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Abstract
Whereas docking screens have emerged as the most practical way to use protein structure for
ligand discovery, an inconsistent track record raises questions about how well docking actually
works. In its favor, a growing number of publications report the successful discovery of new
ligands, often supported by experimental affinity data and controls for artifacts. Few reports,
however, actually test the underlying structural hypotheses that docking makes. To be successful
and not just lucky, prospective docking must not only rank a true ligand among the top scoring
compounds, it must also correctly orient the ligand so the score it receives is biophysically sound.
If the correct binding pose is not predicted, a skeptic might well infer that the discovery was
serendipitous. Surveying over 15 years of the docking literature, we were surprised to discover
how rarely sufficient evidence is presented to establish whether docking actually worked for the
right reasons. The paucity of experimental tests of theoretically predicted poses undermines
confidence in a technique that has otherwise become widely accepted. Of course, solving a crystal
structure is not always possible, and even when it is, it can be a lot of work, and is not readily
accessible to all groups. Even when a structure can be determined, investigators may prefer to
gloss over an erroneous structural prediction to better focus on their discovery. Still, the absence
of a direct test of theory by experiment is a loss for method developers seeking to understand and
improve docking methods. We hope this review will motivate investigators to solve structures and
compare them with their predictions whenever possible, to advance the field.
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Introduction
Given the atomic resolution structure of a protein, it should be possible to find molecules
that bind to it, modulating its activity. This is the premise behind all structure-based ligand
design and discovery efforts. Here we consider one aspect of this field, docking large
databases of small molecules to discover novel ligands, an approach that has emerged as the
most practical way to use protein structure for ligand discovery [1, 2].

Docking is an in silico technique that places a small molecule in the binding site of a protein
and estimates its binding affinity. The docking program samples the conformational and
orientational degrees of freedom of the small molecule within the constraints of the binding
pocket of the protein, often accessing millions of distinct poses. The program uses a scoring
function to select the best pose of each molecule and to rank-order a database. Top scoring
hits are reviewed by investigators who prioritize molecules for acquisition and testing. Many
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docking programs have been developed and used successfully [Table (1)] and have been
well described elsewhere [3–6], as have the many scoring functions available [7–12].

To truly successfully identify binders or ligands among a large set of non-binders or decoys,
docking must do two things. It must correctly predict the ligand pose – within some
tolerance limit – so that the biophysical interactions captured by docking can be considered
meaningful. It must also rank the ligands among the best molecules in the database, typically
in the top few hundred, so that they will likely be picked, acquired and tested. Given the
large number of sampling and scoring approximations necessary to make large database
docking screens computationally tractable, one might wonder how docking could ever work.
Yet the approach has been successful numerous times, with over thirty reports in the last
four years alone [Table (1)]. Here, we have gathered evidence to assess whether docking
fulfils the first requirement: to correctly position a ligand in the binding site in a prospective
manner, i.e. when the x-ray structure of the complex is not yet known.

Whereas correct pose prediction is critical to docking, it is rarely tested by crystallography
and reported in the literature. There must be many examples available inside companies, but
generally these are not published. In the few cases where a crystal structure is reported in the
literature, the docking prediction is often only shown if it corresponds fairly closely with
experiment. This is a big loss, because the underlying hypothesis of the docking prediction
is not tested and the opportunity to learn from failure is lost.

Retrospective studies attest that docking can often recapitulate experimental ligand poses.
Typically, crystallographically observed geometries can be reproduced to within 2 Å RMSD
in about 70–80% of the cases in such studies [13–16]. Whereas this is an admirable
achievement for retrospective evaluations, one still may wonder whether any one ligand is
positioned correctly – and therefore ranked highly for the right reasons – in a prospective
study — after all, there is at least a 20–30% chance that this is not the case. Retrospective
studies are furthermore accompanied by the worry that results may be biased by knowledge
of the desired outcome, no matter how fair-minded the authors intended to be. Even if
neither a ligand nor a target were part of the data used to parameterize or calibrate the
docking method, they may be similar enough to a member of the training set to have been
fit, perhaps overfit, by the docking parameterization. Moreover, retrospective calculations
may be run and re-run to get the best results. We therefore do not consider retrospective
studies to be a sufficiently stringent way to judge whether docking works for the right
reasons when it is used to identify novel ligands.

Prospective studies followed up by careful experiment are critical tests which are highly
informative and can often be surprising [17, 18]. If a docked ligand scored well and bound
experimentally, but had a docked pose substantially different from the experimentally
observed pose, it would have to be suspected that the discovery was lucky. Nevertheless,
such a result would be immensely informative, because it demonstrates a failure of our
model. If we want to understand docking and how to improve it we need to ask hard
questions about whether docking successes are real or serendipitous.

Unfortunately, crystallographic determination of ligand poses predicted by docking screens
is surprisingly rare. Of the thirty eight papers that have claimed high-throughput docking as
the method of discovery of new ligands in the last four years [Table (1)], fewer than 20%
reported a crystal structure of the bound ligand, and just six compared predicted with
experimental poses. In cases where no crystal structure was determined, we can sometimes
still infer that docking has worked for sound reasons, for instance if a structure-activity
relationship series is studied. More often than not, however, such information is not
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available. We do not mean to imply that any of these studies are chance discoveries, but
without an experimental structure, we remain unsure.

Why might the identification of an active compound through docking not be considered
compelling evidence that docking works for the right reasons? Or, how might docking help
find new ligands if it does not predict the actual binding pose? One possibility is that
docking is not so much the sophisticated tool that evaluates protein-small molecule
interactions we think it is, but rather a crude filter that relies on gross physical properties
such as molecular weight, net charge or logP, or a simple evaluator of shape and size
compatibility. Another way docking might work for the wrong reasons is database and
investigator bias: pure docking results interpreted by experts allow for cherry picking of
compounds that past experience might have picked anyway, even without docking. Libraries
focused around known actives are heavily biased for success whether docking works or not.
While success is always welcome, any of these circumstances would mean that docking is
less general, or less useful, or is highly dependent on the investigator.

Given the critical importance of being right for the right reasons, and its significance for
future methods development, we have searched the literature for studies in which a ligand
pose predicted by docking is tested by crystallography. We consider five features to be
essential to demonstrate docking’s ability to discover new ligands: a) use of an unfocused
ligand database, and thus not biased towards ligand scaffolds that are already known; b)
target structure-based docking only; c) experimental testing including controls for artifacts
such as aggregation and covalent binding, as appropriate; d) crystallographic structure
determination of the ligand pose; and e) comparison of the crystal structure pose to the
docked pose. As mentioned before, we found few cases that fulfill all these criteria.

We begin with a discussion of each complete study, with subsections on model systems,
fragment docking, docking for substrates, and direct comparison to high throughput
screening (HTS) [Table (2)]. We then take up papers that fall short of our ideal, for instance
because only a limited database was screened or the docking prediction is not shown [Table
(3)]. Some of these reports offer indirect evidence that docking is working for the right
reasons. In cases where a docking prediction is not reported but was doubtlessly made, we
are inclined to suspect that the structural prediction was far away from the experimental
position; if it were even close, it would have been shown, as that would have strengthened
the paper. We conclude with an analysis of what seems to work best, according to the
literature, and a plea for investigators to provide more evidence in future reports.

Complete studies
We found ten reports where structural predictions from docking screens are tested by
crystallography, and the docking prediction is shown and compared to the crystal structure.
We briefly consider each in turn.

A compelling example that docking can work for the right reasons is the discovery of an
inhibitor of AmpC β-lactamase, a clinically important antibiotic resistance target [19]. The
Available Chemicals Directory (ACD) containing 200,000 compounds was screened using
DOCK 3.5.54, and 56 of the top scoring docking hits were selected for purchase and
experimental testing. Three of these had Ki values of 650 µM or better, the best being 26
µM. A structure was determined to 1.94 Å and showed the inhibitor structure in good
agreement with the docking prediction [Fig. (1)]. Further optimization of this ligand was
reported in a subsequent paper and the best compound in this chemical series to date has a
Ki of 1 µM [20]. Since the crystallographic pose agreed closely with the docking prediction,
and the series could be progressed, this is an unambiguous success.
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Some docking predictions can be very close to the crystal structure, as in the study against
tRNA-guanine transglycosylase (TGT) of S. flexneri, a target for Shigellosis [17]. In a
LUDI screen of a 120,000 molecule subset of the ACD, three compounds were discovered,
the best of which inhibited the enzyme with a Ki of 8.3 µM. A 1.95 Å x-ray crystal structure
of TGT in complex with 4-aminophthalhydrazide showed that the docked structure predicted
the crystallographic pose within 0.24 Å RMSD. This small and rigid compound was the first
in a series that lead to a molecule with a Ki of 0.3 µM. We consider this study therefore to be
a clear success of docking.

An already known ligand re-discovered by docking is less than ideal, because of the
potential for bias, but a crystallographic test of a predicted pose is still welcome evidence
since so few are available. Using the program SANDOCK, Burkhard et al. screened 365,000
molecules having 8 to 15 non-hydrogen atoms for inhibitors of thrombin [21]. The pose of
one hit, p-amino-benzamidine, previously reported to bind at 65 µM, fell within 0.7 Å of the
subsequently determined crystal structure [Fig. (2)]. Although an unknown ligand would
have been more compelling, it is reassuring that docking could pick this compound out of
the database, and get it right for the right reasons.

These three successes show that docking can be used to find hits against real drug targets,
with poses that are biophysically sensible, and that the docking model can be used to guide
optimization of these hits. The first report of ligand discovery by docking that included a
crystal structure of the predicted ligand was the discovery of phenolphthalein derivatives as
inhibitors of thymidylate synthase (TS) [22]. This screening used the Fine Chemicals
Database (FCD, the predecessor of the ACD), which contained 55,000 molecules, and the
DOCK 2 program for docking. Among the top scoring hits, many of which were known
ligands, were three novel compounds. These were tested experimentally and shown to
inhibit the enzyme. One of the novel binders was crystallized and appeared in two
configurations that differed from the DOCK-favored geometry, which was attributable to a
counterion that appeared [Fig. (3a)]. The structure of these complexes suggested another
binding region, which was then targeted by docking. This led to the discovery of a series of
phenolphthalein analogs that inhibited TS in the 1 to 30 µM range. A crystal structure of
phenolphthalein with TS shows that it binds in the target site in a configuration that
resembles the one suggested by DOCK [Fig. (3b)], but the pose is sufficiently different that
we feel it is hard to argue that docking worked for the right reasons in this case.

A paper by Pereira et al. has an interesting twist beyond the identification of a binder [23].
They were searching for inhibitors of purine nucleoside phosphorylase (PNP) using the
program GOLD. In a screen of a library of 300,000 molecules, they identified two
compounds with reasonable affinity, with the most potent compound inhibiting at 18.9 µM.
When they solved the crystal structure, the computed binding mode of the compound – a
purine analog – overlapped with the x-ray pose in the 6-ring, but was rotated by 60° [Fig.
(4)]. Interestingly, they then tried to improve the docked pose, and found that they
succeeded in this endeavor when they protonated a glutamate residue and flipped the side
chain of a glutamine in the binding site. This study thus provides further evidence that most
docking programs are indeed very sensitive to small changes in atom positions and hydrogen
bond arrangements. We consider this study to be a partial docking success.

These two studies show that docking sometimes makes predictions that are correct, even
though the pose seems wrong enough that it cannot capture the key elements of biophysical
recognition.
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Model systems
Protein-ligand interactions in real drugs sites are complex, so a pragmatic approach to
investigate the strengths and weaknesses of docking is to look at less complex sites, where
failures can be attributed to particular errors in the method. One of the simplest model sites
is the L99A mutant of T4 lysozyme, a synthetic, hydrophobic, and completely buried site. In
a re-scoring study, Graves and colleagues picked 33 compounds that scored well by MM-
GBSA and had not ranked well in an initial DOCK 3.5 screen of the ACD [24]. When
tested, 23 of these 33 had measurable affinities. X-ray structures were determined for 21 of
these 23 molecules. In many but not all cases, the docking pose generated by MM-PBSA
more closely resembled the crystallographic result [Fig. (5)]. Docking predicted many poses
correctly, unmistakable evidence that docking is working for the right reasons with very
small molecules against such a simple site.

A more complex site is the L99A/M102Q double mutant of T4 lysozyme, which is more
polar than L99A. Wei and colleagues reported the discovery of ligands selective for L99A/
M102Q by screening against the 172,000 compound ACD database using DOCK 3.5 [25].
Seven compounds that scored well against the double mutant, but not against the L99A
single mutant, were purchased and tested for binding. Five of these were determined by x-
ray crystallography. Docking predictions corresponded to the crystallographic results within
0.4 Å RMSD [Fig. (6)], and were so detailed as to include predictions of double occupancy
as seen in some crystal structures. Again, docking clearly works very well on small polar
molecules against this simple site.

The charged, wet site of the synthetic model site of the cytochrome C peroxidase W191G
mutant affords a slightly more complex site, as it allows for a water molecule to be present.
Brenk and co-workers reported the discovery of new binders by docking a library of 5300
compounds from the ACD using DOCK 3.5 [26, 27]. They picked 16 high scoring
compounds not previously known to bind. Fifteen of these showed experimentally
measurable binding affinity, ranging from 20 to 60 µM. Crystal structures were determined
for ten of these and the observed geometries corresponded closely to those predicted by
docking [Fig. (7)]. This is more evidence that docking is clearly working most of the time
against simple sites with very small ligands.

Docking small molecules to these simple model sites works reliably, but what about real
drug sites? Whereas the complexity of a real drug site cannot be simplified, the ligands
docked to it can be, using fragments, often defined as molecules up to about 250 Daltons.
Chen and Shoichet identified fragment-sized ligands for CTX-M β-lactamase, a clinically
important antibiotic resistance enzyme [28]. They docked 67,000 fragments from of the
ZINC database, using DOCK 3.5. The best inhibitor found has a Ki of 21 µM and
corresponds closely to the crystal structure.

Another important antibiotic resistance enzyme, AmpC β lactamase has been targeted by
Teotico et al. in a screen of 137,639 fragments of the ZINC database [29]. The study
produced a very high hit rate of 46% and Ki values that ranged from 700 µM to 9.2 mM.
Upon crystallization of eight fragments, they found RMSDs ranging from 0.2–2.6 Å for six
of the inhibitors, while the remaining two were in very different poses due to substantial
changes in the protein conformation.

These results indicate quite strongly that docking predicts the poses of fragment-sized
molecules against not only simple model sites, but against real drug sites, with a few notable
exceptions.
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Docking for substrate discovery
Since enzymes stabilize the transition state and not the ground state of a molecule being
turned over, docking for substrate discovery can benefit from representing the ligand in a
high energy intermediate form to better capture the key molecular recognition event.
Hermann and colleagues used this strategy to discover the substrate and thereby the function
of Tm0936, an enzyme of then unknown function from T. maritima [30]. They docked 4200
metabolites from the KEGG database that had undergone the first assumed step of
nucleophilic attack by hydroxyl to form either a tetrahedral or trigonal-bipyramidal high
energy intermediate. On the basis of docking, five top scoring compounds, among them S-
adenosylmethionine, were selected for experimental testing. Of these five, three had
substantial activity as substrates (better than 105·M−1·s−1). A crystal structure of the product
resulting from the deamination of S-adenosylhomocysteine, S-inosylhomocysteine in
complex with Tm0936 was determined, and agreed very closely with the docking prediction.
From these confirmed predictions, the function of the enzyme as a highly active deaminase
was inferred [Fig. (8)].

Comparison with HTS
Of interest especially for industry is the direct comparison of docking and high throughput
screening. It offers the possibility to follow up on each hit from either method and – ideally
– improve both methods. Babaoglu and colleagues screened the 70,563 compound
“Molecular Libraries Small Molecule Repository” (MLMSR) database against AmpC β
lactamase looking for non-covalent inhibitors of this target involved in antibiotic resistance
[31]. They used DOCK 3.5 to prioritize the library, and picked sixteen compounds for
purchase and testing. Of these, two were modest inhibitors, the best having a Ki of 80 µM. A
crystal structure was determined and showed that the non-H atoms of the docking prediction
were within 0.9 Å RMSD of the crystallographic pose [Fig. (9)]. Subsequent medicinal
chemistry afforded an inhibitor with a Ki of 8 µM. Interestingly, high throughput screening
of the same compounds at a maximum concentration of 30 µM failed to identify any non-
covalent, validated hits.

These ten papers are the only ones we could find that tested a pose prediction from docking
screens by crystallography and compared the prediction with the crystal structure. It is
noteworthy that most of these successes are on very small ligands, with very few internal
degrees of freedom. After 15 years of docking, we are amazed by how few cases were
reported, and how few real “lead like” or “drug like” molecules are represented. It has to be
emphasized again that we do not consider only studies that were clear docking successes as
valuable reports that will advance the field; quite the contrary, those studies that also report
the failures are the ones that will allow changes to the docking engines.

We now turn to cases that are still instructive without being completely ideal case studies
according to the criteria we set forth in the Introduction [Table (3)]. We do not claim that
this list is complete, many more studies might fulfill the relaxed criteria, but we would like
to highlight some aspects we consider important.

Less than complete studies
In an article by Wu et al., the discovery of a novel family of inhibitors of cyclin-dependent
kinase (CDK) was reported [32]. The software used was LIDAEUS, a further development
of its predecessors SANDOCK and PROBIS. With it, a library of 50,000 commercially
available drug-like molecules was screened and in the first round, the top-ranking 120
molecules were assayed at a fixed concentration of 5 µM, yielding 17 actives. In a second
round, the parameters of the LIDAEUS program were optimized and the entire database was
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processed again. The top-ranking 28 molecules were tested in a biochemical assay, and 8
showed at least 30% activity at 30 µM. The authors then focused on a trio of molecules with
a common 2-amino-4-heteroarylpyrimidine scaffold, and the most potent compound out of
this set bound with an IC50 of 2.2 µM. Structure-based design yielded a fourth compound
with an improved IC50 of 0.9 µM. All four compounds were crystallized. Regarding the
quality of the computational poses, the authors remark that the x-ray pose of compound 1
“shows a significant twist of 35° about the bond linking the two aromatic rings”, whereas
the model was planar [Fig. (10)]. They then attempt to refine the docked pose by allowing
the docking program to dock the twisted conformation (LIDAEUS rotates single bonds only
in order to optimize hydrogen bonds) and the best scoring pose has an RMSD of 1.60 Å. We
consider this study to be a partial docking success.

The paper by Kurinov and Harrison is among the first applications of docking that was
followed by x-ray crystallography [33]. It does not use an unbiased library, however. In the
search for inhibitors of trypsin, they selected only compounds that contain an amine and a
hydrophobic moiety, such as benzene or cyclohexane, which left them with 50 compounds.
These, they docked with an in-house docking program and the best compound had a Ki of
100 µM. All of the inhibitors that were tested and co-crystallized were docked within 2 Å of
the x-ray pose. Interestingly, the authors also reported a good correlation between docking
score and measured binding affinity.

An important test of a docking prediction in the absence of a crystal structure is how well it
can be used to guide ligand optimization. An interesting case is reported by Tondi and
colleagues who screened the ACD against the folate site of thymidylate synthase [34]. They
initially picked five of the top scoring docking hits for testing, two of which had high
micromolar affinity. Guided by two possible docking poses, they purchased and tested
analogs, one of which has 65 µM affinity. Having corroborated the docking model of
binding, 33 derivatives were made and tested, the best of which had a Ki of 1.3 µM. Thus
the docking model was not only probably right, but also useful, even without a crystal
structure.

Lu et al. picked a very attractive target for their docking campaign: they tried to find novel
binders of the SARS coronavirus main protease [35]. Using the program GOLD, they
screened a library of 58,855 compounds, which yielded two hits binding at approximately 10
µM. In the search for more potent inhibitors, they tested 21 analogs, thereby improving the
potency to 0.3 µM. Unfortunately, although they solved the crystal structure, they did not
compare the binding mode to the docked pose. It thus has to be left to speculation whether
or not it shows reasonable overlap.

In a study by Schüttelkopf et al., development of a promising scaffold by means of
molecular docking is reported [36]. It started from three 1,3-dimethylxanthine that had been
identified as inhibitors of A. fumigates chitinase B1 by the same lab. Then, the authors
filtered all 3-methylxanthines from a large library, which left them with 50193 molecules for
the docking calculations. In these, they employed the program LIGTOR, which is not a
canonical docking program, but instead evaluates possible side chain conformations of a
small molecule. However, they identified a novel chitinase inhibitor binding with 2.8 µM
affinity and reasonable docking accuracy, as judged by the images showing the two poses.

Foloppe et al. identified inhibitors of Chk1 kinase in a library of 700,000 molecules using
the program rDock [37]. They obtained nine hits from the docking screen and one by
analogy to one of the hits, and the most potent of these compounds inhibited with an IC50 of
13.4 µM. For four of these compounds, they were able to obtain crystal structures with
reasonable resolution (2.20–2.60 Å). Unfortunately, they do not provide RMSDs with
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respect to the crystal structures, but comment that docking modes similar in orientation and
key interactions with the ATP binding site were among the top 12 hits for all four
compounds, and in two cases even were the top-ranking solutions. They mention, however,
that for the other two cases it would have been difficult to pick the correct solution from
among other reasonable solutions offered by the docking program. Especially for the one
compound which interacts with the hinge region by means of a nitro group, they commented
that “it would have been exceedingly difficult to identify the experimental binding mode
from the computational suggestions, maybe because of a subjective reluctance to accept the
interaction between a nitro group and the kinase motif”. Moreover, they comment on the
complete failure of docking for correctly prioritizing stereoisomers, tautomers and hydrogen
bond patterns for these two compounds.

Another kinase is the subject of the investigation by Pierce et al., in which they target the
protooncogene Pim-1 kinase. In this docking campaign, they went out from a library of
700,000 molecules and docked them into the ATP binding site of Pim-1 kinase with Glide
3.5. This calculation was not completely unbiased as a hydrogen bond with a residue in the
binding site was enforced. Upon testing of 96 selected compounds, four showed Kis below
10 µM in a range from 0.091 to 4.5 µM. Two of these compounds could be crystallized
together with the protein and the heavy-atom RMSDs were 1.74 and 0.87 Å, respectively.
The authors mention that the rather high RMSD for the first structure stems from the
movement of a protein sidechain which renders the formation of a hydrogen bond with the
compound impossible. Upon correction of the side chain conformation in the docking
calculation, the RMSD drops to 0.96 Å.

Docking is used only as part of a pipeline in an investigation by Grüneberg and colleagues
[38], but the authors extensively compare the docking poses with the x-ray structures and
draw valuable conclusions, which makes it a highly relevant addition to this review. The
target is Human Carbonic Anhydrase II and a library of 90,000 molecules is first screened
with UNITY, then the remaining 3314 are filtered through FlexS before being docked with
FlexX. The authors note that the “partial hydration of the pocket proved to play an important
role”, and that they were able to identify four conserved water molecules from
superpositions of several apo-and complex-structures. After docking, 13 hits were tested
experimentally, three were shown to be subnanomolar, one nanomolar, and seven
micromolar binders. Two of the hits were investigated crystallographically and the authors
find that the “binding mode generated by FleX and ranked as highest using DrugScore is in
good agreement with the experimental structure.” They caution, however, that FlexX' own
scoring function would have ranked the correct solutions at ranks 51 and 61, respectively.
Moreover, they note that the correlation between the affinities and the values predicted by
either scoring function is disappointing.

Similar to the just mentioned study, the same group has published two papers about a virtual
screening campaign on aldose reductase. The first one describes the computational
identification of a set of six compounds out of a pre-filtered database of 1261 molecules, the
most potent compound of which had an IC50 of 2.4 µM [39]. In the second paper, they
follow up on these hits with x-ray crystallography and manage to obtain crystals for the two
most potent compounds [40]. While the authors do not give RMSDs, they describe
differences qualitatively. The docking was not completely unbiased as the carboxylate
warhead of the candidate molecules was forced to adopt a geometry that had previously
been observed for a different binder. Even so, the authors note several differences which
would have made a correct prediction very hard. First, an essential hydrogen bond is made
impossible by a backbone flip in the protein. Second, one of the compounds picks up a water
molecule upon binding, whereas the other does not. This divergent behavior could only have
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been captured employing a flexible water in the docking calculations, which few docking
programs do.

Xu and co-workers report the discovery of a novel non-folate inhibitor of AICAR
transformylase, a target for anti-neoplastic chemotherapy in the purine biosynthesis pathway
[41, 42]. They used AutoDock 3 to screen the NCI diversity set containing 1990 compounds.
Docking identified 44 compounds that differed substantially from known antifolates. Of
these 16 that were soluble were tested, and 8 had IC50s in the µM range. The best compound
had a Ki of 7.1 µM. A 1.80 Å crystal structure was determined, but unfortunately, the
comparison with the predicted geometry was not shown. Afterwards, the ACD was searched
for analogues of these actives and ten compounds were ranked by docking, purchased, and
tested. The best of these had an IC50 of 1.4 µM, an 8-fold improvement.

Barril et al. report the identification of a novel class of inhibitors of Hsp90, an attractive
target in oncology [43]. Their original library consisted of 700,000 compounds and was
docked to the binding site of the N-terminal domain of Hsp90 using the program rDock. Out
of five compounds belonging to the same family of 1-(2-phenol)-2-naphthols, three were
active and two had low micromolar activity. The investigators then searched for
modifications of the basic scaffold and came up with a compound that had an IC50 of 0.7
µM and could be crystallized in complex with the protein. In their Fig. 4, the authors show
the overlay of the pose of the best compound with the pose of the most potent compound
coming out of docking. They remark that the common scaffold overlaps very well at an
RMSD of 0.6 Å. However, the variable part adopts significantly different positions, which
they attribute to a difference in the protein region close to that moiety.

This concludes the report of the studies that we found to fulfill all or most of our criteria for
an unbiased assessment of docking. Interestingly, many studies that failed to obtain the
correct pose in docking were able to rescue it retrospectively, i.e., some mostly simple
tweaks can considerably improve the result. While this is encouraging for experienced
researchers, it currently lets “blind” docking seem out of reach.

Conclusions and Outlook
When they work, do docking screens really discover ligands for the right reasons? For
simple model systems with very small ligands, docking appears to work amazingly well. For
fragment-sized molecules in drug-like sites, we also found evidence that docking works, at
least sometimes, for the right reasons. But for the most popular use of docking, using “drug-
like” molecules against real drug sites, there are very few complete studies available on
which to base an opinion. At the same time, many reports of docking successes without
crystal structure continue to appear, now at a rate well over a dozen per year [Table 1]. With
this level of success, should dockers simply declare victory and go home? There are at least
two reasons to hold out for more data. First, docking remains challenging, even for experts,
and urgently needs improvement. Experimental tests of docking predictions can expose
methodological weaknesses and serve to focus efforts to improve the calculation. Second,
retrospective studies, the current gold standard for the field, are beset by worries of hard-to-
quantify bias that only prospective studies can overcome.

Why does docking sometimes fail to predict the biologically significant pose? We can only
speculate based on the literature surveyed in this report, but the reasons seem to have
changed little over 15 years: structural water molecules, flexible side chains, unexpected
loop flips, side chain protonation states, and other varieties of receptor flexibility are all too
common, and remain challenging to treat computationally. For the ligand, representation of
protonation, tautomerism and stereoisomerism is often crucial, but it is unclear whether
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exhaustive enumeration or careful generation and curation of selected isomers is more
successful. All these concerns, and many others, are why structure determination to
corroborate or refute predicted poses remains important — because it provides an honest test
of the sampling and scoring algorithms as well as the entire protocol used to represent,
sample and score protein-small molecule interactions.

If we cannot be sure that docking works for the right reasons, why does it work at all? We
have already suggested some ways in which docking might enrich true binders even when it
fails to predict the correct binding geometry. Mostly, these are cases in which docking
functions as a filter to eliminate non-binders based on gross physico-chemical properties,
such as molecular weight, overall charge and size, for instance. Discovering new ligands is
good regardless of how it is done, but we miss the opportunity to improve the method if we
do not understand it. Along these lines, it has been shown that it is a lot harder to identify
known ligands among a set of property-matched decoys, i.e., in cases where getting the pose
and energy right really matters [44]. Another factor that helps docking is the bias inherent in
many of today’s libraries: depending on the target, libraries will contain a large number of
molecules that were specifically made for that target or target family [45]. In these cases,
docking becomes less of a search for a needle in a haystack than a search for hay in a
haystack.

Encouragingly, there are several lessons we learned from this review. First and foremost,
there seems to be no best method, since a variety of programs have been successful on a
variety of targets [Tables 1–3]. On the other hand, we can say something about the targets
for which docking has worked: one group are the systems with small binding sites and/or
small ligands. This is not surprising: smaller sites allow fewer degrees of freedom and are
less complex in the Hann sense [46]. The second group is formed by the cases where the
binding sites have strong orienting constraints, for instance by being long and narrow, or
having a charged residue that imposes a preferred direction. Again, these systems are easier,
since gross physical properties eliminate many candidates. And thirdly, in all the cases
where investigators used specific knowledge about the target, they were able to obtain the
correct poses and sometimes rescue incorrect predictions. In the hands of an experienced
investigator, docking therefore is a powerful technique. All of these points can be considered
common knowledge of the field, but to the best of our knowledge this is the first review that
bases them on the combination of the available literature.

How does this translate to practical rules for people new to the field or for researchers
tackling a new system? First and foremost, small is beautiful for docking. The available
evidence shows that small “fragmentlike” ligands work well. There is very little structural
experimental evidence for the discovery of bigger ligands with docking. This fits with the
industry-wide trend towards the fragment based approach [47]. Otherwise, the papers
reviewed here support a recommendation that is short, but not easy: get to know the system
by trying to find data that will help you make the right decisions in terms of protonations,
conformations and library composition. If ligands are known, evaluate the docking model
for its ability to enrich actives from among property matched decoys. If a ligand bound
crystal structure is available, docking should recapitulate the structure well enough to
capture the main biophysical interactions. In the absence of a crystal structure to corroborate
a prediction, one way to evaluate experimentally confirmed docking hits is to ask if they can
be progressed based on the structural prediction. Although this does not mean the prediction
must be right, it is a reassuring sign. Another form of indirect evidence is structure activity
data relating to the docking prediction.

Does docking work for the right reasons? For simple model systems, the answer is Yes, and
often. For real drug sites with fragment-sized ligands, the answer is also an encouraging
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“probably”. For big (> 350 Daltons) ligands, however, there is currently very little evidence.
We hope investigators will come forward with crystallographic confirmation of docking
predictions for higher molecular weight compounds to shed more light on this important
problem. Until that time, it is still too early to say.
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Figure 1.
Stereo View of the Active Site Region of the AmpC/1 Complex Determined to 1.94 Å
Resolution. (A) The 2Fo-Fc electron density map is shown in blue, contoured at 1.0 σ. This
figure was made with SETOR [41]. (B) Interactions observed between AmpC and
compound 1 in the crystallographic complex. Cyan spheres represent water molecules.
Dashed yellow lines indicate hydrogen bonds. Atoms are colored as in Figure 2, except that
the carbon atoms of compound 1 are colored orange.(C) Overlay of the docked and
crystallographic conformations of compound 1 in the AmpC site. Carbon atoms of
compound 1 in the docked conformation, green; carbon atoms of compound 1 in the crystal
structure, orange. (from Ref. [19])
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Figure 2.
Overlay of the docked and the refined NBEN structures. Yellow: the refined NBEN
structure as in Figure 10. White: protein atoms of the docked structure. The fit is based on
the least-squares fit of all Cα atoms of the model and X-ray thrombin molecules in the
vicinity of the ligand. Note the differences of the two structures of the active site residues
His57 and Ser195. The r.m.s. difference between the atoms of the two ligands is 0.726 Å.
(from Ref. [21])
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Figure 3.
Predicted and experimental ligand orientations for the hydrophobic L99A cavity. The carbon
atoms of the crystallographic pose, the DOCK predicted pose, the AMBERDOCK predicted
pose, and the PLOP predicted pose are colored gray, yellow, cyan, and magenta,
respectively. The Fo-Fc omit electron density maps (green mesh) are contoured at 2.5–3.0 σ
(a) β-chlorophenetole (1), (b) 4-(methylthio)nitrobenzene (2), (c) 2,6-difluorobenzylbromide
(4), (d) 2-ethoxyphenol (5), and (e) 3-methylbenzylazide (6) bound to L99A. Rendered with
the program PyMOL. (from Ref. [24])
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Figure 4.
Comparison of the geometries of binding predicted using the AMSOL charges and the
experimentally observed modes for five ligands of L99A/M102Q: phenol (a), 2-
fluoroaniline (b), 3-chlorophenol (c), 3,5-difluoroaniline ((d) and (e)), and 3-methylpyrrole
((f) and (g)). Carbon atoms are colored cyan in the predicted structures, and gray in the
crystallographic structures, nitrogen atoms in blue, oxygen atoms in red, halogen atoms are
magenta. The cavity's molecular surface (yellow) has been cut away to show the ligands.
Gln102 is labeled. Because the receptor structure shows little change upon binding of the
ligands, only the apo-receptor structure, used in docking, is shown. (from Ref. [25]
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Figure 5.
Crystal structures of selected ligands from Table 2 bound to CCP W191G. Part 3 of the
original figure only. Left column: |Fo|-|Fc| omit map for the refined complexes, except for
(a), (c), (k), (m), and (y) where the map of the unrefined complex is shown, contoured at 2.5
σ (green) with the ligand left out of the calculation, but shown in the Figure for clarity.
Right column: Superposition of the highest ranking dock pose (green carbon atoms) with the
crystallographically determined binding mode (yellow carbon atoms). Hydrogen bonds are
drawn as broken lines. (a) and (b) 14; (c) and (d) 15; (e) and (f) 16; (g) and (h) 17; (i) and (j)
18; (k) and (l) 21, the |Fo|-|Fc| map, contoured at 10 σ (red) is also shown; (m) and (n) 22; (o)
and(p) 24; (q) and (r) 25, the |Fo|-|Fc| map, contoured at 9 σ (red) is also shown; (s) and (t)
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28; (u) and (v) 33, the |Fo|-|Fc| map, contoured at 14 σ (red) is also shown; (w) and (x) 34;
(y) and (z) 35; (aa) and (bb) 36. (from Ref. [27])
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Figure 6.
Superposition of the crystal structure of Tm0936 in complex with SIH (red) and the docking
predicted structure of the high-energy intermediate of SAH (carbons in green). Enzyme
carbons are coloured light blue, SAH and enzyme oxygen atoms are coloured red, nitrogens
blue and sulphurs orange. The purple sphere represents the divalent metal ion. An Fo-Fc
omit electron density map for SIH is shown, contoured at 4.1 σ. The structure was
determined at 2.1 Å resolution. (from Ref. [30])
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Figure 7.
Docking discovers two novel β-lactamase inhibitors. (A) Structures of the two new
inhibitors. (B) Initial unbiased Fo-Fc density contoured at 3 σ from the 1.8 Å structure with
compound 3 modeled. Full crystallographic statistics are given in Table S3, Supporting
Information. (C) Hydrogen bonding pattern of 3 with AmpC. (D) Overlay of the crystal
structure (white carbons) overlaid to the initial pose proposed by DOCK (magenta carbons).
The RMSD of the heavy atoms between the two poses was 0.9 Å. (from Ref. [31]
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Figure 8.
Superposition of experimental (yellow) and low-energy DOCK consensus configuration I
(cyan) positions of PTH in the target site [graphics made with MIDAS+ (31)]. Atoms
corresponding to the SB orientations are represented as white, van der Waals spheres.
Phenolphthalein binary complex crystals were grown in 100 mM KHPO4, 0.1 mM EDTA, 1
mM DTT, and 0.5% dimethyl sulfoxide at pH 7.4. The well contained buffer without
(NH4)2SO4. The interaction energies of the low-energy consensus configurations from
families one and two are −11.2 and −3.2 kcal.mol, respectively. Energies were calculated
with Chemgrid (23) with the use of the AMBER potential (32). The maximum van der
Waals energy for any atom was set to 10 kcal/mol with a 10 Å distance cutoff in a 28 Å box
centered on the SB atoms. Grid spacing was 0.33 Å and an ε=4R distance-dependent
dielectric was used. (from Ref. [22])
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Figure 9.
The base binding site of bovine PNP. Comparison of the crystal structure of the complex
(yellow) and that predicted by VS (green). In (A) the VS was performed assuming E201 to
be non-protonated and the side chain of N243 to have the same orientation as that observed
in 1A9P. In (B) E201 was treated as protonated and the side chain of N243 was flipped with
respect to its orientation in 1A9P. In the former case the docked compound is orientated
differently to that observed in the crystal structure while in the latter the superposition is
markedly improved. (from Ref. [23])
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Figure 10.
Overlay of the top four positions identified by the program LIDAEUS, in Green, compared
with the experimentally determined X-ray structure of CYC1. The ligand in red is the
fourth-best fit. It has an unacceptable energyscore (and large RMSD fit on the experimental
structure). (from Ref. [32])
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Table 1

Predictions from docking screens confirmed by experiment, 2004–2008.

Target Docking program Lead
inhibitor
IC50, µM

Year

AChE [48] ADAM&EVE 0.6 2004

AdoMetDC [49] Glide 12 2007

AHAS [50] DOCK 4/AutoDock 15.2 2007

AICAR transformylase [41] AutoDock 11.6 2004

AICAR transformylase [42] AutoDock 0.6 2004

Aldose reductase [40] N/A  0.53 2007

CCP cavity site [27, 51] DOCK 3.5 20 2006

CDC25 phosphatase [52] FRED/Surflex/Lig andFit 13 2008

CDK [53] 2004

CDK2 [54] QXP  0.8 2006

Chitinase [36] LIGTOR 24.8 2006

Chk1 kinase [37] rDock 13.4 2006

Cyclophilin A [55] LD1.0 0.25 2006

DNA gyrase [56] DOCK 5 50 2007

EphB4 [57] DAIM-SEED-FFLD 1.5 2008

FFAR1 [58] Glide 3.6 2008

Histamine H4 [59] FlexX 95.8 2008

Human Pregnane X [60] Surflex 0.049 2007

Integrin αvβ3 [61] DOCK 4 33.5 2006

Lysozyme cavity site [25] DOCK 3.5 56 2006

Lysozyme cavity sites [24] DOCK 3.5 / MM-GBSA N/A 2008

MCH-R1 [62] ICM 7.5 2008

Pim-1 kinase [63] Glide  0.091 2008

PNP [23] GOLD 18.9 2007

PPAR-γ [64] Glide/IFD 2.9 2008

SARS coronavirus main protease [35] GOLD N/A 2006

Tm0936 [30] DOCK 3.5 44 (Kd) 2007

TRH-R1/TRH-R2 [65] FlexX 0.29 2008

β2-adrenergic receptor [66] DOCK 3 0.009 2009

β-lactamase [31] DOCK 3 140 2008

β-secretase [67] DAIM-SEED-FFLD >25 2006

β-secretase [68] DAIM-SEED-FFLD 7.1 2005

HSP90 [43] rDock N/A 2005

SHP2 [69] DOCK 100 2008

Al-2 quorum sensing [70] DOCK 5 35 2008
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Target Docking program Lead
inhibitor
IC50, µM

Year

Anthrax edema factor [71] HINT/AutoDock 1.7 2008

hPRMT1 [72] GOLD 12 2008
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Table 2

Docking reports where a ligand was predicted by virtual screening based on general library screening, and
subsequently confirmed by crystallography, and the docking pose is compared to the crystal pose. We
explicitly exclude those cases where a member of the series was already known, and/or a library around a
limited number of scaffolds was used, since our interest is in gauging the performance of virtual screening for
ligand discovery

Target Docking program Lead
inhibitor
IC50, µM

Screening
Database /

Size

Further optimization
reported?

Best ligand?
(IC50, µM)

AmpC β-lactamase [19] DOCK 3.5 26 ACD / 200,000 Y / 1.0

AmpC β-lactamase [29] DOCK 3.5 700 ZINC / 137639 N

CCP cavity site [27, 51] DOCK 3.5 20 (Kd) ACD / 5500 N

CDK2 [32] LIDEAUS 0.9 (2.2) 50,000 Y / 1.3 – 4

CTX-M β-lactamase [28] DOCK 3.5 21 ZINC / 67489 Y / 10

Lysozyme cavity sites [24] DOCK 3.5 / MM-GBSA N/A ACD N/A

Lysozyme M102Q site [25] DOCK 3.5 6.3 mM ACD / 172,000 N/A

Thymidylate synthase [22] DOCK 3 9.3 FCD / 55,000 Y / 2.3

Tm0936 [30] DOCK 3.5 44 (Kd) KEGG / 4200 N/A

β-lactamase [31] DOCK 3 80 MLSMR / 70,500 Y / 8

TGT [17] LUDI 8.3 ACD / 120,000 Y / 0.3

Thrombin [21] SANDOCK 65 365,000 N
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