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a b s t r a c t

This paper describes the determination and identification of active and inactive estrogenic com-
pounds produced by biosynthetic methods. A hyphenated screening assay towards the human estrogen
receptor ligand binding domain (hER)� and hER� integrating target–ligand interactions and liquid
chromatography–high resolution mass spectrometry was used. With this approach, information on both
biologic activity and structure identity of compounds produced by bacterial mutants of cytochrome P450s
was obtained in parallel. Initial structure identification was achieved by high resolution MS/MS, while
for full structure determination, P450 incubations were scaled up and the produced entities were puri-
fied using preparative liquid chromatography with automated fraction collection. NMR spectroscopy
was performed on all fractions for 3D structure analysis; this included 1D-1H, 2D-COSY, 2D-NOESY,

1 13
igh resolution mass spectrometry
uman estrogen receptor
iquid chromatography–mass spectrometry
yphenation

and H- C-HSQC experiments. This multidimensional screening approach enabled the detection of low
abundant biotransformation products which were not suitable for detection in either one of its single
components. In total, the analytical scale biosynthesis produced over 85 compounds from 6 different
starting templates. Inter- and intra-day variation of the biochemical signals in the dual receptor affinity
detection system was less than 5%. The multi-target screening approach combined with full structure
characterization based on high resolution MS(/MS) and NMR spectroscopy demonstrated in this paper

to e.g
can generally be applied

. Introduction

Relatively new in early drug discovery is the use of biocatalysts
apable of producing new chemical entities [1]. Besides the fact that
hese procedures are used for the production of drug metabolites

nd being part of the metabolite identification process [2–4], this
pproach is increasingly showing its potentials in the extension of
he so-called chemical space. Cytochrome P450 BM3 is one of the

ost studied bacterial P450s and has the highest catalytic activity

Abbreviations: HRS, high resolution screening; HTS, high throughput screen-
ng; RAD, receptor affinity detection; hER, human estrogen receptor ligand binding
omain; NET, norethisterone; IT-TOF, ion trap-time of flight; CYPs, cytochrome
450s; HLM, human liver microsomes.
∗ Corresponding author. Tel.: +31 20 5987537; fax: +31 20 5987543.

E-mail address: JSB.de.Vlieger@few.vu.nl (J.S.B. de Vlieger).

570-0232/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2010.01.035
. metabolism studies and compound-library screening.
© 2010 Elsevier B.V. All rights reserved.

ever detected for a monooxygenase [5]. Although its natural sub-
strates are long-chain fatty acids, several engineered mutants of
BM3 are reported to convert drug and drug-like molecules [6–9].
Biosynthesis using the engineered BM3s can lead to the formation
of multiple (active) products simultaneously, requiring advanced
analytical technologies for product identification and characteri-
zation. Conventional high throughput screening (HTS) assays lack
the capability to fully structural characterize the hits in a mixture
with multiple active compounds present. To individually assess the
affinity of active compounds in mixtures towards selected drug tar-
gets, on-line high resolution screening (HRS) technologies were
developed and recently applied to metabolism studies [10,11].

These receptor affinity detection (RAD) systems integrate liquid
chromatography (LC) with affinity assessment and therefore allow
the direct correlation between individual ligands and their affinity
towards target proteins. Biochemical detection systems reported
previously are based on fluorescence readout [12–14], fluorescent

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:JSB.de.Vlieger@few.vu.nl
dx.doi.org/10.1016/j.jchromb.2010.01.035
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ig. 1. Configuration of the on-line liquid chromatography–high resolution mass sp
y gradient HPLC [P1 and P2]; (2) splitting the flow to PDA-ESI-MS and the two RA
nd P5]; (4) binding of receptor and potential ligands in reaction coils; (5) infusion o
racer to receptor in reaction coils; (7) detection of receptor–tracer complex by fluo

olarization [15] or mass spectrometry based reaction detection
16–20]. LC coupled to mass spectrometry (MS) is by far the most
sed tool in drug metabolism studies. The metabolic stability
f drug candidates is typically monitored by a short LC analy-
is coupled to a triple quadrupole mass spectrometer, enabling
uantification of the metabolic conversion of drug candidates. For
etabolite identification, high resolution instruments are com-
only used and provide information such as accurate mass on the
etabolites and their fragment ions. Applying in vitro metabolite

creening in early drug discovery provides the medicinal chemists
ith information on the so-called soft spots in scaffold molecules

21]. The development of MS based strategies enabling the iden-
ification of drug metabolites is regularly reported [22,23]. The
mplementation of algorithms pre and post acquisition to pre-
ict metabolites [24], to filter mass defects [25], neutral losses
nd isotope patterns [26] significantly enhances the rate of suc-
ess in metabolite identification. By combining the advantages
f on-line screening and high resolution mass spectrometry (HR-
S/MS) for first line structure identification, multidimensional

ata is obtained, and a quick selection can be made based on affinity
nd the modification introduced by e.g. (bio)synthesis, metabolism
r degradation. In the present paper, we describe the application of
yphenated screening assays, high resolution mass spectrometry
nd NMR for the determination and identification of biosynthet-
cally produced estrogenic compounds. After the biosynthesis, all
ompounds generated are directly characterized with the on-line
igh resolution screening platform developed for this purpose to
btain information on structure and biologic activity in parallel.
ew biosynthetic products are characterized by a combination
f HR-MS(/MS) and NMR. To demonstrate the strength of our
pproach, we have selected the human estrogen receptor subtypes
and � (hER� and hER�) as model targets. These receptors belong

o the nuclear receptor family and are involved in many hormonal
egulation processes [27–29]. Currently these targets are used in
ancer therapy, contraception and other hormone related therapies
30,31].

. Experimental
.1. Materials and methods

17�-Estradiol (17�-E2), 17�-estradiol (17�-E2),
7�-ethinylestradiol (EE2), estriol (E3), monosodium dihy-
rogen phosphate, disodium monohydrogen phosphate,
metry dual receptor affinity detection (RAD) system: (1) sample injection followed
R� and hER�); (3) infusing hER� and hER� via superloops and reagent pumps [P3
r solution via superloops and reagent pumps [P4 and P6]; (6) binding of fluorescent
nce.

glucose-6-phosphate, glucose-6-phosphate dehydrogenase,
polyethyleneglycol 3350, dimethylsulfoxide-d6, 99.9 atom %D
(DMSO-d6) and 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid,
sodium salt, 98 atom %D (TSP) were purchased at Sigma-Aldrich
(Schnelldorf, Germany). Maleic acid, 99%, was purchased from
Acros Organics (Geel, Belgium). Applichem (Lokeren, Belgium) sup-
plied �-nicotinamide adenine dinucleotide phosphate (NADPH)
tetra sodium salt. Coumestrol was obtained from Fluka (Buchs,
Germany). Sodium chloride was received from Riedel-de Haën
(Seelze, Germany). Acetonitrile, methanol (ULC–MS grade) and
formic acid were obtained from Biosolve (Valkenswaard, The
Netherlands). Water was produced by a Milli-Q device of Millipore
(Amsterdam, The Netherlands). Enzyme-linked immunosorbent
assay (ELISA) blocking reagent was purchased from Roche Diag-
nostics (Penzberg, Germany). Norethisterone (NET), Org X and Org
Y were obtained from the library of the Schering-Plough Research
Institute (Oss, the Netherlands).

Human liver microsomes (HLM), pooled from 50 donors were
obtained from Xenotech (Lenexa, USA) and contained 20 mg/mL
protein (Lot No. 0710619). The bacterial P450 BM3 M11his and
M02his mutants were prepared according to the protocol described
recently [32]. The ligand binding domain (LBD) of the human Estro-
gen Receptor � was expressed and purified using the protocol
described by Eiler et al. [33], without 17�-E2 in the medium.
Purified His-tagged LBD of the human Estrogen Receptor � was
obtained from Schering-Plough Research Institute (Oss, the Nether-
lands).

2.2. Compound generation by combinatorial biosynthesis

2.2.1. Analytical scale
The selected compounds were subjected to biotransformation

by several enzymatic systems. Biosynthetic incubations with the
P450 BM3 mutants had a final volume of 1.5 mL and consisted of
250 nM enzyme, 100 �M substrate in 100 mM potassium phos-
phate buffer pH 7.4 and were performed at 24 ◦C. The DMSO
concentration was always below 2%. A NADPH regenerating system
was used to initiate the reactions, resulting in final concentrations
of 0.2 mM NADPH, 0.3 mM glucose-6-phosphate, and 0.4 units/mL

glucose-6-phosphate dehydrogenase. Biotransformation reactions
with HLM were performed at 37 ◦C having a final volume of 1.5 mL
and consisted of 1 mg/mL protein, 100 �M substrate in 100 mM
potassium phosphate buffer pH 7.4 containing 5 mM MgCL2. At
time points 0 min, 10 min and 60 min, 500 �L samples were taken
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rom the incubation and added to 1 mL of ice-cold methanol,
ortexed for 30 s and centrifuged for 15 min at 6000 rpm. The
upernatants were subsequently dried in a speedvac and recon-
tituted in 200 �L of dried methanol. All samples were analyzed
sing the on-line LC–MS dual receptor affinity detection sys-
em.

.2.2. Preparative scale
The metabolites originating from the biotransformation of NET

ere produced on a preparative scale using the bacterial P450
02his mutant. A 40 mL reaction volume containing 250 nM of

he M02his mutant, 500 �M of NET and the NADPH regenerating
ystem was made in 100 mM potassium phosphate buffer pH 7.4
t 24 ◦C. After 3 h of reaction, the products were extracted from
he reaction mixture using three times 20 mL dichloromethane.
he organic layers were subsequently collected and transferred
nto a round-bottom flask for evaporation using a rotary evap-
rator. The dried product was redissolved in 250 �L DMSO and
njected into a Waters preparative LC system, equipped with a
ilson Liquid Handler for injection and fractionation, a Waters
bridge C18-MS (10 mm × 50 mm 3.5 �m particles) column, and
Waters photodiode array detector. At a flow-rate of 5 mL/min

he following gradient was used: 0–4 min 100% A1 (90% H2O,
0% acetonitrile); 4–22 min linear increase to 50% B1 (10% H2O,
0% acetonitrile), 22–24 min linear increase to 100% B where
ept constant for 2 min and finally a column equilibration time
f 5 min with 100% A. Fractions were collected triggered by UV
bsorbance at 243 nm. In addition, all other fractions were col-
ected every minute to avoid the loss of samples showing no
V absorbance at the set wavelength. All fractions were dried
nder nitrogen and dissolved in 500 �L of DMSO-d6 with TSP for

nternal referencing in the subsequent NMR analysis. For quality
ontrol, all fractions were analyzed with the dual receptor affinity
ssay.

.3. On-line liquid chromatography–high resolution mass
pectrometry dual receptor affinity detection system

A Shimadzu LC–MS-IT-TOF in combination with a SPD20 M
hotodiode array (PDA) detector was used for the liquid
hromatography–high resolution mass spectrometry part of the
creening assay while four additional Shimadzu LC10ADvp pumps
nd two Shimadzu RF10-XL fluorescence detectors were applied for
he homogeneous dual receptor affinity assessment (Fig. 1). The
omogeneous dual receptor affinity detection system was devel-
ped based on the single line assay described by van Liempd
t al. [11]. In brief, the receptor solution is added post column
o the flow enabling the binding potential ligands in a 25 �L
eaction coil made from PEEK, thermo stated at 37 ◦C. Subse-
uently, the fluorescent tracer (coumestrol) is added to bind
ll free binding sites of the receptor and thereby enabling the
etection of fluorescence enhancement of the receptor–tracer com-
lex.

Samples were injected using a Shimadzu SIL20 auto-injector.
eparation was performed on a Waters Xterra C18MS column
2.1 mm × 100 mm, 3.5 �m particles) equipped with a guard col-
mn. Mobile phase A2 consisted of 99% H2O and 1% methanol,
obile phase B2 consisted of 1% H2O and 99% methanol. The follow-

ng gradient was applied with a flow-rate of 125 �L/min: 0–3 min
socratic at 35% B2, 3–45 min linear increase to 100% B2, where kept
onstant for 5 min and followed by a quick descent in 30 s to 35%

2 for 10 min of equilibration prior to the next analysis. After sepa-
ation, the flow was directed into both biochemical assays and the
T-TOF mass spectrometer by a flow-split made from fused silica
30 �m I.D. 375 �m O.D. from BGB Analytics AG, Boeckten, Switzer-
and) introducing 100 �L/min into the photodiode array and mass
ogr. B 878 (2010) 667–674 669

spectrometer and directing 12.5 �L/min of the flow into each of
the lines for the homogeneous receptor affinity detection system
(Fig. 1). Receptor solutions of 15 nM were infused with 100 �L/min
via 100 mL superloops (made in house by the VU University-Fine
Mechanical Workshop). The receptor solution and column effluent
were incubated at 37 ◦C in a 25 �L reaction coil made from PEEK.
Subsequently, coumestrol solutions of 433 nM for hER� and 144 nM
for hER� were infused with 100 �L/min via two other superloops
and incubated at 37 ◦C in a 20 �L reaction coil made from PEEK
before being directed to the fluorescence detectors (�ex = 340 nm,
�em = 410 nm). Receptor and tracer solutions were in 10 mM phos-
phate buffer pH 7.4 containing 150 mM NaCl and 0.4 mg/mL ELISA
Blocking Reagent to prevent non-specific binding. All superloops
containing receptor and tracer solutions were kept on ice.

2.4. Mass spectrometer settings

A Shimadzu IT-TOF instrument equipped with an electrospray
(ESI) source was operated in the data dependent acquisition mode
switching between full-spectrum MS and MS–MS modes and alter-
nating between positive and negative ion mode (100 ms cycles).
The temperature of the heating block and curved desolvation line
was set to 200 ◦C. Interface voltage was set at 5 kV for positive ion
mode and −4.5 kV for negative, the nebulizing gas flow (nitrogen,
99.999% purity, Praxair, Oevel, Belgium) was 1.5 L/min and drying
gas was applied at a rate of 10 L/min. Full MS scans were acquired
between m/z 125 and 650. MS–MS data was obtained automatically
with 10 ms accumulation time between m/z 100 and 650 and a pre-
cursor isolation width of 1.0 using Argon (99.9995% purity, Praxair)
as collision gas.

2.5. Validation of the screening methodology

The time correlation between assay response and response in
the mass spectrometer was optimized with flow injection analysis.
The length of the peek tubing between PDA and MS was adjusted
in such a way, that it enabled direct correlation between the sig-
nals in MS and the biochemical detection system. To verify the time
alignment, an incubation sample of estriol with cytochrome P450
BM3 M11his was injected into the complete system. The dual recep-
tor assay was performed in parallel using two times hER� to verify
equal responses in both assay lines. After this, hER� was imple-
mented in the screening assay. A dilution range of the natural ligand
17�-E2 was made and injected in a 10 min LC run, isocratic elution
at 70% B2. As a quality control sample within every sequence of ten
runs, 5 �L of 17�-E2 were injected at a concentration of 50 �M. This
also enabled the determination of intra and inter-day variability of
the assay response.

2.6. NMR measurements

NMR analysis was performed on a Bruker DRX 600 MHz spec-
trometer equipped with a 5-mm TXI cryo probe and a Varian
Inova 500 MHz spectrometer equipped with a 5-mm probe both
operating at 298K. The three-dimensional structure determina-
tion of the products is based on 1H-1H-DQF-COSY, 1H-13C-HSQC,
1H-13C-HMQC, NOESY and/or 1D-proton spectra. The proton and
carbon chemical shifts were referenced to the internal reference

TSP (proton, ı = 0.00 ppm; carbon, ı = 0.00 ppm). All chemical enti-
ties extracted from the preparative scale biosynthesis were first
analyzed and afterwards quantified by addition of a known con-
centration maleic acid (20 �g) [34]. Data were processed using
ACDLabs software, version 11.03.
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from available standards of the scaffold molecules. Relative affinity
ig. 2. Correlation between biochemical detection (hER�, upper trace) and
xtracted ion traces from the mass-spectrometric detection (black m/z 303.1615 × 5
nd gray m/z 287.1653, base line shifted) in an incubation mixture using estriol as
ubstrate for cytochrome P450 BM3 M11his biocatalysis.

. Results and discussion

.1. Validation of the screening methodology

The implementation of target–ligand interactions in an analyt-
cal methodology requires a different approach in validation from
he approach taken for conventional bioanalytical methods. The use
f hyphenated screening assays in the hit to lead selection process
as to provide answers on the novelty of a compound and whether

t is active or inactive against the used drug target. Validation of
he approach is necessary to assess the characteristics of the prod-
cts formed. Accurate time alignment between the biological assay
nd the identification technique used, in this case the mass spec-
rometer is the most crucial factor. As an example, Fig. 2 shows the
lignment of the biochemical-detection assay and the extracted
on traces obtained in parallel. Clearly, the correlation between
xtracted ion chromatograms and the bioassay signal enables the
ositive identification of the m/z associated with the compounds
inding to the biological target, not only in flow injection mode but
ore importantly, in a gradient elution setting. The correlation of

races in the bioassay (peak minima) and MS (peak maxima) were
lways within 6 s.

The biological response in both assay lines was validated by
sing two times hER� subtype for both receptor affinity detec-
ion systems. With the injection of different concentrations (10 �L
f 1 nM to 100 �M) of the natural occurring ligand 17�-E2 into
he complete system, the responses recorded for both assay lines
ere similar and thus proofing the validity of screening selectivity

or both receptors. Subsequently, hER� and hER� were mutually
mplemented in the screening assay and 17�-E2 was injected to
erify the responses for screening selectivity in receptor affinity
Fig. 3). Inter- and intra-day variation of the signals in the dual RAD
ystem was less than 5% and the detection limit for 17�-E2 was

.7 ± 0.5 nM, which is well within limits reported for other hyphen-
ted screening methods [10,35]. With the MS settings used for the
creening of biosynthesis products, the detection limit for 17�-E2
as 40 nM in negative ESI mode. This rather high detection limit
Fig. 3. hER� (solid) and hER� (dashed) affinity responses of the on-line dual recep-
tor affinity detection system after injection of 5 �L 17�-E2 (50 �M).

compared to the bioassay is caused by the fact that 17�-E2 is a
very high affinity ligand for the hER subtypes and that this com-
pound belongs to a steroid class that is reported to be ionized very
inefficiently [36] in a non-derivatized form.

3.2. Metabolite identification

3.2.1. Analytical scale biosynthesis and analysis
More than 85 products were formed using a test set of six

compounds containing naturally occurring estrogens (17�-E2 and
17�-E2), synthetic estrogen receptor modulators and prodrugs
(EE2, NET) and synthetic compounds from the Schering-Plough
library (Org X and Org Y). Of these 85 products, 55 compounds were
identified as hits towards one or both hERs. Mainly, active species
are (di)hydroxylated forms of the used scaffold while other active
species are dehydrogenated or a combination of both. Fig. 4 shows
the typical affinity profiles obtained with our screening platform
for the NET related structures, profiles obtained for EE2, 17�-E2
and Org X are depicted in Fig. S2. All products were characterized
based on HR-MS data and affinity towards both receptors.

Table 1 provides an inventory of all formed NET related prod-
ucts and their characteristics. MS detection enabled the proposal
of the chemical formula, in positive ion mode based on [M+H]+,
[M+Na]+ and/or [M+K]+ and for some compounds in the negative
ion mode based on [M−H]−. The PDA enables the determination
of UV-absorption maxima on all products formed. Based on the
assumption that products with non-altered absorption profiles still
have the same molar extinction coefficient, the quantity of new
products can be estimated based on calibration curves obtained
can therefore be rated by relating UV absorption of the produced
compounds with their response in the biochemical assays, pro-
viding a quick evaluation of affinity towards the drug target(s) to
support the medicinal chemistry follow up in lead optimization. A
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Fig. 4. hER� (solid) and hER� (dashed) affinity traces obtained with the on-line
LC–MS dual RAD system of reaction mixtures produced by HLM, M02his and M11his
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utants using NET as scaffold. (1) M02-6; (2) metabolite with m/z 311.1664
[M−H]−); (3) metabolite with m/z 311.1658 ([M−H]−); (4) M02-7; (5) M02-8; (6)

02-9. Detailed information on the compounds can be found in Table 1. Structures
f all identified compounds are depicted in Fig. 5.

able with all products formed using 17�-E2, 17�-E2, EE2, Org X
nd Org Y as scaffold molecules can be found in the Supplementary
nformation (Table S6).

As recently described by Pozo et al. [37], the collision induced
issociation of 3-keto steroids after ESI results in complex prod-
ct ion spectra. Characteristic fragment ions, indicating the site of
odification of the steroid structure, would significantly facilitate
etabolite identification. For example, in the case of the hydroxy
etabolites M02-4 and M02-7 of norethisterone, elaborate spectra
nterpretation and comparison to the spectrum of the parent drug
evealed that the m/z of several fragments containing the steroid D
ing were incremented with the mass of an oxygen atom or reduced
y the mass of two protons (due to water loss prior to the formation
f that fragment) from the fragments of NET. Upon hydroxylation,

able 1
haracterization of products using NET as scaffold. m/z indicated in bold represent the m
elating UV absorbance and biochemical assay responses; (−) no affinity, (+) low affinity,

Product Identification NET analogues

tr (min) Modification High resolution MS

m/z Positive ion mode m/z Negative ion mode

8.8 +2 × O [M+H]+ = 331.1914 [M−H]− = 329.1770
10.0 +2 × O [M−H]− = 329.1762
11.2 +2 × O [M+H]+ = 331.1912
13.8 +2 × O [M+Na]+ = 353.1713 [M−H]− = 329.1771
16.0 +O [M+H]+ = 315.1968 [M−H]− = 313.1817
17.1 +O [M+H]+ = 315.1964
18.5 −2H + O [M+H]+ = 313.1810 [M−H]−=311.1652
18.9 +O [M+H]+ = 315.1961 [M−H]− = 313.1816
19.1 −2H + O [M−H]− = 311.1664
19.9 −2H + O [M−H]− = 311.1658
20.9 +O [M+H]+ = 315.1965 [M−H]− = 313.1818
22.0 +O [M+H]+ = 315.1962 [M−H]− = 313.1819
22.6 −2H + O [M−H]− = 311.1652
25.4 −2H [M+H]+ = 297.1852
26.1 NET [M+H]+ = 299.2019 [M−H]− = 297.1872
27.0 −2H [M−H]− = 295.1714
ogr. B 878 (2010) 667–674 671

an additional cleavage of H2O is observed in the D ring, indicating
the site of biotransformation and thereby significantly accelerating
the NMR identification.

3.2.2. Preparative scale biosynthesis and NMR analysis
Full structure characterization was done on the products

obtained from a preparative scale biosynthesis with NET as a sub-
strate for biocatalysis. Using the highly active M02his mutant, a set
of compounds was generated for isolation and identification. All
fractions obtained from the preparative LC analysis were screened
for purity and affinity in the dual receptor affinity detection system
and were simultaneously measured with NMR for full structure
characterization. Fig. 5 depicts the structures of the compounds
generated by the large scale biosynthesis utilizing the P450 BM3
M02his mutant.

The main product is the 16�-hydroxylated product (M02-7),
having a fairly low affinity towards hER� and no affinity towards
hER�. The second most abundant product is 15�-hydroxy NET
(M02-4), which has no affinity for either of the receptors. The posi-
tion of the hydroxyl group in the isolated biosynthesis products was
confirmed and determined by comparing the 13C–1H correlation
spectra of the products with the spectra of NET. The analysis of M02-
7 is described in the Supplementary Information as an example.
NOESY spectra, as well as J-coupling patterns in the 1D-1H spectra
[38], were used to determine the 3D structures of the newly formed
chemical entities. Interestingly, hydroxylation always occurred at
the � position either at the A ring or D ring of the steroid, not
at the � position or at the B or C ring. Jacobsen et al. found sim-
ilar results when they studied the hydroxylation of testosterone,
progesterone and androstenedione by CYP6A1 [39]. The hydroxy-
lation at position 1 in M02-2 is assumed to be at the � position
but this could not be confirmed unambiguously by NMR due to the
combination of low concentration of the compound and impurities
present in the sample. NOESY spectra indicated that compounds
with a hydroxyl at position 2, M02-1 and M02-3, have a folded A
ring, identified by a strong NOE interaction between the proton at
position 2 and the proton at position 9. This folding of the A ring
into an inverted half chair conformation has been shown to be a
common occurrence in steroids with a hydroxyl at this position

[40–42]. We were not able to determine the structures of M02-
5 and M02-6. M02-5 is an inactive compound and the amount
produced is insufficient for NMR experiments, HR-MS data indi-
cates that the scaffold is hydroxylated. Product M02-6 degraded
during the NMR data acquisition. Hence, based on the HR-MS, UV-

ost abundant ion used for identification. Relative receptor affinity was ranked by
(++) moderate affinity and (+++) high affinity.

Enzymatic system Receptor binding

Code M11his M02his HLM hER� hER�

M02-1 − √ − − −
− − √ − −

M02-2 − √ − − −
M02-3 − √ √ − −
M02-4

√ √ √ − −
M02-5

√ √ √ − −
− − √ − −

M02-6 − √ √
+ −

− − √
++ −

− − √
++ −

M02-7
√ √ √

+ −
− − √ − −

M02-8 − √ √
+++ −

− − √ − +√ √ √ − −
M02-9

√ √ √
+++ +++
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Fig. 5. Products derived from biosynthesis with cyto

bsorption data and its instability, this compound is probably the
nstable 4,5-epoxy-NET [43].

Interestingly, the M02his mutant was able to form most of
he active human relevant metabolites, albeit in different ratios.
ecently, Korhonen et al. reported the elucidation of human CYPs

nvolved in the metabolism of NET and proposed identities based on
igh resolution MS in positive ion mode and fragmentation studies
ith a triple quadrupole MS [44]. Our findings are in accordance
ith the published results, but due to the additional dimensions

f our receptor affinity detection system and the utilization of fast
olarity switching in full MS mode, we were able to identify addi-
ional metabolites with biological relevance. Compound M02-9 at
r 27.0 min has high affinity for both Estrogen Receptor subtypes
nd is difficult to detect in positive ion mode. Although present in
ow concentrations, this entity is readily detected in negative ion

ode and has a [M−H]− with m/z 295.1714 derived from dehy-
rogenation of NET or the loss of H2O from a hydroxy-product.
ased on retention time, affinity to both receptor subtypes and
R-MS/MS spectral library matching, we identified this product
s EE2. Although not frequently described, NET can be metab-

lized in humans to EE2 via hydroxylation of the A ring and a
ubsequent loss of H2O introducing aromaticity in the A ring. This
ffect was first described by Yamamoto et al. [45,46], whereas Kuhl
nd Wiegratz recently discussed clinical implications of the for-
ation of this potent estrogenic active metabolite in humans [47].
e P450 BM3 M02his using norethisterone as scaffold.

As described by Ma and Kim [36], aromatization of the A ring of
a steroid, and the inherent loss of the 3-keto,4-ene conjugation,
changes the ESI significantly. Additionally, the UV-absorption max-
imum shifts from 244 nm to 285 nm indicating the introduction of
an aromatic moiety. These two properties provide an extra tool in
structure characterization of steroids.

Compound M02-08 is produced by the human liver microsomes
as well as by the mutant M02his and has high affinity towards the
hER� subtype. This compound is formed in amounts too low to be
identified by NMR but is easily detected in negative ion mode and
has a [M−H]− with m/z 311.1652 (HR-MS Spectrum in Fig. S3). Addi-
tional experiments were done to identify the structure of M02-08.
Since M02-08 is a secondary reaction product, the main product
M02-07 was used as a substrate in analytical scale incubations
with the mutants M02his and M11his. The data (Fig. S4) confirms
that M02-08 is formed from M02-07 via a similar mechanism as
norethisterone is converted into 17�-ethinylestradiol, namely via
hydroxylation on the C2 and subsequent loss of H2O. Based on these
findings as well as on the change of its ionization properties [36]
and UV-absorption profile (Fig. S5), M02-08 can be identified as

16�-OH EE2. Other compounds were found to be secondary prod-
ucts as well, mainly being �-hydroxylated products at the C1, C2,
C15 and C16 positions.

2ˇ,15ˇ-dihydroxy norethisterone (M02-1): 9 �g, ESI: m/z
331.1914 [M+H]+, m/z 329.1770 [M−H]−, 1H NMR (500 MHz,
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MSO-d6) ı ppm: 0.95–1.04 (m, 2 H, 9�, 7�) 1.00 (s, 3 H, CH3)
.22–1.29 (m, 2 H, 11�, 14�) 1.49–1.55 (m, 2 H, 12�, 12�)
.57–1.67 (m, 1 H, 8�) 1.80–1.85 (m, 1 H, 11�) 1.84–1.91 (m, 2 H,
�, 16�) 1.96–2.04 (m, 1 H, 1�) 2.17–2.24 (m, 1 H, 10�) 2.28–2.34
m, 1 H, 7�) 2.38–2.46 (m, 2 H, 6�, 6�) 2.46–2.54 (m, 1 H, 16�)
.90 (dd, 1 H, 2�) 3.99–4.05 (m, 1 H, 15�) 5.67 (s, 1 H, 4).

1,16ˇ-dihydroxy norethisterone (M02-2): 6 �g, ESI: m/z 331.1912
M+H]+, 1H NMR (500 MHz, DMSO-d6) ı ppm: 0.81 (s, 3 H, CH3)
.83–0.91 (m, 1 H, 9�) 0.96–1.04 (m, 1 H, 7�) 1.04–1.13 (m, 1 H, 15
) 1.12–1.19 (m, 1 H, 14�) 1.30–1.39 (m, 1 H, 11�) 1.39–1.47 (m, 1
, 8�) 1.48–1.54 (m, 1 H, 12�) 1.59–1.69 (m, 1 H, 12 �) 1.82–1.93

m, 2 H, 7�, 11�) 2.07–2.15 (m, 1 H, 15�) 2.12–2.23 (m, 1 H, 10�)
.20–2.26 (m, 1 H, 6�) 2.35–2.41 (m, 1 H, 6�) 2.45–2.55 (m, 2 H,
�, 2�) 3.95 (m, 1 H, 16�) 4.21 (m, 1 H, 1) 4.65 (b, 1 H, OH17�) 4.83
b, 1 H, OH1) 5.28 (b, 1 H, OH16�) 5.68 (s, 1 H, 4).

2ˇ,16ˇ-dihydroxy norethisterone (M02-3): 44 �g, ESI: m/z
53.1713 [M+Na]+, m/z 329.1771 [M−H]−, 1H NMR (500 MHz,
MSO-d6) ı ppm 0.82: (s, 3 H, methyl) 0.93–1.05 (m, 2 H, 7�, 9�)
.08–1.16 (m, 1 H, 15�) 1.16–1.24 (m, 1 H, 14�) 1.23–1.33 (m, 1 H,
1�) 1.35–1.45 (m, 1 H, 8�) 1.50–1.57 (m, 1 H, 12�) 1.62–1.71 (m,
H, 12�) 1.80–1.90 (m, 3 H, 1�, 7�, 11�) 1.95–2.03 (m, 1 H, 1�)

.09–2.16 (m, 1 H, 15�) 2.21–2.28 (m, 1 H, 6�) 2.28–2.32 (m, 1 H,
0�) 2.38–2.44 (m, 1 H, 6�) 3.87–3.93 (m, 1 H, 2�) 3.94–3.99 (m,
H, 16�) 4.55–4.74 (b, 1 H, OH) 5.11–5.41 (br, 2 H, 2�OH, 16�OH)
.67 (s, 1 H, 4). 13C NMR (500 MHz, DMSO-d6) ı ppm: 12.6 (C18)
5.6 (C11) 31.8 (C7) 32.7 (C1) 33.0 (C12) 34.1 (C15) 34.8 (C6) 40.21
C8) 40.4 (C10) 45.0 (C14) 47.8 (C9) 68.2 (C2) 76.2 (C16) 120.3 (C4).

15ˇ-hydroxy norethisterone (M02-4): 393 �g, ESI: m/z 315.1968
M+H]+, m/z 313.1817 [M−H]−, 1H NMR (500 MHz, DMSO-d6) ı
pm: 0.73–0.85 (m, 1 H, 9�) 0.90–0.98 (m, 1 H, 7�) 1.01 (s, 3 H,
ethyl) 1.16–1.21 (m, 1 H, 11�) 1.22–1.28 (m, 1 H, 14�) 1.41–1.47

m, 1 H, 1�) 1.48–1.54 (m, 1 H, 12�) 1.54–1.60 (m, 1 H, 12�)
.61–1.70 (m, 1 H, 8�) 1.76–1.84 (m, 1 H, 11�) 1.84–1.91 (m, 1
, 16�) 2.07–2.16 (m, 1 H, 7�) 2.17–2.26 (m, 4 H, 1�, 2�, 2�, 10)
.26–2.33 (m, 1 H, 6�) 2.39–2.47 (m, 1 H, 6�) 2.53–2.59 (m, 1 H,
6�) 4.00–4.10 (m, 1 H, 15�) 4.45–4.57 (d, 1 H, 15�OH) 5.29–5.41 (s,
H, OH) 5.69–5.78 (s, 1 H, 4). 13C NMR (600 MHz, DMSO-d6) ı ppm:
5.0 (C18), 25.5 (C11), 26.0 (C1), 29.7 (C7), 33.4 (C12), 34.7 (C6),
6.0 (C2), 36.1 (C8), 42.0 (C10), 49.1 (C9), 51.6 (C16), 53.5 (C14),
6.5 (C15), 123.8 (C4). Previously identified with NMR by Ambrus
t al. [48].

16ˇ-hydroxy norethisterone (M02-7): 485 �g, ESI: m/z 315.1965
M+H]+, m/z 313.1818 [M−H]−, 1H NMR (500 MHz, DMSO-d6) ı
pm: 0.72–0.85 (m, 1 H, 9�) 0.81 (s, 3 H, methyl) 0.92–1.02 (m, 1 H,
�) 1.08–1.15 (m, 1 H, 15�) 1.15–1.20 (m, 1 H, 14�) 1.20–1.27 (m, 1
, 11�) 1.34–1.42 (m, 1 H, 8�) 1.43–1.49 (m, 1 H, 1�) 1.50–1.55 (m,
H, 12�) 1.59–1.67 (m, 1 H, 12�) 1.74–1.79 (m, 1 H, 7�) 1.79–1.84

m, 1 H, 11�) 2.12–2.18 (m, 1 H, 15�) 2.15–2.18 (m, 1 H, 10�)
.17–2.21 (m, 1 H, 1�) 2.20–2.24 (m, 2 H, 2�, 2�) 2.23–2.32 (m,
H, 6�) 2.36–2.45 (m, 1 H, 6�) 3.94–4.00 (m, 1 H, 16�) 4.64 (s, 1 H,
H) 5.26–5.27 (d, 1 H, 16�OH) 5.72 (s, 1 H, 4). 13C NMR (600 MHz,
MSO-d6) ı ppm: 12.6 (C18), 25.2 (C11), 25.7 (C1), 30.3 (C7), 33.4

C12), 34.3 (C15), 34.5 (C6), 35.8 (C2), 39.7 (C8), 41.6 (C10), 45.2
C14), 48.8 (C9), 76.3 (C16), 124.0 (C4).

Norethisterone (NET): ESI: m/z 299.2019 [M+H]+, m/z 297.1872
M−H]−, 1H NMR (600 MHz, DMSO-d6) ı ppm: 0.72–0.78 (m, 1 H,
�) 0.79 (s, 3 H, methyl) 0.92–1.01 (m, 1 H 7�) 1.17–1.25 (m, 1 H,
1�) 1.25–1.31 (m, 1 H, 15�) 1.31–1.38 (m, 1 H, 8�) 1.38–1.45 (m,
H, 14�) 1.45–1.52 (m, 1 H, 1�) 1.53–1.59 (m, 1 H, 15�) 1.58–1.65

m, 2 H, 12�, 12�) 1.73–1.79 (m, 1 H, 7�) 1.80–1.84 (m, 1 H, 11�)
.83–1.88 (m, 1 H, 16�) 2.02–2.18 (m, 1 H, 16�) 2.12–2.18 (m, 1 H,

0�) 2.17–2.21 (m, 1 H, 1�) 2.20–2.24 (m, 2 H, 2�, 2�) 2.23–2.31
m, 1 H, 6�) 2.39–2.45 (m, 1 H, 6�) 5.33 (s, 1 H, OH) 5.69–5.78 (m, 1
, 4). 13C NMR (600 MHz, DMSO-d6) ı ppm: 12.3 (C18), 22.5 (C15),
5.6 (C11), 26.0 (C1), 30.4 (C7), 32.3 (C12), 34.6 (C6), 36.1 (C2), 38.7
C16), 40.3 (C8), 41.8 (C10), 48.8 (C14), 49.0 (C9), 124.0 (C4). The
ogr. B 878 (2010) 667–674 673

NMR assignment of NET in chloroform-d1 is previously reported by
Sedee et al. [49].

3.3. Identification approach

The approach followed in this work is based on two major parts,
being the analytical scale biosynthesis and analysis utilizing high
resolution MS(/MS) (I) and preparative biosynthesis followed by
isolation and NMR (II). In general, the production of novel metabo-
lites is assessed using analytical scale biosynthesis. This first part
generates information on chemical structure and bioaffinity by
utilizing the on-line LC–MS dual receptor affinity detection sys-
tem. Specific profiles are obtained of all metabolites formed and
include identifying factors such as accurate mass, retention time,
relative affinity information, UV-absorption profiles and MS/MS
fingerprints. When profiles match to the library, the identifica-
tion with HR-MS/MS is sufficient for structure identification. Due
to the multidimensional data matrix obtained on all compounds,
the upscaling for a complete structure characterization is only
limited to the interesting novel compounds generated by specific
enzymatic systems. For these novel compounds, preparative scale
biosynthesis was performed for subsequent preparative LC frac-
tionation to determine the structure conformation by NMR while
the process is monitored with the on-line dual receptor affinity
detection system. Insufficient product formation (ca. <1 �g) dis-
ables de novo structure elucidation by NMR due to the detection
limits of the NMR employed (magnetic fields up to 600 MHz). By
using, for example, micro-droplet NMR, NMR on a chip or NMR at
higher field (800 MHz equipped with cryo-cooled probes), detec-
tion limits may be reduced to ca. 250 ng [50,51]. We further note
that in contrast to de novo characterization, NMR identification
of pure stable known library compounds lowers these detection
limits. However, in our experience, full purity may often not be
achieved in practice and mixtures with vastly different amounts
may occur. Moreover, in steroids, complex J-coupling multiplets
(doublets up to doublets of doublets of doublets of doublets) tend
to occur, which leads to higher complexity and lower peak height
per proton as compared to singlet resonances. These aspects made
the given detection limits (250–1000 ng) approximate but still a
practical guideline and can thus be referred to as ‘limit of spectro-
scopic identification’ (LOSI) as discussed recently by Wilson and
Brinkman for complicated hyphenated systems [52].

4. Conclusions

In total, the analytical scale biosynthesis produced over 85 com-
pounds from 6 different starting templates. As an example, the NET
related biotransformation products were subjected to full struc-
ture characterization. Reaction products of NET formed by M02his
were identified based on HR-MS(/MS) data, drug-target affinity
profiles, UV-absorption profiles and spectral library matching of
standards. Of all NET related products generated by the M02his
enzymatic system, we were able to fully identify ∼70% based on
the different strategies and to obtain final structure confirma-
tion by NMR data. Based on the full structure characterization of
the M02his produced norethisterone analogues, the majority of
all products formed by the other enzymatic systems (M11his and
HLM) were identified by LC–HR-MS(/MS) experiments. In conclu-
sion, by combining hyphenated screening assays, HR-MS(/MS) for
fast, first line structure identification and NMR spectroscopy for

full 3D structure confirmation we were able to determine, iden-
tify and characterize chemical entities produced by biosynthetic
enzymes. This multidimensional screening approach enabled the
detection of low abundant biotransformation products which were
not suitable for detection in either one of its single components.
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he implementation of this approach in early stage drug discovery
xpands the toolbox of the medicinal chemist for the generation
nd optimization of lead compounds in a quick and informative
ay. A combination of compound-library generation, information

n metabolic soft spots and drug-target selectivity is obtained
n parallel and thereby saving valuable time and manpower. To
mprove the versatility and throughput of our approach, our current
esearch includes the expansion of our mutant enzyme library, data
tream clustering methods and MS/NMR based drug-target affinity
ssays.

upporting information available

The supporting information contains validation data on the LC-
ual receptor affinity detection system, on-line affinity traces of
02his with EE2, 17�-E2 and Org X as scaffold molecules, identi-

cation data on M02-8, tables depicting data on Org X, Y, 17�-E2,
7�-E2, EE2 derived products and the applied NMR strategies in

dentifying M02-7.
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