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ONLINE PARALLEL FRAGMENT 

SCREENING AND RAPID HIT  

EXPLORATION FOR NICOTINIC 

ACETYLCHOLINE RECEPTORS 

Gerdien E. de Kloe, Jeroen Kool, Rene van Elk, Jacqueline E. van Muijlwijk-Koezen, August B. Smit, 

Henk Lingeman, Hubertus Irth, Wilfried M.A. Niessen and Iwan J.P. de Esch 

ABSTRACT 

An online bioaffinity analysis system was used to screen our in-house fragment library on two related 

proteins, Ls- and Ac-AChBP, model proteins for nAChRs, in particular the 7 subtype. An efficient 

protocol for medium throughput fragment screening, hit validation and affinity ranking after single 

concentration injections was developed. The screening of the fragment library and the good correlation 

between online estimated pKi values (derived from a single injection) with pKi values measured with a 

radioligand binding assay (RBA, full range concentration curve) have proven the value of the online 

fluorescence enhancement assay in FBDD. The online bioaffinity system was also used for rapid hit 

exploration using single point injections of combinatorial libraries at 96-well format. This led to the 

discovery of an optimized hit with micromolar affinity towards the 7 nAChR. 
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INTRODUCTION 

The nicotinic acetylcholine receptors (nAChR) belong to the family of ligand-gated ion 
channels and comprise potentially new pharmaceutical targets in multiple brain disorders. 
They are nowadays one of the most intensively studied type of ion channel.1-3 One of the 
major challenges is formed by the large diversity of receptor subtypes, originating from 
multiple homo- and heteromeric combinations of subunits forming pentameric ion channels.4 
For drug discovery, compounds that selectively inhibit one nAChR subtype are of great 
interest.1 In particular, selective ligands targeting the 7 nAChR subtype are expected to be of 
use in schizophrenia and Alzheimer’s disease.5-7  

The use of Fragment-Based Drug Discovery (FBDD) for efficient screening and optimization 
of ligands is nowadays widely accepted.8 In order to apply FBDD on nAChRs, we recently 
developed and validated an online fluorescence enhancement assay for the water-soluble 
acetylcholine binding protein (AChBP),9 a model protein for the extracellular ligand-binding 
domain of nAChRs.10, 11 AChBP is a stable protein which was first crystallized in 2001.12 
AChBP assembles as a pentamer and has ligand binding pharmacology most similar to the 7 
nAChR.13-17 Several homologous proteins were found in different snail species, amongst which 
Lymnaea stagnalis (Ls)12 and Aplysia californica (Ac).15 Ls- and Ac-AChBP share only 33% of 
their amino acids, and have different ligand selectivity profiles. The majority of small ligands 
for nAChRs, like endogenous acetylcholine, nicotine and epibatidine, are Ls-AChBP 
selective.17 Lobeline, however, is highly selective towards Ac-AChBP.14, 17 Several cone snail 
derived bioactive toxin peptides (conotoxins) have comparable affinities for both AChBPs, but 
the 7 selective conotoxin -ImI has a >6000-fold higher affinity for Ac-AChBP over Ls-
AChBP.15 Since literature is not decisive in which one of the two AChBPs is best suitable to 
find hit fragments for the 7 nAChR, we decided to screen our in-house fragment library 
simultaneously on Ls- and Ac-AChBP. 

Our recently published online fluorescence enhancement assay9 is ideally suited for parallel 
screening in medium throughput mode. To this end, the Ls-AChBP fluorescence enhancement 
assay9 was optimized for Ac-AChBP. The fragment library was then screened on both proteins. 
The validated hits allowed for the determination of detailed selectivity profiles for both 
proteins. A subset of these hits was evaluated for binding to the 4 2 and 7 subtype nAChRs.  
Next, one of the 7 selective hits was optimized rapidly by combinatorial chemistry in 96-well 
format. In our previous paper,9 we showed that the online bioanalysis system is very accurate 
and reproducible in predicting pKi values at single concentration injections. We now use this 
system for the screening of two generations of focused combinatorial libraries, allowing a rapid 
exploration of hit fragments.      
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RESULTS & DISCUSSION 

PARALLEL SCREENING ASSAY AND CONDITIONS  

A schematic setup of the online bioaffinity analysis system is shown in Figure 1. The 
bioaffinity analysis assays make use of tracer ligand DAHBA (shown in Figure 2A), which 
displays fluorescence enhancement upon binding to AChBP.9 For screening of the fragment 
library, the setup was operated in flow injection analysis (FIA) mode enabling the injected 
compounds to proceed to the bioaffinity analysis assays and UV detection directly after a 3-
split in the eluent flow from the autoinjector. In the bioaffinity analysis assays, ligands interact 
with continuously infused AChBP via the superloops operated by pump P1 (Ls-AChBP) and 
P3 (Ac-AChBP) in the first set of reaction coils. In the second set of reaction coils, tracer 
ligand DAHBA is continuously infused (via the superloops operated by pump P2 and P4) and 
interacts with the remaining free binding sites of AChBP. The resulting fluorescence 
enhancement is monitored by a fluorescence detector.  

 

Figure 1 | General schematic setup of the online bioaffinity analysis system. P1 - P5 = HPLC pumps. 

Injection with split to the two online assays and the UV detector. Online addition of AChBP (P1 and 

P3) and tracer ligand (P2 and P4), via reaction coils to fluorescence detectors. 

The assay conditions of Ls-AChBP, which were previously optimized and validated,9 were 
used as a starting point for Ac-AChBP assay optimization, since Ls- and Ac-AChBP are closely 
related. The Ac-AChBP conditions were adjusted to the fluorescence enhancement properties 
and affinity of DAHBA for Ac-AChBP. The affinity of DAHBA for Ac-AChBP is 60 times 
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lower than for Ls-AChBP. However, in order to keep the background fluorescence signal as 
low as possible, the concentration of DAHBA in the Ac-AChBP assay was chosen only 20 
times higher than in the Ls-AChBP assay. To determine the assay windows for both assays 
(fluorescence signal DAHBA minus background signal), the fluorescence signal of DAHBA was 
measured at three different concentrations of Ls- and Ac-AChBP (Figure 2B). Full 
displacement of DAHBA with the high-affinity ligand epibatidine was used to measure the 
background signal. The assay window was approximately equal for both proteins under the 
chosen conditions.  

 

Figure 2 | (A) Structure and affinities of DAHBA for Ls- and Ac-AChBP. (B) Assay window for Ls- and 

Ac-AChBP. Blue: Ls-AChBP, red: Ac-AChBP. Dotted bars: epibatidine displacement of DAHBA, filled 

bars: relative fluorescence of DAHBA in active site. (C) Typical assay results (hit validation), showing 

fluorescence enhancement traces for Ls- and Ac-AChBP. Negative peaks indicate DAHBA displacement 

of an injected ligand thus representing affinity. 

FRAGMENT LIBRARY SCREENING 

The commercially available IOTA MedChem Diverse fragment library consists of 1010 
structurally diverse fragments and obey general fragment library criteria, i.e., number of heavy 
atoms  22, logP < 3, number of H-bond donors  3 and number of H-bond acceptors  3, 
number of rotatable bonds  5 (adjusted rule of three).18 The fragments had to contain at least 
one ring structure, and compounds containing reactive functional groups were removed.19 The 
scaffold diversity analysis by Xu et al.,20 was used, amongst others, to assess the structural 
diversity of the library. In this analysis, each compound is divided in scaffold and side chains 
following defined rules.20 The complexity value of the scaffolds is calculated using six 
descriptors,20 the cyclicity value is the ratio between scaffolds and side chains. To visualize 
scaffold diversity, complexity is plotted versus cyclicity, as presented in Figure 3.  
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The 1010 fragments, along with regular 
injections of nicotine and lobeline as control 
ligands, were injected as 5*10-4M 
concentrations (40 L) at 1.5 minutes 
intervals. Signal-to-noise ratios were 
determined by dividing the signal of a 100% 
displacing concentration of nicotine by the 
noise. The noise was determined by 
measuring the baseline for two minutes. 
Resulting S/N ratios were around 20 for Ls-
AChBP and around 10 for Ac-AChBP. The 
hit criterion was a signal of at least three 
times the noise. The hit rates were 7.7% for 
Ls-AChBP (78 hits) and 1.1% for Ac-AChBP 
(11 hits). Of these 11 Ac-AChBP hits, 8 

were also identified as a hit in the Ls-AChBP assay. A total of 81 hits were thus obtained. 

In Figure 3, the hits are highlighted in a scaffold diversity plot, to show the diversity of the 
hits resulting from the screening, and to analyze the relation between affinity/selectivity and 
complexity. For Ls-AChBP, a balanced distribution is seen with respect to complexity and 
cyclicity, indicating structurally diverse hits. For Ac-AChBP, the hits have higher complexities 
(represented at the right side of the plot), or have lower cyclicity values (closer to the bottom 
of the plot), indicating that these scaffolds are more complex than the mean of the fragment 
library.  

HIT VALIDATION ON ACHBP 

Of the hit set, 51 diverse fragments were considered for further evaluation. Representatives 
were chosen for duplicate scaffolds. Fragments with high similarity scores (Tc 0.8 based on 
ECFP4 fingerprints using Pipeline Pilot21) to known compounds for the 7 receptor (ChEMBL 
database22) were disregarded. Fresh 10-2 M solutions were made in DMSO. These solutions 
were injected, with injection volumes of 2 L and injection intervals of 3.5 minutes. The very 
small injection volumes of 2 L are immediately diluted in the eluent stream after injection. 
For both assays, a higher protein concentration was used to provide a larger assay window for 
validation of this small set of selected hits (typical S/N ratios: for Ls-AChBP  75, for Ac-
AChBP  45). A typical screening result is depicted in Figure 2C. As actual active protein 
concentrations differed per batch and due to the freeze-thaw process prior to use,9 assay results 
were always taken relative to full displacement, achieved by injection of a high concentration 
of nicotine. The hit validation was performed in duplicate to improve hit ranking and to 

Figure 3 | Screening results depicted in scaffold 

analysis plots. Overview of hits for Ls- and Ac-

AChBP. The fragment at complexity=0.18, 

cyclicity=0.28 is not visualized to allow a clearer 

illustration. 
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provide more accurate Ls- vs Ac-AChBP selectivity information. For compounds with (almost) 
full displacement, appropriate dilutions were made and re-injected.  

ESTIMATED PK
I
 VALUES FROM SINGLE CONCENTRATION INJECTIONS 

The displacement data at a single concentration, relative to the 100% displacement of 
nicotine, was used to estimate pKi values, as described in our previous paper.9 The list of Ac-
/Ls-AChBP affinities and selectivities for the 51 validated hits is presented in Table S-1 of the 
Supporting Information. From these 51 fragments, only two fragments showed minor 
selectivity for Ac-AChBP; all other compounds were found to be selective for Ls-AChBP. 
Interestingly, 35% of the compounds have a 10 to 60-fold more affinity for Ls- over Ac-
AChBP. Together with the observation that hits for Ac-AChBP tend to be larger and more 
complex fragments (Figure 3), this leads to the suggestion that Ac-AChBP apparently is not so 
easy to target.23 For this reason, we decided to focus on Ls-AChBP in the remaining part of this 
study.  

To validate our screening procedure, we 
compared the ‘estimated pKi values’ 
with pKi values obtained with a [3H]-
epibatidine radioligand binding assay 
((RBA), n=3). As a proof-of-principle, 
RBA pKi values were determined for 23 
randomly picked fragments and the 
correlation found demonstrated the 
validity of our single concentration pKi 
estimations. The correlation (R2 = 0.80) 
between these full curve values and the 
estimated pKi values for Ls-AChBP is 
shown in Figure 4. It should be stressed 
that these estimated pKi values were 
obtained from duplicate injections of a 

single concentration per fragment; the good correlation indicates that a reliable ranking of the 
(low affinity) fragment hits can be obtained this way.  

EVALUATION OF A SUBSET OF HITS ON HUMAN NACHRS 

A subset of ten hit fragments was taken for evaluation of affinities for two important nAChR 
subtypes, namely 7 and 4 2 nACh receptors. The selection of these ten fragments was based 
on scaffold diversity and distinct Ls- and Ac-AChBP affinity profiles. The diversity of this 
subset of hits is demonstrated with a similarity matrix, Table S-2 in the Supporting 
Information. The tanimoto scores were calculated based on ECFP4 fingerprints using Pipeline 

Figure 4 | Correlation for Ls-AChBP of estimated pKis 

from a single concentration measurement in the online 
fluorescence assay versus full curve pKis from a 

radioligand displacement assay. 
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Pilot.21 According to the published similarity cutoff of Tc 0.26, 93% of the fragment subset 
pairs are dissimilar.24 The highest Tc in the set was 0.37 between fragment 99 and 110.  

Table 1 | Affinities of a subset of hit fragments for Ls- and Ac-AChBP and two human receptors subtypes. 

Nr 
Ls-AChBP 
affinityi 

LEii 

Ls 
Ac-AChBP 
affinityiii 

LEii 

Ac 
Ls/Ac 
ratioiv 

7 affinityv 
LEii 

7 
4 2 

affinityvi 
LEii 

4 2 

1 5.63 ± 0.14 0.48 4.58 ± 0.07 0.39 11.2 <4 - <4 - 
2 6.89 ± 0.02 0.79 4.04 ± 0.20 0.46 707.9 5.03 ± 0.36 0.58 6.30 ± 0.03 0.72 
3 5.06 ± 0.17 0.39 5.32 ± 0.19 0.41 0.5 5.95 ± 0.10 0.45 <4 - 
4 5.96 ± 0.05 0.39 <4 - >91.2 <4 - <4 - 
5 5.30 ± 0.06 0.49 <4 - >20.0 <4 - <4 - 
6 4.98 ± 0.04 0.62 <4 - >9.5 4.99 ± 0.17 0.62 <4 - 
7 6.08 ± 0.02 0.49 4.77 ± 0.01 0.39 20.4 4.67 ± 0.23 0.38 <4 - 
8 5.01 ± 0.05 0.41 5.21 ± 0.01 0.42 0.6 5.01 ± 0.04 0.41 <4 - 
9 4.76 ± 0.04 0.38 5.04 ± 0.02 0.40 0.5 <4 - <4 - 
10 6.40 ± 0.06 0.44 4.37 ± 0.14 0.30 107.2 4.67 ± 0.03 0.32 <4 - 

i Competition binding assay of [3H]-epibatidine using isolated Ls-AChBP; ii Ligand efficiencies (LE) were calculated 
using the formula of Hopkins et al.25: LE = G/number of heavy atoms and are given in kcal*mol-1*HA-1; iii Competition 
binding assay of [3H]-epibatidine using isolated Ac-AChBP; iv As determined by dividing Ki values of Ls- and Ac-

AChBP; v Competition binding assay of [3H]-MLA using membranes of SH-SY5Y cells expressing the nAChR 7 
receptor; vi Competition binding assay of [3H]-epibatidine using membranes of HEK293t cells expressing the nAChR 

4 2 receptor. 

The pharmacological results for the subset are presented in Table 1. Only one of the 
fragments had affinity for the 4 2 receptor, with a 20-fold selectivity for this receptor over 
the receptor. Six out of ten fragments showed affinity for the 7 receptor; five of these hits 
were 7 selective over the 4 2 receptor. This result is in line with the hypothesis that the 
AChBP ligand binding site is more similar to the 7 than the 4 2 binding site.  

FOCUSED COMBINATORIAL LIBRARIES 

The online bioanalysis system is not only ideally suitable for primary fragment screening, 
but could be used for rapid hit exploration as well. Combinatorial chemistry in 96-well format, 
followed by single point injections, could potentially iteratively improve the affinity and 
evaluate growing directions within a few days. To proof the ability of rapid combinatorial hit 
expansion, one of the hits was chosen for optimization. The hit with the highest LE for the 7 
receptor (compound 66, Figure 6) was regarded as the best starting point for fragment growing, 
also because its hydroxyl amine moiety offered good opportunities for combinatorial 
chemistry. Hydroxyl amine bonds are easily formed under acidic conditions, and are quite stable 
under basic conditions. Next to hydroxyl amines, hydrazines could be readily investigated as well.  
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Figure 5 | Chemical structures and results on Ls-AChBP of the focused combinatorial libraries. The 

structures presented in blue formed the first generation library, the results for this library are shown as 

blue bars. All ketones and the H5, H12-H21 formed the second generation library, the results are shown 

as red bars. The ligands presented in Figure 6 are indicated with green arrows. 

Two generations of focused chemical libraries were constructed in 96-well format. The first 
generation contained three ketones (V1-V3, Figure 5) and 11 hydroxylamines and hydrazines (H1-
H11). For this first generation library, very diverse in house building blocks were chosen. The 
hydroxylamine/hydrazine with the highest estimated affinity was the 5-bromophenylhydrazine 
(H5), and was taken as template for the selection of new building blocks for the second generation 
library (H5, H12-H21). Diverse substitution patterns were selected, as well as different electron 
densities in the aromatic ring. Four more ketones were selected as well; three of them were 
synthesized in house (V4-V6). Ketones V2 and V7 are known substructures for 7 ligands. 
Ketones V1-V4 and V6 were chosen based on in house data on fragment hits and a running 
structure-based program. Ketone V5 originates from fragment hit 6.  All mixtures were screened 
on Ls- and Ac-AChBP, although minor displacement was obtained for Ac-AChBP (which was 
expected, for the hit compound had 16-fold selectivity for Ls-AChBP). The data presented in 
Figure 5 are Ls-AChBP data. 
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Control experiments were performed to validate the experimental setup. The top-ranked 
compounds, with respect to displacement of DAHBA, have been synthesized at larger scale in 
order to confirm both product formation by LC-MS and NMR and binding by full curve affinity 
determinations in plate reader format. These compounds were all formed with > 95% purities. 
The best ligand (V4H19, Figure 6) had a pKi of 7.05 ± 0.12 for Ls-AChBP, which stands for a 
100-fold improvement with respect to the original fragment hit. The binding to the 7 receptor was 
also evaluated for these top-ranked ligands. The second-best ligand for Ls-AChBP (V2H12, 
Figure 6, pKi of 6.69 ± 0.13) showed a 5-fold increase in affinity for the 7 receptor (pKi = 5.66 ± 
0.07), with an affinity comparable to nicotine. The ligand has good lead-like properties (MW = 
263.77 g/mol, logP = 1.95, TPSA = 28.83 Å2, # rot. bonds = 2) and forms an excellent starting 
point for further optimization.  

N

N
HN

Cl

N

N
HN

F

N

N
OH F

Code

pKi Ls-AChBP

pKi a7

V2H12

6.69 ± 0.13

5.66 ± 0.07

V4H19

7.05 ± 0.12

<4

Fragment hit 6

4.98 ± 0.04

4.99 ± 0.17  

Figure 6 | Chemical structures and pharmacological results for fragment hit and the two best compounds 

of the combinatorial libraries.  

CONCLUSION 

An online bioaffinity analysis system was used to screen our fragment library on two related 
proteins, Ls- and Ac-AChBP, model proteins for nAChRs, in particular the 7 subtype. The 
results showed that of these two proteins, Ls-AChBP is a better template for fragment 
screening, for many more hits were picked up for evaluation on the 7 nACh receptor. An 
efficient protocol for medium throughput fragment screening, hit validation and affinity 
ranking after single concentration injections was developed. The screening of the fragment 
library and the good correlation between online estimated pKi values (derived from a single 
injection) with pKi values measured with a RBA (full concentration curve) have proven the 
value of the online fluorescence enhancement assay in FBDD. The online bioaffinity system 
was also found to be perfectly accurate for rapid hit exploration using single point injections of 
combinatorial libraries at 96-well format. The technology is broadly applicable; it only needs 
water-soluble protein and a good fluorescence enhancement tracer ligand.   
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EXPERIMENTALS 
 
General Remarks. The ELISA blocking reagent (BR) was obtained from Hoffmann-La Roche (Mannheim, 
D) and the Bovine Serum Albumin (BSA) came from Gibco BRL (Breda, NL). For the AChBP assays (in 
microplate reader and in online format), a TRIS/PBS buffer was used with the following composition: 1 
mM KH2PO4, 3 mM Na2HPO4, 0.16 mM NaCl and 20 mM Trizma-base at pH 7.5 with 400 mg/L ELISA 
BR.  
Protein expression and purification. Recombinant Ac-AChBP and 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.  
Human neuroblastoma cells (SH-SY5Y) expressing human 7 nAChRs were kindly provided by Dr. 
Christian Führer (University of Zurich, Switzerland). They were grown in DMEM/F12 with glutamax, 
10% heat-incativated FCS and 100 g/ml Geneticin. Cells were washed with PBS, harvested and pelleted 
by centrifugation, washed 2x with PBS and aliquots stored at -80°C until use.  
Human 4 2 receptors were obtained using a transient transfection of HEK293t cells. To this end, 
HEK293t cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 
Fetal Calf Serum (FCS), 50 IU/mL penicillin, and 50 g/mL streptomycin in 5% CO2 humidified 
atmosphere at 37°C. Approximately 2 million cells were seeded in a 10 cm dish and cultured overnight 
before transfection. For transfection of each dish of cells, the transfection mixture was prepared in 0.6 
mL PBS and contained 0.3 g of human a4 subunit plasmid, 2.7 g of human b2 subunit plasmid, 3.0 g 
of RIC3 and 24 L of 1 mg/mL 25 kDa linear polyethyleneimine (Polyscience, Inc., USA). The mixture 
was incubated for 10–15 min at room temperature before it was added into the monolayer cell culture 
loaded with 6 mL of fresh and pre-warmed cell culture medium. Two days after transfection, the cells 
were washed with PBS, collected as pellet by centrifuging, and stored at –80°C until use. 
Radioligand binding assay. Competition binding assays were performed with His-tagged Ls-AChBP or 
Ac-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 for Ls-AChBP and 8 nM for Ac-
AChBP. 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, 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. 
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Binding assays for human 4 2 and 7 receptors were performed in a similar way as described for 
AChBP, but with a filtration assay and in a final volume of 100 l. The cells were homogenized and 
sonicated immediately before use. In the 4 2 assay, [3H]epibatidine was used at a final concentration of 
2 nM and [3H]MLA (KD = 1.81 nM, (American Radiolabeled Chemicals, Inc, specific activity 100 
Ci/mmol) was used at a final concentration of 2 nM for the 7 assay. Bound radioligand was collected on 
0.3% polyethyleneimine-pretreated Unifilter-96 GF/C filters (Perkin Elmer) using ice-cold 50 mM Tris 
buffer at pH 7.4. After drying the filters, scintillation fluid (MicroScint, Perkin Elmer) was added and the 
radioactivity was measured in a Wallac 1450 MicroBeta liquid scintillation counter. Radioligand 
saturation experiments were performed with nicotine to determine non-specific binding. The 
concentration of nicotine was 100 M for the 4 2 receptor and 1 mM for the 7 receptor. 
Online bioaffinity analysis. A similar setup described by de Vlieger et al26 was used but now in flow 
injection analysis (FIA) mode (utilizing no HPLC separation prior analysis). Figure 1 shows a schematic 
drawing of the system. A Shimadzu (‘s Hertogenbosch, the Netherlands) SIL20 auto-injector introduced 
the samples into the system (40 l injections for the whole library analysis; 2 l for all subsequent 
analyses). The mobile phase for direct sample introduction consisted of MeOH-H2O-Formic Acid (98.9 
%-1 %-0.1 %). The bioaffinity analysis part employed five Agilent 1100 HPLC pumps, two Agilent 1100 
fluorescence detectors ( ex = 485 nm, em = 526 nm) and one Kratos UV-vis detector (  = 254 nm). Four 
Agilent pumps were used to operate the superloops at flow-rates of 70 l/min (with H2O-MeOH-Formic 
Acid (98.9 %-1 %-0.1 %) as eluent), while one pump was used (at 100 l/min) to provide an eluent flow 
of the mobile phase for transport of injected compounds to the biochemical and UV detection. The two 
parallel online assays either housed Ls- or Ac-AChBP in the respective P1b superloops. For the actual 
online assays, the Ls- and Ac-AChBP concentrations were 25 nM and 100 nM respectively in superloop 
1a and 1b (representing 11 nM and 46 nM respectively in the assays). The concentration of tracer ligand 
DAHBA was 100 nM in superloop 2a (representing 46 nM in Ls-AChBP assay) and 2000 nM in superloop 
2b (representing 911 nM in Ac-AChBP assay). The superloops were kept on ice. The assays were 
performed in a thermostated oven at 37°C. The volumes of the first and second reaction coils (of striped 
blue PEEK material; ID of 250 m) were 5 l and 50 l, respectively.  
Autofluorescence of fragments. An intrinsic weakness of fluorescence-based assays is the interference of 
fluorescence of the ligands under evaluation, at the same wavelength as the displacement ligand. Since 
the fragment library is screened at a high concentration, autofluorescence was expected for a certain part 
of the library. To investigate this, the fluorescence (at ex=485; em=535) of all fragments was measured in 
the platereader, at the estimated assay concentration (1*10-5 M) in the same buffer; 3.8% of the fragments 
gave a significant amount of fluorescence. This means that 3.8% of the library could not be evaluated for 
binding to AChBP.  
Screening of fragment library. The fragment library consisted of 5*10-4 M solutions in water (5% DMSO); 
the injection volume was 40 L. Controls were taken along on every 96-well plate. Nicotine was used as a 
control for Ls-AChBP, in a 5*10-4 M concentration, lobeline for Ac-AChBP in a 5*10-5 M concentration. 
The thirteen plates of the fragment library were measured with 1.5 minute injection intervals in 3.5 days 
(n=1). The results were only used to determine the hit compounds; potential hits (signals  three times 
the noise) were freshly weighted and measured again to rank the hits according to their relative peak 
heights. For hit validation, 10-2 M solutions in DMSO were used. Here, the injection volume was 2 L and 
injection intervals of 3.5 minutes were used; fragments were evaluated at least in duplicate. For 
fragments with displacements near 100%, 10-2 M solutions were diluted 2, 10 and 20 times in DMSO and 
re-injected. The signal of the then resulting signals which was closest to 50% displacement was used for 
the pKi estimation. 



C H A P T E R  8                 

176 | PA G E 

 

Synthesis of ketone building blocks. Secondary amine 1,4-dioxa-8-azaspiro-[4,5]decane (0.26 mL, 2.0 
mmol) and the aldehyde or ketone were dissolved in 1,2-dichloroethane (7 ml). 
Sodiumtriacetoxyborohydride (0.59 g, 2.8 mmol, 1.4 eq) and acetic acid (120 l, 2.0 mmol, 1 eq) were 
added. The reaction mixture was stirred overnight at room temperature. The reaction was acidified by 
adding 5 mL of a 1M HCl solution, and washed twice with dichloromethane (5 mL). The water layer was 
basified with Na2CO3, the product was extracted with DCM (3x 5 mL). The DCM layer was dried with 
Na2SO4 and concentrated. The ketal-protected ketones were deprotected by refluxing in TFA/DCM (1:1) 
for 4 hrs. The reaction mixture was concentrated, basified with 2.5M NaOH solution. The ketones were 
extracted with DCM, dried with Na2SO4, filtered and concentrated. 
1-phenethylpiperidin-4-one (V4). Synthesized as described above, using phenylacetaldehyde (0.27 mL, 
2.4 mmol, 1.2 eq.). A colorless oil was obtained (62 mg, 0.3 mmol, 15%). 1H NMR (400 MHz, CDCl3)  
7.36 – 7.14 (m, 5H), 2.83 (dd, J = 10.1, 6.3 Hz, 2H), 2.70 – 2.56 (m, 6H), 1.85 – 1.72 (m, 4H). 
1-isopropylpiperidin-4-one (V5). Synthesized as described above, using acetone (0.22 mL, 3.0 mmol, 1.5 
eq.). A colorless oil was obtained (93 mg, 0.7 mmol, 33%). 1H NMR (250 MHz, CDCl3)  2.92 – 2.70 (m, 
1H), 2.70 – 2.56 (m, 4H), 1.79 (dd, J = 7.2, 4.2 Hz, 4H), 1.09 (d, J = 6.6 Hz, 6H).  
1-cinnamylpiperidin-4-one (V6). Synthesized as described above, using trans-cinnemaldehyde (0.30 mL, 
2.4 mmol, 1.2 eq.). A colorless oil was obtained (112 mg, 0.5 mmol, 26%). 1H NMR (400 MHz, CDCl3)  
7.45 – 7.37 (m, 2H), 7.36 – 7.17 (m, 3H), 6.54 (d, J = 15.8 Hz, 1H), 6.31 (dt, J = 15.8, 6.8 Hz, 1H), 3.23 (dd, 
J = 6.8, 1.2 Hz, 2H), 2.72 – 2.55 (m, 4H), 1.81 (t, J = 5.7 Hz, 4H).  
Construction of combinatorial libraries in 96-well format. The hydroxylamines and hydrazines, and five 
of the ketones, were purchased at Sigma Aldrich. For the ketone and hydroxylamine/hydrazine building 
blocks, 6*10-2 M stock solutions in DMSO were prepared. A stock solution of 240*10-2 M acetic acid in 
DMSO was prepared as well. Of each solution, 20 L was used to obtain final concentrations of 2*10-2 M 
for the building blocks and 80*10-2 M for the catalyst. All building blocks were taken along separately as 
well, for control purposes. The reaction mixtures were shaken overnight at room temperature. The 
solutions were then diluted two times to reach the injection concentration of 1 *10-2 M.  
Control experiments were performed to validate the experimental setup. Five of the best compounds 
were synthesized at larger scale. The DMSO was removed by freeze-drying. LC-MS and 1H-NMR spectra 
were recorded to confirm product formation. These five compounds were all formed with > 95% purities 
(as determined by UV detection at 230 nm, calculated as the percentage peak area of the analyzed 
compound). Dilution series were made (eight dilutions between 1.36*10-4 M and 1.65*10-10 M), 7 nM Ls-
AChBP and 33 nM DAHBA were added and full curve affinities in triplicate were determined by 
measuring fluorescence in plate reader format. The NMR data for the two best compounds, VV4H19 and 
V2H12, is reported. 
V4H19: 1H NMR (400 MHz, DMSO)  7.34 – 7.12 (m, 5H), 7.11 – 6.99 (m, 2H), 6.49 – 6.38 (m, 1H), 3.08 
(t, J = 6.0 Hz, 2H), 3.05 – 2.96 (m, 4H), 2.95 – 2.84 (m, 2H), 2.69 (t, J = 6.1 Hz, 2H), 2.54 (t, J = 6.0 Hz, 2H).  
V2H12: 1H NMR (400 MHz, CDCl3)  7.52 (s, 1H), 7.45 (d, J = 8.2 Hz, 1H), 7.26 (t, J = 3.9 Hz, 1H), 7.20 (t, 
J = 7.8 Hz, 1H), 6.81 (t, J = 7.5 Hz, 1H), 3.95 (s, 2H), 3.68 (d, J = 15.7 Hz, 1H), 3.42 (d, J = 15.1 Hz, 1H), 
2.82 (d+s, J = 20.9 Hz, 4H), 2.62 (d, J = 13.6 Hz, 1H), 2.31 (s, 2H), 2.07 (d, J = 11.0 Hz, 1H), 1.87 (t, J = 9.7 
Hz, 1H). 
Dilution factor. The dilution factor after injection into the online bioaffinity analysis system was 
determined by a calibration process. For this, the fluorescent compound fluorescein was pumped into the 
online bioaffinity analysis system in different concentrations (1 M – 60 nM concentrations in buffer) via 
one superloop, while the other superloop only contained buffer. The resulting increased fluorescent 
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signals were recorded. Then, the fluorescein solution was replaced by buffer and a concentration range of 
fluorescein was subsequently injected (2 l) into the online bioaffinity analysis system. The peak heights 
of eluting fluorescein peaks were compared with the elevated fluorescent signals from which the dilution 
factor of fluorescein in the online bioaffinity analysis system was determined. The dilution factor found 
for a 2 l injection volume was 66.35.  
Calculations estimated pKi values. The formula describing  sigmoidal-dose response curves, 
(%displacement = 100% / (1+10^log IC50 - log [ligand])), was used to calculate IC50 values using displacement 
values relative to full displacement by a high concentration of nicotine (2 l of 10-2M solution). 
Concentrations in the bioassay were injected concentrations (2 l) divided by the dilution factor. pKi 
values were calculated using the Cheng-Prusoff equation, pKi = pIC50 / log (1 + [DAHBA]/Ki DAHBA). 
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SUPPLEMENTARY INFORMATION 

Table S-1. | Data of 51 validated hits.  

Code Ls  Ac  Ls/Ac selectivity 
 pKi s.e.m. pKi s.e.m.  

1 4.84 0.09 4.36 0.03 3.05 
2 6.01 0.00 4.24 0.05 58.60 
3 4.34 0.01 4.44 0.01 0.80 
4 4.98 0.10 3.18 0.00 62.14 
5 4.66 0.08 <3  >46.22 
6 4.63 0.03 3.43 0.00 16.18 
7 4.65 0.02 <3  >44.70 
8 4.36 0.07 4.39 0.11 0.92 
9 4.12 0.03 4.06 0.06 1.13 
10 5.91 0.17 4.18  53.89 
11 4.31 0.09 <3  >20.30 
12 4.56 0.10 3.62 0.10 8.73 
13 5.05 0.11 4.94 0.37 1.27 
14 4.01 0.07 3.84 0.05 1.49 
15 4.03 0.14 <3  >10.64 
16 4.20 0.13 3.37 0.05 6.77 
17 6.47 0.01 5.78 0.02 4.89 
18 4.56 0.07 4.21 0.22 2.24 
19 5.50  4.82  4.75 
20 3.89 0.11 <3  >7.74 
21 4.24 0.25 <3  >17.24 
22 4.83 0.14 4.80 0.04 1.07 
23 4.69 0.08 3.94 0.04 5.67 
24 4.22 0.08 3.32 0.00 8.07 
25 3.87 0.09 3.37 0.06 3.11 
26 4.71 0.10 3.70 0.03 10.29 
27 4.03 0.09 3.32 0.00 5.19 
28 4.49 0.08 4.34 0.01 1.42 
29 4.45 0.07 3.46 0.14 9.78 
30 4.69 0.06 3.78 0.11 8.21 
31 4.66 0.08 3.42 0.24 17.43 
32 4.58 0.08 3.98 0.09 3.93 
33 4.55 0.08 4.14 0.29 2.57 
34 4.04 0.05 <3  >10.87 
35 4.08 0.09 3.44 0.01 4.34 
36 4.24 0.06 3.56 0.04 4.86 
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37 4.87 0.21 3.73 0.00 13.94 
38 4.41 0.13 3.63 0.03 6.09 
39 5.78 0.00 4.03 0.05 55.86 
40 4.03 0.09 <3  >10.79 
41 4.68 0.10 3.96 0.02 5.19 
42 3.97 0.08 3.56 0.04 2.58 
43 4.53 0.10 3.92 0.02 4.15 
44 4.53 0.10 3.70 0.03 6.88 
45 4.58 0.11 3.70 0.03 7.61 
46 4.37 0.16 3.50 0.08 7.42 
47 5.97 0.03 4.42 0.04 35.95 
48 4.50  3.31 0.12 15.45 
49 4.61 0.11 3.70 0.03 8.08 
50 4.75 0.09 3.65 0.02 12.64 
51 4.28 0.06 3.95 0.00 2.13 

 

Table S-2. | Similarity matrix for the ten hits presented in Table 1i 

 1 2 3 4 5 6 7 8 9 10 
1 1 0.12 0.08 0.13 0.11 0.13 0.12 0.10 0.18 0.15 
2 0.12 1 0.08 0.07 0.06 0.05 0.06 0.33 0.10 0.07 
3 0.08 0.08 1 0.12 0.21 0.04 0.19 0.07 0.20 0.22 
4 0.13 0.07 0.12 1 0.15 0.08 0.08 0.08 0.23 0.23 
5 0.11 0.06 0.21 0.15 1 0.02 0.13 0.05 0.16 0.10 
6 0.13 0.05 0.04 0.08 0.02 1 0.04 0.06 0.13 0.10 
7 0.12 0.06 0.19 0.08 0.13 0.04 1 0.08 0.21 0.28 
8 0.10 0.33 0.07 0.08 0.05 0.06 0.08 1 0.10 0.10 
9 0.18 0.10 0.20 0.23 0.16 0.13 0.21 0.10 1 0.37 
10 0.15 0.07 0.22 0.23 0.10 0.10 0.28 0.10 0.37 1 

iTanimoto scores based on ECFP4 fingerprints in Pipeline Pilot. 
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