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State-of-the-art in ligand-based virtual
screening
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Virtual screening is a much discussed topic in chemoinformatics and medicinal chemistry, and wide

applied in pharmaceutical research. Here, we provide an in-depth analysis of currently available ligan

based virtual screening applications. We formulate several scientific quality criteria for prospective

ligand-based virtual screens and analyze, in detail, the information provided by currently available pee

reviewed publications. The results presented herein provide a detailed view of the current state-of-the-a

in this field and point at several problematic issues but also opportunities for further advances.

High-throughput screening (HTS) and virtual

screening (VS) essentially have the same goal (i.e.

the identification of novel hits). However, HTS

and VS are based on different philosophies.

Whereas HTS aims at experimental testing of

increasingly large numbers of compounds in the

most efficient manner, VS departs from this ‘let’s

screen them all’ paradigm and attempts to

rationalize compound selection to reduce the

number of candidates for experimental evalua-

tion as much as possible [1]. Despite the crucial

role of HTS in drug discovery settings, the many

technical advances and the enormous growth in

HTS capacity, VS has become an established

computational discipline in pharmaceutical

research [2]. Of course, the development and

application of computational methods to search

through millions of virtually formatted com-

pounds and prioritize small sets of candidates for

testing is also attractive from an academic point

of view and, hence, there is considerable interest

in VS methodologies outside drug discovery

environments. However, it is currently difficult to

benchmark investigations that still dominate this

field [3] and the lack of generally accepted

community standards for method evaluation

[3,4]. There continues to bemuch debate on how

best to evaluate computational screening

methods and benchmark calculations and

establish meaningful statistical measures [4].

Moreover, going beyond computational studies

and benchmarking, the key measure of success

for VS approaches, regardless of the methods

that are applied, is the experimental evaluation

of computational predictions. Recently, we have

carried out a comprehensive literature survey of

prospective VS applications (i.e. studies where

candidate compounds were predicted and

experimentally tested) [5]. This survey has

identified the scientific journals where VS

applications are mostly published and revealed

the most popular VS target protein families and

the potency distribution of VS hits [5]. Further-

more, it was determined that approximately

three times as many prospective structure-based

VS (mostly ligand-target docking) publications

This statistical analysis of prospective VS

applications raised two other questions con

cerning VS performance that we felt were

important to address. First: once candidate

compounds are predicted, how are the pred

tions evaluated and ultimately ‘validated’? S

cifically, how rigorous and scientifically soun

the experimental procedures applied to con

predicted hits? Second: how significant are

findings? In other words, to what extent is t

compound information provided by VS

approaches relevant or novel? Because our

research activities in the VS arena are, at pre

mostly focused on molecular similarity meth

for ligand-based virtual screening (LBVS), we

investigated these questions by an in-depth

analysis of currently available reports of pro

spective LBVS applications. In LBVS similarit

based computational methods are generally

to extrapolate from reference compounds w

known activity and identify structurally dive

compounds having similar activity.

The results reported herein provide a det
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Prospective LBVS applications

We have screened peer-reviewed computa-

tional, chemical and life science journals that are

operational at present and that had a 2009

impact factor of at least 2.0 for papers describing

prospective LBVS applications. Including our

most recent update (1 November 2010), a total of

115 relevant publications were identified. These

publications are provided as: Appendix BAp-

pendix B in Supplementary information. The

majority of these LBVS publications have

appeared in only five journals including Journal

of Medicinal Chemistry, Bioorganic Medicinal

Chemistry, Bioorganic Medicinal Chemistry Letters,

Journal of Chemical Information and Modeling

and ChemMedChem.

Analysis scheme

These 115 publications were analyzed in detail,

as described below. We first determined whether

the screening targets were defined, the com-

putational approaches were truly ligand-based

and appropriate assays were used. For publica-

tions meeting these requirements, we then

closely inspected the computational protocols,

analyzed how the hits were characterized in

detail and determined whether novel compound

information was provided. Finally, we identified

those studies that met all, or almost all, of our

quality control criteria. Because this analysis

ultimately required studying all 115 publications

in detail to extract the relevant information, the

results reported herein have a high level of

confidence.

It is important to note that even a thorough

analysis of currently available LBVS studies does

not provide a full account of the principal

opportunities and limitations of LBVS, for two

reasons at least. First: only ‘successful’ applica-

tions are published and, without knowledge of

negative results, general success rates cannot be

rigorously determined. From this point of view,

the analysis of original literature principally

overestimates the performance of LBVS appli-

cations. Second: many of the VS applications

carried out in pharmaceutical companies remain

proprietary, probably including the most inter-

esting ones. From this point of view, the analysis

underestimates the opportunities of LBVS.

Despite these general limitations, a compre-

hensive analysis of currently available peer-

reviewed publications is the most rigorous way

to obtain a detailed picture of the current state-

of-the-art in applied LBVS.

Basic scientific criteria

each study. We note that �60% of these studies

reported hits with <1 mM potency and �30%
hits with <10 mM potency. Thus, the majority of

these LBVS hits were relatively potent. In fact, in

only two cases, hits with borderline detectable

potency of >100 mM were reported. This LBVS

hit distribution has been an encouraging finding

that, as we have shown previously, is not

representative of the VS field as a whole [5].

We next evaluated our pool of 115 prospective

LBVS publications following a four-step proce-

dure that is summarized in Fig. 1.

Initially, 14 studies were omitted from further

consideration that did not address a defined

target. Here, compounds were computationally

selected on the basis of specifically active

reference compounds and screened on bacterial

strains or cancer cell lines without proposed

molecular targets. Although such ‘phenotypic’

screening efforts for broad-spectrum antibac-

terial or anticancer activities are not unreason-

able per se, we considered them less important

for the assessment of LBVS than target-specific

screening efforts. We then studied whether the

computational approaches were truly ligand-

based and identified eight studies where it

remained unclear whether, or to what extent,

target structure information was also taken into

consideration. For the remaining 93 publications,

we then analyzed whether appropriate assays

were used to test candidate compounds. For

provided. In addition, it was determined whether

defined and reproducible potency end points

(i.e. Kd, Ki, IC50, EC50 or ED50 values) were reported

rather than, for example, % relative inhibition.

Furthermore, for enzymes for which standard

direct inhibition assays were available (e.g. pro-

teases, cyclooxygenases or lipoxygenases) it was

considered inappropriate to ‘confirm’ the activity

of candidate compounds by testing them on cell

lines (for which proposed target-specific inhibi-

tion remained ambiguous). Of course, in other

cases, such as G-protein-coupled receptors, ion

channels or transcription factors, assays using

membrane preparations or other cell-based

assays must be used. On the basis of these

criteria, assay results in ten studies were con-

sidered questionable, and these studies were

also not further considered.

Thus, taken together, 32 of 115 peer-reviewed

prospective LBVS applications (27.8%) were

identified that lacked well-defined targets or

experimentally evaluated LBVS candidate com-

pounds in a non-rigorous or questionable

manner.

Structural novelty

The identification of compounds having a

desired activity that structurally depart from

known active reference compounds and repre-

sent new chemotypes is the primary goal of

LBVS. By contrast, the identification of analogs of

Drug Discovery Today Volume 16, Numbers 9/10 May 2011 FEATURE
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FIGURE 1

Assessment of prospective LBVS applications. A flow chart is shown that represents a sequence of analysis

steps applied to evaluate the basic scientific quality of LBVS investigations. Studies passing these filters
were considered successful LBVS applications. The number of qualifying publications at each stage is

reported in parentheses.
Initially, we determined the potency distribution

of the most active hit(s) identified by LBVS in
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by simple substructure searching (we have only

identified one study where substructure

searching was used as an LBVS approach to

identify a novel scaffold) [6]). For the 83 studies

that passed our target and experimental filters

we systematically analyzed the structural novelty

of confirmed active compounds step ‘‘appro-

priate assay’’ in Fig. 1. Therefore, we extracted

hierarchical scaffolds [7] from reported hits by

removing all substituents from ring systems, but

retaining linkers between rings and further

transforming these scaffolds into carbon skele-

tons (CSKs) by converting all heteroatoms to

carbon and setting all bond orders to one.

Unique CSKs represent topologically distinct

molecular scaffolds. For each hit taken from a

publication, all compounds having a corre-

sponding activity annotation were collected

from ChEMBL [8] and BindingDB [9] – the major

repositories of bioactive molecules from med-

icinal chemistry sources – and also transformed

into CSKs. In each case, care was taken to select

only correspondingly active database com-

pounds reported before publication of the LBVS

study. The CSKs from LBVS hits and known active

compounds were then compared. This analysis

was carried out with in-house-generated Pipe-

line Pilot scripts [10]. We determined that 78 of

the remaining 83 LBVS studies indeed reported

active compounds that corresponded to pre-

viously unobserved (topologically unique) CSKs

and, hence, represented novel active structures.

This was a rather encouraging result. It should

also be noted that two of the five studies that

were omitted owing to the lack of structural

novelty explicitly stated analog searching as a

primary goal.

Quality criteria

The 78 publications reporting structurally novel

hits for well-defined targets that were experi-

mentally confirmed in a rigorous manner were

ultimately considered to be ‘successful’ LBVS

applications. Next, we analyzed these studies

using additional quality criteria, as summarized

in Fig. 2. First, we studied the LBVS protocols in

detail and determined whether the applied

methods and search calculations were clearly

described and in sufficient detail to reproduce

the calculations. For example, we examined

whether the reference compounds were pro-

vided, the search methods and descriptors, and

that the similarity metrics and threshold criteria

were defined. Here we detected shortcomings in

a total of nine publications. In several instances,

these were letter-type reports containing only

very brief methodological descriptions. Regard-

less, the absence of clear or sufficiently detailed

descriptions of computational procedures in

several successful LBVS applications was con-

sidered non-satisfactory from a methodological

point of view.

In the context of evaluating computation

protocols, we also analyzed an additional as

that should be of interest to virtual screen

using fingerprints for similarity searching. W

investigated which Tanimoto similarity thres

values were applied in fingerprint searchin

an indicator of biological activity similarity

between reference and database compoun

Eleven relevant publications were identified

Tanimoto similarity ranges were applied in

two of these studies. The remaining nine stu

defined Tanimoto coefficient cutoff values a

which (or, in three cases, below which) com

pounds were considered as potential hits.

of these Tanimoto similarity threshold valu

were set to 0.75 or 0.85, regardless of the

gerprints that were utilized. Here, it should

noted that we have recently shown that it i

possible to derive Tanimoto similarity thres

values for different fingerprints that are rel

indicators of biological activity similarity and

Tanimoto coefficient ranges where bioactiv

compounds might be enriched in moderat

sized database selection sets significantly v

for fingerprints of different design [11].

Additional quality criteria were also cons

ered for the experimental evaluation of hits

example, 38 studies reported a multistep

experimental validation approach, including

example, binding/inhibition assays followed

functional assay to characterize initial hits
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Additional quality criteria. The number of studies meeting each of six additional criteria applied to evaluate successful LBVS applications is reported.
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further, which was clearly a plus. Furthermore, 32

studies showed detailed dose–response curves

for the newly identified active compounds.

Additionally, 29 studies reported additional

controls for non-specific binding.

Finally, quality criteria assessing the com-

pound information and novelty were applied. In

54 of the 78 reports more than one new active

chemotype was identified, and in 34 publications

preliminary SAR information was also provided

for novel hits by testing analogs of these hits or

other structurally similar compounds.

Advanced LBVS applications

The additional criteria discussed above helped to

identify LBVS applications of comparably high

scientific quality. However, only four studies were

identified that met all of the six criteria sum-

marized in Fig. 2. These studies are listed in Table

1 [Refs. 12–15]. Obtaining preliminary SAR

information might be considered as the initial

step to bridge between LBVS and hit-to-lead

projects. If we did not require the presence of

preliminary SAR information, five additional

studies did meet the remaining five criteria, and

these studies are also highlighted in Table 1

[Refs. 16–20]. These advanced LBVS applications

also included short letters demonstrating that

comprehensive and detailed information can be

readily provided in a short publication format.

Taken together, on the basis of our analysis, the

investigations reported in Table 1 currently

represent the overall most-advanced prospec-

tive LBVS applications. Of course, other quality

criteria might also be considered and/or selected

criteria might be weighted in different ways. For

example, one might also be interested in ‘hit

rates’ of LBVS calculations (i.e. the ratio of con-

firmed active over experimentally tested com-

pounds). However, in our analysis, the calculation

of such rates was often not very informative

because, in many cases, only subsets of com-

putationally selected compounds were available

for testing or ‘subjective’ selection criteria were

applied to arrive at final compound testsets.

Regardless, the investigations in Table 1 are

recommended as further readings and instruc-

tive examples of advanced LBVS applications.

Summary and outlook

Herein we have presented a thorough analysis of

the state-of-the-art of LBVS that has taken into

account currently available peer-reviewed pro-

spective LBVS applications. As discussed, given

the grey zone of unpublished failures and pro-

prietary applications, the analysis does not

provide a measure of the true potential of LBVS.

However, it mirrors the level of scientific rigor

and quality in this field and also provides insights

into what might be expected from practical LBVS

efforts. In addition to LBVS experts, the results

presented herein should also be helpful to

practitioners in pharmaceutical research who

might occasionally apply commercial LBVS tools.

There are no reasons why LBVS studies might not

be carried out successfully by bench scientists

providing the requirements and limitations of

LBVS predictions and their experimental eva-

luation are carefully considered.

On the basis of our analysis, there are good

news and bad news. To start with the latter, we

first note that approximately a third of all pub-

lished prospective LBVS studies were found to

have, more or less, significant shortcomings in the

way computational predictions were assessed

experimentally. Furthermore, �10% of prese-

lected successful LBVS applications lacked suffi-

ciently detailed computational descriptions to

understand fully and/or reproduce the calcula-

tions. Both these issues will require attention as

the field moves forward. Our analysis of compu-

tational protocols also pointed at another

potentially problematic issue (i.e. methodological

relevance), which cannot be fully addressed at

present because of the lack of generally accepted

calculation standards. In many instances, it was

not possible to evaluate on the basis of original

publications which, of many, calculations that

were carried out were decisive for the identifi-

cation of novels hits. This problem might be

addressed in the future, for example by requiring

simple similarity search calculations as controls for

more-complex LBVS protocols to determine

whether the applied LBVS procedures were

indeed essential for hit identification. On the

positive side, we have also found that themajority

of scientifically sound LBVS studies have indeed

identified novel active compounds whose scaf-

folds were not present in major repositories of

bioactive molecules before publication. In addi-

tion, many LBVS hits were fairly potent, with

�30% falling into the submicromolar range. This

is all good news for the LBVS field as it evolves

further. Taken together, the results of our analysis

revealed that many practical LBVS applications

resulted in the identification of new and inter-

esting active compounds. However, further

improvements in the presentation and relevance

assessment of computational approaches and the

experimental evaluation of candidate com-

pounds will be required.

Finally, we would anticipate that a systematic

analysis of prospective ligand–protein docking

studies, conceptually similar to the one pre-

sented herein and carried out by leading

investigators in this area, might also yield

interesting results. Such an analysis would cer-

tainly represent another large-magnitude task.

However, it should be timely and useful to assess

and perhaps further advance the structure-

based virtual screening field.
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