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ABSTRACT: The availability of reliable methods for the characterization of the 
binding of small molecule ligands to protein targets is crucially important for Drug 
Discovery. We have adapted a method, routinely used for the characterization of 
monoclonal antibodies (Enzyme-linked immunosorbent assay, or “ELISA”), to small 
molecule ligands, using fluorescein conjugates and anti-fluorescein antibodies as de-
tection reagents. The new small molecule-ELISA methodology was tested using a 
panel of binders specific to carbonic anhydrase II, with dissociation constants ranging 
between 6 µM and 14 nM. An excellent agreement was found between ELISA meas-
urements and fluorescence polarization results. The methodology was also extended 
to BIAcore measurements and implemented for ligands coupled to oligonucleotides. 
Small molecule-ELISA procedures are particularly useful in the context of DNA-
encoded libraries, for which hit validation procedures need to be performed on dozens of candidate molecules and hit compounds can be con-
veniently resynthesized on DNA.

Small molecule therapeutic agents are organic compounds (typi-
cally smaller than 500 Da), which confer a benefit to patients thanks 
to their interaction with cognate protein targets. The discovery of 
binding molecules and the quantitative characterization of their pro-
tein binding properties represents a fundamental step in the drug 
discovery process.1–4 

A number of methodologies exist for the determination of the dis-
sociation constants between small molecules and protein targets, 
but each of them has some limitation. For example, enzyme inhibi-
tion assays can be extremely useful for the discovery of small mole-
cule inhibitors, but not all pharmaceutical targets are enzymes.5,6 Iso-
thermal titration calorimetry (ITC) allows the measurement of dis-
sociation constants and other thermodynamic parameters (e.g., 
change in enthalpy and in entropy) in solution, but the method re-
quires substantial amounts of protein and the precise matching of 
solvents.7 Sample limitations apply also for NMR methodologies 
which commonly require relatively large amounts of isotopically la-
belled protein (i.e., ca. 30 nmol per compound) and which prefera-
bly work with proteins smaller than 30-40 kDa.8 Surface plasmon 
resonance (SPR) is frequently used for the real-time analysis of bio-
molecular interactions. In a typical setup, binding events are de-
tected between a protein immobilized on a sensor surface and a lig-
and, reaching the sensor chip through a flow cell.9 Since SPR signal 
is related to the mass change at the sensor surface, interactions be-
tween small molecules and protein may suffer from insufficient sen-
sitivity.10 Large concentrations of small ligands may require the use 
of organic solvents (e.g., DMSO), which are not always compatible 
with SPR applications.11 In view of these considerations, it would be 
desirable to develop analytical methods for the characterization of 
the interaction between small molecules ligands and their cognate 
protein target, while using minute amounts of reagents in aqueous 
environment. 

The need for efficient methods for the study of protein-ligand in-
teractions has become more acute thanks to advances in DNA-
encoded library (DEL) technology. DELs are based on the covalent 
attachment of small organic compounds at the extremities of DNA 
strands.12 The synthesis of small molecule compounds on DNA is 
typically performed in a combinatorial fashion and each combina-
tion of building-blocks is individually identified by specific DNA-
sequences acting as amplifiable barcodes.13,14 DEL-based drug dis-
covery campaigns commonly result in the identification of hundreds 
of candidates, that need to be re-synthesized and validated.  

The hit validation problems associated with the implementation 
of DEL technology are reminiscent of discoveries made in the early 
‘70s, when enzyme-linked immunosorbent assays (ELISA) allowed 
the facile characterization of hundreds of different binding specific-
ities, using minute amounts of samples.15,16 In ELISA procedures, a 
binding component (e.g., a protein antigen) is coated on plastic 
wells and can be exposed to different concentrations of a binding 
partner (e.g., an antibody), using a suitable enzyme-based detection 
system (e.g., through the use of enzyme-linked secondary antibody 
reagents and chromogenic substrates). 

In this work, we adapted the ELISA methodology in order to de-
tect small molecule-protein interactions. We made use of fluores-
cein conjugates of small organic ligands, which could simultane-
ously interact with the target protein of interest and with suitable 
high-affinity anti-fluorescein antibody reagents. The methodology 
was implemented in ELISA format and in other conceptually related 
systems (e.g., BIAcore), using carbonic anhydrase II (CAII) as tar-
get antigen. Two recombinant antibody formats (i.e., scFv and IgG) 
were used, in order to provide a kinetically stable complexation of 
the fluorescein moiety with monomeric or homodimeric interaction 
partners. Finally, we used anti-fluorescein antibody reagents for the 



 

ELISA characterization of ligands coupled to fluoresceinated DNA-
structures, thus paving the way to hit validation procedures for lig-
ands isolated from DEL libraries.  

EXPERIMENTAL SECTION 
Reagents. Starting materials, solvents, and reagents, unless 

otherwise noted, were used as supplied by Fisher Chemicals, Merck, 
VWR or Sigma-Aldrich in HPLC or analytical grade. All other rea-
gents (carboxylic acids, isothiocyanates) were purchased from sev-
eral commercial suppliers including Enamine, ABCR and Sigma Al-
drich. Oligonucleotides were purchased from LGC Biosearch Tech-
nologies. Power-CHO and Pro-CHO medium for cell culturing 
were purchased from Lonza and supplied with 8 M Ultraglutamine 
(Gibco), 4 M HT (Gibco), and 1% antibiotic–antimycotic (Gibco).  
CAII from bovine erythrocytes was purchased from Sigma-Aldrich 
(Cat. n. C2624). Monoclonal Anti-His-HRP, streptavidin-HRP and 
proteinA-HRP protein conjugates were purchased from BioLegend. 
A pre-made solution of 3,3’,5,5’-tetramethylbenzidine (TMB) was 
purchased from Sigma-Aldrich (Cat. n. T4444). Tween 20 was pur-
chased from Sigma-Aldrich (P6585). SPR measurements were per-
formed on a BIAcore S200 (Cytiva, formerly GE Healthcare Life 
Sciences). CM5 BIAcore microsensor chips and other BIAcore as-
sociated reagents (e.g., HPS-EP buffer, vials, etc.) were purchased 
from Cytiva.  

Cloning of anti-FITC antibodies. A synthetic gene, coding 
for a previously-described anti-fluorescein antibody in scFv format 
(4m5.3)17,18 served as template for the subcloning and expression of 
recombinant antibody products in scFv and IgG format, using pub-
lished procedures.19 The complete amino acid sequence of the two 
antibodies is shown in Supplementary Figures S4-S5, together with 
a schematic representation of the expression plasmids. 

Protein expression and purification. Transient gene ex-
pression was performed according to previously published method-
ologies in Chinese hamster ovary (CHO-S) cells.20 CHO-S cells 
were cultured according to supplier’s protocol. The IgG antibody 
was purified from the supernatant by protein-A affinity chromatog-
raphy, eluted with 0.1 M glycine pH 3 and subsequently dialyzed 
into 500-fold volume of PBS pH 7.4 overnight. The scFv antibody 
was purified from the supernatant by Ni-NTA affinity chromatog-
raphy resin (COHISR-RO Roche), eluted with 250 mM Imidazole 
pH 7.8 and subsequently dialyzed into 500-fold volume of PBS pH 
7.4. For quality control, the proteins were characterized by size ex-
clusion chromatography on a Äkta Pure FPLC system (GE 
Healthcare) with a Superdex S200 10/300 increase column (GE 
Healthcare), by SDS-PAGE and by mass spectrometry.  

Synthesis. Small molecule ligands and fluoresceinated on 
DNA compounds were produced according to already described 
procedures.21,22 

SPR evaluation of Fluorescein binding. A microsensor 
chip CM5 was let equilibrate at room temperature, washed with mil-
liQ water and dried over nitrogen before usage. The chip was equil-
ibrated in a BIAcore series S instrument with HBS-EP buffer until 
stable signal was reached. The scFv and the IgG were covalently 
coated on the CM5 chip following software-templated procedures. 
For immobilization, proteins were diluted at 1µM concentration in 
acetate buffer pH 5.  Coating densities were 3078 RU and 6494 RU 
for the scFv and the IgG, respectively. Immediately after the coating 
step, the microsensor was let equilibrate in PBS pH 7.4 (Gibco) sup-
plemented with 0.005% Tween 20. At reached signal stability, a 

solution of Fluorescein-PEG2-NH2 (NH2) 8 nM was flown on the 
chip surface (association time 120 sec, dissociation time 600 sec, 
flow 30 µL/min). 

Protein Biotinylation. Carbonic anhydrase 2 from bovine 
erythrocytes (C2624, Sigma-Aldrich) was suspended in 5% DMSO 
carbonate buffer (0.1 M, pH 9) in presence of 2.5 equivalents of EZ-
Link NHS-LC-Biotin (ThermoFisher). After 1 h of gentle mixing, 
the solution was purified by disposable PD 10 desalting column (GE 
Healthcare) in buffer PBS pH 7.4 (Gibco). A random distribution 
of lysine modifications was obtained with average protein to biotin 
ratio of ca. 2 [Supplementary Figure 1]. 

Small molecule ELISA. Biotinylated carbonic anhydrase 2 
(bCAII) was incubated for 2 hours at room temperature on Strep-
taWell (Roche). The supernatant was removed and 200 µL of a 4% 
solution of Milk powder in PBS (M-PBS) was used as blocking agent 
for 30-45 minutes. Wells were then washed three times with 200 µL 
PBS and dried. 100  µL of a pre-made serial dilution of the fluores-
cein-ligand conjugate was added and incubated for 45 minutes in the 
dark. Carefully, the supernatant was removed and the wells were 
quickly washed twice with 200 µL PBS. 100 µL of either IgG (200 
nM) or scFv (400 nM) in 2% M-PBS were added and incubated for 
45 minutes. The supernatant was removed and wells washed three 
times with 200 µL PBS. 100 µL of a solution of 1:1000 diluted en-
zyme-linked protein (i.e., proteinA-HRP or anti-His-HRP) in 2% 
M-PBS was added and incubated for 45 minutes in the dark. The su-
pernatant was removed and wells washed three times with 200 µL 
of a 0.1% solution of Tween 20 in PBS and three times with PBS. 
Finally, 60 µL of 3,3’,5,5’-tetramethylbenzidine (TMB) was added 
to each well and left for 10 to 50 seconds at room temperature de-
veloping in the dark until formation of a visible intense blue. The re-
action was then quenched upon addition of 30 µL of 1 M H2SO4. 
The absorbance at 450 nm and 620 nm was measured with Spectra 
Max Paradigm multimode plate reader (Molecular Devices) and 
values were fitted using Graphpad Prism software. The method is 
compatible with different buffers and with the addition of solvents 
(e.g., DMSO). However, the presence of reducing agents in the 
buffer mixture might significantly impair the final oxidative step 
(data not shown). 

Fluorescence polarization. In a total volume of 30 µL, a se-
rial dilution of CAII in PBS pH 7.4 was incubated with 12.5 nM flu-
oresceinated small molecule ligands. Dilutions were performed in 
non-binding 384-well black microplates (Greiner Bio-one) and flu-
orescence anisotropy was measured on a Spectra Max Paradigm 
multimode plate reader (Molecular Devices). Anisotropy values 
were fitted using Graphpad Prism software. 

On DNA ELISA. Compounds displayed on a single stranded 5’-
C6-amino 12-mer DNA were incubated 5 min at 65°C in presence 
of a stoichiometric amount of a complementary 5’-FITC 12-mer 
LNA strand. The mixture was let to cool down at room temperature 
for at least 20 min to ensure the annealing. Serial dilutions of the het-
eroduplex were performed in PBS prior to the addition in the CAII 
coated wells (duplicates). The rest of the experiment was performed 
in full analogy with the small molecule ELISA using 200 nM IgG as 
primary antibody. 

Inverse-ELISA. Nunc MaxiSorpTM ELISA stripes (Ther-
moFisher) were incubated overnight with 100 nM IgG in PBS at 
4°C. The supernatant was removed and 200  µL of a 4% solution of 



 

Milk powder in PBS (M-PBS) was used as blocking agent for 45 
minutes. Wells were then washed three times with 200 µL PBS and 
dried. 50 µL of a pre-made 10 nM solution in PBS of DNA:LNA-
FITC heteroduplex was added in each well (duplicate for each 
binder) and incubated for 45 min in the dark. The supernatant was 
carefully removed and wells were washed twice with 200 µL PBS 
and dried. Wells were incubated with 100 µL of a serial dilution of 
bCAII in M-PBS 2% for 45 minutes. The supernatant was carefully 
removed and wells were washed twice with 200 µL PBS. 100 µL of 
a solution of 1:1000 diluted streptavidin-HRP in 2% M-PBS was 
added in each well and incubated for 45 minutes in the dark. The 
rest of the experiment was performed in full analogy with the small 
molecule ELISA (reaction time 5-10 minutes). 

Multi-Cycle SPR. Series S Sensor Chip CM5 (GE Healthcare) 
was equilibrated in HBS-EP Buffer (GE Healthcare) at 30 µL/min 
in a BIAcore S200.  All experiments were carried out at 25°C. Fol-
lowing template-aided procedure (i.e., amine coupling), 1 µM bo-
vine CAII dissolved in buffer acetate pH 5.0 and immobilized on the 
CM5 Chip following the EDC/NHS protocol. The reached immo-
bilized target level was 1145 RU. The reference flow-cell was blank-
immobilized following the templated procedure. The microsensor 

was then equilibrated in PBS buffer pH 7.4 (Gibco) with 0.05% 
Tween 20 (0.05% PBS-T). Separately, fluorescein-conjugated com-
pounds were dissolved and filtered at millimolar concentration in  

PBS without the addition of organic solvents. Concentration was 
evaluated from the maximum intensity of absorbance of fluorescein 
(i.e., 495 nm) using extinction coefficient of 73000 M-1 cm-1. 100 µM 
stock solutions in 0.05% PBS-T were prepared for later uses. Biacore 
measurements were performed starting from a 1:1 serial dilution of 
each compound in 0.05% PBS-T. An identical serial dilution was 
prepared with fluorescein-linked compounds pre-incubated with a 
stoichiometric amount of the anti-fluorescein scFv dissolved in 
0.05% PBS-T.  The measurements were performed following the 
templated multi-cycle analysis (association time 140 seconds, disso-
ciation time 2400 seconds, flow 30 µL/min). Kinetic fitting was per-
formed using the BIAcore S200 evaluation software (Version 1.0) 
using a 1:1 binding mode. Raw data of each measurement are pre-
sented in Supplementary Figures S7-S12. 

RESULTS  
We used bovine carbonic anhydrase 2 (CAII) and cognate aro-

matic sulfonamide ligands as model system for the implementation 
of small molecule ELISA procedures [Figure 1A]. Three 

 
Figure 1. Two different variants of a high-affinity antibody against fluorescein were used and characterized for ELISA measurements of small molecule 
binders. A) Three fluorescein-linked binders (AAZ, SABA, and m-SABA) with different affinities for carbonic anhydrase 2 (CAII) were investigated in 
ELISA assays.  An analogue free-amino compound was used as negative control (NH2). B) the variable light (VL) and the variable heavy (VH) chains 
of the parental 4m5.3 sequence was cloned within a human DP47 immunoglobulin 1 (IgG) scaffold and in single-chain variable fragment (scFv) format 
with an additional His-tag sequence. C) Quality control analysis of the IgG was performed via size-exclusion chromatography, SDS-PAGE gel-electro-
phoresis, MS analysis and used without further purification. D) Quality control analysis of the scFv was performed by size-exclusion chromatography, 
SDS-PAGE gel-electrophoresis, and MS analysis. In this case, the protein had been furtherly purified with a preparative size-exclusion chromatography 
in order to reduce the amount of small-aggregates from the initial batch [Supplementary Figure S2].   
*M = molecular weight size marker; NR = non-reducing conditions; R = reducing conditions; Size-exclusion chromatography standard peaks are ob-
tained with bovine serum albumin (MW= 66.43 kDa) and lysozyme (MW= 14.30 kDa) [Supplementary Figure S3]. 

Figure 1. Evaluation of binding affinities of fluoresceinated small molecule ligands against CAII. A) Plastic microtiter plates coated with biotinylated 
CAII were exposed to a serial dilution of fluorescein-conjugates. In two different experiments, IgG and scFv were used as primary antibody (experiments 



 

 
Figure 2. Evaluation of the fluorescein binding capacity of purified an-
tibodies (i.e., IgG and scFv) through SPR analysis. A single 8 nM in-
jection of a fluorescein-conjugate (NH2) was flown on the immobi-
lized chip surface with scFv and IgG (immobilization levels were 3078 
RU and 6494 RU, respectively). 

different small molecule ligands, based on acetazolamide (AAZ), 4-
sulfamoylbenzoic amide (SABA) and 3-sulfamoylbenzoic amide 
(m-SABA), were coupled to fluorescein, in order to generate bifunc-
tional conjugates of different affinity to CAII (KD = 12.1 nM, 151 
nM and 8.6 µM, respectively).23,24 A diamino-PEG2 linker was 

employed as spacer between the ligand and the fluorophore [Figure 
1A]. Coating of plastic wells with a target protein of interest (e.g., 
CAII) should enable the capture of fluoresceinated binding mole-
cules, followed by an antibody-based detection of the fluorescein 
moiety [Figure 1A]. In order to assess the impact of antibody va-
lence on ELISA performance, we cloned and expressed the high-af-
finity 4m5.3 anti-fluorescein antibody (KD = 270 fM)18 in scFv or in 
IgG format. Figure 1A shows a schematic illustration of the small 
molecule-ELISA procedure in different molecular implementations. 
The cloning strategy and expression vectors for the 4m5.3 in scFv 
and IgG format are shown in Figure 1B and in Supplementary Fig-
ures S4-S5. The antibody preparations were pure in size-exclusion 
chromatography analysis and exhibited peaks of the expected mass 
in mass spectrometry [Figure 1C and Figure 1D]. 

In order to confirm the ability of the 4m5.3 antibody to stably 
bind to fluorescein in both scFv and IgG format, we immobilized the 
antibody preparations in a BIAcore system and flowed a fluorescein 
derivative (NH2) onto the microsensor chip. For both antibody 
preparations, the rapid formation of a kinetically-stable complex was 
detected [Figure 2]. 

We performed ELISA experiments using biotinylated CAII prep-
arations, immobilized on streptavidin-coated microtiter plates. Both 
IgG and scFv primary reagents allowed the detection of binding 
events for the small molecule fluoresceinated ligands to CAII [Fig-
ure 3A]. As expected, the homobivalent and avid interaction 

 
Figure 3. Evaluation of binding affinities of fluoresceinated small molecule ligands against CAII. A) Plastic microtiter plates coated with biotinylated 
CAII were exposed to a serial dilution of fluorescein-conjugates. In two different experiments, IgG and scFv were used as primary antibody (experiments 
performed in triplicates) B) Schematic representation and pictures of the small molecule ELISA experiments. C) Fluorescence polarization values of 
fluorescein-conjugated ligands in presence of a serial dilution of CAII. 



 

 

provided by the anti-fluorescein IgG resulted in ELISA signals at 
lower ligand concentrations, compared to the use of scFv detection. 
In both systems, ELISA signals were highly specific, as evidenced by 
the very low absorbance detected for the free-amino fluorescein-
conjugate (NH2). In solution fluorescence polarization (FP) meas-
urements with the same fluorescein-conjugated ligands were also 
employed as comparative technique [Figure 3C and Table 1].  

The monovalent scFv antibody was also investigated in complex 
with fluorescein conjugates for the improvement of BIAcore 
readouts. Figure 4 reports the binding interaction of fluorescein-
conjugated ligands with a CAII coated CM5 microsensor chip. Lig-
and complexation with the scFv antibody yields to >6-fold signal 

enhancement while the negative control conjugate did not show any 
binding signal [Table 2]. ELISA experiments were also extended to 
ligands displayed on nucleic acid scaffolds. For this purpose, CAII 
ligands conjugated at the 5’-end of a C6-amino linker 12-mer DNA 
strand were annealed to complementary 12-mer locked nucleic acid 
(LNA) strand bearing a fluorescein moiety at the 5’-end [Figure 5]. 
In a first setting, a serial dilution of the DNA:LNA heteroduplex was 
detected after incubation on bCAII-coated StreptaWells [Figure 
5A]. Whereas DNA structures linked to AAZ and SABA gave high 
specific signal, m-SABA conjugates were not detected in the studied 
range of concentrations. In order to reduce the consumption of 
DNA-linked compounds and explore binding events at higher  

 

 
Figure 4. BIAcore sensograms of fluorescein-conjugated ligands (i.e., AAZ, SABA and NH2) on covalently modified CM5 Series S sensor chip with 
CAII (immobilized density 1145 RU). Free-ligands (top-row) or pre-formed complex with the scFv (bottom-row) were analyzed at different concen-
trations. 

Table 1. Comparison of saturation midpoints data obtained with fluorescence polarization (FP) and Enzyme-Linked ImmunoSorbent 
Assay (ELISA) of fluoresceinated small molecule ligands of CAII 

  FP ELISA (IgG) ELISA (scFv) 

AAZ* 14.2 ± 0.4 nM 2.2 ± 0.3 nM 26 ± 3 nM 

SABA 160 ± 7 nM 18 ± 6 nM 1.4 ± 0.2 µM 

m-SABA 6.8 ± 0.8 µM 8.8 ± 0.3 µM NA 

NH2 NA NA NA 

*Fluorescein-PEG2-linked aromatic sulfonamides; AAZ = acetazolamide; SABA = 4-sulfamoylbenzoic amide; m-SABA = 3-sulfamoylbenzoic amide; 
NH2 = free-amino group 

Table 2. Fitted kinetics data of binding interactions of fluoresceinated small molecule ligands on CAII coated CM5 BIAcore chip. 

 Free-ligands scFv complex 

 kon  
(·104 M-1s-1) 

koff 

(·10-3 s-1) 
KD 

(nM) 
Rmax kon  

(·104 M-1s-1) 
koff 

(·10-3 s-1) 
KD 

(nM) 
Rmax 

AAZ 55.490 ± 0.002 7.94 ± 0.02 14.3 34 21.650 ± 0.002 10.190 ± 0.004 47.1 251 

SABA 8.070 ± 0.004 10.860 ± 0.005 135 33 1.490 ± 0.001 9.779 ± 0.004 656 252 

SPR sensograms were evaluated with BIAcore S200 evaluation software (version 1.0) using 1:1 binding interaction fit. 



 

 
Figure 5.  Affinities of CAII ligands displayed on a fluoresceinated DNA:LNA heteroduplex scaffold were measured in two different ELISA experi-
ments. A) A serial dilution of DNA-conjugates was incubated on StreptaWells coated with biotinylated CAII (bCAII). Color development was detected 
through incubation steps with IgG and horseradish peroxidase conjugated to protein A (pA-HRP). B) 10 nM fluoresceinated DNA-conjugates were 
immobilized on IgG pre-coated Nunc MaxiSorpTM plates. A serial dilution of bCAII was detected through incubation with streptavidin-HRP protein 
conjugate (SA-HRP). 

Table 3. Comparison of saturation midpoints data of fluo-
resceinated DNA-conjugates obtained with ELISA  

  DNA titration bCAII titration 

AAZ 142 ± 3 nM 38 ± 1 nM 

SABA 307 ± 7 nM 519 ± 58 nM 

m-SABA NA 4.67 ± 0.09 µM 

NH2 NA NA 

bCAII = biotinylated carbonic anhydrase II 

concentrations, an inverse-ELISA strategy was employed [Figure 
5B]. IgG coated Nunc MaxiSorpTM ELISA stripes were enriched 
with fluoresceinated DNA-structures at low concentration (i.e., 10 
nM) and exposed to a serial dilution of biotinylated CAII. Binding 
interactions were detected upon incubation with streptavidin-HRP 
conjugate yielding to highly specific signals [Table 3].  

DISCUSSION 
Two variants (scFv and IgG) of a high-affinity antibody directed 

against fluorescein were investigated for the detection of protein 
binding properties of fluoresceinated small molecule conjugates. 
The experimental procedures were successfully implemented in 
both ELISA and BIAcore methodologies, alleviating technical limi-
tations which are often encountered using small molecule ligands. 

Carbonic anhydrase 2 represented an ideal biochemical model since 
binders with dissociation constants ranging from nanomolar to sin-
gle-digit micromolar were available.  

The small molecule ELISA methodology exhibited a perfor-
mance similar to the one obtained with monoclonal antibodies, 
which are routinely used for research purposes and for clinical chem-
istry applications.25 The technology features a very low consumption 
of reagents thus lending itself to high-throughput screening. Com-
plexation of fluoresceinated ligands with the 4m5.3 antibody in IgG 
format allowed the formation of stable CAII complexes, which facil-
itated the detection of low-affinity binding interactions (e.g., m-
SABA) due to an avidity effect. ELISA measurements performed in 
the presence of the monovalent scFv antibody prevented multiva-
lent interactions and yielded dissociation constant in excellent 
agreement with fluorescence polarization data [Table 1].  

The formation of stable 1:1 complexes between individual fluo-
rescein-conjugates and scFv(4m5.3) proved to be particularly useful 
in the context of BIAcore experiments. The characterization of small 
molecule ligands using surface plasmon resonance is notoriously 
problematic, as it may suffer from solubility limitations and from in-
sufficient signal intensity (BIAcore signals are proportional to the 
mass on the microsensor chip). Ligand complexation with 
scFv(4m5.3) increased the total molecular weight of fluoresceinated 
ligands and substantially increased the resonance units and the qual-
ity of sensograms [Figure 4]. Complex formation with the antibody 
alleviates the need for the use of organic solvents and allow to coat 



 

protein targets at a lower surface density. The extremely high stabil-
ity of the scFv:fluorescein complex [Figure 2] allowed the execution 
of experiments down to the nanomolar concentration range, with-
out altering kinetic and thermodynamic binding parameters com-
pared to solution measurements by FP [Table 2]. 

We extended the small molecule ELISA procedure and applied in 
the context of small molecule-DNA conjugates. The newly de-
scribed methods may be broadly applicable in view of the growing 
popularity of DNA-Encoded Libraries as a powerful tools for ligand 
discovery.13,26 Using DEL technology, one often needs to validate 
hundreds of hit-compounds resulting from affinity-capture selec-
tions, decoded by high-throughput DNA sequencing. The covalent 
linking of small-molecules on-DNA increases solubility and allows a 
low consumption of reagents. Moreover, it is often convenient to 
synthesize, purify and characterize (e.g., by mass spectrometry) the 
small molecule conjugates on DNA, using the same procedures as 
for library synthesis. Heteroduplex formation could also be per-
formed using fluoresceinated locked nucleic acids (LNA), which 
can be shorter compared to DNA because of an increased stability. 
Fluoresceinated DNA-structures can be coated in minute amount 
on ELISA plates and detected using a serial dilution of the tagged-
protein of interest [Figure 5B].  

CONCLUSIONS 
The discovery of small molecule pharmaceuticals crucially relies 

on the confident identification of protein binders.27 Ligand discov-
ery is also important for the Chemical Biology characterization of 
biological processes28–30 and for the development of innovative affin-
ity chromatography supports.31,32 Small molecule targeting agents 
can be used for pharmacodelivery applications (e.g., small molecule-
drug conjugates, universal CAR T-cells) and for the selective degra-
dation of target proteins using PROTAC technology.33–35  

We used fluoresceinated ligands and high-affinity anti-fluorescein 
antibodies in order to adapt ELISA and BIAcore methodologies to 
the world of small molecules. The methods described in this article 
represent an inexpensive approach for the study of protein recogni-
tion events, which can deliver both qualitative and quantitative in-
formation (e.g., KD dissociation constants). Complex formation 
with antibodies increases ligand solubility and enhances signal de-
tection, both in ELISA and in BIAcore. Our findings are particularly 
useful in the context of DEL technology, where libraries of unprece-
dented size may deliver hundreds of putative hit compounds per 
round of affinity selection.14 Facile resynthesis and hit validation 
procedures, which can be performed on-DNA, may contribute to an 
even greater acceptance of DEL technology both in Industry and in 
Academia.12 
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