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4 
DESI GN OF A STRUCTURALLY DIVERSE 

FRAGMENT LIBRARY SUITABLE FOR 

FRAGMENT-BASED CHEMOGENOMICS 

Gerdien E. de Kloe, Chris de Graaf, Saskia Nijmeijer, Henry F. Vischer, Mark H. P. Verheij, Anitha 

Shanmugham, Ken Y. Chow, Rogier A. Smits, Obbe Zuiderveld, Paul England, Rob Leurs and Iwan J. P. 

de Esch 

ABSTRACT 

In this study we present the first comprehensive fragment-based chemogenomics analysis of eight 

protein targets belonging to four diverse target classes, GPCRs, LGICs, phosphodiesterases and kinases. 

Biochemical fragment screening with a chemically diverse library of 1010 fragment-like molecules, of 

which the construction and analyses is described, yielded diverse sets of fragment hits for all targets with 

hit rates varying between 1 and 10%. The hits include many novel (and selective) fragment scaffolds. 

Interestingly, fragment cross-reactivity was often larger between unrelated proteins (e.g., H4R and 5-

HT3R) than between proteins with higher sequence similarity (ADRB2 and H4R). Chemoinformatics 

analysis of fragment screening shows that fragments that bind to more than one target are more complex 

than selective fragments, but are not more hydrophobic as has been postulated for drug-like bioactive 

molecules. Finally, fragment bioaffinity profiles across related and unrelated protein targets are explored 

to identify ligand-affinity cliffs and molecular selectivity switches, demonstrating that fragment 

screening can be used to gain new insights into details at the atomic level of (selective) protein-ligand 

interactions. 
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INTRODUCTION 

Fragment-based drug discovery (FBDD) has obtained a significant role in nowadays drug 
discovery process.1 The ‘small is beautiful’ concept has stimulated fragment library design, the 
development of highly sensitive screening methods2, 3 and structure-based optimization 
strategies.4 Fragment library design has been reviewed recently.5 Key advantage of FBDD is 
that the respective chemical space described by low molecular weight compounds is much 
smaller than for drug-like compounds. In addition, the lower complexity of small fragments is 
believed to increase the chance of a good match between ligand and protein.6 Small fragment 
libraries ( 1000 fragments) give higher or similar hit rates compared to large HTS libraries 
( 1.000.000 compounds).7  

Although the matching probability is counterbalanced by the chance of measurability of the 
typically low-affinity fragment-protein interactions6, it is anticipated that fragments are 
compatible with more than one target. This is illustrated by the fact that FBDD is considered 
to be the method of choice for the design of ligands with multi-target profiles.8 Furthermore, 
substructure analysis of bioactive molecules have identified privileged substructures which are 
abundant in the ligands of specific protein classes, like G protein-coupled receptor subtypes9, 10, 
or are predisposed to bioactivity in general.11 In a recent study, little specificity was observed 
in fragments selected by structure-based virtual screening for two unrelated -lactamases 
(CTX-M and AmpC).12 The authors argued that the lack of selectivity comes from the ability of 
fragments to adapt to different environments in proteins and that upon ligand optimization 
selectivity is automatically gained.12 Fragment screening studies against panels of (homologous) 
proteins on the other hand have been successfully used to identify selective fragments for 
aspartate semialdehyde dehydrogenases from different microbial species13, and selective 
fragments for a panel of 12 protein kinases.14 Yet, an opposite result was obtained with the 
screening of a small library of 150 fragments against five protein targets, which yielded many 
non-selective low affinity hits; 15% of the fragments interacted with 4 out of 5 proteins.15 The 
relatively high hydrophobicity of this set of promiscuous hits suggest that target cross-
reactivity in this case mainly is the result of binding driven by desolvation.16  

To find the right balance with respect to sufficiently high hit rates for a diverse set of 
protein targets while obtaining selective interactions, it is key to carefully construct a set of 
fragments with optimal physico-chemical properties. The aim of the current study is to 
construct and evaluate a fragment collection that is suitable for screening and subsequent 
pharmacogenomic analyses against a diverse panel of targets belonging to different protein 
classes. We present the first published comprehensive fragment-based chemogenomics 
analysis of (four) G protein-coupled receptors (bioaminergic receptors ADRB2, H1R, H3R, and 
H4R) as well as four unrelated protein targets, including a Cys-loop ligand-gated ion channel 
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(serotonin receptor 5-HT3R), a protein that is analogues to the extracellular ligand-binding 

domain of ligand-gated ion channels (acetylcholine binding protein Ls-AChBP), a cAMP 
specific phosphodiesterase (PDE4D) and a Ser/Thr kinase (PKAC). Using resource- and time-
efficient biochemical screening, diverse sets of fragment hits were obtained for all targets from 
a proprietary, chemically diverse library of 1010 fragments. The sets include many structurally 
novel hit fragments. Chemoinformatics analyses of the fragment library screening are used to 
characterize the nature of fragment selectivity. Fragment bioaffinity profiles across related 
protein targets are explored to identify ligand affinity cliffs, while screening data comparisons 
between unrelated targets identified molecular selectivity switches. These cliffs and switches 
give new insights into the atomic details of protein-ligand interactions. 

METHODS 

 

Figure 1 | Flowscheme construction of fragment library.  

LIBRARY DESIGN 

In Figure 1 the library design flowscheme is presented. The fragment structures were 
retrieved from our in-house database as 2D SD format and processed with the Molecular 
Operating Environment (MOE) software.17 The fragments were protonated according to the 
anticipated protonation states at pH=7.4; physico-chemical properties were calculated using 
MOE 2D descriptors. Adapted rule-of-three selection criteria were used for the filtering of 
fragments from our in-house compound database18:  number of heavy atoms  22, logP < 3, 
number of H-bond donors  3, number of H-bond acceptors  3, number of rotatable bonds  
5, number of rings  1. For the removal of compounds containing reactive functional groups, a 
predefined MOE descriptor was used, which is based on a published list of unwanted 
functionalities.19  

A scaffold diversity analysis20 was used to evaluate the resulting first version of the fragment 
library. This analysis identified underrepresented scaffolds and subsequently 81 novel scaffolds 
(117 fragments) were purchased. Several scaffolds were overrepresented in the set of available 
fragments. Therefore a selection of representative fragments was made. Fragments with stocks 
smaller than 5 mg also were excluded. Finally, a diverse set of 1010 fragments was selected as 
our reference fragment library.  
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SCREENING ON PANEL OF TARGETS 

Screening of the fragment library on a panel of biologically relevant targets was performed 
with biochemical screening, using conditions comparable to HTS screening campaigns.21  
Concentrations between 200 and 10 M were chosen. One-point affinities were determined in 
the different assay formats. Subsequently, hit validation experiments were conducted. Assay 
details are summarized in the footnotes in Table 1, and described in the Supplementary 
Information.  

CHEMOGENOMICS ANALYSES 

Principle components were calculated for the 28 drug-like index (DLI) descriptors. The 
maximum of the principle components was set to three. These three components describe 51% 
of the DLI diversity in the library. The scaffold diversity analysis was performed in MOE, 
using the freely available sca.svl script.22 Fingerprint similarity searches of two databases were 
performed using Scitegic Pipeline Pilot.23 To define the selectivity cliffs and switches, for every 
strong hit (>80% displacement) the closest (with the highest fingerprint similarity score) non-
active analogue was found. These hit pairs were evaluated. If these two fragments differed 
only one atom, and the displacement percentage differed at least 40%, the pair was defined as 
selectivity cliff. These cliffs were evaluated for switches with other targets. 

RESULTS & DISCUSSION 

DIVERSITY OF THE FRAGMENT LIBRARY 

Figure 2 shows the distribution plots of several physico-chemical properties of the fragment 
library. Plot 2A shows that the mean molecular weight is just above 200 Da (211 ± 47). The 
major part of the reported fragment libraries avoid fragments below 100 Da.5 The upper limit 
of 22 heavy atoms resulted in quite some fragments above 250 Da, which is the upper limit for 
e.g. the Astex and Vernalis fragment libraries. This higher upper limit was chosen to be able to 
find micromolar affinity hits with higher specificities. All the fragments contain at least one 
nitrogen or oxygen atom (Fig. 2C), so all fragments have functional groups that are able to 
form strong specific interactions like hydrogen bonds. The library characteristics in Figure 2 
will later in this chapter be compared with the physico-chemical properties of the hits, for the 
different targets and also for unique, dual or multiple binding fragments.  
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Figure 2 | (A) Molecular weight distribution, (B) Number of rings, (C) Number of heteroatoms, green: 

sum of oxygen and nitrogen atoms, red: number of oxygen atoms, blue: number of nitrogen atoms, (D) 

Log P values, (E) Number of H-bond donors (blue), number of H-bond acceptors (red), (F) Number of 

rotatable bonds.  

The diversity of the fragment library was assessed by two different methods. The Drug-Like 
Index (DLI) descriptors are based on a set of 28 rules coming from analyses of non-peptidic, 
oral drugs.24 We used this set of rules to describe the diversity of our fragment set. To visualize 
the diversity, a principle component analysis has been performed. The first three principle 
components describe 51% of the total diversity. Our fragment library was compared with two 
commercially available fragment libraries, namely the Maybridge Ro3 library (1500 fragments) 
and the VitasM library (5020 fragments). The plots in Figure 3 show that our fragments are 
scattered within a similar part of chemical space as the other two libraries. As the VitasM 
library is much larger, its chemical space is somewhat larger, however, the major part is 
covered by our fragments. 
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Figure 3 | PCA plots (first three principle components of 28 DLI descriptors for VU, Maybridge and 

VitasM fragment libraries), A and C compare VU (blue, 1010 fragments) and Maybridge (red, 1500 

fragments) libraries, B and D compare VU (blue, 1010 fragments) and VitasM (red, 5020 fragments). A 

and B present a front view, C and D a side view. 

The second method to visualize and compare the diversity of the library makes use of a 
scaffold diversity analysis, which is chemically more intuitive, as fragments are represented by 
the complexity of their scaffolds (described by six descriptors20) and the ratio between scaffolds 
and side chains. This method was used as well for the purchase of novel scaffolds (see 
Methods). In Figure 4 the scaffold diversity plot of the in-house fragment library (1010 cpds) is 
compared with all bioactive fragment-like molecules in the chEMBL database25 (13.375 cpds), 
all commercially available fragments in the ZINC database26 (854.898 cpds), as well as 
Maybridge Ro3 (1500 cpds), and VitasM (4020 cpds) commercial fragment libraries. 
Comparison of the chemical space covered by our fragment library with the chemical space of 
bioactive fragment-like molecules (Fig. 4A) and commercially available fragments (Fig 4B) 
demonstrates the diversity of the fragment library used in the current study (only very 
complex fragments and complex fragments with lower cyclicity values are not covered). The 
lower left area represents small aliphatic ring systems, e.g. cyclopropyl and cyclobutyl 
scaffolds. Our library is underrepresented in this area of scaffold space, since these scaffolds are 
associated with complications such as difficult synthetic chemistry and chiral centers. Our 

A 

C D 
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fragment library however contains more complex fragments than the Maybridge Ro3 library 
(Fig. 4C), and covers the same scaffold space as the VitasM library (Fig. 4D).  

Figure 4 | Comparison SCA plots with literature (bioactive) fragments. (A) Comparison of VU fragment 

library with ChEMBL bioactive fragments; (B) Comparison of VU fragment library with ZINC fragment 

library; (C) Comparison with Maybridge Ro3 diverse fragment library; (D) Comparison with VitasM 4020 

fragment library. 

FRAGMENT-BASED CHEMOGENOMICS 

FRAGMENT SCREENING RESULTS 

With our small set of 1010 fragments, we found hits for all eight targets, with hit rates 
varying from 1-10% (Table 1). High hit rates are obtained especially for targets for which 
already many fragment-like molecules have been described in literature, including AChBP, 5-
HT3R, H3R, and H4R (Table 1). Also for these targets, however, novel fragment scaffolds were 

identified, as defined by their Tanimoto score (Table 1). Interestingly, many novel fragments 
were identified for proteins (e.g. H1R and PDE-4d) for which so far no or very few fragment-

like molecules have been reported, including many selective fragment scaffolds (Table 1). This 
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demonstrates the potential of fragment screening in identifying new (and selective) bioactive 
lead compounds for drug development.  

The results of the screens are presented in SCA plots to illustrate the diversity of the hits. 
Figure 5 clearly shows that for all targets highly diverse sets of hits have been found, as the 
hits are scattered throughout scaffold space. Even when the hit rate is very low, in case of 
PKA-c (5F), hits are diverse in terms of cyclicity and complexity. Especially H1R hits have 

higher complexities, but a few hits with lower complexities were obtained as well.  

Table 1 | Hit-rates, novelty and specificity of hits, number of known fragment-like ligands for a target. 

 
# fragment hits 
(%)a 

# novel 
hits(%)b 

# target-specific hits 
(%)c 

# known fragment-
like ligands (%)d 

Library 1010    

Ls-AChBP 99 (9.8%)e 60 (61%) 46 (46%) 572 (62%)m 

5-HT3 70 (6.9%)f  31 (44%) 220 (36%) 

ADRB2 7 (0.7%)g 2 (29%) 3 (43%) 16 (3%) 

H1R 23 (2.3%)h 15 (65%) 10 (43%) 40 (5%) 

H3R 91 (9.0%)i 18 (20%) 24 (26%) 129 (8%) 

H4R 56 (5.5%)j 1 (2%) 8 (14%) 120 (33%) 

PKA-c 8 (0.8%)k  5 (63%) 45 (7%) 

PDE-4d 53 (5.2%)l  35 (66%) 156 (8%) 

total hits 252  130 (52%)  

aMore than 50% radioligand displacement, unless stated otherwise; bFragment hits with ECFP-4 Tanimoto similarity < 
0.3 to any known ligand for the particular target in the chEMBLdb; cUnique hits for the particular target; dNumber of 
active ligands in chEMBL database which obey fragment rules as applied for our own fragment library, as described in 
the Methods, full overview given in Table S-1; eMore than 60% displacement of [3H]-epibatidine at 100 M in isolated 
Ls-AChBP; fDisplacement of [3H]granisetron at 100 M using membranes of HEK293 cells expressing the human 5-
HT3AR27; gDisplacement of [3H]-Dihydroalprenolol at 30 M using membranes of HEK293T cells expressing ADRB2; 
hDisplacement of [3H]-pyrilamine at 10 M using membranes of HEK293T cells expressing H1R; iDisplacement of [3H]-
NAMH at 10 M using membranes of HEK293T cells expressing H3R; jDisplacement of [3H]-histamine at 10 M using 
membranes of HEK293T cells expressing H4R; kDisplacement of [3H]-ATP at 10 M using the catalytic domain of PKA-
c alpha; lHydrolysis of [3H]-ATP at 200 M using the catalytic domain of PDE-4d; mAs Ls-AChBP is a model protein for 
nAChRs, the nAChR ligands in the chEMBL database were analyzed.   
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Figure 5 | SCA plots with hits, separately for all targets. The fragment at complexity=0.18, cyclicity=0.28 

is not visualized to allow a clearer illustration. Plot K shows all fragments hitting at least one target.  
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PHYSICO-CHEMICAL PROPERTIES OF FRAGMENTS MATCH PROTEIN BINDING 

SITES 

Physico-chemical property distributions of the different fragment hit sets are presented in 
Figure 6 and the mean values are given in Supplementary Table S-3. Interesting 
complementarities can be found between the properties of fragment hits and their protein 
binding pockets. For example, histamine H3R and H4R receptor hits are relatively polar (Fig. 

6A) and contain a relatively high number of positively charged groups (Fig. 6E) and (non-
ionizable) H-bond donors (Fig. 6B, H3R follows the same trend as H4R), corresponding with 
the H3R and H4R ligand pharmacophore28-30 that contains two H-bond donors. In the H3R and 
H4R binding pocket, these features are complementary to two negatively charged residues, 

D3.32 and E5.46, known to be important for the interaction of high affinity ligands.31 As a result 
of these strong non-desolvation related interactions32 between ionizable H-bonding partners, 
many H3R and H4R ligands can bind the receptor with a high ligand-lipophilic efficiency (LLE, 
affinity diminished with logP).33 This also explains the relatively low logP values of H3R and 
H4R ligands (Figure 6A). H1R also contains D3.32, but possesses a neutral N5.46 residue (instead 
of the negatively charged E5.46 in H3R and H4R) as well as an aromatic cluster of 
phenylalanines (F6.52/F6.55)34 which is not present in H3R (T6.52/M6.55) and H4R (S6.52/T6.55). The 
requirements of the H1R binding pocket match H1R fragment hits which contain a positively 

ionizable group in combination with rigid aromatic ring structures (Fig. 6C), and few non-
ionizable H-bond donors (Fig. 6B).  

Not surprising is the fact that no fragments without a basic center have been found for 
ADRB2, given the preference of ADRB2 for positively charged ligands which can interact with 
D3.32, a conserved negatively ionizable residue in bioaminergic GPCRs.35 Ligand binding to 5-
HT3AR is largely determined by aromatic interactions like -  stacking and cation-  

interactions (W183, W195, Y141, Y143, Y153, Y234)36-38, matching the abundance of rigid 
aromatic rings in 5-HT3AR fragments.39 Fragment hits on PKA-c are relatively small, 

hydrophobic, and rigid, and contain less ionizable groups (Fig. 6), corresponding with the 
hydrophobic binding pocket of protein kinases located around a conserved backbone binding 
motif.40  
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Figure 6 | Histograms of physico-chemical property distributions of hits for different targets.  

RELATIONSHIP BETWEEN FRAGMENT PROPERTIES AND PROTEIN CROSS 

REACTIVITY 

More than half of the fragments hits bind one specific target (Table 1). A substantial part of 
the hits however binds two (59 fragments), three (27 fragments), four (9 fragments) or even 
five (2 fragments) targets (Supplementary Table S-4). While the significant fragment cross-
reactivity between the H3R and H4R receptors (Figure 7A) is not surprising given their 

homology (31% at the protein level, 54% within the transmembrane domains)30, it is 
interesting to see that fragment overlap between H4R and unrelated proteins like 5HT3R and 
AChBP is significantly higher than between H3R/H4R versus H1R histamine receptors (Figure 
7B). These data are in line with our previous report on H4R-5HT3R dual ligands.39 
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It should be noted that there is no clear correlation between non-selective fragments and 
fragment hydrophobicity (Figure 8B), indicating that the binding of the fragment hits 
identified in our screening studies is not primarily driven by unspecific desolvation energy as 
observed for larger bioactive molecules16, 41 and in earlier fragment screening studies.15 We also 
do not find a correlation between cross reactivity and low molecular weight as indicated by 
the analyses Hopkins et al. (Figure 8D).16, 41, 42 Moreover, the ligands that interact with four 
targets have a relatively high molecular weight. The fragments that bind four targets 
(H3R/H4R/AChBP/5-HT3R), like the (3) quinoxaline and (3) quinazoline containing fragments, 

are relatively large and have complex scaffolds (Figure 8C). There is however a bias for basic 
centers in the fragment hits, and especially in the fragments that bind several targets (Figure 
8A). This is not surprising given the fact that six out of eight targets are known to prefer basic 
ligands. Furthermore, earlier studies showed increased promiscuity for basic and quaternary 
basic compounds, relative to neutral or acidic compounds.16 

The protein kinase PKA-c and phosphodiesterase PDE4 are the only targets that do not have 
a preference for positively ionizable ligands and bind many selective ligands (Table 1). Only 
two fragments bind both PKA-c and PDE4.  

Very few hits were found for ADRB2. However, none of the seven hits bind any of the 
other GPCRs, while this receptor belongs to the same class of bioaminergic GPCRs as H1R, 
H3R, and H4R. All these GPCRs bind their positively charged aminergic ligands via a conserved 

negatively charged D3.32 residue at the center of the binding site.35 The alcohol amine 
functional group present in almost all known ADRB2 ligands is complementary with a 
subpocket in ADRB2 formed by the N7.39 residue with D3.32, which is unique for beta 
adrenergic receptors.35 This could be an explanation for the observed selectivity, which 
demonstrates how subtle and local differences in binding pockets can strongly influence ligand 
selectivity, especially on a fragment level.  

A B         

Figure 7 | Two examples of overlap. (A) Within receptor subtypes, histamine H1R/H3R/H4R. (B) Across 

receptor subtypes, 5-HT3, H3R, H4R, ADRB2. 
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Figure 8 | Histograms of physico-chemical property distributions of selective and promiscuous hits. 

FRAGMENT AFFINITY CLIFFS, SELECTIVITY CLIFFS, AND SELECTIVITY SWITCHES 

The bioactivity profiles across related and unrelated protein targets (Fig. 1) enabled us to 
identify affinity cliffs (one heavy atom difference between a hit and non-hit), selectivity cliffs 
(one heavy atom difference in the fragment resulting in loss of binding to one target, while 
maintaining affinity for another target), and selectivity switches (one heavy atom difference in 
the fragment resulting in opposite changes in affinity on two different targets). These fragment 
structure-activity relationships (Table 2) are illustrations of the specific interactions made at 
the fragment level, while they give new insights into the atomic details of (selective) protein-
ligand interactions and can be used for (in silico guided) hit optimization. Figure 9 shows that 
affinity cliffs, selectivity cliffs, and selectivity switches are found primarily for fragments with 
intermediate complexity and cyclicity. 

Affinity cliffs were categorized in six groups: i) polar interaction (decrease of affinity by 
removal of polar (pharmacophore) feature), ii) desolvation (increase of affinity by introduction 
of strong hydrophobic group (increase logP>0.5)), iii) linker (change in affinity by change 
linker length between two rings), iv) position (change in affinity by change in position of 
polar/apolar groups), v) steric fit (increase in affinity by introduction (larger) group), vi) steric 
clash (increase in affinity by removal (larger) group). The categories are a bit arbitrarily 
chosen. E.g., desolvation could also be (partly) vanderWaals interactions, the linker examples 
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probably fit in categories iv and/or v as well. We use the categories to illustrate the 
opportunities of fragment-based chemogenomics. The current analysis of affinity cliffs give 
new insights into the atomic details of protein-ligand interactions and is valuable information 
for the elucidation protein-ligand binding modes43 for ligand optimization and design.  

One example from Table 2 is highlighted to show the value of this analysis for fragment 
optimization strategies. The affinity cliff resulting from the change of a cyclic amide (224) into 
an inverted cyclic amide (225) suggests a role of the amide group as an H-bond donor and/or 
acceptor in H3R and H4R. This information is useful for the determination of a binding mode 

for compound 225, which is needed for structure-based fragment exploration.  

  

Figure 9 | Affinity cliffs indicated in SCA plot. Only the hits are displayed. 
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Table 2 | Selectivity cliffs and switches observed in fragment library for all eight targets under 

investigation. Only the cliffs and switches for fragments with more than 80% displacement are shown.  

Target cpd 

Active 

substituent cpd 

Inactive 

substituent 

Selectivity  

Cliffa/switchb Effectc 

H3R, H4R, Ls 1 Imidazole  2 Triazole  PDE4 (cliff) Polar feature 

ADRB2 3 Amidine  4 Nitrile  - Polar feature 

H1R 5 F 6 H - Polar (fluor) 

PDE4 7 Pyridine  8 Pyridine-N-
oxide 

- Desolvation 

PDE4 9 Ketone  10 Alcohol  H3R (switch) Desolvation 

H4R 11 Br 12 H Ls-AChBP (cliff) Desolvation 

ADRB2, 5-
HT3, Ls 

13 Cl 14 H - Desolvation 

PDE4 15 H 16 OH - Desolvation 

H4R 17 Piperidine 18 Pyrrolidine H1R (switch), H3R 

(cliff) 

Position 

5-HT3 19 Piperidine  20 Pyrrolidine  Ls-AChBP (cliff) Position 

5-HT3 21 Piperidine  22 Pyrrolidine  - Position 

5-HT3, Ls 21 2-piperidine 23 3-piperidine - Position 

H3R, H4R 24 Cyclic amide 25 inv. cyc. 
amide 

- Position 

H4R 26 4-pyridine 27 2-pyridine 5HT3R (switch), 

H3R(cliff) 

Position 

H3R, H4R 28 3-pyridine 27 2-pyridine 5HT3R (switch), 

H3R(cliff) 

Position 

5-HT3, Ls 29 3-pyridine 30 4-pyridine PKA-c (cliff) Position 
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PKA-c, Ls 31 4-OH 32 5-OH - Position  

PDE4 33 4-pyridine 34 3-pyridine - Position 

PDE4 35 2-pyridine 36 4-pyridine 5HT3R (cliff) Position 

5-HT3 37 F 38 Me - Steric clash 

H1R 39 Et 40 Me - Steric fit 

5-HT3 41 NMe 42 NH H4R (cliff) Steric fit 

PDE4 43 RCH=CHR’ 44 RCH2CH2R’ - Steric fit 

5-HT3 45 linker + CH2 46 linker - Linker 

PKA-c 47 Biphenyl 48 diphenylmet
hyl 

- Linker 

PDE4 49 Linker + CH2 50 Linker - Linker 

PDE4 51 Linker  52 Linker + CH2 - Linker 

aSelectivity cliff: one heavy atom difference in the fragment resulting in loss of binding to one target, while 
maintaining affinity for another target; bselectivity switches: one heavy atom difference in the fragment resulting in 
opposite changes in affinity on two different targets; cEffects: polar interaction: decrease of affinity by removal of polar 
(pharmacophore) feature, desolvation: increase of affinity by introduction of strong hydrophobic group (increase 
logP>0.5)), linker:  change in affinity by change linker length between two rings, position: change in affinity by 
change in position of polar/apolar groups), steric fit: increase in affinity by introduction (larger) group), steric clash: 
increase in affinity by removal (larger) group). 
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CONCLUSION 

A chemically diverse library of 1010 fragments has been constructed. The fragments were 
screened in a panel of eight targets, namely (four) G protein-coupled receptors (bioaminergic 
receptors ADRB2, H1R, H3R, and H4R) as well as four unrelated protein targets, including a 
ligand-gated ion channel (LGIC, serotonin receptor 5-HT3R) and a protein mimicking the 

extracellular ligand-binding domain of LGICs (acetylcholine binding protein Ls-AChBP), a 
phosphodiesterase (PDE4D) and a kinase (PKAC) enzyme. For all targets diverse sets of 
fragment hits were obtained with hit rates varying between 1 and 10%, including many novel 
(and selective) fragment scaffolds. These hits have been studied with respect to their physico-
chemical properties and bio-affinity profiles. 

Interestingly, fragment cross-reactivity was often larger between unrelated proteins (e.g., 
H4R and 5-HT3R) than between proteins with higher sequence similarity (ADRB2 and H4R). 

Chemoinformatics analyses of fragments binding selectively one target versus multiple binding 
fragments, showed that multiple binding fragments are more complex than selective 
fragments, but are not more hydrophobic as has been postulated for drug-like bioactive 
molecules. The obtained ligand-affinity cliffs and molecular selectivity switches demonstrated 
that fragment library screening could be used to gain new insights into the atomic details of 
(selective) protein-ligand interactions. 
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SUPPLEMENTARY INFORMATION  

FIGURES AND TABLES 

Table S-1 | Investigation of fragment properties of known ligands in ChEMBL database for the screened 

targets in this study.  

Rule 
H1R      

ligands 
H3R      

ligands 
ADR- 2 
ligands 

nAChR 
ligands 

PKA-c  
ligands 

PDE4d 
ligands 

H4R      
ligands 

5-HT3  
ligands 

# known 

ligands 
783 1587 526 925 633 1845 362 612 

rings  1 783 1587 526 917 629 1845 356 612 
HBA  3 378 927 75 830 266 701 256 554 

HBD  3 776 1493 165 925 452 1832 316 595 

logP  3 125 292 171 665 330 616 260 294 
rot  5 262 483 59 789 339 872 253 565 

ha  22 166 379 79 742 98 384 236 319 

Obey all rules 40 (5%) 129 (8%) 16 (3%) 572 (62%) 45 (7%) 156 (8%) 120 (33%) 220 (36%) 
Rings=number of rings, hba=number of hydrogen-bond acceptors, hbd=number of hydrogen-bond donors, 
rot=number of rotatable bonds, ha=number of heavy atoms. 

Table S-2 | Comparison of mean physico-chemical properties of IOTA fragment library with two other 

commercial fragment libraries. 

Fragments 

subset 
cmps scfflds comp cycl mw ha logP rot rings aro bas aci hbd hba 

IOTA 

Library 
1010 568 0.67±0.17 0.83±0.14 211±47 15±3 1.6±1.0 2.4±1.5 2.0±0.8 8.0±4.5 0.4±0.7 0.2±0.6 0.8±0.8 1.8±0.9 

VITAS-M 4018 1084 0.65±0.18 0.80±0.15 219±47 15±3 2.0±0.8 2.5±1.2 2.0±0.8 7.0±3.2 0.3±0.6 0.1±0.5 0.6±0.7 1.4±0.7 

Maybridge 1500 354 0.55±0.14 0.79±0.13 171±36 12±3 1.5±0.9 1.7±1.3 1.5±0.5 6.4±3.2 0.3±0.6 0.3±0.7 0.5±0.6 1.2±0.8 
Cmps=number of compounds, scfflds=number of scaffolds, comp=complexity, cycl=cyclicity, mw=molecular weight, 
ha=number of heavy atoms, rot=number of rotatable bonds, rings=number of rings, aro=number of aromatic atoms, 
bas=number of basic centers, aci=number of acidic centers, hbd=number of hydrogen-bond donors, hba=number of 
hydrogen-bond acceptors. 
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Table S-3 | Mean physico-chemical properties of hits and non-hits. 

subset cmps scfflds comp cycl mw ha logP rot rings aro bas aci hbd hba 

Library 1010 568 0.67± 0.17 0.83± 0.14 211±47 15±3 1.6±1.0 2.4±1.5 2.0±0.8 8.0±4.5 0.4±0.7 0.2±0.6 0.8±0.8 1.8±0.9 
Ls-

AChBPa 

99 

(9.8%) 
74 0.73± 0.14 0.88± 0.12 223±42 16±3 1.9±0.8 2.3±1.4 2.3±0.7 8.2±3.9 0.8±0.8 0 0.8±0.9 1.5±0.9 

5-HT3 
70 

(6.9%) 
56 0.77± 0.11 0.91± 0.08 228±44 16±3 1.9±0.9 2.1±1.4 2.5±0.6 9.9±3.4 0.6±0.7 0 0.9±0.7 1.6±0.8 

ADR- 2 
4 

(0.4%) 
3 0.62± 0.24 0.68± 0.22 261±35 17±2 2.1±1.2 3.8±0.5 1.8±1.0 6±0 1.5±0.6 0 1.0±0.8 1.3±0.5 

H1R 
23 

(2.3%) 
19 0.79± 0.15 0.89± 0.11 243±45 17±3 2.0±0.8 1.9±1.3 2.7±0.8 8.8±2.6 1.0±0.8 0 0.3±0.6 1.5±0.8 

H3R 
91 

(9.0%) 
70 0.71± 0.16 0.89± 0.13 213±50 15±3 1.3±1.0 2.81.4 2.1±0.7 7.1±3.0 1.0±0.7 0 1.1±1.0 1.6±0.9 

H4R 
56 

(5.5%) 
42 0.76± 0.13 0.92± 0.10 221±52 16±3 1.2±0.9 2.6±1.3 2.4±0.7 8.0±2.8 0.8±0.5 0 1.5±0.8 1.9±0.5 

PKA-c 
8 

(0.8%) 
8 0.69± 0.18 0.91± 0.09 192±63 14±5 1.9±0.9 0.9±1.7 2.1±1.0 8.1±4.4 0.3±0.5 0 1.0±0.5 1.6±1.1 

PDE4d 
53 

(5.2%) 
 0.72± 0.16 0.85± 0.15 223±45 16±3 1.7±0.9 2.2±0.8 2.2±0.8 8.7±3.5 0.3±0.6 0 0.6±0.8 2.1±0.9 

total hits 
227 

(22%) 
164 0.79± 0.15 0.89± 0.11 220±46 16±3 1.7±0.9 2.4±1.5 2.2±0.7 8.3±3.5 0.7±0.8 0 0.9±0.9 1.6±0.9 

non-hits 
784 

(78%) 
453 0.67± 0.17 0.82± 0.14 215±47 15±3 1.6±1.3 2.5±1.4 2.0±0.8 8.5±4.8 0.2±0.4 0.3±0.7 0.8±0.8 2.0±0.9 

Cmps=number of compounds, scfflds=number of scaffolds, comp=complexity, cycl=cyclicity, mw=molecular weight, 
ha=number of heavy atoms, rot=number of rotatable bonds, rings=number of rings, aro=number of aromatic atoms, 
bas=number of basic centers, aci=number of acidic centers, hbd=number of hydrogen-bond donors, hba=number of 
hydrogen-bond acceptors.  

Table S-4 | Mean physicochemical properties of unique and promiscuous hits. 

 subset cmps % hitset comp cycl mw ha logP rot rings aro bas aci 

Library 1010  0.67±0.17 0.83±0.14 211±47 15±3 1.6±1.0 2.4±1.5 2.0±0.8 8.0±4.5 0.4±0.7 0.2±0.6 
total hits 227  0.79±0.15 0.89±0.11 220±46 16±3 1.7±0.9 2.4±1.5 2.2±0.7 8.3±3.5 0.7±0.8 0 

unique hits 155 62% 0.71±0.16 0.85±0.15 223±44 16±3 1.9±0.8 2.4±1.5 2.2±0.8 8.7±3.5 0.5±0.8 0 

2 target 59 23% 0.70±0.15 0.88±0.12 2.6±48 15±3 1.5±1.1 2.4±1.5 2.2±0.7 7.4±3.7 0.8±0.7 0 
3 targets 27 11% 0.78±0.07 0.95±0.06 212±34 16±2 1.4±0.9 2.5±1.4 2.4±0.5 7.9±3.6 0.8±0.6 0 

4 targets 9 4% 0.85±0.06 0.90±0.05 271±41 19±3 1.9±0.8 2.3±1.5 2.9±0.5 9.1±2.1 1.1±0.3 0 

5 targets 2 1% 0.87±0.04 0.92±0.03 267±5 19±1 1.8±1.1 1.5±0.7 3.0±0 11±1.4 1.0±0 0 
Cmps=number of compounds, % hitset=percentage of total hits, comp=complexity, cycl=cyclicity, mw=molecular 
weight, ha=number of heavy atoms, rot=number of rotatable bonds, rings=number of rings, aro=number of aromatic 
atoms, bas=number of basic centers, aci=number of acidic centers, hbd=number of hydrogen-bond donors, 
hba=number of hydrogen-bond acceptors.  
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EXPERIMENTALS 
5-HT3 
For the serotonin 5-HT3 receptor we performed a high throughput functional fragment screen27 using a 

fluorescent readout (Flex Station) applying a fluorescent membrane potential dye. With this screening 
technique we can identify compounds that have affinity for the receptor and in addition classify the hits 
as agonists, antagonists or inactive, this resulted in 70 hits (hit rate: 7%) Fragments were screened at a 
concentration of 100 M using stably expressed human 5-HT3 receptors in HEK293 cells. For hits, 

affinities were determined using radioligand binding studies measuring [3H]granisetron binding using 
membranes of HEK293 cells expressing the human 5-HT3AR.27  

ADRB2 
Cell culture and transfection. HEK293T were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 2 mM L-glutamine, 50 IU/ml penicillin, 50 g/ml streptomycin, and 10% (v/v) fetal 
calf serum at 37 °C with 5% CO2. Cells were then transfected with plasmids carrying the cDNA of 
human b2Adrenergic receptor (hb2AR) (from cdna.org; Missouri S&T cDNA Resource Center, Rolla, 
MO) using linear polyethyleneimine (PEI) method as described44 with slight modifications. Briefly, 2 x 
106 cells in a 10cm dish were supplemented with a DNA/PEI mixture (10 g of h 2AR expressing vector, 
60 g of PEI in a final volume of 500ml of 150mM NaCl) that has been pre-incubated for 5 minutes at 
room temperature. Transfected cells were then subjected to membrane protein extraction 48 hours post-
transfection. 
Membrane protein extraction. Crude membrane fractions were prepared as described with slight 
modifications.44 Briefly, cells washed with ice-cold PBS were detached using the same solution using cell 
scraper. Combined cell suspension was then wash once with ice-cold PBS was then resuspended in ice-
cold membrane buffer (15 mM Tris, pH 7.5, 1 mM EGTA, 0.3 mM EDTA, and 2 mM MgCl2) and were 

subjected to two freeze-thaw cycles using liquid nitrogen. After homogenization by a rotor equipped 
Teflon-glass homogenizer (10 strokes at 1200rpm), pelleted membrane proteins after ultracentrifugation 
(23,000rpm for 30 min at 4°C) were then rinsed with ice-cold Tris-sucrose buffer before being 
resuspended in the same buffer and frozen at -80°C until further use. 
h 2AR/[3H]-DHA binding assay. h 2AR membrane proteins prepared as above were plated onto a 96-
well U-bottomed ELISA plate added already with 25 l of either DMSO (Control), positive control (ICI-
118,551; from Sigma-Aldrich) or candidate compounds diluted in binding buffer (pH 7.4, 50mM HEPES, 
1mM CaCl2, 5mM MgCl2, 100mM NaCl supplemented with 0.5% freshly added BSA) at indicated 

concentration. Approximately 10-9M [3H]-Dihydroalprenolol Hydrochloride, Levo-[Ring, Propyl-3H(N)] 
(DHA; from Perkin Elmer) was then added and the plate was then incubated for 1h at 30°C on a rocking 
platform. Membranes were then harvested over a polyethylenimine (0.5%)-pretreated Whatman GF/C 
filter plate (Perkin Elmer) and were washed four times with ice cold washing buffer (pH 7.4, 50 mM 
HEPES, 1mM CaCl2, 5mM MgCl2, 500mM NaCl). The filter plate was then dried at 50°C for 30 mins 

before the addition of 25 l of scintillation fluid per well, where the radioactivity was ultimately counted 
by Microbeta counter (Perkin Elmer). 
PDE4d 
His-tagged human PDE 4D_CD was expressed in E. coli BL21 codon plus cells and column purified as 
recommended in the manual, “The Qiaexpressionist” (Qiagen). PDELight assay developed by Lonza 
Rockland, Inc was used for screening. PDEs were dissolved in 10 mM HEPES buffer (pH 7.4) containing 
100 mM NaCl, 5 mM MgCl2. The screening was performed on PDE (at conc, yielding a specific activity of 
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about 2500U/m in the given conditions) at the fragment conc of 200 M comprising 1% DMSO in a 
reaction volume of 50 L in a 96 well-format. The reaction output, light was monitored at room 
temperature for 20 minutes using Victor2. From the rate of increase in light intensity over a period of 
time, the reaction rate is calculated. The percentage of ratio of the reaction rate of sample containing 
fragments to the blank gives the percentage of inhibition (PI) for the given fragment. 
Histamine 
Materials & Methods. Cell culture, transfection and membrane preparation - HEK293T cells were 
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS), 50 IUml penicillin and 50 g/ml streptomycin at 37 C and 5% CO2. 
Cells were seeded 2*106 per 10cm dish one day prior to transfection. Approximately 4*106 cells were 
transfected with 5 g cDNA using the PEI method. Briefly, 2.5 g receptor DNA (hH1R, hH3R or hH4R) 
and 2.5 g empty pcDEF3 plasmid were mixed with 20 g 25-kDa linear polyethyleneimine (PEI) in 500 l 
150mM NaCl. This transfection mix was incubated at room temperature (RT) for 30min and subsequently 
added dropwise to a 10cm dish with 6ml fresh culture medium. 
Two days post transfection cells were washed once with phosphate-buffered saline (PBS) and 
subsequently scraped from their culture dish in 1ml of PBS. Cell pellets were collected by centrifugation 
at 2000g for 10min at 4 C. Cell pellets were stored at -20 C until further use. 
Radioligand binding assays. The displacement binding assays were performed using homogenized 
transfected cells in 50 mM Tris-HCl binding buffer (pH7.4 at room temperature). These cell homogenates 
were co-incubated with 10 M of the fragments and 10nM 3H-pyrilamine (hH1R), 1nM 3H-N- -
methylhistamine (NAMH) (hH3R) or 10nM 3H-histamine (hH4R) in a total volume of 100 l/well. The 

reaction suspensions were incubated for 1.5hrs at room temperature on a shaking table (750rpm). Bound 
radioligand was separated from free radioligand via rapid filtration over a 0.5% PEI-pre-soaked glass fiber 
C plate (GF/C, Perkin Elmer). GF/C plates were subsequently washed three times with ice-cold 50mM 
Tris-HCl wash buffer (pH7.4 at 4 C). The retained radioactivity on the GF/C plates was counted by liquid 
scintillation counting in a Wallac Microbeta (Perkin Elmer).  
3H-pyrilamine (25.8 Ci/mmol), 3H-N- -methylhistamine (85.0 Ci/mmol) and 3H-histamine (13,4 
Ci/mmol) were purchased from Perkin Elmer. 
Ls-AChBP 
Protein expression and purification. Recombinant Ls-AChBP with a C-terminal His-tag in pFastbac 
vector (Invitrogen, San Diego, CA, USA) was expressed in baculovirus in SF9 insect cells following the 
manufacturer’s recommendations. Secreted protein was purified on an ÄKTA purifier, using a HisTrap 
HP Cartridge (GE Healthcare, Uppsala, Sweden). The purity of the protein was checked on a SDS gel and 
the protein concentration was determined by Bradford analysis. Protein aliquots were stored at -80 C 
until use. 
Radioligand binding assay. Competition binding assays were performed with His-tagged Ls-AChBP in 
buffer (PBS, 20 mM Tris, pH 7.4/ 0.05% Tween) in a final assay volume of 120 L in Optiplates (white, 
Perkin-Elmer Life Science, Inc., USA,).  Ligands were added at 10-3 to 10-11 M (stock concentrations: 
10mM in DMSO and further diluted in a 20% DMSO H2O solution, final concentration in assay 4%). The 
concentration of radioligand, [3H]epibatidine (Perkin-Elmer, specific activity ~ 56 Ci/mmol) was around 
the Kd value for the target protein, i.e., 1 nM. The amount of protein was chosen such that we obtained a 
clear window in the displacement curve, sufficient amount of counts in our scintillation counting and a 
radioligand depletion of less than 10%.  PVT Copper His-Tag SPA beads (Perkin Elmer) were added at 2 
mg/ml final concentration. Plates were incubated at room temperature under continuous shaking, 
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protected from light, for 1.5 h. SPA beads were allowed to settle for 3 hours in the absence of light before 
counting. The label-bead complex was counted in a Wallac 1450 MicroBeta (PerkinElmer, USA). All 
radioligand binding data were evaluated by a non-linear, least squares curve fitting procedure using 
Graphpad Prism® (version 5, GraphPad Software, Inc., San Diego, CA). All data are represented as mean 
± SEM from at least three independent experiments. 
PKA-c 
The enzymatic assay was performed using PKA-c  kinase obtained from Cell Signalling Technologies as 
a GST fusion enzyme. The enzyme, at a final concentration of 4ng/well, in buffer (25 mM MOPS, 2.5 mM 

-glycerophosphate, 1 mM EGTA, 0.4 mM MgCl2, 0.05 M DTT), was co-incubated with 10 M of the 

fragments, 40 M Kemptide (Anaspec) and 15 M [33P]-ATP (Sigma). For control experiments, the 
inhibitor H89 (Sigma) was used at 100 and 200 nM concentrations. The reactions were incubated for 1 hr 
at room temperature on a shaking table (750rpm). The reactions were stopped with phosphoric acid (1 M, 
15 l) and afterwards filtered using a filterplate Multiscreen HTS (Riedel-De Haën). Washed with 
phosphoric acid (0.1 M, 200 l, 5 times). Scintillation liquid (100 l) was added (Otiphase Hisafe, Perkin 
Elmer). The radioactivity was counted in a Wallac Microbeta (Perkin Elmer) during two minutes. 
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