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Abstract

A novel methodology is shown enabling the screening of mixtures of compounds for 

their affinity to a receptor protein. The system presented, dynamic protein-affinity 

chromatography solid-phase extraction (DPAC-SPE) overcomes the limitations of the 

existing methods by performing an incubation of the His-tagged protein with a mixture of 

possible ligands, which are still in their native conditions. This is followed by a fully 

automated affinity trapping step, coupled on-line to an LC-MS system in order to detect 

and identify the bound ligands. The system has been optimized using a commercially 

available on-line SPE system, using the estrogen receptor alpha (ER�) as model protein. 

A representative range of ligands with sub-nanomolar to millimolar affinities has been 

identified successfully from a mixture. The weakest binder that can be identified is 

norethindrone (appx. Kd = 0.1-1 mM). The same setup also provides the possibilities to 

measure EC50 curves of both weak and strong binders.  

Keywords: Protein affinity, Ligand screening, Dynamic immobilization, LC-MS, 

Estrogen receptor, His-tagging. 

Introduction

 The necessity for finding new lead compounds in drug discovery has strengthened 

the need for analytical methods that are able to efficiently screen large number of 

compounds (libraries) in a wide variety of matrices. The majority of high-throughput 

screening methods that are currently used in pharmaceutical industry are based on 

fluorescence plate reader assays [108-110]. In spite of the fact that these methods allow 

the fast and fully automated screening of large libraries of compounds for certain 

chemical and/or biological properties (e.g. protein-ligand affinity), they have two 

important drawbacks. 

 The first one is that fluorescent plate reader assays require a fluorescent reporter 

ligand. Suitable reporter molecules are often not readily available, which for most 
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applications entails that a fluorescent ligand must be synthesized. This is not always 

successful. The second limitation is that a fluorescence signal does not provide chemical 

information (i.e. structural) on the original compound providing the response in the 

bioassay. In high-throughput screening environments this causes significant problems, 

because library compounds are not always stable enough to be studied over longer 

periods of time and can contain interfering impurities [111,112]. The result is that a 

simple fluorescence signal is not always sufficient to determine the activity of the 

(library) compound. The readout merely suggests that there is activity in the sample, 

which can originate from either the (library) compound or from its degradation products 

or impurities. 

 In order to circumvent these problems a number of improvements for the 

traditional plate reader assays [113] have been developed as well as procedures that 

provide structural information [63] or use label-free approaches [114]. These 

methodologies can roughly be separated into three categories. 

The first group contains the frontal-affinity methods [115,116].  In these methods 

a protein is immobilized on a stationary phase and a mixture of potential ligands is eluted 

in the order of their affinity for the immobilized protein on the sorbent. The 

disadvantages of this approach are the need to modify the protein in order to assure a 

proper immobilization reaction and the fact that co-elution can severely hamper the 

selectivity of the method, and the accuracy due to ion suppression in mass spectrometric 

detection. 

The second category consists of affinity-capturing methods [29,117]. Using these 

methods, a potential ligand is trapped from a mixture on a sorbent because of its affinity 

towards an immobilized protein and it is subsequently eluted to a detector and identified. 

The main advantage of this procedure is a significant increase in selectivity. The 

limitation, however, is the non-specific binding to the sorbent resulting in a decreased 

ability to detect low affinity binders. 

In the third group the methods are gathered using (pulsed) ultrafiltration 

[118,119]. These systems have an enrichment step without the necessity of an 

immobilization procedure. Although these methods have been developed for a variety of 
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applications, they possess a number of drawbacks. The efficient separation of bound and 

free ligand is one of them, while the effect of non-specific binding to the membrane by 

either the protein or the ligand is another important issue. 

 Most of the limitations and drawbacks mentioned above can be overcome by 

using the system described in this paper. In this method a His-tagged protein is used. The 

advantages are that His-tagging is a straightforward, more or less standard procedure that 

can be applied to most native proteins and that a reporter ligand is not needed. Mass 

spectrometric detection allows the identification of the ligand of interest and rules out 

troubling of the data by degradation effects or the presence of impurities in the library. 

Non-specific binding in the proposed system is limited and reproducible, which means 

that correction procedures can be applied. Regeneration of the system is rather simple. 

Experimental

Materials 

 ELISA (enzyme-linked immunosorbent assay) Blocking reagent was purchased 

from Roche Diagnostics (Pensberg, Germany). Glycine�HCL, 17ß-estradiol, equol, 

paracetamol, epibatidine, nicotine, diclofenac, naproxen, sulfadimethoxine, testosterone, 

trimethoprim, potassium chloride, monosodium dihydrogenphosphate and disodium 

monohydrogenphosphate were obtained from Sigma (Schnelldorf, Germany). 

Diethylstilbestrol, sodium chloride, ammonium monohydrogen carbonate and warfarin 

came from Riedel de Haën (Seelze, Germany). Coumestrol was purchased at Fluka 

(Buchs, Germany). Ethylenediaminetetraacetic acid was received from Acros (Geel, 

Belgium). Nickel nitrate was purchased at Aldrich (Steinheim, Germany). Methanol and 

formic acid were obtained from Biosolve (Valkenswaard, The Netherlands). Water was 

produced by a milliQ device of Millipore (Amsterdam, The Netherlands). 
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The model receptor used in this project is the ligand binding domain of Estrogen 

Receptor alpha (ER�). ER� is a receptor protein that is important in pharmaceutical 

research, and has been studied extensively over the past decades [120-122].  ER� plays a 

pivotal role in a number of processes in the human body. Not only does the mechanism of 

currently used anti-conception pills primarily depend on ligands of ER�, the receptor is 

also important in the development of diseases like breast cancer [123] and osteoporosis 

[124]. Because of its high relevance, ER� has been fully characterized, and a variety of 

assays have been developed to screen for new receptor ligands [125-129] or to 

characterize their mechanisms of activity [130]. The available knowledge, and the 

presence of a stock of E.Coli bacteria that expresses the ligand binding domain of human 

estrogen receptor alpha (hER�-LBD, designated as ER� in the rest of the manuscript), 

made this protein the ideal model protein. 

Apparatus 

 The hardware in this system consists of a Symbiosys Pharma (Spark Holland, 

Emmen, The Netherlands) sample pre-treatment system, coupled to either a Shimadzu 

(Kyoto, Japan) RF-10Axl fluorescence detector, or a Thermo Electron (Breda, The 

Netherlands) LCQ Deca ion trap mass spectrometer. The LCQ Deca can be equipped 

with an elecrospray ionization (ESI) probe as well as an atmospheric pressure chemical 

ionization (APCI) probe, and is either used in ESI(+) ionization or in the APCI(-) 

ionization mode. The complete dynamic protein-affinity chromatography solid-phase 

extraction (DPAC-SPE) setup is shown in Figure 2.1.  

Protein-ligand incubation 

 Before injection, a mixture of possible ligands with concentrations between 500 

nM and 2 µM is incubated with a known amount of ER�, that can vary in concentration 

between 100 and 700 nM. The receptor batch is dissolved in 1,500 µL of binding buffer 

(10 mM phosphate buffered saline (PBS) with a pH of 7.4 and 1 mg/mL ELISA blocking 

reagent (EBR)). The mixture is incubated in a 1.8 mL (32 x 11.6 mm) autosampler vial 
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for 30 min at room temperature, whilst slowly shaken in an electronically modified 

vortex (VWR international, Amsterdam, The Netherlands). After incubation, the mixture 

is transferred to the Symbiosis Reliance autosampler and conditioned at 4°C.  

Figure 2.1: Experimental setup. Three separate modules are shown. (a) PAC module (black), used to 

separate the bound from the unbound fraction. (b) SPE module (dotted), enabling a matrix change and pre-

concentration. This module can be switched in line with module (a). (c) Separation module (gray), elutes 

the ligand from the SPE to the LC-MS unit. 

Protein affinity ligand capture 

  

 100 µL of the incubation mixture is injected onto a protein-affinity column 

(PAC). This column (10 x 2 mm I.D.) contains iminodiacetate silica-particles (50-80 µm) 

loaded with Ni
2+

 ions (Ni-IDA). The material is purchased from Silicycle (Quebec City, 

Canada) and has been custom packed by Spark Holland. The PAC has been conditioned 

with EBR, by pre-flushing it with 2.5 mL of the binding buffer. This will prevent non-
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specific binding of the ligands to the Nickel or the column backbone. Binding of the 

receptor-ligand mixture to the PAC column, by an electrostatic bond between the His-

tagged protein and the Ni2+ ions, occurs in the binding buffer. After this binding, the non-

bound ligands are washed off the column with a washing solution (10 mM ammonium 

bicarbonate at pH 7.4 containing 10% (
v
/v) of methanol). The bound fraction is eluted by 

flushing the PAC with 2 mL of a 10 mM Glycine�HCl solution of pH 2.0. This 

denaturates the protein, releases the ligand from the PAC and elutes it to the C18 solid 

phase extraction cartridge (Hysphere C18 SE, 7 µm particles 10 x 2 mm I.D., Spark 

Holland). A second wash step with the washing solution removes the Glycine�HCl and 

any non-volatile salts from the C18 cartridge.  

LC-MS measurements 

 Finally, a high-pressure gradient LC-system (Shimadzu LC20, Kyoto, Japan) with 

a 7 min linear gradient from 60% (
v
/v) to 100% (

v
/v) of methanol in water, is used to 

separate the compounds on a Sunfire C18 column (flow rate 200 µL/min, 2.1 mm I.D., 3 

µm particles, 50 mm in length, Waters, Milford, MA, USA). In case of positive 

electrospray ionization (ESI(+)) 0.1% (v/v) formic acid was added to both eluents and in 

the case of negative atmospheric pressure ionization (APCI(-)) no formic acid was used. 

Detection is performed either by fluorescence detection, in the case of natively 

fluorescent ligands, or mass spectrometry in all other cases. Calibration curves were 

measured for a test set of 12 compounds in both ESI(+) and APCI(-) mode, by injecting 

the analytes in a concentration range of 20 nM to 5 µM onto the SPE-LC-MS system. 

MS settings 

 In the APCI(-) mode, a capillary temperature of 225°C and a vaporizing 

temperature of 450°C were used. The capillary voltage was set to -40 V, and the tube lens 

to 20 V. The corona discharge current was set to 10 µA. The nitrogen flow was 15 L/min 

for the nebulizing gas, and 5 L/min for the auxiliary gas. 
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 In the ESI(+) mode the capillary temperature and voltage were set to 250°C and 

+15 V, respectively. The tube lens offset was 50 V, and the nebulizing and auxiliary gas 

flows were identical to the APCI(-) mode.

Optimization of protein affinity trapping 

 Optimization of the system is performed by varying several parameters, such as 

the concentration of EBR in the binding buffer, the volume and flow rate of the binding 

buffer, and also the washing and elution steps in the PAC. All optimization steps are 

performed using the natively fluorescent estrogen coumestrol, using both fluorescence 

and mass spectrometric detection. Coumestrol has a relative binding affinity (RBA) of 

30, which is defined as being 30% of the affinity of 17ß-estradiol, which is set to 100 

[131]. All measurements are performed in combination with two controls and a standard 

measurement to correct for the receptor activity. The first control is without the receptor, 

to determine the presence of non-specific binding. The second control is performed with 

the addition of an excess of 17�-ethynylestradiol, a highly active estrogen (RBA = 300), 

to selectively replace the majority of the screened ligands at the binding site of ER�. The 

total concentration of the receptor is determined by varying the coumestrol concentration 

and comparing the saturation level with a concentration curve measured in the SPE-LC-

MS mode. Finally, the receptor activity is measured during 24 hours, because the receptor 

is unstable at 4°C and its degradation influences the maximum amount of ligand that can 

be bound. All measurements are compensated for this decrease. 

Results and discussion

Method overview 

 The system as shown in Figure 2.1 consists of three separate modules. The first 

(a) is the PAC module, in which the His-tagged protein, incubated with a mixture of 

compounds, is trapped on the Ni
2+

 ions. This immobilization allows for the separation of 



Chapter 2 

61 

the bound and unbound fraction of the ligands. After the washing step, removing the non-

bound fraction from the PAC, the PAC is switched in line with the second (SPE) module 

(b). When the PAC and the SPE are in line, the bound fraction is eluted to the SPE by 

denaturating the protein with the elution solution. Trapping of the bound fraction on the 

SPE allows a matrix change to introduce a volatile and MS compatible solution and 

simultaneously enables pre-concentration of the bound fraction. The third and final 

module (c) is a fast LC-MS gradient system enabling the elution of the bound fraction 

from the SPE, separation of the ligands on the LC column and identification by mass 

spectrometry.  

  

In order to use this system for receptor-ligand binding, a number of parameters 

need to be optimized and synchronized. Before injecting the incubation mixture, it is 

stored in an autosampler at 4°C. Since all the measurements are performed after each 

other, not all samples are stored for the same period of time time. Due to the time 

dependent degeneration of the protein, all measurements must be corrected for the 

(estimated) residual activity of the protein. Therefore, one of the first optimization steps 

concerns the stability of the receptor. After injection, the His-tagged receptor-ligand 

complex will be immobilized on the PAC, by an electrostatic bond between the Ni2+ ions 

on the PAC and the His-tag in the protein. To do this as efficiently as possible, the flow 

rate and the concentration of EBR in the binding buffer are critical parameters to 

optimize.  

 After binding of the receptor-ligand complex on the PAC, all unbound 

compounds have to be washed off the column. However, since the protein-ligand 

interaction is an equilibrium process, the ligands will show a chromatographic behavior 

on the PAC. This will result in the elution of some of the ligands in case large wash 

volumes are used. This means that optimization of the PAC wash step, in which a balance 

between low non-specific binding and high retention of the bound fraction has to be 

found, is another important experiment in the optimization process.  

 Elution from the PAC to a C18 trapping cartridge by lowering the pH proved the 

only feasible way to completely elute all ligands from the PAC to the C18 cartridge. 

Trapping of the ligands onto the C18 cartridge at such a low pH did not show any 
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drawbacks. All test compounds produced linear calibration curves. Washing of the C18 

cartridge and subsequent elution of the trapped ligands to LC-SPE-MS module primarily 

needs optimization to shorten the overall analysis time. 

 Regeneration of the PAC column is performed by stripping the PAC with a high 

concentration of EDTA in water, followed by several wash steps and a loading step with 

Ni
2+

 ions to reload the iminodiacetate backbone of the PAC again. An important feature 

during system development is to perform the entire regeneration process in the same 

time-frame as the elution of the C18 cartridge.  Once optimized, the system will be tested 

for its ability to screen mixtures for the presence of ligands, which is the main objective 

of the project. 

Optimization of receptor stability 

 All protein samples were expressed and purified according to the procedure 

described by Eiler et al. in 2001.[132] The amount of ER� effectively immobilized on the 

Ni-IDA column in all experiments described in this manuscript was found to be 72.8 ± 

4.0 pmol. This value was calculated by varying the concentration of coumestrol added to 

a constant concentration of ER�. The maximum of the curve was correlated with the 

calibration curve for coumestrol. During all optimization steps, a receptor amount of 36.4 

pmol was used, enabling the determination of the protein-ligand binding, yet lowering 

protein consumption as much as possible. The stability of the estrogen receptor was 

measured over time by incubating a known excess (5 µM) of coumestrol with ER�, 

injecting it at 80 min intervals and monitoring the decrease in peak area of the protein-

ligand complex. Degradation of the estrogen receptor at 4ºC contributed to a 1.34 ± 

0.29% loss in activity per hour. All subsequent measurements have been corrected for 

this loss of activity. Finally the receptor stability, when exposed to varying concentrations 

of methanol, was determined. Methanol was added to the ammonium bicarbonate 

solution in order to decrease the non-specific binding to the PAC. Experiments showed 

that at methanol concentrations of 20% and higher, the protein denaturated, and thus lost 

all activity. Only a limited decrease in stability was observed for ER� when exposed to 

methanol concentrations of 5% (88.0 ± 2.1% activity), 10% (82.9 ± 2.4% activity) and 
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15% (
v
/v) (77.6 ± 3.5% activity). However, up to 10% (

v
/v) of methanol, the non-specific 

binding was rapidly decreasing to about 40% of the non-specific binding at 0% (
v
/v) of 

methanol. At higher concentrations than 10% (v/v) the decrease in non-specific binding 

was increasingly less significant. In order to strike a balance between reproducibility and 

non-specific binding, the final concentration of methanol was set to 10% (
v
/v).  

Optimizing of binding conditions 

 After optimization of the receptor stability, the next step was to determine the 

optimum binding conditions. As mass spectrometric detection requires the use of volatile 

additives, it is preferable to use volatile components in every step of the method. The 

only volatile salt that did not negatively influence the integrity of the protein is 

ammonium bicarbonate. However, the results showed little to no retention of the ligand-

protein complex on the PAC when using ammonium bicarbonate (pH 7.4) in the binding 

buffer. For this reason, the protein affinity step is split into two parts. In the first part, the 

Ni
2+

 column is conditioned with the binding buffer. The EBR in the binding buffer is a 

protein mixture, obtained by proteolytic degradation of purified gelatin, containing Tris 

buffer and sodium chloride. The function is to block the non-bound Ni2+ ions on the 

PAC, and to prevent non-specific binding of the compounds in the test set.  After 

conditioning of the PAC, the incubation mixture is injected onto the column at a low flow 

rate (250 µL/min), followed by a small volume (250 µL) of binding buffer at the same 

low flow rate, allowing the receptor to bind to the column.  

 The wash step was performed with 10% (v/v) of methanol in ammonium 

bicarbonate (pH 7.4) removing the non-binders and excess EBR from the column. Since 

EBR negatively influences the recovery of the SPE step, it is important to optimize the 

concentration of EBR in the binding buffer. The results showed a significant decrease in 

the signal when the concentration of EBR was lowered to 250 mg/L or less. Because 

column conditioning was performed with about 300 column volumes of binding buffer, it 

is not likely that insufficient blocking of the Ni
2+

 ions in the PAC is the reason for this 

decrease. Probably, EBR has a stabilizing effect on the receptor itself. This hypothesis 

has been partly confirmed by testing different receptor batches with lower concentrations 
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of EBR, which resulted in significantly lower peak areas. In order to avoid the 

destabilization of the receptor, the final concentration of EBR in PBS was set to 500 

mg/L.  

 Binding of the receptor to the PAC in the binding buffer will benefit from low 

flow rates, but lowering the flow rate will increase the analysis time, proportionally. A 

minimum binding volume of 140 µL was necessary to efficiently transfer the sample to 

the column. This means that flow rates below 100 µL/min will significantly slow down 

the process. Optimization showed that the benefits of maintaining a flow rate lower than 

200 µL/min are minimal, resulting in less than 5% increase in protein immobilization. As 

a result the flow rate in the binding step was set to 250 µL/min. 

Protein affinity column washing 

 An important step in protein affinity capturing is the washing step. A longer wash 

step will result in less interference due to non-specific binding, but also in the loss of 

retention of possible ligands on the PAC. A compromise has to be found between the 

amount of ligand bound, and the removal of non-binders from the column. This step is 

rather critical in the optimization of the whole analytical procedure. The reason is that 

strong and weak binders are affected differently by the washing procedures. As shown in 

Figure 2, the effect of a longer wash step on a strong binder like coumestrol is limited, 

which implies that by using a 5 min wash step coumestrol would be identified as a 

binder. Under these conditions, the non-specific binding decreases by almost 80%, this 

significantly improves the reliability of the method. 

 However, when screening for new lead compounds in drug discovery, hits are 

scarce and nearly always show low affinity. In Figure 2.2 also a comparative curve for a 

low binder (equol, Kd = 11 µM) is given for both specific and non-specific binding. It is 

clear that the wash volume, as optimized for the high binder, reduces the peak area of the 

bound fraction of equol to a level that is insufficient for screening purposes. This can be 

explained by its lower affinity and consequentially higher off-rate. Another feature is that 

the affinity system is also influenced by parameters such as diffusion effects, 

chromatographic performance of the PAC column and electrostatic interactions. The 
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result is that a prediction of the effects of the wash step is rather difficult. To solve this 

problem, empirical data as shown in Figure 2.2 can be used to optimize the system for the 

screening of weak binders.  
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Figure 2.2: Peak area versus wash volume of the PAC (µL). Varying the wash volume (flow rate 1 

mL/min) leads to significant differences in the peak area of the bound ligand. The weak binder equol is 

eluted relatively fast from the PAC (triangles), while the strong binder coumestrol is retained even after 5 

min of washing (diamonds). Non specific binding for coumestrol and equol (small squares and large 

squares, respectively) show similar curves. However, the amount of non-specific binding mostly depends

on polarity, resulting in higher overall peak areas for the less polar coumestrol. 

 The conclusion is that it is a necessity to use smaller wash volumes. This will 

result in a larger peak area for the bound fraction of the weak binder, but the peak area of 

the non-specific binding will also be significantly higher. It has to be noted that the 

difference in the non-specific binding curves of equol and coumestrol is not due to their 

affinity for the receptor, but due to other chemical properties, such as the polarity (log P 

value). For the substances measured, the net difference between specific and non-specific 

binding was reproducible, and competition experiments confirmed the specificity of the 
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binding. This means that it is possible to determine binders with an RBA as low as 0.01, 

comparable with a Kd in the high micromolar range. All screening experiments were 

performed using a wash volume of 500 µL. 

 Finally the elution volume was optimized, and set at 2 mL of Glycine�HCl (pH 

2.0). The flow rates for all wash steps and elution of the PAC were 1 mL/min. The wash 

volume of the SPE did not affect the recovery of the bound fraction significantly; 

therefore it was set to 1 mL, which is sufficient to remove all non-volatile components, 

and excess of Glycine�HCl from the C18 cartridge before elution to the LC. 

Regeneration 

 After elution of the ligands from the PAC, there still is a protein residue left on 

the column surface. Regeneration of the Ni
2+

 column is therefore necessary. After each 

measurement, the PAC column was flushed with a 0.1 M solution of EDTA in water. 

This strips all of the Ni
2+

 ions from the iminodiacetate backbone. After washing the 

EDTA off with water, the column was reloaded by flushing with a 1 mM NiNO3 solution. 

This regeneration procedure has proven to be effective for up to 900 measurements. All 

data in this manuscript have been measured using only one PAC. 

Screening for active ligands in mixtures 

 When screening for new ligands, a few parameters have to be adjusted in the 

system. Assuming the fact that most lead compounds have a relatively low affinity 

towards the target, in the beginning of their development cycle, the system should be 

adapted to detect low affinity binders. The steps that should be adapted to accommodate 

the detection of low affinity binders are the washing volume of the PAC, and the organic 

modifier content of the ammonium bicarbonate solution.. The determined optimum 

parameters were a washing step of 1 min at 1 mL/min, and 10% (
v
/v) of methanol in the 

ammonium bicarbonate solution.  
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As a proof of principle, it is shown that 5 binders (estradiol, diethylstilbestrol, 

equol, norethindrone and coumestrol) with different affinities for the protein, can be 

detected in a mixture of 8 pharmaceutically relevant compounds, varying in logP and 

pKa. This test set, consisting of the compounds shown in Table 1, was used to evaluate 

the screening process. Because of their structure, many steroids, including estrogens, are 

hard to detect in the ESI(+) mode. For this reason, the LOQ for all compounds in the test 

set was determined both in the ESI(+) and APCI(-) modes. Table 1 specifies the masses 

of the molecular ions in both modes, and the corresponding LOQs. For four of the 

compounds, the LOQ in APCI(-) was significantly better than in ESI(+), and all further 

measurements concerning these compounds were performed in the APCI(-) mode. All 

mixtures were analyzed in both ionization modes. 

Substance Abbr. M+H
+ 

M-H
+ 

LOQ ESI+ LOQ APCI- 

Estradiol E2 273.40 271.38 5 µM 60 nM 

Coumestrol CMS 269.24 267.22 30 nM -- 

Diethylstilbestrol DES 269.36 267.34 -- 30 nM 

Equol EQ 243.28 241.26 300 nM 80 nM 

Norethisterone NET 299.43 297.41 20 nM -- 

         

Warfarin WF 309.33 307.31 < 10 nM < 10 nM 

Epibatidine EPI 209.95 207.93 < 10 nM -- 

Nicotine NIC 163.27 161.25 20 nM -- 

Diclofenac DIC 297.16 295.14 2 µM 60 nM 

Sulfadimethoxine SUL 311.34 309.32 20 nM 1,5 µM 

Testosteron TES 289.43 287.41 < 10 nM 800 nM 

Trimethoprim TMP 291.33 289.31 < 10 nM 50 nM 

Table 2.1: Compounds measured in the test set, with the abbreviations used, the masses in positive and 

negative ion mode, and the LOQ values in the ESI(+) and APCI(-) mode. 

The system, optimized for the screening of weak binders, was used to identify 

estrogenic compounds from a mixture containing 7 non-binders as shown in Table 2.1. 

Additionally, all compounds were screened separately as a control experiment, in order to 

compare the measurements in mixtures and in stock solutions. For each compound, three 

measurements were performed. The first was an injection of a standard, to determine the 

non-specific binding. The measurement was repeated in the presence of 5 µM of a strong 

competitor. The second experiment was an incubation of ER� with the compound, 
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providing data on both specific and non-specific binding. The third measurement is an 

incubation of ER� with the compound and an excess of high-affinity binder (in this case 

5 µM of ethynylestradiol). In the latter experiment, all of the bound compound will be 

quantitatively removed from the binding site, thus reducing the peak area to a value close 

to that of the first measurement. The results of the analysis of equol are shown in Figure 

2.3. It is clear that all three control experiments result in the same peak area for non-

specific binding. The specific binding (peak 1) however, is significantly higher and easily 

distinguishable in the screening experiment. These experiments were also performed for 

all other compounds. The 8-compound mixtures (consisting of one of the estrogens and 7 

non-binders) were incubated with ER� and analyzed in the complete system. The masses 

of the compounds were traced by MS, and the area of all resulting peaks is shown in 

Figure 2.4. 
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Figure 2.3: Equol affinity measurements. (a) Peak 1 is the combined area of specific and non-specific 

binding. Peak 2 is the area of the non-specific binding without the presence of a competitor. Peak 3 is the 

area of the bound ligand when an excess of competitor is added. Peak 4 is the non-specific binding in the 

presence of the competitor. (b) A chart depicting the areas of the peaks in Figure 3a, showing the difference 

between peak 1 and peaks 2-4. 
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Figure 2.4: Ligand affinity screening in mixtures. All five estrogens in the test set can be identified in an 

analytical standard as well as in a mixture. The seven non-binders do not significant response. The test set 

produced no false positives or negatives. The exact conditions are given in the text. 

The system was able to screen a mixture of substances, to correct for non-specific 

binding, and to perform a control to assess binding specificity within 50 min per mixture. 

The presence of high concentrations of additional compounds in the incubation mixture 

only has a minor effect on protein-ligand binding. This is apparent from the lower peak 

areas of the binders when detected in a mixture, compared with incubations performed 

with single compounds. However, they are easily identified as a hit when compared to 

non-binders, in mixture as well as single-compound incubations. It should be noted that 

there is no apparent correlation between the affinity of a compound and the decrease in 

peak area due to the presence of other compounds in the mixture. Because none of the 

non-binders showed a peak area higher than 2% of the maximum possible activity, 5% 

was used as an arbitrary percentage of the maximum activity to distinguish binders from 

non-binders. Noteworthy is the fact that the system as described also identifies 

norethindrone as a hit, even though it is an extremely weak binder (RBA<0.01, Kd > 100 

µM).  
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Single site competition experiments 

 In order to prove that the system is able to detect the selective binding of ligands 

to ER�, a competition experiment was set up. The concentration of ER� was kept 

constant at 700 nM, and a concentration of 700 nM of estradiol (Kd = 8.99e-9) was added 

and kept constant throughout the experiments. A concentration range (20 nM – 50 µM) of 

diethylstilbestrol (Kd = 2.55e-9) was incubated with the ER� and estradiol mixture. The 

resulting bound fraction of estradiol was monitored by mass spectrometry. The results 

show a regular competition curve (Figure 2.5). It will be clear from this Figure that 

specific binding to the receptor occurs and can be detected, and that competition effects 

occur as predicted. 

Figure 2.5: EC50 curve for diethylstilbestrol. A competition curve for diethylstilbestrol (varying amount) 

and estradiol (constant amount) shows that the system is capable of measuring selective competition 

between two ligands. 

Conclusions

 In this manuscript it is shown that DPAC-SPE, combined with LC-MS, is an 

effective tool to screen and identify ligands in a mixture of compounds, in a fully 

automated, label-free method. It has proven to be useful even for very weak binders (100 
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µM to 1 mM affinity). To our knowledge, none of the existing methods allow the 

detection of such weak binders, which underlines the fact that one of the major 

contributions of the presented method to the field of biomolecular screening is its ability 

to detect a larger amount of new ligands and to limit the number of false negatives. 

 In addition the system can be used, after optimization of some of the system 

parameters, for ligand screening with all kinds of His-tagged proteins.  
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