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Fragment-based drug discovery (FBDD) 
is an efficient and rational drug discovery 
approach that is becoming widely adopted 
by industry and academia (1–5). An 
essential aspect of FBDD is the identifi-
cation of low molecular weight fragments 
that bind to their biological target and can 
be efficiently transformed into higher 
molecular weight drug candidates (6). 
Biophysical fragment screening approaches 
such as NMR and surface plasmon 
resonance (SPR) are frequently used to 
initiate FBDD projects, but biochemical 
assays are also needed, especially when 
searching for targets such as enzyme 
inhibitors (7,8). Biochemical fragment 
screening assays have also been described 
for transmembrane receptors such as  
G protein–coupled receptors (GPCRs) 
and ligand-gated ion channels (LGICs) 
(9,10). Both of these drug target classes 
can be modulated by compounds that 
activate (agonists) or inhibit (antago-
nists) the receptor, but no biochemical or 
radioligand fragment screening protocols 
have been described that detect both these 
actions in a single screen. This is critical, 
as even within the same chemical series, 
small structural differences of ligands can 
change their functional response.

LGICs include nicotinic acetylcholine 
(nACh), γ-aminobutyric acid (GABA)A, 
glycine, and 5-hydroxytryptamine3 (5-HT3) 

receptors, all of which are important thera-
peutic targets (11–13). The majority of 
known LGIC drugs act at the orthosteric 
binding site, but there are also other binding 
sites that can be valuable targets for drugs 
(14). Both radioligand binding assays and 
in silico methods tend to concentrate 
on the orthosteric binding site, thereby 
potentially missing activity at important 
target sites elsewhere in the receptor; a 
test of candidate fragments on functional 
receptors allows activity at all binding sites 
to be monitored. Here we describe a novel 
method design for screening a structurally 
diverse set of 1116 fragments using 5-HT3 
receptors stably expressed in HEK293 
cells. With a single screen, the method 
identifies active compounds and whether 
they are agonists and antagonists; a second 
similar screen determines their potency. 
The approach is scalable, simple, and fast; 
uses commercially available components; 
and is generally applicable. As such, it 
constitutes a unique and information-
rich biochemical screen that can rapidly 
generate key data for drug discovery.

Materials and methods
Cell preparation
HEK293 cells were transfected with the 
human 5-HT3A subunit (RCSB Protein 
Data Bank ID no.P46098; www.pdb.org)  

in pcDNA3.1 (Invitrogen, Paisley, UK). 
Stably expressing cells were clonally 
selected with the addition of G-418 
(Sigma-Aldrich, Dorset, UK). Cells 
were routinely grown in 90-mm dishes 
containing DMEM/Glutamax (Gibco, 
Invitrogen) until 90% confluent and trans-
ferred to black 96-well plates (Greiner 
Bio-One, Stonehouse, UK) treated with 
0.01% Cultrex poly-L-lysine (Trevigen, 
Gaithersburg, MD, USA). To maximize 
f luorescence, cells were used when 
densities had reached 100% (i.e., cells 
were tightly packed), which was usually 
2–3 days later.

Dye loading
HEK293 cells stably expressing the human 
5-HT3 receptor were washed twice with 
buffer (115 mM NaCl, 1 mM KCl, 1 mM 
MgCl2, 1 mM CaCl2, 10 mM HEPES, 
10 mM D-glucose, pH 7.4) and incubated 
for 60 min with 100 μL f luorescent 
membrane potential (FMP) dye dissolved 
in the same buffer (FLIPR Membrane 
Potential Assay kit; Molecular Devices, 
Wokingham, UK). Test compounds 
were added directly to these cells without 
removing the dye buffer.

Compound preparation
Two compound plates were constructed 
for each screen; one containing novel 
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fragments and one containing 5-HT 
(Figure 1). In the first plate, compounds 
from the fragment library were added to 
columns 2–11 at a concentration of 300 
µM (Figure 1). Column 1 was a 5-HT 
concentration-response (3-fold serial 
dilutions from 30 µM to 10 nM over 8 
rows), and column 12 was filled with buffer 
alone. All concentrations described in the 
methods are the concentrations in the 
compound plate. Those described in the 
results and figure legends are final concen-

trations in the cells. The 5-HT concen-
tration response ensured that the cells 
gave consistent readings at the beginning 
of each experiment and between plates. 
Concentration dependence is a more robust 
control than using a single concentration, 
as it provides a highly accurate method of 
confirming consistent 5-HT responses and 
cell viability (a potentially serious problem 
due to the high compound concentrations 
commonly used with fragment screening). 
The saline blank ensured that an appli-

Figure 1. Plate composition. (A) As controls, column 1 of application 1 is a serial dilution of a known 
agonist, and column 12 is saline alone. Compounds from the fragment library are added to each of 
the remaining wells. Column 12 of application 2 is a serial dilution of a known agonist, the response 
to which can be compared with column 1 of application 1. (B) Fluorescent response of typical 
agonist, antagonist, and inactive compound fragments. Colors are assigned by the software, rang-
ing from the largest fluorescence change (black) to the smallest (grey). In this example, the 5-HT 
concentration-response in column 1 of application 1 and column 12 of application 2 are similar, 
showing that fluorescent responses were consistent throughout the full 40-min experiment. In col-
umn 1 of application 2, an inverse 5-HT concentration response is seen because of desensitization 
at high concentrations of agonist during the first application. (C) Shown is the 5-HT concentration 
response data plotted as a change in fluorescence over time. The peak values from these are same 
as those in column 1 of panel B. CR, concentration response.
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cation of buffer alone did not alter the baseline fluorescence and 
allowed a final 5-HT concentration-response to be performed 
at the end of the second plate. Before commencing our experi-
ments, these plates were assessed for compound fluorescence, and 
no significant levels were found. Quenching was not measured 
as the FMP dye used in this study is known to be less affected 
than other fluorescent probes, and this was confirmed by the low 
numbers of false positives; if necessary, quenching can detected 
using artifact plates as suggested by Shapiro et al. (15,16).

In the second compound plate, 10 μM 5-HT was added 
to columns 1–11, and column 12 was a 5-HT concentration-
response (3-fold serial dilutions from 30 μM to 10 nM over 
8 rows). The concentration-response curves from column 1 of 
plate 1 and column 12 of plate 2 were compared to ensure that cell 
viability was maintained throughout the two assays. Since 50 μL 
10 μM 5-HT was added to 150 μL (100 μL dye and 50 μL novel 
compound from application 1), the final 5-HT concentration 
was 4× lower (i.e., 2.5 μM) than the starting concentration. This 
concentration of 5-HT was ideal as it maximized the amplitude 
of the observed 5-HT response, but was low enough for IC50 
values to be derived (Figures 1 and 2).

Hit compounds were further assayed to confirm their activity 
and to obtain an accurate measure of their potency. For this exper-
iment, each compound was tested at a range of concentrations 
(Figure 2, C and D, columns 2–11). 5-HT and saline controls were 
as described above. Antagonists yielded fluorescence measure-
ments that could be plotted as concentration-inhibition curves 
(Equation 1; Figure 2D, right of panel). The 5-HT control had 
a concentration response relationship that was reversed in the 
second application because of receptor desensitization. When the 

curves from the first and second screens were plotted, the two 
curves crossed (Equation 1; Figure 2C, right of panel).

Fluorometric assays
Dye-loaded cells were transferred to a FlexStation II (Molecular 
Devices). Fluorescence was recorded every 2 s for 20 s, to provide 
a baseline level, after which the compounds were added, and the 
change in fluorescence was recorded every 2 s for a further 80 s 
(Figure 1). Fluorescence levels were measured using Softmax Pro 
v4.3 (Molecular Devices) and exported to Microsoft Excel 2002 
SP3 (Redmond, WA, USA) for analysis.

Categorizing agonists, antagonists, and non-hits
Compounds were scored as agonists, antagonists, or inactive 
(Figure 1). Agonists were defined as compounds that displayed 
an increase in fluorescence of at least 50% of that obtained with 
maximum (30 μM) 5-HT and <30% maximum 5-HT activity 
in the second application. Antagonists caused little (<20%) or no 
change in fluorescence relative to the maximum 5-HT response 
in the first application, but inhibited the 5-HT evoked response 
during the second application. The thresholds were derived from 
reference compound data; at these values known agonists and 
antagonists are clear hits, and the number of false hits and lower 
affinity compounds are minimal. The stringency of the screen 
can be changed by altering these thresholds and would depend 
on the system being studied and the number of false hits that are 
considered acceptable. If a compound was identified in two of 
three replicate plates, it was considered a hit and assessed further 
by concentration response and radioligand binding (Figure 2).

Analysis and curve fitting
Analysis and curve fitting was performed using Prism v3.02 
(GraphPad Software, San Diego, CA, USA). Concentration 
dependence data was normalized to the maximum fluorescence 
elicited. The mean and SEM for at least three independent runs 
were plotted against agonist or antagonist concentration and 
iteratively fitted to the following equation,
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[Eq. 1]

where A is the concentration of ligand present, IA is the current 
in the presence of ligand concentration A, Imin is the current 
when A = 0, Imax is the current when A = ∞, A50 is the concen-
tration of A that evokes a current equal to (Imax + Imin)/2, and nH 
is the Hill coefficient. Kb was estimated from IC50 values using 
the Cheng-Prusoff equation with the modification by Leff and 
Dougall (17),
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[Eq. 2]

where Kb is the dissociation constant of the competing drug, IC50 
is the concentration of antagonist required to half the maximal 
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response, [L] is the agonist concentration, 
[EC50] is the agonist EC50, and nH is the 
Hill slope of the agonist.

Radioligand binding
Transfected HEK293 cells were scraped 
into 1 mL ice-cold HEPES buffer (10 mM, 
pH 7.4 and frozen). After thawing, they 
were washed with HEPES buffer and 
homogenized; then 50 μg cell membranes 
were incubated in 0.5 mL HEPES buffer 
containing 1 nM [3H]granisetron (~Kd). 
Competition binding (8-point) was 
performed on at least three separate plates 
of transfected cells. Nonspecific binding 
was determined using 1 mM quipazine. 
Reactions were incubated for ≥12 h at 4°C, 
to allow compounds with slow kinetics 
to equilibrate. Incubations were termi-
nated by vacuum filtration using a Brandel 
cell harvester (Alpha Biotech, London, 
UK) onto GF/B filters presoaked in 0.3% 
polyethyleneimine. Radioactivity was 
determined by scintillation counting using 
a Beckman BCLS6500 (Beckman Coulter, 
Fullerton, California, USA). Data were fit 
according to the equation
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[Eq. 3]

where L is the concentration of ligand 
present, BL is the binding in the presence of 
ligand concentration L, Bmin is the binding 
when L = 0, Bmax is the binding when L 
= ∞, L50 is the concentration of L that 
gives a binding equal to (Bmax + Bmin)/2, 
and nH is the Hill coefficient. Ki values 
were estimated from IC50 values using the 
Cheng-Prusoff Equation (18),
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where Ki is the equilibrium dissociation 
constant for binding of the unlabeled 
antagonist, IC50 is the concentration of 
antagonist that blocks half the specific 
binding, [L] is the free concentration of 
radioligand, and Kd is the equilibrium 
dissociation constant of the radioligand.

Calculating fragment diversity
The compound collection obeys standard 
1-D fragment library rules, including the 
number of heavy atoms <22, logP <3, the 
number of H-bond donors and H-bond 

acceptors <3, and the number of rotatable 
bonds <5 (19). Gaussian distributions 
were seen for all parameters except logP, 
where most compounds were found in 
the ranges of 2–3 (43%) and 1–2 (33%). 
Structural diversity of the fragment library 
was shown by the Scaffold Classification 
Approach (SCA) (20). For all fragments in 
the library, the cyclicity was calculated as 
a descriptor of cyclic and acyclic substruc-
tures, meaning that cyclicity is maximal 
(=1) if all atoms of a fragment are contained 
within the system of ring structures that 
are defined as the scaffold. The more atoms 
that are part of the acyclic substituents 
that are attached to the scaffold, the lower 
the cyclicity. In addition, the complexity 
was calculated as a descriptor of the size 
and shape of the scaffold, taking into 
account the smallest set of smallest rings, 
the number of heavy atoms, the number 
of bonds between the heavy atoms, and 
the sum of heavy atoms atomic number. 
Calculations were performed on an Intel 
Core 2 Quad CPU 2.4 GHz, with 4 GB 
R AM running Molecular Operating 
Environment (MOE, version 2008.10; 
Chemical Computing Group, Montreal, 
Canada) and sca.svl, a dedicated SVL 
script (http://svl.chemcomp.com). The 
set is commercially available via IOTA 
Pharmaceuticals (Cambridge, UK).

Results and discussion
FBDD is an efficient approach for identi-
fying low molecular weight drug candi-
dates, but the screening methods do not 
usually determine whether a compound 
is an agonist or antagonist (1–10). We 
describe a novel method design for identi-
fying agonist and antagonists from a 
structurally diverse fragment library. The 
method has several advantages over other 
methods, such as radioligand binding, as 
it does not depend upon the availability of 
a ligand with a high affinity and specific 
activity, it can distinguish agonists from 
antagonists, and, as it is not limited to 
interactions at a single binding site, no 
a priori decisions are needed regarding the 
site of action (10,21). By using functional 
receptors, we were able to assess the 
compounds under physiological condi-
tions. A total of 72 hits were identified 
from a total of 1116 fragments, and 
activity of these was later confirmed by 
demonstrating concentration-dependence 
(from which EC50 and IC50 estimates were 
calculated) and competition with a radio-
labeled antagonist.

To assess compounds for both agonist 
and antagonist behaviors, HEK293 
cells stably expressing the human 5-HT3 
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receptor (Bmax = 2487 ± 409 fmol/mg 
protein, n = 7) were subjected to two 
drug applications (Figure 1). In the first, 
agonist activity was assessed by adding 
50 μL novel library compound (to yield 
a final concentration of 100 μM) to each 
well. The volume and concentration of 
compound that was used ensured that only 
small quantities of compound were needed 
and only compounds with a relatively 
high potency were classified as hits. In 
the second application, 50 μL 5-HT (to 
give a final concentration of 2.5 μM) were 
added to the same cells. Compounds were 
classified as agonists if they elicited a 
response in the first plate, but not in the 
second (following activation by the first 
application, receptors desensitize and are 
unable to open again) and antagonists if 
they did not cause a response in either the 
first or second plate (the first application 
blocks the receptors, and they remain 
blocked during the second application). 
Compounds that did not respond to the 
first application, but showed a response 
to the second were considered inactive 
(receptors are unaltered by the first appli-
cation and respond to the known agonist 
in the second). Using the same cells twice 
had several advantages: (i) reuse allowed 
for reduced material costs; (ii) the 20-min 

time period between the first and second 
applications allowed agonists and antag-
onists to equilibrate on the cells before 
5-HT was added; and  (iii) reproducibility 
was improved because the same cells were 
subjected to both applications.

The 1116 compounds were screened at 
least three times and scored as hits when 
activity was observed on at least two plates 
(Figure 2). This number of replicates was 
based on a careful assessment of the quality 
of hits versus the number of repeats (Figure 
3A). Increasing the number of replicates 
used more compound, took more time, 
required more consumables, and generated 
a depreciating number of additional 
hits; those that were identified were of 
lower affinity. This experimental design 
identified a total of 72 active compounds, 
of which 10 were predicted to be agonists 
and 62 antagonists. This is an overall hit 
rate of 6.45%, which is comparable to other 
FBDD and HTS studies (5,19,22–24). 
For these hits, a second screen was used 
to verify concentration-dependent activity 
and determine EC50 or IC50 values. This 
second screen was prepared and run using 
the same method design as the first screen, 
except that a range of concentrations was 
used for each hit. As two applications were 
also used in the second screen, agonist and 

antagonist behaviors were confirmed, and 
differing levels of fluorescence measured 
across the range of concentrations allowed 
curves to be constructed from which EC50 
and IC50 values were calculated.

Concentration dependence was estab-
lished for the 10 potential agonists selected 
from the initial screen, representing a 
100% success rate for correctly identi-
fying agonist hits. Of the 62 predicted 
antagonists from the first screen, 61 
displayed concentration-dependent 
antagonist behavior, and 9 of these also 
had agonist activity at higher concentra-
tions. Therefore, 98% of antagonists were 
correctly identified in the initial hit screen 
(i.e., there was only one false positive), with 
an overall success rate of 99% for correctly 
selecting hits irrespective of their agonist 
or antagonist behavior.

In addition to showing concentration 
dependence, hits were further validated 
using competition radioligand binding. 
Of those found to inhibit the 5-HT3 
response, 90% (65/72) also displaced 
specific binding of the high affinity 5-HT3 
competitive antagonist [3H]granisetron 
(pKd = 9.04 ± 0.05, n = 7). For these 
compounds, pKi estimates were calcu-
lated (Equation 4) and compared with 
pKb estimates from the fluorometric assay 

mōtōnomic™

Discover mōtōnomic at www.pipetman.com/m

Redefining pipetting 
with your technique in mind.  

the new ergonomic motorized pipette from Gilson 
and the latest evolution of PIPETMAN P—the 
world standard for over 35 years. The innovative 
PIPETMAN M boasts multiple pipetting modes, 
variable piston speeds, and virtually zero pipetting 
forces! All for less than you would expect to pay 
for a motorized pipette. 

As simple as PIPETMAN®… just the way you like it.

Introducing

BTN0810-HH-Gilson.indd   1 7/12/10   1:09:54 PM



Reports

www.BioTechniques.com827Vol. 49 | No. 5 | 2010

(Equation 2). When affinity estimates 
from the two methods were compared, 
44 of the 72 fragments (61%) had pKi 
and pKb values with <10-fold difference, 
and several of these hits had affinities in 
the nanomolar range (Figure 3B). Of the 
remaining fragments, a further 19 had 
<100-fold difference. The majority of the 
compounds with >10-fold difference were 
at compound concentrations of ≥100 μM, 
a concentration at which it is technically 
difficult to get reliable affinity estimates 
using radioligand competition.

The tested fragments (1116) were 
derived from a larger proprietary compound 
collection (>14,000) using a set of 1-D 
descriptors, such as molecular weight, 
logP, number of hydrogen bond donor/

acceptors, and rotatable bonds as selection 
criteria. An analysis of these fragments 
revealed a maximal structural diversity 
that was also present within the group of 
final hits. This was illustrated by the SCA 
as developed by Jun Xu (20). A complexity 
plot showed the high structural diversity of 
both agonists and antagonists, as hits were 
found throughout scaffold space (Figure 
4). It should be noted that antagonist hits 
extended toward the higher complexity 
and lower cyclicity values, which can be 
explained by the higher molecular weight 
and bigger size of such fragments.

The affinities of known agonists [5-HT, 
m-chlorophenylbiguanide (mCPBG)] and 
competitive antagonists (granisetron, 
quinine, d-tubocurarine) were measured 

using the fluorometric assay and radio-
ligand binding. Both techniques yielded 
similar affinities (all <10-fold different) 
and were close to published values (Figure 
3B) (25,26). Of the 1044 fragments 
classified as inactive in the fluorometric 
assay, 20 were subjected to further analysis 
in order to ensure that potential candi-
dates were not being missed. No detectable 
competition with radiolabeled granisetron 
was seen for 18 of these fragments, and for 
the remaining 2 fragments, competition 
with radioligand was at high concentra-
tions (Ki > 100 μM). Thus, the incidence 
of missing positive hits was negligible 
(21,22).

In summary, we describe a method design 
that utilizes a fluorescent microplate assay 

Figure 2. Method summary for the fluorometric screen. The method utilizes cells that stably express a receptor of interest. A different compound is 
added to each of the wells, and activation of receptors is measured as an increase in fluorescence (A). The same cells are then exposed to a second 
application consisting of a known agonist (B). Experiments were performed in triplicate, and compounds were considered hits when they elicit a  
response in two of the three plates (Composite, right-hand side of panels A and B). We found that three replicates yielded the best returns (see Figure 
3A for more details). To get an accurate measure of the potency of the hits, the same method design was used using a serial dilution of the fragments; 
allowing concentration-response curves to be constructed from triplicate experiments (C and D). Antagonists yielded standard concentration-inhibition 
curves, and agonist displayed a concentration-response relationship that was reversed in the second application because of receptor desensitization; 
the two curves crossed, acting as a further control.

A

B

C

D
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for screening potential agonist and antag-
onists from a fragment-based compound 
library. The method is robust, sensitive, 
flexible, scalable, and cost-effective. The 
use of functional receptors in a mammalian 
cell system makes the technique physiolog-
ically relevant, and an extensive range of 
internal controls establishes the integrity 
of the results. The method requires no a 
priori decisions regarding the agonist or 
antagonist properties of the compound, 
since it identifies both in a single assay and 
it is independent of where the compounds 
bind on the receptor. The stringency of 
the assay can be altered by changing the 
concentrations of compound used in the 
initial screen or by altering the levels of 

fluorescence that are required to classify 
the compound as a hit. Because agonist 
and antagonist activity are assessed using 
the same plate of cells, cost and time 
savings are possible. Additionally, since 
both the initial screen and concentration-
response assays are similarly designed, 
assay maintenance is simple. The method 
design can be applied to any ion channel-
linked response, including those mediated 
by LGICs, VGICs, or GPCRs.
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were tested and are labeled, as are the novel fragments 1 and 2. All affinities estimated from fluorescence and radioligand competition are calculated 
from at least three separate experiments.
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