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Abstract

This study describes an analytical method for bioaffinity and selectivity assessment of 
CXCR2 antagonists and their metabolites. The method is based on liquid chromatographic 
separation (LC) of metabolic mixtures followed by parallel mass spectrometry (MS) 
identification and bioaffinity determination. The bioaffinity is assessed using radioligand 
binding assays in 96-well plates after at-line nanofractionation.
 The described method was optimized for chemokines and low-molecular weight 
CXCR2 ligands. The limits of detection (LODs; injected amounts) for MK-7123, a high affinity 
binder to both CXCR1 and CXCR2 receptors belonging to the diaminocyclobutendione 
chemical class, were 40 pmol in CXCR1 binding and 8 pmol in CXCR2 binding. For CXCL8, 
the LOD was 5 pmol in both binding assays. A control compound was always taken along 
with each bioassay plate as triplicate dose-response curve. For MK-7123, the calculated 
IC50 values were 314±59 nM (CXCR1 binding) and 38±11 nM (CXCR2 binding). For CXCL8, 
the IC50 values were 6.9±1.4 nM (CXCR1 binding) and 2.7±1.3 nM (CXCR2 binding). After 
optimization, the method was applied to the analysis of metabolic mixtures of eight LMW 
CXCR2 antagonists generated by incubation with pig liver microsomes. Moreover, metabolic 
profiling of the MK-7123 compound was described using the developed method. Three 
bioactive metabolites were found, two of which were (partially) identified. This method 
is suitable for bioaffinity and selectivity assessment of mixtures targeting the CXCR2. 
In contrary to conventional LC–MS based metabolic profiling studies done at the early 
lead discovery stage, additional qualitative bioactivity information of drug metabolites is 
obtained with the method described.
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1. Introduction 

Chemokines are small chemotactic proteins acting through chemokine receptors. The 
chemokine receptors belong to the superfamily of G protein–coupled receptors (GPCRs), 
an important family of receptors currently targeted in the clinic, but also in drug discovery 
and development programs in different disease areas (1).
 Chemokines and their receptors play an important role in the migration of immune 
cells to the sites of inflammation in the host organism (2). Therefore, they have been 
subject of extensive research for their role in a wide range of diseases (3−5). Studies 
showed that modulation of chemokine receptor activity by low-molecular weight (LMW) 
compounds might be beneficial for the treatment of various immune-related diseases (6,7). 
Furthermore, a number of inhibitors of chemokine receptors has entered clinical trials for 
treatment of different pathologies, while two of them have been approved (plerixafor and 
maraviroc) (8−10).
 The human CXC ligand 8 (CXCL8 or interleukin-8) is acting through the CXC chemokine 
receptor 1 (CXCR1) and CXC chemokine receptor 2 (CXCR2) and has been shown to have a 
key role in the trafficking of polymorphonuclear (PMN) cells. Inhibition of CXCL8 signaling 
as well as signaling by its related chemokines (CXCL1, CXCL2 and CXCL3) through the 
CXCR2 receptor showed therapeutic potential in treatment of pathologies related to PMN-
mediated inflammation such as chronic obstructive pulmonary disease (COPD), cystic 
fibrosis (CF), and reperfusion injury (11). As such, many efforts have led to the discovery 
and development of multiple CXCR2 receptor antagonists of different chemical classes 
(12−17). As a result, a few LMW compounds such as the CXCR2 antagonist SB-656933 (18) 
(developed by GlaxoSmithKline) and the CXCR1/2 antagonist MK-7123 (14,19) (developed 
by Schering-Plough under the name SCH527123, currently part of Merck Sharp & Dohme 
Corp.) did successfully enter clinical phase I and II studies for treatment of COPD, CF and 
asthma. Both compounds at first showed dose-dependent effects within safe and well-
tolerated dosage ranges (20−24). However, clinical trials with MK-7123 were terminated 
due to the safety issues related to the various adverse effects.
 Most of these drugs are relatively lipophilic and undergo metabolism, predominantly 
in the liver. Biotransformation into more hydrophilic structures facilitates excretion by 
the kidney. However, metabolism of drugs can potentially also lead to the formation of 
bioactive metabolites with a change or loss in selectivity and/or a modified bioactivity/
bioaffinity. This can seriously compromise the safety and/or efficacy of a drug candidate, 
and halt further development. Unexpected metabolic behavior of a drug is one of the 
reasons for discontinuation of drug development (25). Hence, metabolic profiling of drugs 
and bioactivity assessment of their metabolites is crucial for the drug discovery process.
 Before entering preclinical studies, all potential lead candidates are screened for their 
metabolic stability using LC–MS in combination with various techniques for metabolite 
generation (26). Only candidates with relatively high metabolic stability will progress to 
the next stage. However, purification for LC–MS and NMR-based full structure elucidation 
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and pharmacological characterization of the metabolites is postponed to a later stage, 
usually only when the lead compound has already reached animal studies. The finding 
of an unfavorable metabolic profile at this point in the discovery process most probably 
results in abandoning the respective lead compound, in which already considerable money 
and time has been invested. As such, extensive resources are spent on the development of 
lead compounds, many of which might fail due to metabolic issues. Moreover, many drug 
candidates fail during the drug development phase due to the compromised safety related 
to metabolism, even in the clinical phase. Since the formation of bioactive metabolites can 
contribute to this, it is important to assess the bioactivity of the metabolites formed at 
the early stage in drug discovery. The traditionally applied LC–MS analyses are limited to 
estimation of the relative metabolic stability of the lead compounds and give a qualitative 
description of metabolites formed, i.e., they describe the parts of the structure of the 
parent molecule where oxidation and/or other modifications such as dealkylation take 
place. These studies are very straightforward, but do not give absolute concentrations of 
metabolites formed and in many cases cannot give full structures of metabolites. At this 
stage, bioaffinity or bioactivity studies can be done on crude metabolic mixtures, providing 
information on changes in the total bioactivity, e.g., increase or decrease of ligand binding 
to a receptor. However, the measurement of total bioaffinity of the mixture gives no insight 
in the (relative) contribution of individual metabolites to the bioaffinity, not even in a 
qualitative manner. Besides these mainstream methodologies, alternatives for metabolic 
profiling in which bioaffinity assessment is taken along include (pulsed) ultrafiltration 
techniques, on-line high resolution screening, zonal and frontal affinity chromatography, 
and ligand fishing approaches based on (magnetic) beads or SEC (27,28). Unfortunately, 
most of these techniques are not suited for membrane-bound receptors such as chemokine 
receptors, especially if the receptors under study are present in very low concentrations 
in the membranes, which is generally the case for chemokine receptors. Therefore, new 
analytical methods are needed allowing implementation of fast and integrated metabolic 
profiling with parallel bioactivity/bioaffinity assessment at an early stage of drug discovery. 
 Previously, a new analytical approach for the screening of metabolic mixtures towards 
the histamine H4 receptor (a GPCR) for bioactivity and potential selectivity loss versus the 
H3 receptor was introduced (29). A subsequent study included parallel characterization 
of the bioactive metabolites from the lead compounds under study, at an early stage 
of drug discovery (30). Briefly, two steps were performed in parallel after initial liquid 
chromatography (LC) separation of the metabolic mixtures. In one step, the LC effluent 
was directed via UV detection towards a mass spectrometer allowing identification of 
individual metabolites, whereas in the other step the LC effluent was nanofractionated 
in high resolution onto 96-well plates and a bioassay was performed at-line. The results 
of the bioassay were reconstructed into a bioassay chromatogram. The bioactivity peaks 
were correlated with the corresponding MS data in order to elucidate the structures of 
the (bioactive) metabolites of interest. The methodology was then successfully transferred 
and applied to metabolic profiling of LMW ligands towards the CXCR3 chemokine receptor 
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(31). For this, LC–MS analysis was combined with a radioligand binding assay to assess the 
bioaffinity of two lead compounds and their metabolites. The developed method allowed 
for full or partial structure elucidation of the metabolites formed with parallel qualitative 
bioaffinity assessment, i.e., high-affinity metabolites were detected as bioactive. This 
showed that the current method aids in better lead compound selection since also bioaffinity 
of metabolites is assessed qualitatively at this early stage. Full metabolite characterization 
is most often postponed to a later stage, usually only when a lead compound has already 
reached animal studies, because large scale metabolite purification and pharmacological 
characterization of the metabolites is time-consuming.
 This work describes the transfer and advancement of the at-line nanofractionation 
method previously developed for CXCR3 ligands to the analysis of ligands targeting the 
CXCR2 receptor. Note that CXCR2 and CXCR3 receptors are very different as they bind 
different endogenous chemokines (CXCR3 binds CXCL9, CXCL10, and CXCL11; CXCR2 binds 
CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8), they are primarily expressed on 
different cells (CXCR3 receptors on activated T lymphocytes and NK cells, and CXCR1 and 
CXCR2 receptors on polymorphonuclear (PMN) leucocytes), they are implied in different 
diseases, and different chemical compound classes are used to inhibit these receptors. 
Therefore, the method was first optimized and evaluated for bioaffinity assessment of 
a mixture of compounds binding to the CXCR1 and/or CXCR2 receptor. Additionally, the 
method was advanced introducing a direct post-column flow split that allowed parallel 
nanofractionation and MS analysis, thus shortening the time needed for a single mixture 
analysis. This parallel analysis setup facilitates a more efficient and direct correlation 
of the data acquired using the two different detection methods, i.e., MS and bioassays. 
Moreover, considering the high homology of the CXCR1 and CXCR2 receptors (77% amino 
acid identity), screening towards both receptors was implemented to assess the selectivity 
of the compounds present in the mixtures of interest. The optimized method was then 
applied to the rapid screening of metabolic mixtures of a small library of LMW CXCR2 
antagonists. Special accent was put on metabolic profiling of the CXCR2 antagonist MK-
7123 belonging to the diaminocyclobutenedione class (32), which is a high-affinity binder 
showing a higher affinity for the CXCR2 (Ki=0.05 nM) than for the CXCR1 (Ki=3.9 nM) 
receptor (19).

2. Experimental

2.1. Chemicals
Acetonitrile (ACN) (ULC−MS grade) and formic acid (FA) (p.a.) were purchased from 
Biosolve (Valkenswaard, The Netherlands). Water was purified and filtered through Milli-Q 
Plus system from Millipore (Amsterdam, The Netherlands). DMSO was from Riedel-de 
Haën (Zwijndrecht, The Netherlands). MK-7123 was obtained from MedChem Express 
(Princeton, NJ, USA) under the name SCH527123 and stored as 20 mM stock solution in 
DMSO. SB265610 was obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands) and 
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stored as a 10 mM stock solution in DMSO. All the other CXCR2 antagonists (Compound 
1−6), belonging to the imidazoylpyrimide chemical class, were obtained from NV Organon 
(currently MSD, Oss, The Netherlands) and stored as 10 mM stock solutions in DMSO. The 
buffer ingredients were of analytical grade and obtained from standard suppliers: NaCl, 
Tris, HEPES, KH2PO4, Na2HPO4 from Sigma-Aldrich, MgCl2x6H2O from Fluka (Zwijndrecht, 
The Netherlands), CaCl2 from Acros Organics (Geel, Belgium). NADPH was from Applichem 
(Lokeren, Belgium), glucose-6-phosphate and glucose-6-phosphate dehydrogenase were 
from Sigma-Aldrich. Na-125I, scintillation liquid, and GF/C Unifilter plates were purchased 
from PerkinElmer (Waltham, MA, USA). The CXCL8 chemokine was from PeproTech (Rocky 
Hill, NJ, USA), polyethyleneimine was from Sigma-Aldrich, linear polyethyleneimine (MW 
25,000) was from Polysciences Inc (Warrington, PA, USA). Dulbecco’s modified Eagle’s 
medium (DMEM) and trypsin were from PAA Laboratories GmbH (Paschen, Austria). 
Penicillin/streptomycin was from Lonza (Verviers, Belgium) and fetal bovine serum (FBS) 
from Integro (Dieren, The Netherlands).

2.2. LC–MS nanofractionation setup
Liquid chromatography (LC) was performed with a Shimadzu (‘s Hertogenbosch, The 
Netherlands) UPLC system controlled via Shimadzu Lab Solutions software. The injections 
were made with a Shimadzu SIL-30AC autosampler using a 50-μl injection volume. A 
gradient LC separation was performed on a Waters (Milford, MA) xBridge C18 column 
(100×4.6 mm; 5 μm) with an xBridge C18 guard column (10×2.1 mm; 3.5 µm). The columns 
were located in a Shimadzu CTD-30A column oven set on 37o C. The two Shimadzu LC-30 
AD parallel pumps were operated at a total flow rate of 0.6 mL/min. Mobile phase A 
consisted of 98% H2O, 2% ACN and 0.1% FA; mobile phase B consisted of 98% ACN, 2% 
H2O and 0.1% FA. For calibration and validation of the assay, the following gradient was 
used: a linear increase of solvent B from 0% to 90% in 10 min was followed by 2.5 min 
at 90% B with subsequent decrease of solvent B to 0% in 1 min. Column equilibration at 
0% B was done for 5 min. After the UV detector (Shimadzu SPD-M20A Prominence diode 
array detector), the effluent flow was split 15%/85%. The 15% portion of the effluent 
was directed to MS and the remaining 85% was directed to the nanofractionation system. 
A Gilson P235 autosampler was modified to collect high-resolution fractions of effluent 
onto 96-well plates. The nanofractionation was triggered by Shimadzu software, while the 
nanofractionation system was controlled by Ariadne (an in-house written software). The 
nanofractionated plates were freeze-dried overnight for approximately 18h using a Christ 
Rotational Vacuum Concentrator (Salm en Kipp, Breukelen, The Netherlands) RVC 2-33 CD 
plus. After freeze drying, the nanofractionated plates were stored at 4° C until use.
 MS data were acquired with two mass spectrometers. A quadrupole–time-of-flight 
(Q–TOF) Ultima (Waters, Manchester, UK) instrument was used for initial measurements. 
For the metabolite identification, accurate-mass measurements were performed with a 
micro-q–TOF mass spectrometer (Bruker, Bremen, Germany). Both mass spectrometers 
are equipped with an electrospray ionization (ESI) source and were operated in positive-
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ion mode. The settings of the probe and ion source parameters for the Q–TOF Ultima 
were: source temperature 100° C, desolvation temperature 200° C , capillary voltage 
3 kV, gas flow 350 L/min. Mass spectra were acquired in the range of m/z 50 to 2000 at 
1 spectrum/s. The settings of the micro-q−TOF were: source temperature 150° C, capillary 
voltage 3 kV and gas flow 4 L/min. MS/MS spectra were acquired in ion-targeted mode 
using 10 eV collision energy. Prior to the mass spectrometer, a switching valve was used 
to direct the flow to the waste for first three min of the analysis time. During the initial 
screening of the lead compounds library, only MS data were collected in order to obtain 
better sensitivity and peak shapes when plotting the XICs of metabolites formed. MS/MS 
data were collected in the second screening analysis of the metabolic incubations of MK-
7123. The micro-q−TOF mass spectrometer provided a mass accuracy better than 3 mDa. 
Data processing was performed with either Waters MassLynx or Bruker DataAnalysis 
software.

2.3. Metabolic incubation
Metabolic mixtures were prepared by incubation of the ligands with pig liver microsomes 
(PLM) as described previously by Mladic et al. (31). Briefly, PLM (~20 mg/mL protein) were 
diluted in incubation buffer (50 mM KH2PO4 buffer pH 7.4, 5 mM glucose-6-phosphate, 
5 activity units/mL glucose-6-phosphate dehydrogenase and 5 mM MgCl2) at 4° C to 
form 10% of the total incubation volume. Ligands were added to diluted PLM at room 
temperature to a final concentration of 100 µM (from 10 mM and 20 mM DMSO stocks). 
Finally, incubations were initiated at 37° C with addition of freshly prepared solution of 
30 mM NADPH in 50 mM KH2PO4 buffer in amount corresponding to 10% of the total 
incubation volume. The same volume of 10 mM NADPH was added to the incubations two 
more times at 30 min time intervals. Metabolic activity of microsomes was stopped after 90 
min with addition of 200% incubation volume of ice-cold acetonitrile. The formed protein 
precipitates were subsequently centrifuged for 5 min at 10.000 rpm and the supernatants 
were transferred to new Eppendorf tubes. After solvent evaporation in a Savant (Holbrook, 
NY, USA) SpeedVac Plus SC110A, pellets were stored at –20° C and redissolved in eluent 
A or 20% eluent B prior to use. A number of positive and negative controls was used: 
no addition of compound (blank incubation), no addition of microsomes, no addition of 
NADPH, and incubations of VUF11211 and NBI-74330 (CXCR3 ligands whose metabolic 
profiles were previously described). In the first three control experiments, no metabolites 
were detected in the MS and the bioactivity screening. With VUF11211 and NBI-74330 
incubation, all previously described metabolites were detected in MS.

2.4. Cell culture and membrane preparation
HEK293T cells were cultured in DMEM supplemented with 10% fetal bovine serum and 
1% penicillin and streptomycin at 37° C in 5% CO2. Transfection of HEK293T cells was 
done with 2 μg pcDEF3(+) expression vector containing the gene coding for the human 
CXCR1 (hCXCR1) or human CXCR2 (hCXCR2) receptor, and 3 μg of empty vector using 
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linear polyethyleneimine (PEI). In short, 30 μg PEI was diluted in 250-μL 150 mM NaCl and 
added to the DNA solution containing 5 μg total amount of DNA in 250-μL 150 mM NaCl. The 
mixture was incubated for 10 min at room temperature and then added to HEK293T cells 
that were plated 2×106 cells in a 10 cm tissue culture dish one day before. Harvesting of the 
cells for membrane preparation was done 48 h after transfection according to following 
protocol. Cells were first washed twice with ice-cold PBS. After 10 min centrifugation 
at 1500g, supernatant was discarded and the cell pellets were re-suspended in ice-cold 
membrane buffer (15 mM Tris-HCl pH 7.4, 0.3 mM EDTA and 2 mM MgCl2 at 4° C). The 
cell suspension was then homogenized with 10 strokes at 1100-1200 rpm using a 15-mL 
Teflon-glass homogenizer and rotor. The homogenate was subjected to two freeze/thaw 
cycles and subsequently centrifuged at 40.000g for 25 min at 4° C. The supernatant was 
removed and the remaining pellet was washed with 1 mL of ice-cold Tris-sucrose buffer 
(20 mM Tris pH 7.4, 250 mM sucrose at 4° C) and then resuspended in the same buffer. 
Obtained membrane preparation was aliquoted, frozen in liquid nitrogen and stored at 
–80° C. The protein concentration in the membrane preparation was determined using the 
BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA) following the manufacturer’s 
instructions.

2.5. Chemokine labeling
An in-house radiolabeled 125I-CXCL8 was used for the radioligand binding assays. 
Radiolabeling of CXCL8 was done according to the method previously described (33).

2.6. Radioligand binding assay
Approximately 100 pM of 125I-CXCL8 radioligand was diluted in binding buffer (50 mM 
HEPES buffer pH 7.4 at room temperature, 500 mM NaCl, 5 mM MgCl2, and 1 mM CaCl2) 
and added to 96-well plates containing freeze-dried ligands or high-resolution fractions 
of the ligands and/or their metabolites. Subsequently, a suspension of membranes from 
HEK293T cells expressing hCXCR1 or hCXCR2 receptors in binding buffer was added to the 
wells. The total assay volume was 100 μL and the final concentration of the membranes was 
10 µg/well for hCXCR1 and 15 µg/well for hCXCR2 receptors. The mixture was incubated 
for 2 h at room temperature. Membranes were collected on Whatman GF/C 96-well filter 
plates pretreated with 0.5% [w/v] PEI in H2O and rapidly washed three times with ice-
cold wash buffer (50 mM Tris-HCl buffer pH 7.4, 500 mM NaCl, 5 mM MgCl2, and 1 mM 
CaCl2). After 30 min drying of the plates at 55° C, 25 µL of scintillation liquid was added 
to each well. Bound radioactivity was measured with the PerkinElmer 1450 MicroBeta 
scintillation counter.
 The quality of the assay was assessed calculating multiple statistical parameters: 
signal to noise ratio the Z’ factor, using the following equation:

Z'= 1 – (3σc+ + 3σc-)/|μc- – μc+|,
where the σc and μ refer to the standard deviation and the mean of the controls, respectively. 
An assay with a value Z’<0.5 is considered to be of a low quality, whereas an excellent assay 
has the value 1>Z’≥0.5, and an ideal assay has Z’ 1 (34).
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3. Results and Discussion

In this study, the nanofractionation approach for metabolic profiling of LMW ligands 
towards GPCRs (31) was advanced towards parallel nanofractionation and MS analysis, 
and applied to the analysis of metabolic mixtures of LMW ligands of the CXCR2 receptor. 
Additionally, selectivity analysis towards the CXCR1 receptor was implemented 
considering the high homology between CXCR1 and CXCR2 receptors (35). The analytical 
setup is presented in Fig. 1a. A mixture of compounds, e.g., a standard mixture of CXCL8 
and MK-7123 at known concentrations, or a metabolic incubation mixture, was injected 
into the LC system and separated on the column. A flow split of 15:85 ratio was applied 
in order to direct the large fraction (85%) towards the nanofractionation device for high-
resolution fractionation onto 96-well plates, and the small fraction (15%) towards MS for 
identification of the eluting compounds. After nanofractionation, a serial dilution of CXCL8 
or MK-7123 was pipetted to the outer three rows of the nanofractionated plates in order 
to assess the maximum and minimum signal in the assay for each plate processed, and to 
construct IC50 curves of the control compounds. For the outline of a 96-well plate used in 
this study, please refer to Fig. 1b. The 96-well plates were subsequently freeze-dried and 
then directly used in the bioassays, or stored at –20° C for later use.

3.1. Bioassay optimization and validation
Before screening of metabolic incubations of LMW ligands towards the hCXCR1 and 
hCXCR2 receptors, the bioassay methodology was optimized for the concentration of 
125I-CXCL8 and for the amount of membranes expressing the receptor of interest (hCXCR1 
or hCXCR2). The frequency of the nanofractionation collection was chosen to be 6 s for the 
validation of the assay and 12 s for screening of the metabolic incubations. This choice was 
based on the optimization experiments performed in the preceding study with the CXCR3 
receptor (31).
 The optimal concentration of the radioligand and the amount of membranes expressing 
the hCXCR1 or hCXCR2 receptor were selected after testing different concentrations in 
the bioassay. Six different concentrations of the membrane preparations (5, 10, 15, 20, 
30, and 40 µg/well) were tested in the binding assay with four different radioligand 
concentrations (50, 100, 200, and 400 pM/well) for each receptor, in a matrix fashion. 
The bioassay window was determined by measuring the total and nonspecific binding 
(NB) of the radioligand. The total binding (TB) of a radioligand represents the binding 
of a known amount of radioligand to a known amount of membrane preparation in the 
absence of other binders. The TB represents the full binding signal of a radioligand binding 
assay, which is the sum of radioligand binding specifically to the receptor as well as NB 
to the receptor or other components of the membrane preparation. In the reconstructed 
bioaffinity chromatogram, TB represents the basal signal of the bioassay. The NB represents 
the binding of a radioligand to a receptor that is not a result of a binding to the specific 
ligand-binding site. The NB is determined in the presence of another receptor binder that 
can fully displace the radioligand used in the radioligand binding assay. Therefore, the NB 
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is the minimum binding or the minimum signal that can be obtained in the radioligand 
binding assay used. The difference between TB and NB represents the specific binding 
(SB) of the radioligand and determines the dynamic range of the bioassay for a chosen set 
of conditions. In the reconstructed bioaffinity chromatogram, the SB is manifested as a 
peak with a negative maximum.

Fig. 1. (a) Schematic overview of the developed method. Metabolic mixtures are introduced into 
the LC system and separated on a C18 column. After separation, LC effluent is split in a 85:15 ratio. The 
larger fraction is directed towards the high-resolution nanofractionation device, where the nanofractions 
are collected onto 96-well plates with 6 s resolution. The smaller fraction is directed towards the UV 
followed by MS for accurate MS and MS/MS measurements that allow (partial) structure elucidation of 
the metabolites present in the mixture. (b) Outline of the experiment performed on each 96-well 
plate. Nanofractionation is performed in a serpentine fashion after which a serial dilution of a control 
compound (LMW ligand or chemokine) is added to the outer three rows/columns of the 96-well plate. A 
radioligand binding assay is performed after freeze-drying of the 96-well plate and results are plotted as 
a reconstructed bioaffinity chromatogram or as a concentration-response curve of the control compound.
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Fig. 2. Binding of 125I-CXCL8 to membranes prepared from HEK293T cells transiently expressing the 
CXCR1 (Fig. 2a), and the CXCR2 (Fig. 2b) receptor. Four different concentrations of 125I-CXCL8 (50 pM 
(i), 100 pM (ii), 200 pM (iii) and 400 pM (iv)) were tested for binding to six different concentrations of 
membranes (5, 10, 15, 20, 30, and 40 µg/well) for each receptor, in a matrix fashion. Total binding (filled 
bars) was measured in the absence and nonspecific binding (open bars) in the presence of 10-5 M MK-7123. 
The difference between total and nonspecific binding represents a dynamic range of the bioassay in the 
corresponding conditions.

A full displacement of the radioligand in this study was achieved with 10 µM MK-7123 
previously freeze-dried on a plate. The freeze-drying was done overnight, for approximately 
18 h. The choice of the optimal conditions was based on the absolute number of counts, 
dynamic range and Z’ score. The results of the bioassay window determination (Fig. 
2) clearly show that the absolute number of counts as well as the dynamic range of the  
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Table 1. Calculated Z’-scores for radioligand binding assays performed with different radioligand 
(125I-CXCL8) concentrations and different membrane preparation (MP) concentrations showed in Fig. 2.

[MP] 
(µg/well)

[125I-CXCL8] (pM)

CXCR1 binding CXCR2 binding

50 100 200 400 50 100 200 400

Z’-score values

5 0.89 0.93 0.88 0.13 0.78 0.51 0.08 0.01

10 0.95 0.90 0.92 0.91 0.82 0.85 0.84 0.83

15 0.90 0.90 0.95 0.88 0.94 0.80 0.82 0.87

20 0.90 0.70 0.87 0.89 0.92 0.92 0.93 0.93

30 0.87 0.91 0.95 0.94 0.93 0.93 0.95 0.91

40 0.83 0.94 0.90 0.84 0.97 0.93 0.90 0.94

assay is increasing with an increasing radioligand concentration for both receptors. An 
increase in the membrane concentration in the CXCR1 binding assay led to an increase of 
both NB and TB resulting in no significant change in the dynamic range of the bioassay.
The highest Z’ factor was obtained with 100 pM radioligand concentration and 10 µg 
membrane amount in CXCR1 bioassay, which were therefore chosen as optimal conditions 
in this bioassay. In the CXCR2 bioassay, the highest Z’ factor corresponded to a 50 pM 
radioligand concentration in combination with a 15 µg membrane amount. However, for 
practical reasons, a twofold higher radioligand concentration (100 pM) in combination 
with 15 µg membrane amount was chosen in the CXCR2 bioassay. 
 Optimization of the conditions of the bioassays was followed by calibration and 
validation for the analysis of both LMW molecules and small proteins (chemokines) by 
injecting a mixture of MK-7123 and CXCL8 in different concentrations ranging between 
160 nM and 100 µM for MK-7123 and between 10 nM and 1 µM for CXCL8. In Fig. 3a 
and 4a, the results of the bioassays performed on the nanofractionated plates are shown 
as reconstructed bioaffinity chromatograms, where the two bioaffinity peaks represent 
CXCL8 and MK-7123, respectively. These two bioaffinity peaks can be correlated to their 
corresponding extracted ion chromatograms (XICs) from the MS data (Fig. 3b and 4b). 
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Fig. 3. Calibration of the CXCR1 radioligand binding assay. (a) Reconstructed bioaffinity chromatograms 
obtained after injecting a mixture of CXCL8 and MK-7123 in the following concentrations: 1000 nM CXCL8 
and 100 µM MK-7123 (v), 100 nM CXCL8 and 20 µM MK-7123 (iv), 10 nM CXCL8 and 4 µM MK-7123 (iii), 
0.8 µM MK-7123 (ii) and 0.16 µM MK-7123 (i). All bioaffinity chromatograms represent an average of 
three measurements. Each data point corresponds to the mean binding ± SEM of a triplicate measurement. 
The radioligand binding assay was performed after freeze drying of the nanofractionated plates using 
10 µg/well membrane preparation and a 100 pM 125I-CXCL8 concentration. (b) XICs (±0.5 Da extraction 
window was used) of CXCL8 and MK-7123 are given for the correlation of the bioaffinity traces with the 
identity of the compounds. (c) Displacement of 125I-CXCL8 binding in the presence of CXCL8 and MK-7123. 
The radioligand binding assay was performed using a 10 µg/well membrane preparation and a 100 pM 
125I-CXCL8 concentration after freeze-drying the plates containing the series of dilution of CXCL8 and 
MK-7123. i Concentration-response curve of CXCL8. Each data point shows the mean binding ± SEM of a 
triplicate measurement (n=2). The error bars are not visible due to the low SEM values. ii Concentration-
response curve of MK-7123. Each data point shows the mean binding ± SEM of a triplicate measurement 
(n=5). The error bars are not visible due to the low SEM values.
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Fig. 4. Calibration of the CXCR2 radioligand binding assay. (a) Reconstructed bioaffinity 
chromatograms obtained after injecting a mixture of CXCL8 and MK-7123 in the following concentrations: 
1000 nM CXCL8 and 100 µM MK-7123 (v), 100 nM CXCL8 and 20 µM MK-7123 (iv), 10 nM CXCL8 and 4 µM 
MK-7123 (iii), 0.8 µM MK-7123 (ii) and 0.16 µM MK-7123 (i). Each data point corresponds to the mean 
binding ± SEM of a triplicate measurement. The radioligand binding assay was performed after freeze 
drying of the nanofractionated plates using a 10 µg/well membrane preparation and a 100 pM 125I-CXCL8 
concentration. (b) XICs (±0.5 Da extraction window was used) of CXCL8 and MK-7123 are given for the 
correlation of the bioaffinity traces with the identity of the compounds. (c) Displacement of 125I-CXCL8 
binding in the presence of CXCL8 and MK-7123. The radioligand binding assay was performed using a 
15 µg/well membrane preparation and a 100 pM 125I-CXCL8 concentration after freeze-drying the plates 
containing the series of dilution of CXCL8 and MK-7123. i Concentration-response curve of CXCL8. Each 
data point shows the mean binding ± SEM of a triplicate measurement (n=2). ii Concentration-response 
curve of MK-7123. Each data point shows the mean binding ± SEM of a triplicate measurement (n=4).
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Fig. 5. (a) Bioaffinity screening of the SB265610 compound, a low molecular weight ligand binding 
to the CXCR2 receptor. i Reconstructed bioaffinity chromatogram after the CXCR2 radioligand binding 
assay. The radioligand binding assay was performed after LC separation and nanofractionation of 
10 µM SB265610. Each data point corresponds to the mean binding ± SEM of a duplicate measurement. 
The radioligand binding assay was performed on freeze-dried plates using a 15 µg/well membrane 
preparation and a 100 pM 125I-CXCL8 concentration. ii LC–MS trace depicted as extracted ion current (XIC) 
of SB265610. Correlation between structure identity and bioaffinity is enabled by the parallel bioaffinity 
and MS analysis. 

A drop of the signal (negative peak) is considered to be a bioaffinity peak if the drop 
is at least three times the standard deviation of the average baseline and consists of at 
least two 2 data points. The results in Fig. 3 and 4 clearly show that our methodology 
is suitable for the bioaffinity assessment of both LMW molecules and small proteins 
after LC separation and nanofractionation. The limit of detection (LOD) for the CXCL8 
is around 100 nM (representing 5 pmol injected) for both binding assays 50 µL. This 
causes the two fold dilution of the compound concentration in the radioligand binding 
assay compared to the concentration injected into LC. With this taken into account, the 
LOD concentrations found were around the IC50 values of MK-7123 (IC50=314 nM, for the 
CXCR1 radioligand binding assay; IC50=38 nM, for the CXCR2 radioligand binding assay), 
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which were under the conditions tested. For MK-7123, the LOD is approximately 800 nM 
and 160 nM (representing 40 and 8 pmol injected, respectively) in the CXCR1 and CXCR2 
binding assay, respectively. However, it is important to note that the end-volume of the 
radioligand binding assay is 100 µL, while the LC injection volume is 50 µL. This causes 
the two fold dilution of the compound concentration in the radioligand binding assay 
compared to the concentration injected into LC. With this taken into account, the LOD 
concentrations found were around the IC50 values of MK-7123 (IC50=314 nM, for the CXCR1 
radioligand binding assay; IC50=38 nM, for the CXCR2 radioligand binding assay), which 
were determined in a traditional plate reader assay using the same bioassay conditions as 
for the nanofractionated plates (see Fig. 3c and 4c). The developed methodology proved to 
be able to detect low concentrations of high-affinity binders and to determine IC50 values 
when the injected concentrations are known. For further evaluation of the optimized 
method, 10 µM of SB265610, an allosteric selective antagonist of CXCR2 receptor with a 
different binding pocket compared to MK-7123, was analyzed in the CXCR2 binding assay. 
As expected, the analysis resulted in a negative peak in the bioaffinity chromatogram 
corresponding to the SB265610 (Fig. 5a). A serial dilution of SB265610 in triplicate was 
used as a control on the plates (Fig. 5b).

3.2. Bioaffinity and selectivity assessment of metabolic mixtures
Optimization and validation of the method was followed by a proof of principle screening 
of a number of CXCR2 lead compounds and their metabolites. In total, metabolic mixtures 
of eight lead compounds were screened for their bioaffinity and selectivity towards the 
CXCR1 and CXCR2 receptor. Initial rapid screening was performed as a single measurement 
using a fast LC gradient, so that metabolic mixtures of interest could be identified and 
used further for thorough re-screening and parallel metabolic profiling using the MS data 
obtained. For the screening of metabolic incubations, a 12 s nanofractionation resolution 
was used in order to be able to perform the subsequent bioaffinity analysis on only one 
96-well plate and thereby avoid the possible interplate variation. The use of a higher 
resolution in this case is not expected to improve the initial fast screening for bioactive 
metabolites, since it was previously shown (31) that both 6 and 12 s resolution give good 
and similar results in terms of bioaffinity peak resolution provided by the LC separation. 
The 12 s fractionation resolution can also be beneficial, since the concentration of an 
eluting compound per well will increase in each well and therefore, the bioactives will 
be easier detected due to increased sensitivity (the summed inhibitory signal from one 
data point in 12-s resolution corresponds to the inhibitory signal of two data points in 
6-s resolution). Because of the use of a fast LC gradient, metabolites may co-elute with 
the parent compound and consequently are not detected as separate bioaffinity peaks. 
However, if metabolites co-elute as a shoulder on the parent compound or on another 
metabolite, the here presented method maintains the chromatographic resolution 
obtained. Even closely co-eluting metabolites can be distinguished from each other due to 
a non-Gaussian peak shape. This is then also observed in the bioassay response. Evidently, 
exactly co-eluting metabolites cannot be distinguished from each other with this method.
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Fig. 6. Bioaffinity screening of CXCR2 ligands and their metabolic mixtures. Metabolic mixtures of 
eight CXCR2 ligands were generated after incubation with pig liver microsomes and screened for their 
bioaffinity towards the CXCR1 (Fig. 6a) and CXCR2 (Fig. 6b) receptor. Each reconstructed bioaffinity 
chromatogram represents a bioassay response from a single injection of metabolic mixture in a 
concentration corresponding to 100 µM pre-incubation concentration of the parent compound.

The results of the small screening program are presented in Fig. 6. In the initial screening, 
all the compounds showed binding to the CXCR2 receptor (Fig. 6b) as was expected, while 
only MK-7123 and its metabolites also showed bioaffinity towards the CXCR1 receptor 
(Fig. 6a). In the bioactivity chromatograms of all compounds, a negative peak is present 
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at about 2 min. Since this corresponds to the dead time in the LC separation where all 
salts from the metabolic incubation are eluting, these peaks were not considered bioactive. 
For the same reason, no MS data was recorded up to the first 3 min. Compounds 1−5 did 
not form any metabolites with affinity towards the two receptors. Possibly some of the 
metabolites are very low-affinity binders of the CXCR2 receptor, and consequently their 
bioaffinity assessment was not possible due to their low concentrations in the metabolic 
mixture. In the bioactivity chromatograms of SB265610 and compound 6, one metabolite 
was detected to bind the CXCR2 receptor. Metabolic incubation of the MK-7123 compound 
showed to generate at least three metabolites with binding affinities for the CXCR2 receptor 
(Fig. 6b). Therefore, the metabolic mixture of MK-7123 was subjected to re-screening 
as the most interesting candidate. The re-screening was done in triplicate. Additionally, 
the LC separation was improved by adjusting the gradient to obtain better separation 
of the bioaffinity peaks. This allowed easier identification of the bioactive metabolites 
corresponding to each bioactivity peak.

3.3. Metabolic profiling of MK-7123
The metabolic profile of the MK-7123 compound is shown in Fig. 7, while the formed 
metabolites and their structure elucidation is given in Table 2. To the best of our 
knowledge, nothing has been described on the metabolites of MK-7123 in literature. In 
total, seven metabolites were found in the metabolic mixture after LC–MS analysis, while 
four bioaffinity peaks were detected in the bioaffinity chromatogram. The bioactive peaks 
corresponded to the parent compound and three bioactive metabolites. The identification 
of the metabolites and their structure elucidation is performed in four steps. Firstly, MS 
and MS/MS spectra of the parent compound and the metabolites are acquired after the LC 
separation. Secondly, characteristic fragments of the parent compound, representing the 
specific part of the molecule, are identified in the MS/MS spectra of the parent compound. 
In the third step, metabolites are identified based on the knowledge on drug metabolism 
and expected mass shifts in the m/z compared to the [M+H]+ of the parent compound. In 
the last step, metabolite structures are confirmed comparing their fragmentation spectra 
to those of the parent compound and identifying characteristic structural changes. This 
approach allowed detection of four primary metabolites (M1−M4), of which two are 
bioactive ones. Metabolites M1−M3 had a shift of m/z +16 indicating oxidation of the 
parent compound, while M4 had a shift of m/z −14 pointing to N-dealkylation of the 
amide group in the parent molecule. Next to that three minor secondary metabolites 
were detected with the characteristic m/z +32 Da change indicating double oxidation of 
the parent molecule. However, these minor metabolites have not been correlated to the 
bioactivity and were, therefore, further ignored. M2 and M4 were found to have affinity for 
CXCR2 receptor. The third bioactive peak could not be correlated to any of the metabolites 
indicating presence of a high-affinity binding metabolite in such a low concentration that 
it could not be detected in LC–MS. The [M+H]+ of MK-7123 was detected at m/z 398.170 
in the MS spectrum. In the fragmentation spectra of MK-7123, major fragment ions were 
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detected with m/z 123.080, m/z 258.087, m/z 276.098, and m/z 316.128. Molecular 
formula of parent and fragment ions were confirmed by accurate-mass determination. 
These fragments were already detected in the MS spectrum in high abundance suggesting 
extensive in-source fragmentation of MK-7123. Next to these major fragments, MS/MS 
spectra also contained the minor fragment ions with m/z 203.047, m/z 231.040, and m/z 
351.098. In the fragmentation spectra of M1 with m/z 414.167, an ion with m/z 316.129 

Fig. 7. Analysis of a metabolic mixture of MK-7123, a low molecular weight ligand binding CXCR1 
and CXCR2 receptor. The chemical structure of MK-7123 with the MSMS fragmentation scheme is inserted 
in the figure. (a) Reconstructed bioaffinity chromatogram after the CXCR2 radioligand binding assay. The 
radioligand binding assay was performed after LC separation and nanofractionation of the metabolic 
mixture corresponding to a 100 µM pre-incubation concentration of the parent compound. Each data 
point corresponds to the mean binding ± SEM of a triplicate measurement. The radioligand binding assay 
was performed on freeze-dried plates using a 15 µg/well membrane preparation and a 100 pM 125I-CXCL8 
concentration. (b) Reconstructed bioaffinity chromatogram after the CXCR1 radioligand binding assay. 
The radioligand binding assay was performed after LC separation and nanofractionation of the metabolic 
mixture corresponding to a 100 µM pre-incubation concentration of the parent compound. Each data 
point corresponds to the mean binding ± SEM of a triplicate measurement. The radioligand binding assay 
was performed on freeze-dried plates using a 10 µg/well membrane preparation and a 100 pM 125I-CXCL8 
concentration. (c) LC–MS traces depicted as extracted ion currents (XICs) of MK-7123 and formed 
metabolites (M1-M4). Correlation between structure identity and bioaffinity is enabled by the parallel 
bioaffinity and MS analysis.
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was detected as the only common fragment with the parent compound indicating that the 
oxidation should be in the A-part of the molecule (see Fig. 7). The presence of a minor 
fragment ion with m/z 139.075 supports this interpretation leading to the conclusion 
that oxidation happens at the furan ring or its methyl substituent. The other fragments 
are also detected in the MS spectrum of M1, i.e., ions with m/z 298.118 and m/z 271.071 
representing water loss and loss of dimethylamine from the ion with m/z 316.129, 
respectively. For the bioactive metabolite M2, the ions with m/z 276.098, m/z 316.129, 
and m/z 351.098 are common fragments with the parent compound. This again indicates 
that the oxidation occurred in the furan ring or methyl group attached to it. Again, this is 
supported by the presence of m/z 139.076. In addition, ions are observed with m/z 396, 
consistent with a water loss, and with m/z 351.098, consistent with a subsequent loss of 
dimethylamine. A water loss is also observed for the ion with m/z 139.076, resulting in 
an ion with m/z 121.065. Since the exact position of biotransformation is not determined 
for metabolites M1 and M2, it is difficult to tell if and how the introduction of hydroxyl 
group influences the bioactivity. However, it can be noted that the SAR studies on MK-7123 
analogs showed that the 4,5-disubstituted furan derivatives kept the high affinity for the 
CXCR2 receptor, while the introduction of the second substituent in other positions in the  

Table 2. Interpretation of the MS and MS/MS results for MK-7123 and its metabolites M1−M4. F1−
F8 are characteristic fragments seen in MS/MS spectra as depicted in Fig. 7. A−D represent different parts 
of the structure as depicted in Fig. 7.

m/z parent Major fragments Minor fragments Proposed 
interpretation

F1 F2 F3 F4 F5 F6 F7

398.170 123.080 258.087 276.098 316.128 203.047 231.040 351.098

Compound Δ

Parent = = = = = = = = Parent compound, 
MK-7123

M1 +16 +16 =; −18; 

−45

+O in A

M2 +16 +16 = = = +O in A

M3 +16 = =; +16 = +O in BC

M4 −14 = −14 −14 N-dealkylation of 
the amide group 
in D
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furan ring led to a drop in affinity (36). The same study showed that the change of the 
methyl substituent in the furan ring with a longer branch led to high affinity binders, but 
there is no information on the affinity of the hydroxymethyl analog of MK-7123. The M3 
metabolite gives the same three major fragments as the parent compound, i.e., ions with 
m/z 123.081, m/z 276.098, and m/z 316.130 indicating that the metabolite easily loses 
the additional oxygen. The presence of the minor fragment at m/z 292.092 indicates that 
the change should be in the BC part of the molecule. However, structure elucidation of 
M3 was not possible due to insufficient information. Nevertheless, certain changes of the 
BC part of the structure may be crucial for the affinity of the parent compound, since the 
SAR studies showed the substitution of any of three hydrogen bonds in the BC part of the 
molecule (OH bond of phenol and two NH bonds of 3,4-diaminocyclobut-3-ene-1,2-dione) 
will lead to a significant drop of the affinity for the CXCR2 receptor (37,38). The second 
bioactive metabolite, M4, with m/z 384.157 indicating the N-desmethyl metabolite gave 
major fragment ions with m/z 123.080, m/z 262.0829, and m/z 302.114, which confirm 
N-demethylation of MK-7123. Identification of N-desmethyl-MK-7123 as the bioactive 
metabolite is supported in literature, where the structural analog of N-desmethyl-MK-7123 
was described with a Ki=28 nM determined in a similar 125I-CXCL8 displacement assay 
(38).

4. Conclusion

A previously developed analytical method for metabolic and bioaffinity profiling of 
mixtures targeting the CXCR3 receptor was transferred and advanced for bioaffinity and 
selectivity assessment of both LMW molecules and chemokines binding to the CXCR1 and/
or CXCR2 receptor. The current method was optimized and evaluated using a mixture of 
two compounds with affinity for both receptors: CXCL8, a chemokine that activates the 
receptors endogenously, and MK-7123, an allosteric binding antagonist. The method was 
then successfully applied to rapid bioaffinity screening of metabolic mixtures generated 
from eight LMW CXCR2 ligands demonstrating the ability to identify the presence of 
bioactive metabolites that bind with high affinity, and to determine their selectivity. After 
the first rapid screening round, the most interesting candidate was transferred to a second 
round of more thorough analysis. In this part of the study, the metabolic profiling of the 
MK-7123 was successfully demonstrated. Three selective metabolites with high affinity 
towards the CXCR2 receptor were detected. The parallel MS and MS/MS data obtained 
allowed full or partial identification of two active metabolites, while the third bioactive 
metabolite could not be identified due to either a low concentration in the mixture or a 
very low ionization efficiency. It has to be noted that in most cases full structure elucidation 
is not possible for the majority of the metabolites with current LC–MS-based metabolic 
profiling technologies. The added value provided by the methodology described here is 
that, next to rapidly getting metabolic profiles from the LC–MS data, additional qualitative 
bioactivity profiles are generated. At this fast screening stage, absolute quantitative 
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information with respect to individual metabolite concentrations and their bioaffinity is 
not obtained.
 The results obtained in this study demonstrate the advantages of the at-line 
nanofractionation methodology for the drug discovery process. Firstly, the developed 
method gives the opportunity to determine the metabolic stability of tested lead 
compounds. Secondly, it rapidly gives an insight in the metabolic and pharmacological 
hotspots of the lead compound analyzed, allowing further improvement in designing 
potential drug candidates. Thirdly, it allows the simultaneous qualitative bioaffinity 
assessment of the investigated lead compounds and their metabolites formed, without 
the need for cumbersome, costly and time-consuming purification and/or synthesis. 
Therefore, considering the possibilities and strengths of developed methodology, its 
implementation in an early stage of drug discovery could be highly beneficial.
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