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Abstract In this study, an end-point-based fluorescence

assay for soluble epoxide hydrolase (sEH) was transformed

into an on-line continuous-flow format. The on-line bio-

chemical detection system (BCD) was coupled on-line to

liquid chromatography (LC) to allow mixture analysis. The

on-line BCD was based on a flow system wherein sEH

activity was detected by competition of analytes with the

substrate hydrolysis. The reaction product was measured by

fluorescence detection. In parallel to the BCD data, UV and

MS data were obtained through post-column splitting of the

LC effluent. The buffer system and reagent concentrations

were optimized resulting in a stable on-line BCD with a good

assay window and good sensitivity (S/N [ 60). The potency

of known sEH inhibitors (sEHis) obtained by LC–BCD cor-

relates well with published values. The LC–BCD system was

applied to test how oxidative microsomal metabolism affects

the potency of three sEHis. After incubation with pig liver

microsomes, several metabolites of sEHis were characterized

by MS, while their individual potencies were measured by

BCD. For all compounds tested, active metabolites were

observed. The developed method allows for the first time the

detection of sEHis in mixtures providing new opportunities in

the development of drug candidates.
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Introduction

Soluble epoxide hydrolase (sEH) plays an important role in

regulation of blood pressure, pain and inflammation [1].

In mammals, sEH is expressed in various tissues. The

endogenous substrates of sEH are among others epoxyei-

cosatrienoic acids (EETs), which are hydrolyzed to

dihydroxyeicosatrienoic acids (DHETs), thus leading to

decreased blood levels of EETs. Various studies show that

EETs and epoxides of other unsaturated fatty acids are anti-

inflammatory, analgesic agents and lower blood pressure

[2–4]. The biological levels of epoxy fatty acids can be

increased by sEH inhibitors (sEHis), leading to reduction in

inflammation, pain, and cardiovascular diseases in various

animal models [5, 6]. Thus, sEHis are a promising new

class of pharmaceutical drug candidates.

During the lead development process, metabolism studies

play an important role. Not only the pharmacokinetic profile,

but also the biological effects of metabolites are relevant for

the action of drugs. Metabolites can be inactive, reactive, but

also pharmacologically active towards the same pharmaco-

logical target or against off-targets. Screening metabolic

mixtures for individual bioactive metabolites is not possible

with standard end-point plate-reader-based screening meth-

odologies. For sEH, several end-point assays have been
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developed, based on fluorescent detection, radiometry, and

mass spectrometry [7–9]. However, these assays are only

suited to screen pure compounds. The analysis of mixtures

would only yield the sum of the total bioactivity of the mix-

ture [10]. In order to assess the bioactivity of individual

metabolites, fractionation has to precede the screening. As

this is time-consuming, costly, and has to be performed at low

resolution to prevent too much dilution, such approaches are

inefficient for bioactivity profiling of metabolic mixtures

[11]. One way of tackling this problem is the application of an

on-line post-column screening approach, known as high-

resolution screening (HRS) [12]. This technology continu-

ously mixes bioassay reagents with the eluent after an LC

separation of a mixture of compounds [13–15], such as meta-

bolic mixtures [16]. For HRS screening with enzyme targets,

like in this LC–BCD system, inhibition can be measured by

detecting a decrease in the enzymatic formation of a fluores-

cent product. Splitting part of the LC eluent between the BCD

and mass spectrometry (MS) enables correlation of bioactivity

with identity for all individual metabolites [14, 17, 18].

This paper describes the development of an LC–BCD

system for sEHis and its application in the efficient pro-

filing of active oxidative metabolites. For this purpose, a

fluorescence end-point plate-reader assay [7] was con-

verted into an on-line BCD format. The on-line BCD uses

the non-fluorescent substrate (3-phenyl-oxiranyl)-acetic

acid cyano-(6-methoxy-naphthalen-2-yl)-methyl ester

(PHOME), which is converted to the fluorescent product

6-methoxy-2-naphthaldehyde by sEH. The new analytical

method was thoroughly optimized and validated. The

obtained inhibition efficacy of known inhibitors compared

well to literature values. Finally, microsomal incubations

of three sEHis were screened for active metabolites.

Materials and Methods

Materials

Human recombinant sEH was expressed and purified as

described [19]. The sEH inhibitors and the substrate

PHOME as well as its fluorescent product are shown in

Fig. 1. Their synthesis was reported earlier: PHOME [8];

sEHi 1 [8]; sEHi 2 [20]; sEHi 3 [21]; sEHi 4 [22]; sEHi 5

[23]; sEHi 6 and sEHi 7 [24]. ELISA blocking reagent

(EBR) was purchased from Roche Diagnostics (Mannheim,

Germany). All other chemicals were from Sigma-Aldrich

(Schnelldorf, Germany). Methanol (LC–MS Grade) and

formic acid (ULC–MS Grade) were obtained from Bio-

solve (Valkenswaard, The Netherlands). The water used in

Fig. 1 Structures of a the sEHis

used in this study, and b the

reaction scheme of the substrate

PHOME to its fluorescent

product
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this study was generated with a Milli-Q academic from

Millipore (Amsterdam, The Netherlands).

Liquid Chromatography-Biochemical Detection

(LC–BCD) System

The LC–BCD system shown in Fig. 2 includes separation,

on-line BCD and additional parallel spectrometric detec-

tion. Separation and on-line BCD were done on an Agilent

Technologies (Amstelveen, The Netherlands) 1100 LC

system including a binary and two isocratic pumps, an

autosampler, a column oven and a fluorescence detector.

Separation was performed on a Waters (Milford, MA, USA)

Atlantis dC18 column (100 9 2.1 mm, 3 lm particles) at

40 �C. The mobile phase consisted of water:methanol 100:1

(v:v) as solvent A and methanol:water 100:1 (v:v) as solvent

B, both containing 0.01 % formic acid. A mixture of known

sEHis (125 lM each) was separated using the following

gradient: 0–2 min isocratic at 50 % B, then a linear gradient

to 90 % B in 43 min and isocratic at 90 % B for 4 min;

afterwards a linear decrease to 50 % B in 2 min followed by

15 min re-equilibration. The LC gradient applied for the

analysis of the metabolic incubations was as follows:

0–2 min isocratic at 5 % B, followed by a linear gradient to

95 % B in 43 min, isocratic at 95 % B until 49 min then a

linear decrease to 5 % B in 6 min followed by 10 min

re-equilibration. For analysis in flow injection analysis

mode (FIA), the same set-up was used, but without the

column. The LC flow-rate was 150 lL/min and the injec-

tion volume 10 lL in all cases. The flow was post-column

split (see Fig. 2), directing 135 lL/min to the MS detection

and 15 lL/min to the on-line BCD. In the BCD, the eluent

was first mixed with 155 lL/min of a 5 nM sEH solution

and incubated for 30 s. This allowed an initial interaction

between analytes and enzyme. In a second step, a 30-lM

solution of PHOME was added at 30 lL/min and incubated

for 5 min. Here, the substrate conversion to the fluorescent

product took place, which allowed detection of the enzyme

activity. The incubations were done in 1.73 m straight

250 lm i.d. and 1.59 mm o.d. PTFE tubing (Sigma-

Aldrich, Schnelldorf, Germany) and 2.26 m of 750 lm i.d.

and 1.59 mm o.d. coiled PTFE tubing, forming 85 lL and

1 mL reactors, respectively. Both reactors were kept at

37 �C by a Grant Instruments (Shepreth, UK) water bath.

The enzyme and substrate solutions were delivered by

in-house built superloops which were kept on ice [25]. The

fluorescence was measured at excitation of 320 ± 10 nm

and emission of 460 ± 10 nm. In parallel to the on-line

BCD, detection was performed by UV at 210 nm and/or by

mass spectrometry.

Both techniques are able to visualize both the binders

and the non-binders. In addition, MS provides structural

information. The on-line BCD and the parallel UV or MS

detection have different void volumes after the splitting

and thus the elution times differ. The UV or MS and BCD

chromatograms were aligned using a known compound,

e.g., the residual parent compound in case of the metabolic

incubations.

Determination of Inhibitor Potency

The potency of five known sEHis (Fig. 1) was determined

based on their apparent IC50 values to characterize the

performance of the LC–BCD system. These sEHis have

been selected in such a way that their IC50 values ranged

from low to high nanomolar, thus covered approximately

three order of magnitude of inhibitory activity. For mea-

suring the IC50 values, dose–response curves were obtained

by injecting the inhibitors into the LC–BCD system under

isocratic conditions at 50 % methanol in FIA mode. The

following concentrations and one blank were injected in

duplicate per inhibitor: 0.5, 1, 2, 5, 10, 20 and 50 lM for

Fig. 2 Setup of the LC–BCD

system. The system combines

separation, on-line BCD and

additional UV or MS detection

in parallel. It includes

1 autoinjector, 2 reversed-phase

LC column, 3 flow-splitting

between parallel 9 UV or

ESI–MS detection and 4–8 the

on-line BCD. The BCD

comprises of 4 mixing of LC

effluent and an sEH solution,

5 incubation with the enzyme,

followed by 6 mixing of

PHOME solution, 7 incubation

with PHOME, and finally

8 fluorescence detection
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sEHi 1; 1, 2, 5, 10, 20, 50, 100 and 200 lM for sEHi 2;

0.5, 1, 2, 5, 10 and 20 lM for sEHi 3; 1, 2, 5, 10, 20, 100,

500 and 1000 lM for sEHi 4; 0.05, 0.1, 0.2, 0.5, 1, 2 and

10 lM for sEHi 5.

Metabolite Identification Using Mass Spectrometry

LC–MS for metabolite identification was done either on a

Bruker Daltonik (Bremen, Germany) micrOTOF-Q quad-

rupole time-of-flight hybrid MS, using the above described

conditions, or using an ion-trap time-of-flight mass spec-

trometer (IT-TOF, Shimadzu, ‘s Hertogenbosch, The

Netherlands). In the latter case, a 30-min gradient and a

100 9 2.1 mm Waters XBridge C18 column (3.5 lm par-

ticles) were used. Positive-ion electrospray ionization (ESI)

was applied in both instrument. Other relevant instrument

settings are summarized in the Supporting Information

(Supplemental material 1). The mass accuracy was better

than 5 ppm on both instruments. The accurate-mass data

obtained were used to determine the elemental composition

of the metabolites and accordingly of the fragments.

Buffer and Compound Solutions

A 25-mM 2-bis(2-hydroxyethyl)amino-2-(hydroxymethyl)-

1,3-propanediol (BIS–TRIS) buffer containing 1 g/L EBR,

1 g/L bovine serum albumin (BSA) and 0.1 g/L Tween 80

was used at pH 7.0. Stock solutions of the sEH inhibitors

and PHOME were prepared at 20 mM concentrations in

DMSO. sEH stocks of 100 lM (6 mg/mL) concentration

were kept at -80 �C until use and dilutions were handled

on ice at all times. All PHOME and sEH dilutions were

prepared in this BIS–TRIS buffer.

Plate Reader Measurements

Plate reader-based measurements were performed to eval-

uate the reagent concentrations on a Victor3 plate reader

from Perkin-Elmer (Groningen, The Netherlands). Black

96 ‘flat’ bottom chimney well, polypropylene microtiter

plates from Greiner bio-one (Alphen a/d Rijn, The Neth-

erlands) were used. The total sample volume was 200 lL

and the plates were incubated at 37 �C. Product formation

was followed by measuring the fluorescence at

355 ± 4 nm excitation and 460 ± 12.5 nm emission. The

PHOME concentration was 50 lM and the sEH concen-

tration 40 nM. Product formation was measured in 30 s

intervals for 20 min under the influence of two different

BSA concentrations, 0.1 g/L and 1.0 g/L. End-point mea-

surements at 6 min were used to compare the activity

of sEH under the influence of several solubilising agents.

In additional experiments, the solubility of PHOME under

the influence of these solubilising agents was tested in

transparent plates. This was done by measuring precipita-

tion of a 45-lM PHOME solution by visible absorption at

595 ± 10 nm.

Microsomal Incubations

The LC–BCD/MS system was applied to investigate the

metabolism of the three known sEH inhibitors sEHi 6,

sEHi 1 and sEHi 7 and the bioactivity profile of their

metabolites. Oxidative metabolites were generated by pig

liver microsomal incubations in the presence of NADPH

according to a modified version of a protocol described

elsewhere [26]. In brief, reaction mixtures were prepared in

50 mM potassium phosphate buffer (pH 7.4) including

5 mM magnesium chloride. The mixtures containing 6 mM

NADPH, 2.6 mg/mL pig liver microsomes and 100 lM

sEHi were incubated for 2 h at 37 �C. To ensure continued

availability of NADPH, 5 mM glucose-6-phosphate and

5 U/mL glucose-6-phosphate dehydrogenase were used as

regenerating system. In addition, 10 % (v/v) of a 10-mM

NADPH solution in the above mentioned phosphate buffer

was added after 30, 60 and 90 min, respectively. The

reactions were stopped by adding ice-cold acetonitrile 2:1

(v:v). The samples were then centrifuged at 16,000g for

5 min. The supernatants were taken, freeze-dried and stored

at -20 �C. For the LC–BCD/MS analysis, the samples were

re-dissolved in a 30 % aqueous methanol solution, provid-

ing 20-fold higher concentrations.

Results and Discussion

Development of an LC–BCD System for the Detection

of sEH Inhibitors

The aim of this study was to develop a system for the

bioactivity assessment towards sEH of individual com-

pounds in complex mixtures. For this purpose, a homoge-

neous, continuous-flow detection format was applied based

on the enzymatic conversion of the substrate PHOME and

fluorescence readout of the reaction product (Fig. 1) [7].

Initial plate reader experiments were used as starting

conditions for the optimization of the enzyme and substrate

concentrations in the on-line setup. This was achieved by

determining the signal-to-noise ratios (S/N) at full inhibi-

tion in the LC–BCD by injecting sEHi 2 at a concentration

of 100 lM while the on-line BCD was performed at several

enzyme/substrate concentration combinations. PHOME

was applied at concentrations of 4.5, 2.3 and 1.2 lM in

combination with a sEH concentration of 4 nM. Concen-

trations of 40, 8 and 4 nM sEH were tested at a PHOME

concentration of 4.5 lM. Finally, a mixture of 4 nM sEH

and 4.5 lM PHOME was incubated off-line for 30, 45, 60

16 D. Falck et al.
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or 90 min and directly infused into the fluorescence

detector to assess the fluorescence intensity at full substrate

conversion.

In contrast to the earlier developed end-point plate-

reader assay, an on-line format requires a shorter incuba-

tion time. The BCD system was set up with a 5 min

reaction time to minimize band broadening in the LC–BCD

system. In order to increase the solubility of PHOME at

room temperature, 0.1 g/L Tween 80 were added to the

buffer without measurable influence on the enzymatic

conversion (data not shown). The substrate was used close

to its limit of solubility (30 lM) in the superloop, thus with

a substrate concentration of 4.5 lM in the reaction coil

(Fig. 2). This concentration is lower than the Michaelis–

Menten-constant (KM) of PHOME for sEH, which is above

its limit of solubility [8]. Thus, at a concentration of

4.5 lM of PHOME, the enzyme is not in saturating con-

dition allowing the sensitive detection of inhibitors.

Additional actions to shorten the reaction time comprise a

BSA concentration of 1.0 g/L rather than 0.1 g/L.

The enzyme concentration was adjusted to yield about

20 % substrate conversion in a 5-min reaction time. This

low percentage of conversion ensures that the reaction is

still in the initial conversion stage where no significant rate

and concentration limiting effects are observed. It was

found that only 4 nM sEH in the reaction coil were suffi-

cient, which is almost identical to the concentration of

3 nM in the end-point method [7].

Figure 3 shows the most important BCD parameters and

demonstrates that the reaction causing the BCD baseline is

of enzymatic nature. Section 1 of Fig. 3 shows the back-

ground level of fluorescence generated with buffer-filled

superloops. When the PHOME substrate solution was

introduced (point 2 in Fig. 3), the fluorescence signal

somewhat increased due to fluorescence of the substrate

and/or autohydrolysis and/or presence of trace amount of

the fluorescent product in the substrate (section 3 in Fig. 3).

After the enzyme is added to the other superloop (point 4 in

Fig. 3), a rapid increase in the signal is observed resulting

in a stable baseline due to the steady state of the enzymatic

reaction (section 5 in Fig. 3). When cooling the reaction

coil on ice (point 7 in Fig 3), the signal returns to the

baseline of the substrate solution (section 8 in Fig 3). The

absence of conversion under these conditions clearly

demonstrates that the increased fluorescence signal is

caused by the enzymatic conversion of PHOME to its

fluorescent product.

The most important parameter of the BCD system is the

difference between the steady state of the reaction serving

as baseline of BCD and the background signal (number 6 in

Fig. 3, indicating the difference in fluorescence signal

between section 5 and section 8 in Fig. 3), also known as

assay window. In this case, the assay window is nine times

higher than the substrate fluorescence. Together with the

stability of the signal, a S/N ratio of 70 results between full

inhibition of sEH and the steady state, allowing a detection

of as little as 5 % inhibition of the added sEH. In conclu-

sion, the data quality of the on-line BCD is more than

adequate to detect the significant part of the sigmoidal

dose–response behavior of inhibitors between 10 and 90 %

inhibition.

As the sEHis are introduced into the on-line BCD from

an LC setup, their activity is visualized as a negative

chromatographic peak, which is a result of the indirect

enzymatic activity measurement: higher inhibitor activity

means less fluorescent product formation. Furthermore, the

dose–response behavior in the on-line BCD changes to a

sigmoidal one due to the underlying competitive biophys-

ical interactions between enzyme, substrate and inhibitor.

All this is apparent from Fig. 4a where the overlaid BCD

chromatograms of a dilution series of several sEHi 1

concentrations are shown.

Characterization of the LC–BCD System

The performance of the LC–BCD system to quantitatively

measure the potency of sEHis was tested by analysis of five

known inhibitors at different concentrations in FIA mode,

Fig. 3 Analysis of BCD parameters. Several sections of the graph are

highlighted by horizontal double-headed arrows in contrast to

important time points which are highlighted by vertical arrows.

Sections 1, 3 and 8 show the buffer, the substrate related and the

complete background levels of fluorescence, respectively. Further-

more, section 5 depicts the baseline due to the enzymatic reaction.

The points 2 and 4 mark the introduction of the PHOME substrate

solution and of the sEH enzyme solution, respectively. Point 7

indicates the start of the cooling of the incubation tubing, which stops

the enzymatic conversion in section 8. The difference between the

fluorescence at full steady state reaction (section 5) and the combined

fluorescence background at completely stopped reaction (section 8),

as indicated by a vertical double-headed arrow (number 6), indicates

the assay window. The eight numbers are explained in more detail in

the text
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which is a fast way to measure IC50 values if pure com-

pounds are available. As shown in Fig. 4a, the injection of

sEHi 1 resulted in negative peaks in the BCD chromato-

gram with increasing negative peak heights upon injecting

increasing concentrations. The variance in peak height

between duplicate injections was generally lower than

10 % (in 90 % of 36 samples). As previously shown for

various enzymes, the negative peak height in LC–BCD

systems can be used to calculate the percentage of inhibi-

tion [18, 27]. Based on the resulting dose–response curves

(Fig. 4b), it is possible to quantitatively rank the sEHis by

their potency. Among the compounds tested, sEHi 5 was

the most active and sEHi 4 the least active inhibitor. In

order to deduce IC50 values for each compound, the dilu-

tion of the injected amount of inhibitor in the LC–BCD

system has to be taken into account [18, 28]. The dilution

results from the mixing of LC eluent and BCD reagents

(Dm), which depends on the flow rates of eluent entering

the on-line BCD (uE) and the total flow at detection (uF).

DM ¼
uF

uE

ð1Þ

In addition, inhibitors injected are also diluted due to

their residence time in the flow system (DC). In a test tube

or well plate experiment, the inhibitor can be assumed to be

evenly distributed after mixing. The same is only true for

the diagonal distribution in the on-line BCDs. In the

longitudinal dimension, which is reflected on the time axis,

the inhibitor is distributed according to a near-Gaussian

distribution which is typical to chromatography. This

phenomenon is a result of longitudinal diffusion of the

initially homogeneous injection plug (Vi). It further dilutes

the injected concentration (ci). The full width at half

maximum (FWHM) and the flow rate (uC) have to be

derived from the same chromatogram, preferably from the

BCD chromatogram which results in uC = uF.

DC ¼
FWHM

2
�

ffiffiffiffiffiffiffi

p
ln 2

r

� uC

Vi
ð2Þ

Therefore, the final concentration at the maximum

negative peak height (cF), which can be calculated from

Eq. 3, was used for the dose–response curves.

cF ¼
ci

DM � DC

ð3Þ

Thus, the dilution factors are calculated individually for

every measurement, and they range from 71 to 210. The

final concentrations were plotted against the corresponding

percentages of inhibition and the data fitted with

GraphPadPrism (GraphPad Software, La Jolla, USA).

This results in the sigmoidal dose–response curves shown

in Fig. 4b. The reproducibility of the data points measured

(see above) and the quality of all the fits, expressed by

resulting R2-values of[0.975, are further indications of the

high data quality.

The calculated IC50 values for the five compounds tested

are given in Table 1. They covered a range of about three

orders of magnitude. This demonstrates that the developed

LC–BCD method allows the measurement/detection of

highly potent as well as weak sEHis. The potency of

sEHi 5 was remarkably high, with an apparent IC50 value

of 2 nM. Given an enzyme concentration of 4 nM in the

reaction coil, this is the highest potency which can be

observed with the setup [9]. Most importantly, the newly

developed LC–BCD method ranked the potency of the

tested inhibitors in the same order as commonly employed

end-point assays, except for sEHi 2 (Table 1). However,

for few sEHis, the determined IC50 differed significantly

from literature values: For sEHi 2, the observed potency by

LC–BCD was about 20-fold higher compared to the value

Fig. 4 Analysis of sEHi in FIA mode. a BCD signals of injections

(10 lL) of eight different concentrations of sEHi 1 [blank (black),

0.5 lM (blue), 1 lM (green), 2 lM (red), 5 lM (violet), 10 lM

(light blue), 20 lM (brown) and 50 lM (grey)]. The percentage of

sEH inhibition, calculated from the negative peak height, is plotted

against the inhibitor concentration for five different sEHis in panel

b [sEHi 1 (black circles), sEHi 2 (blue squares), sEHi 3 (green
triangles), sEHi 4 (purple inverted triangles) and sEHi 5 (red
diamonds)]. Mean and range of a determination in duplicate are

shown. The concentration is given as final concentration of the

inhibitor in the reaction coil, taking a dilution factor into account

18 D. Falck et al.
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from an end-point assay, while the measured IC50 value for

sEHi 4 was about 4-fold higher than previously reported

(Table 1). Similar to our observations, up to 20-fold dif-

ferences have been described between different sEH

assays, because the measured potency for individual sEHis

is substrate-dependent [9]. This observation is substanti-

ated with the results for sEHi 1. For this compound, using

the same substrate, a very good agreement was found

between our data and the literature [7]. The potencies for

sEHi 3 and sEHi 5 are also consistent with literature val-

ues, despite use of different substrates (Table 1). Overall,

the results from the analysis of individual sEHis in the LC–

BCD system show that the negative peak height is a suit-

able quantitative measure for the potency of inhibitors, and

that the data obtained are in good agreement with other

methods to characterize the potency of sEHis.

In contrast to end-point assays, the LC–BCD system

combines identity and activity detection after chromato-

graphic separation. It thus allows assessment of individual

compounds in mixtures. This is demonstrated by analysing

a mixture of sEHi 6, sEHi 1, sEHi 7, and two compounds

without sEH activity, diclofenac and phenylbutazone. In

this case, the BCD signal shows only three major peaks,

which corresponded well with the elution times to the three

sEHis, whereas in the corresponding LC–UV or LC–MS all

five compounds are observed (data not shown). These

experiments show that the developed LC–BCD system

allows assessing the bioactivity of individual compounds in

mixtures. In only one analysis step, it can distinguish

between active and non-active compounds in mixtures.

Application of LC–BCD on the Analysis of Metabolic

Mixtures of sEHis

In order to demonstrate the applicability of the LC–BCD

system to the analysis of unknown mixtures, in vitro

microsomal incubations of three sEHis were analysed. The

LC–MS data showed that each compound was metabolized

to several metabolites (Fig. 5). By combining BCD traces

and MS extracted ion chromatograms, the peaks of active

compounds can be directly identified and structurally

characterized.

For sEHi 6, three bioactivity peaks were observed

(Fig. 5a). The main peak eluting around 43.2 min in LC–

MS, peak A4MS, corresponding to peak AIIIBCD in LC–

BCD, is the parent compound (protonated molecule

[M ? H]? with m/z 277.228). The three peaks A1MS,

A2MS and A3MS, eluting at 35.0, 35.8 and 38.0 min,

respectively, in LC–MS, were not observed in the control

incubations (data not shown). These compounds could be

tentatively identified as hydroxylated metabolites because

all contained an additional oxygen compared to the parent

compound ([M ? H]? with m/z 293.223). While peak

A1MS is not bioactive, peaks A2MS and A3MS correspond to

the peaks AIBCD and AIIBCD, respectively. Note that peak

A3MS consists of three non-separated compounds thus three

different mono-hydroxylated metabolites with m/z 293.209,

which were not well separated. The peaks A5MS and A6MS

are present as contaminants; they shows the same nominal

mass as the oxygenated metabolites and the parent sEHi 6,

but different accurate mass (m/z 293.209 and 277.217,

respectively).

The LC–BCD chromatogram of the metabolic incuba-

tion trace of sEHi 1 showed four peaks (Fig. 5b). The main

peak BIVBCD corresponds to peak B9MS, the parent com-

pound ([M ? H]? with m/z 227.214). In this case, six

mono-hydroxylated metabolites (B2MS through B7MS,

[M ? H]? with m/z 243.208) were observed (Fig. 5b).

These metabolites gave rise to peaks BIBCD and BIIBCD. By

careful evaluation of the peak shapes and retention times, it

Table 1 IC50 values determined for sEHi 1–5 and comparison to

literature values

Compound LC–BCD system (nM)a Literature values (nM) Substrate

sEHi 1 19 (1) 29 ± 13 [7] PHOME

sEHi 2 25 (1) 684 [22] CMNPCb

sEHi 3 12 (2) 15 [23] CMNPCb

sEHi 4 880 (90) 171 [22] CMNPCb

sEHi 5 2.6 (0.6) 2 [23] CMNPCb

a Mean and difference (in brackets) from individual fitting of the duplicate curves
b Cyano(2-methoxynaphthalen-6-yl)methyl trans-(3-phenyloxyran-2-yl)methylcarbonate

Fig. 5 Analysis of oxidative microsomal incubations of three sEH

inhibitors by the LC–BCD/MS system. In each panel, the LC–BCD

chromatogram (blue line) is combined with the MS trace (black, red,
green). a sEHi 6, b sEHi 1, and c sEHi 7. The peaks are labelled in

order of retention time with Arabic (MS) or Latin (BCD) numbers
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may be concluded that B2MS and at least two of the

metabolites B4MS to B7MS are bioactive. The oxidated

dehydrogenated metabolite B1MS ([M ? H]? with m/z

241.192) is clearly not bioactive, whereas the peak shape of

the dehydrogenated metabolite B8MS ([M ? H]? with m/z

225.197) matched the retention time of BIIIBCD. This is an

excellent example of the added value of the LC–BCD

approach: whereas the minor peak B8MS would be easily

ignored in an MS-only approach, its strong corresponding

peak BIIIBCD cannot be overlooked.

Compared to sEHi 6 and sEHi 1, sEHi 7 showed less

metabolic conversion: only two mono-hydroxylated

metabolites were detected ([M ? H]? with m/z 409.306)

(Fig. 5c). The main peaks CIIBCD and C3MS correspond to

the parent compound ([M ? H]? with m/z 393.312). The

two metabolites C1MS and C2MS are not well separated and

result in only one peak in the LC–BCD chromatogram. The

retention time of C1MS corresponds to the peak CIBCD,

indicating the compound is bioactive, but the increased

tailing of CIBIO suggests that C2 is bioactive as well.

All three sEHis were metabolized in the aliphatic chains

and rings at either side of the urea function. A more

detailed structural analysis was not possible as MS frag-

mentation only occurred in or next to the urea function. For

all three sEHis tested, LC–BCD/MS analysis allowed the

tentative identification of at least two inhibitory active

metabolites. In only a single step analysis of 60 min, active

metabolites can be detected. Moreover, it is possible to

distinguish between active and non-active metabolites and

to characterize bioactive compounds by their inhibitory

potency and MS spectra.

Conclusion

A new LC–BCD system for the detection of sEHis in

complex mixtures has been developed. The detection

principle is a continuous-flow enzyme activity assay cou-

pled on-line to LC with parallel MS detection. The sub-

strate PHOME allowed sensitive and robust monitoring of

bioactivity by fluorescence. After thorough optimization of

the assay conditions, the incubation time in the BCD was

reduced from 60 to 5.5 min. With a sEH concentration of

only 4 nM in the reaction coil, the S/N ratio for complete

sEH inhibition was still higher than 60. Analysis of several

known sEHis demonstrated that the peak height, observed

in LC–BCD can be used as quantitative measure for sEH

inhibition. Moreover, the obtained potencies, measured as

IC50 values, for sEHis are in good agreement with previ-

ously reported values. The LC–BCD system is able to

perform bioactivity analysis of individual compounds in

mixtures. This was successfully demonstrated by the

analysis of a standard mixture as well as of in vitro

metabolic conversions of three known sEHis containing

both active and non-active metabolites towards sEH. Here,

LC–BCD revealed the formation of new active metabolites,

which could be simultaneously characterized by LC–MS.

With the developed LC–BCD system, inhibitors can be

detected and characterized in a single analysis. Given the

increasing interest in sEH as drug-target for various dis-

eases, this new technique may pave the route for the

detection of new classes of sEHis in natural products or

crude mixtures arising from organic synthesis. Moreover,

metabolism studies with LC–BCD as read out will allow

the identification of active metabolites in early stages of

lead development and thus assist the identification of the

best compounds as drug candidates.
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Supporting Information sEH‐paper 

LC–MS for metabolite identification was done either on a Bruker Daltonik (Bremen, Germany) 

micrOTOF‐Q quadrupole time‐of‐flight hybrid MS, using the above described conditions, or using  an 

ion‐trap time‐of‐flight mass spectrometer (IT‐TOF, Shimadzu, ‘s Hertogenbosch, the Netherlands). In 

the latter case, a 35‐min  gradient and a 100 × 2.1 mm Waters XBridge C18 column (3.5 μm particles) 

was used. In the Bruker quadrupole time‐of‐flight hybrid MS, an electrospray ionization (ESI) source 

operated in positive‐ion mode at the following settings: capillary voltage 4500V; end plate offset ‐

500V; nebulizer gas 1.8 bar; drying gas 8.0 L/min at 200°C. For accurate mass measurements, the TOF 

settings were automatically calibrated prior to the measurements by infusing a 5 mM sodium 

formate solution. Mass spectra were collected between m/z 50 and 1000.  

In the Shimadzu ion‐trap time‐of‐flight mass spectrometer, the ESI source was operated in positive‐

ion mode at a needle voltage of 4.5 kV, a temperature of 200°C on the source heating block and the 

curved desolvation line, a drying gas pressure of 62 kPa and a nebulising gas flow‐rate of 1.5 L/min. 

For accurate mass measurements, the IT‐TOF was externally calibrated on a weekly basis using 

sodium TFA clusters. MS spectra were collected between m/z 150 and 650 and MS/MS spectra 

between m/z 100 and 650, both with 10 milliseconds ion accumulation. The precursors were selected 

data‐dependent with a width of 3 Da and fragmented at 50% CID energy. 

The mass accuracy was better than 5 ppm on both instruments. The accurate‐mass data obtained 

were used to determine the elemental composition of the metabolites and accordingly of the 

fragments. This was done with the software provided by the respective instrument manufacturers, 

ESI Compass 1.3 from Bruker Daltonik and LCMSsolution 3.50 from Shimadzu. The relevant elemental 

composition in each case was extracted by applying additional restrictions next to the mass accuracy. 

It should not contain more atoms of any kind than the original compound except for oxygens which 

are known to be added by phase I metabolism. For the fragments, the restriction followed the 

elemental composition of the parent ion. Both assumptions are reasonable because the metabolites 

are linked to the original inhibitor by well‐known metabolic pathways while the fragments can only 

arise from the parent ion selected for fragmentation. This proved sufficient to arrive at one possible 

elemental composition. 
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