determining for the vast majority of complexes our software is able to
clashes and symmetry interactions. recreate the ligand electron density maps, this was not possible
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use of ligand structure generation programs such as C#fina,

Q and improvements in the quality of crystallographic refinement
' procedures. Additionally, this date ensures that there is no

Y overlap with structures from the Astex/CCDC validation set that

was described previoush.
The final data set from this whole procedure is a set of clusters
of protein structures. Each cluster contains only PDB structures
) that satisfy the conditions described above and that contain
1140, Rd = 0.97 1ia1, Rd=0.89 . L . . . )

@ ®) ligands that meet the criteria outlined in previous sections. To
summarize, the remaining protein/ligand complexes meet the
following criteria: (i) PDB file is deposited after 11-Aug-2000

. (18 677 structures); (ii) PDB file resolution is 2.5 A or better

) ! (12 650 structures); (iii) PDB file has structure factors deposited
"’V\ (9706 structures); (iv) the structure contains interesting ligands
4 (3434 structures); (v) the structure contains drug-like ligand(s)
e (1310 structures); and (vi) the structure contains a ligand with
L‘} no clashes with the binding site or interactions with symmetry
! units (836 structures)
11z8, Rd =0.70 1kui, Rd =0.49

© @ Manual Selection.The automated filtering rules described

Figure 1. Complexes with a range of Rd coefficients. The first two abo‘(e produced 42_7 occuplgd Cl.USterS’ that is, modern, hl.gh-
complexes (1t40 and lial) show the typically very high quality of the duality structures with drug-like ligands and electron density
complexes that are included in the Astex Diverse Set. The 1tz8 complexmaps. Unfortunately, it is not possible to fully automate the
has clear electron density for all atoms but shows the limit of what we final selection of the complexes. For example, it is not trivial

considered for inclusion in the set. For entry 1kui, there is clear electron to automatically detect which ligands are drugs and which targets

densn)'&for Iarg? pﬁ.rtsl of the Ilgland b“} dthereh's no de”ﬂty fo;_loth_er are of relevance to drug discovery or agrochemistry and so on.

parts. As a result, this last complex would not have passed our filtering .

criteria. All figures containing structures were prepared using Astex- Therefore, an mterfa_ce was developed th‘jit presented the clusters
in order of decreasing number of protein structure members.

Viewer 28
Clicking on a cluster produces a list of the PDB structures

for a small number of complexes; the reasons for this have beenthat are in that cluster along with summary information about
described by Kleywegt in some det#ilUnfortunately, in these ~ date of deposition, resolution, and the name of the protein as
cases we had to exclude the structure from further examination.determined from the PDB file. Also the highest Rd for any of
Electron Density Scoring. The final analysis of the high-  its ligands is shown. The list is sorted into decreasing order of
quality protein/ligand complexes in the PDB involved manual Rd so that it is simple to identify the complexes with the best
inspection of a large number of structures. To assist with this ligand density.
process we calculated a density correlation score (Rd) for each Selecting a structure in a particular cluster will show the
complex?* The density correlation measures how well the ligands that are present in that PDB file. A chemical diagram
observed electron density correlates with the positions of the for the ligand is shown along with the molecular weight, ClogP,
atoms in the ligand structure. the Rd, and the average B-factor and occupancy for atoms in
A perfect fit between electron density and ligand structure the ligand. When a particular ligand is selected, the protein
gives a correlation coefficient of 1.0. We found that structures structure, the ligand structure, and the electron density map are
with Rd > 0.9 were generally of very high quality. Structures displayed in a visualization window containing AstexViewer.
with Rd < 0.7 were generally found not to be suitable for In this fashion, the candidate structures in each of the 427
inclusion in the set. Lower correlation coefficients can result clusters were examined, and where possible, one suitable
from weaker experimental support for the ligand positioning representative for each cluster was selected.
but very low coefficients can also indicate a technical issue for ~ While browsing the clusters, the header for each loaded PDB
that specific structure. For example, errors in the specification file is available. This makes it very easy to read some
of the cell dimensions or space group can lead to incorrect mapsinformation about the protein/ligand complex and to judge if it
being generated. In the vast majority of cases, however, ouris relevant to drug discovery. However, the final judgment on
map generation protocol yields high-quality maps. Figure 1 relevance is made when the primary literature for the complex
shows examples of ligand electron densities-(F maps) with has been consulted (see below). We would like to stress that at
varying correlation coefficients. no point was a decision to include a complex biased by how
Final Filtering. The previous sections have described the well we believed a docking program would be able to dock the
steps taken to process the PDB to produce clusters of relatedigand. Each decision was based solely on the quality of the
protein structures and chemical structures for the ligands thatdata and on the relevance of the complex. Hence, if there are
are bound to them. This section describes the process by whichany biases in the set, they merely reflect biases in the availability
the final set of structures is identified before manually selecting of relevant high-quality complexes in the PDB.
the high-quality complexes of interest. Composition of the Set.The initial manual selection resulted
We are interested only in modern, high-quality protein in candidate complexes, each representing one single protein
structures, and for this reason, we limit the selection to structurescluster. The primary literature was then consulted for each
determined after August 11, 2000 that have a resolution of 2.5 complex and complexes were removed if there was no indication
A or better and for which structure factors are available. The that the target was (potentially) relevant to the discovery of drugs
limit on the date for the structures is chosen to reflect the fact or agrochemicals. Other reasons for excluding complexes at this
that many improvements have been seen recently in methodsstage included cases where the ligand had reacted during
for the determination of protein/ligand complexes, including the cocrystallization or soaking, where there were incomplete side
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Figure 6 shows the distributions of the number of heavy
atoms, of the number of rotatable bonds in the ligands, and of
the crystallographic resolution of the 85 structures. It is clear
that we have included fewer complexes with very small ligands
and fewer complexes containing very large ligands compared
to that of the CCDC/Astex validation set; in addition, we have
included significantly fewer complexes with ligands containing
10 i a Iarge numper of rotatablg bonds. Both these distributiopg are

& ® consistent with our aim to include only complexes containing
drug-like ligands. No complexes were included in the Astex
Diverse Set with resolution worse than 2.5 A simply because
of the resolution cutoff we applied. The new set contains a larger
(but still relatively small) fraction of very high-resolution
structures, probably due to the improvements in technology
achieved in recent years. Additional distributions for various
properties of the Astex Diverse Set can be found in the

L Supporting Information.
Where available in the primary literature, either directly or

in one of the references, the potencies of the compounds were
) ) recorded and are listed in Table 2. Using these sources, we found
Figure 2. Examples of small structural issues that were deemed

acceptable in the Astex Diverse Set. (a) In entry 1jd0, the ligand contains potency data f.O.r _74 of the 85 comple.xes. ]
a cis amide bond that should be trans; it is difficult to tell from the One of our initial concerns on looking through the list was

electron density alone whether the amide should be cis or trans, butthe absence of some high profile drug targets for which
energetically the cis conformation is extremely unlikely. (b) In entry  structures are available. Such omissions in the list were not
1n1n, the nitrogen atom in the pyrrolidine ring should be planar, as it especially worrying when they came from families that were

is part of an amide bond. (c) In entry 1n2v, there is no density for the ; . . .
ter?ninal atom in then-buty(l <):hain ofythe ligand. (d) In entry 1ypmn, well represented in the set, such as serine/threonine/tyrosine

the ligand amino-cyclopropyl group has not been placed in the density Kinases (example omissions: src, cdk4, mek), trypsin-like serine
optimally; twisting the cyclopropyl would have resulted in a better fit  proteases (example omissions: thrombin, factor IX), metallo-
with the density and would have created a much-improved geometry proteases (various MMPs omitted). Omissions that were of more
for the hydrogen bond formed between the ligand amine and the proteinconcern were HCV protease, HCV polymerase, BACE/renin,
backbone carbonyl oxygen. elastases, PTP1B, and PPARPARS. A detailed examination
revealed that complexes involving these proteins had been

where the binding site contained mutated residues that werediscarded for a wide variety of reasons and often fpr n_mltiple
reasons per target or complex. The lack of availability of

not relevant to drug discovery. Where possible, complexes that ; h ¢ 7
were removed at this stage were replaced with another accept-s'[rucm_re actors was the most common reason for omission,
able complex from the same cluster. Complexes with minor and this was particularly true for older drug targets such as

structural issues were retained to keep the set at a reasonabInglB; the insistence on noncovalent inhibitors was important

size. A few examples of such minor structural issues are given 1© the removal of several targets (e.g., HCV protease and
in Figure 2. elastase), whereas a number of more challenging drug targets

. ; ; ffected by the need to contain drug-like ligands (e.g.,
This process resulted in 85 complexes that contain a drug-We're a )
like ligand for which the electron density is essentially complete BACE_’ renin, HCV protease, an_d PPMPARS)' P_oor
and unambiguous. Figure 3 shows a phylogenetic tree of the €Xperimental support for a_II atoms in the ligand .(|.e., ¢sc_>rder)
85 complexes clustered based on global sequence identity Ofled to the removal of occasional complexes, as did the insistence

the proteins. It illustrates that, although the set contains several®" & hllgh-re;;)lutlon strlljctgre (eh.g., for HCV pol3;mer_ase_3 and
classes of targets, it is generally very diverse. In Figure 4a, the PPARy/PPARY). In conclusion, t e examination of omissions
85 targets are classified according to their relevance to drug orevealed that targets and the associated complexes were excluded

agrochemicals discovery. Nearly 90% of the proteins are direct {0 @ Wide variety of valid reasons and that we can be safe in
targets for drug/agrochemicals discovery projects. Most of the the assertion that there are only apout 85 complexgs from distinct
remaining proteins are so-called “off-targets”, which include targets that meet the strict criteria adopted in this paper.
cytochrome P450s and so on. Setting Up ComplexesThe ligand and protein were set up
Chemical diagrams for the |igands in the set are shown in aCCOfding to the rules laid out below. For the prOtein, the rules
Figure 5, whereas Figure 4b shows the types of ligands thatwere only applied to atoms within 10 A of the ligand.
occur in the set. Of the 85 ligands in the set, 23 are approved Bond types for the ligands were taken directly from the
drugs and an additional 6 are (or have been) in clinical trials. primary literature. In cases where the primary literature indicated
Where it is clear from the primary literature that the ligand what the protonation state of the protein or ligand should be,
originated from a drug discovery project, we have classified it these assignments were generally adopted. Otherwise, proto-
as such; this class contains 35 ligands. The “substrates” groupnation states were assigned according to the following rules.
contains natural substrates, products, agonists, and so onMetal-coordinating groups in protein and ligand were protonated
whereas the “substrate analogues” group contains close anain accordance with what is typically observed in the Cambridge
logues of natural substrates for which it is not directly obvious Structural Database (CSBf)For example, phenolic OH groups
from the primary literature if they originated from a drug that coordinate metal ions are always deprotonated in the CSD,
discovery project. The “unassigned” group contains ligands for whereas aliphatic OH groups nearly always retain their proton
which we were unable to classify them in any of the other when they coordinate to a metal ion. Hence, metal-coordinating
categories on the basis of the primary literature. tyrosine OH groups were deprotonated, but serine and threonine

1n2v 1pmn
O] (@

chains or missing loops in the vicinity of the binding site, or
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Figure 3. Phylogenetic tree of protein similarity in the Astex Diverse Set. The majority of structures in the set have almost no global sequence
similarity. There are groups of structures from major protein families in the set. There are a total of 11 kinases, 9 nuclear receptors, 5 serine
proteases, and 3 members of the phosphodiesterase family.

(@) (b)

o approved drugs

@ drug targets O clinical trials

W agrochemical targets O drug discovery
O off-targets ® substrate anal
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Figure 4. Protein classes (a) and ligand classes (b) in the Astex Diverse Set. The vast majority of proteins are drug targets or agrochemical targets,
and most ligands are either approved drugs, compounds in clinical trials, or compounds originating from drug discovery projects.

OH groups that coordinate metals were left protonated. Proto-ing to the hydrogen bond patterns. However, upon visual
nation states of hydrogen-bonding groups were assigned ac-inspection, a few cases were identified where the side-chain
cording to our best judgment on their relatiié;p. Groups not placement was inconsistent with the hydrogen bond patterns.
involved in hydrogen bonds were protonated according to their Hence, we searched (computationally) all 85 complexes for such
pKas. inconsistencies, using the following protocol: (i) only His, Asn,

Tautomers were assigned from the primary literature where or Gin side chains were checked with at least one side chain
they were described. Otherwise, tautomeric forms were chosennitrogen or oxygen atom withié A of anonhydrogen ligand
that were consistent with the metal-coordinating contacts and atom; (ii) water molecules were retained in this analysis; (iii)
the hydrogen bonds. In cases where tautomers could not bethe number of hydrogen bonds formed was counted for all
derived from the interaction patterns formed by the functional possible states of the side chain; for Asn and GIn side chains,
groups involved, the tautomer that appeared most sensible waghese were simply the two rotameric states of the terminal
chosen. carbamoyl group; for His side chains, in addition to the two

Ligand hydrogen atoms were added using Insigtthut for rotameric states, two neutral uncharged states and the positively
certain functional groups (all involving hydrogen atoms added charged state were considered, resulting in a total of six states;
to sp3 carbon atoms), this resulted in poor covalent bond angles.(iv) the side chains that could achieve a higher number of
Hence, all hydrogens attached to sp3 carbon atoms were optimi-hydrogen bonds by choosing an alternative rotamer were
zed in the MMFF force fielé! (keeping all other atoms fixed).  inspected visually; and (v) if visual inspection confirmed that

His, Asn, and GIn side chains can normally not be placed indeed the hydrogen-bonding patterns of a side chain could be
into the electron density map unambiguously. Hence, the significantly improved by rotating it, then the side chain was
crystallographer will usually have placed the side chain accord- flipped.
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Figure 5. Chemical diagrams of the 85 ligands in the Astex Diverse Set.

In cases where protein side chains were disordered, theconformer was selected; (iii) if no decision could be made based
following approach was taken to select one of the conformers: on rules (i) and (i), the conformer listed first in the PDB file
(i) where possible, the conformer with the highest occupancy was selected.
was selected; (ii) for side chains with equal occupancy, in cases All water molecules were removed from the complexes,
where one of the conformers clashed with the ligand, the other except in cases where GOLD requires them to determine the
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of the crystal structures (c) for the CCDC/Astex Set (dotted lines) and the Astex Diverse Set (solid lines).

coordination geometry of a metal ion (this was the case for protocols, Goldscore achieved a success rate of Z9Qare
entries 1xm6 and 1xoq; in neither of these two cases do theshould be taken not to overinterpret results obtained against
water molecules interact directly with the ligand). Solvents and different sets, as the sampling errors in validation sets of this
small ions like sulfates and phosphates were removed unlesssize are 45%J12

they mimic a cofactor. For example, in the thymidine kinase

Because in this validation set the structures themselves are

complex (10f1), the sulfate ion was retained because it mimics not in doubt, docking failures are particularly interesting and
ATP. All cofactors were retained and were atom typed according analyzing them should help in the development of improved

to the rules outlined above.

Results and Discussion

Standard Protocol. It is not the aim of this paper to test the
docking performance of GOLD (or any other protein/ligand

docking code) against the Astex Diverse Set, but rather to

scoring functions. Although it is beyond the scope of this paper
to produce an improved scoring function, it is interesting to
highlight a few cases where GOLD fails to reproduce the X-ray
binding mode and discuss possible reasons why this may be
the case.

For a significant fraction of the complexes for which GOLD

present and discuss this new set. However, it is the intention systematically struggles to dock the ligand correctly, water

that researchers will use the set to improve their docking

molecules play a key role in protein/ligand recognition. Two

protocols and to compare the performance of their algorithms extreme examples are 1g9v and 1gm8, for which the ligand

against other docking codes. Particularly in the light of this latter

only forms one direct hydrogen bond with the protein but is

use of the new validation set, we believe it is good to stress involved in several water-mediated hydrogen bonds; in 1g9v,

again here that it is incredibly difficult to compare the
performance of different docking tools in a fair way (see, e.g.,
Taylor et al®d). Docking programs can differ in their definition

there are 11 water molecules in the direct vicinity of the ligand,
and for 1gm8, there are 19 water molecules nearby. For 1hvy,
the key recognition motif is reproduced almost exactly, but two

of the binding site, the way the complexes are preprocessed,acid groups that are solvent exposed (and together form
the number of degrees of freedom considered, and so on, anchydrogen bonds to five water molecules) are misdocked. In the
this can have a significant effect on the success rates obtainedX-ray structure of 1xm6, the ligand does not interact with the
Therefore, to illustrate this, we present the performance of zinc ion at the far end of the pocket, instead the ion is
GOLD using several of these protocols, all of which have been coordinated by two water molecules. As these water molecules

used in the literature for evaluating other protein/ligand docking
tools.

For all these validation runs, an in-house version of GOLD
was used, the “default 1” settings described previctiskere
used for the genetic algorithm (GA), and the standard GOLD
scoring function Goldscofewas used to drive the dockings.
The results for the different protocols are shown in Table 3.
Additional statistics on the docking runs can be found in the
Supporting Information.

are absent in the docking runs, GOLD predicts the ligand to

coordinate to the zinc ion. The same happens for 1r90, where
in the X-ray structure a water molecule coordinates to the heme
and the ligand acid group interacts with Arg108. In the absence
of the water molecule, GOLD predicts the ligand acid group to

coordinate to the heme. In addition, the standard version of
Goldscore may over-reward the interaction between the ligand
acid group and the iron atom in the heme. We recently

reparameterized the Fe-coordination terms in GoldstdFeio

First, we tested the standard protocol that was used in previoussets of new parameters were derived: one from Fe-coordination

validations of GOLD against a test set of protein/ligand
complexes? that is: (i) geometries for protein and ligand are
taken directly from the PDB; (ii) binding sites are defined as
all protein atoms withi 6 A of a nonhydrogen ligand atom;
(i) protein OH groups and NElgroups can rotate; and (iv)
flexible ligand torsions can rotate and ring corners in ligands
are allowed to flip to explore ring conformers. Using this
standard protocol, GOLD predicts 81% of the complexes within
2.0 A of the experimental binding mode. This is comparable to

frequencies in the CSD and the other from Fe-coordination
frequencies in the PDB. Interestingly, using either of these two
new sets of parameters, the binding mode of this entry is
predicted correctly. In real-life drug discovery applications, the
important mediating water molecules would be included in the
docking runs, giving the docking program a better chance of
making correct predictions.

In 1yvf, the ligand contains a carboxylic acid group that is
solvent exposed and forms no hydrogen bonds with the protein.

the GOLD success rate achieved against the “drug-like” subsetThe Goldscore function heavily rewards hydrogen bonds formed

of the CCDC/Astex validation set, for which, using the same

by charged groups and, hence, attempts to form hydrogen bonds
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Table 2. Protein and Ligand Names for the 85 Complexes in thé Set

Hartshorn et al.

potency potency

entry target compound measure (uM) ref(s)
1g9v deoxy hemoglobin RSR-13 42
1gke matrix metalloprotease 9 reverse hydroxamate inhibitor 43
1gm8 penicillin G acylase PGSO Km 16 44
1gpk acetylcholinesterase huperzine A Ki 4.3 45
1hnn phenylethanolamine SK&F 29661 Ki 0.58 46

N-methyltransferase
1hpO purine specific nucleoside 3-deaza-adenosine Ki 0.2 47

hydrolase
1hg2 6-hydroxymethyl-7,8-dihydropterin HP Kg 0.17 48;49

pyrophosphokinase
1hvy thymidylate synthase tomudex Ki 0.67 50;51
1hwi HMG-CoA reductase fluvastatin e 0.028 52
1hww a-mannosidase Il swainsonine 9C 0.02 53
lial dihydrofolate reductase compound 3 54C 0.034 54
1ig3 thiamin pyrophosphokinase thiamin or vitamin B1 55
1j3j dihydrofolate reductase pyrimethamine Ki 0.0098 56
1jdo carbonic anhydrase XII acetazolamide Ki 0.0057 57,58
ljje metallof-lactamase compound 11 4€ 0.0037 59
ljla HIV-1 reverse transcriptase TNK-651 60
1k3u tryptophan synthase N-[1H-indol—3-yl-acetyl]aspartic 61

acid
1ke5 cyclin-dependent kinase 2 compound 98 5JC 0.56 62
1kzk HIV-1 protease JE-2147 (also named AG1776 Ki 0.000 041 63
or KNI-764)

112s p-lactamase compound 1 Ki 26 64
117f neuraminidase A BCX-1812 Ko 0.0008 65,66
1lpz factor Xa compound 41 Ki 0.025 67
1Irh auxin-binding protein 1 1-naphthalene acetic acid 68
1im2z glucocorticoid receptor dexamethasone Kg 0.06 69
1meh inosine monophosphate dehydrogenase mycophenolic acid 70
Immv neuronal nitric-oxide synthase NG-propyhrginine Ki 0.057 71
1mzc protein farnesyltransferase compound 33a 501C 0.000 06 72
1nlm dipeptidyl peptidase IV valine-pyrrolidine Ki 2 73
1n2j pantothenate synthetase pantoate 74
1n2v tRNA-guanine transglycosylase compound 6 Ki 83 75
1n46 thyroid hormone receptgil compound 3 Ki 0.000 03 76
1nav thyroid hormone receptarl compound 15 166 0.025 7
lofl thymidine kinase 9-MCT Km 4.1 78
1of6 DAHP synthase tyrosine Ki 0.9 79
lopk c-Abl tyrosine kinase PD166326 i 0.000 15 80
1log5 carbonic anhydrase | celecoxib 4 0.0021 81
lowe urokinase compound 6 Ki 0.631 82
loyt thrombin compound 4 Ki 0.057 83
1p2y cytochrome P450cam nicotine Ks 10 84
1p62 deoxycytidine kinase gemcitabine Km 22 85
1pmn c-Jun terminal kinase 3 compound 1 56C 0.007 86
1qlg purine nucleoside phosphorylase MT-ImmH Kg 0.0027 87
1g41 glycogen synthase kinasg 3 indirubin-3-monoxime 1Go 0.022 88
1949 prostaglandin H2 synthase 1 a-methyl-4-biphenylacetic acid Ki 0.13 89;90
1rlh neprilysin compound 1 Ki 0.0012 91,92
1r55 ADAM33 marimastat Ki 0.16 93,94
1r58 methionine aminopeptidase 2 A357300 5dC 0.11 95
1r9 cytochrome P450 2C9 flurbiprofen Ks 9.6 96
1s19 vitamin D nuclear receptor calcipotriol EE 0.0017 97
1s3v dihydrofolate reductase compound 2 54C 0.038 98;99
1sg0 quinone reductase 2 resveratrol Kqg 0.034 100
1sj0 estrogen receptar compound 4-D 1Go 0.0008 101
1sg5 pantothenate kinase pantothenate Km 41 102;103
1sgn progesterone receptor norethindrone Kg 0.0004 104
1t40 aldose reductase IDD552 46 0.011 105
1t46 c-kit tyrosine kinase gleevec 17 0.413 106;107
1t9b acetohydroxyacid synthase chlorsulfuron Ki 0.127 108;109
1ltow adipocyte fatty acid-binding protein compound 1 5dC 0.57 110
1ttl glutamate receptor 6 kainate Ki 64.6 111
1tz8 transthyretin diethylstilbestrol 112
lulc uridine phosphorylase 5-benzyl-acyclouridine Ki 4.3 113
ludd activated Cdc42 kinase 1 debromohymenialdisine 114
Tuml adenosine deaminase compound 4c Ki 0.03 115
1unl cyclin-dependent kinase 5 R)-roscovitine 1Go 0.2 116
luou thymidine phosphorylase TPI e 0.02 117;118
1vOp protein kinase 5 purvalanol B e 0.13 119;120
1v48 purine nucleoside phosphorylase DFPP-G Ki 0.0069 121
1lv4s glucokinase compound A Km 1000 122
1vcj neuraminidase B BANA207 16 26 123
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Table 2. Continued

potency potency
entry target compound measure (uM) ref(s)
1wlp chitinase B cyclo-(gly-pro) 1Cso 5000 124
lw2g thymidylate kinase deoxythymidine Ki 27 125;126
1x8x tyrosyl-tRNA synthetase L-tyrosine 127
1xm6 phosphodiesterase 4B R){mesopram 1Go 0.42 128
1xoq phosphodiesterase 4D roflumilast 54C 0.000 68 128
1xoz phosphodiesterase 5A tadalafil 56C 0.0012 128
1ly6b vascular endothelial growth compound 46 16 0.038 129
factor receptor 2

lygc factor Vlla G17905 Ki 0.000 35 130
lyqy lethal factor hydroxamate LFI Ki 0.024 131
1yv3 myosin |l blebbistatin 160 4.9 132
1yvf NS5B polymerase compound 59 SHC 0.1 133
Tywr p38 kinase compound 15d 4€ 0.032 134
1295 androgen receptor R-bicalutamide Ki 0.076 135
2bm2 Pl tryptase compound 16b Ki 0.015 136
2brl Chk1 compound 1 i3 15.4 137
2bsm heat shock protein 90 compound 11 (VER49009) 50 IC 0.14 138

aWhere available, the potency of the compound against the target is given.

Table 3. Docking Performance for the Protocols Tested in This Study  for these search settings, but it does at faster settings: using

the “default 4” GA settings, the success rate gsirt Apocket

standard (6A) 80.5 (0.5)

I, : 0 )
smaller site (43) 86.5 (0.4) is 78%, whert_eas this drops to 71% when a 10 A pocket is used
larger site (10A) 80.4 (0.5) (see Supporting Information).

?(reopﬁmitZEd polar '15 gg-% (((())?i)) Preoptimizing Polar Hydrogens.By default, GOLD rotates
-ray waters presen .6 (0. : ; : ;
Corina ligand geometry 75.2 (0.4) protein OH groups on serines, threonines, and tyrosines and

NH3 groups on lysines. Other docking programs do not always
2 The success rates listed are the percentage of complexes for which thengye  this functionality and require polar hydrogens to be

top-ranked GOLD solution is withi2 A of theexperimental binding mode, timized i This i v d b timizi
averaged over 20 runs. Errors in the mean are given in parentheses. preop. Imized In Some way. . IS1S qsga y One, y .Op Imizing
them in the presence of the ligand (in its X-ray binding mode).

between the ligand acid group and the hydrogen bond donorsAlthough it is clearly very useful to be able to orient polar
on the protein. As a result, this entry is systematically docked nydrogens automatically, docking against a protein with fixed

incorrectly. One of the oxygen atoms in the carboxylic acid Pregenerated positions for the polar hydrogen atoms can actually
group of the ligand in 1tow is involved in hydrogen bonds to be very helpful in cases where it is known how a flexible OH

both the hydroxyl group of Tyr128 and the Arg126 side chain. ©F NHs group interacts with the ligand. However, keeping the
The second oxygen atom hydrogen bonds to two water polar hydrogen atoms fixed in these preoptimized positions

molecules. Goldscore again rewards the formation of hydrogen "educes the search space and the potential for false minima. To
bonds between charged groups and lets the ligand acid grouﬂnvestlgate the effect this has on the success rates obtained, we
hydrogen bond to Arg126 via both its oxygen atoms, resulting Made a small change to GOLD that allows us to keep the polar
in an incorrect docking (see Figure 7a). In 1sg5 GOLD hydrogens fixed. The |n|t|f_;1l positions _for the polar _hy_dro_gens
completely misdocks the ligand. Instead of letting the ligand Were generated by running GOLD in “local optimization”
acid group hydrogen bond with Tyr1240 and Asn1282, it flips mode33 with simplex optimization switched off. It is clear from
the ligand around in the binding site, so that the ligand acid Table 3 that using the preoptimized polar hydrogens for the
group hydrogen bonds to the backbone NH groups of Thr1126 protein yields significantly |mpr_oved success rates. One o_f the
and Asp1127. In doing so, the ligand is predicted to bind deeper cOmplexes that GOLD now predicts correctly is 1tow (see Figure
in the pocket, resulting in a more favorable Van-der-Waals term. 7b). When polar hydrogen atoms are Optlml_zed automatically,
However, the ligand acid group is now lodged between two GOLD predicts bqth oxygen atoms of the Il_gan_d carboxylate
protein acid groups, which clearly is not very favorable. group to H-bond with Arg126 (see above), orienting the Tyr128
Other Protocols. Binding Site Definition. An obvious factor ~ hydroxyl away from the ligand. However, preoptimizing the
affecting the extent of the search problem is the size of the Polar hydrogen atoms of the complex orients the Tyr128 OH
binding site presented to the docking program. In real-life hydrogen atom toward the ligand carboxylate, making the
applications, binding sites are probably mostly defined manually, incorrect binding mode described above less favorable and
hence incorporating knowledge about the target and so on, butesulting in a correctly predicted binding mode.
for large-scale validations, normally a fixed definition is used ~ The improvement in success rates serves as a caveat to
to define which atoms form part of the binding site. These adversely judging performance of docking programs that
definitions vary between research groups and it can be quite optimize polar hydrogens (e.g., GOLD) versus other programs
difficult to reproduce the exact protocols used (often authors for which the polar hydrogens have been optimized prior to
do not report the definitions used). In our standard protocol, docking. A further concern is that the minimization protocol
we include all protein atoms that are withi6 A of any adopted in many validations (i.e., local optimization of the
nonhydrogen ligand atom in the X-ray structure. To assess theprotein prior to docking in the presence of the X-ray conforma-
effect of the size of the binding site presented to the docking tion of the ligand) can lead to additional biases toward the
tool, we tried two additional cutoff values: 4 A and 10 A. Itis  correct ligand conformation beyond simple optimization of the
clear from Table 3 that reducing the size of the pocket increasespolar hydrogens. Unfortunately, it would be a substantial amount
the success rates significantly. Increasing the size of the bindingof work for us to perform a local optimization with a scoring
site to 10 A does not have a negative effect of the performance function similar to the one used during the GOLD docking, so
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1

2

Figure 7. Top-ranked GOLD solution for entry 1tow when (a) GOLD is run in standard mode (i.e., optimizing polar hydrogen atoms automatically)

or when (b) the polar hydrogen atoms are preoptimized on the X-ray complex and then kept fixed during the docking run. The X-ray binding mode
of the ligand is shown in green, whereas the binding modes predicted by GOLD are shown in amber. When protein polar hydrogen atoms are
optimized automatically during the docking, GOLD incorrectly predicts the binding mode of the ligand (a). However, when the polar hydrogen
atoms are preoptimized on the protellgand complex and then kept fixed during the docking, the correct binding mode is predicted (b).

it is difficult to quantify what effect preoptimization of the entire
complex might have on docking success rates.

Including X-ray Water Molecules. Sometimes water mol-
ecules play key roles in protein/ligand recognition, and in such
cases, it is important to include the#8However, some authors
have suggested including all X-ray water molecules in a
validation study?”-38 This can severely restrict the size of the
pocket, particularly in high-resolution structures, by essentially
leaving a template of the ligand’s shape. Although we do not
advocate using such a protocol in a validation exercise, we did \
include it here to assess the affect it has on docking success () (b)
rates. Hence, we merged all X-ray water molecules within 6 A Figure 8. Top-ranked GOLD solution for entry 1xm6 when (a) no
of any non-H ligand atom into the protein and preoptimized water molecules are included in the binding site and GOLD is run in
the orientation of all polar hydrogen atoms and water molecules, standard mode or when (b) the water molecule coordinating the zinc
using the “local optimization” mode, with simplex optimization ~ion is included in the binding site and allowed to rotate and to toggle
switched off. Polar hydrogens and water molecule orientations " and “off’ during the docking. The X-ray binding mode of the

. . S . - . ligand is shown in green, whereas the binding modes predicted by
were_then kept f|>_<ed in these optimized orientations du_rlng the GoLD are shown in amber. Without the water molecule, GOLD
docking runs. As is clear from Table 3, this has a dramatic effect jncorrectly predicts the ligand to coordinate to the zinc ion in the binding
on the success rates. GOLD now correctly reproduces thesite. If, however, the water molecule is included, it is predicted to be
binding mode of nearly every complex. We believe the main present and the correct binding mode is produced for the ligand.
reason behind this massive improvement is that the search space
is drastically reduced by the presence of the water moleculeslike Corina?” and this can have an effect on the performance
and often almost exclusively limited to the correct binding mode. of a docking tooP® Therefore, it is probably useful to also report
Hence, we do not believe indiscriminately including all X-ray docking success rates for docking ligand geometries generated
water molecules is generally helpful to drug discovery projects. automatically from the SMILES strings of the ligands. Here,
However, incorporating key water molecules during the docking we used Corina to generate 3D input geometries (with correct
can be useful. We recently reported on the development andtautomers and charge states) and docked those using our
validation of an extension to GOLD that allows water molecules standard protocol. When these geometries are used, it results
to rotate and to toggle “on” and “off’ during the dockifg. in a 5% drop-off in success rates (see Table 3). The reasons
We will illustrate here how such a method can help improve why using Corina geometries introduces extra failures are
binding mode predictions, using the 1xm6 entry as an example.variable, and we intend to investigate these in more detail in a
If no water molecules are included, GOLD erroneously predicts future study. Here we will discuss the 1sj0 entry as an example.
the ligand to coordinate to the zinc ion (see Figure 8a). However, The ligand in this entry has a central 2,3-dihydro-benzo[1,4]-
if we include the water molecule that coordinates the zinc ion oxathiine ring system, with two substituents on the oxathiine
and dock the ligand using the water-mediation option, GOLD ring: an equatorial 3-[4-hydroxyphenyl] and an axial 2-[4-(2-
automatically predicts this water molecule to be switched “on” (1-piperdinyl)ethoxy)phenyl] substituent (see Figure 9). The
(i.e., present), and the ligand binding mode is predicted correctly input geometry generated by Corina has the larger substituent
(see Figure 8Db). equatorially and the smaller substituent axially (i.e., the opposite

Ligand Geometry. Most authors (including ourselves), when configuration to the one observed in the X-ray complex). Hence,
validating their docking algorithms, take the geometry of the GOLD is relying on its ring-flipping mechanism to produce the
ligand directly from the PDB file, possibly optimizing it as part correct conformation of the ligand. For a ring corner to be
of the complex before docking (see above). However, in a drug flipped by GOLD, the four ring atoms adjacent to the flipping
discovery setup, the ligand geometry will often be created corner need to be approximately in the same plane, otherwise
automatically by a three-dimensional (3D) conformer generator the transformations used by GOLD to generate the alternative
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trials. The set has no overlap with the previous CCDC/Astex
set and has been made freely available to the scientific
community (http://www.ccdc.cam.ac.uk).

Our approach has involved clustering together all the high-
quality complexes for a particular protein and allowing easy
visualization and manual selection of high-quality complexes.
In future work we intend to construct a cross-docking test set
based upon similar principles.

We have shown that docking success rates are heavily
dependent on the protocols used to set up the protein and ligand.

@ (®) The size of the binding site directly affects the size of the search
Figure 9. Conformation of the ligand in entry 1sj0, as observed in  problem, and higher success rates are achieved using smaller
the X-ray structure (a) and as generated by Corina (b). In the X-ray gefinjtions of the binding sites. Preoptimizing protein polar
geometry, the larger substituent on the oxathiine ring is axial and the hydrogens also improves docking performance significantly.

smaller substituent is equatorial, whereas in the Corina geometry, this - . . .
is the other way around. As the GOLD ring-flipping algorithm only GOLD optimizes the protein polar hydrogens during the docking

flips the larger substituent, it cannot access the bioactive conformation Process, and this is clearly a very useful feature. However,

from the Corina geometry. researchers may have information on the orientation of some
polar hydrogens, and in those cases, it would be useful to be
conformer will distort the ring bond angles and distarf®eghe able to fix these groups, a feature currently not available in the

four atoms adjacent to the 2-substituent are roughly in the samepublicly available version of GOLD. When we add all X-ray
plane and are flipped by GOLD, but the four atoms adjacent to water molecules witimi 6 A of theligand, GOLD predicts the

the 3-substituent are not in the same plane and, as a resultpinding modes of nearly all complexes correctly. We do not
GOLD does not flip this corner. Hence, GOLD cannot produce believe this is a good test of the performance of a docking
the X-ray conformation of the ligand as, in order to do so, both program, as many of the water molecules are likely to be ligand
corners need to be flipped. As a result, GOLD systematically specific. Using Corina-generated geometries for the ligands
fails to dock this compound correctly. GOLD can be forced to reduces the success rates by about 5%. All these results highlight
flip both corners by increasing the tolerance on the ring thatitis very difficult to compare the performance of different

distortions. This does produce the correct solution (rm<di8 docking programs when the protocols to prepare the protein
A) from the Corina geometry, but the oxathiine ring is quite and ligand differ. We suggest that researchers compare their
distorted. results to the protocol in Table 3 that is closest to the protocol

Future Work. The Astex Diverse Set is primarily aimed at they use in their investigations.
allowing users to have a high-quality set to test algorithms and ~ Although it has not been the aim of this current paper to
drive the production of new or improved scoring functions, and improve the existing GOLD scoring functions, inspection of
this is what we ourselves intend to use the test set for in future docking failures has identified a few potential areas where
work. It is also interesting to ask whether the validation set can GOLD and the Goldscore function may be improved. For
be usefully extended. In our view, it would be difficult to example, Goldscore heavily rewards hydrogen bonds involving
increase the size of the set substantially without compromising charged groups. This has led to incorrect dockings in several
the criteria used in its construction, although one viable approachcases where a charged ligand group is either solvent exposed
would be to allow multiple ligands for each protein. This would or forming hydrogen bonds with neutral protein groups. Also,
be comparatively easy to do because our interface allows thethe ring-flipping algorithm in GOLD can make certain ring
examination of each protein in turn to see whether multiple conformations inaccessible, which can be problematic if ligand
ligands match the specified criteria. geometries are generated automatically from SMILES strings.

Another, perhaps more serious, weakness of the set is that itVe intend to use the new validation set to investigate and
can only be used in native docking validation experiments, that address these and potential other issues in a future study.
is, docking a ligand back into the protein conformation derived .
from the experimentally observed conformation with that ligand. _ Acknowledgment. The authors thank Simon Bowden, Jason
This introduces a clear bias in docking validations because the €0le, John Liebeschuetz, Willem Nissink, Richard Sykes, and
effects of subtle or pronounced induced fit are not tested. For Robin Taylor at the Cambridge Crystallographic Data Centre
this reason, we intend to use the clustering analysis to define afor 9eneral discussions concerning the set and for enabling the
cross-docking validation set based on the 85 protein targetsASteX Diverse Set to be made freely available via their website.
identified in this work, and this set will also include relevant

apo structures for the targets. Supporting Information Available: The following additional

information is available: (i) a list of the HET groups excluded in

this study; (ii) docking results for all protocols using different GA

settings for both the Goldscore and the Chemscore function; (iii)
We have produced a new validation set for docking applica- run times for the standard protocol using different GA settings for

tions. The Astex Diverse Set meets the six criteria we identified Poth the Goldscore and the Chemscore function; (iv) a breakdown

as important in the generation of a high-quality diverse set. The ©f how often each complex s predicted correctly using the standard

set only includes complexes for which we have successfully Protocol and (v) distributions for various properties of the

ted electron densiti dh fi d that the elect complexes in the Astex Diverse Set. This material is available free

generated electron densities and have confirmed that the electror¢ charge via the Internet at http://pubs.acs.org.

density is supportive of the deposited experimental geometry
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