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FRAGMENT LIBRARY DESIGN:  

EFFICIENTLY HUNTING DRUGS 

IN CHEMICAL SPACE 

Susan M. Boyd and Gerdien E. de Kloe 

ABSTRACT 

With the growth in fragment-based drug discovery, numerous strategies have been described for the 

design of fragment libraries. Key choices need to be made on both the selection criteria to be applied and 

the source of the fragments in the library. Here we review some of the key trends and recent 

developments in the rapidly evolving field of fragment library design, providing an overview of current 

design strategies and surveying the characteristics of published fragment libraries. 
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INTRODUCTION 

In the last decade, fragment based drug discovery (FBDD) has become one of the preferred 

strategies for drug design.1-3 Screening of low molecular weight fragments can yield lead 

compounds with better ligand efficiencies and physiological profiles than high-throughput 

screening (HTS) hits, and this can offset the fact that optimization often leads to an increase in 

lipophilicity.4-6 The typically lower affinities of fragments initially caused concern about the 

ability of getting SAR data essential for optimization, but stimulated the development of a 

wealth of sensitive biophysical screening protocols.7-11 

Library design has been key to the development of FBDD. Since chemical space grows 

exponentially with an increase in heavy atom content, focussing on fragments improves 

coverage despite the screening of smaller libraries than would be needed for traditional 

approaches.12, 13 Careful construction of a fragment library is therefore of great importance. 

Fragment library design has been reviewed before;6, 14 in this review we will focus on current 

trends and developments. Issues such as the preferred complexity of fragments, the 

construction of diverse or focussed libraries (or some combination of both), and preferred 

sources of fragments (known drugs, natural compounds, synthesis of novel fragments, 

commercial databases) will be considered. 

Screening often causes specific restrictions for a fragment library. Screening sensitivity 

determines the minimal complexity of fragments, whilst throughput restricts library size.  

Other factors which may influence screening include solubility, the presence of heavy/halogen 

atoms and the exclusion of fluorescent fragments. An overview of several screening methods 

with their corresponding library requirements was recently given by Siegal et al.6  

FRAGMENT SOURCES 

Considering the enormity of fragment chemical space, a key question is how to obtain a 

small set of fragments suitable for screening against a very diverse set of biological targets. 

Three possible fragment sources are depicted in Figure 1, and will be discussed in this section.  

KNOWN DRUGS/BIOLOGICALLY ACTIVE COMPOUNDS  

The concept of ‘target-hopping’, using an old drug as a starting point for the discovery of a 

new drug, has historically been a productive basis of drug discovery (as already proposed by Sir 

James Black).15, 16 An example of this concept is the SHAPES library of Vertex, based on 

molecular frameworks and side chains of known drugs.17-22 Complementary to this shape-based 

method, an alternative fragmentation approach (RECAP) based on retrosynthetic rules has 
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been developed. 23 Suitably fragmented drugs can be included in fragment libraries, or used as 

templates to search for commercially available analogues. 

Sets of descriptors or rules derived from analyses of known drugs exemplify an alternative 

use of existing drugs to select fragments, and these are covered in more detail elsewhere in this 

review. Many analyses of known drugs have been reported.24-27  

Analysis of frequent hitters in screening efforts is another route to gain insight in the ligand 

preferences of biological targets.28 So-called privileged scaffolds, known to occur in actives 

against particular target classes, could enrich fragment libraries for biological activity.29-32 

Construction of databases storing protein-ligand interaction data could enlarge our knowledge 

about important recognition elements.33 

NATURAL COMPOUNDS  

Natural products have always been a rich source of inspiration for drug discovery.34 This 

seems logical for several reasons. By definition, natural product ligands should perform a 

biological function, and many will exhibit some receptor binding capacity.25 Many natural 

compounds are predicted to be non-drug-like, but active transporters are thought to be 

involved in their absorption. Since little is known about the structural requirements for these 

transporters, natural scaffolds offer a good starting point. 35 Furthermore, the large amount of 

uncovered druggable targets suggests that more diversity is needed than is present in current 

drugs, while a large percentage of natural diversity is still not covered in commercial 

databases.36 Natural product databases could be analyzed using the available tools for known 

drugs databases, leading to useful frameworks/fragments and/or natural-product-like rules.25, 35 

A good example of a fragment library based on natural products is the Fragments Of Life (FOL) 

library of DeCODE.37 The FOL library contains natural small molecule metabolites, 

metabolite-like compounds and their bioisosteres, and protein architecture mimetics.  

NOVEL SCAFFOLDS  

In spite of the safety of circling around known drugs and hits, the drive for novelty and the 

desire for higher efficiency increases the attractiveness of unknown chemical space. Is it 

possible to get an idea of what we are missing? An intriguing approach to achieve novelty is 

the enumeration of certain areas of chemical space, followed by extensive analysis of physico-

chemical, drug-like and structural properties. Prediction of novel bioactive scaffolds could be 

guided by focusing on the area of ring systems.38-40 A more comprehensive study enumerates 

all possible organic molecules up to 11 heavy atoms, containing C, N, O and F.41, 42 Filters were 

applied for chemical stability and synthetic feasibility. The database contains 26.4 million 

compounds, representing the complete (predicted synthetically accessible) organic space below 

12 heavy atoms (GDB-11). This allows careful inspection of currently occupied chemical space, 
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while also extending the boundaries of useable synthetic chemical space as we know it. In the 

mean time, the algorithm has been optimized so that enumeration up to 13 heavy atoms is 

possible, creating a library of 970 million compounds (GDB-13). 43 For fragment library design, 

13 heavy atoms is an interesting size, at least for simple scaffolds. 

 

Figure 1 | Overview of possible fragment sources. 

Using this enumerated database, it was found that the equivalent subset of the ZINC 

database44 (25,810 compounds) exhibited an almost 1000-fold biogenic bias (i.e., similarity 

towards known metabolites and natural products) than the enumerated database. This bias 

towards known metabolites and natural products increases with molecular size, and is 

therefore expected to be orders of magnitudes higher for drug-like molecules. The authors 

argue that the chance of finding anything biologically relevant within the larger chemical 

space is very low regarding the huge size of the space, while there is still plenty to explore in 

the already known (“biased”) regions of space. It was noted that 83% of the core ring scaffolds 

in natural products are absent among commercial databases, and that the biogenic bias of the 

commercially available databases could be further increased by inclusion of some of these 

natural product scaffolds.  
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Currently, the best likelihood of finding biologically active, novel scaffolds is to explore 

novel chemical space using the available biologically active and/or natural compounds as 

references. This is perfectly illustrated by a very recent study describing the design of a 

fragment library using the GDB-13. Several filters have been applied on the GDB-13, creating 

an optimally diverse set of non-commercially available, rule-of-three obeying, chemically 

tractable fragments that have high pharmacophore graph matching with known biologically 

active fragments.45 

Table 1 | Some commercially-available fragment libraries.  

Company Diverse or Focussed Special Characteristics 

AnCore Focussed Target metalloproteins 

Asinex Diverse Very small fragments 

ChemBridge Diverse Rule-of-3 compliant 

ChemDiv Diverse Rule-of-3 compliant, and a set of unique 

heterocycles 

Enamine Diverse Rule-of-3 compliant 

InFarmatik Diverse Small set designed to explore 3D space 

IOTA Diverse & focussed Fragments from medicinal chemistry 

projects, more complex than standard 

fragments to avoid non-specific binding 

Key Organics/Bionet Diverse Rule-of-3 compliant 

Life Chemicals Diverse Rule-of-3 compliant 

Maybridge Diverse Sets of Br-containing and F-containing 

fragments useful for xray and nmr 

detection respectively 

Otava Diverse Rule-of-3 compliant 

Prestwick Chemical Diverse Rule-of-3 complaint with innovative 

heterocycles 

Pyxis Diverse Rule-of-3 compliant 

Zenobia Therapeutics Focussed Small bespoke sets custom-designed 

against target(s) 

COMMERCIAL SUPPLIERS 

Many companies now supply ready-made fragment libraries, both for general screening 

purposes and for targeting particular receptors or classes of receptors. Maybridge46 supply 

diverse fragment libraries for general screening, as well as bromo-containing fragment sets 

which can be an aid to x-ray crystallography, and fluorine-containing sets which can be useful 

for 19F NMR studies. Zenobia,47 on the other hand, design custom libraries directed towards 
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specific receptors or receptor families and IOTA48 provide SPR Biosensors49 and 

biochemically50 validated focussed sets of fragments, as well as diverse sets of complex 

fragments, designed to overcome issues associated with non-specific binding. Some examples 

of commercially available fragment libraries are shown in Table 1.   

FRAGMENT SELECTION CRITERIA 

Some characteristics of published fragment libraries are summarised in Table 2 as examples 

of each of the next considerations. 

PHYSICO-CHEMICAL PROPERTIES & LIGAND EFFICIENCY 

Whilst a suitable property profile is always desirable for leads and lead-like compounds, an 

appropriate physical property profile is particularly pertinent to the design of fragment 

libraries. By the very nature of the physical methods used to screen fragment libraries and the 

high concentration of the fragments themselves, it is absolutely essential that the library 

contains suitably soluble fragments. In an ideal world each fragment would have measured 

aqueous solubility, preferably > 2mM, but more pragmatically, solubility can be estimated 

computationally via a number of algorithms. Most of these are based on a combination of 

lipophilicity, pKa and the number of hydrogen-bond donors/acceptors.6 Accuracy is usually 

limited to within one log unit error. 

A “rule-of-3” has been proposed to limit fragments to molecular weight 300, clogP < 3, 

hydrogen-bond donors < 3, hydrogen-bond acceptors < 3, rotatable bond count < 3 and polar 

surface area < 60, based on observations on the fragment hits obtained from screening 

campaigns.51 The parameters are now widely applied to the design of fragment libraries. The 

“rule-of-3” is another step on from Lipinski’s “rule-of-5” for oral bioavailability and Hann & 

Oprea’s “rule-of-4” for lead-likeness.52, 53 A more extensive approach than the rule-of-five or 

rule-of-three is the Drug-Like index (DLI), which consists of a set of 26 descriptors that could 

be used to filter commercial databases for drug-like properties.54 

For fragments it has been proposed that heavy atom count may be a more appropriate 

measure of molecular size than molecular weight, as this is more tolerant of, for example, 

halides, which can provide useful synthetic handles for fragment elaboration. Ring-count has 

also been cited as an indicator of lead-likeness, and as such can be applied to fragment library 

design.54 
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Table 2 | Overview of published library characteristics. 

Company Screening 

method 

Library size MW 

[Da] 

Solubility 

check 

Special features Synthetic 

feasibility 

Abbott81 X-

Ray/NMR 

10000 MWme

an : 210 

- - - 

Astex10 X-Ray 327 100-250 - drug ring systems 

and preferred 

sidechains used 

 

Astra 

Zeneca82 

HCSa/ 

NMR 

150-40000 

(library size 

adjusted to 

screening 

method and 

target) 

HAb<20 -2≤ClogP≤3 

if ClogP≥2.2 

for neutral 

compounds, 

solubility is 

measured 

- availability 

of analogues 

deCode37 X-Ray 1329 <350 -2≤ClogP≤4 3 parts: 

-natural small 

molecule 

metabolites 

-metabolite-like 

+ bioisosteres 

-protein 

architecture 

mimetics 

- 

IOTA 

Pharmac

euticals48 

HCS/SPR 1500 HA<22 logP≤3 SCAc diversified fragments 

from med. 

chem. 

projects, 

many 

analogues 

available 

Novartis 

14 

NMR 2826 <300 logP≤3 816 unique 

scaffolds 

masked 

linker group 

present, 

N+O atoms 

> 2 

Plexxiko

n83 

HCS/X-

Ray 

20000 125-350 - - - 

Roche84 SPR 2000 - - - - 
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Schering-

Plough85 

NMR 10000 50% of 

lib is 

rule-of-

3 

complia

nt 

- - - 

SGX70, 86 X-Ray 800 100-220 - 50% contains Br 2 or more 

subst. to 

facilitate 

analog 

synthesis 

Vernalis79 NMR 1063 100-250 calc. 

solubility87 

diversity check 

using Ph4 

triangles 

tractibility 

check 

Vertex88 NMR 5000  

(+focussed 

libs) 

100-300 ClogP≤3, 

solubility 

predictor 

diversity by 

cluster and pick 

-combichem 

accessible 

linkers 

-≥3 N+O 

atoms 

-≥10 near 

neighbour 

analogues 

ZoBio/Py

xis6 

NMR 2000 MWme

an : 

217.5 

- 4 parts:  

-SCA diverse set  

-amino acid 

derivatives  

-drugs/natural 

products  

-shape diversity 

approach 

- 

aHigh-concentration screening; bHeavy atoms; cScaffold complexity analysis 

Ligand efficiency (LE) is a term first applied by Pfizer scientists55 to describe the average free 

energy of binding per heavy atom. There are various definitions of ligand efficiency but the 

most widely used approximation is illustrated in Box 1. LE is frequently used to prioritise hits 

from HTS. A typical lead with molecular weight 500 would need to have LE > 0.3 to achieve 

potency < 10nM. For fragments, this LE cutoff can be regarded as a guide for the identification 

of useful, efficient fragments which can be suitably optimised to a lead structure. 
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Modifications of LE have been proposed to cover Ligand-Lipophilicity Efficiency (LLE)56 

which takes lipophilicity into account when considering efficiency and Group Efficiency 

(GE)57 which approximates the contribution made to overall binding affinity by a particular 

functional group (Box 2). GE is particularly useful to guide efficient fragment growing. 

 

 

 

 

Whilst LE is usually of most use during lead optimisation projects when measured binding 

affinities are available, it has been shown58 that simply knowing the relative LE values of 

fragments can be of use for fragment selection.  Calculation of ligand binding affinities can be 

achieved to within around 1 kcal within congeneric series, but is significantly less accurate for 

less similar compounds.  Typically, Ki can be computed to within about 10-fold accuracy, and 

this is often enough to permit the use of LE estimates for prioritization of fragments. 

SYNTHETIC CONSIDERATIONS 

Naturally, synthetic accessibility of fragments needs to be considered during the library 

design process. Fragments should not only be readily synthesisable themselves, but should 

contain suitable synthetic handles to allow future synthetic elaboration, whilst avoiding 

undesirably reactive functionalities which could interfere with biochemical detection 

methods. The presence of masked linker groups (e.g. an ester functionality instead of the acid) 

fulfils these two requirements, whilst resembling the final properties of the expanded 

fragment.14 

DIVERSITY  

The concept of diversity within a library can relate to many aspects of the design. Even 

within the constraints of the applied physicochemical parameters (such as the rule-of-3) or the 

focussing constraints (such as docking) it can be advantageous to ensure a good coverage of 

properties and chemotypes within the library. So, diversity methods can be usefully applied 

both to the design of focused fragment sets and of more general screening fragment sets 

designed for optimal diversity. 

LE = -ΔG⁄ HAC = ≈-RTln(IC50) ⁄ HAC 

Box 1 | The most commonly applied definition of Ligand Efficiency 

(LE).  HAC is heavy atom count. 

GE =-ΔG/HAC 

LLE = pIC50 (or pKi) - cLogP (or LogD) 

Box 2 | Definition of Group Efficiency (GE) and 

Ligand-Lipophilic Efficiency (LLE) 
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One widely-held view in the world of diversity is that of “neighbourhood behaviour”59 

which proposes that similar molecules exhibit similar biological activity. There are, of course, 

exceptions to this general assumption, but for the most part this can be a useful principle when 

considering diversity, and most diversity algorithms are based on this theory.  

Diversity approaches can build in diversity on the basis of physicochemical properties, 

molecular structure or shape, or indeed any combination of the three. The SCA approach60 

makes use of cyclicity (ratio between scaffold and side chains) and complexity (combination of 

six DLI descriptors to describe the scaffolds) to plot the diversity of a library. This is a 

particularly visual and intuitive method for structural diversity description, and as such is a 

useful aid to selection of diverse subsets when applied to fragment libraries. Principal 

Components Analysis (PCA) and clustering methods are also commonly used in assessment of 

diversity, alongside descriptors such as pharmacophore fingerprints (such as61, 62), shape 

fingerprints (such as63, 64) and physicochemical properties. 

COMPLEXITY 

Discussions are ongoing regarding the optimal complexity range of a fragment library. 

Considering the desire to efficiently cover chemical space, complexity should be as low as 

possible, since chemical space can be more efficiently covered by assembly of simple building 

blocks than by a set of complex larger structures. Additionally, lower complexity increases the 

chance of a binding event, due to better matching (and less conflict) with receptor binding 

sites. 

On the other hand however, low complexity lowers the chance of a detectable binding 

event, because potency can be too low to be measured.65, 66 It is important to find an 

unambiguous binding mode. Too low complexity increases the probability to find multiple 

binding modes and non-specific binding. Recent studies have shown that often several binding 

modes can be obtained for fragments.67-69 Fragment optimization often leads to changes in 

binding modes70 which can make fragment growing/linking difficult, especially when 

structural information is scarce. Therefore an explicit binding mode is preferable for fragment 

optimization. To achieve this, specific interactions with the receptor should be made; the 

presence of H-bond donors/acceptors and other functional groups are therefore essential. From 

this respect, a minimalistic approach (low molecular weight, dense heteroatom and substituted 

fragments), would furnish an interesting library.71 In this case full enumeration of this part of 

chemical space is (almost) achievable, while polar scaffolds making specific hydrogen bonds 

are considered to be good starting points for further optimisation.72, 73  

Another factor worth considering is the difference in target druggability. The maximal 

affinity of ligands differs amongst proteins, and these differences in binding efficiencies 

determine the lowest detectable binding event.5, 74 A comprehensive study of pharmacological 
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space includes an interesting analysis of molecular properties with gene family ligands, 

showing a spectrum of complexity preferences for a set of drug targets.15 

In general, lower complexity shows a linear relationship with lower specificity.75 Lack of 

specificity could be an advantage in case of the design of multi-target drugs.75, 76 But if 

specificity is desirable, the fragment library should consist of fragments with higher 

complexity. For example, a biphenyl moiety (1) may be a useful broad-spectrum fragment for 

general hit-finding but a 2-tetrazolo-biphenyl fragment (2) may already be specific towards 

GPCRs.28, 32 

N
N

N NH

Privileged
ligand for
proteins
MW: 154.21

Privileged
ligand for
GPCR's
MW: 222.25

1 2

 

Figure 2 | Example of specificity induced by enlarged complexity. 

FOCUSSED SETS  

Often a fragment library is designed with a particular target or family of targets in mind. To 

aid design, some initial SAR may be available from first round screening but even in the 

absence of such data various approaches, ranging from full 3D structure-based methods 

through to data-driven statistical cheminformatics, can be applied to the design of focused 

libraries.  

Molecular docking approaches have been applied to derive focussed fragment sets, in some 

cases using modified scoring functions10	whilst in others more standard scoring functions have 

been tested77 and have been shown to compare favorably with the use of docking in standard 

lead-finding approaches. Interestingly, however, it was observed that docked poses differed 

considerably from the experimentally-determined x-ray structures in 25% of the cases 

explored. The use of fragment docking has even been successfully applied to the design of 

peptidomimetic inhibitors of nNOS in “fragment-hopping” approaches.78 The use of 3D 

pharmacophore models to filter fragment sets and reduce these to smaller, focused, target-

directed sets has been described in the literature79 and is now widely used in the design of 

commercial focused fragment libraries. The approach is rapid to apply and allows for some 

inherent diversity in the fragments selected. 

As described earlier, the RECAP or SHAPES deconstruction approaches17, 23 can be used for 

creation of focused libraries based on known active compounds for the target or target class, as 

long as care is taken to include synthetic tractability and compound reactivity into the design 
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process. Babaoglu & Shoichet67 have shown when a known ligand is deconstructed into its 

constituent fragments those fragments do not necessarily bind the active site in the same 

position as they do when part of the larger structure, so some care needs to be exercised when 

applying such approaches. 

Of course, a more empirical approach to focused library design is to experimentally screen a 

fragment library against a target or family of targets of interest and to select those fragments 

which appear to bind – albeit weakly – to those targets. The IOTA focused fragment libraries 

(unpublished results) have used exactly this approach as the starting point in their design and 

constitute experimentally-validated target-family focused fragment sets. Astex have reported 

physico-chemical analyses of screening data of their fragment library against a panel of targets, 

which offers valuable information for both general fragment library construction and the 

design of focused sets.80 

CONCLUSION 

In summary, many factors need to be considered when designing fragment libraries. In 

practise, this will depend on the source of the library fragments and the desired end-use of the 

fragments. Several design features, however, will remain constant regardless of these factors. 

Structural complexity, reactivity, physicochemical parametric constraints, potential for 

synthetic elaboration and diversity should all be considered in fragment library design. 

As more forays are made into the charting of novel chemical space, fragment libraries are 

likely to embrace these novel structures, and fragment libraries of the future are likely to 

continue probing the optimal fragment size where fragments are sufficiently small to retain 

the advantages of FBDD but sufficiently complex to avoid issues such as non-specific binding. 

Increasingly, experimentally validated fragment libraries are likely to become available and 

these may well become the dominant FBDD tools of choice in the future. 
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