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Dean R. Madden3, Shirley J. Gee1, Dennis W. Wolan2, Christophe Morisseau1,*, and Bruce 
D. Hammock1

1Department of Entomology and Nematology and UCD Comprehensive Cancer Center, University 
of California, Davis, California 95616, United States.

2Department of Molecular Medicine, The Scripps Research Institute, La Jolla, CA 92037

3Department of Biochemistry and Cell Biology, Geisel School of Medicine at Dartmouth, Hanover, 
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Abstract

Lead identification and optimization are essential steps in the development of a new drug. It 

requires cost-effective, selective and sensitive chemical tools. Here, we report a novel method 

using nanobodies that allows the efficient screening for potent ligands. The method is illustrated 

with the cystic fibrosis transmembrane conductance regulator inhibitory factor (Cif), a virulence 

factor secreted by the opportunistic pathogen Pseudomonas aeruginosa. 18 nanobodies selective to 

Cif were isolated by bio-panning from nanobody-phage library constructed from immunized 

llama. 8 out of 18 nanobodies were identified as potent inhibitors of Cif enzymatic activity with 

IC50s in the range of 0.3–6.4 μM. A nanobody VHH219 showed high affinity (KD=0.08nM) to Cif 

and the highest inhibitory potency, IC50=0.3 μM. A displacement sandwich ELISA (dsELISA) 

with VHH219 was then developed for classification of synthetic small molecule inhibitors 

according their inhibitory potency. The developed assay allowed identification of new inhibitor 

with highest potency reported so far (0.16±0.02 μM). The results from dsELISA assay correlates 

strongly with a conventional fluorogenic assay (R= 0.9998) in predicting the inhibitory potency of 

the tested compounds. However, the novel dsELISA is an order of magnitude more sensitive and 

allows the identification and ranking of potent inhibitors missed by the classic fluorogenic assay 

method. These data were supported with Octet biolayer interferometry measurements. The novel 

method described herein relies solely on the binding properties of the specific neutralizing 
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nanobody, and thus is applicable to any pharmacological target for which such a nanobody can be 

found, independent of any requirement for catalytic activity.

Graphical Abstract
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1. Introduction

The bacterial species Pseudomonas aeruginosa is a common opportunistic pathogen found 

widely in the environment. It is responsible for morbidity and high mortality of critically ill 

or immunocompromised patients with infections following surgery, with implanted medical 

devices, catheters and wounds.1,2 A key bacterial survival strategy involves the formation of 

biofilms that confer on P. aeruginosa high levels of resistance to antibiotics. Once 

established, biofilms of P. aeruginosa are very difficult to eliminate and require costly 

treatments, making them a target of therapeutic development.3 P. aeruginosa is particularly 

dangerous to patients with underlying airway diseases, since it can establish chronic lung 

infections.4 The bacterium causes ~50% of acute exacerbations in chronic obstructive 

pulmonary disease (COPD), which affects about 24 million US patients.5 COPD is the 4th 

leading cause of death in US, and treatment costs exceed $40 billion per year.6 P. aeruginosa 
is also the leading cause of fatal episodes of ventilator-associated pneumonia, with mortality 

rates > 70%, and it is thought to cause 23–65% of cases of community-acquired pneumonia.
7 P. aeruginosa eventually colonizes >60% of individuals with cystic fibrosis (CF) and is a 

major contributor to respiratory failure in most of these patients. The CF patient population 

is estimated at 30,000 in the US and 70,000 worldwide, with average treatment costs per 

patient of over $ 94,000 per year.8 To establish and maintain infections, the bacterium 

secretes a variety of virulence factors. One of them triggers degradation of the cystic fibrosis 

transmembrane conductance regulator (CFTR).9 The CFTR inhibitory factor (Cif), which 

has putative orthologs in several opportunistic airway pathogens,10 is an epoxide hydrolase. 

Its catalytic activity affects host mucociliary and antiviral defenses and appears to facilitate 

infection of the lungs.11,12 It also degrades a host factor that promotes pro-resolution 

signaling.13 Interestingly, Cif has also been implicated in eye infections mediated by P. 
aeruginosa.14 As a result, targeting Cif could weaken the ability of the bacterium to establish 

infections and exacerbate inflammatory responses, thus reducing patient burden.

Small-molecule inhibitors for Cif have been developed using crystal structures and 

medicinal-chemistry approaches.15 The obtained compounds are potent (IC50 < 300nM) and 
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display at least 25-fold selectivity for Cif over off-target proteins such as the human epoxide 

hydrolases and thyroid hormone receptor. However, further improvements in inhibitory 

potency towards the target are potentially needed, as well as optimization of in vivo half-life 

of the inhibitors, bioavailability and accessibility to target enzyme. A fluorescence-

generating assay was employed to evaluate the potency of the inhibitors.11,16 Unfortunately, 

because of the low rate of turnover by Cif, the assay requires a protein concentration of at 

least 0.6 μM, and thus has correspondingly low sensitivity: it cannot distinguish among 

inhibitors with IC50 < 0.3 μM.15 Methods such as surface plasmon resonance (SPR), bio-

layer interferometry (ForteBio Octet) or LC-MS/MS detection have lower detection limits; 

however, they are laborious, time-consuming and involve expensive instrumentation. Thus, 

throughput is low and constrains quick evaluation of new compounds. Scintillation 

proximity assay17,18, fluorescence resonance energy transfer (FRET)19 and fluorescence 

polarization20 approaches are successfully used for screening and determining the potency 

of drug candidates for proteins with low activity or no activity, such as transporters or 

receptors. However, development of an appropriate reporter substrate can be a challenging 

and labor-intensive task, very similar to the stages of scaffold identification and affinity 

optimization in the development of a drug candidate. Therefore, there is a need of more 

efficient methods for inhibitors identification and ranking according to their inhibitory 

potencies suitable for slow enzymes and proteins without catalytically properties, like 

receptors, transporters … Development of such assay is the objective of this work.

Compared to small-molecule ligands, antibodies generally bind more tightly and with higher 

selectivity towards their targets.21,22 While antibodies can be readily obtained through the 

affinity maturation process in a host animal, they are often limited in applications by their 

size, stability or purity. Nanobodies or VHHs (variable heavy domain on heavy chain only 

antibodies) are very small recombinant antibody fragments that offer the advantages of both 

small-molecule ligands (ease of production, purity, stability, and solubility) and antibodies 

(high potency, ease of labeling with reporter molecules such as a fluorescent probe).22–24 We 

hypothesize that inhibitory nanobodies may be a suitable tool to study protein-ligand 

interaction. Here, we report the use of nanobodies in a novel assay format as a tool for the 

screening of small-molecule inhibitors. As a model of a slow turnover enzyme system, we 

used Cif. The idea of using an inhibitory nanobody to displace a small-molecule inhibitor 

from the active site is simple but innovative.

2. Materials and Methods.

All chemicals were of analytical grade and were purchased either from Fisher Scientific Co. 

(Chicago. Il, USA) or from Sigma-Aldrich Co (St. Louis. MO, USA) unless otherwise 

stated. All the reagents and instruments were purchased from USA companies.

2.1. Buffers and other reagents.

All buffers and water solutions were prepared with ultrapure deionized water; phosphate-

buffered saline (PBS, 10mM, pH 7.5); wash buffer PBST (PBS containing 0.05% Tween 

20); coating buffer (14 mM Na2CO3, 35 mM NaHCO3, pH 9.8); blocking buffer (1% BSA 

w/v in PBST); substrate buffer (0.1 M sodium citrate/acetate buffer, pH 5.5). Substrate 
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solution contained 0.2 mL of 0.6% 3,3’,5,5’-tetramethylbenzidine (TMB in pure dimethyl 

sulfoxide, DMSO w/v), 0.05 mL of 1% H2O2 in 12.5mL of substrate buffer. Stop solution 

was 2M H2SO4.

The detailed procedures for inhibitors synthesis, their characterization and other facts are 

given in supporting information.

2.2. Immunization and library construction.

An alpaca was immunized with the Cif protein (200 μg per injection) in complete Freund’s 

adjuvant and boosted 4 times with the same dose in incomplete Freund’s adjuvant. Blood 

was drawn every two weeks to assess the antibody titer. Alpaca immunizations and blood 

handling were performed by Triple J Farms (Bellingham, WA). A VHH phage-display 

library was constructed as previously described.25 The mRNA was extracted using 

LeukoLOCK™ Total RNA Isolation System (Thermo Fisher) and transcribed to cDNA with 

SuperScript III RT System (Invitrogen). The cDNA was then used as template for PCR 

amplification of the VHH genes in the first step using primers Call001 and Call002, and in 

the second step using the forward primers, VH1, VH3, VH4, VHH1 Back, VHH 6 Back, F 

and F2D and the reverse primer JH (Table S1).25–27 The amplified DNA was digested with 

SfiI and ligated into pComb3X (gift from Dr. Carlos Barbas, The Scripps Research Institute, 

La Jolla, USA). The resulting vectors were electroporated into electrocompetent cells E. coli 
ER2738. The cells were cultured and the phage library displaying the VHH repertoire was 

created by superinfection with helper phage M13KO7. Library diversity was evaluated 

through sequencing of 20 random clones.

2.3. Phage library panning for Cif selective clones.

The panning procedure was performed based on protocols described by Barbas 28 Two 

isolation approaches were used. Approach 1: A library was panned against Cif bound to a 

purified polyclonal anti-Cif antibody (pAb).13 Two wells of a microtiter plate were coated 

with pAb (0.3 μg/well) in coating buffer at room temperature (RT) for 1 h. These two wells, 

plus an additional four wells, were blocked/coated with 200 μL of 1% w/v BSA in PBS for 

at least 2 h at RT. One of the wells coated with pAb was then incubated with a decreasing 

amount of Cif at each round of panning. An aliquot of the phage library (100 μL) was added 

to a well coated with pAb only and incubated for 1 h at RT to remove non-specific pAb 

binders. All unbound phage was transferred to the well coated only with BSA, 25 μL per 

well, to remove nonspecific BSA binders. After another 1 h incubation, unbound phages 

were transferred to a well coated with both pAb and Cif and incubated for 1 h at RT. After 

washing with PBST, this well was eluted with 100 μL of trypsin at 10 mg/mL in PBS at 

37°C for 30 min. Approach 2: The library was panned against Cif directly bound to the 

plate. The procedure is similar to Approach 1 but does not involve the pAb steps. Details on 

panning conditions are provided in Table S2. The eluent was collected and amplified with 

addition of the M13KO7 helper phage (1×1012 cfu/mL). The titer was assessed for the 

output library after panning and for the input library after amplification. ER2738 E. coli 
were infected with the eluted or amplified phages and titered on LB-carbenicillin agar plates. 

100 μL of the amplified phages was employed again in the next round of panning. For the 

second, third, and fourth rounds, the same procedure was used, except the concentration of 
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Cif was gradually decreased. After the final round of panning, individual clones were 

screened to identify positive clones by performing a phage ELISA.

2.4. Expression and purification of Cif VHHs.

From the agar plate containing the fourth elution output, 54 individual clones from 

Approach 1 and Approach 2 were randomly selected and grown individually in cultures 

overnight preliminary induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). 

Cultures for each clone were spun down at 3,000 × g for 10 min at 4 °C. For the protein 

extraction, the bacterial protein extraction reagent kit (B-PER) was employed, and the 

obtained protein was further characterized by phage ELISA (for details see the SI). For 

positive clones the plasmid was extracted from cultures with the Qiagen Mini Prep kit and 

the sequences were submitted to the UC Davis DNA Sequencing Facility. The plasmids 

pComb3X, containing positive VHH clones, were transformed by heat shock into Top 10F’ 

cells.

The expression and purification of VHHs was performed as previously described.28–30 A 1-

mL aliquot of overnight culture was diluted in 100 mL of Super Broth with 50 03BCg/mL 

carbenicillin. After the OD600 reached 0.5–1, the culture was induced with 1 mM IPTG and 

incubated in a shaker at 37 °C overnight. The culture was centrifuged, and the cell pellet was 

lysed with B-PER lysis buffer at 4 mL/g pellet containing protease inhibitors (cocktail, 

Thermo Fisher) at ambient temperature for 10 min. The cell lysate supernatants were 

clarified by centrifugation at 13000 × g for 10 min, followed by purification on a 1-mL Ni-

NTA resin column. The column was equilibrated and washed with 40 mM imidazole 

(dissolved in 10 mM PBS, pH 7.4). The VHH was eluted with 150 mM imidazole, and the 

purified VHH was stored at −20 °C after desalting on Zeba desalting column (Thermo 

Fisher). The size and purity of the proteins were verified on NuPAGE 12% Bis-Tris Protein 

gel (Thermo Fisher, USA) according to the manufacturer protocol.

2.5. High yield expression of inhibitory VHHs.

The VHH genes were cloned in the pET 28a (+) vector, flanked by the coding sequences of 

the ompA signal peptide at the 5′ end, and 6 x His and the HA epitope coding sequences 

(vector generously provided by Dr. Gonzalez-Sapienza, UDELAR, Uruguay). The vector 

was transformed into BL21(DE3) E. coli, and individual clones were grown on LB-

kanamycin (40 μg/mL) plates. The culture of single clones was incubated until the OD600 

reached 0.5 and nanobody expression was induced with 10 μM IPTG during 4 h at 37 °C. 

Cells were pelleted and the periplasmic proteins were extracted by osmotic shock as 

described previously.31 Nanobody purification was performed on Ni-NTA columns in the 

FPLC purification system (Bio-Rad) according to the manufacturer’s instructions.

2.6. VHH-based assay.

The optimal concentration of the coating anti-Cif pAb was determined as a minimal amount 

of the pAb that produces a saturating signal with secondary antibody, and it corresponded to 

0.3 μg/well (Fig. S1A). The optimal concentrations of Cif and VHHs for both types of assay 

were determined from a checkerboard titration (Fig.S1 B and C). While for simplicity the 

following assays are performed at room temperature (RT ≈ 23°C), we did not observe any 
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change in performance between RT and 37°C incubations. All washing steps were 

performed with the automated washing system Aqua Max 2000 (Molecular Devices) 

following the vendor protocol.

1). Immunoassay.—A 96-well plate was coated with 100 μL per well of pAb at 3 

μg/mL at RT for 1 h. The plate was blocked with 1 % w/v skimmed milk in PBST at RT for 

at least 2 h. Cif diluted in PBS was loaded on the plate at increasing concentrations and 

incubated for 1 h at RT. Following 5 consecutive washes with PBST, VHH was loaded at 0.5 

μg/mL in PBS, 100 μL per well (or 50 ng/well). The plate was incubated for 1 h at RT and 

then washed 5 times with wash buffer. Rat monoclonal anti-HA-HRP conjugate was added 

at 100 μL/well in a 1:3000 or 0.8 ng per well (Roche, clone 3F10, Sigma-Aldrich). The plate 

was incubated for 1 h at RT and washed 5 times. The plate was developed for 10 min with 

substrate solution added at 100 μL/well. The reaction was stopped by addition of 2M H2SO4 

(50 μL/well) and absorbance was read at 450 nm. SigmaPlot 11.0 software was used for 

curve fitting and data analysis.

2) . Displacement sandwich ELISA.—A 96-well plate was coated with pAb at 3 

μg/mL, 100 μL per well at RT for 1 h. The plate was blocked with 1 % w/v skimmed milk in 

PBST at RT for at least 2 h. Cif diluted in PBS was loaded at 20 ng/mL, 100 μL/well and 

incubated for 1 h at RT. Following 5 consecutive washes with PBST, a serial dilution of 

small-molecule synthetic inhibitors in PBS containing 20% v/v methanol at 50 μL/well was 

loaded, followed by 50 μL/well of VHH at 0.1 μg/mL (or 5 ng/well) in PBS and incubated 

for 1 h at RT. Rat anti-HA-HRP conjugate was added at 100 μl/well in a 1:3000 fold 

dilution. The plate was incubated for 1 h at RT and washed 5 times. The plate was developed 

for 10 min with substrate solution added at 100 μL/well. The reaction was stopped by 

addition of 2M H2SO4 (50 μL/well) and absorbance was read at 450 nm. SigmaPlot 11.0 

software was used for curve fitting and data analysis.

3. Results

3.1. Selection of anti-Cif VHHs.

Two approaches to panning for Cif-selective nanobodies were used. Panning in both 

approaches was performed with decreasing Cif concentrations in each round thus promoting 

the selection of clones with higher affinity (Table S2). For the first approach, in an effort to 

preserve Cif’s three-dimensional structure, rabbit polyclonal anti-Cif antibody (pAb) was 

used to present Cif to the phage library of nanobodies. To ensure that the selected 

nanobodies recognized only Cif, the library was counter-screened with pAb and BSA to 

remove non-Cif binders. The phages were collected and used in the following panning steps. 

After four rounds of panning, an ELISA performed with an amplified enriched phage library 

showed a strong signal selective to Cif as compared to a non-panned library. This first 

approach of course reduces the chance of finding a nanobody which will bind to epitopes 

recognized by the pAb but increases the chance of finding a nanobody that will be valuable 

in a sandwich assay with the pAb. For the second approach, the screening plate was directly 

coated with the Cif protein, which can result in deformed and partially denatured protein. 
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While the selective signal to Cif increased after two rounds of panning, it then decreased 

dramatically approaching non-specific signal as in a non-panned library (data not shown).

Overall, 24 individual clones were picked after four rounds of panning from the first 

approach, and 30 clones were picked after two rounds of panning from the second approach. 

All selected phage clones showed recognition of Cif in the ELISA. The DNA of 

corresponding clones was isolated. Among the 24 clones obtained from the first approach, 

there were nine unique sequences. However, three of the nine unique clones did not show 

satisfactory protein expression in later experiments, leaving six for further analysis. Among 

the 30 clones obtained in the second approach, three had already been identified in the first 

approach. Among the remaining 27 clones, there were 12 new unique sequences. Thus, in 

total, we identified 18 unique clones selective for Cif. The corresponding sequences are 

shown in Figures 2 and S2. The phagemid vectors containing DNA of unique clones were 

transformed in TOP10 F’ cells and expressed VHHs were purified using Ni-NTA affinity 

chromatography. The size and purity of the proteins were verified on 12% SDS-PAGE gels 

with a major band at the expected MW of approximately 17000 (Image S1).

To evaluate the resulting nanobodies, a classical sandwich ELISA was performed using 

purified rabbit polyclonal anti-Cif antibodies as a capturing antibody (Fig. 1). pAb at 0.3 μg/

well was selected by checkerboard titration as a minimal amount of antibody necessary to 

maximize the signal from the secondary anti-rabbit antibody conjugated to HRP. Cif protein 

was loaded in a serial dilution range of 0.05–100 ng/mL, and 50 ng of VHHs were added to 

each well. The concentration of VHHs used in the assay was chosen based on previously 

published literature and was not further optimized.29,30 The sensitivity of the assays 

resulting from these clones varied by one order of magnitude with IC50 values ranging from 

6 to 51 ng/mL (Fig. 1). Further optimization of the assay with selected clones for the 

development of analytical tool for Cif quantification in biological samples will be the subject 

of separate study.

3.2. Identification and characterization of inhibitory nanobodies.

The fluorescent enzyme activity assay was used to test whether the nanobodies had any 

inhibitory activity toward Cif. The small molecule inhibitor KB2115 (commercial name) 

was used as a positive control, while a non-Cif nanobody was used as a negative control. 

Eight nanobodies were identified as having significant inhibitory properties (Table S3). 

Nanobodies 113 (from the first panning approach) and 219 (from the second panning 

approach) were subsequently identified as the most potent inhibitors of Cif having IC50 

values of 0.4 and 0.3 μM respectively (Table 1). It should be noted that potencies of both 

nanobodies reached the lower limit of assay sensitivity equal to half the Cif concentration 

(0.3 μM), explaining multi-orders of magnitude difference between IC50 values and 

dissociation constants. In addition, these two biologicals had IC90 values around 1 μM, 

confirming their high potency against Cif. These two VHHs were selected for further 

investigation of their potency.

Single-cycle binding kinetics were measured by SPR with increasing concentrations of the 

VHHs. The VHHs showed very tight binding to the Cif-protein evidenced by long 

dissociation times (Fig. S4). Therefore, the rate of association (ka) was measured from 5 
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forward reactions where contact time was set at 5 min each, and the dissociation rate (kd) 

was measured from one reverse reaction with data collection for 20 min for a smooth fit. The 

curve was fitted to a 1 : 1 binding model, the simplest model for the description of the 

interaction between antigen and a monovalent antibody, allowing the calculation of the 

equilibrium dissociation rate constant (KD) as a ratio of kd/ka (Table 2, Fig. S4). Both 

nanobodies have very high ka and very slow kd values, resulting in very tight KD values, in 

the mid-picomolar range. The equilibrium dissociation constant for VHH113 (0.13 nM) was 

roughly twice as large (i.e. half as potent) as the value for VHH219 (0.08 nM), which was 

due to both a larger ka and a smaller kd (Table 2). These are relatively high affinities 

compared to the published literature on affinities of nanobodies for their protein substrates, 

with values usually in the range of 10–500 nM.32–35 Interestingly, Rossotti et al. 34 reported 

nanobodies to human sEH with slightly weaker KD values around 0.5 nM using a similar 

panning protocol.

3.3. Development of a nanobody-based screening assay.

To screen for potent small molecule chemical inhibitors of Cif, a sandwich displacement 

assay was designed (Fig. 3A). In this assay, the plate was first coated with anti-Cif pAb to 

capture the Cif protein. Inhibitory anti-Cif VHH in the role of a reporter was added at 

constant concentration together with a serial dilution of a tested inhibitor. The mixture was 

incubated at room temperature for 1 h to allow the competition between the inhibitor of 

interest and the reporting VHH ligand to proceed. The non-bound VHH was washed away, 

and the remaining VHH attached to Cif was detected and quantified with a secondary 

antibody against HA tag labeled with HRP as reporting system (Fig. 3B). The concentration 

of the inhibitor that resulted in a 50% decrease of the HRP-generated signal was named the 

EC50 concentration, which is characteristic of each small molecule inhibitor in this system 

and is inversely proportional to the potency of the compounds tested.

In this assay, the amount of anti-Cif pAb loaded in the plate was first optimized. For this 

purpose, a serial dilution of pAb was loaded onto the plate, and after the incubation period, 

the amount of pAb bound to the plate was detected with an excess of secondary antibody. 

The minimum level of coating pAb per well that produced a saturating signal was 0.3 μg. 

Any further increase in antibody load did not produce further increases in signal (Fig. S1A). 

Second, the amount of Cif protein captured on pAb was optimized in a similar way as the 

first experiment; 20 ng/mL of Cif was sufficient to obtain a signal reaching a plateau. The 

quantity of nanobody in the assay (5 ng/well) was also optimized to provide the maximum 

signal possible while avoiding excess of the reagent (Fig.S1B and C). Both nanobodies 

VHH113 and VHH219 were evaluated in the inhibitory assay. Even though the concept of 

an inhibitory sandwich assay worked with both nanobodies, VHH113 consistently showed 

less good performance with lower data fit correlation coefficient (Figure S3. Therefore, 

further experiments were performed with VHH219 only.

The sandwich competitive assay with VHH219 was used to analyze a range of small 

molecule inhibitors previously reported by Kitamura et al.15 plus two additional inhibitors 

synthesized and reported in this work (Table 3, Table S4). Figure 3B shows the curves 

obtained with the sandwich ELISA while Table 3 provides structures of the tested 
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compounds as well as both EC50 values obtained with the VHH-based assay and IC50 values 

obtained with the fluorescent assay. The sandwich competitive assay and enzyme activity 

assay have different principles of interaction, thus absolute values for IC50 and EC50 are 

different. Nevertheless, IC50 values from the enzyme activity assay correlated well with the 

EC50 values from the sandwich competitive assay (Pearson Correlation Coefficient= 0.9998, 

r2=0.9996). Most interestingly, while the fluorescent assay cannot distinguish the potencies 

of compounds 2–6 and 7–8 (IC50 values covered only a 2-fold range), the dsELISA EC50 

values for the same compounds were distributed over a 15-fold range, yielding clear 

information for structure-activity relationships and future inhibitor design. For example, the 

VHH-based assay clearly identified compound 8 as far more potent toward Cif than the rest 

of the compounds tested.

To verify these findings, we measured the affinity toward Cif protein of the new 8 and 7 

compounds, as well as 6 and 4, as controls, with the Octet (Octet Red96, ForteBio). Results 

are reported in Table 3. The affinities follow the same pattern as the one observed for the 

EC50 values, with 8 as the most potent compound with a KD of 0.16±0.02 μM. Therefore, 

even though there was no way to verify directly the accuracy of the developed assay, the 

Octet experiment confirmed the ability of the VHH-based assay to differentiate among 

inhibitors according to their inhibitory potency. This is indirect validation of the accuracy of 

the dsELISA.

To further evaluate the assay performance, inter- and intra-day variation was assessed as well 

as the reproducibility of the results. To determine the intra-day variation, we analyzed results 

obtained on the same plate and day in duplicates and tested on two different days. The intra-

day variation was generally below 20% (Figure S3). Inter-day variation was calculated by 

using results obtained within one week, in addition to results obtained over a five-month 

period. From these data variations in absolute EC50 value were found to be up to 45% (Fig. 

S5).

4. Discussion

A number of assay formats are successfully used in the drug development process, screening 

and determining the potency of drug candidates. Such assays, including scintillation 

proximity assay,17,18 FRET,19 and fluorescence polarization,20 are quantitative and satisfy 

criteria for high-throughput screening. They are performed in homogeneous conditions, 

where no incubation and washing are needed. Therefore, they are amenable to automation 

and are thus time and cost effective. However, these methods rely on use of an appropriate 

reporter substrate. In turn, the development of such a reporter is a separate challenging and 

labor-intensive task, similar to the initial stages of lead development. The use of inhibitory 

nanobodies as ligands in a competitive sandwich format can serve as an effective alternative 

to existing screening methods. The dsELISA determines an EC50 value for the molecule of 

interest corresponding to its inhibitory potency. The ranking of compounds potency is based 

on comparison of these values. The ranking procedure is similar to established fluorescence 

based assay. However, in dsELISA EC50 values vary in a larger range compared to IC50 

values obtained with fluorescence assay for the same compounds. In addition, the dsELISA 

allowed the identification and ranking of potent inhibitors where fluorescence-based assay 
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reached its limit of detection (0.5 μM). Therefore, dsELISA shows better sensitivity for 

inhibitors identification and ranking. The limit of detection (LOD) of the assay should 

indicate what would be the highest inhibitory potency of the compound that the assay could 

detect. It is hard to estimate this value without actual compounds (so far we reached potency 

of 0.2 μM with compound 8). However, based on the fact that dsELISA in principle is 

competitive ELISA for small molecule, we may assume that LOD will be similar to LOD in 

ELISA for small molecule that is low nM range.36,37

Similar to a classic antibody, the nanobody benefits from naturally occurring immune-

maturation in the animal, after which desired potent clones are isolated by established 

techniques.27 However, the key to developing a powerful assay is to select a potent 

nanobody. Classically, for proteins, panning procedures involve constant high concentrations 

of proteins (100 μg/mL). Herein, an approach used for small molecules was deployed: 

starting with a low Cif concentration (10 μg/mL) and then further decreasing this 

concentration and increasing the number of washing cycles and stringency to enrich the pool 

with phages selective to the target analyte.25 In addition, coating the plate first with 

polyclonal anti-Cif antibody followed by the Cif protein was more efficient at selecting 

high-affinity nanobodies than directly coating the protein to the plate, in agreement with a 

previous observation.38 However, as noted earlier each approach offers advantages. When 

applied to Cif, these improvements in the panning procedure contributed significantly to the 

successful isolation of potent clones. Further, assisted presentation may be particularly 

useful for panning directed to a specific part of the molecule (e.g. binding pockets, catalytic 

sites etc.), when the site of interest is better exposed to the phage while the other part of the 

molecule is hidden.

By combining a classical sandwich ELISA with a competitive ELISA (see Fig. S6 for 

details), we created a novel inhibition assay that has the advantages and limitations from 

both. As a sandwich ELISA, the assay uses a primary antibody to present Cif. In this study, 

we used a polyclonal antibody, so the orientation of Cif was not controlled. It certainly 

selects for nanobodies useful in a sandwich assay with the pAb used. However, one can 

envision using a nanobody binding the protein from the side opposite to the drug candidate 

binding site to better present it. This selective orientation may result in higher binding 

capacity of the layer and thus overall increased sensitivity of the assay. As in a competitive 

ELISA, the core of the assay is a competition between two ligands: the reporting nanobody 

and the small molecule being tested. Therefore, the potency of a compound is read as a 

decrease from a high signal. This always results in lower sensitivity compared to the 

appearance of the signal from low background. Another limitation of the assay reported here 

is its heterogeneous format, requiring washing steps and defined incubation time. Therefore, 

it might be challenging to automate for a high throughout processing. The assay presented in 

this article is a proof of concept, and further optimization of the assay conditions may result 

in more stable assay performance. However, these limitations did not affect the rank of the 

compounds’ potencies. Once compounds are ranked, an absolute quantitative value can be 

measured by more precise analytical methods like SPR or Octet on a limited number of 

identified leads, as well as confirmation assays such as LC-MS of the substrate or the 

product.
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There are three possible mechanisms of Cif inhibition by the nanobodies selected herein. 

Nanobodies are known to have the CDR3 regions unusually long, and they have been shown 

to possess the extraordinary capacity to form convex extensions that reach the cavities like 

active sites of enzymes, binding pockets of the transporters or receptors. A number of recent 

studies successfully demonstrated that nanobodies block the enzymatic35,39,40 and cytotoxic 

activity41 of proteins and modulate receptor functioning.42 Nanobodies also have the ability 

to inhibit enzymes through an allosteric modulation of enzymatic activity.43–45 The binding 

to an allosteric site, a site different from the active catalytic site of the enzyme, may induce 

conformational changes within the protein structure and thus conformation change of the 

catalytic site resulting in decreased substrate recognition. Finally, the nanobodies may create 

steric hindrance at the entrance to the active site thus preventing the substrate diffusion to the 

active site, like non-competitive inhibitors. For example, Zhu et al.35 demonstrated that a 

nanobody to furin inhibited the cleavage of furin natural substrates; however, smaller 

surrogate peptide substrates could still be hydrolyzed suggesting changes to the catalytic site 

access. In our study, the possible mechanisms of inhibition are still unknown.

To conclude, the displacement sandwich ELISA format described here represents a novel 

kind of assay to screen for small-molecule inhibitors. Interestingly, there is a good 

correlation between the efficacy measured with the VHH-based assay and the binding 

potency measured with the Octet biolayer interferometry measurements. The assay reported 

here is an improvement over the currently existing fluorescence based assay since it provides 

higher sorting efficiency with at least 10 times higher sensitivity. This assay can also be used 

as relatively high-throughput and cost-efficient technique for enzymes with slow turn over, 

receptors, cell membrane proteins, and other relevant protein targets. This study sheds light 

on the unexplored potential of nanobodies as multi-purpose ligands for drug discovery and 

development.
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Highlights

• novel method using nanobodies to screen for potent ligands of a protein

• displacement sandwich ELISA (dsELISA) for direct KD measurement

• results with dsELISA correlate with Octet biolayer

• dsELISA is an order of magnitude more sensitive in identifying potent small 

molecule inhibitors than kinetic assay
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Figure 1. 
ELISA curves for 18 positive clones. The sensitivity of the assay varied in the range of 6 to 

50 ng/mL. Conditions: pAb anti-Cif 0.3 μg/well; serial dilution of Cif in PBS; VHH 50 ng/

well in PBS; anti-HA mAb dilution 1:3000 in PBST.
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Figure 2. 
Sequences of the selected nanobodies. FR indicates framework, or conserved domain of the 

nanobody; CDR stands for complementarity-determining region, a variable domain of the 

nanobody responsible for selective recognition of the target analyte; TAG includes 6xHis tag 

and hemagglutinin (HA) tag.
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Figure 3. 
Displacement sandwich ELISA (dsELISA). A. Workflow scheme of the assay: the plate is 

coated with anti-Cif pAb and Cif, followed by incubation with the small molecule inhibitor 

and the nanobody. Unbound material is washed out and the bound nanobody is reveled with 

secondary anti-HA antibody labeled with HRP. Conditions: anti-Cif pAb 0.3 μg/well; Cif 20 

ng/mL in PBS; VHH 5 ng/well in PBS; anti-HA mAb dilution 1:3000 in PBST. B. Inhibition 

curves for the tested compounds reveal high competitive capacity of the compound 8, 

followed by 7 and 6. Blue arrows indicate the order of increasing potency, where compound 

8 is the most potent and compound 1 is the less potent. Compounds with higher potency 

have inhibitory curves shifted to the left of the graph.
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Table 1.

Inhibitory potency of VHHs selective to Cif measured with fluorescence-based assay.

Nanobody # IC50 (μM) IC90 (μM)

KB2115* 14.8±3.8 > 100

113 0.4±0.0 1±0.1

219 0.3±0.0 0.9±0.1

313 1.5±0.0 4.1±0.1

114 0.9±0.0 2.4±0.1

212 0.6±0.0 1.6±0.1

101 6.4±0.3 >14.7

222 0.6±0.1 2.0±0.6

214 0.5±0.0 1.6±0.1

*
Small molecule inhibitor, commercial name, positive control, see Table 3 for structure; Conditions: [Cif] = 0.6 μM, substrate [MNCG] = 25 μM, 

37°C, mean ± SD, n = 3. IC50 corresponds to the concentration that leads to 50% decrease (inhibition) of signal, and IC90 corresponds to the 

concentration leading to 90% decrease of signal.
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Table 2.

Kinetic and equilibrium parameters of two nanobodies binding to Cif obtained from surface plasmon 

resonance experiments

Clone ka (1/Ms) kd (1/s) KD (nM)

VHH113 5.3×105 6.9×10−5 0.13

VHH219 7.4×105 5.9×10−5 0.08
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Table 3.

Potency comparison of small molecule inhibitors in VHH-based (dsELISA) and fluorescent assays, and 

equilibrium parameter (KD) obtained from bio-layer interferometry experiments.

Cmpd. # Structure dsELISA, EC50,μM Fluo. assay, IC50,μM
KD

a
 (μM)

1
T >200 >50

KB2115 13±1 2.6

2 
T 3.1±1.0 0.46

3 
T 3.0±1.1 0.58

4 
T 2.5±0.9 0.29 2.1 ± 0.7

5 
T 1.5±0.7 0.35

6 
T 1.2±0.3 0.35 0.5 ± 0.1

7* 0.7±0.3 0.55 0.9 ± 0.1

8* 0.2±0.1 0.47 0.16 ± 0.02

Results are shown as mean ± SD (n = 2 or 3).

a
Data calculated based on steady state analysis

T
synthesized and reported in 15

*
synthesized and reported in this paper.
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