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ABSTRACT

Praziquantel (PZQ) is the drug of choice for treatment of the
neglected tropical disease schistosomiasis. Although the drug
has been extensively used over several decades and its metabo-
lism well studied (several oxidative metabolites are known from
literature), the knowledge of the complete structure of some of
its metabolites remains elusive. Conventional techniques, such
as nuclear magnetic resonance or liquid chromatography mass
spectrometry were used in the past to investigate phase | and
phase Il metabolites of PZQ. These techniques are either limited
to provide the complete molecular structure (liquid chromatogra-
phy mass spectrometry) or require large amount of sample mate-
rial (NMR), which are not always available when in vitro systems
are used for investigation of the metabolites. In this study, we
describe new structures of S-PZQ metabolites generated in vitro
from human liver microsomes using the crystalline sponge
method. After chromatographic separation and purification of
the oxidative metabolites, ultra-performance liquid chromatogra-
phy-quadrupole time-of-flight mass spectrometry analysis was

conducted to narrow down the position of oxidation to a certain
part of the molecule. To determine the exact position of hydroxyl-
ation, singe-crystal X-ray diffraction analysis of the crystalline
sponges and absorbed analyte was used to identify the structure
of S-PZQ and its metabolites. The crystalline sponge method
allowed for complete structure elucidation of the known metabo-
lites S-trans-4'-hydroxy-PZQ (M1), S-cis-4'-hydroxy-PZQ (M2) and
S-/R-11b-hydroxy-PZQ (M6) as well as the unknown metabolites
S-9-hydroxy-PZQ (M3) and S-7-hydroxy-S-PZQ (M4). For compari-
son of structural elucidation techniques, one metabolite (M3)
was additionally analyzed using NMR.

SIGNIFICANCE STATEMENT

The information content of the metabolic pathway of praziquantel
is still limited. The crystalline sponge method allowed the complete
structural elucidation of three known and two unknown metabo-
lites of S-praziquantel, using only trace amounts of analyte mate-
rial, as demonstrated in this study.

Introduction

Schistosomiasis is a neglected tropical disease caused by a parasitic
flatworm of the genus Schistosoma and affects almost 240 million peo-
ple worldwide, with a high prevalence in Africa. The World Health
Organization implemented a program for schistosomiasis control over
the past 40 years and recommends the anthelmintic drug praziquantel
(PZQ) as the treatment of choice for all forms of the disease (WHO,
2011, 2020). PZQ is currently used as a racemic formulation in therapy;
however, the activity is mainly associated with the R-enantiomer (Meis-
ter et al., 2014; Kovac et al., 2017). Although the drug has been known
and extensively used since the early 1980s, the information content of
the metabolic pathway is limited. Enantioselective transformation of

This work received no external funding.

The authors declare a conflict of interest. L.R., J.J., C.v.E., AK,, CK., AM,,
K.G. and L.B. are employees of Merck KGaA, Darmstadt, Germany.

dx.doi.org/10.1124/dmd.121.000663.

[S] This article has supplemental material available at dmd.aspetjournals.org.

R-PZQ and S-PZQ has been explored in various studies, showing
different metabolic profiles for both enantiomers (Wang et al., 2014;
Vendrell-Navarro et al., 2020, Park et al., 2021). Several mono-oxi-
dized (+16 Da) and secondary oxidative metabolites (+32 and +14
Da) are known from the literature, but most of their complete struc-
tures are still unknown. The main metabolite in human is 4'-
hydroxy-PZQ and the position of hydroxylation was identified both
in cis and trans configuration (Nleya et al., 2019). Two more metab-
olites have been described as 8-hydroxy-PZQ and 11b-hydroxy-PZQ
by isolation from human urine and in vitro recombinant human P450
reactions, using NMR for data analysis (Schepmann and Blaschke,
2001; Vendrell-Navarro et al., 2020). Additional metabolites have
been analyzed using different liquid chromatography mass spectrom-
etry (LC-MS) systems, giving information of the type of metabolism
(i.e., hydroxylation, dehydrogenation and glucuronidation) and
allowing to narrow down the site of metabolism to a certain part of
the molecule (Lerch and Blaschke, 1998; Huang et al., 2010; Wang
et al., 2014). Despite the advantage of LC-MS techniques to reach
high sensitivity for sample analysis from in vitro origin, these techni-
ques failed to identify the complete structure of metabolites.

ABBREVIATIONS: CS, crystalline sponge; CS-XRD, crystalline sponge method; HLM, human liver microsome; HPLC, high-performance liquid chro-
matography; LC-MS, liquid chromatography-mass spectrometry; PZQ, praziquantel; gTOF, quadrupole time-of-flight mass spectrometry; Ry,
residual factor; Ry, internal R-value; tpt, 2,4,6-tris(4-pyridyl)-1,3,5-triazine; UPLC, ultra-performance liquid chromatography.
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Structural Elucidation of Metabolites by Crystalline Sponges

A new approach for structural elucidation of compounds was intro-
duced in 2013 by Makoto Fujita and is commonly known as the
“crystalline sponge method” (CS-XRD) (Inokuma et al., 2013). The
method enables crystal structure determination without the limitation of
crystallization with only nanogram to a few microgram of analyte mate-
rial. A metal coordination complex [(ZnXj;)s-(tpt).]y-X(solvent),, (X=I;
tpt=2,4,6-tris(4-pyridyl)-1,3,5-triazine) is used as a pre-existing crystal
and functions as a host. During a “soaking process”, the analyte (guest)
is absorbed into the pores of the three-dimensional framework via diffu-
sion and regularly ordered by intermolecular, noncovalent interactions
and thus accessible for X-ray diffraction analysis (Inokuma et al., 2016;
Brunet et al., 2017; Sakurai et al., 2017). We recently demonstrated that
CS-XRD is a valuable tool, which can be applied to identify the exact
position of metabolism for phase I and phase II metabolites generated in
low amounts from in vitro incubation (Rosenberger et al., 2020).

In this study, we apply the CS-XRD for the determination of the
absolute structures of S-PZQ and six of its hydroxylated metabolites
after incubation with human liver microsome (HLM).

Materials and Methods

Chemicals and Reagents. S-PZQ, S-cis-4-hydroxy-PZQ and S-trans-4'-
hydroxy-PZQ were obtained from Merck KGaA small molecule library. Dipotas-
sium hydrogen phosphate, potassium dihydrogen phosphate, magnesium chloride
hexahydrate, cyclohexane, n-hexane, dihydronicotinamide adenine dinucleotide
phosphate tetrasodium salt, DMSO-ds, water (ultra-high-performance LC-MS
grade), and acetonitrile (ultra-high-performance LC-MS grade) were purchased
from Merck KGaA (Darmstadt, Germany). Zinc iodide, 1,2-dimethoxyethane,
and formic acid were purchased from Sigma Aldrich Chemie GmbH (Steinheim,
Germany). Tpt was purchased from abcr GmbH (Karlsruhe, Germany). Mixed
gender HLM (Ultrapool, pool of 150) were purchased from Corning (Corning,
USA).

M)etabolism of S-PZQ by HLM. The hydroxylation of S-PZQ was con-
ducted with an incubation mixture containing 0.5 mg/ml of HLM, 50 mM of
potassium phosphate buffer (pH 7.4), 1 mM of magnesium chloride, and
200 pM of substrate. After 5 minutes of preincubation (37°C, 150 rpm), the reac-
tion was initiated by the addition of nicotinamide adenine dinucleotide phosphate
(NADPH, 1.5 mM), and the mixture was incubated for another 24 hours (final
volume: 540 ml). After 6 hours, the reaction was boosted by addition of
NADPH (1.5 mM).

The reaction was quenched by adding one volume of ice-cold acetonitrile and
the precipitated proteins were removed by centrifugation at 4000 g for 1 hour at
4°C. The supernatant was evaporated to dryness (nitrogen flow, 40°C) and reso-
lubilized in acetonitrile/water (20:80). 100 pl aliquots were used for purification
and fractionation by high-performance liquid chromatography coupled with mass

spectrometry (HPLC-MS).
Ultra-Performance Liquid Chromatography-Quadrupole Time-of-

Flight Mass Spectrometry. The supernatants were analyzed on a Waters
Acquity ultra-performance liquid chromatography (UPLC) system combined
with a Xevo G2-S qTOF (Waters Corporation). Analysis was performed with an
electrospray ion source in positive ion mode. For MS scan, the quadrupole time-
of-flight mass spectrometry (QTOF) was operating with a source temperature at
150°C, a desolvation temperature at 600°C and a capillary voltage at 0.5 kV. For
full-scan MS mode, the collision energy was set to 4 V, and the mass range was
set to m/z 100 to 1000. For MS/MS studies, qTOF MS® acquisition was con-
ducted using a collision energy ranging from 25 to 40 V.

Metabolite separation was achieved on a chiral Lux Cellulose-2 column
(150-2 mm, 3 pum; Phenomenex) equipped with a Lux Cellulose-2 precolumn
(3 mm inner diameter; Phenomenex) at a flow rate of 0.45 ml/min over a
period of 20 minutes using solvent A (water + 0.1% formic acid) and solvent
B (acetonitrile + 0.1% formic acid) as mobile phases. The column oven tem-
perature was set to 40°C. Elution was performed using a gradient from 20 to
90% B in 15 minutes, 90 to 95% B in 0.2 minutes, 95% B for 2.1 minutes,
returning to 20% B in 0.1 minutes and re-equilibration at 20% B for
2.6 minutes. The software UNIFI version 1.9.4 (Waters Corporation) was used
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to support the identification of metabolites. The metabolites were evaluated for

mass error (= 4 ppm), fragmentation pattern and retention time.
HPLC-MS. The supernatants were analyzed and fractionated on an Acquity

Arc HPLC system (Waters Corporation). The equipment components were
described in detail in our previous work (Rosenberger et al., 2020).

Samples were analyzed with electrospray ionization mass spectrometry in posi-
tive ionization mode within an acquisition range from m/z 100 to m/z 650 in con-
tinuum mode and a sampling frequency of 2 Hz. The capillary voltage and the
cone voltage were set to 0.8 V and 10.0 V, respectively. The probe temperature
was set to 600°C. The mass value of m/z 329 was registered by the MS detector
and triggered the fractionation of the target analytes. The software MassLynx 4.2
and FractionLynx were used for data acquisition and sample fractionation.

HPLC separation for M4 and M6 PZQ was performed with two Chromolith
Performance RP18e columns (100-4.6 mm; Merck KGaA) for primary chro-
matographic purification and one Purospher Star RP18e Hibar HR column (100-
2.1 mm, 2 pm; Merck KGaA) as second chromatographic system. The column
oven temperature was set to 25°C. For the first purification, elution was per-
formed at a flow rate of 1.0 ml/min using solvent A (water) and solvent B (aceto-
nitrile) as mobile phases. The analytes were eluted over a period of 30 minutes,
using a multi-segmented gradient from 0% to 25% B in 7 minutes, 25% to 30%
B in 3 minutes, 30% to 80% B in 10 minutes, 80% B for 5 minutes, returning to
0% B in 0.1 minutes, and re-equilibration at 0% B for 4.9 minutes. The eluent
was directed to the waste during the first 5 minutes to reduce contamination. For
the second purification, elution was performed at a flow rate of 0.45 ml/min over
a period of 15 minutes, applying the following gradient: mobile phase 0% to
60% for 10 minute, 60% B to 100% B in 2 minute; 100% to 0% B in 0.1
minutes and re-equilibration at 0% B for 2.9 minutes.

HPLC separation for M3, M5, and additionally M6 PZQ was achieved using
an additional third purification step. The further purification was performed using
the Lux Cellulose-2 column and gradient described as before. Differences were
the column oven temperature of 25°C and the solvent A (water) and solvent B
(acetonitrile) as mobile phases.

Following each chromatographic separation step, the collected fractions were
pooled, evaporated to dryness at 40°C under nitrogen flow and resolubilized in
acetonitrile/water (20:80) for further purification. After final purification, the col-
lected fractions from each metabolite were combined and evaporated to dryness

to conduct the crystalline sponge (CS) soaking and NMR measurement.
CS-XRD. The porous CS [(Znl);(tpt),],-x(cyclohexane), (1la) and

[(ZnI,);-(tpt)2 ], x(n-hexane),,, (1b) were prepared according to the procedures
known from literature (Biradha and Fujita, 2002; Ramadhar et al., 2015).

For guest soaking of S-PZQ, a single crystal of 1a was transferred with 50 pl
of cyclohexane to a glass vial. After addition of 2 pl of dissolved analyte solution
(1 mg/ml in 1,2-dimethoxyethane), the sample vial was closed with a screw cap
and the septum seal was pierced with a syringe needle, before placing it in an
incubator at 50°C for 1 day. Following evaporation of solvent, the vial was
placed without a needle for 2 days at 4°C to increase guest occupancy and hence
the chirality transfer from the guest molecules to the CS framework. For S-trans-
4'-hydroxy-PZQ, one crystal of 1b was used and analyzed after evaporation of n-
hexane after 1 day. The soaking condition for S-cis-4-hydroxy-PZQ was
adjusted by reducing the volume of n-hexane to 25 pl, the temperature for sol-
vent evaporation to 25°C and the soaking time to 3 days by using a syringe nee-
dle with smaller diameter. Soaking of incubation samples (about 1-2 pg) was
conducted similarly to the reference material. Two microliters of 1,2-dimethoxy-
ethane, 50 pl of cyclohexane and one CS (la) were pipetted into the vial, which
contained the pooled metabolite material. The incubator temperature was set to
50°C and the evaporation time was one day.

Single-crystal X-ray diffraction measurements were performed by using a
Rigaku Oxford Diffraction XtalLAB Synergy-R diffractometer (Cu-K,, 1 =
1.54184 A) at a temperature of 100 K and crystal structure modeling using
OLEX2 (Dolomanov et al., 2009), SHELXT, and SHELXL (Sheldrick, 2015)
were conducted as described in detail in our previous work (Rosenberger et al.,
2020). The software ShelXle was used to generate the electron density maps of

S-PZQ and its hydroxy metabolites (Hiibschle et al., 2011).
NMR of PZQ Metabolite M3. Structural elucidation of metabolite M3 was

performed at 298 K using a 700 MHz Bruker Avance III equipped with a 5-mm
cryocooled triple resonance probe. The isolated metabolite (about 15 pg) was
dissolved in 200 pl of DMSO-ds and transferred into a 3 mm NMR tube.
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The "H NMR spectrum was acquired with 64 k time domain points, a spectral
width of 20 ppm, a relaxation delay of 10 seconds, and 1024 scans. Edited heter-
onuclear single quantum coherence NMR spectrum was recorded with 1024 x
256 time domain data points over a spectral width of 12 ppm in the t2 and 165
ppm in the t/ dimension. The homonuclear correlation spectroscopy NMR spec-
trum was acquired with 1024 x 256 time domain data points over a spectral
width of 12 ppm in the t2 and t/ dimension. The rotating frame Overhauser
enhancement effect spectroscopy NMR spectrum was recorded with 1024 x 256
time domain data points over a spectral width of 12 ppm in the t2 and t/ dimen-
sion. The software MestReNova version 14.1.0 (Mestrelab Research) was used
for data analysis.

Results

UPLC-qTOF Analysis of S-PZQ Metabolites Prepared by
Incubation with HLM. Both enantiomers of PZQ (Fig. 1) were incu-
bated with HLM for 24 hour respectively, for metabolite profiling and
identification (data not shown). S-PZQ showed an increased formation of
metabolites and was therefore chosen for further analysis. During the
study of metabolic stability, the UPLC-qTOF chromatogram of S-PZQ,
incubated with HLM in the presence of NADPH, showed the formation
of several oxidative metabolites (+16, +32 and +14 Da), which is in
line with already published data (Huang et al., 2010; Wang et al., 2014).
The incubation of S-PZQ without cofactor was conducted in parallel and
showed no formation of metabolites, indicating their generation by enzy-
matic reaction. The analysis presented in this study, however, focuses on
six monohydroxylated metabolites of S-PZQ (M1-M6).

The metabolites M1-M6 were detected at a protonated molecular
mass [M+H] " of m/z 329. The increased m/z value of 16 Da, compared
with the [M+H]™ ion of the parent (m/z 313), suggested the addition of
one oxygen to the molecular scaffold.

The mono-oxidized metabolites were further analyzed based on their
MS/MS spectra and accurate mass measurements (Fig. 2, Supplemental
Table 1). The mass spectrum ([M+H]™) of M1 and M2 showed similar
fragment ion peaks as the parent compound. The main fragment ions at
m/z 203 and m/z 174 were assigned to the “core moiety” (i.e., hexahy-
dro-pyrazino [2,1-aJisoquinolin-4-one), indicating that the oxidation
occurred at the cyclohexane ring. Metabolites M1 and M2 were identi-
fied as S-trans-4'-hydroxy-PZQ and S-cis-4'-hydroxy-PZQ by compari-
son of the respective retention time with the reference material.

The main fragment ions at m/z 219, m/z 190, m/z 162 and m/z 148,
observed in the spectra of both M3 and M5, were assigned to an oxi-
dized core moiety, indicating that the hydroxylation occurred some-
where at the tetrahydro-isoquinoline ring system. The full-scan mass
spectrum of metabolites M4 and M6 showed the abundant ion m/z 311,
representing a predominant loss of water (329 -> 311). In addition,
both metabolites fragmented to form characteristic ions of m/z 201, m/z
144 and m/z 130, indicating a spontaneous water loss of the fragment
ions observed for M3 and M5. The loss of water is predominantly

10

Fig. 1. Chemical structure of S-praziquantel.

Rosenberger et al.

observed for aliphatic hydroxylation, whereas it is less common for
hydroxylation reactions, which occur on phenyl rings (Ramanathan
et al., 2000; Holcapek et al., 2010). Therefore, it is likely that the addi-
tion of one oxygen occurred in the aliphatic part of the core moiety and
not on the aromatic benzene.

The tandem mass spectrometry fragmentation pattern allowed to limit
the oxidation to a certain part of the molecule but could not reveal the
actual positions of hydroxylation. The metabolite structures of S-PZQ

were therefore further analyzed using CS-XRD and NMR.
Structural Elucidation of S-PZQ Metabolites (M1-M4 and

M6) by CS-XRD. For successful structure determination using CS-
XRD, the optimization of soaking conditions (e.g., CS type, solvent,
temperature, time) is the crucial step. Thereby, various parameters need
to be examined for every analyte (Hoshino et al., 2016). The optimal
soaking parameters for S-PZQ were selected by conducting a CS affin-
ity screening and examining the affinity of target analyte to CS frame-
work using two CS types [(Znly)s:(tpt).],-x(solvent),, and [(ZnCl,)s-
(tpt)o]n-x(solvent),,,; solvent=cyclohexane, n-hexane) at three different
temperatures (50°C, 25°C, 4°C) (data not shown). The screening
method has been described in detail in our previous work (Rosenberger
et al., 2021). The optimal soaking conditions were then applied for
S-PZQ and its mono-oxidized metabolites. To increase the occupancy
of the analyte in the CS pores and to maximize the intermolecular inter-
actions between CS framework and guest molecules, the soaking time
was further adjusted for some analytes.

The parent active pharmaceutical ingredient and the reference metabo-
lites S-trans-4-hydroxy-PZQ (M1) and S-cis-4-hydroxy-PZQ (M2)
could successfully be structurally elucidated with CS-XRD using a con-
ventional X-ray diffractometer. The crystal structure of S-PZQ revealed
one guest molecule with an occupancy of 64% and one additional cyclo-
hexane molecule with final residual factor (R;) and internal R-factor
(R values of 8.23% and 3.08%, respectively. A Flack parameter of
0.234(8) was obtained, suggesting that the absolute configuration PZQ is
S. One molecule of metabolite M1 was assigned by its electron density in
the asymmetric unit with an occupancy of 52% (R; 6.58% and Ry
3.86%, y = 0.229(8)). First analysis of the reference material M2
resulted in the determination of the hydroxy group at the 4'-cyclohexyl
moiety in trans configuration. Pharmacokinetic data from previous stud-
ies showed the preferred formation of M1 and a cis to trans interconver-
sion (Nleya et al., 2019; Vendrell-Navarro et al., 2020). To influence the
less favored axial position of the substituent as little as possible, the soak-
ing process was further optimized by decreasing the temperature to
25°C. As a result, one guest molecule in cis configuration could be
assigned to M2 (occupancy 54%, R 5.85%, R 2.86%, y = 0.328(8)).

Next, CS-XRD was applied to the mono-hydroxylated metabolites of
S-PZQ generated by in vitro incubation. The formation of several
metabolites in different quantities was observed, necessitating an exten-
sive chromatographic separation and purification process to fractionate
the very closely eluting metabolites (Fig. 3A). To generate the sample
amount in high purity, M4 and M6 were purified using two different
chromatographic columns. M3 and M5 were thereby detected as one
peak, requiring further separation using a third column (Fig. 3B). To
estimate the amounts of M3-M6, the MS (for M3 and M5) and UV
(for M4 and M6) signals of the reference material M2 were used.
Thereby, an increase in the UV-VIS absorption maxima was observed
for M3 (278 nm) and M5 (281 nm) compared with S-PZQ or M6
(263 nm), indicating an aromatic hydroxylation at the benzene moiety.

To reveal the exact position of hydroxylation, the soaking experi-
ments were conducted under similar conditions as used for the parent
compound to elucidate the structure of metabolites M3—-M6. XRD meas-
urements of the soaked CS allowed the crystallographic analysis of the
metabolite structures. M6 shows high electron density at position 11b of
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Fig. 2. Tandem mass spectrometry spectra and proposed structures of S-praziquantel and its metabolites M1-M6.

the isoquinoline ring system, confirming the structure elucidated via
NMR in previous works (Vendrell-Navarro et al., 2020). High electron
density in close proximity to the isoquinoline part was also observed for
M4 at position 7 and M3 at position 9. Metabolite M5 shows diffuse
electron density in the CS pores, but no structure could be successfully
assigned. The electron density map of the “core moiety” from S-PZQ
and its successfully elucidated metabolites are shown in Fig. 4.

Crystallographic data of M3 revealed one analyte molecule with an
occupancy of 60% (R; 5.53%, Ry, 1.52%, y = 0.204(7)) and two
cyclohexane molecules.

The crystal structure of M4 revealed one molecule with an occupancy
of 76%, three cyclohexane molecules, and final R; and R, values of

4.99% and 1.45%, respectively. The addition of one oxygen at position
7 of the molecule caused the creation of a second chiral center, which
could be determined as S configuration indicated on the Flack parameter
value of 0.191(7).

As already observed for the other metabolites and the parent com-
pound, M6 was expected to be enantiopure. Surprisingly, an inconclu-
sive Flack parameter of 0.5, indicating a racemic mixture, was
observed. Furthermore, when analyzing the CS pores, both S- and
R-11b-hydroxy-PZQ (occupancy 40% and 30%) were observed (R,
5.92%; Ry, 2.48%). The observation was further confirmed by chiral
chromatography with the separation of both enantiomers. After chro-
matographic separation and purification, both enantiomers were
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Fig. 3. Full-scan liquid chromatography mass spectrometry chromatograms of S-praziquantel (PZQ) incubated with human liver microsome for 24 hours in the pres-
ence of nicotinamide adenine dinucleotide phosphate as cofactor on a Lux Cellulose-2 column (A) and PZQ metabolites M3-M6 after semi-preparative high-per-
formance liquid chromatography separation and fractionation (B); M1, S-trans-4'-hydroxy-PZQ; M2, S-cis-4' hydroxy-PZQ, M3, S-9-hydroxy-PZQ; M4, S-7-hydroxy-

S-PZQ; M5, still unknown; M6, S-11b-hydroxy-PZQ and R-11b-hydroxy-PZQ.

examined separately by CS-XRD. The soaking experiment of the first
enantiomer of M6 showed the presence of one S-11b-hydroxy-PZQ
molecule, but due to low occupancy of the analyte and therefore an
insufficient chirality transfer from guest molecules to the host frame-
work, the resulting inconclusive Flack value did not allow the confirma-
tion of the chiral center. However, when analyzing the second
enantiomer, one molecule of R-11b-hydroxy-PZQ (occupancy 100%)
could be observed in the CS pores (R; 7.32%; Ry, 3.69%, y =

A B

0.221(8)), hence indicating the identification of the first enantiomer to
be in S configuration.

The refined crystallographic structures of S-PZQ and its hydroxy
metabolites are shown in Fig. 3. Crystallographic data, ORTEP dia-
grams of the asymmetric unit including CS framework and analytes,
reciprocal 40! layers and Flack parameters before and after using sol-
vent masking are shown in the Supplemental Data (Supplemental Fig.
1-22).

M1 reference

R-M6

Fig. 4. (A) Asymmetric unit of [(Znl,);(tpt),], with one S-9-hydroxy praziquantel (M3) and two cyclohexane molecules. The crystal structure exhibits C-H---O (red
dashed line) interactions between the hydroxy metabolite and the crystalline sponge framework. (B) Electron density map F, [contoured at 2.02¢ (S-praziquantel),
2.00c (M1 reference), 2.61¢ (M3), 1.94c (M4), 1.89¢ (S-M6), 2.54c (R-M6)] of the complete molecule of S-praziquantel and M1, as well as the core moiety of the

incubation samples M3, M4, S-M6 and R-M6.
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Fig. 5. 700 MHz 'H NMR spectrum of S-9-hydroxy praziquantel (M3).

Characterization of M3 by NMR. Additional to CS-XRD experi-
ments, M3 was further isolated to characterize the structure by NMR
analysis (Supplemental Data). The results confirmed the position of
hydroxylation at position 9 of the benzene moiety. The following signals
were assigned to the structure in the '"H NMR measurement (700 MHz,
DMSO-dg). The NMR spectra indicated the presence of two conformers,
which are indicated in the following assignment by superscript A and B.
The numbering is depicted in Fig. 5: 6 7.25 (d, J = 8.3 Hz, 1H, IIA),
7.05 (d, J = 8.5 Hz, 1H, 11°), 6.72-6.64 (m, 2H, 10™"), 6.58 (s, 2H,
8P), 4.82 (d, J = 104 Hz, 1H, 116%), 477 (d, J = 13.1 Hz, 1H, 6®),
4.65(d, J = 10.6 Hz, 1H, 11b®), 4.52-4.34 (m, 5H, 1*%, 3*%, 6*), 4.08
(d,J = 172 Hz, 1H, 3%), 371 (d, J = 17.7 Hz, 1H, 3*),3.26 (d, J =
12.9 Hz, 1H, 1%), 2.88-2.78 (m, 4H, 1*%, 6*7), 2.75-2.69 (m, 2H,
748), 2.74-2.70 (m, 2H, 7*7), 2.60-2.58 (m, 2H, 1'*?), 1.80-1.58 (m,
8H, 248, 3AB SAB @ AB) 144111 (m, 10H, 278, 348, A8
548 6*B) The '"H NMR spectrum of M3 showed three aromatic pro-
ton signals (one singlet at é 6.58 and two duplets at 6 7.25 and ¢ 6.72-
6.64). The coupling pattern indicated a substitution of one benzene
hydrogen with a hydroxyl group at either position 9 or 10. rotating frame
Overhauser enhancement effect spectroscopy cross-correlations of H-7 to
H-8 and H-11b to H11 were observable. Since H-8 showed singlet multi-
plicity and H-11 duplet multiplicity, the substitution can be unambigu-
ously assigned to position 9 (Fig. 5, Supplemental Fig. 23-27).

Discussion

In summary, we were able to elucidate the absolute structure of
three known and two unknown hydroxy metabolites of S-PZQ using

CS-XRD. UPLC-qTOF analysis and target-structure prediction of the
fragmentation pattern allowed us to determine the type of metabolism
and to limit the position of hydroxylation to a certain part of the mole-
cule. However, only the crystallographic data could give information
about the stereochemistry and pinpoint the exact position of the
inserted hydroxy groups at the 4'-C position of the cyclohexane moiety
(M1 and M2) as well as the 7-C (M4), 9-C (M3) and 11b-C (M6)
positions at the core moiety. The structure of metabolite M3 was fur-
thermore confirmed by NMR analysis.

The large number of different metabolites and impurities from the
in vitro incubation matrix (e.g., buffer salts, cofactor, microsomal stock
solution) required a lengthy semi-preparative sample separation and
purification process as well as the selection of different columns.
Metabolites M3, M4, and M5 were coeluting in the first chromato-
graphic purification step. The application of a second column allowed
the separation of M4, which could be successfully identified as S-7-
hydroxy-S-PZQ. First experiments of the second peak using CS-XRD
were unsuccessful. Only diffuse electron density could be observed in
the CS pores, indicating successful guest inclusion, but no regular order
of analyte molecules, which is a necessary requirement for the assign-
ment of guest compounds. From our experience, additional impurities
in analyte material investigated with CS-XRD could lead to such behav-
ior. Therefore, a third chromatographic step was conducted for further
purification, which allowed the detection of an additional metabolite
and thus the separation of M3 and MS. CS-XRD analysis of M3
allowed to identify the position of hydroxylation at 9-C of the aromatic
ring. The crystallographic analysis of M5, however, did not reveal the
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structure of the metabolite as a guest molecule in the CS pores, but MS
and UV-VIS data strongly indicated that the hydroxylation occurred at
the aromatic benzene ring. The structure of metabolite M6, which is
known from literature, was confirmed, and the presence of both enan-
tiomers in vitro was shown. The analysis of both enantiomers as a race-
mic mixture and individually after chiral separation allowed the
determination of the respective configuration as S-11b-hydroxy-PZQ
and R-11b-hydroxy-PZQ.

The application of CS-XRD for S-PZQ and its metabolites demon-
strates that this technology can be applied for metabolite identification
studies in drug discovery in which metabolites are only available in
trace amounts from in vitro incubation. In comparison with the CS anal-
ysis, a high amount of substance was needed to conduct the NMR spec-
trum of M3, prolonging the lengthy sample purification process from
days to weeks to collect sufficient analyte material. Furthermore, no
information of the absolute configuration was obtained. The low abund-
ancy of metabolite M4 in the incubation solution only allowed the chro-
matographic preparation of 1-2 pg of sample material, which is
insufficient for complete structure analysis by NMR. However, the CS-
XRD could be applied and allowed the successful determination of M4.

Our results show that CS-XRD in combination with MS data are a
valuable tool for absolute structure identification of metabolites in early
phases of drug discovery and development, it constitutes a powerful
tool for human metabolite identification from in vitro incubations and
allows earlier risk mitigations associated with metabolites in safety test-
ing guidelines (FDA, 2016). The technology was able to provide new
knowledge of the metabolism of PZQ, which has been used for the
treatment of schistosomiasis for decades. The structural information at
the atomic level were gained using only trace amounts of analyte mate-
rial, outlining a significant advantage in comparison with other techni-
ques like MS or NMR. Thus, we successfully confirmed the structure of
three known hydroxy metabolites and elucidated the complete molecu-
lar scaffold of two unknown metabolites of S-PZQ.

To fully benefit from this technology, further investigation of the
CS method is still needed to expand the chemical space of possible
guest analytes by applying new types of CS with different binding
sites and pore sizes to successfully encapsulate a wide range of target
analytes in the CS pores and thus to successfully elucidate their com-
plete structure.
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