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Abstract

The selection, acquisition and use of high quality small molecule libraries for screening is an 

essential aspect of drug discovery and chemical biology programs. Screening libraries continue to 

evolve as researchers gain a greater appreciation of the suitability of small molecules for specific 

biological targets, processes and environments. The decisions surrounding the make-up of any 

given small molecule library is informed by a multitude of variables and opinions vary on best-

practices. The fitness of any collection relies upon upfront filtering to avoiding problematic 

compounds, assess appropriate physicochemical properties, install the ideal level of structural 

uniqueness and determine the desired extent of molecular complexity. These criteria are under 

constant evaluation and revision as academic and industrial organizations seek out collections that 

yield ever improving results from their screening portfolios. Practical questions including cost, 

compound management, screening sophistication and assay objective also play a significant role in 

the choice of library composition. This overview attempts to offer advice to all organizations 

engaged in small molecule screening based upon current best practices and theoretical 

considerations in library selection and acquisition.

High through-put screening as a means to discover bioactive agents

High through-put screening (HTS) is a widely utilized enabling technology for drug 

discovery and biomedical research.1,2 Although there are multiple lead-generating 

technologies, HTS is universally used as a practical method to query large compound 

collections in search of novel starting points for the development of biologically active 

compounds.3,4 HTS involves the integration of automation and biological assay screening 
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technologies to evaluate thousands and even millions of compounds. Screening technologies 

have rapidly evolved over the past twenty years and most often involve assays that measure 

how compounds modulate phenotypes, targets or pathways. The main advantage of HTS is 

the ability to accelerate primary screening. Prior to the HTS revolution, screening was 

significantly more costly and time-consuming which curbed the need for large compound 

collections. In the past decade, there has been a dramatic increase in the number of new, 

screenable biological targets and phenotypes as a result of improved assay design and 

impressive advances in bioinformatics, genomics, and proteomics.5–7 The sudden influx of 

new therapeutic targets was one driver of the development of automated, miniaturized 

assays to increase the speed and lower the cost of screening.

Historical context of screening libraries

The 19th century produced numerous scientific advances including progress in the ability to 

culture microbes. As a result, scientist such as Paul Ehrlich and Sahachirō Hata were among 

the first to conduct screens to find agents that killed various parasites in culture. The existing 

assembly of screening libraries of that day was primarily natural products (NPs) and 

synthetic dyes. The results of these efforts informed library screening for the next century 

and both classes of agents remain important components of screening collections. NPs, in 

particular, remain a consistently successful sources of drug leads.8,9 Traditional NP 

screening is done using crude or roughly fractionated extracts, followed by the isolation of 

the active compound from the hit extracts which require systematic fractionation guided by 

assay activity. Many advances in screening formats, reagent production, robotics, and data 

management were required to support screening via bioassay-guided fractionation of NPs. 

Despite impressive procedural advances this technique does not compete in terms of 

throughput with modern HTS efforts. The use of pure, pre-fractionated NPs has emerged as 

a means to continue screening NPs as part of HTS libraries.

As HTS platforms improved it was a logical conceptual step to replace NP fermentation 

broths and extracts with synthetically derived chemical compounds. At pharmaceutical firms 

the archival collections of synthesized compounds became the first collections available for 

HTS. Merrifield’s publication on solid-phase peptide synthesis brought high-throughput 

synthesis into the mainstream and Ellman’s publication of the synthesis of a library of 1,4-

benzodiazepines demonstrated the feasibility of synthesizing small molecules in a 

combinatorial fashion.10,11 These studies laid the groundwork for an immense increase in 

chemical samples and the initial role for combinatorial chemistry at many pharmaceutical 

companies was to rapidly expand the size of their corporate compound collections. Many 

early combinatorial libraries were method driven and focused on production resulting in 

collections with poor physicochemical properties.12,13 The widespread failure of these 

libraries in generating translatable leads resulted in an increased awareness that each library 

member should possess lead-like qualities. The broader awareness of lead-likeness resulted 

in predominately smaller, focused libraries with increased optimization potential.12,14

These strategic revisions led to a higher degree of successful outcomes from HTS campaigns 

in industry and academia. However, expansion beyond the traditionally defined ‘druggable 

genome’ have prompted a desire to again revise the dogma of library design.15 Although the 
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number of drug targets is debatable16, it is likely that many traditional compound libraries 

are inadequate for targeting macromolecule interactions such as protein-protein interactions 

and nucleic acid-protein interactions. Efforts to find leads within this region of biological 

space include a renewed investment in NPs, NP inspired libraries, diversity oriented 

synthesis (DOS) libraries and fragment based approaches.17–20

The need for high quality screening libraries

Small molecules for HTS come from a variety of sources.21,22 In pharma and academia 

internal programs for creating compound libraries are often complimented with purchased 

compounds from compound vendors and contract research organizations (CROs). Purified 

natural products, natural product extracts, purified metabolites, and synthetic/semi-synthetic 

analogues of both classes still comprise large fractions of many screening libraries. When 

the totality of sources for small molecules are considered it is clear that there are many 

millions of potentially available compounds resulting in difficult decisions when selecting 

appropriate libraries for HTS.

Planning, selecting and acquiring useful libraries requires upfront choices that are informed 

by both practical considerations and choices that are unavoidably speculative (Figure 1). 

Several characteristics are universal including the need for a collection that is free of 

problematic functionalities, soluble in a carrier solvent (typically DMSO) at relevant 

concentrations, soluble in the assay environment (water) at relevant concentrations, and 

directly available or easily reacquired for rapid evaluation in secondary confirmatory assays. 

Organizations with specific research programs and limited target classes may be better 

served with focused libraries composed of ‘privileged’ scaffold classes (for kinases or 

GPCR’s, for instance). The clustering density (degree of structural similarity of library 

members) is an additional library characteristic that can affect the successful outcome of 

various screening campaigns. Organizations that repetitively screen similar targets may be 

served by libraries with a higher clustering density while organizations screening diverse 

targets may opt for lower density in order to assure the maximum degree of diversity in their 

collection. There are also numerous theoretical concepts regarding library composition. 

Investigators are rapidly exploring theories on molecular complexity, three-dimensionality 

and the inclusion of chirality. There are also a myriad of opinions on screening pure, discrete 

compounds versus mixtures and agents tethered to beads or plates. Library novelty 

(originality) is an often debated topic with varied opinions. For organizations with 

intellectual property considerations, library novelty plays a more significant role than it does 

within organizations whose aims do not involve commercial outcomes. Many CRO’s offer 

libraries with increasing novelty and exclusivity that are often paralleled by increasing costs. 

As the field of library development has evolved it has become clear that all libraries benefit 

from both empirical and predictive judgments of the lead-likeness of the compounds being 

considered.23 It is the burden of each organization to decide on what types of libraries will 

best serve their specific needs taking into account molecular complexity, diversity, 

clustering density, and the inclusion of a variety of debated chemotypes. These topics elicit 

strong opinions and can have vast consequences on the ultimate utility of any collection of 

small molecules.
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Another significant question surrounds library size and data quality. Practitioners of HTS 

will universally argue that the fewer the agents needed to screen in order to find useful leads 

the better; however, there is often disagreement over how to arrive at this outcome. The 

majority of HTS campaigns are conducted by screening each agent at a single concentration 

followed by a variety of cheminformatics methodologies to analyze the putative hits to focus 

on which agents to advance into confirmatory dose-response studies. Several organizations 

have chosen to perform dose-response primary screening (referred to as quantitative HTS or 

qHTS) to improve confidence in the primary data and off-set downstream costs.24 The trade-

off between library size and data quality is due to the added well-space required for assaying 

the same compound at multiple doses this technique is limiting in terms of library size. The 

comparative utility of these approaches remains a greatly debated topic.

Using cheminformatics tools/filters to craft a library

Once an organization has determined their general needs and their theoretical approach to 

library design there are numerous cheminformatics software tools available to aid 

researchers in vetting potential libraries to assure that selected constraints will be 

applied.21,25,26 The use of these tools is nontrivial and experience in cheminformatics staff 

is an important aspect of any organization wishing to engage in this arena of research. A 

prerequisite for using cheminformatics tools is the ability to calculate a variety of descriptors 

for proposed library members using one of the various data formatting systems used to store 

and sort compounds including SMILES (simplified molecular input line entry specification 

format) or SDF (structure-data file format)(generally provided by vendors). Many software 

packages have the ability to perform structural, physicochemical, ADME, complexity and 

diversity filtering, including software from ACD Labs, Openeye, Tripos, Accelrys, MOE, 

Pipeline Pilot and Schrodinger. While each organization must choose their specific 

priorities, a general strategy for filtering is presented in Figure 2.

Step1. Remove problematic functionalities

Among the first considerations for filtering is the elimination of agents that may 

promiscuously interfere with assay outputs and be confused with authentic assay activity.27 

Numerous publications offer advice on compound functionality that is associated with 

artifactual results. Well known studies include the Pan Assay Interference Compounds 

(PAINS) listing and the rapid elimination of swill (REOS) filter.28,29 Experience should also 

inform this aspect of library design and numerous compound functionalities are known to 

confound HTS results including 2- and 4-halopyridines, sulfonyl halides, aldehydes, alkyl 

halides, acid halides, iso(thio)cyanates, epoxides, aziridines, thioepoxides, michael 

acceptors, dihydroxyarenes, disulfides, anhydrides, aromatic azides, trihydroxylarenes, 1,2-

dicarbonyls, aminothiazoles, acyl hydrazides, peroxides, perhalo arenes, and anthracenes. 

Each of these functional groups has a representative SMILES or SMARTS code that can be 

utilized for batch sorting and elimination (see reference 26 for a comprehensive listing).

Another common source of problematic library members are redox cycling compounds 

(RCC’s).30 RCC’s are capable of producing hydrogen peroxide in significant enough 

concentrations to alter many assay outcomes through a variety of non-specific mechanisms 
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including direct oxidation of protein targets (cysteine proteases, phosphatases and 

metalloenzymes are particularly susceptible), modulation of key assay components (such as 

DTT, GSH and NADPH) and alteration of cellular systems that respond to changing cellular 

oxidation states (such as mitochondrial permeabilization and signaling perturbation).31–34 In 

a recent review on this topic, Johnston summarized several of the molecular functionalities 

that are common RCC’s including pyrimidotriazinediones, quinones, arylsulfonamides, 

tolyl-hydrazides and nitrophene-2-carboxylates.35

An interesting province of ‘problematic functionalities’ remains small molecules capable of 

covalently modifying biochemical targets such as proteins and nucleic acids. Opinions vary 

on the suitability of these types of agents for inclusion within screening libraries. 

Undoubtedly, covalent modifiers can alter assay outcomes and small molecules with widely 

promiscuous covalent labeling of biological constructs have no role as drugs or molecular 

probes. However, numerous drugs and probes do, in fact, covalently modify specific 

biological targets resulting in powerful molecular probes and potential clinical agents. A 

resurgence of efforts to find highly specific covalent modifiers of proteases and subclasses 

of kinases has challenged existing dogma of removing these agents completely from 

screening libraries.36,37

Step 2. Perform physicochemical/aqueous solubility predictions

The inability of many small organic molecules to dissolve in aqueous media and/or engage 

biological targets in a specific, stoichiometric manner was among the primary 

developmental failures associated with early combinatorial libraries. Outcomes from 

screening these libraries were plagued with false positives (often attributed to aggregation 

events) or overly lipophilic leads with limited optimization potential. Lipinski and 

coworkers were among the first to perform an extensive cheminformatics assessment of 

solubility and permeability.38 This analysis showed that the 90th percentile of a set of >2000 

orally bioavailable agents with acceptable solubility and permeability had a MW under 500, 

fewer than 5 H-bond donors and 10 H-bond acceptors and a cLogP value less than 5. In the 

time since this seminal publication a greater appreciation of the physicochemical properties 

of small molecules has significantly influenced molecular design principles within both 

library generation and optimization efforts. In addition to Lipinski’s ‘rule of 5’ there are 

tremendously insightful filters put forth by Ghose, Egan, Oprea, Walters and many 

others.39–42 These analyses universally put limitations on selected, calculable properties 

including MW, # of heavy atoms, # of rotatable bonds, # of ring systems, # of hydrogen 

bond donors, # of hydrogen bond acceptors, LogP and LogD values (see reference 21 for a 

tabular overview of suggested values).

Filters based upon predictive solubility values are fundamentally associated with analyses of 

physicochemical properties. However, profiles of experimentally determined solubility 

values (kinetic and thermodynamic) suggest that solubility cannot be wholly predicted via 

trend assessments of LogP, PSA, # of rotatable bonds, etc.43–45 There are a number of 

computational methods for solubility prediction and filtering potential library members 

utilizing one of these methods may offer an important, additional annotation step.46–50
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Step 3. Perform ADME/Tox property predictions

The sophistication in profiling small molecules for selected ADME (absorption, distribution, 

metabolism and excretion) properties has advanced greatly.51 However, not all organizations 

engaged in HTS aim to find new drugs.52 As such, filtering potential library members to 

remove small molecules that possess potential ADME liabilities or toxicity is not universally 

required. Furthermore, filtering for positive ADME characteristics is achieved, to a degree, 

during the aforementioned physicochemical filtering step (for instance, small molecules with 

LogP values between 0.5 and 3 are predicted to have good passive membrane absorption). 

This not-withstanding, for organizations whose aim is to develop drugs the use of more 

specific ADME/Tox filters can improve the quality of hits generated by HTS. In recent 

years, strong predictive models have been developed for intestinal absorption (a proxy of 

oral bioavailablity), inhibition of selected cytochromes (CYPs)(a predictor of hepatic 

toxicities and potential drug-drug interactions), binding to the hERG potassium channel (a 

predictor of potential cardiac associated adverse events), and potential as a substrate for 

various ATP-binding cassette (ABC) transporters (an indication that a drug may be 

susceptible to unwanted cellular efflux).53–56 Further, more specific predictive models can 

aid organizations with targeted drug discovery programs (for instance, blood-brain barrier 

models exist for organizations with neurological based discovery programs).57 Many of the 

aforementioned software tools have ADME/Tox predictive capabilities. It should be noted 

that many ADME/Tox liabilities can be addressed during lead development (post-screen) 

mitigating the need for stringent filtering during library development.

Step 4. Perform complexity analysis

The complexity of biologically relevant molecules ranges from simple (ethanol) to 

extraordinarily intricate (actinomycin). The role that molecular complexity plays in the 

success and failure of HTS is intensely debated.58,59 There are multiple examples of 

successful drugs and probes with varying degrees of molecular complexity that can be used 

to justify both highly intricate small molecules and agents with less molecular complexity. 

Performing a meaningful analysis of the complexity of small molecules is often influenced 

by personal bias. While computational methods to probe molecular complexities exist60, 

they are not as widely utilized as those that examine physicochemical and ADME/Tox 

properties. Principle component analyses that define three-dimensional orientation using 

dihedral angles and distances and take into account structural and physical properties 

including potential energy, volume, shape, water-accessible surface area, and conformation 

dependent charge descriptors such as dipole moment offer the best approximation of overall 

library complexity. More straightforward assessments can be achieved via the summation of 

chiral centers per each library member and direct measurement of the sp2:sp3 hybridization 

ratio for the collection.61 Ultimately, each organization must consider their own needs and 

biases prior to defining the complexity range of their screening libraries.

Step 5. Perform diversity analysis (clustering approximation)

Choosing the level of diversity (interrelatedness) within a screening collection is inherently 

tied to the types of screens an organization plans to conduct. Organizations frequently 
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screening kinases, for instance, may choose targeted libraries of privileged scaffolds (agents 

known to target the ATP-binding domain, for instance) with a higher clustering density. 

However, even organizations with diverse interests benefit from a degree of structural 

clustering. Screening libraries embedded with structural similitude will benefit during the 

triage process in detecting actives amidst the random noise associated with HTS due to the 

likelihood that active agents with related library members will show uniformity in their 

activity. As a correlate, a single active compound from a clustering of highly related library 

members that are inactive should be viewed with skepticism. Further, structurally related 

actives offer potential insight into structure-activity relationships (SAR) from the primary 

assay. Achieving the proper balance in clustering density will have a major impact in 

screening success.

Methods for performing diversity analyses vary and many are based upon structural 

descriptors and fingerprints contained in SMILES and SMARTs line notation 

descriptors.62–65 Others utilize chemical scaffolding analyses to gain an appreciation of the 

similarity of small molecules in three-dimensions.66 Most filters based upon two 

dimensional descriptors rely upon the Tanimoto coefficient to calculate similarity and a 

recent analysis by Willett suggested that this construct remains the most reliable method.67 

Utilizing the Tanimoto coefficient (or an related similarity scoring construct) within a 

clustering algorithm (such as Jarvis-Patrick) to define cluster size is a common method for 

diversity filtering. Organizations will have to define the coefficient values that will define 

clustering bins and their level of clustering density (a minimum and maximum cluster size).

Step 6. Perform uniqueness analysis

For organizations whose goals include commercialization the uniqueness of their products 

plays a significant role in all aspects of the drug discovery process. Any small molecule that 

does not possess freedom to operate as a unique entity will be of limited use to for-profit 

organizations. Pharma trained medicinal chemists working with patent attorneys are adroit at 

incorporating freedom to operate assessments into their SAR explorations when necessary. 

However, screening libraries with high levels of uniqueness can provide leads with no 

intellectual property-based encumbrances during optimization. As such, performing a 

uniqueness analysis on small molecule libraries can be worthwhile. Unfortunately, 

commercial filters for uniqueness are not as commonly used by scientists as filters for 

physicochemical and ADME properties. Intellectual property attorneys often use searches 

(known as Markush searches) to perform freedom to operate assessments during patent 

prosecutions using databases such as the CAS MARPAT and INPI Merged Markush Service 

databases. Another widely used database is the Derwent World Patents Index which offers 

fragment codes which can be employed in similar analyses to the aforementioned fingerprint 

analyses that can be done in batch mode to highlight small molecules with broad patent 

coverage and limited freedom to operate during optimization. It should be noted that 

freedom to operate can often be achieved during lead optimization limiting the need for 

stringent filtering based upon uniqueness. Further, screening only novel, untested libraries 

may be excessively risky and rigid filtering based upon uniqueness could ultimately 

disappoint.
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Specialty libraries/methodologies

In addition to unbiased compound collections there are numerous classes of specialty 

libraries available for HTS.68 Specialty libraries can come in a variety of forms however we 

will highlight five illustrative types based on the intended application or on the source of 

compounds. These include libraries for specific targets classes, libraries of drugs and bio-

actives, libraries for fragment based screening and libraries of complex synthetic 

compounds.

Target class libraries

Screening collections that are biased towards certain classes of biological targets are 

increasingly popular. Libraries enriched with privileged chemotypes that target kinases, G-

protein coupled receptors (GPCRs), nuclear hormone receptors, ion channels and CNS 

targets are available from many vendors. The basis for the ‘privileged’ nature of these 

libraries and the design principles for each vary based upon target class.69 For instance, 

kinase directed libraries take advantage of the homology associated with the ATP-binding 

site of kinases. Several chemotypes have been identified that bind to this domain and 

analogs of these privileged chemotypes are typically present in kinase-biased libraries. 

GPCRs are characterized by a seven transmembrane bundle. Years of intense focus on 

GPCRs for the development of drugs has allowed for the identification of compound classes 

that demonstrate marked affinity to the modestly homologous transmembrane domains. In a 

similar way, libraries of compounds are available for nuclear hormone receptors and ion 

channels based on the previously established inhibitors for these classes of targets. The 

compounds in CNS-biased libraries are typically biased by physical properties typical of 

compounds that penetrate the blood-brain barrier, a feature necessary for drugs for CNS 

targets. Collectively, these targeted libraries might offer a higher likelihood of identifying 

starting leads when the collection is properly applied to target classes. A potential downside 

to targeted libraries involves the repetitive use of related compound collections across 

multiple organizations resulting in freedom to operate issues. In some of these instances, the 

optimization of common, well-known leads must then take into account patentability space 

in addition to optimizing for SAR and structure property relationships (SPR).

Known drugs/pharmacologically active collections

Approved drug collections can be valuable for many applications including repurposing 

efforts and validating targets and pathways. Screening libraries of existing drugs that operate 

by different mechanisms can also lead to new treatments. Researchers such a Jun Liu have 

reported numerous, surprising findings associating clinically approved agents for one 

indication with an unrelated efficacy within a separate indication (for instance, the 

antifungal drug itraconazole as a potential anti-cancer agent).70 A thorough list of approved 

drugs for human use was recently reported by the National Institutes of Health Chemical 

Genomics Center (NCGC). Details associated with this collection are freely available online 

at http://tripod.nih.gov/npc/. This set is publicly available for use in HTS, and other versions 

of approved drug libraries are available from various commercial vendors.71 In addition to 

known drug libraries, many organizations make regular use of libraries of optimized agents 

with well defined pharmacological activities. Popular libraries like Sigma-Aldrich’s LOPAC 
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(Library of Pharmacologically Active Compounds) and the Prestwick Chemical Library 

collections are often used for validating assays for HTS.

Fragment based screening (FBS) collections

FBS is now routinely carried out in many pharmaceutical companies and academic 

laboratories as an alternate means to identifying small molecule binders to proteins.72,73 The 

requirements for small molecules used in FBS are unique.74 A primary difference involves 

library size. While traditional HTS can be run with tens of thousands or even millions of 

compounds, FBS is typically run on thousands of agents. A second primary difference is the 

concentration at which fragment libraries are screened. The functional concentration ranges 

for traditional HTS range from the nanomolar to micromolar. In contrast, FBS is typically 

run in the millimolar range. This requirement puts additional pressure on selecting small 

molecules with aqueous solubility. Fragments, by definition, typically have lower molecular 

weights and a general cut-off is routinely set at 300 Daltons. Additional criteria include a 

hydrogen bond donor count less than or equal to 3, hydrogen bond acceptors less than or 

equal to 3, cLogP less than or equal to 3, and number of rotatable bonds less than or equal to 

3. There are a number of methodologies by which fragments are screened including NMR, 

crystallography and MS based methods.75 An important aspect of the supporting 

optimization efforts involves the need for linker functionality (masked or unmasked) within 

the screened agents. Without such functional groups the ability to rapidly optimize ‘hits’ is 

limited. Libraries of compounds suitable for FBS are available from a number of 

commercial organizations.

Diversity-oriented synthesis (DOS) collections

The failure of existing compound collections to routinely deliver optimizable hits for 

‘undruggable’ targets has inspired many synthetic chemists to explore novel chemical space 

in the form of DOS. The goal of DOS is to produce compounds with complex architectures 

that are designed to explore new areas of biological space.76 The structures of such 

compounds are intended to be highly dissimilar to traditional, commercially available 

libraries with a focus on three-dimensionality and the unabashed inclusion of chiral 

centers.19,77,78 As a result, these agents are generally only accessible to organizations 

willing to make their own investment in library generation. To a limited extent, selected 

academic labs have contributed DOS libraries to the National Institute of Health Molecular 

Libraries Small Molecule Repository (NIH-MLSMR). Currently there are about 17,000 

compounds (annotated as ‘non-commercial’) in the MLSMR collection that best represents 

this class of compounds in a publicly available screening collection (see, http://

mli.nih.gov/mli/compound-repository/mlsmr-compounds/). Additionally, the Broad Institute 

has synthesized approximately 100,000 DOS compounds with complex structures that are 

available for collaborative programs.

In addition to these types of specialty libraries the use of peptides and peptidomimetics is 

still widely employed in HTS.79,80 Novel classes of small molecule constructs that mimic 

the structure of biologically relevant molecules are also being screened on a regular basis. 

These include peptoids, peptide nucleic acids (PNA) and locked nucleic acids (LNA).81–83 

Many of these structural classes have found utility versus difficult target classes. For 
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instance, the Kodadek lab has utilized peptoid libraries to find and optimize small molecules 

with high affinity to antigens that demonstrate utility as biomarkers for Alzheimer’s 

disease.84 In addition to these library types, many scientific teams have expanded the use of 

small molecule libraries bound to solid supports for screening. Solid-phase screening on 

beads and plates is common and other solid supports such as cellulous have proven to be 

lucrative by innovated groups like the Blackwell lab.85 Ellman and coworkers have also 

introduced novel libraries that integrate fluorophore reporters directly into library members 

to facilitate screening.86 This approach, referred to as substrate activity screening, has 

tremendous relevancy toward finding inhibitors of enzymes that rely upon active site 

nucleophilic events and has already yielded several novel protease inhibitors.87

Compound sourcing

Once an organization has defined their goals and established a methodology for assembling 

a set of libraries for screening they must begin the task of compound sourcing. 

Nontraditional libraries (DOS, peptoids, PNA, LNA) or methodologies (bead-based 

screening, SAS) are not supported by commercial vendors. As a result, organizations that 

pursue these types methodologies have to generate their libraries through in-house synthetic 

efforts or partner with organizations with experience in these areas.

There are numerous CRO’s that provide more conventional libraries for screening efforts. 

These include fragment libraries, targeted libraries, drug collections, pharmacologically 

defined collections and unbiased diversity collections. Several online databases offer insight 

into the composition of these commercial libraries. Chemspider (http://

www.chemspider.com/) offers a database of twenty six million small molecules (as of 

October 2011) searchable by structure, various naming constructs and by descriptors such as 

reference, physical properties and supplier. The Shoichet lab has made available the ZINC 

database (http://zinc.docking.org/index.shtml) which has compiled a listing of thirteen 

million purchasable compounds (as of October 2011). A major advantage of this database is 

the use of numerous formats that support virtual screening efforts. Another database is 

eMolecules (http://www.emolecules.com/) which consists of eight million unique structures 

(as of October 2011) and allows researchers to down-load compound collections. This 

database will also curate, purchase and format libraries on a fee-for-service basis. Discovery 

Gate (www.discoverygate.com/) offers a searchable database of over twenty five million 

structures (as of October 2011) and includes synthetic insights into many of these agents as 

well as property evaluations and sourcing information. ChemExper (http://

www.chemexper.com/) offers a free search engine that allows quires via molecular formula, 

IUPAC name, common name, CAS number and even catalog numbers. The Pubchem 

database (http://pubchem.ncbi.nlm.nih.gov/) is the NIH’s repository of both compound 

collections available for screening through the molecular libraries program (MLI) but also 

the related biological activity of each library member (updated as activities are defined). 

DrugBank (http://drugbank.ca/) is an online repository of over six thousand clinical agents 

and associated data (including structures, activities and targets). This database, along with 

the previously mentioned NPC database, offers tremendous insight into the existing 

pharmacopeia. In addition to these databases there are many CRO’s whose non-proprietary 

libraries are available online for down-loading. A listing of some of the well-known CRO’s 
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who offer libraries is provided in Table 1. ChemNavigator (http://

www.chemnavigator.com/) and eMolecules serve as good aggregator by handling sourcing 

of compounds from multiple vendors.

Specialty Libraries

Integrating virtual compound collections

While different organizations have assorted screening capacities, even the largest 

pharmaceutical firms are not capable of screening the entirety of available small molecules. 

As such, virtual screening is a popular method to compliment HTS, specifically when 

detailed structural knowledge of the target is available.88–90 In addition to complimenting 

HTS efforts, virtual docking of a library of commercially available compounds provides a 

facile mechanism to enrich an organizations screening collection with chemotypes predicted 

to have binding affinity to a target of interest. The cost of virtual screening efforts is 

comparatively low and negates the need for HTS instrumentation making virtual screening 

an attractive discovery methodology for some smaller organizations and academic groups. 

While the effectiveness of virtual screening continues to be debated91, there are an 

increasing number of reports detailing the successful use of this technique to yield lead 

agents for optimization.92 Virtual screening methods have been reviewed elsewhere.93 

Modeling software is a prerequisite for in house virtual screens and programs from Tripos, 

Chemical Computing Group, Accelrys and Schrödinger are popular and widely used. There 

are several online virtual screening platforms including the previously mentioned ZINC 

database (http://zinc.docking.org/index.shtml)(see reference 88 for a comprehensive listing 

of available software).

Compound management

Following acquisition the utility of a compound library will be determined by the quality 

and efficiency of an organizations compound management capability.94–96 Compound 

management encompasses the receipt, preparation, storage, registration, QC and tracking of 

all small molecules in a manner that protects the integrity of each sample. Proper receipt, 

preparation and storage of small organic compounds are critical to their stability and a 

properly partitioned and stored library plates can dramatically influence the usable lifespan 

of a library. Registration and tracking of individual compounds is critical and improper 

documentation of structure or well-location can have drastic effects in screening follow-up 

efforts.

The totality of steps, variables and potential problems associated with compound 

management encompass a protocol within its own right and several reviews have been 

published on the subject that offer glimpses into the complexities of this field.97–100 Receipt 

of agents involves both receiving of the physical samples [typically sent as neat (or dry) 

powders/liquids or as stock solutions of known concentrations in a carrier solvent (typically 

DMSO)] and registration of structures into a usable and flexible compound management 

software system. A multitude of problems can arise in both steps and seemingly trivial 

issues such as arriving at a coding system, choice of stock concentration and the number of 

daughter plates to generate should not be ignored. The conversion of powders/liquids to 
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stock solutions requires an investment in automated weighing/liquid handling systems.101 

The solubility of organic compounds in DMSO at typical concentrations (5–30 mM) is not 

guaranteed and efforts should be made to test the concentration of random samples to assure 

that automated processes are producing accurate stocks. HPLC systems connected to a 

chemiluminescent nitrogen detector (CLND) are useful and commonly used system for 

determining the concentrations of most solutions used in HTS. The level of miniaturization 

is accounted for during the preparation of testable compound plates and common screening 

platforms have been uniformly engineered to accommodate 96-, 384-, and 1536-well plates. 

From the primary plate (mother plate) each organization must decide how many daughter 

plates to build and store. The plurality of organic molecules stored in DMSO and routinely 

sourced for HTS will require replacement over time due to degradation.102 While the 

creation of daughter plates is costly and time consuming they allow for facile replacement of 

plates that are no longer viable due to compound degradation. A flexible and integrated 

software system is required to assure that all registered structures are properly associated 

with plate location. The compound management team typically takes responsibility for the 

sourcing of samples for follow-up efforts. Most follow-up plates involve the generation of 

complete response curves to show the dose dependency of activity for each compound. The 

dilution of each library member to provide a dose response is another non-trivial aspect of 

compound management and details such as mixing strategies to assure proper concentrations 

are achieved should be taken into account. Without doubt, managing the complexities of 

compound management is a vital aspect to HTS efforts.

Library QC and profiling

Once a library is plated a rigorous quality control schedule must be put in place to determine 

that the library is correct and pure. Traditional LCMS and UPLC systems do not possess the 

level of throughput to QC libraries of even modest size in a timely manner. LC based 

judgments of purity (based upon UV, MS and ELSD signatures) are useful for conducting 

random sampling of compounds and many organizations allow these random assessments to 

inform on the entirety of the collection. Each organization must set a cutoff for compound 

purity and many have settled on 90% based upon UV peak integration. QC methods to 

assess the integrity of an entire library are limited. A recent effort by Auld and coworkers 

utilized data integrity [as judged by the assays minimum significant ratio (MSR) variation] 

within a screen of selected Cyps assayed at 7 times over a 37 week time period to QC a 

library.103 This study resulted in a data set that suggested replacing plates every four 

months. Profiling libraries for solubility and for native activity within certain assay systems 

and outputs can also prevent costly and time-consuming mistakes during follow-up efforts. 

Brenk et al reported a facile proxy assay that informs on solubility by dry spotting 

compounds into unoccupied plates followed by the addition of PBS (pH 7.4).26 After a 1 

hour incubation sample wells were judged for absorption at 620 nm and compared to a 30 

µM pyrene control to gain an appreciation of agents that may have solubility issues. As 

many assay outputs involve the generation or absorption of fluorescence it is useful to know 

which agents in a collection have fluorescence potential. Inglese and coworkers recently 

reported the spectroscopic profiling of a large compound library versus six common spectral 

regions associated with commonly used fluorophores in HTS.104 The results suggested that 

many compound libraries will have significant interference potential within the blue region 
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of UV/visible spectrum. Another suggested profile involves the examination of the binding/

inhibition potential of a library for common reporter constructs like luciferase or beta-

lactamase. As these constructs are enzymes there exists the potential for small molecules to 

modify their behavior which would mimic desired assay outputs within screens designed to 

utilize these common assay components. Auld et al recently reported a profile that 

demonstrated that a large fraction of library members are capable of inhibiting luciferase 

directly.105 Interestingly, small molecule inhibitors of luciferase can paradoxically present 

as activators in selected, cell based assay systems as well.106 One of the best characterized 

mechanisms by which small molecules can produce artifactual assay outcomes is through 

the well-characterized phenomenon of aggregation.107 Austin, Shoichet and coworkers have 

reported several profiles of aggregation events demonstrating the prevalence of assay 

artifacts caused by aggregation.108–110 A recent profile of kinetic solubility demonstrated 

that small molecule aggregation is related to aqueous solubility but exceptions do occur and 

there is general agreement that aggregation is highly dependent on assay environment.45

Conclusion

The central aim of screening collections of chemical compounds is to provide ligands that 

perturb biological processes of interest and to identify novel and robust starting points for 

drug/probe development. The optimal composition and assembly of a compound collection 

is of vital interest, however there is no single correct methodology for assembling an ideal 

library. Herein, we have attempted to provide an overview of the myriad of considerations 

that inform scientist during the assembly, procurement and handling of small molecules 

intended for HTS. We have highlighted library design strategies that are considered 

traditional and those emerging strategies that will undoubtedly gain appreciation as new 

results are generated. As different organizations have unique goals each will ultimately have 

divergent requirements with only a few conventions (such as aqueous solubility) being 

universally applied. This notwithstanding, best practices within in silico predictive filtering, 

compound management and library QC will improve the likelihood that all libraries designs 

are ultimately useful. These principles are under constant reevaluation and to a very large 

degree the future of drug discovery hinges on the innovation of the scientists who pursue 

library design.
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Figure 1. 
Upfront Considerations on library composition.
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Figure 2. 
A general strategy for cheminformatics filtering.
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Table 1

Selected Vendors for Diversity, Targeted and Specialty Libraries

ACB Blocks ACC Corp. ActiMol AKOS

Albany Mol. Res. Alchemia Ltd. Alinda Chem. AllLab

Analyticon Discovery ApiChem. Corp. Aronis ASDI

Asinex Aurora Axon MedChem Biofocus

Bionet Biotech Corp. Am. BOC Sciences Cerep

Chem TI Chembridge ChemDiv ChemRoutes

ChemStar Chemical Block ChemOvation Comgenex

EMC Microcollection Enamine Enzo Life Sciences EvoBlocks

Exclusive Chem. FCHC Innovapharm InterBioScreen

InterMed Key Organics Labotest Life Chemicals

Librophyt Maybridge MDPI Menai Organics

MicroCombiChem e.K. NanoSyn Otava Peakdale

PepTech PharmaBlock Pharmeks Princeton BioMol. Res.

Pyxis discovery Scientific exchange Selleck Chemicals Sequoia Res. Prod.

Sigma-Aldrich Specs Spectrum Info SynKinase

Synthon-Lab Szintekon TimTec Tocris Biosciences

TOSLab Tripos Vitas Labs Zelinsky Institute
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