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1 Introduction

1.1 Human drug metabolizing enzymes (DMEs)

1.1.1 DMEs in preclinical drug development

ADMET properties are critical factors that must be taken into account during the early
stages of drug development. These properties are absorption, distribution, metabolism,
excretion and toxicity, all of which can impact a drug's efficacy and safety profile [1].
Therefore, it is crucial to thoroughly evaluate and optimize these properties in order to
increase the possibility of success in the later stages of development and eventual
market approval. Absorption is the process by which a drug enters the body and it
includes several routes such as oral administration, inhalation, or injection. Distribution
pertains to how the drug is distributed throughout the body, including regional blood
flow rates and tissue penetration. Metabolism is the enzymatic modification of drugs by
DMEs, which play a central role in determining the drug's efficacy and safety. Excretion
refers to the elimination of drugs and their metabolites from the body through routes
such as urine, feces, or breath. Finally, the potential for a drug to cause adverse effects
on the body, known as toxicity, can be influenced by factors such as the dose, duration

of exposure, and individual variability [2].

Drug metabolism is a crucial process in which the parent compound undergoes
chemical modifications leading to the production of metabolites. These metabolites are
generally more water-soluble and can be eliminated from the body via urine [3]. The
drug metabolism process is normally divided into two stages, phase | and phase Il
Phase | metabolism mainly involves oxidation, reduction, and hydrolysis reactions of
the drugs or other xenobiotics, while phase Il metabolism includes conjugative
reactions such as glucuronidation, sulfation, and methylation [4]. Phase | metabolism is
considered the preparatory stage for phase Il metabolism as it introduces or unmasks
functional groups that can be utilized in phase Il reactions. However, it is important to
note that phase | and phase Il metabolism should not be viewed as two necessarily
sequential stages, as many drugs directly undergo phase Il metabolism because they

already possess functional groups [5].

DMEs are the core of the entire metabolic process. The most well-known and important
enzymes of phase | metabolism are the cytochrome P450s (CYPs), which catalyze
several reaction types, including oxidations, hydroxylations, and dealkylations [6]. In
addition to CYPs, other phase | enzymes also play a role in the clearance of many
drugs, such as alcohol dehydrogenases, monoamine oxidases, molybdenum

hydroxylases, and flavin-containing monooxygenases [7]. The most common phase ||
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enzymes are uridine 5'-diphospho-glucuronosyltransferase (UGTs), sulfotransferases
(SULTSs), glutathione S-transferases (GSTs), thiopurine S-methyltransferases (TPMTSs),
N-acetyltransferases (NATs) and catechol O-methyltransferases (COMTs) [8]. UGTs,
in particular, are responsible for catalyzing the transfer of sugar moieties from the
cofactor to the functional group of parent compounds [9]. In humans, CYPs and UGTs
are predominantly found in the liver and gut and are responsible for the clearance of

over 90% of drugs, making the liver and gut the major metabolism organs [10].

1.1.2 Human CYPs

CYPs are a large superfamily of monooxygenases containing heme as a cofactor, they
play a key role in the metabolism of drugs, xenobiotics, and endogenous compounds in
humans and other organisms [6]. They were first found in the 1950s when researchers
were attempting to identify the specific enzymes responsible for oxidizing lipophilic
xenobiotics in mammalian cells [11, 12]. These membrane-bound heme-containing
proteins are named for their characteristic absorption maximum at 450 nm when

reduced and bound to carbon monoxide [13, 14].

As of present, more than 780 CYP families have been discovered, but only 18 of these
have been found in humans [15]. Within these 18 families, 44 subfamilies have been
identified (as by definition its members have a sequence homology of at least 55%)
[16]. In total, 57 human P450s have been discovered, and although some have been

extensively studied, there are still some P450s whose functions remain unknown [17].

Notably, only a quarter of all human CYPs are involved in phase | metabolism of
xenobiotics, with many of them belonging to CYP1, 2, and 3 families [18]. Besides, it
was observed that CYP21 is involved in the metabolism of certain xenobiotic
compound, such as metandienone [19]. Many of the remaining CYPs are associated
with the biosynthesis and metabolism of steroid hormones, bile acids, and other
endogenous compounds [20]. The physiological functions and regulation of certain
CYPs are poorly understood, leading to their classification as "orphan" CYPs. CYPs
are widely distributed across various tissues, with the most abundant expression of
CYPs related to xenobiotic metabolism observed in the liver (Figure 1). Certain hepatic
CYPs are more abundantly expressed than others, which is illustrated for adult

Caucasians in Figure 1 [21].



Introduction 3

CYP3A4
24.0 %

[
[
/

CYP2E1 CYP3AS

16.7 % \ 4.4%
CYP3A7
—~ 23%

—

CYP4F2

_
- Others

0.9 %

CYP2D6
33%

____ CYP1A2

T 0
CYP2C19 / 1

29 %

\ CYP2A6
CYP2C9 ‘ CYP2B6 o

15.7 % ;
° cypacs 1%
5.9%

Figure 1. Pie chart of weighted mean abundances of CYPs in livers of adult caucasians,
adapted from [21]. Others (0.9 %) include CYP3A43 (0.5 %), CYP2J2 (0.3 %) and CYP2C18
(0.1 %).

CYP3A4 is the most abundantly expressed hepatic isoform and is, therefore,
considered the major biotransformation CYP isoform [21]. Its primary endogenous
function is to metabolize steroids, making it essential in the homeostasis of bile acids
and several steroids, including testosterone, progesterone, androstenedione, and
cortisol [22]. Due to the flexible nature of its active site, this enzyme can also
metabolize a wide range of lipophilic compounds with different structures [23, 24]. The
CYP2 family is the most abundant group of hepatic expressed CYPs (Figure 1), with
several extrahepatic enzymes and "orphan" P450s also found in this family whose
functions are not yet well understood [25]. CYP2C9 is a extensively-studied isoform of
CYP2 family, which also has a large number of substrates, including tolbutamide,

dapsone, warfarin, and most nonsteroidal anti-inflammatory drugs (NSAIDs) [15].

CYP2D6 is notable among human CYPs as it is considered to be a non-inducible
isoform [26-28] and is the only protein-coding gene of the CYP2D subfamily [16,17].
CYP2D6 is also the main example for the metabolic effects of genetic polymorphisms
in CYPs, with 5 to 10% of caucasians having poor or even no CYP2D6 enzymatic
activity [18]. Despite its relatively low expression in the liver, CYP2D6 is responsible for
metabolizing almost 15% of all therapeutic clinical drugs, including antiarrhythmics,

antidepressants, antipsychotics, analgesics, and beta-blockers [29, 30]. CYP2D6 is
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also the main isoform responsible for the hydroxylation of propranolol [31], a beta-

blocker which is the core research object of this thesis.

Although CYPs can metabolize so many substrates with different structures, the
mechanism of their enzymatic function remains conserved. The heme group in CYP
enzymes consists of a central iron ion that is coordinated by a porphyrin ring system
and a distal histidine residue in the protein [32]. The iron ion within the heme group has
the ability to bind and activate molecular oxygen, which is a crucial step in oxidation

reactions [33]. The following equation represents the basic oxidative function of CYPs:
NADPH + H" + Oz + R-H — NADP" + H,O + R-OH [34]

In this reation, nicotinamide adenine dinucleotide phosphate (NADPH) is the cofactor,

while R-H is any oxidizable substrate and R-OH is the oxidized metabolite.

The catalytic cycle of CYPs (Figure 2) involves several steps, including substrate and
oxygen binding, reduction of the heme iron (from Fe®* to Fe?"), splitting and transfer of
oxygen molecules, rearrangement of products, and ultimately release of the product
[35]. Human CYPs cannot bind to NADPH for reduction and thus rely on electron
transfer proteins like cytochrome P450 reductase (CPR) to act as their reduction-
oxidation partner [36]. CPR is a flavoprotein that contains the prosthetic groups FAD
and FMN [37]. The two electrons are transferred from NADPH via FAD to FMN and
finally to the CYP enzyme itself [34]. The second electron transfer step is thought to be
the rate-limiting step, determining the speed of CYP catalytic reactions [34, 35].
Cytochrome b5 may occasionally serve as an electron supplier to enhance the catalytic
efficiency of CYPs [34, 38, 39].
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Figure 2. Simplified scheme of the catalytic circle of CYPs, adapted from [35].

1.1.3 Human UGTs

UGTs are a superfamily of enzymes involved in phase Il metabolism that catalyze the
glucuronidation of various substrates. Like CYPs, UGTs exhibit a wide range of
substrate selectivity and can metabolize many different endogenous compounds,
environmental chemicals, and pharmaceutical drugs [40]. UGT enzymes, together with
CYPs, play a significant role in the metabolism and elimination of drugs from the body.
In fact, UGTs are responsible for deactivating nearly 55% of the 200 most prescribed
drugs currently on the market [41-43], while UGTs and CYPs together metabolize and
eliminate almost 90% of drugs [10]. Therefore, UGT enzymes have a special impact on
the metabolism of drugs and their bioavailability. After being excreted into bile,
conjugated drugs may be hydrolyzed by bacterial B-glucuronidases in the gut. The
resulting deconjugated drugs can then be reabsorbed into the bloodstream, leading to
a secondary rise in plasma drug levels. This process, known as enterohepatic
recirculation, may lead to increased bioavailability but also gut toxicity in certain drugs
[44].

Glucuronidation involves the transfer of a sugar moiety from uridine 5'-
diphosphoglucuronic acid (UDPGA) to a functional moiety such as carbonyl, carboxy,

sulfury, hydroxy, and amine groups [42]. UDPGA is formed from UDP-glucose by the
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enzyme UDP-glucose 6-dehydrogenase (UGDH). UGTs catalyze this conjugation via
type 2 nucleophilic substitution (Sn2), resulting in the formation of 3-D-glucuronides [45,
46] (Figure 3). The resulting B-D-glucuronide conjugates are generally more polar and
more water-soluble than their aglycon counterparts, which facilitates their excretion

from the body.

HO.__O HO.__O HO.__O
HO o] HO o] H\X/R HO o]
H R
+ Sy i
HO X HO / HO ubp
OH uDP OH UDP OH X—R
UDPGA Nucleophilic Nucleophilic Glucuronide
cofactor substrate attack conjugate

Figure 3. Scheme of glucuronidation reaction, adapted from [42]. UDPGA, uridine
5’-diphosphoglucuronic acid; X could be O, S, N or C for different functional groups.

There are 22 human UGT isoenzymes divided into four families (UGT1, UGT2, UGT3
and UGTS, Figure 4) [10]. The UGT2 family is further subdivided into two subfamilies,
UGT2A and UGT2B [47]. UGT1A and UGT2B were found to be responsible for almost
all the detoxification and metabolization of endogenous compounds and xenobiotic
drugs. According to quantitative polymerase chain reaction (QPCR) analysis of UGT
MRNA levels [42], members of UGT1A and UGT2B families were found highly
expressed in human liver, which is the main organ for metabolization. However, in the
intestine, UGT1A1 and UGT2B7 are expressed at similar levels to liver and it is
noteworthy that a few UGT1A isoforms (UGT1A5, 1A7, 1A8, 1A10) are highly
expressed in the intestine but are not detected in the liver, which may contribute to the

first-pass effect and low oral bioavailability of some drugs [48, 49].
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Figure 4. Phylogenetic tree of human UGT isoforms, adapted from [10].

Many UGT1As are highly expressed in the liver but some are exclusively encountered
in extrahepatic tissues, namely UGT1A7, UGT1A8, and UGT1A10 [42]. The members
of the UGT1A family are well recognized to conjugate many xenobiotics and are also
involved in the metabolism of several endogenous compounds, such as bilirubin, bile
acids, serotonin, and steroid hormones [50]. For example, UGT1A1 is considered to be
the major isoform in the glucuronidation of bilirubin which facilitates its elimination
through urine and bile [51]. Impaired bilirubin metabolism due to deficient UGT1A1
activity can lead to bilirubin accumulation in the blood and brain, causing jaundice,
hyperbilirubinemia, Crigler-Najjar syndrome [52], Gilbert syndrome [53], and potentially

fatal outcomes [54, 55].

The UGT2B family is also known to be a significant factor in determining how an
individual responds to various xenobiotics and in the metabolism of commonly
prescribed drugs. UGT2B7, being the most abundant isoform expressed in the liver
(followed by UGT2B4, UGT2B15, and UGT2B17), is responsible for nearly 25% of the
clearance of commonly used medications [56, 57]. In combination with other UGT2B
isoforms, UGT2B7 is capable of metabolizing a diverse range of drugs, such as
zidovudine, morphine, tamoxifen, lorazepam, and NSAIDs [41, 58]. In addition,
UGT2B7, UGT2B15, UGT2B17 and UGT2B28 also play a critical role in the
inactivation of sex steroids, and disruptions to these pathways have been implicated in

various endocrine-related diseases [59].
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UGT2A enzymes are expressed in the nasal epithelium and are involved in the
metabolism of certain volatile organic compounds that contribute to the perception of
odorants [60, 61]. UGT2A1 is preferentially and highly expressed in the olfactory

epithelium, making the most active olfactory UGT for the metabolism of odorants [62].

UGT3A1 has been reported to use UDP-N-acetylglucosamine to conjugate various
substrates, including bile acids, steroids, and bioflavones [63], while UGT3A2 prefers to
use UDPGA, UGP-glucose and UDP-xylose as a cofactor for glucuronidation [64, 65].
These findings suggest that the UGT3 family is not involved in the elimination of
exogenous chemicals, but rather in endogenous metabolism, such as maintaining the
homeostasis of bilirubin. UGT8A1 is a UDP-galactose ceramide galactosyltransferase
that uses UDP-galactose as the sugar donor and is also unlikely to contribute

significantly to drug metabolism [66].

1.1.4 Protein-protein interactions between CYPs and UGTs

CYPs and UGTs are localized in the membrane of smooth endoplasmic reticulum (SER)
[67, 68]. The active site of CYP faces the cytosol with its N-terminus anchored in the
SER membrane [67]. The redox partners (CPR and cytochrome b5) are believed to be
positioned nearby, ensuring the supply of electrons for the oxidation reaction [37, 69].
In contrast, the active site of UGTs is situated inside the lumen of the SER membrane,
and the C-terminus is linked to an anchor protein that crosses the membrane [46, 70].
Although CYPs and UGTs have been thought to work separately due to differences in
their membrane topologies (Figure 5), a growing number of studies suggest that there
is a functional interaction between them. Research in this field began around two
decades ago when it was observed that rat CYP1A1 co-eluted with rat UGTs during
affinity chromatography [71]. Further studies showed that the glucuronidation of 3-
hydroxy-benzo(a)pyrene by a rat UGT was inhibited by a CYP1A inhibitor, which
required intact microsomal membranes [72]. Immunoprecipitation experiments
confirmed the interaction of human CYP3A4 with human UGT1A1, UGT1A6, and
UGT2B7 [73]. In another example, co-expression of CYP3A4 and UGT2B7 in COS-1
cells resulted in a nearly tenfold increase in the Ky, value for the glucuronidation of
morphine compared to single-expressed UGT2B7 [74]. Further studies revealed that
the J-helix of CYP3A4 contributes to its interaction with UGT2B7 [75]. CYP3A4 was
also found to enhance the activity of UGT1A1 and UGT1A7 for the glucuronidation of
the irinotecan metabolite SN-38 [76]. However, the activity of CYP3A4 was suppressed
when UGT1A9 or UGT2B7 were co-expressed in a baculovirus-insect cell system [77,
78].
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Figure 5. Proposed scheme showing the approximate position of UGTs in the smooth
endoplasmic reticulum (SER) in relation to that of CYPs, adapted from [79].

Drug-drug interactions (DDIs) are a major concern in pharmaceutical development and
clinical trials as well as in clinical practice. DDIs occur when perpetrator drugs affect
the metabolism of victim drugs by inhibiting or inducing their key metabolic enzymes,
leading to toxicity or treatment failure. However, it is now recognized that CYP-UGT
protein-protein interactions, or DME-DME interactions, can also cause similar side
effects through a different mechanism. For example, CYP3A is suppressed by UGT1As
under physiological conditions [76, 80, 81], but dexamethasone, a known CYP inducer,
can partially reverse UGT1A-mediated CYP3A suppression by inducing higher levels of
CYP3A compared to UGTs [78]. Additionally, Hypericum perforatum, also known as St
John's wort, can act as an alternative drug to phenobarbital in the treatment of
Crigler-Najjar syndrome [82]. Unlike phenobarbital, which upregulates UGT1A1
expression, H. perforatum is a strong inducer of CYP3A4 but not UGT1A1, and
CYP3A4 has been found to increase UGT1A1 activity through protein-protein
interactions [78].

The evidence strongly suggests that protein-protein interactions between DMEs,
particularly between CYPs and UGTs, play a crucial role in drug metabolism and
clearance. The effects of these interactions can be as significant as those caused by
classic DDIs. Therefore, it is crucial to thoroughly investigate and evaluate the impact
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of DME-DME interactions in drug development and clinical trials and consider them

alongside DDIs when assessing drug safety and efficacy.

1.1.5 Conjugation of alternate UDP-sugars

In section 1.1.3, the process of glucuronidation catalyzed by human UGTs with UDPGA
as a cofactor in phase Il metabolism has been introduced and described in detail.
However, UGTs have been shown to catalyze not only the formation of glucuronides
but also the glycosidation of many endobiotics and xenobiotics using alternative UDP-
sugar donors such as UDP-glucose, UDP-galactose, UDP-xylose, and
UDP-N-acetylglucosamine. For instance, human UGT1A1 has been found to catalyze
glucosidation and xylosidation in bilirubin metabolism, using UDP-glucose and
UDP-xylose as cofactors, respectively [83, 84]. UGT2B7 was found to be able to

catalyze the glucosidation of hyodeoxycholic acid, forming its 6a-O-glucoside [85, 86]

Moreover, glucosidation is also observed in some drugs and xenobiotics. Mycophenolic
acid glucoside was found in plasma and also in in vitro assays with human liver, kidney,
and intestine microsomes [87, 88]. Morphine 3- and 6-glucosides have been detected
in the urine of cancer patients, suggesting a novel metabolic pathway for morphine in
these patients [89]. Further research has shown that human UGT2B7 can form
morphine-3-glucoside but not morphine-6-glucoside. Thereby, glucuronidation and
glucosidation may act as two complementary metabolic pathways [90]. Moreover,
UGT2B7 has been found to catalyze the production of Ibuprofen acyl glucosides [91].
Interestingly, some drugs are converted to N-glucosides instead of O-glucosides [92-
94], with the N-glucoside even becoming the major metabolite in certain cases (e.g.,

phenobarbital N-glucoside) [95].

UGT3A1 catalyzes the N-acetylglucosaminidation of ursodeoxycholic acid using
UDP-N-acetylglucosamine while showing no activity with UDPGA or other UDP-sugars
[63]. UDP-N-acetylglucosamine has not been reported as a donor substrate for any
other UGT isoform so far. In contrast, UGT3A2 has been shown to preferentially use
UDP-glucose or UDP-xylose in conjugation reactions despite sharing 80% sequence
identity with UGT3A1 [64]. UGT8A1, similarly to UGT3A1, uses UDP-galactose
exclusively and has not shown activity with other UDP-sugars. UGT8A1 is involved in
the biosynthesis of galactosylceramides, which play a crucial role in producing brain
sphingolipids [96]. In addition, UGT8A1 was found to be efficient in galactosidating bile

acids and bile acid analogs with drug-like properties [66].

The evidence suggests that glycosidation reactions using alternative UDP-sugar

donors play a non-negligible role in metabolizing endogenous and exogenous
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compounds and biosynthesis. The subtle variations in the UDP-sugar binding site of
UGT enzymes allow for selective recognition of UDP-sugars. In silico study
demonstrated that specific amino acids in the C-terminal domain of UGTs play an
important role in the UDP-sugar selectivity [97]. Additionally, the conformation of the
sugar ring, the presence of water molecules, and conformational changes are other
factors that can influence this process [97]. Glucosides, galactosides, xylosides, and N-
acetylglucosaminidation metabolites may be considered as potential targeted
metabolites in drug development and pharmacokinetics if glucuronides are not

detected.
1.2 Methods involved in preclinical studies

1.2.1 In vitro and in vivo studies on metabolism

The two primary reasons for drug development failure in recent years are lack of
potency and safety concerns [98]. The withdrawal of drugs from the market due to
safety issues can be more costly to pharmaceutical industries than ineffective
candidates. Therefore, it is essential to investigate new drugs from various
perspectives prior to human clinical trials, including potential metabolic pathways,

pharmacokinetic properties, efficacy evaluation, and toxicity assessment.

The preclinical evaluation can be classified into two types, in vitro and in vivo studies,
depending on the metabolic model involved. In vitro models include hepatic and non-
hepatic microsomes, hepatocytes and liver slices, human liver cytosolic fractions, and
recombinant human DMEs expressed in heterologous organisms. Human liver
microsomes (HLMs) can be obtained from human liver tissue through a process of
homogenization, centrifugation, and ultracentrifugation [99]. HLMs contain many CYPs
with varying expression levels and part of the UGTs [21, 42], making them sufficient for
metabolic studies of various drugs. However, as HLMs are small vesicles formed by
the endoplasmic reticulum, cytosolic enzymes such as SULTs and GSTs are not
contained in the microsomal fractions. Therefore, human liver cytosolic fractions (S9
fractions, obtained after the first centrifugation step at about 9000 g of subcellular
fractions) [100], which contain both cytosol and microsomes, can be used to determine
the catalytic reaction by SULTs and GSTs. In addition to HLMs, other human
microsomes, such as from lung or intestine, are also used to investigate local metabolic

properties [101].

Although HLMs are an efficient and easy-to-operate model, they have some drawbacks.
For example, they cannot be used to study the effect of uptake and efflux transporters
on drug metabolism, which have been shown to play a vital role in drug clearance [102].

To simulate in vivo metabolism more precisely, isolated hepatocytes and precision-cut
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liver slices have been introduced for in vitro biotransformation. These models allow for
exploration of the entire process of drug clearance, including various reactions and
functions related to DMEs or transporters [103]. However, the relatively scarce
availability, the need for inexpensive transportation and storage, and decreased
enzymatic potency during culture period restrict their widespread utilization.
Immortalized cell lines are considered to be an alternative because they have an
unlimited lifespan and are easy to obtain and operate [104]. The expression of DMEs in
these cell lines is often up-regulated to compensate for their otherwise low expression

levels.

Once the basic metabolic properties of a new drug have been determined, such as the
metabolic pathway, further studies can be conducted using recombinant expressing
systems. The most common system involves expressing individual DMEs in bacterial,
eukaryotic, or insect cells [105]. One of the key advantages of heterologous systems is
that the expression of human DMEs is virtually unlimited [106]. This allows for easy
access to a specific enzyme in large quantities without the disadvantages associated
with human-derived methods, such as irregular availability, high functional variability

between batches, and potential risk of infection.

In preclinical studies, in vivo testing of drug candidates is typically conducted in animal
models, which can simulate drug metabolism in an intact living system and thus
provide predictions for human response. The rodent system is the most commonly
used animal model due to its cost-effectiveness, reproducibility, availability and its
notable genetic resemblance to humans. A major limitation in using laboratory mice as
models for human drug metabolism is the existence of numerous interspecies
variations in the expression, activities, and inducibility of CYP enzymes [107]. To
address this, genetically modified mouse models have been introduced as alternative
or compensational options, such as knockout mice and humanized mice. Mouse
Cyp1a2 shares several similarities with human CYP1A2 [108]. Therefore,
Cyp1a2-knockout mice have been used to characterize the role of CYP1A2 in the
metabolism of various therapeutic substances, including clozapine, -caffeine,
acetaminophen, and phenacetin [109]. CYP2D6-humanized mice have been
successfully generated and used to characterize the metabolic ratio of debrisoquine/4-
hydroxydebrisoquine, with data similar to that found in human extensive metabolizers
[110]. Additionally, urokinase-type plasminogen activator/severe combined
immunodeficiency (UPA/SCID) mice transplanted with human hepatocytes serve as
practical chimeric mouse model for investigating antiviral drug and the treatment of viral
hepatitis [111, 112].
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Another significant limitation to consider is the ethical aspect associated with animal
experiments. Ethical considerations in animal testing revolve around the welfare of
humanity and the dignity of animal life. The principles of the 3Rs (Replacement,
Reduction, and Refinement) were first outlined by British scientists William Russel and
Rex Burch in 1959 [113] and have since been used as guidelines to promote the more
ethical use of animals in scientific research and product testing. The aim of the 3Rs is
to minimize or completely avoid animal experiments and to reduce both the number of
animals used and any suffering they may experience during testing to the lowest

possible level [114].

In the pharmaceutical industry, there is significant pressure to improve research and
development productivity, primarily due to the substantial financial investments
required and the lengthy timeframes involved. Approximately one out of every nine
molecules fails to pass the stage of candidate screening, with many of these failures
occurring at later stages [115]. These late-stage failures result in substantial costs,
encompassing both actual financial outlays and the opportunities that are foregone.
Consequently, they significantly increase the overall expenses associated with bringing
a drug to market. Therefore, robust evaluation of a drug's efficacy and safety during the
preclinical phase is critical to avoiding late failures. Although in vitro and animal models
cannot fully replicate the pharmacodynamic and pharmacokinetic effects of a drug in
humans, the data obtained from these models can still provide valuable insights and
predictions about the clinical performance of a new drug. Such predictions can help
minimize toxicity and side effects in clinical trials and identify potential issues that may
arise during the development process. However, it is important to acknowledge the
limitations and potential biases associated with these models and to strive continually

to improve and refine their accuracy and reliability.

1.2.2 Recombinant human CYPs and UGTs in Schizosaccharomyces
pombe

Yeast recombinant system is considered to be a suitable heterologous systems for
expressing DMEs compared to bacterial and insect cells due to their endoplasmic
reticulum membrane environment and cost-effective cultivation procedures [116]. As
eukaryotic hosts, yeast cells possess a cellular structure that better supports protein
folding and post-translational modification [117]. Moreover, yeast offers the advantage
of being a unicellular organism with fewer nutritional needs compared to insect and
mammalian cell lines [118]. The fission yeast Schizosaccharomyces pombe is a
popular model system that has been used in studies of cell cycle, chromosome
dynamics, and drug metabolism [116, 119]. Matthias Bureik's group established a

recombinant yeast system using S. pombe as a host and created many strains that can
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express a set of human phase | and phase Il DMEs, including CYPs, UGTs, and
SULTs [120-123]. This system has been used to test various xenobiotic compounds,
such as drugs [124-126], and doping substances [19, 127, 128], using either whole-cell

biotransformation or enzyme bags (permeabilized cells) [129, 130].

The whole-cell biotransformation method using recombinant S. pombe was initially
developed to facilitate the production of target metabolites on a larger scale since a
reference standard of metabolites is a crucial requirement in drug development.
Compared to the classic chemical synthesis of metabolites, which can be complex and
challenging, particularly for conjugated metabolites such as glucuronides, the
whole-cell biotransformation method using recombinant S. pombe is considered
straightforward and efficient. In addition to producing phase | metabolites, a series of
UGTs strains that co-express human UGDH have also been developed, allowing for a
self-sufficient glucuronide production by generating the essential cofactor UDPGA [120].
The whole-cell biotransformation method can also serve as a small-scale assay for
testing the metabolism of different substrates. However, this approach is limited by the
yeast cell wall, which can hinder the import of small molecules (especially charged
ones) [131]. Therefore, the whole-cell biotransformation method requires longer

incubation time and relatively high substrate concentration compared with microsomes.

The use of permeabilized fission yeast cells, also known as "enzyme bags," provides
an in situ approach to address the limitations of whole-cell biotransformation.
Specifically, the highly efficient enzyme bags made from fission yeast cells that express
human UGDH have been shown to completely turn over a 3 mM substrate solution
within three hours [132]. Prior to the biotransformation reaction, recombinant fission
yeast cells are permeabilized with Triton X-100, resulting in porous cell walls which
facilitate the entering of the substrates. Most of the intracellular enzymes remain in
their original environment. This approach enables small molecules, like drugs, to
diffuse freely inside the cells through the holes in the cell walls while larger molecules,
such as enzymes, are remained within the cells. As such, this method does not require
high substrate concentrations or long reaction times. The ideal substrate concentration
and incubation time are reported as 1 mM and 3 hours, respectively, but these may be

adapted depending on the enzymes and substrates under study [126, 133].

The enzyme bags method has proven to be useful for investigating various isoforms of
DMEs, as demonstrated by previous studies [126, 130, 134, 135]. In recent studies,
this method was further developed and applied to CYP-UGT co-expression yeast
strains, demonstrating the versatility of this method for investigating enzymatic protein-

protein interactions [136]. Additionally, the feasibility of long-term preservation of the
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enzyme bags was demonstrated, further enhancing the applications of this method in

drug discovery and development.

1.2.3 Analytical techniques used in drug metabolism studies

Liquid chromatography-mass spectrometry (LC-MS) is the most commonly used
method in drug metabolism and pharmacokinetic research due to its high sensitivity
and selectivity, wide range of suitable analytes, and relatively simple sample
preparation procedure [137]. LC-MS is generally suited for analyzing polar conjugates,
non-volatile or thermally unstable metabolites, and those compounds that are difficult to
derivatize for gas chromatography-mass spectrometry (GC-MS) [138]. The introduction
of electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI)
sources has proven effective in ionizing a diverse range of molecules, including polar,
high molecular mass drugs and metabolites. ESI is the method of choice in metabolites
analysis, especially for conjugates such as glucuronides and sulfates, while APCI is

better suited for weakly polar and lipophilic molecules [139].

GC-MS with an electron-ionization source is also widely used due to its established
libraries. With appropriate derivatization, GC-MS can analyze a wide range of
compounds, and is particularly useful in the metabolic study of steroids [140].
Supercritical fluid chromatography (SFC) has recently attracted attention due to its high
separation efficiency and relatively short analysis time and is expected to gain
popularity in bioanalysis in the future [141]. Moreover, chromatography coupled with
tandem mass spectrometry is effective and widely used in identifying the structure of

metabolites in metabolomics studies [142].

In addition to the characterization of drug metabolites, understanding the interaction
mechanism between drug molecules and DMEs is crucial for screening potential drug
candidates and reducing the cost of traditional drug development [143]. In silico studies,
combined with in vitro experiments, can provide insights into the specificity of DME
isoforms towards certain substrates, the stereoselectivity for racemic substrates, and
the effect of mutations [122, 126, 144]. Furthermore, significant advances have been
made in predicting the ADMET properties of drugs [145] and interactions between
DMEs and transporters [146]. With the rapid advancement of computational techniques
and increased computational power, it is anticipated that in silico studies will play an

increasingly important role in drug discovery in the future.
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1.3 Propranolol and hydroxypropranolols

1.3.1 The versatile role of propranolol

Propranolol, a non-selective beta-adrenergic receptor antagonist, was first discovered
and developed in the early 1960s for its ability to competitively bind to beta-receptors
and block the action of epinephrine and norepinephrine [147]. By inhibiting cardiac
sympathetic activity, reducing cardiac output, and relaxing the peripheral vasculature,
propranolol is effective in treating a range of cardiovascular diseases, including cardiac

arrhythmias, sinus tachycardia, myocardial infarction, and hypertension [148, 149].

As a lipophilic drug, propranolol can cross the blood-brain barrier and block beta
receptors in the central nervous system, leading to several psychiatric-related
therapeutic effects [150, 151]. It has been used to treat anxiety disorders, panic
management, and post-traumatic stress disorder due to its ability to inhibit the
reconsolidation of fear memories [152-154]. Furthermore, in the past decade,
propranolol has regained the attention of researchers due to its vital role in the
treatment of Infantile Hemangioma, and rare diseases such as Hereditary Hemorrhagic

Telangiectasia and Cerebral Cavernous Malformations [155-157].

Additionally, beta-blockers have been prohibited in certain sports by the International
Olympic Committee (IOC) since 1985 because some athletes were found to misuse
propranolol to improve performances in shooting or pentathlon [158]. Further research
has shown that beta-blockers can reduce contraction force, cardiac frequency, and
coronary flow, resulting in lower heart rates, muscle relaxation, and reduced tremors,
which can enhance the performance of athletes in certain sports that require high
accuracy but low muscle strength, such as shooting and archery [159-161]. However,
it's important to highlight that monitoring for propranolol abuse may not be the primary
focus in doping control. According to reports [162] from the World Anti-Doping Agency
(WADA) spanning the last five years, from 2017 to 2021, the abuse of beta-blockers
represented only a small fraction, accounting for approximately 0.5% (with an average

ranging from 0.3% to 0.9%) of all adverse analytical findings (AAF).

1.3.2 Phase | and phase Il metabolism of propranolol and

hydroxypropranolols

Propranolol undergoes extensive metabolism in the human body, with only trace
amounts of unchanged drug found in the urine [163]. Around 90% of the dose can be
recovered in the urine as metabolites [164]. There are three main metabolic pathways

for propranolol: N-Desisopropylation on the side-chain, ring hydroxylation, and
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glucuronidation (Figure 6). N-Desisopropylpropranolol (DIP) is the primary in vitro
metabolite of side-chain oxidation. This reaction is mainly catalyzed by CYP1A2, which
also has some ability for ring hydroxylation [165]. DIP is a minor metabolite in vivo, as it
is further oxidized to naphthoxylacetic acid (NLA) by mitochondrial and plasma

monoamine oxidases [166, 167].
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Figure 6. Proposed metabolic pathways of propranolol from in vitro studies, adapted from [126,
164, 168, 169]. GA, glucuronic acid.

CYP2D6 has been identified as the primary CYP isoform responsible for catalyzing the
4-, 5-, and 7-hydroxylation of propranolol, with only a small contribution to
N-desisopropylation [170, 171]. Among the ring-hydroxylated metabolites,
4-hydroxypropranolol (4-OHP) is the most abundant, followed by 5-hydroxypropranolol
(56-OHP). 7-Hydroxypropranolol (7-OHP) is a minor metabolite in humans but a major
metabolite in rats [168, 172, 173]. Multiple studies have demonstrated that 4-OHP,
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5-OHP, and DIP possess beta-blocking activity, with 4-OHP exhibiting equivalent

potency to propranolol while the potency of others remains unknown [174-177].

In addition to oxidative metabolization, around 17% of the propranolol dose is cleared
by direct glucuronidation [164]. Propranolol glucuronidation produces two glucuronic
diastereomers due to the substrate chirality, with (S)-propranolol glucuronide being the
predominant product in both plasma and urine after the administration of the racemate
[178]. Given that (S)-propranolol is about 100 times more potent than the
(R)-enantiomer in beta-blocking activity [179], it is essential to investigate the

stereoselectivity of propranolol metabolism, as it may have therapeutic implications.

The phase | metabolites of propranolol can also undergo conjugative metabolism. Of
these metabolites, 4-OHP has been extensively studied due to its equipotent activity
and longer half-life compared to propranolol [176, 180, 181]. Along with sulfation,
glucuronidation is considered an important pathway for eliminating 4-OHP [182-184].
Various derivatization strategies have been employed to investigate the glucuronidation
position of 4-OHP, with the aromatic hydroxy group considered to be the primary
reaction site. However, the aliphatic hydroxy group can also undergo glucuronidation
under in vitro conditions [126, 169, 184]. Currently, there are no other studies on the
conjugative metabolism of 5-OHP and 7-OHP, but their glucuronidation has been

investigated and discussed in this thesis.



Aim of the project 19

2 Aim of the project

Studies on the metabolites of propranolol mainly focus on the 4-hydroxypropranolol
since it has been reported to be equipotent as propranolol on beta-blocking activity
[176]. However, the metabolic pathway of 5- and 7-hydroxypropranolol has not been
discussed yet. Therefore, the main objective of this project is to explore the metabolism
of propranolol and its three monohydroxylated metabolites (4-, 5- and
7-hydroxypropranolol) using a recombinant fission yeast system expressing human
UGTs.

The present thesis aims to investigate the enzymatic specificity, stereoselectivity and
regioselectivity for the glucuronidation of propranolol and several hydroxypropranolols.
The objectives include conducting comprehensive reaction phenotyping experiments
on propranolol, along with 4-, 5-, and 7-hydroxypropranol These experiments will be
carried out using a panel of 19 human UGTs, with the aim of identifying the specific
human UGT isoforms responsible for catalyzing their glucuronidation reactions. In
addition, this project seeks to determine whether the glucuronidation of the chiral drug
propranolol exhibits stereoselectivity. In the case of hydroxypropranolols
glucuronidation, investigations will be carried out to ascertain which hydroxy group

serves as the reaction site using both pre- and post-glucuronidation methods.

Furthermore, this project also aims to examine the mutual modulation between
individual UGTs and CYPs during propranolol metabolism using a diploid yeast system
that coexpresses these enzymes. Moreover, glucosidation with UDP-glucose will be
discussed, providing valuable insights into the study of conjugative metabolism

catalyzed by UGTs with alternative sugar donors.

Additionally, this study is designed to establish a standard protocol for ADMET studies
using permeabilized fission yeast cells, thus providing a powerful tool for future in vitro

metabolic studies of other drugs.
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3 Materials and Methods

3.1 Materials

Table 1. Substrates and cofactors

4-Methoxy-1-naphthol

ThermoFisher GmbH (Kandel, Germany)

(S)-4-Hydroxypropranolol
hydrobromide

Santa Cruz Biotechnology Inc.(California,
USA)

(x)-4-Hydroxypropranolol
hydrochloride

Sigma-Aldrich (St. Louis, USA)

(x)-5-Hydroxypropranolol

Cayman Chemical Company (Michigan, USA)

(x)-Propranolol hydrochloride

Sigma-Aldrich (St. Louis, USA)

(R)-Propranolol hydrochloride

Sigma-Aldrich (St. Louis, USA)

NADPH regeneration system

Promega Corporation (Madison, USA)

UDPGA

Sigma-Aldrich (St. Louis, USA)

UDP-glucose

EMD Millipore Corp. (Massachusetts, USA)

Table 2. Materials, reagents and solvents

Syringeffilter (CHROMAFIL®RC-
45/15 MS, 0.45 um)

Macherey-Nagel GmbH & Co. KG (Ddren,
Germany)

1,2-Dimethylimidazole-4-sulfonyl
chloride (DMISC)

Sigma-Aldrich (St. Louis, USA)

Aceton (GC-MS grade)

Merck KGaA (Darmstadt, Germany)

Acetonitrile (LC-MS grade)

VWR International GmbH (Dresden, Germany)

Ammonium chloride

VWR International GmbH (Darmstadt, Germany)

Ammonium formate

VWR International GmbH (Darmstadt, Germany)

Ammonium hydrogen carbonate

VWR International GmbH (Darmstadt, Germany)

Calcium chloride dihydrate

Fisher Scientific (Loughborough, UK)

Disodium hydrogen phosphate

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Epichlorohydrin

ThermoFisher GmbH (Kandel, Germany)
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Ethyl acetate

VWR International GmbH (Dresden, Germany)

Formic acid (LC-MS grade)

Sigma Aldrich (Taufkirchen, Germany)

Glucose

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Glycerol

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Iron(lll) chloride hexahydrate

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Isopropylamine

TCI Europe N.V (Haven, Belgium)

Magnesium chloride

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Methanol (LC-MS grade)

VWR International GmbH (Dresden, Germany)

Methylethylketone

T-E-Klebetechnik (Hannover, Germany)

N-Methyl-N-
(trimethylsilyl)trifluoracetamid
(MSTFA)

Chemische  Fabrik  Karl
(Waldstetten, Germany)

Bucher GmbH

Phosphate buffered saline
(PBS, pH 7.4)

VWR Chemicals. LLC (Ohio, USA)

Pooled human liver microsomes
(protein concentration 5 mg/mL)

Corning Inc. (Massachusetts, USA)

Potassium carbonate

VWR International GmbH (Darmstadt, Germany)

Potassium chloride

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Potassium hydrogen phthalate

Fisher Scientific (Loughborough, UK)

Sodium carbonate anhydrous

Ferak Berlin GmbH (Berlin, Germany)

Tris

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Triton X-100

Carl Roth GmbH + Co. KG (Karlsruhe, Germany)

Water (LC-MS grade)

LaboStar 2-DI/-UV ultrapure water system; SG
Wasseraufbereitung und Regenerierstation GmbH

(Barsbuttel, Germany)

3.2 Methods

3.2.1 Yeast strains, preparation, and long-time storage of enzyme bags

All yeast strains used in this thesis and the references reporting their generation are

listed in Table 3. The culture of haploid yeast that express UGTs was performed as

described previously [122, 126, 135]. Fission yeast cells were first incubated on solid
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Edinburgh Minimal Medium (EMM) supplemented with leucine for three days at 30 °C.
The Edinburgh Minimal Medium (EMM) was prepared in-house based on the published
protocol [185]. Then, the cells were incubated in 10 mL liquid EMM supplemented with
leucine at 30 °C, under agitation at 230 rpm for 24 hours. For culturing diploid yeast
that co-express CYP2D6 and UGTs, the procedure was adapted based on the growing
condition of yeast cells. Diploid yeast strains SAN300, SAN306, SAN307, SAN308, and
SAN310 were initially cultured on solid EMM supplemented with histidine for 5 days at
30 °C. Subsequently, the cells were transferred to 10 mL of liquid EMM containing
histidine and incubated at 30 °C under agitation at 230 rpm for 24 hours. Afterwards,
10 mL of the pre-cultures (both haploid and diploid strains) were transferred into 100
mL of liquid EMM with histidine in a 200 mL flask and were incubated at 30 °C under
agitation at 230 rpm for 48 hrs.

After the culturing, the yeast cell density was counted under the microscope. The
calculated volume of liquid medium containing 5 x 107 yeast cells was used for single
enzyme bags reaction according to the previous study [122, 126, 135]. Following
centrifugation at 3320 g for 5 minutes, the supernatant was discarded, and the cell
pellets were obtained. To permeabilize the cell membrane, 1 mL of 0.3% Triton X-100
in Tris-KCL buffer was added to the tube, and the sample was incubated at 30 °C with
agitation at 230 rpm for one hour. After permeabilization, the cell pellets were washed
three times with 1 mL of NHsHCO3 buffer (50 mM, pH 7.8) to remove the residual

detergent.

Subsequently, the cell pellets were resuspended in 200 uL of PBS containing 50%
glycerol (v/v). Finally, the enzyme bag samples were flash frozen by liquid nitrogen and
stored at —80 °C. Prior to substrate incubation, the frozen enzyme bags were thawed

on ice and washed twice with reaction buffer to remove the glycerol.

Table 3. Fission yeast strains used in this study.

Strain gfc?tzzsed Genotype Reference
DB1 UGT1A1 h- ura4-D18 leu1::pCAD1UGT1A1 [120]
DB21 UGT1A3 h- ura4-D18 leu1::pCAD1UGT1A3 [121]
DB2 UGT1A4 h- ura4-D18 leu1::pCAD1UGT1A4 [121]
DB22 UGT1A5 h- ura4-D18 leu1::pCAD1UGT1A5 [121]

(Continued on next page)
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Strain Expre:ssed Genotype Reference

protein
DB23 UGT1A6 h- ura4-D18 leu1::pCAD1UGT1A6 [120]
DB24 UGT1A7 h- ura4-D18 leu1::pCAD1UGT1A7 [120]
DB25 UGT1A8 h- ura4-D18 leu1::pCAD1UGT1A8 [120]
CAD200 | UGT1A9 h- ura4-D18 leu1::pCAD1UGT1A9 [120]
DB26 UGT1A10 h- ura4-D18 leu1::pCAD1UGT1A10 [120]
DB3 UGT2A1 h- ura4-D18 leu1::pCAD1UGT2A1 [120]
DB27 UGT2A2 h- ura4-D18 leu1::pCAD1UGT2A2 [121]
DB28 UGT2A3 h- ura4-D18 leu1::pCAD1UGT2A3 [121]
DB29 UGT2B4 h- ura4-D18 leu1::pCAD1UGT2B4 [121]
DB7 UGT2B7 h- ura4-D18 leu1::pCAD1UGT2B7 [91]
DB30 UGT2B10 h- ura4-D18 leu1::pCAD1UGT2B10 [121]
DB31 UGT2B11 h- ura4-D18 leu1::pCAD1UGT2B7 [121]
DB32 UGT2B15 h- ura4-D18 leu1::pCAD1UGT2B15 [120]
DB33 UGT2B17 h- ura4-D18 leu1::pCAD1UGT2B17 [120]
DB34 UGT2B28 h- ura4-D18 leu1::pCAD1UGT2B28 [121]

hCPR h+/h- ade6-M210/ade6-M216 ura4-D18/ura4- | [136]
SAN300 CYP2b6 D18 his3.A1/his3.A1 leu1::pCAD1-

CPR/leu1::pCAD1/pREP1-CYP2D6

hCPR, h+/h- ade6-M210/ade6-M216 ura4-D18/ura4- | [136]
SAN306 | CYP2D6, D18 his3.A1/his3.A1 leu1::pCAD1-

UGT1A7 CPR/leu1::pCAD1-UGT1A7/pREP1-CYP2D6

hCPR, h+/h- ade6-M210/ade6-M216 ura4-D18/ura4- | [136]
SAN307 | CYP2D6, D18 his3.A1/his3.A1 leu1::pCAD1-

UGT1A8 CPR/leu1::pCAD1-UGT1A8/pREP1-CYP2D6

hCPR, h+/h- ade6-M210/ade6-M216 ura4-D18/ura4- | [136]
SAN308 | CYP2D6, D18 his3.A1/his3.A1 leu1::pCAD1-

UGT1A9 CPR/leu1::pCAD1-UGT1A9/pREP1-CYP2D6

hCPR, h+/h- ade6-M210/ade6-M216 ura4-D18/ura4- | [136]
SAN310 | CYP2D6, D18 his3.A1/his3.A1 leu1::pCAD1-

UGT2A1 CPR/leu1::pCAD1-UGT2A1/pREP1-CYP2D6
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3.2.2 Biotransformation with enzyme bags

The enzyme bags were prepared before the biotransformation as explained in section
3.2.1. For the glucuronidation or glucucosidation of propranolol and
hydroxypropranolols, enzyme bags prepared from haploid fission yeast that express
UGTs were resuspended in 200 pL of NH4CO3 buffer (50 mM, pH 7.8) containing 1 mM
cofactor (UDPGA or UDP-glucose) and 1 mM substrate and incubated for 15 hours at
37 °C, 300 rpm in the incubator. Afterwards, the mixtures were centrifuged at 14100 g
for 5 min. The supernatants were taken for analysis by LC-MS/MS.

For the metabolism study with the diploid yeast system, frozen enzyme bags were
used. The frozen enzyme bags were thawed on ice and washed twice with NHsHCO3
buffer to remove glycerol. Afterwards, samples were resuspended in 200 pL of
NH4HCO3 buffer (50 mM, pH 7.8) containing 1 mM UDPGA, 1x NADPH regeneration
system, and 1 mM propranolol and incubated for the indicated amounts of time at
37 °C, agitating at 300 rpm (section 4.5.1). After incubation, 5 pL of
4-methoxypropranolol (4-MeOP) (200 pg/mL) were added to each diploid strain
reaction sample as internal standard. Afterwards, the mixtures were extracted thrice
with an equal volume of ethyl acetate, and then the organic phases were combined and
dried under N2. The extracts were redissolved in methanol and analyzed by LC-MS/MS
for 4-OHP formation. The aqueous residues were centrifuged at 14100 g for 5 min to
obtain supernatants and then analyzed by LC-MS/MS as well for glucuronide detection.
For comparison, the reaction mixtures from CAD200 enzyme bag samples were
centrifuged for 5min at 14100 g, and the supernatants were used directly for

LC-MS/MS analysis of propranolol glucuronides.

3.2.3 In vitro metabolism with HLMs

In vitro incubations with HLMs were performed as two groups for two purposes: firstly,
to generate reference samples with an incubation time of 4 hours for identifying
glucuronides or glucosides in urine or enzyme bag samples. Secondly, to produce
sufficient amounts of hydroxypropranolol glucuronides (OHPGs) with a longer

incubation time of 24 hours for derivatization reaction.

For generating reference samples that only containing (R)-form glucuronides,
(R)-propranolol was used as the substrate for synthesizing the respective
diastereomeric OHPGs via HLMs-catalyzed enzymatic reactions since enantiopure
5- and 7-OHP were not available. The reaction required NADPH regeneration system
and UDPGA as cofactors to enable phase | and phase Il metabolism. A total of 5 uL of
pooled HLMs (5 mg/mL) were added to a 50 mM NH4sHCO3 buffer containing 3 mM
MgClz, 1 mM (R)-propranolol, 1 mM UDPGA, and 1x NADPH regeneration system,
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which is composed of a 1x concentration of solution A containing NADP* and
glucose-6-phosphate, and a 1x concentration of solution B containing glucose-6-
phosphate dehydrogenase. The final reaction volume was 200 uL. The reaction
mixture was incubated at 37 °C with agitation at 1000 rpm for 4 hours, and then

centrifuged at 14100 g. The supernatant was collected for analysis.

For generating reference samples that containing both (R)- and (S)-form of
glucuronides or glucosides, the NADPH regeneration system was not required because
phase | reaction was not needed. The substrate was replaced with either racemic
propranolol or racemic hydroxypropranolols at the same concentration (1 mM). The
other components of the reaction mixture remained unchanged, and UDP-glucose was

used instead of UDPGA for glucosidation.

To generate sufficient amounts of OHPGs, 5 uL of pooled human liver microsomes
(5 mg/mL) were added to the 50 mM NH4sHCO3 buffer containing 3 mM MgClz, 1 mM 4-,
5- or 7-OHP, and 1 mM UDPGA. The reaction mixture was incubated at 37 °C with
agitation at 1000 rpm for 24 hours. After incubation, 400 L of acetonitrile were added
to the system, and the samples were centrifuged at 14100 g for 5 minutes to separate
the supernatant. Aliquots of 300 pL of the supernatant were utilized for the
derivatization reaction, while the remaining portion of the supernatant was preserved

as underivatized samples for comparison with the derivatized samples.

3.2.4 Urine sample collection

Urine samples were collected for seven days after administering a single dose of 40
mg of racemic propranolol. During the first 24 hours, continuous urine collection was
performed, while only morning urine samples were collected for the subsequent days.
All urine samples were stored at -20 °C until further analysis. Before analysis, 200 uL
of each urine sample were diluted with 800 puL of methanol. The diluted samples were
then centrifuged at 3320 g for 10 minutes. The resulting supernatants were collected
for subsequent analysis. All urine samples were analyzed by LC-MS/MS and the
abundant of analytes are listed in Supplementary Table 1. Among the collected urine
specimens, the sample obtained at 17.6 hours after the oral administration of
propranolol was specifically chosen for comparison with the incubations with HLMs and
enzyme bags. This is because 4, 5- and 7-OHPGs were found in this urine sample and

their amounts were higher than in the other urine samples.

3.2.5 Synthesis of 4-, 5- and 7-methoxypropranolol

The synthesis method of 4-, 5- and 7-MeOP was adapted from the previous method
that was applied for the synthesis of 4-, 5- and 7-OHP [168, 186]. 4-Methoxy-1-
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naphthol (1g) and potassium carbonate (2.5g) were suspended in 12.5 mL
methylethylketone and 15 mL epichlorohydrin. The mixture was refluxed for 6 hours in
an oil bath. Then the reaction mixture was filtrated to remove the potassium carbonate
and the solvent was evaporated. To the residue, 10 mL of isopropylamine and 1 mL of
water were added, and the reaction mixture was refluxed again for 5 hours. After
evaporation of the solvent, 50 mL hexane were added for recrystallization. The final
product was cooled down to 4 °C overnight. The crystals were filtrated, dried, and
redissolved in methanol to get the stock solution of 4-MeOP. The product was
derivatized with N-methyl-N-(trimethylsilyl)trifluoracetamid (MSTFA) and analyzed by
GC-MS to confirm the structure and purity (section 4.3.1). The procedure for
synthesizing 5- and 7-MeOP was the same but with 5-methoxy-1-naphthol or

7-methoxy-1-naphthol as starting compounds, respectively.

3.2.6 Derivatization with 1,2-dimethylimidazole-4-sulfonyl chloride
(DMISC)

All substrates, including (x)-propranolol, (R)-propranolol, (S)-4-OHP, (+)-5-OHP, (t)-7-
OHP, (%)-4-MeOP, (+)-5-MeOP, and (z)-7-MeOP, were prepared as 10 mM stock
solutions with methanol (LC-MS grade). For DMISC derivatization, all substrate stock

solutions were further diluted to 10 uM with methanol.

The DMISC derivatization solution was prepared at a concentration of 20 mg/mL with
acetone in accordance with previous studies [169, 187-189]. The solution was
subjected to ultrasonic treatment for 15 minutes to improve the dissolution of DMISC.
Subsequently, the solution was centrifuged at 3320 g for 10 minutes, and the resulting

supernatant was utilized for derivatization.

The derivatization method used in this study was described in previous publications
[169, 187]. Before the derivatization process, 300 uL of either a 10 uM substrate
solution or the supernatant from HLM incubations were evaporated to dryness under
N2 flow in a heating block at 65 °C. Subsequently, 100 uL of sodium carbonate buffer
(0.1 M, pH 10.5) were added to the dried residues, and the tubes were vortexed for
1 minute to dissolve the residue. Next, 100 yL of DMISC solution were added. After
incubation in a 60 °C water bath for 10 minutes the samples were cooled to room

temperature and filtered through 0.45 pm filters for subsequent LC-MS/MS analysis.
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3.2.7 Analytical methods

3.2.7.1 GC-EI-MS analysis

Analysis was performed on an Agilent 7890A gas chromatographic system (Agilent
Technologies GmbH, Waldbronn, Germany) coupled to an Agilent 5975 C inert mass
selective detector, equipped with an Agilent HP1 column (17 m, 0.2 mm, 0.11 ym) with
helium as the carrier gas. The following parameters were used for the analysis of
methoxypropranolols: oven program, 150 °C, + 10 °C/min to 250 °C (rate 1), + 40 °C
/min to 310 °C (rate 2), hold for 2 minutes; injection volume, 2 pL; split,16:1; injection
temperature, 300 °C; electron ionization (El): 70 eV, full scan mode from m/z 40 to
1000. Before GC-MS analysis, the dried residues were derivatized with MSTFA to a

final concentration of 100 ppm for 20 minutes at 75 °C.

3.2.7.2 LC-QQQ-MS/MS analysis

Analysis was performed on an Agilent Technologies 1290 infinity Il high-performance
liquid chromatograph equipped with an Agilent 6495 triple quadrupole mass
spectrometer (Agilent Technologies, Waldbronn, Germany). Propranolol and
propranolol glucuronides were separated on an Agilent Poroshell phenyl hexyl column
(100 mm x 3.0 mm, 1.9 ym). The flow rate was 0.4 mL/min, and the column
temperature was 25 °C. For the simultaneous detection of the substrate and
glucuronides, the initial mobile phase composition was 98% water with 0.1% formic
acid and 10 mM ammonium formate (A) and 2% acetonitrile with 0.1% formic acid, 10%
water and 10 mM ammonium formate (B). The amount of A was decreased to 85%
within 7 minutes, to 60% within 7 to 14 minutes, and 5% within 14 to 15 minutes. Then,
A maintained at 5% until 17 minutes, which is the end of the run. The separation of 4-,
5- and 7-OHP was performed using the same column and solvents but in a different
elution gradient: starting from 95% A, the amount of A was then decreased to 60%
within 25 minutes and to 5% from 25 to 26 minutes. Finally, A was maintained at 5%

until the end of the run (28 minutes).

The separation of 4-, 5- and 7-hydroxypropranolol glucuronide diastereomers and
propranolol glucosides was achieved on an Agilent ZOBRAX Eclipse Plus C18 column
(100 mm x 2.1 mm, 1.8 ym) using a flow rate of 0.4 mL/min and a column temperature
of 30 °C. The mobile phase consisted of 95% water with 20 mM ammonium formate (A)
and 5% methanol with 20 mM ammonium formate (B) as starting conditions. Over a
period of 25 minutes, the percentage of A was linearly reduced to 60%. From 25 to 26
minutes, the percentage of A was further decreased to 5%, and this concentration was

maintained until the end of the 28-minute run.
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In order to separate 4-, 5- and 7-MeOP and their respective glucuronides, similar
conditions were applied. Aberrantly, for the gradient mobile phase A was decreased
from the starting conditions to 60% within 25 minutes, further reduced to 40% from 25
to 30 minutes, and then to 5% from 30 to 31 minutes. Following this, A was maintained

at 5% until the end of the run, which was 33 minutes in total.

The details of the transitions of analytes are listed in Table 4. The presented peak

areas were provided by transitions of the highest intensity.

Table 4. Transitions and retention time for all analytes in MRM

Analytes I_?etentifm _Precursor _ Product CE

time (min) ions (m/z) ions (m/z) (eV)

183 20

Propranolol 16.4 260 116 20

56 36

4-Hydroxypropranolol 13.2 116 12

5-Hydroxypropranolol 11.8 276 72 16

7-Hydroxypropranolol 221 58 44

4-Methoxypropranolol 27.6 187 12

5-Methoxypropranolol 25.1 290 116 16

7-Methoxypropranolol 27.6 72 44

(R)-Propranolol glucuronide 12.7 258 12

(S)-Propranolol glucuronide 13.1 436 183 16

116 28

(R)-Propranolol glucoside 24.2 258 12

(S)-Propranolol glucoside 23.5 422 183 16

116 28

(R)—4-Hydroxyproprano|ol 8.7 276 12
glucuronide

(S)-4-Hydroxypropranolol 85 452 199 20
glucuronide

(R)-5-Hydroxypropranolol 6.4 173 o4

glucuronide
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Retention Precursor Product CE

Analytes time (min)  ions (m/2) ions (m/z) (eV) o
(S)-5-Hydroxypropranolol 6.7 116 28
glucuronide
(R)-7-Hydroxypropranolol 173 98 40
glucuronide
(S)-?-Hydroxypropranolol 16.6 72 44
glucuronide
4-Methoxypropranolol 13.3 290 25
glucuronide |
4-Methoxypr9pranolol 13.6 213 30
glucuronide Il
5-Methoxypropranolol 24 4 187 30
glucuronide |
466 *
5-Methoxypropranolol 26.1 116 28
glucuronide Il
7-Methoxypropranolol 257 72 44
glucuronide |
7-Methoxypropranolol
) 27.0
glucuronide Il
276 12
199 20
4-/5-/7-Hydroxypropranolol - 438 1" 2 +
glucosides 116 28
98 40
72 44

CE, collision energy; ESI, electrospray ionization; Drying gas temperature, 160 °C; Drying gas
flow, 11 L/min; Nebulizer, 30 psi; Sheath gas heater, 375 °C; Sheath gas flow, 12 L/min;
Capillary voltage, 3000 V; Nozzle voltage, 1500 V.

" “.” 4-/5-/T-Hydroxypropranolol glucosides were not observed during the analysis and therefore
there’s no retention time displayed.

3.2.7.3 LC-QTOF-MS/MS analysis

The separation and structural confirmation of DMISC derivatives and underivatized
glucuronides and glucosides was performed using an Agilent Technologies 1290

Infinity 1l high-performance liquid chromatograph coupled to an Agilent 6550 QTOF
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mass spectrometer (Agilent Technologies, Santa Clara, CA). The column employed
was an Agilent ZOBRAX Eclipse Plus C18 column (100 mm x 2.1 mm, 1.8 ym).

The separation for DMISC derivatives of propranolol and hydroxypropranolols was
achieved using the same elution method for separating propranolol and

hydroxypropranolols (see in section 3.2.7.2) but with a flow rate of 0.35 mL/min.

The separation of DMISC derivatives of 4-, 5- and 7-OHPG was achieved using a
gradient with a flow rate of 0.2 mL/min and a column temperature of 35 °C. The initial
composition of the mobile phase consisted of 80% water containing 20 mM ammonium
formate (A) and 20% methanol with 20 mM ammonium formate (B). Subsequently, the
proportion of component B was gradually increased to 32% over a period of 14 minutes,
followed by a further increase to 43% between 14 to 25 minutes. After this, B was

raised to 90% and maintained until the end of the 30-minute run.

For the structural confirmation of glucuronides, glucosides and DMISC derivatives,
targeted MS/MS was performed. MS parameters were set using electrospray ionization
in positive ion mode (ESI+) with spectra acquired over a mass range of m/z 100 — 1000;
capillary voltage 3500 V; dry gas temperature 200 °C; dry gas flow 12 L/min; the
specific collision energies used in each particular analysis are given in the individual

figure legends.
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4 Results and Discussion

4.1 Stereoselective glucuronidation of racemic propranolol

4.1.1 Biotransformation of propranolol with 19 UGTs

In the current study, the activity of all 19 human members of the UGT1 and UGT2
families towards propranolol was tested. An overview of the results on the activity of
respective UGTs with racemic propranolol is given in Supplementary Table 2. The
presented peak areas were provided by transitions of the highest intensity. Among the
19 UGTs, UGT1A7, UGT1A9, UGT1A10, and UGT2A1 were found to glucuronidate
racemic propranolol with different activity. Figure 7 displayed the chromatograms of
propranolol glucuronides obtained from UGT1A7, UGT1A9, UGT1A10, and UGT2A1
enzyme bag samples, respectively. As a result of the conjugation with enantiopure -D-

glucuronic acid, two diastereomeric glucuronides were detected.
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Figure 7. Chromatograms (LC-QQQ-MS/MS) of (R)-propranolol glucuronide and (S)-propranolol
glucuronide obtained from UGT-dependent enzyme bag samples. lon transition m/z 436—116
is monitored. (R)-PG, (R)-propranolol glucuronide, retention time 12.7 min. (S)-PG,
(S)-propranolol glucuronide, retention time 13.1 min. (A) UGT1A7. (B) UGT1A9. (C) UGT1A10.
(D) UGT2A1. This figure is adapted from my published paper [126].



32 Results and Discussion

Additionally, (R)-propranolol was utilized as a substrate to assign the diastereomers.
Figure 8 displayed the chromatograms of (R)-propranolol glucuronide obtained from
UGT1A7, UGT1A9, UGT1A10, and UGT2A1 enzyme bag samples using
(R)-propranolol as substrate, respectively. The chromatograms in Figure 8 depicted
that (R)-propranolol produced only one glucuronide product (retention time 12.7 min),
thereby assigning the other diastereomer (retention time 13.1 min) to (S)-propranolol

glucuronide.
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Figure 8. Chromatograms (LC-QQQ-MS/MS) of (R)-propranolol glucuronide obtained from
UGT-dependent enzyme bag samples using (R)-propranolol as the substrate. lon transition
m/z 436 —116 is monitored. (R)-PG, (R)-propranolol glucuronide, retention time 12.7 min. (A)
UGT1A7. (B) UGT1A9. (C) UGT1A10. (D) UGT2A1. This figure is adapted from my published
paper [126].

The biocatalytic yields of (R)-propranolol glucuronide were found to be 27.9%, 19.3%
and 32.8% of the overall production of both (R)- and (S)-propranolol glucuronide for
UGT1A7, UGT1A9, and UGT2A1, respectively. These results suggest a preference for
(S)-propranolol as the substrate for these three enzymes. Conversely, the biocatalytic

yield of (R)-propranolol glucuronide was 78.6% of the total production of both (R)- and
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(S)-propranolol glucuronide for UGT1A10, indicating a preference for (R)-enantiomer
by UGT1A10. Notably, the yield of (R)-propranolol glucuronide by UGT1A9 is still
higher than that produced by UGT1A10 even though (R)-propranolol is the
predominant substrate for UGT1A10 compared to (S)-propranolol. This may be
attributed to the differences in catalytic activities exhibited by different UGT isoforms

when it comes to the glucuronidation of propranolol.

To further characterize propranolol glucuronide, MS/MS analysis was performed using
a quadrupole time of flight (QTOF) instrument, enabling high-resolution accurate mass
spectrometry. The product ion spectrum is shown in Figure 9. The loss of 176.0305 Da
indicates the loss of the glucuronic acid moiety. The fragment ion m/z 183 was
considered to be generated by a combined elimination of water (-H.O, 18 Da) and
isopropylamine group (-CsHgN, 59 Da) from protonated propranolol (m/z 260). The
fragment ion m/z 116 resulted from the loss of hydroxy naphthyl ring (-C1oHsO, 144 Da)
and additional elimination of water generated the ion m/z 98. The structures of these
fragments have been demonstrated by previous study [169, 190] and were used to

deduce the fragmentation of DMISC derivatives in section 4.3.2.
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Figure 9. Product ion spectra (LC-QTOF-MS/MS) of propranolol glucuronide obtained by
UGT-dependent biotransformation. Propranolol glucuronide, C22H20NQOs, [M+H]* theor. =
436.1971, [M+H]" exp. = 436.1961, Am/z = -2.29 ppm; collision energy, 30 eV. This figure is
adapted from my published paper [126].

4.1.2 Discussion

The glucuronidation of propranolol has been previously reported in various studies.
Early research suggested that propranolol is metabolized through multiple pathways,
including ring oxidation, side-chain oxidation, and glucuronidation [164, 166, 173, 174].
Due to the chirality of the substrate, glucuronidation may lead to the production of two

glucuronide diastereomers. Given that (S)-propranolol is about 100 times more potent
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than the (R)-enantiomer in beta blocking activity [175], it is essential to investigate the

stereoselectivity of propranolol glucuronidation, as it may have therapeutic implications.

After the administration of racemic propranolol by human, it was found that
(S)-propranolol glucuronide exceeded the other diastereomer in both plasma and urine
by more than four times, suggesting that (S)-propranolol is the predominant substrate
of glucuronidation in humans [178, 191]. In the current study, a complete reaction
phenotyping reaction of propranolol by 19 human UGTs was performed to investigate
which UGT isoforms are active. It was observed that four UGTs, namely UGT1A7,
UGT1A9, UGT1A10, and UGT2A1, were found to be responsible for the
glucuronidation, each exhibiting varying levels of activity. Additionally, a
stereoselectivity preference was noted, with (S)-propranolol being favored as a
substrate by UGT1A7, UGT1A9, and UGT2A1, while UGT1A10 has a preference for

(R)-propranolol as its substrate.

The stereoselective glucuronidation of propranolol has been investigated previously
through enzyme Kkinetic analyses. It was observed that the K, values for
(S)-propranolol and (R)-propranolol differed less than the corresponding Vmax values in
the case of UGT1A9 and UGT1A10, indicating that the rate of glucuronic acid transfer
to the already bound aglycone substrate may be the major determinant [192]. In my
published paper [126], an alternative approach utilizing in silico studies is used to
provide further insights into the stereoselectivity from a different perspective. Briefly,
the interaction between the hydroxy group (site of metabolism) of (R)-propranolol and
Arg88 in UGT1A7, UGT1A9, UGT2A1 appeared to be a key contributor. This
interaction resulted in the UDPGA to move away from the hydroxy group, thus
hindering the reaction. Conversely, for (S)-propranolol, due to its distinct binding
orientation with the enzyme, this interference on the hydroxy group did not occur.
These results served as a practical example for investigating enzyme-drug interaction
mechanisms at the molecular level through in silico studies. These findings will

contribute to future studies of enzyme stereoselectivity from a geometric standpoint.
4.2 Glucuronidation of hydroxypropranolols

4.2.1 Identification 4-, 5- and 7-OHPG

For preparing reference samples that containing hydroxypropranolol glucuronides, 4-,
5- and 7-OHP were incubated with HLMs and UDPGA for 4 hours, respectively (Figure
10b, 10e and 10h). These in vitro samples were analyzed by LC-MS/MS and compared
with urine samples (Figure 10a, 10d and 10g) for the identification of

hydroxypropranolol glucuronides in human urine. Furthermore, HLMs were incubated
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with (R)-propranolol in the presence of both NADPH and UGPGA as cofactors. This
experiment allowed for the generation of the (R)-forms of 4-, 5-, and 7-OHP, which
were subsequently glucuronidated to generate the corresponding (R)-OHPG
metabolites (Figure 10c, 10f and 10i). This HLMs incubation was used for assigning the
individual (R)-OHPG isomers in urine samples. By identifying the (R)-diastereomer, the

remaining diastereomer was assigned to the (S)-form.

Figure 10 illustrates the presence of two diastereomeric glucuronides in both urine and
HLMs samples for 4-OHP and 7-OHP incubation. By comparison with (R)-propranolol
incubation (Figure 10c) (R)-4-OHPG was assigned to the peak eluting at 8.7 min, thus
(S)-4-OHPG eluted at 8.5 min (Figure 10a and b). Similarly, (S)-7-OHPG and
(R)-7-OHPG were assigned to the peaks eluting at 16.6 min and 17.3 min, respectively
(Figure 10g, 10h and 10i). In the case of 5-OHP, the HLMs incubation resulted in two
glucuronides (Figure 10e), while only the (R)-diastereomer was detected in the urine
sample (Figure 10d). (S)-5-OHPG and (R)-5-OHPG were eluted at 6.4 min and 6.6 min,

respectively.
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Figure 10. Chromatograms of 4-, 5- and 7-hydroxypropranolol diastereomeric glucuronides in
urine sample and HLMs incubations. The displayed ion transitions are m/z 452—116 (4-OHPG),
452—-98 (5-OHPG) and 452—276 (7-OHPG). OHPG, hydroxypropranolol glucuronide. (a), (d)
and (g) refer to the analysis of urine sample (collected 17.6 h post administration). (b), (e) and
(h) are from incubation of HLMs with (t)-4-hydroxypropranolol, (t)-5-hydroxypropranolol and
(1)-7-hydroxypropranolol, respectively. (c), (f) and (i) were from HLMs incubated with
(R)-propranolol, UDPGA and NADPH.

Targeted MS/MS analysis was performed on each diastereomer. Figure 11 showed the
product ion spectra of (R)-5-OHPG, the loss of 176.0324 Da further confirmed the
structure of hydroxypropranolol glucuronides. The fragment ion m/z 234 resulted from

protonated 5-OHP losing isopropyl group (-CsHs, 42 Da) after the cleavage of sugar.
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The fragment ion m/z 199 was considered to be generated by a combined elimination
of water (-H20, 18 Da) and isopropylamine group (-CsHgN, 59 Da) from protonated
5-OHP. The fragment ion m/z 173 resulted from the loss of the alcoholic side-chain
(-CsH130ON, 103 Da) of protonated 5-OHP. The fragment ion m/z 116 was considered to
be generated by elimination of dihydroxy naphthyl ring (-C1oHsO2, 160 Da). The
structures of these fragments have been demonstrated by previous study [169, 193]

and were used to deduce the fragmentation of DMISC derivatives in section 4.3.2.

The product ion spectra of 4- and 7-OHPG were highly similar to Figure 11 and are

shown in Supplementary Figure 1.
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Figure 11. Product ion spectra (LC-QTOF-MS/MS) of (R)-5-hydroxypropranolol glucuronide
obtained from HLMs incubations. (R)-5-hydroxypropranolol glucuronide, C22H20NQg, [M+H]
theor. = 452.1915, [M+H]" exp. = 452.1913, A m/z = -0.44 ppm, collision energy 20 eV .

4.2.2 Biotransformation of 4-, 5- and 7-OHP with 19 UGTs

It is reasonable to perform a reaction phenotyping on 4-,5- and 7-OHP with 19 human
UGTs from UGT1 and 2 families in order to find out which UGTs are responsible for
their glucuronidation since their glucuronides were detected in both urine and HLM
incubations (section 4.2.1). To accomplish it, the same experimental protocol used

previously to investigate propranolol glucuronidation in section 4.1 was applied here.

Four UGTs, UGT1A7, UGT1A8, UGT1A9, and UGT2A1, were found to produce
4-OHPG (Figure 12, a1 to a4). Glucuronidation of 5-OHP was observed in eight UGTs,
namely UGT1A1, 1A3, 1A7, 1A8, 1A9, 1A10, 2A1, and 2A2, with varying degrees of
activity. These eight UGTs, along with UGT1A6, were also involved in the
glucuronidation of 7-OHP. Although five extra UGTs were found to be involved in the
glucuronidation of 5- and 7-OHP, UGT1A7, UGT1A8, UGT1A9, and UGT2A1 were

found as most active isoforms for the glucuronidation of 5- and 7-hydroxypropranolol
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(Figure 12). The activity of 19 UGTs towards racemic 4-, 5- and 7-OHP is summarized

in Supplementary Table 3. The activity was determined by the chromatographical peak

areas of produced OHPGs, respectively.
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Figure 12. Chromatograms (LC-QQQ-MS/MS) of diastereomeric glucuronides of 4-, 5- and
7-hydroxypropranolol obtained from UGT-dependent enzyme bag samples. lon transitions
m/z 4562—116 (4-OHPG), m/z 452—98 (5-OHPG) and m/z 452—276 (7-OHPG) were monitored.
(a1) (b1) (c1) were from UGT1A7 enzyme bags samples. (a2) (b2) (c2) were from UGT1A8
enzyme bags samples. (a3) (b3) (c3) were from UGT1A9 enzyme bags samples. (a4) (b4) (c4)
were from UGT2A1 enzyme bags samples.

The determination of (R)- and (S)-diastereomers of 4-, 5-, and 7-OHPG was achieved

by comparing the retention times presented in Figure 10, as shown for Figure 12. The

glucuronidation of racemic 5-, and 7-OHP demonstrated stereoselectivity in the four



38 Results and Discussion

dominant UGTs: UGT1A7, UGT1A8, UGT1A9, and UGT2A1. Stereoselective

preference for the glucuronidation of (S)-5-, and (S)-7-OHP was observed in the

incubations with the four UGT enzyme bags, except for UGT1A7, which did not show
obvious stereoselectivity towards racemic 5-OHP when compared to the other three
UGTs (Figure 12, b1 to b4 and c1 to c4).

4.2.3 Discussion

Since the 1980s, mono-hydroxylated metabolites of propranolol, specifically 4-OHP,
5-OHP, and 7-OHP, have been detected in both human and rat urine [164, 173].
Among these, 4-OHP has long been recognized as the primary phase | metabolite of
propranolol in humans and laboratory animals [164, 180, 194]. Together with sulfation,
glucuronidation is an important elimination pathway of 4-OHP [182]. However,
investigations into the phase Il metabolism of the other two monohydroxylated
metabolites, 5-OHP and 7-OHP, have been relatively limited. In this study, we
conducted an investigation into the glucuronidation of 5-OHP and 7-OHP and

compared the results with the glucuronidation of 4-OHP [126].

The glucuronidation of all three monohydroxylated phase | metabolites of propranolol
was found to be carried out in the human body, as evidenced by the combined analysis
of hydroxypropranolol glucuronidation in both in vivo (human urine) and in vitro (HLMs)
samples (Figure 10). The results of reaction phenotyping of 4-, 5- and 7-OHP by 19
UGTs (Supplementary Table 3) indicated the involvement of nine UGTs in the
glucuronidation of hydroxypropranolols. Importantly, the most active isoforms for the
glucuronidation of 5- and 7-OHP were found to be the same as those identified for
4-OHP: UGT1A7, UGT1A8, UGT1A9, and UGT2A1. Furthermore, four additional UGTs,
namely UGT1A1, UGT1A3, UGT1A10, and UGT2A2, were found to be active in the
glucuronidation of 5-OHP. Moreover, UGT1A6 also exhibited certain glucuronidation
activity towards 7-OHP, in addition to the aforementioned eight UGTs for 5-OHP.

It is worth noting that in both urine and HLMs samples (Figure 10a and 10b),
(S)-4-OHPG is observed as the predominant metabolite. However, the results for
5- and 7-OHPG present a contradictory picture. Specifically, in the case of 5-OHPG,
Figure 10d illustrates that only (R)-5-OHPG is detected in the urine sample, with no
observation of (S)-5-OHPG, or the produced quantity being below the limit of detection.
In contrast, in HLMs sample, (S)-5-OHPG is the dominant metabolite compared to
(R)-5-OHPG. A similar contradictory outcome was also observed for 7-OHPG, with
(R)-7-OHPG being the primary metabolite in urine sample (Figure 10g), while the

reverse is true in HLMs sample (Figure 10h).
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Previous research has consistently indicated that (R)-propranolol is the preferred
substrate for hydroxylation at the 5- and 7-positions [168, 173, 194]. Given these
findings, it is reasonable to infer that the observed preference for (R)-5-OHP (Figure
10d) and (R)-7-OHP (Figure 10g) may be a consequence of the stereoselective 5- and
7-hydroxylation of (R)-propranolol, rather than the stereoselective glucuronidation of
(R)-5- and (R)-7-OHP. Furthermore, it's important to note that 4-hydroxylation of
propranolol has been found to exhibit either minimal or no stereoselectivity in both
urine samples and CYP2D6 incubations [168, 173]. Therefore, the stereoselectivity
observed in the glucuronidation of 4-OHP remains consistent in both urine and HLMs
samples (Figure 10a and 10b). These results emphasize the importance of phase |
metabolism in explaining the variations between in vitro and in vivo data when studying
the phase Il metabolism of chiral drugs. Recognizing this factor is crucial when
establishing correlations between in vitro and in vivo data for drug metabolism and

pharmacokinetics studies.

Interestingly, an additional peak with a retention time of approximately 16.9 min was
observed in both urine and HLM-(R)-propranolol incubation (Figure 10g and 10i).
MS/MS analysis of this peak (Supplementary Figure 2) revealed that its fragmentation
pattern was identical to that shown in Figure 11, suggesting that it may also be a
glucuronic metabolite of hydroxypropranolol. One possible explanation could be that an
additional glucuronide, different from the glucuronides depicted in Figure 10, may have
been formed from 4-, 5-, or 7-OHP. However, such glucuronides were not detected at
the same retention time in HLM-OHPs incubations or enzyme bags samples with OHPs
as substrates. Therefore, it is unlikely that the peak at 16.9 min is related to the

glucuronidation of 4-, 5-, or 7-OHP.

The other possibility is the potential formation of another hydroxypropranolol during the
hydroxylation of propranolol, apart from 4-, 5-, and 7-OHP. Previous studies have
detected 2-OHP in both rat and human samples, albeit in minor quantities [173].
Further investigations will be needed to determine whether the peak at 16.9 minutes

corresponds to 2-OHP glucuronide or not.
4.3 Regioselectivity of hydroxypropranolols glucuronidation

4.3.1 Pre-glucuronidation derivatization

Methoxypropranolols were tested as substrates to assess the regioselectivity of
hydroxypropranolol glucuronidation. The rationale behind this method is that the
aromatic hydroxy group is occupied by a methyl group, so if the glucuronides are

aromatic-linked metabolites, no glucuronides would be produced. Thus, analysis of the
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glucuronidation of methoxypropranolols allows the relevant reaction site of

hydroxypropranolols for the same enzyme to be inferred.

4-MeOP was synthesized chemically using a method adapted from previous studies
[168, 186]. The synthesis was stopped before the final demethylation step, and thus,
4-MeOP was obtained. The product was derivatized with MSTFA and analyzed by
GC-MS for structure confirmation. The TMS-derivative of 4-MeOP was eluted at
8.27 min (Figure 13A). The MS showed the molecular ion M** (m/z 361.3) and the
characteristic fragment ions m/z 174.1 and m/z 72.1 (Figure 13B). 5- and 7-MeOP
synthesis follows the same procedure explained in section 3.2.5 but with 5- or 7-

methoxy-1-naphthol as starting compounds.
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Figure 13. GC/MS analysis of O-TMS-derivative of 4-methoxypropranolol. (A) Total ion
chromatogram, retention time 8.27 min; (B) MS spectra, M** = m/z 361.3
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Due to their ability to glucuronidate 4-OHP, UGT1A7, UGT1A8, UGT1A9, and UGT2A1
were tested with 4-MeOP as substrate. UGT1A9 and 2A1 were found to glucuronidate

4-MeOP, producing two glucuronides, while UGT1A7 and UGT1A8 were inactive.
Similarly, 5- and 7-MeOP were catalyzed by the 9 UGTs previously identified as active
in the 5- and 7-OHP glucuronidation. LC-QQQ-MS/MS chromatograms of 4-, 5- and
7-MeOPG are shown in Figure 14. Because of the lack of enantiopure
methoxypropranolols, the configuration of the two methoxypropranolol glucuronide
diastereomers could not be assigned. Thus, they were labeled as glucuronide | and II.
4-MeOPG | was eluted at 13.3 min, and 4-MeOPG Il was eluted at 13.6 min. 5-MeOPG
| and Il were eluted at 24.4 min and 26.1 min, while 7-MeOPG | and Il were eluted at
25.7 min and 27.0 min, respectively. It may be hypothesized from the comparison of
the elution orders of the propranolol enantiomers (Figure 7) that the earlier eluting
methoxypropranolol glucuronide | corresponds to the (R)-enantiomer, while Il may

correspond to the (S)-form. However, further investigations are needed for confirmation.
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Figure 14. Chromatograms (LC-QQQ-MS/MS) of 4-, 5- and 7-methoxypropranolol glucuronic
diastereomers obtained from UGT1A9 enzyme bag samples. The displayed ion transitions are
m/z 466—72 (A, 4-MeOPG), m/z 466—290 (B, 5-MeOPG), and m/z 466—116 (C, 7-MeOPG).
4-/5-/7-MeOPG, 4-/5-/7-methoxypropranolol glucuronide.

For 4-MeOP, only UGT1A9 and UGT2A1 showed their ability to glucuronidation.
Among the tested 9 UGTs, 6 UGTs, (UGT1A1, UGT1A3, UGT1A7, UGT1A9,
UGT1A10, and UGT2A1) have demonstrated their activity on the glucuronidation of
5- and 7-MeOP. The activity of each UGT in glucuronidation towards racemic 4-, 5- and

7-MeOP is summarized in Supplementary Table 4.

Additional MS/MS analyses were performed to characterize 4-, 5- and 7-MeOPG with
high-resolution accurate mass spectrometry. The loss of 176.0312 Da indicated the
loss of the glucuronic acid moiety (Figure 15). The product ion spectra of 4- and
7-MeOPGs were highly similar to 5-MeOPG (Figure 15) and are shown in
(Supplementary Figure 3).
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Figure 15. Product ion spectra (LC-QTOF-MS/MS) of 5-methoxypropranolol glucuronide
obtained from UGT1A9 enzyme bag incubations. 5-methoxypropranolol glucuronide, C23H31NOQe,
[M+H]* theor. = 466.2072, [M+H]* exp. = 466.2061, Am/z = -2.36 ppm; collision energy 20 eV.

4.3.1.1 Discussion

It is clear that the structural identification and assignment of the conjugative site of
glucuronides is an important aspect in the study of pharmacology and toxicology. The
example of morphine-6-glucuronide and morphine-3-glucuronide shows that different
glucuronic regio-isomers may have vastly different properties [195]. In the case of
propranolol, the CYP-catalyzed phase | reaction adds an aromatic hydroxy group,
which raises a question about the regioselectivity of glucuronidation on
hydroxypropranolols. Previous results about propranolol glucuronidation (section 4.1)
have demonstrated that the aliphatic hydroxy group on the side chain can be
glucuronidated.  Therefore, it seems unlikely that glucuronidation of
hydroxypropranolols only occurs at the aromatic hydroxy group. Tandem mass
spectrometry analysis is a practical method for confirming the structure, as it offers less
restrictions in terms of sample purity and concentration compared to NMR. However,
direct fragmentation of glucuronides leads to the loss of the glucuronic acid, hampering
the determination of the glucuronidation site. To address this issue, two methods were

employed in the current study.

In section 4.3.1, a pre-glucuronidation derivatization was performed to investigate the
glucuronidation position. 4-, 5- and 7-MeOP were incubated with the UGTs that were
previously identified to be active in the glucuronidation of 4-, 5- and 7-OHP. The
rationale behind this method is that the phenolic group is occupied by a methyl group,
so if the glucuronides were aromatic-linked metabolites, no glucuronides would be
produced. However, UGT1A1, 1A3, 1A7, 1A9, and 2A1 still exhibited varying abilities to

glucuronidate the side-chain hydroxy group, as listed in Supplementary Table 4. Those
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results indicated that glucuronidation can occur on the aliphatic hydroxy group under

certain circumstances when the aromatic hydroxy group is blocked.

In my previous published paper [126], docking experiments between UGTs and 4-OHP
were performed. The results suggested a different conformation of 4-OHP compared
with propranolol. In this model, an additional cation-11 interaction between the aromatic
ring of 4-OHP and Arg88 exists. Thus, the overall orientation of 4-OHP at the

substrate-binding site significantly differs from that of propranolol.

Further docking experiments of UGTs with 4-MeOP indicated that there is no additional
interaction between the methoxy group and the enzyme, suggesting that the
conformation of UGTs with propranolol and 4-MeOP are equivalent. Therefore, it is
concluded that the additional interactions with the aromatic hydroxy group play an
important role in the binding conformation with UGTs. When the aromatic hydroxy
group is occupied, UGTs may also glucuronidate the aliphatic hydroxy group instead.

In that case, their binding conformation with the enzyme is the same as propranolol.

In the case of 4-MeOP glucuronidation, UGT1A9 and UGT2A1 show higher flexibility
than other UGTs, as suggested by previous homology modeling and MD simulation
results [126]. The movement of the enzymes will shift the relative position of substrate
and cofactor, thus satisfying the distance requirement for both aromatic and aliphatic
glucuronidation. It is reasonable to hypothesize that the situation of 5- and 7-MeOP
glucuronidation are consistent with 4-MeOP. Further docking experiments may be
considered to validate and gain more insights into the regioselectivity of these
glucuronidation reactions, if necessary. These findings demonstrate that changes in
important functional groups can influence the conformation of enzymes and substrates,

resulting in changes in the site of metabolism.
4.3.2 Post-glucuronidation derivatization

4.3.2.1 DMISC derivatives of propranolol and hydroxypropranolols

The full-scan analysis of HLM incubations after derivatization with DMISC shows the
molecular ion [M+H]* of the DMISC derivatives of propranolol and 5-OHP, as illustrated
in Figure 16. Previous studies indicated that DMISC is phenolic selective but can also
react with secondary amines when added with excess amount [169, 187, 188]. Indeed,
propranolol yielded one DMIS derivative (Figure 16A). Due to a lack of a phenolic
hydroxy group, this was tentatively assigned to the N-derivatized propranolol. In the
case of hydroxypropranolol, two derivatives were observed, i.e. O-DMIS and
N,O-bis-DMIS derivatives (Figure 16B and 16C). Targeted MS/MS analysis was
performed on the precursor corresponding to protonated propranolol-DMIS (m/z 418),
5-OHP-O-DMIS (m/z 434), as shown in Figure 17A and 17B. All fragments of
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(R)-propranolol-DMIS and 5-OHP-DMIS are summarized in Table 5 and Table 6,

respectively. The fragmentation of underivatized propranolol and 5-OHP demonstrated

in section 4.1.1 and section 4.2.1 are used for the interpretation of Figure 17.
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Figure 16. Extracted ion chromatograms obtained from MS full-scan analysis (LC-QTOF-MS) of
DMISC derivatives of propranolol and 5-hydroxypropranolol. (A) (R)-P-DMIS, [M+H]" m/z 418,
single-DMISC-derivatized (R)-propranolol. (B) 5-OHP-DMIS, [M+H]" m/z 434, single
DMISC-derivatized 5-hydroxypropranolol. (C) 5-OHP-2DMIS, [M+H]* m/z 592, double
DMISC-derivatized 5-hydroxypropranolol. OHP, hydroxypropranolol.

Table 5. Postulated fragments, elementary composition, their theoretical mass, observed mass,
and the resulting mass differences for (R)-propranolol DMIS, corresponding to Figure 17A.

Postulated fragment Elementary Theoretical | Experimental | Mass
composition mass (m/z) | mass (m/z) error

(ppm)
[M+H]* [C21H28N304S]* | 418.1795 418.1797 0.48
[M+H-CsHe]" [C18H22N304S]* | 376.1326 376.1332 1.60
[M+H-C3Hg-H20]* [C18H20N305S]* | 358.1220 358.1212 -2.23
[M+H-C1oHgO]" [C11H20N305S]* | 274.1220 274.1214 -2.19
[M+H-C1oHgO-C3He]" [CeH14N303S]" | 232.0750 232.0752 0.86
[M+H-C10HgO-C3He-H201" [CeH12N302S]" | 214.0645 214.0642 -1.40
[DMIS-NCHz+H]* [CsH10N3O2S]* | 188.0488 188.0487 -0.53
[DMIS-NH2+H]* [CsH10N3O2S]" | 176.0488 176.0488 0.00

The postulated structure of those fragments were listed in Supplementary Table 5.

As shown in Table 5, ions m/z 376.1332 and m/z 358.1212 are generated from the
precursor ion m/z 418.1797 after loss of the isopropyl group (-CsHs, 42 Da) and water
(-H20, 18 Da). The ion m/z 274.1214 may be explained by the loss of the hydroxy
naphthyl ring (-C10HsO, 144 Da) from precursor ion m/z 418.1797. The additional loss
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of the isopropyl group and water results in m/z 232.0752 and m/z 214.0642. In the
propranolol-DMIS derivative, the basic dimethylimidazole ring probably got protonated
as demonstrated in previous study [169], generating charged fragments m/z 188.0487
and m/z 176.0488 that still contain DMIS moiety.
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Figure 17. Product ion spectra of (R)-propranolol and 5-hydroxypropranolol DMISC derivatives.
(A) (R)-propranolol-DMIS, C21H27zN304S, corresponding to the peak in Figure 16A, collision
energy 20 eV. (B) 5-hydroxypropranolol-DMIS, C21H27N30sS, corresponding to the peak in
Figure 16B, collision energy 20eV. (C) 5-hydroxypropranolol-2DMIS, C26H33N507S>,
corresponding to the peak in Figure 16C, collision energy 30 eV. DMIS, dimethylimidazole-4-
sulfonyl.
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In contrast, the fragmentation pattern of 5-OHP-DMIS is distinctly different (Figure 17B).
As shown in Table 6, the ion m/z 392.1274 derived from the protonated precursor ion
m/z 434.1750 by losing the isopropyl group. Fragment m/z 357.0897 indicates a loss of
77 Da from [M+H]" (m/z 434.1750), which is suggested to result from the combined
elimination of water (-H.O, 18 Da) and isopropylamine (-CsHoN, 59 Da). As
demonstrated in the study about DMISC derivatives of 4-OHP by Salomonsson et
al.[169], the DMIS moiety is suggested to be lost as a neutral sulfone, resulting in the
fragment m/z 274.1447 with the charge on the naphthyl ring (Figure 17B). The
subsequent loss of isopropyl (-CsHs, 42 Da) or isopropylamine group generates
m/z 232.0966 or m/z215.0703. Fragment m/z116.1072 indicates the intact
aminoalcoholic chain without DMIS attached. Notably, in the high-resolution mass
spectrum, the ions m/z 274.1447 and m/z 232.0966 have different digits after the
decimal point, compared with the ions m/z 274.1214 and m/z 232.0752 obtained from
propranolol-DMIS (m/z 418.1797, Figure 17A) indicating that their structures were
different and therefore can be used for identification given a resolution over 10,000.

Table 6. Postulated fragments, elementary composition, their theoretical mass, observed mass,

and the resulting mass differences for single-DMIS-derivatized 5-hydroxypropranolol,
corresponding to Figure 17B.

Postulated fragment Elementary Theoretical | Experimental | Mass
composition mass (m/z) | mass (m/z) error

(ppm)
[M+H]* [C21H28N30sS]" | 434.1744 434.1750 1.38
[M+H-CsHe]" [C18H22N30sS]" | 392.1275 392.1274 -0.26
[M+H-CsHgN-H20]* [C1sH17N204S]" | 357.0904 357.0897 -1.96
[M+H-DMIS]* [C16H20NO3]" 274.1438 274.1447 3.28
[M+H-DMIS-C3He]* [C13H14NOs]* 232.0968 232.0966 -0.86
[M+H-DMIS-C3HgN]* [C13H1103]" 215.0703 215.0703 0.00
[M+H-DMIS-C10HsO]" [CeH14NO]T* 116.1070 116.1072 0.00

The postulated structure of those fragments were listed in Supplementary Table 6.

The MS full-scan analysis of the DMISC derivative of 5-OHP revealed that DMIS may
attach to both the phenolic and the secondary amine groups when derivatization
reagent is added in excess (Figure 16C). To further investigate this, a targeted MS/MS
analysis of the corresponding 2-fold derivatized 5-OHP (precursor m/z 592) was

performed. The resulting spectra (Figure 17C) show combined fragmentation pathways
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from P-DMIS and 5-OHP-DMIS. Table 7 shows all fragments of double-DMIS-

derivatized 5-OHP. Two DMIS moieties were inferred to be attached based on the

detection of ion m/z 550.1429, which was generated by the loss of an isopropyl group
(-CsHs, 42 Da) from the precursor ion m/z 592.1892. The loss of aromatic-linked DMIS
moiety from precursor ion results in the ion m/z 432.1575. The loss of aromatic-linked
DMIS moiety from ion m/z 550.1429 results in the ion m/z 390.1118. Comparison with
Figure 17A indicates that the ions m/z218.0952, 188.0486, and 176.0483 are
fragments where DMIS was attached to the amine group. Similarly, the ion m/z
357.0894 is a fragment where DMIS is attached to the phenolic group. The ion m/z
199.0749 is considered as that protonated precursor ion m/z 592.1892 losing both
DMIS moieties, isopropylamine (-CsHgN, 59 Da) and water (-H>O, 18 Da). The ions m/z
274.1217 and m/z 232.0752 are supposedly fragments where DMIS was amine-linked
because the digits after the decimal point were closer to the fragment ions produced by
protonated propranolol-DMIS (Figure 17A).

Table 7. Postulated fragments, elementary composition, their theoretical mass, observed mass,

and the resulting mass differences for double-DMIS-derivatized 5-hydroxypropranolol,
corresponding to Figure 17C.

Postulated fragment Elementary Theoretical | Experimental | Mass
composition mass (m/z) | mass (m/z) error
(pPm)
[M+H]* [C26H34Ns07S2]" | 592.1894 592.1892 -0.33
[M+H-CsHe]" [C23H28Ns507S2]" | 550.1425 550.1429 0.73
[M+H-DMIS]* [C21H26N30sS]" | 432.1588 432.1575 -3.00
[M+H-C3He-DMIS]? [C18H20N305S]" | 390.1118 390.1118 0.00
[M+H-DMIS-C3HgN-H.0]* [C1gH17N204S]* | 357.0904 357.0894 -2.80
[M+H-DMIS-C10HsO]" [C11H20N303S]" | 274.1220 2741217 -1.09
[M+H-DMIS-C1oHsO-CsHs]" | [CsH14N30O3S]* | 232.0750 232.0752 0.86
[NH>—(CH3)—DMIST* [CeH16N302S]" | 218.0958 218.0952 -2.75
[M+H-2DMIS-C3HgN-H20]" | [C13H1102]" 199.0754 199.0749 -2.51
[DMIS-NCHz+H]* [CsH10N3O2S]" | 188.0488 188.0486 -1.06
[DMIS-NH2]* [CsH10N3O2S]" | 176.0488 176.0483 -2.84

The postulated structure of those fragments were listed in Supplementary Table 7.
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Full-scan and MS/MS analyses were performed on the DMISC derivatives (one-fold
and two-fold derivatives) of 4-OHP (Supplementary Figure 4 and Supplementary Figure
5) and 7-OHP (Supplementary Figure 6 and Supplementary Figure 7) as well. The
resulting fragmentation patterns were found to be highly similar to those of
5-OHP-DMIS and 5-OHP-2DMIS. Furthermore, additional full-scan analyses were
conducted in search of aliphatic-linked DMISC derivatives of propranolol and
hydroxypropranolols, but no such derivatives were detected. These results are in line
with earlier reports that such derivatization does not occur on the aliphatic hydroxy

group located on the side chain.

4.3.2.2 DMISC derivatives of hydroxypropranolol glucuronides

The full-scan LC-MS analysis of hydroxypropranolol glucuronide-DMIS derivatives
shows chromatographic peaks at m/z 610 for 5- and 7-OHPG-DMISC derivatives
(Figure 18). Four DMIS derivatives of 5-OHPG were observed and indicated as 5-
OHPG-DMIS 1, II, lll, and IV with retention times of 13.7 min, 14.0 min, 16.3 min, and
17.6 min. In Figure 18B, two DMISC derivatives of 7-OHPG were found and indicated
as 7-OHPG-DMIS | and Il with retention times of 22.4 min and 22.8 min.
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Figure 18. Extracted ion chromatograms from MS full-scan (LC-QTOF-MS) of HLMs-generated
5- and 7-hydroxypropranolol derivatized with DMISC. (A) [M+H]* m/z 610, 5-hydroxypropranolol
glucuronide DMISC derivatives; (B) [M+H]* m/z 610, 7-hydroxypropranolol glucuronide DMISC
derivatives.

A targeted MS/MS analysis was conducted on 5-OHPG-DMIS |, II, Ill, and IV. Two
pairs of similar product ion spectra of 5-OHPG-DMIS (I and Il as well as Il and V)
were obtained. Therefore, only the 5-OHPG-DMIS | and Ill spectra are displayed in
Figure19A and Figure 19B. In Figure19A, the product ion m/z 568.1611 indicated the
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loss of the isopropyl moiety from the protonated precursor m/z 610.2077. The
additional loss of the sugar moiety (from m/z 610.2077) resulted in m/z 434.1779. The
ion m/z 392.1314 is derived from the additional loss of an isopropyl group from
m/z 434.1779. The ions m/z 214.0670, 188.0504, and 176.0500 are produced from the
fragments where the DMIS moiety is attached to the amine group. Additionally, the ions
m/z 274.1250 and 232.0776 are considered fragments where DMIS was amine-linked
because their accurate mass are closer to the fragment ions generated from
protonated propranolol-DMIS (Figure 17A). Therefore, it was concluded that
5-OHPG-DMIS | and Il are phenolic-linked glucuronides since DMIS was attached to

the amine group.
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Figure 19. Product ion spectra of 5-hydroxypropranolol glucuronides DMISC derivatives
obtained from HLMs samples after derivatization. (A) 5-hydroxypropranolol glucuronide-DMIS |,
C27H35N3011S, [M+H]* theor. = 610.2065, [M+H]" exp. = 610.2077, Am/z = 1.97 ppm, collision
energy 30 eV, (B) 5-hydroxypropranolol glucuronide-DMIS Il C27H35N3011S, [M+H]" theor. =
610.2065, [M+H]" exp. = 610.2090, Am/z = 4.10 ppm, collision energy, 30 eV.

Conversely, as shown in Figure 19B, the ions m/z 357.0928 and 215.0720 are derived
from the fragments where DMIS was attached to the phenolic group. The ion m/z
392.1305 also results from the subsequent loss of the isopropyl group from m/z
434.1779. Besides, the ions m/z 274.1468 and 232.0984 are identified as fragments
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where DMIS is phenolic-linked, considering their accurate mass are closer to that of the
fragment ions generated from protonated 5-OHP-DMIS with DMIS moiety attached to
the phenol group (Figure 17B). Therefore, 5-OHPG-DMIS IIl and IV are considered

aliphatic-linked glucuronides since the DMIS was attached to the phenolic group.

4.3.2.3 Discussion

Although the pre-glucuronidation method demonstrated that aliphatic hydroxy groups of
hydroxypropranolols can be glucuronidated (section 4.3.1), direct methods for
determination of the regio-isomeric hydroxypropranolol glucuronides is required.
Therefore, a post-glucuronidation derivatization strategy was applied. During the 1980s,
researchers investigated the regioselectivity of 4-hydroxypropranolol glucuronidation
using GC-MS after derivatization with diazomethane [184]. The resulting 4-OHPG
obtained from both in vivo and in vitro assays were found to be linked to the aromatic
hydroxy group. However, it is important to note that diazomethane is a highly reactive
and potentially hazardous compound, requiring proper precautions and protective
equipment during handling [196]. As an alternative, 1,2-dimethylimidazole-4-sulfonyl
chloride (DMISC) has been utilized as a new derivatization reagent for phenolic
compounds and has been successfully employed in the derivatization of various
compounds, including propofol, hydroxypyrene, naphthol, estrone, and others [188,
189]. Furthermore, DMISC has effectively confirmed the glucuronidation position of
4-OHPG [169]. In that study, Salomonsson et al. discovered that both aromatic-linked

and aliphatic-linked 4-OHPG were formed under in vitro conditions.

Thus, DMISC was employed to differentiate 5- and 7-OHPG regio-isomers in this study.
Following incubation of 5-, and 7-OHP with HLMs and UDPGA for 24 hours, the
solutions were subjected to derivatization using DMISC. For comparison, propranolol
and hydroxypropranolols were also incubated with DMISC, and all derivative samples
were analyzed by full-scan and targeted MS/MS by LC-QTOF-MS. Moreover, 4-OHP
was incubated with HLMs and the generated 4-OHPG was derivatized with DMISC as
well. The derivatives were also analyzed for additional confirmation of this protocol

developed by Salomonsson et al. [169].

Four DMISC derivatives of 5-OHPG were observed in the 24-hour-incubated HLMs
sample after the derivatization. However, in the urine sample and 4-hour-incubated
HLMs sample (Figure 10d and 10e), two 5-OHPGs were observed, which raising an
intriguing question. To gain further insights, additional LC-QQQ-MS/MS analysis was
conducted on the 24-hour-incubated HLMs sample prior to derivatization with DMISC.
In this analysis, the two 5-OHPGs that previously identified in Figure 10d and 10e were

intentionally excluded by cutting off from the MS analysis based on the retention time
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(go to the waste), in order to eliminate the influence of their high signals. Interestingly,
this led to the observation of two additional glucuronides, eluted at 15.0 min and
16.4 min (Supplementary Figure 8 and Supplementary Figure 9). However, it is worth
noting that these glucuronides exhibited much lower abundance than the two 5-OHPGs
previously identified in Figure 10d and 10e. This finding suggests that these newly

identified glucuronides may be minor metabolites.

Therefore, it is hypothesized that the two less abundant 5-OHPG-DMIS derivatives,
5-OHPG-DMIS 1l and IV (Fig. 18A), could have originated from these two additional
glucuronides, as they were similarly less abundant. Consequently, the two additional
5-OHPGs observed in HLMs-24 hour incubations are believed to be the aliphatic-linked
hydroxypropranolol glucuronides, which making the previously identified 5-OHPGs in
urine, 4-hour-incubated HLMs sample, and enzyme bags samples aromatic-linked

hydroxypropranolol glucuronides.

The same LC-QQQ-MS/MS analysis was conducted on urine samples
4-hour-incubated HLMs sample and enzyme bags samples. Such extra glucuronides,
eluted at 15.0 min and 16.4 min, were detected in enzyme bags samples, but not in
urine sample and 4-hour-incubated HLMs sample. The possible explanation is that the
HLMs samples used for derivatization were incubated with a higher concentration of
5-OHP and a prolonged incubation time of 24 hours. Similarly, the enzyme bags
samples were incubated with a long period of 15 hours. Under such reaction conditions,
it is possible that more glucuronides may be generated. However, in vivo metabolic
studies have suggested that 5-OHP accounts for only 7% to 11% of the total
monohydroxylated propranolol [164, 173], which is a relatively low concentration to
produce additional aliphatic-linked glucuronides. Therefore, no extra 5-OHPG were
found in urine. It is hypothesized that the 5-OHPG observed in urine (Figure 10d) may
be related to the amine-linked DMISC derivative (Figure 18 A) and is considered to be
aromatic-linked hydroxypropranolol glucuronide. Due to the complexity of urine
samples, derivatization with DMISC gave more complicated results to interpret. Further
derivatization experiments with isolated 5-OHPGs from urine samples will be needed

for the confirmation of inference above.

Product ion spectra of 7-OHPG-DMIS | and Il (Supplementary Figure 10) showed the
same fragmentation pattern as 5-OHPG-DMIS | (Figure 19A). Therefore, the two
derivatives of 7-OHPG were assigned to amine-linked DMISC derivatives. Thus, the
diastereomeric glucuronides of 7-OHP were considered to be aromatic-linked
glucuronides since the glucuronic acid occupied the phenolic hydroxy group and

thereby has not been derivatized.
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As a positive control and double confirmation of the feasibility of post-glucuronidation
derivatization method which is adapted from the previous study [169], same
derivatization reaction were conducted on (S)-4-OHPG (derived from HLMs incubations)
and the samples were analyzed by full-scan MS and target MS/MS. The
chromatograms and product ion spectra of (S)-4-OHPG-DMIS | and Il are shown in
Supplementary Figure 11 and Supplementary Figure 12. The product ion spectra
indicated that (S)-4-OHPG-DMIS | and Il are aromatic-linked glucuronide and
aliphatic-linked glucuronide after comparing their fragmentation pattern with those of
5-OHPG-DMIS (Figure 19). Those results are in line with the previous study [169] that
both aromatic and aliphatic-linked glucuronides of 4-OHP are able to be generated

under in vitro conditions.

In summary, the findings from both pre- and post-derivatization studies indicate that the
aliphatic hydroxy group of hydroxypropranolol can undergo glucuronidation in principle.
However, under the in vivo environment, it appears to be less favorable compared to
aromatic-linked glucuronidation. On the other hand, in vitro studies with high
concentrations of hydroxypropranolols and extended incubation time demonstrated the
possibility of aliphatic-linked glucuronidation. Overall, it can be concluded that under
physiological conditions, aromatic-linked glucuronidation is the preferred glucuronic

pathway for the elimination of hydroxypropranolols.
4.4 Glucosidation of propranolol and hydroxypropranolols

4.4.1 In vitro metabolism with HLMs

The investigation on glucosidation of propranolol and hydroxypropranolols was
performed using HLMs as starting point. Racemic propranolol or 4-/5-/7-OHP were
subjected to incubation with HLMs and UDP-glucose. Two diastereomeric propranolol
glucosides were eluted at 23.5 min and 24.2 min (Figure 20). The diastereomers were
identified as (S)- and (R)- by comparison with enantiopure (R)-propranolol incubation
(Figure 20B). However, no hydroxy propranolol glucosides were detected, so further

glucosidation by enzyme bags of respective UGTs was not carried out.
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Figure 20. Chromatograms (LC-QQQ-MS/MS) of (S)-and (R)-propranolol glucoside from HLMs
incubations. (A) HLMs incubation with racemic propranolol; (B) HLMs incubated with (R)-
propranolol. The displayed ion transition is m/z 422— 260.

4.4.2 Glucosidation of propranolol with four human UGTs

The activity of UGT1A7, UGT1A9, UGT1A10, and UGT2A1 on propranolol
glucosidation was tested using the enzyme bag method, as these four UGTs have
demonstrated their ability for glucuronidation in previously presented work (section 4.1).
All four UGTs were found to be active in glucosidation of racemic propranolol,

producing two diastereomers (Figure 21).
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Figure 21. Chromatograms (LC-QQQ-MS/MS) of (S)- and (R)-propranolol glucoside from
enzyme bag samples. (A) obtained from UGT1A7 enzyme bag samples. (B) obtained from
UGT1A9 enzyme bag samples. (C) obtained from UGT1A10 enzyme bag samples. (D) obtained
from UGT2A1 enzyme bag samples. The displayed ion transition is m/z 422— 260.

Further MS/MS analysis was carried out to characterize propranolol glucosides using
high-resolution accurate mass spectrometry. The product ion spectra is shown in
Figure 22, and the loss of 162.0493 Da indicates the loss of the glucose moiety. The
fragment ions m/z 116 and m/z 183 can also be found in the product ion spectra of
propranolol glucuronide (Figure 9). The ions m/z 183 was generated by a combined
elimination of water (-H2O, 18 Da) and isopropylamine (-CsHgN, 59 Da) from protonated
propranolol after losing the sugar moiety. The ions m/z 116 was results from the loss of
hydroxy naphthyl ring (-C10HsO, 144 Da) from protonated propranolol. The two
additional ions m/z 157 and m/z 218 that indicated in Figure 22 were considered to be
generated by losing the alcoholic side-chain (-CsH13ON, 103 Da) and by losing
isopropyl group (-CsHe, 42 Da) from protonated propranolol.
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Figure 22. Product ion spectra (LC-QTOF-MS) of (R)-propranolol glucoside obtained from HLMs
incubations. (R)-propranolol glucoside, C22:H31NOz, [M+H]" theor. = 422.2173, [M+H]" exp. =
422.2163, Am/z = -2.37 ppm; collision energy, 30 eV.

4.4.3 Discussion

Besides glucuronidation, UGTs are known to catalyze glucosidation reactions of
various endobiotics and xenobiotics using UDP-glucose as the sugar donor. For
instance, bilirubin can undergo glucosidation catalyzed by human UGT1A1 in addition
to glucuronidation [83]. UGT2B7 has been found to catalyze the glucosidation of
hyodeoxycholic acid, ibuprofen, and morphine [85, 86, 89, 91]. These studies indicate
that glucosidation can serve as an alternative metabolic pathway under certain
circumstances.

Given this background, it is of great interest to investigate whether the UGTs involved
in the glucuronidation of propranolol can also utilize UDP-glucose for conjugative
reactions. In the current study, four UGTs (UGT1A7, UGT1A9, UGT1A10 and
UGT2A1), which have demonstrated their ability for glucuronidation in previously
presented work, were tested with propranolol and UDP-glucose. The results suggested
that all four UGTs were capable of catalyzing the glucosidation of propranolol.
Additional analysis were performed on urine samples as well, but no glucosides were

observed.

UDP-glucose 6-dehydrogenase (UGDH), the enzyme responsible for converting UDP-
glucose to UDP-glucuronic acid, is expressed in various human tissues but exhibits
prominent expression in the liver and gastrointestinal tract [197]. On the other hand,
UGT1A7, UGT1A9, and UGT2A1 are predominantly expressed in the proximal
digestive tract, kidney, and endocrine tissues, according to data from the Human
Protein Atlas database [198]. Based on this information, it can be inferred that in

tissues where the availability of UDP-glucuronic acid is limited but a particular UGT is
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abundantly expressed, these UGTs may utilize UDP-glucose and catalyze

glucosidation as an alternative metabolic pathway.

The process of glucuronidation introduces a negative charge and diminishes lipid
solubility, resulting in reduced passive permeability for the formed glucuronides. As a
consequence, these metabolites are commonly transported out of cells (such as
hepatocytes) by the action of anion transporters [102]. On the contrary, glucosides
don’t have negative charges unless their aglycon does, so they may not be exported by
anion transporters and thereby they have a higher chance of not being detected as
they might stay inside the cells much longer. This may explain to some extent
why propranolol glucosides were not (yet) found in human urine during the current
study. Furthermore, it would be valuable to explore the potential presence of
propranolol glucosides in bile, feces or other tissues in future investigations, which may

provide additional insights into the fate of propranolol in the body.

4.5 Mutual modulations of CYP2D6 and four UGTs on the

metabolism of propranolol

4.5.1 Optimization for biotransformation protocol

The previously published protocol for CYP-UGT activity assays with diploid fission
yeasts was established using pro-luciferin probe substrates [20]. For monitoring
propranolol metabolism, this protocol needed to be optimized as this is a much more
lipophilic substrate with a logD (7.4) value of 1.2 [199].

4.5.1.1 Liquid-liquid extraction with ethyl acetate

In the previously published enzyme bag method [122, 126, 130, 135], recombinant
fission yeast cells are permeabilized by detergent, forming holes on the cell membrane
and thus facilitating small molecules (such as substrate and cofactors) and hydrophilic
products to enter and exit the cells [132]. However, lipophilic substrates (and their
metabolites) are likely to be embedded in the cellular membranes of the enzyme bags.
In such cases, a liquid-liquid extraction of the metabolites from the aqueous reaction
buffer is required. In previous study, ethyl acetate was used to extract CYP metabolites

of testosterone [135].

In this study, the extraction efficiency of ethyl acetate at different pH levels of the buffer
system was tested as this parameter was expected to be a key factor influencing the
extraction efficiency. The three compounds (propranolol, 4-OHP, and 4-MeOP) were
extracted using a 50 mM ammonium hydrogen carbonate buffer (adjusted to pH 5, 6, 7,

8, 9, 10, or 11) and ethyl acetate as the organic solvent and analyzed. Extraction
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efficiencies were evaluated as peak areas in the resulting chromatograms. As shown in
Figure 23A, the extraction of all three compounds is not effective (lower than 65 %)
when the pH value is below 6. As the pH value increases, the extracted amount of all
three compounds was found to be stable and the extraction efficiency was above 95 %.
The extraction efficiency was calculated as follows:

Peak Areagyiracts
Extracti ffici = x 100%
Xiraction efficiency = 5 e Peak Areaua °

Peak Areacxracts is the peak area of a compound after extraction by ethyl acetate; Peak

Arearesiques IS the peak area of a compound left in the aqueous residue after extraction.
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Figure 23. (A) Extraction efficiency of propranolol (P), 4-hydroxypropranolol (4-OHP), and
4-methoxypropranolol (4-MeOP) at different pH values as indicated; (B) Comparison of the
activity of freshly made SAN308 enzyme bags and those stored in a deep freezer (-80 °C) for
the times indicated. All reactions were done in triplicates. This figure is adapted from my
published paper [79].

Therefore, the reaction buffer used in this study (50 mM ammonium hydrogen
carbonate, pH 7.8) is well-compatible with the extraction procedure. Thus, ethyl acetate
was used for the extraction of hydroxypropranolols for all biotransformation samples
and 4-MeOP was used as the internal standard. In contrast, the aqueous residue was
analyzed for glucuronides since they are highly hydrophilic and not easily extracted by

ethyl acetate based on previous study [135].

4.5.1.2 Long-time storage for enzyme bags

As in any biological reaction system, batch-to-batch variability is an issue. One solution
to this problem is using cells from a single batch throughout a project. However, this
requires a method for the preservation of the biocatalysts. In a the previous study, the
possibility of long-time storage for enzyme bag samples was discussed [134]. Still, the
question of activity alteration during long-term storage was not addressed [134].
Therefore, the enzymatic activity during long-term storage was monitored. For this

purpose, the production of 4-OHP from propranolol in SAN308 enzyme bag samples



58 Results and Discussion

(which co-expresses CYP2D6 and UGT1A9) was monitored to evaluate the
degradation of the activity after deep freezer storage (-80 °C) for 1 day, 1 week, or 3
months, respectively, and compared with the freshly made ones. All enzyme bags were
produced from the same culture and stored in -80 °C for all biotransformation assays.

The activity of the freshly made enzyme bags was defined as 100 %.

No statistically significant differences in the activities between the freshly made
samples and those stored for different time intervals were observed (Figure 23B). Thus,
stored enzyme bags can be used for at least three months after preparation. This
information allowed us to perform all biotransformation from a single batch of enzyme

bags prepared from each strain used in this study.

4.5.1.3 Optimization of the CYP reaction time for diploid yeast

Both hydroxylation and glucuronidation reactions were investigated in the
biotransformation with CYP-UGT co-expression yeast strains. In the previous studies
with enzyme bags, optimal reaction times varied for CYPs, UGTs, and SULTs [122,
126, 135]. Therefore, several different reaction times were tested in this study to find
the most suitable one for the potential enzymatic chain reaction. The most suitable
reaction time for CYP2D6 was evaluated by monitoring the production of the relative
abundances of the metabolite after five different reaction times (2 hours, 4 hours,
8 hours, 16 hours, 24 hours) using strain SAN308.

As shown in Figure 24B, two major hydroxy propranolol products were found in all
CYP2D6-UGT co-expression samples. These were identified as 4-OHP and 5-OHP by
LC-MS/MS comparison with reference standards. For the production of 4- and 5-OHP,
the highest yield was reached at a reaction time of 4 hours (Figure 24A). Afterwards,
the amount of 4- and 5-OHP decreased to nearly zero as the reaction time increased to
24 hours. To cope with potential differences in extraction yields, the production of
4- and 5-OHP was determined by calculating the ratio of the peak area of 4- and 5-
OHP to 4-MeOP. Unexpectedly, no propranolol glucuronides or hydroxy propranolol

glucuronides were detected at any reaction time.



Results

and Discussion

59

0.5 -

0.4 —

1A

—— 4-0HP

4-OHP
RT: 13.2 min
\
|

i -+ 5-OHP I \
0.3+ 08 [

065 | ;
0.2 | ‘

0.1 045 |

Ratio of peak area

0.0- * —a 0

5-OHP [
RT: 11.8 min

_0-1 L] I Ll I L] I T I L] I T I 00‘?
0 4 8 12 16 20
Reaction Time (h)

15 12 125 13 135 14 145
Counts vs. Acquisition Time (min)

Figure 24. (A) Yield of hydroxypropranolol isomers and glucuronic acid conjugates at different
reaction times (2h, 4h, 8h, 16h and 24h). Ratio of peak area is the ratio of peak area of 4- or
5-OHP divided by the peak area of 4-MeOP; OHP-G, hydroxypropranolol glucuronides. (B)
Chromatogram (LC-QQQ-MS/MS) of hydroxypropranolol isomers obtained from SAN308-
dependend biotransformation of propranolol. lon transition m/z 276—58 was monitored for
4-hydroxypropranolol (4-OHP) and 5-hydroxypropranolol (5-OHP). All reactions were done in
triplicates. This figure is adapted from my published paper [79].

Formation of N-desisopropylated metabolites was also observed at lower levels, but no
increased production was found as the incubation time increased, which means the
generation of N-desisopropylated metabolites may not be the reason for the decrease
of 4-OHP. Further experiments were carried out by incubating 4-OHP in NHsHCOs3
buffer for the same time intervals as in SAN308 reactions. The results revealed a
decline in the peak area of 4-OHP (Figure 25), similar to that shown in Figure 24A. This
finding suggested that the degradation of 4-OHP does not reach saturation within
4 hours and follows a first-order kinetic behavior. This outcome is in line with previous
investigations that reported the instability of 4-OHP in aqueous solution and have
recommended that urine samples containing this compound be analyzed promptly after
collection [176, 200, 201]. Therefore, the reaction time of 4 hours was chosen for the
biotransformation of the CYP2D6-UGT co-expression yeast as the degradation of
4-OHP had not caused a significant effect, and no glucuronides were found at any

reaction time.
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Figure 25. Degradation assay of 4-hydroxypropranolol in NH+sHCOs buffer. The amounts of
4-hydroxypropranolol left at six time points (0 h, 2 h, 4 h, 8 h, 16 h and 24 h) were analyzed and
normalized to values at To = 0 h. All reactions were done in triplicates. This figure is adapted
from my published paper [79].

4.5.2 Influence of UGT1A7,UGT1A8,UGT1A9 and UGT2A1 on CYP2D6

Under these optimized conditions, the influence of UGTs on CYP2D6 activity was
investigated by monitoring the production of 4- and 5-OHP in four diploid yeast strains
which co-express CYP2D6 and one of four UGTs (UGT1A7, UGT1A8, UGT1A9, or
UGT2A1). The diploid yeast strain SAN300 which only expresses CYP2D6 and human
CPR was used as a control. Both cofactors (an NADPH regeneration system and
UDPGA) were added to the reaction system to enable the hydroxylation and the
glucuronidation reactions. The concentrations of 4- and 5-OHP were calculated using a
standard calibration curve, and all the results were normalized by quantitative
polymerase chain reaction (QPCR) data of CYP2D6 expression in five diploid strains in
the previous study [136]. In comparison with control CYP2D6 samples, production of
4-OHP by UGT1A7, UGT1A8, and UGT1A9 co-expression was significantly enhanced
by a factor of 3.3, 2.1, or 2.8, respectively (Figure 26A). For the production of 5-OHP,
the yields increased by 8.4, 4.8, and 5.8 times in UGT1A7, UGT1A8, or UGT1A9
co-expression samples as compared with control CYP2D6 samples (Figure 26B). By
contrast, in biotransformation with strain SAN310 (which co-expresses CYP2D6 and
UGT2A1), the production of either 4-OHP or 5-OHP showed no significant alteration

compared with CYP2D6 control samples.
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Figure 26. Comparison of the production of 4-hydroxypropranolol (A) and 5-hydroxypropranolol
(B) in CYP2D6-UGTs co-expression yeast samples with the control CYP2D6 strain. All
reactions were done in triplicates. All the enzyme bags used were stored within 3 months. * p <
0.05, **p < 0.01, ***p < 0.005, **** p < 0.0001. This figure is adapted from my published paper

[79].

As a further control experiment, mixtures of enzyme bags prepared from SAN300
(expressing CYP2D6 only) and from one out of four strains (DB24, DB25, CAD200, or
DB3) that expresses single UGTs were also tested in biotransformation experiments.
The idea behind this approach is that as the CYP and the UGTs are present in different
enzyme bags, there is no possibility for their protein-protein interaction. Thus, they
should not influence each other’s activities. In other words, it should not matter which
UGT expressing strain was used in these experiments. As hypothesized, the amounts
of both products (4-OHP and 5-OHP) were found not to be significantly different from
each other in all of these reactions (Figure 27). These data suggested that the activity
differences observed in the CYP-UGT co-expressing strains (Figure 26) are indeed due

to interactions between these enzymes.
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Figure 27. Comparison of the production of 4-hydroxypropranolol (A) and 5-hydroxypropranolol
(B) in mixed samples of control CYP2D6 samples (SAN300) and four UGT single-expression
yeast strains (DB24, DB25, CAD200, and DB3). All reactions were done in triplicates. All the
enzyme bags used were stored within 3 months. This figure is adapted from my published

paper [79].

Moreover, two propranolol glucuronic diastereomers were found in three mixed
samples, which are CYP2D6 mixed with UGT1A7, UGT1A9, or UGT2A1, but not in the
CYP2D6 and UGT1A8 mixed group. This result is in accordance with the previous
results (section 4.1) that propranolol is glucuronidated by UGT1A7, UGT1A9, and
UGT2A1 but not by UGT1A8 [126]. The activities of haploid UGT strains in mixtures
are similar to the results in section 4.1, with UGT1A9 and UGT2A1 having higher
activity compared to UGT1A7. This data demonstrates that the UGTs employed in this
study were active under the reaction conditions used as long as they were not
co-expressed with CYP2D6. No hydroxypropranolol glucuronides were detected in any
of the reactions, which is expected as CYP2D6 and UGTs are not physically proximate

in this assay, making subsequent glucuronidation after hydroxylation unlikely.

4.5.3 Influence of CYP2D6 on four UGTs

The aqueous residues obtained after ethyl acetate extraction of CYP2D6-UGT
expressing diploid yeast samples were analyzed for glucuronides. Additionally, 4-OHP
was used as substrate and incubated with CYP2D6-UGT co-expression samples and
the samples were analyzed as well. Unexpectedly, no UGT activity towards propranolol
or 4-OHP was found in any of the CYP2D6-UGT co-expression samples. In contrast,

the activity of all four UGTs towards propranolol or 4-OHP were demonstrated in the
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previous part of the thesis upon recombinant expression in fission yeast (section 4.1

and 4.2.2). However, in the present study, the reaction conditions were slightly different.

As a control for the experimental setup, the biotransformation of racemic propranolol by
UGT1A9 over time was exemplarily monitored using the haploid yeast strain CAD200
applying the reaction protocol developed for the diploid yeast strain SAN308 described
above. For quantitation, the peak area of (S)-propranolol glucuronide was used. It was
found that product yield reached a maximum at 8 hours and remained stable until 24
hours (Figure 28A). The observed activities were in a similar range as reported in
previous work, with larger peak areas found for (S)- than (R)-propranolol glucuronide
(Figure 28B).
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Figure 28. Yield of (S)-propranolol glucuronide at different reaction times (A) and chromatogram
(LC-QQQ-MS/MS) of propranolol glucuronides (B) produced by UGT1A9 enzyme bags samples.
lon transition 436—116 was monitored for (R)-propranolol glucuronide (R-PG) and (S)-
propranolol glucuronide (S-PG). This figure is adapted from my published paper [79].

These data give further evidence that the new protocol developed in this study is well-
suited for the UGT-dependent biotransformation of propranolol. Thus, the observed
lack of finding propranolol glucuronides in the diploid strain experiments described
above is not due to the reaction conditions but due to strongly reduced activities of the
UGTs when co-expressed with CYP2D6. If the CYP2D6-UGT co-expressing enzyme
bags had produced any propranolol or hydroxypropranolol glucuronides, they would
have been detectable; alternatively, their concentrations were lower than the detection
limit if they were formed at all.

4.5.4 Discussion

Most mammalian CYPs are located on the cytoplasmic side of the endoplasmic
reticulum, while UGTs are embedded on the other side of the same membrane. Due to

their co-localization in tissues and the proximity within the endoplasmic reticulum,
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protein-protein interactions between these two types of enzymes are possible under in
vivo conditions [202]. Although protein-protein interactions between CYPs and UGTs
have been studied for decades, their consequences for the activity of the enzymes
involved are not well understood yet. Upon CYP-UGT co-expression in a variety of host
systems, activity changes had been observed in experiments that involved human
CYP1A2, CYP2C9, or CYP3A4, as well as UGT1A1, UGT1A6, UGT1A7, UGT1A9, or
UGT2B7, respectively [74, 76-78]. Next to the CYP3A family, CYP2D6 is arguably one
of the most important human drug-metabolizing enzymes. Moreover, the CYP2D6 gene
is highly polymorphic, and varying CYP2D6 activities are associated with both adverse

drug reactions and reduced drug efficacy [203].

Although commonly used in various studies, liver microsomes from humans and rats
may not be the ideal enzyme resource for investigating the functional interaction
between CYPs and UGTs. The presence of multiple CYPs and UGTs in the liver leads
to a large number of potential protein-protein interactions, making data interpretation
complex. Moreover, many substrates of both enzyme families are not specific to a
single enzyme, further complicating the analysis. To overcome these challenges,
recombinant microbial systems that overexpress CYPs and UGTs offer a viable
alternative for studying their functional interactions. The fission yeast S. pombe has
been successfully used for expressing human CYPs and UGTs [120, 121, 204].
Previous studies have demonstrated the proper recognition of human subcellular
localization sequences of CYPs in fission yeast systems [205]. Furthermore, in a study
where CYP1A1 and UGT1A6 were co-expressed in yeast, protease treatment of the
microsomes showed the correct topological orientation of the UGT in the membranes
[206]. This indicates that the topology of CYP and UGT enzymes expressed in yeasts

should closely resemble that of the ER membrane in humans.

Recently, diploid fission yeast strains have been developed, where each of the 19
human members of UGT families 1 and 2 are co-expressed with either CYP2C9,
CYP2D6, or CYP4Z1 [136]. Using pro-luciferin probe substrates, 72 interactions
between CYPs and UGTs were observed in these new strains [136]. Specifically, for
CYP2D6, co-expression with eleven UGTs (including UGT1A7) resulted in a
statistically significant decrease in activity, while six UGTs (including UGT1AS,

UGT1A9, and UGT2A1) caused an increase, and the remaining two had no effect.

The present study has expanded these studies using the drug propranolol, which is
metabolized by both CYP2D6 and several UGTs. CYP2D6 has been found to be
responsible for the hydroxylation of propranolol, thereby producing the phase |
metabolites 4-, 5-, and 7 -OHP [164, 173, 207]. In the section 4.1 and 4.2.2, |
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demonstrated that propranolol can be glucuronidated by UGT1A7, UGT1A9, UGT1A10,
and UGT2A1, while its CYP2D6 metabolite 4-OHP is a substrate for UGT1A7, UGT1A8,
UGT1A9, and UGT2A1. Therefore, in the current study, diploid fission yeast strains that
co-express CYP2D6 with one of four UGTs each (UGT1A7, UGT1A8, UGT1A9, or

UGT2A1) were chosen to investigate their mutual activity influences in the presence of

propranolol.

In the previous study [136], the activity of CYP2D6 towards a pro-luciferin probe
substrate was significantly increased upon co-expression of six UGTs (UGT1A4, 1A9,
1A10, 2A1, 2A3, and 2B10). On the other hand, co-expression of eleven UGTs
(UGT1A3, 1A5, 1A6, 1A7, 1A8, 2A2, 2B4, 2B7, 2B15, 2B17, and 2B28) led to activity
decreases, while co-expression of the remaining two UGTs (UGT1A1 and 2B11) had
no statistically significant effect. The increases of CYP2D6 activities varied between a
factor of 1.4 to 4.3, and the reduction was between 1.3-fold to 3.6-fold. The observed
positive effect of UGT1A9 on CYP2D6 activity in propranolol hydroxylation is consistent
with the increased activity (around 1.8-fold) of CYP2D6 with UGT1A9 co-expression on
the metabolism of the pro-luciferin probe substrate [136]. In contrast to the incubation
of pro-luciferin as substrates, UGT2A1 has shown no significant influence on the
CYP2D6-dependent hydroxylation of propranolol. UGT1A7, UGT1A8, and UGT2A1
showed different tendencies on CYP2D6 activities compared with the previous results

[136], indicating that such interactions also depend on the substrate under study.

Based on the expression data obtained from the Human Protein Atlas database [198],
CYP2D6 is co-expressed with UGT1A7, UGT1A8, UGT1A9, and UGT2A1 in many
human tissues with various expression levels. CYP2D6 is strongly co-expressed with
UGT1A9 in the liver and with UGT1A8 in the small intestine. Co-expression of CYP2D6
and UGT1A7 is observed in the colon, cerebellum, and choroid plexus. The cerebellum
and choroid plexus also exhibit co-expression of CYP2D6 and UGT2A1, with exclusive
co-expression of these enzymes in the pituitary gland. These findings suggest that the
observed influence of UGT on CYP2DG6 in in vitro experiments may have relevance to
the tissues where they are co-expressed, potentially affecting the metabolism of

propranolol in those specific locations.

In the previous study, the effect of CYP co-expression (using CYP2C9, CYP2D6, and
CYP4Z1) on the activities of five UGTs (UGT1A4, 1A9, 2A3, 2B7, and 2B28) was
monitored [136]. The activities of UGT1A1, UGT1A9, and UGT2B28 were found to be
reduced by all three CYPs, while the activity of UGT2B7 was not influenced at all. Co-
expression of CYP4Z1 suppressed the activity of UGT2A3, while no effect was found in
the CYP2C9 and CYP2D6 co-expressing strains. In the current study, neither

propranolol glucuronides nor hydroxypropranolol gluucronides were observed in the
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CYP2D6-UGT co-expression samples, suggesting the suppression of CYP2D6
co-expression on the activity of UGT1A7, UGT1A8, UGT1A9 and UGT2A1. Overall,
neither in the previous study [136] nor in the present work, a positive influence of any
CYP on the activity of any UGTs was ever observed. If there was an influence, it was

always detrimental.

Multiple studies have shown that the polymorphisms of UGTs may influence the
enzymatic activity towards different substrates. For example, UGT1A6*2 has been
found to metabolize 3-O-methyl-dopa and methyl-salicylate at 41-74% of the wild-type
level, while the metabolism of 1-naphthol, 3-iodopenol, 7-hydroxycoumarin, and
7-hydroxy-4-methylcoumarin  remains normal [208]. Additionally, serotonin,
5-hydroxytryptophol, 4-nitrophenol, acetaminophen, and valproic acid were found to
have 2-fold higher glucuronidation by UGT1A6*2 [209]. Another example is UGT1A9*3,
which shows a dramatically decreased glucuronidation activity towards SN-38 with only
3.8% of the wild-type level [210]. In the current study, the influence on the activity of the
UGT by co-expression with CYPs was discovered. This kind of influence may be as
potent as the influence of polymorphism. The conformation of the UGT and the
substrate, or their position in the membrane, might be changed due to interactions with
CYPs. The similarity is that in both cases, activities of the UGTs are changed
depending on the substrate. The negative effects on UGTs observed in the current

study are the strongest | ever seen in any UGT catalyzed reactions.

Additionally, it is worth noting that propranolol glucuronides and 4-OHPG have been
previously [164, 211, 212] and currently detected in human urine, indicating the
complexity of CYP-UGT interactions under in vivo conditions due to the involvement of
multiple CYP and UGT isoforms. As such, the suppressed activity of UGTs towards
propranolol and hydroxypropranolol glucuronidation observed in the current study
might be restored or increased by other CYP isoforms, as seen with the increased
activity of UGT2B7 on morphine glucuronidation by CYP3A4 [74]. Therefore, the
enzyme bags method with diploid CYP-UGT co-expression yeast strains is an ideal
model for investigating individual protein-protein interactionwithout interference from

other isoforms.
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5 Summary and Outlook

An ADMET study is a comprehensive assessment of the absorption, distribution,
metabolism, excretion and toxicity of a drug or drug candidate. It evaluates the safety
and efficiency of the drug candidates in the early stage and decides if further clinical
investment should be performed. The investigations on DMEs are undoubtedly the
most important part during the evaluation of drug metabolism process. This thesis
specifically focuses on the metabolic profile of propranolol within the field of ADMET
research. Despite being an old drug, propranolol has found new applications [152, 156,
157], prompting investigations into its metabolism and phase | metabolites, namely 4-,
5-, and 7-OHP. Through these studies, novel insights have been gained concerning

enzymatic specificity, protein-protein interactions, as well as stereo- and regioselectivity.

In this thesis, a comprehensive reaction phenotyping was conducted to explore the
glucuronidation of propranolol and its hydroxypropranolol metabolites (4-, 5-, and
7-OHP) using 19 human members of the UGT1 and UGT2 enzyme families. The
results revealed that UGT1A7, UGT1A9, and UGT1A10 exhibited a preference for
using (S)-propranolol as a substrate, while UGT2A1 displayed opposite
stereoselectivity. In silico investigations suggested that the observed stereoselectivity
could be attributed to the charge-charge interactions between specific amino acid
residues in the UGT enzymes, affecting their binding conditions to the reaction site of

propranolol.

Studies on the metabolism of 4-, 5- and 7-OHP have focused on their regioselective
glucuronidation using two strategies: pre-glucuronidation derivatization and post-
glucuronidation derivatization. The results suggested that although the aliphatic
hydroxy group of hydroxypropranolol is, in principle, amenable to being glucuronidated,
it is less favored than aromatic-linked glucuronidation under in vivo conditions after
propranolol administration. However, in vitro studies using high concentrations of
hydroxypropranolol and extended incubation time have demonstrated the potential for
aliphatic-linked glucuronidation. Overall, in a physiological environment, aromatic-
linked glucuronidation is the preferred route of glucuronic elimination for

hydroxypropranolols.

In addition, the glucosidation of propranolol with UDP-glucose as a cofactor was also
explored in this thesis. The four UGTs that were found active in glucuronidation
(UGT1A7, UGT1A9, UGT1A10, and UGT2A1) were also observed to be active in the
glucosidation of propranolol. It is possible to speculate that in tissues with limited
availability of UDPGA but with the four UGTs highly expressed, these UGTs may utilize
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UDP-glucose as an alternative metabolic pathway and catalyze the glucosidation of

propranolol.

Apart from studying glucuronidation catalyzed by UGTs, the mutual modulation
between CYP and UGT enzymes during the metabolism of propranolol was
investigated. A diploid yeast system co-expressing CYP2D6 and each of the four UGTs
(UGT1A7, UGT1A8, UGT1A9, and UGT2A1) was utilized for this study. The results
revealed that UGT1A7, UGT1A8, and UGT1A9 significantly enhanced the activity of
CYP2D6, whereas UGT2A1 had no influence. Conversely, the glucuronidation process
catalyzed by the four UGTs was markedly suppressed by CYP2D6. The use of
propranolol as substrate, which is a widely prescribed drug, provides significant
practical implications for the study of CYP and UGT interactions in drug metabolism. In
addition, the functional interaction between CYP2D6 and UGT1A subfamilies was

observed in this study for the first time.

Throughout the project, the artificial biotransformation system using permeabilized
recombinant fission yeast (enzyme bags) was employed. As the project progressed,
continuous optimization of the enzyme bags method led to establishing a standardized
procedure for studying drug metabolism. This standardized protocol demonstrated
great potential in ADMET studies and provided valuable evidence for its efficacy in

drug research.

Based on the findings of this project, there are several potential areas for future
research. Firstly, identifying and characterizing the additional hydroxypropranolol
glucuronide (apart from 4-, 5-, and 7-OHPG) observed in urine samples warrants
further investigation to determine whether it corresponds to 2-OHP or another

unidentified metabolite.

Secondly, although propranolol glucosides were not detected in urine samples in this
study, it would be valuable to explore their presence in other biological samples such
as bile, feces, or other tissues. Investigating the presence of glucosides in these
samples may provide additional insights into the metabolic pathways and fate of

propranolol in the body.

Lastly, obtaining data from patients with CYP2D6 deficiency who are undergoing
propranolol treatment could offer physiological insights into the specific effects of
CYP2D6 deficiency on propranolol metabolism and its interaction with UGTs.
Additionally, genetically modified animal models with deficient CYP2D6 could serve as
suitable alternatives for investigating these interactions under physiological conditions,

providing further understanding of the underlying mechanisms involved.



Zusammenfassung 69

6 Zusammenfassung

Eine ADMET-Studie ist eine umfassende Bewertung der Absorption, der Distribution,
des Metabolismus, der Ausscheidung (Excretion auf Englisch) und der Toxizitat eines
Arzneimittels oder Arzneimittelkandidaten. Sie bewertet die Sicherheit und Wirksamkeit
von Arzneimittelkandidaten im Frihstadium und entscheidet, ob weitere klinische
Untersuchungen getatigt werden sollten. Die Untersuchungen der DMEs sind
zweifellos der wichtigste Teil bei der Bewertung des Arzneimittelstoffwechsels. Diese
Arbeit konzentriert sich speziell auf das metabolische Profil von Propranolol im Bereich
der ADMET-Forschung. Obwohl es sich bei Propranolol um ein altes Medikament
handelt, hat es neue Anwendungen gefunden[152, 156, 157], was Anlass zu
Untersuchungen seines Metabolismus und seiner Phase-I-Metaboliten, namlich 4-, 5-
und 7-OHP, gibt. Durch diese Studien wurden neue Erkenntnisse Uber die
enzymatische Spezifitdt, die Protein-Protein-Wechselwirkungen sowie die Stereo- und

Regioselektivitat gewonnen.

In dieser Arbeit wurde eine umfassende Reaktionsphanotypisierung durchgefuhrt, um
die Glucuronidierung von Propranolol und seinen Hydroxypropranolol-Metaboliten (4-,
5- und 7-OHP) mit 19 menschlichen Enzymen der UGT1- und UGT2-Enzymfamilien zu
untersuchen. Die Ergebnisse zeigen, dass UGT1A7, UGT1A9 und UGT1A10 eine
Praferenz fur die Verwendung von (S)-Propranolol als Substrat haben, wahrend
UGT2A1 eine entgegengesetzte Stereoselektivitat aufweist. In silico Untersuchungen
legten nahe, dass die beobachtete Stereoselektivitat auf die
Ladungswechselwirkungen zwischen spezifischen Aminosaureresten in den UGT-
Enzymen zurlckgefihrt werden kénnte, die die Bedingungen ihrer Bindung an die

Reaktionsstelle von Propranolol beeinflussen.

Studien zum Metabolismus von 4-, 5- und 7-OHP konzentrierten sich auf deren
regioselektive Glucuronidierung unter Anwendung zweier Strategien: Derivatisierung
vor der Glucuronidierung und Derivatisierung nach der Glucuronidierung. Die
Ergebnisse deuten darauf hin, dass die aliphatische Hydroxygruppe von
Hydroxypropranolol zwar prinzipiell glucuronidiert werden kann, aber unter In vivo
edingungen nach Verabreichung von Propranolol weniger beginstigt wird als die
aromatisch gebundene Glucuronidierung. Invitro Studien, bei denen hohe
Konzentrationen von Hydroxypropranolol und eine langere Inkubationszeit verwendet
wurden, haben jedoch das Potenzial fur eine aliphatisch gebundene Glucuronidierung
gezeigt. Insgesamt ist in einer physiologischen Umgebung die aromatisch gebundene
Glucuronidierung der bevorzugte Weg der Glucuronsaureelimination  fir

Hydroxypropranolole.
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Darlber hinaus wurde in dieser Arbeit auch die Glucosidierung von Propranolol mit
UDP-Glucose als Cofaktor untersucht. Es wurde festgestellt, dass die vier UGTs, die
bei der Glucuronidierung aktiv sind (UGT1A7, UGT1A9, UGT1A10 und UGT2A1), auch
bei der Glucosidierung von Propranolol aktiv sind. Es kann spekuliert werden, dass in
Geweben mit begrenzter Verfligbarkeit von UDPGA, in denen die vier UGTs jedoch
stark exprimiert werden, diese UGTs UDP-Glucose als alternativen Stoffwechselweg

nutzen und die Glucosidierung von Propranolol katalysieren.

Neben der Untersuchung der durch UGTs katalysierten Glucuronidierung wurde auch
die gegenseitige Modulation zwischen CYP- und UGT-Enzymen wahrend des
Metabolismus von Propranolol untersucht. Fur diese Studie wurde ein diploides
Hefesystem verwendet, das CYP2D6 und jede der vier UGTs (UGT1A7, UGT1AS,
UGT1A9 und UGT2A1) gemeinsam exprimiert. Die Ergebnisse zeigen dass UGT1A7,
UGT1A8 und UGT1A9 die Aktivitat von CYP2D6 deutlich verstarkten, wahrend
UGT2A1 keinen Einfluss hatte. Umgekehrt wurde der von den vier UGTs katalysierte
Glucuronidierungsprozess durch CYP2D6 deutlich unterdriickt. Die Verwendung von
Propranolol als Substrat, einem weit verbreiteten Medikament, hat erhebliche
praktische Auswirkungen auf die Untersuchung der Interaktionen zwischen CYP und
UGT im Arzneimittelstoffwechsel. Dartber hinaus wurde in dieser Studie zum ersten
Mal eine funktionelle Interaktion zwischen den Subfamilien CYP2D6 und UGT1A
beobachtet.

Wahrend des gesamten Projekts wurde das kilinstliche Biotransformationssystem unter
Verwendung von permeabilisierter rekombinanter Spalthefe (enzyme bags) eingesetzt.
Im Laufe des Projekts fiihrte die kontinuierliche Optimierung der enzyme bag Methode
zur Einfuhrung eines standardisierten Verfahrens zur Untersuchung des
Arzneimittelstoffwechsels. Dieses standardisierte Protokoll zeigen ein grof3es Potenzial
fur ADMET-Studien und liefern wertvolle Beweise fliir seine Wirksamkeit in der

Arzneimittelforschung.

Basierend auf den Ergebnissen dieses Projekts gibt es mehrere potenzielle Bereiche
fur zukunftige Forschung. Erstens erfordert die Identifizierung und Charakterisierung
des zusatzlichen Hydroxypropranololglucuronids (aulRer 4-, 5- und 7-OHPG), das in
Urinproben beobachtet wurde, weitere Untersuchungen, um festzustellen, ob es 2-

OHP oder einem anderen nicht identifizierten Metaboliten entspricht.

Zweitens: Obwohl in dieser Studie keine Propranololglukoside in Urinproben
nachgewiesen wurden, ware es wertvoll, ihr Vorhandensein in anderen biologischen

Proben wie Galle, Kot oder anderen Geweben zu untersuchen. Die Untersuchung des
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Vorhandenseins von Glukosiden in diesen Proben konnte zusatzliche Erkenntnisse

Uber die Stoffwechselwege und den Verbleib von Propranolol im Korper liefern.

SchlieBlich kénnte die Erhebung von Daten von Patienten mit CYP2D6-Mangel, die
sich einer Propranolol-Behandlung unterziehen, physiologische Einblicke in die
spezifischen Auswirkungen des CYP2D6-Mangels auf den Propranolol-Metabolismus
und seine Wechselwirkung mit UGTs liefern. Darlber hinaus kdnnten gentechnisch
veranderte Tiermodelle mit defizientem CYP2D6 als geeignete Alternative zur
Untersuchung dieser Wechselwirkungen unter physiologischen Bedingungen dienen

und ein tieferes Verstandnis der zugrunde liegenden Mechanismen ermdéglichen.
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11.1 Supplementary figures
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Supplementary Figure 1. Product ion spectra (LC-QTOF-MS/MS) of (R)-4-hydroxypropranolol
glucuronide (A) and (R)-7-hydroxypropranolol glucuronide (B) obtained from HLMs incubations.
(R)-4-hydroxypropranolol glucuronide, C22H20NOs, [M+H]* theor. = 452.1915, [M+H]" exp. =
452.1895, Am/z = -4.42 ppm, collision energy 30 eV, (R)-7-hydroxypropranolol glucuronide,
C22H20NQo, [M+H]" theor. = 452.1915, [M+H]" exp. = 452.1918, A m/z = 0.66 ppm, collision
energy 30 eV.
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Supplementary Figure 2. Product ion spectra (LC-QTOF-MS/MS) of the peak at 16.9 min in
Figure 10g, obtained from urine samples. C22H29NOg, [M+H]" theor. = 452.1915, [M+H]" exp. =
452.1911, Am/z = -0.88 ppm, collision energy 30 eV.
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Supplementary Figure 3. Product ion spectra (LC-QTOF-MS/MS) of 4-methoxypropranolol
glucuronide (A) and 7-methoxypropranolol glucuronide (B) obtained from UGT1A9 enzyme bag
incubations. 4-methoxypropranolol glucuronide, C23H31NOs, [M+H]* theor. = 466.2072, [M+H]*
exp. = 466.2061, Am/z = -2.36 ppm; collision energy 30 eV. 7-methoxypropranolol glucuronide,
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C23H31NQe, [M+H]* theor. = 466.2072, [M+H]* exp. = 466.2058, Am/z = -3.00 ppm, collision
energy 30 eV.
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Supplementary Figure 4. Extracted ion chromatograms (LC-QTOF-MS) of DMISC derivatives of
4-hydroxypropranolo. (A) 4-OHP-DMIS, single-DMISC-derivatized 4-hydroxypropranolol, [M+H]*
m/z 434. (B) 4-OHP-2DMIS, double-DMISC-derivatized 4-hydroxypropranolol, [M+H]" m/z 592.
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Supplementary Figure 5. Product ion spectra (LC-QTOF-MS/MS) of 4-hydroxypropranolol
DMISC derivatives obtained from HLMs samples after derivatization. (A) 4-hydroxypropranolol-
DMIS, C21H27N30sS, corresponding to the peak in Supplementary Figure 4A, [M+H]" theor. =
434.1744, [M+H]* exp. =434.1750, Am/z = 1.38 ppm, collision energy 30eV. (B)
4-hydroxypropranolol-2DMIS, C26H33sN507S2, corresponding to the peak in Supplementary
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Figure 4B, [M+H]" theor. = 592.1894, [M+H]* exp. = 592.1889, Am/z = -0.84 ppm, collision
energy 30 eV. DMIS, dimethylimidazole-4-sulfonyl.
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Supplementary Figure 6. Extracted ion chromatograms obtained from MS full-scan analysis
(LC-QTOF-MS) of DMISC derivatives of 7-hydroxypropranolol. (A) 7-OHP-DMIS,
single-DMISC-derivatized 7-hydroxypropranolol, [M+H]* m/z 434; (B) 7-OHP-2DMIS, double-
DMISC-derivatized 7-hydroxypropranolol, [M+H]" m/z 592.
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Supplementary Figure 7. Product ion spectra (LC-QTOF-MS/MS) of 7-hydroxypropranolol
DMISC derivatives obtained from HLMs samples after derivatization. (A) 7-hydroxypropranolol-
DMIS, C21H27N30sS, corresponding to the peak in Supplementary Figure 6A, [M+H]" theor. =
434.1744, [M+H]* exp. =434.1745, Am/z = 0.23 ppm, collision energy 20eV. (B)
7-hydroxypropranolol-2DMIS, C26H33Ns07S2, corresponding to the peak in Supplementary
Figure 6B, [M+H]" theor. = 592.1894, [M+H]* exp. = 592.1877, Am/z = -2.87 ppm, collision
energy 30 eV. DMIS, dimethylimidazole-4-sulfonyl.
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Supplementary Figure 8. Chromatograms (LC-QQQ-MS/MS) of additional 5-hydroxypropranolol
glucuronides in 24-hours HLMs incubations. The displayed ion transition is m/z 452—72.
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Supplementary Figure 9. Product ion spectra (LC-QTOF-MS/MS) of the additional
5-hydroxypropranolol glucuronides in 24-hours HLMSs incubations. C22H20NQOg, [M+H]" theor. =
452.1915, [M+H]* exp. = 452.1947, Am/z = 7.08 ppm, collision energy 40 eV.
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Supplementary Figure 10. Product ion spectra of DMISC derivatives of 7-hydroxypropranolol
glucuronides obtained from HLMs samples after derivatization. 7-hydroxypropranolol
glucuronide DMIS ,C27H35N3011S, [M+H]* theor. = 610.2075, [M+H]" exp. = 610.2076, Am/z =
0.16 ppm; collision energy, 30 eV.
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Supplementary Figure 11. Extracted ion chromatogram ([M+H]* m/z 610) from MS full-scan (LC-
QTOF-MS) of HLMs-generated (S)-4-hydroxypropranolol glucuronides derivatized with DMISC.
(S)-40OHPG DMIS | and Il, DMISC derivative of (S)-4-hydroxypropranolol glucuronide | and II.



102 Appendix

x105

A g
-
0,9 >
(3]
0,8
07
06
0,5 §
04 g £ 3
o nJO S) P ™ o
0,3 -5 99 i N < ™
g 2833388 ¢ B g 8
0,2 e dg g% 3 < < © S
S 9 9rPT o & 5 @ ©
[{e] < T - -~ < ©
0,1 - - | ~N N [re}
) | | X I
Coa | : | |
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620

Counts vs. Mass-to-Charge (m/z)

x10%
B o
3
4,5 -
©
= 3
4 - ~
-
35 3
<
3
2,5
o
2 g
© ©o N
o © ©
1.5 N2 s =
[S =] < N~ - . p
o = ® © I~ ©
1 s T N~ 9 RS N
g e S © < =
0 = w o © o
\5 - o O >
| N N N ™
1 1

100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620
Counts vs. Mass-to-Charge (m/z)

Supplementary Figure 12. Product ion spectra of DMISC derivatives of (S)-
4-hydroxypropranolol glucuronides obtained from HLMs samples after derivatization. (A)
corresponding to (S)-4-OHPG DMIS | in Supplementary Figure 11, C27H3sN3011S, [M+H]* theor.
= 610.2075, [M+H]* exp. = 610.2051, Am/z = -3.93 ppm; collision energy, 30eV. (B)
corresponding to (S)-4-OHPG DMIS Il in Supplementary Figure 11, C27zH3sN3011S, [M+H]" theor.
=610.2075, [M+H]" exp. = 610.2062, Am/z = -2.13 ppm, collision energy, 30 eV.
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11.2 Supplementary tables

Supplementary Table 1. The abundance of 4-,5- and 7-hydroxypropranolol glucuronides
observed in urine samples. The presented peak areas were provided by transitions of the
highest intensity as indicated in Figure 10.

administraton | (84| (R4 | (5 | (RS- | ()7 | (R)T-
(h) OHPG OHPG OHPG OHPG OHPG OHPG
0.7 - - - - - -
2.4 ++++ + + - + + + + +
5.1 ++++ ++ - + ++ + +
7.3 +++ 4+ ++ - + ++ + 4+
8.2 ++++ ++ - + ++ + 4+
9.5 +++ 4+ ++ - + ++ + 4+
13.3 +++++ ++ + - ++ ++ +++
17.6 +++4++ ++ 4+ - ++ ++ +++ 4+
20.6 +++ + ++ + - + + + +
23.0 +++ 4+ ++ - + + ++
38.8 + + + - - - ++
61.6 + + - - - + +
87.5 + + - - - + +
98.3 - - - - - +

167.9 - - - - - +

“+ 7 for peak area < 1000; “ + + ” for peak area 1000 — 10000; “ + + + ” for peak area 10000 —
25000; “ + + + +” for peak area 25000 — 40000; “ + + + + +” for peak area > 40000, “ - ” not
detected. (S)- or (R)-4-/5-/7-OHPG, (S)- or (R)-4-/5-/7-hydroxypropranolol glucuronide.
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Supplementary Table 2. The activity of 19 human UGTs on racemic propranolol.

UGTs

(R)-PG

(S)-PG

UGT1A1

UGT1A3

UGT1A4

UGT1A5

UGT1A6

UGT1A7

UGT1A8

UGT1A9

++++

UGT1A10

UGT2A1

++++

UGT2A2

UGT2A3

uGT2B4

uGT2B7

uGT2B10

uGT2B11

uUGT2B15

uGT2B17

uGT2B28

“+ ”for peak area < 100; “ + + ” for peak area 100-500; “ + + + ” for peak area 500 — 2500; “ + +
+ +” for peak area > 2500, “- ” not detected; (R)- or (S)-PG, (R)- or (S)-propranolol glucuronide.
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Supplementary Table 3. The activity of 19 UGTs on racemic 4-, 5- and 7-hydroxypropranolol.

ueTs | 4 | (R4- | (95 | (RS | (S7- | (R-T-
OHPG OHPG OHPG OHPG OHPG OHPG
UGT1A1 - - + + + +
UGT1A3 - - + + + +
UGT1A4 - - - - - -
UGT1A5 - - - - - -
UGT1A6 - - - - + +
UGT1A7 ++ + + + ++++ ++++ | +++++ |+
UGT1A8 + + ++ ++ + + +
UGT1A9 + + ++ + ++++ ++ + +++ + + ++++
UGT1A10 - - + + + +
UGT2A1 + + + 4+ + 4+ + 44+ ++
UGT2A2 - - + + + +
UGT2A3 - - - - - -
uGT2B4 - - - - - -
uGT2B7 - - - - - -
uGT2B10 - - - - - -
uGT2B11 - - - - - -
UGT2B15 - - - - - -
uGT2B17 - - - - - -
uGT2B28 - - - - - -

“+ ” for peak area < 5000; “+ + ” for peak area 5,000 — 20,000; “ + + + ” for peak area 20,000 —
50,000; “ + + + +” for peak area 50,000 — 250,000; “+ + + + +” for peak area > 250,000; “ - ” not
detected; (S)- or (R)-4-/5-/7-OHPG, (S)- or (R)-4-/5-/7-hydroxypropranolol glucuronide.
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Supplementary Table 4. The activity of UGTs on racemic 4-, 5- and 7-methoxypropranolol.

UGTs |4-MeOPG |4-MeOPG II| 5-MeOPG 1|5-MeOPG Il| 7-MeOPG |7-MeOPG Il
UGT1A1 ** * + + ++ + ++
UGT1A3 o * ++ + + ++ + +
UGT1A6 - - - - ) )
UGT1A7 - - ++ 4+ ++++ + 4+ + 4+ +
UGT1A8 - - - - - -
UGT1A9 ++ + ++++ ++++ ++++ ++++ ++++
UGT1A10 ** * ++ + + + + +
UGT2A1 ++ + ++++ ++++ ++++ ++++ ++++
UGT2A2 ** * - - - -

“+ ” for peak area < 100; “ + + ” for peak area 100 — 1,000; “ + + + ” for peak area 1,000 —
10,000; “+ + + +” for peak area > 10,000; “ ** ” The substrate was not tested by respective
UGT; “- 7 not detected; 4-/5-/7-MeOPG, 4-/5-/7-methoxypropranolol glucuronide.
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Supplementary Table 5. Postulated structures of fragments in Table 5 (P-DMIS).

Elementary

ver Postulated structure
composition

Postulated fragment

OH

[M+H]* [C21H2sN304S]* ‘O Ag

[M+H-C3He]" [C1sH22N304S]" O o/\g

O OH

[M+H-C3Hs-H20]* [C1sH20N303S]* ‘O O/\)

[M+H-C+oHsOJ" [C11H20N303S]* »
[|\/|+H-C1oHsO-C3H6]Jr [CsH14N303S]Jr HsC
[|\/|+H-C10H80-03H6-H20]Jr [CsH12N302$]Jr
P
[Dl\/”S—NCHz"‘H]Jr [CaHmNstSTr H,C=—=N——DMIS*

[D'\/”S—NHz"‘H]+ [C5H10N3028]Jr HoN—DMIS*
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Supplementary Table 6. Postulated structures of fragments in Table 6 (5-OHP-DMIS).

Postulated fragment

Elementary
composition

Postulated structure

NH,*
DMIS—O
0
OH

[M+H]" [C21H28N305S]*
[M+H-CsHs]" [C18H22N305S]* Dmso\'\ /\g
[M+H-C3HgN-H.0]* [C18H17N204S]* pHIST0 O e Ve
[M+H-DMIS]* [C16H20NOs]" 0 /i)
HC  __~ OH
[M+H-DMIS-C3Hg]* [C13H14NO3]* ° O/\i)
HC A OH
[M+H-DMIS-CsHgNJ* [C13H1103]" ° /Y
HC = OH
[M+H-DMIS-C+oHs0]* [CeH1sNOT* HZCY\NJ\
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Supplementary Table 7. Postulated structures of fragments in Table 7 (5-OHP-2DMIS)
Postulated fragment EIemenFaEry Postulated structure
composition
*HN——DMIS
[M+H]* [C26H34N507S2]" | ows—o /\é)
[0}
Y
‘ *H,N——DMIS
[M+H-CsHe]" [C23H2sN507S2]" MeTe OAX
OH
[M+H-DMIS]* [C21H26N305S]" 0 Ag)
(e]
oo OH
HN——DMIS
[M+H-C3Hs-DMIS]* [C18H20N305S]* ° o
*HC / OH
[M+H-DMIS-C3HgN-H0J* [C1sH17N204S]* pMIsTo O‘ e Yo
\NEDMIS*
[M+H-DMIS-C+oHsO]* [C11H20N303S]*
HyC
o
HN——DMIS*
[M+H-DMIS-C1oHsO-C3He]" [CeH14N303S]" HeC
(o}
[NH2—(CHj3)~DMIS]* [CsH16N302S]* N—bus*
[M+H-2DMIS-C3HgN-H20]* [C13H1102]" 0§0N0H3
LN

[DMIS-NCHz+H]*

[CeH10N302S]*

H,C=—=N——-DMIS*
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Postulated fragment

Elementary
composition

Postulated structure

[DMIS—NH,]"

[CsH10N302S]*

H,N——DMIS*




