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Abstract: Cytochromes P450 (CYP) and UDP-glucuronosyltransferases (UGT) are two enzyme fam-
ilies that play an important role in drug metabolism, catalyzing either the functionalization or
glucuronidation of xenobiotics. However, their mutual interactions are poorly understood. In this
study, the functional interactions of human CYP2D6 with four human UGTs (UGT1A7, UGT1A8,
UGT1A9, and UGT2A1) were investigated using our previously established co-expression model sys-
tem in the fission yeast Schizosaccharomyces pombe. The substrate employed was propranolol because
it is well metabolized by CYP2D6. Moreover, the CYP2D6 metabolite 4-hydroxypropranolol is a
known substrate for the four UGTs included in this study. Co-expression of either UGT1A7, UGT1A8,
or UGT1A9 was found to increase the activity of CYP2D6 by a factor of 3.3, 2.1 or 2.8, respectively,
for the conversion of propranolol to 4-hydroxypropranolol. In contrast, UGT2A1 co-expression did
not change CYP2D6 activity. On the other hand, the activities of all four UGTs were completely
suppressed by co-expression of CYP2D6. This data corroborates our previous report that CYP2D6 is
involved in functional CYP-UGT interactions and suggest that such interactions can contribute to
both adverse drug reactions and changes in drug efficacy.

Keywords: cytochrome P450s; UDP-glucuronosyltransferases; protein–protein interaction; drug
metabolism

1. Introduction

Drug metabolism is the process in which xenobiotic compounds are converted to new
compounds (metabolites). Active pharmaceutical ingredients (APIs) are often lipophilic
and thus cannot be easily excreted from the body. They are, therefore, transformed by
drug metabolizing enzymes (DMEs) into more hydrophilic metabolites [1]. Generally
speaking, drug metabolism involves either the addition or unmasking of a polar group
(phase I metabolism), and conjugation reactions (phase II metabolism) [2]. The cytochrome
P450 (CYP) enzymes are a large superfamily of monooxygenases, with 57 CYPs reported in
humans. Many of these catalyze the oxidation of drugs and other xenobiotics in phase I
metabolism [3]. As CYPs can bind their substrate and oxygen, but not the cofactor NADPH,
they depend on electron transfer proteins such as NADPH cytochrome P450 oxidoreductase
(CPR or POR) for reduction [4]. Often, CYPs add hydroxy groups to lipophilic substrates,
which may then undergo further conjugation reactions in phase II metabolization [5].
Uridine 5′-diphospho (UDP)-glucuronosyltransferases (UGTs) play a vital role in such
phase II reactions. They catalyze the transfer of a glucuronic acid moiety from the cofactor
UDP-glucuronic acid to a substrate which has a suited functional group, such as hydroxy
or carboxy groups [6,7]. The human UGTs are able to conduct the conjugation reactions of a
wide variety of drugs, environmental chemicals, and natural compounds, with the 19 mem-
bers of UGT1 and UGT2 families appearing to be more important in drug metabolism than
the other three enzymes [8].
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Most mammalian CYPs are located on the cytoplasmic side of the endoplasmic retic-
ulum, while the UGTs are embedded on the other side of the same membrane. More-
over, many members of both families are expressed in the same tissues [5]. Therefore,
protein–protein interactions between these two types of enzymes are possible in vivo. Re-
search in this field started about two decades ago with the observation that rat CYP1A1 was
co-eluted with rat UGTs during affinity chromatography [9]. Subsequent studies showed
that the glucuronidation of 3-hydroxy-benzo(a)pyrene by a rat UGT is hampered by a
CYP1A inhibitor via a mechanism requiring intact microsomal membranes [10]. Immuno-
precipitation experiments demonstrated the interaction of human CYP3A4 with human
UGT1A1, UGT1A6, and UGT2B7 [11]. The results of these studies that identified candi-
dates for CYP-UGT protein–protein binding were corroborated by other efforts directed at
activity measurements: The effect of human CYP3A4 co-expression on human UGT2B7 was
studied by monitoring the glucuronidation of morphine in CYP-UGT co-expressing COS-1
cells, and it was found that the Km value was increased by almost tenfold compared to the
UGT2B7 single-expressed samples [12]. Further studies indicated that the J-helix of CYP3A4
contributed to its interaction with UGT2B7 [13]. CYP3A4 was also reported to increase
the activity of UGT1A1 and UGT1A7 for the glucuronidation of the irinotecan metabolite
SN-38 [14]. On the other hand, the activity of CYP3A4 was found to be suppressed when
UGT1A9 or UGT2B7 were co-expressed in a baculovirus–insect cell system [15,16].

Liver microsomes of human and rat were commonly used in the studies on the
association of CYPs and UGTs with coimmunoprecipitation techniques [11]. However,
liver microsomes may not be the ideal enzyme resource for investigating the functional
interaction between CYPs and UGTs. Due to the presence of multiple human CYPs and
UGTs in the liver, leading to a vast number of potential protein–protein interactions,
data interpretation would be by far too complex. Furthermore, many substrates of both
enzyme families are not specific to a single enzyme. Therefore, recombinant microbes that
overexpress these enzymes offer a viable alternative for studying the functional interaction
between CYPs and UGTs. The fission yeast Schizosaccharomyces pombe has been successfully
utilized for expressing human CYPs and UGTs [17,18]. Recently, diploid fission yeast
strains were developed, enabling the simultaneous expression of human CYPs (along
with human CPR) and UGTs [19]. A previous study demonstrated evidence of a proper
recognition of human subcellular localization sequences of human CYPs in fission yeast
systems [20]. 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 [21]. This indicates that the topology of CYP and UGT
enzymes expressed in yeasts should closely resemble that of the ER membrane in humans.
In our previous study, co-expression experiments were conducted, involving each of the
19 human UGTs from families 1 and 2 with CYP2C9, CYP2D6, or CYP4Z1. A total of
72 interactions were monitored using proluciferin probe substrates. The results showed
that the co-expression of UGTs had a significant effect on CYP activity in the majority of
cases (88%), with both positive (58%) and negative (30%) effects observed. Conversely, the
effect of CYP co-expression on UGT activity in the proluciferin study was generally less
pronounced and primarily adverse.

In the present study, this data is extended by moving on from proluciferin probe
substrates to a drug compound that is known to be metabolized by both CYPs and
UGTs. Propranolol is a beta-receptor blocker that is commonly used to treat various
cardiovascular disorders [22–25]. This API has long been known to be metabolized in the
human body mainly in three different pathways: (I) hydroxylation on the naphthalene
ring at 4-, 5- and 7-positions; (II) glucuronidation of the aliphatic hydroxy group; and
(III) N-desisopropylation on the side chain [26–28]. CYP2D6 mainly catalyzes the 4-, 5- and
7-hydroxy-lation of propranolol, and it also contributes to its N-desisopropylation [29].
However, the latter reaction is mainly catalyzed by CYP1A2, which also possesses a cer-
tain ability for ring hydroxylation [24]. In our previous study, propranolol was found to
be glucuronidated by UGT1A7, UGT1A9, UGT1A10, and UGT2A1, while its metabolite
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4-hydroxypropranolol was found to be converted by UGT1A7, UGT1A8, UGT1A9, and
UGT2A1 [30]. The possible pathways of propranolol metabolism by CYP2D6 and these
UGTs are illustrated in Figure 1.
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Figure 1. Possible metabolic pathways of propranolol in CYP2D6-UGTs co-expressing yeast cells.
4-Hydroxypropranolol: R1 = -OH, R2 = H, R3 = H; 5-hydroxypropranolol, R1 = H, R2 = -OH,
R3 = H; 7-hydroxypropranolol: R1 = H, R2 = H, R3 = -OH; 4-hydroxypropranolol glucuronides:
Ra = -O-glucuronic acid, Rb = H, Rc = H; 5-hydroxypropranolol glucuronides, Ra = H, Rb = -O-glucuronic acid,
Rc = H; 7-hydroxypropranolol glucuronides: Ra = H, Rb = H, Rc = -O-glucuronic acid.

In the present 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. The changes in the hydroxy-lation
activity of CYP2D6 and the glucuronidation activity of the UGTs were studied by monitor-
ing the production of hydroxypropranolol metabolites and the respective glucuronides.

2. Materials and Methods
2.1. Chemicals and Reagents

Tris buffer, potassium chloride, glycerol and Triton X-100 were sourced from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany); UDPGA, (±)-propranolol, (R)-propranolol, and
(±)-4-hydroxypropranolol were obtained from Sigma-Aldrich (Taufkirchen, Germany);
(±)-5-hydroxypropranolol was purchased from Cayman Chemical Company (Ann Ar-
bor, MI, USA); the NADPH regeneration system was sourced from Promega Corporation
(Madison, WI, USA); and 4-methoxypropranolol was synthesized in-house as described
previously [30–32]. Ammonium hydrogen carbonate was purchased from VWR Interna-
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tional GmbH (Darmstadt, Germany); and phosphate buffered saline (PBS, pH 7.4) was
purchased from VWR Chemicals LLC (Solon, OH, USA).

2.2. pH Extraction Assay

The extraction efficiency of propranolol, 4-hydroxypropranolol, and 4-methoxypropranolol
by ethyl acetate from the reaction buffer was evaluated by applying different pH values. To
a series of pH-adjusted solutions of 180 µL ammonium hydrogen carbonate buffer (50 mM,
pH 5, 6, 7, 8, 9, 10, 11), 20 µL of compound stock solution (10 mM) was added, resulting
in a final compound concentration of 1 mM. The mixture was vortex mixed for 1 min.
Afterwards, 200 µL of ethyl acetate were added to the mixture. Then, the mixture was
vortex mixed for 1 min and centrifuged for 1 min at 14,100× g. The organic phase was
transferred to another 1.5 mL tube. Those extraction steps were repeated three times. The
combined organic extracts were evaporated under N2 and the residue was redissolved
in 200 µL of methanol and used for LC-MS/MS analysis. The aqueous residues were
centrifuged at 14,100× g for 2 min to obtain supernatants and then used for LC-MS/MS
analysis, as well.

2.3. Metabolite Quantitation

A set of standard solutions of 4-hydroxypropranolol and 5-hydroxypropranolol was
prepared by diluting stock solutions with methanol. The stock solutions of 4- and 5-
hydroxypropranolol in methanol, at a concentration of 10 mM, were prepared from pur-
chased standards and stored at 4 ◦C. The diluted concentrations ranged from 0.0001 µM
to 1.0 µM (0.0001 µM, 0.0005 µM, 0.001 µM, 0.005 µM, 0.01 µM, 0.05 µM, 0.1 µM, 0.5 µM,
1 µM), with each concentration measured in triplicate using LC-MS/MS. The peak area of
the analyte was plotted on the Y-axis, while the corresponding concentration was plotted
on the X-axis to generate a calibration curve. The linearity of the curve was assessed by
calculating the R2 value, which was found to be 0.99, indicating a strong linear relation-
ship. The calibration curve was subsequently utilized to determine the concentrations of
4-hydroxypropranolol and 5-hydroxypropranolol, as presented in Section 3.2 of this article.

2.4. qPCR Analysis of CYP2D6 in Diploid Yeast Strains

Total RNA of the strains was isolated using the Eastep® Super Total RNA Extraction
Kit (Promega Biotech Co., Ltd., Beijing, China) according to the manufacturer’s instructions.
The concentrations of isolated RNAs were determined using a TECAN Infinite® F200 Pro
microtiter plate reader (Thermo Fisher Scientific, Waltham, MA, USA). cDNA synthesis
was performed with 800 ng of total RNA in 20 µL of reaction volume using the HiFiScript
cDNA Synthesis Kit (CWBIO, Taizhou, China) according to the manufacturer’s instructions.
The 20 µL of reaction volume was first incubated at 42 ◦C for 30 min and then at 85 ◦C for
5 min. The synthesized cDNA was then placed on ice for the subsequent qPCR analysis.

Quantitative expression of CYP2D6 was measured using two-step reverse transcription
PCR. The primers used are listed in Table 1. In brief, 5 µL of cDNA and Ultra SYBR Mixture
(Low ROX, CWBIO, Taizhou, China) in 25 µL reaction volume were amplified with the
initial denaturation at 95 ◦C for 10 min followed by 35 thermal cycles of 98 ◦C for 10 s,
60 ◦C for 1 min, and 72 ◦C for 15 s. The Ct values of the target gene were normalized to
the relative mean of the expression of the housekeeping gene act1. The fold change of the
gene expression was determined by the 2ˆ−∆∆Ct method, as described [33]. The effect of
four UGTs in CYP2D6 was determined by comparing the expression level with the control
diploid strain expressing CYP2D6 and CPR (SAN300).

Table 1. List of primers.

Gene Forward Primer Reverse Primer Product Size

act1 5′-GTTATGTCTGGTGGTACCACT-3′ 5′-GATCCACCAATCCAGACAGA-3′ 140 bp
CYP2D6 5′-AGGTCCATTGCCACTTCCAG-3′ 5′-CCGAACAGCTGCTAGACCAT-3′ 160 bp
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2.5. Yeast Strains, Preparation, and Long-Term Storage of Enzyme Bags

The construction of the diploid yeast strains was reported very recently [19]. All yeast
strains used in this study are listed in Table 2. The preparation of permeabilized cells
(enzyme bags) was conducted as described previously [34] but was changed with respect
to the culturing time and the type of the medium for the diploid yeast. The Edinburgh
Minimal Medium (EMM) was prepared in-house based on the published protocol [35].
Yeast strains SAN300, SAN306, SAN307, SAN308, and SAN310 were initially cultured
on solid EMM supplemented with histidine at 30 ◦C for 5 days. Subsequently, the cells
were transferred to 10 mL of liquid EMM containing histidine and incubated at 30 ◦C
with agitation at 230 rpm for 24 h. Afterwards, 10 mL of the pre-cultures were transferred
into 100 mL of liquid EMM with histidine in a 200 mL flask and incubated at 30 ◦C while
agitating at 230 rpm for 48 h. The yeast cell density was counted under the microscope.

Table 2. Fission yeast strains used in this study.

Strain Expressed
Protein Genotype Reference

DB24 UGT1A7 h- ura4-D18 leu1::pCAD1UGT1A7 [17]

DB25 UGT1A8 h- ura4-D18 leu1::pCAD1UGT1A8 [17]

CAD200 UGT1A9 h- ura4-D18 leu1::pCAD1UGT1A9 [17]

DB3 UGT2A1 h- ura4-D18 leu1::pCAD1UGT2A1 [17]

SAN300 hCPR, CYP2D6
h+/h− ade6-M210/ade6-M216 ura4-D18/ura4-D18

his3.∆1/his3.∆1
leu1::pCAD1-CPR/leu1::pCAD1/pREP1-CYP2D6

[19]

SAN306 hCPR, CYP2D6, UGT1A7
h+/h− ade6-M210/ade6-M216 ura4-D18/ura4-D18
his3.∆1/his3.∆1 leu1::pCAD1-CPR/leu1::pCAD1-

UGT1A7/pREP1-CYP2D6
[19]

SAN307 hCPR, CYP2D6, UGT1A8
h+/h− ade6-M210/ade6-M216 ura4-D18/ura4-D18
his3.∆1/his3.∆1 leu1::pCAD1-CPR/leu1::pCAD1-

UGT1A8/pREP1-CYP2D6
[19]

SAN308 hCPR, CYP2D6, UGT1A9
h+/h− ade6-M210/ade6-M216 ura4-D18/ura4-D18
his3.∆1/his3.∆1 leu1::pCAD1-CPR/leu1::pCAD1-

UGT1A9/pREP1-CYP2D6
[19]

SAN310 hCPR, CYP2D6, UGT2A1
h+/h− ade6-M210/ade6-M216 ura4-D18/ura4-D18
his3.∆1/his3.∆1 leu1::pCAD1-CPR/leu1::pCAD1-

UGT2A1/pREP1-CYP2D6
[19]

The calculated volume of liquid medium containing 5 × 107 yeast cells was used for a
single-enzyme-bag reaction according to our previous study [30]. Following centrifugation
at 3320× g for 5 min, 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 1 h. After permeabilization, the cell pellets were washed three times with 1 mL of
NH4HCO3 buffer (50 mM, pH 7.8) to remove the residual detergent. Subsequently, the
cell pellets were resuspended in 200 µL of PBS containing 50% glycerol (v/v). Finally, the
enzyme bag sample was flash frozen using liquid nitrogen and stored at −80 ◦C. Prior to
substrate incubation, the frozen enzyme bags were thawed on ice and washed twice using
reaction buffer to remove the glycerol. The stability of the enzymatic activity was monitored
by analyzing metabolite production with freshly prepared enzyme bags as compared to
enzyme bags stored for 1 day, 1 week, or 3 months. All enzyme bags used were prepared
from the same batch and subjected to a single freeze–thaw cycle only.
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2.6. Metabolization of Propranolol in Diploid Yeast Enzyme Bags

The frozen enzyme bags were thawed on ice and washed with NH4HCO3 buffer
twice to remove glycerol. Afterwards, samples were resuspended in 200 µL 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 and 300 rpm.
After incubation, 5 µL of 4-methoxypropranolol (200 µg/mL) were added to each diploid
strain reaction sample as an 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 using LC-
MS/MS for 4-hydroxypropranolol formation. The aqueous residues were centrifuged at
14,100× g for 5 min to obtain supernatants and then analyzed using LC-MS/MS as well
for glucuronide detection. In addition, the reaction mixtures from CAD200 samples were
centrifuged at 14,100× g for 5 min and the supernatants were used directly for LC-MS/MS
analysis of propranolol glucuronides.

2.7. LC-MS Analysis

The analysis was carried out using an Agilent Technologies 1290 II Infinity high-
performance liquid chromatograph coupled with an Agilent 6495 triple quadrupole mass
spectrometer (Agilent Technologies, Waldbronn, Germany). Separation of propranolol,
propranolol glucuronides, hydroxypropranolols, hydroxypropranolol glucuronides, and
4-methoxypropranolol was performed on an Agilent Poroshell phenyl hexyl column
(100 mm × 3.0 mm, 1.9 µm).

For the separation of propranolol, propranolol glucuronides, and hydroxypropranolol
glucuronides, the following chromatographic conditions were employed: a flow rate of
0.4 mL/min, an injection volume of 5 µL, and a column temperature of 30 ◦C. The initial
mobile phase consisted of 95% water with 0.1% formic acid and 10 mM ammonium formate
(A), and 5% acetonitrile with 0.1% formic acid, 10% water, and 10 mM ammonium formate
(B). The proportion of mobile phase A was gradually decreased to 60% over 14 min, and
then further reduced to 5% between 14 and 15 min. Subsequently, mobile phase A was
maintained at 5% until the end of the run, which occurred at 17 min.

Similar conditions were applied for separating propranolol, 4-hydroxypropranolol,
5-hydroxypropranolol, 7-hydroxypropranolol and 4-methoxypropranolol; however, an
adjusted mobile phase gradient was used: Starting from 95% A, the amount of A was
decreased to 60% within 25 min and to 5% from 25 to 26 min. Then, A was maintained at
5% until the end (28 min).

The details of the source parameters and transitions of analytes are listed in Table 3.
The presented peak areas were provided by transitions of the highest intensity.

Table 3. Transitions for all analytes in MRM.

Analytes Precursor Ions (m/z) Product Ions (m/z) CE (V) ESI

Propranolol glucuronide
436 258 12 +
436 183 16 +
436 116 28 +

4-/5-Hydroxypropranolol
glucuronide

452 276 12 +
452 116 28 +
452 72 44 +

4-/5-Hydroxypropranolol
276 116 12 +
276 72 16 +
276 58 44 +

4-Methoxypropranolol
290 187 12 +
290 116 16 +
290 72 44 +

CE, collision energy; ESI, electrospray ionization; gas temperature, 160 ◦C; gas flow, 11 L/min; nebulizer, 30 psi;
sheath gas heater, 375 ◦C; sheath gas flow, 12 L/min; capillary, 3000 V; nozzle voltage, 1500 V.
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3. Results
3.1. Optimization of the Biotransformation Protocol

The previously published protocol for CYP-UGT activity assays with diploid fission
yeasts was established using proluciferin probe substrates [19]. For monitoring of propra-
nolol metabolism, this protocol needed to be optimized as this is a much more lipophilic
substrate with a logD (7.4) value of 1.2 [36].

3.1.1. Liquid–Liquid Extraction with Ethyl Acetate

In the proluciferin assays, activity of CYPs and UGTs was directly monitored by
measuring luminescence. In the current study, the substrate and its metabolites needed
to be extracted from the reaction mixture in order to be subsequently analyzed using
LC-MS/MS. Therefore, liquid–liquid extraction was performed using ethyl acetate as pre-
viously performed in P450 metabolization studies [18]. An extraction efficiency assay
was performed testing different pH levels of the buffer system as this parameter was
expected to be a key factor to influence the extraction efficiency. Using a 50 mM ammo-
nium hydrogen carbonate buffer (adjusted to pH 5, 6, 7, 8, 9, 10, or 11) and ethyl acetate
as the organic solvent, the three compounds (propranolol, 4-hydroxypropranolol, and
4-methoxypropranolol) were extracted and analyzed. Extraction efficiencies were evalu-
ated as peak areas in the resulting chromatograms. For all three compounds, the extraction
efficiency was lower than 65% at pH 5 (Figure 2). From pH 6 to 11, the peak area of extracted
analytes was found to be stable and the extraction efficiency was above 95%. The extraction
efficiency was calculated as follows:

Extraction efficiency =
Peak Area extracts

Peak Areaextracts + Peak Area residues
× 100%

where Peak Areaextracts is the peak area of a compound after extraction by ethyl acetate;
and Peak Arearesidues is the peak area of a compound remaining in the aqueous residue
after extraction.

Therefore, the reaction buffer used in this study (50 mM ammonium hydrogen carbon-
ate, pH 7.8) was suitable for the extraction. Furthermore, 4-methoxypropranolol was used
as an internal standard for the extraction because of its similar extraction trends at different
pH values.
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3.1.2. Long-Term Storage for Enzyme Bags

In order to reduce batch-to-batch variations in the enzyme bag assays, it is desirable
to produce a large number of enzyme bags from a single culture, freeze them, and use
them continuously throughout a given project. However, it had to be confirmed that the
enzyme activities did not decrease over the time of storage. Therefore, the enzymatic
activity during long-term storage was monitored. For this purpose, the production of
4-hydroxypropranolol from propranolol in SAN308 enzyme bag samples 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 a deep freezer for all biotransformation
assays. The activity of the freshly made enzyme bags was defined as 100%.

No statistically significant difference in the activities between the freshly made samples
and those stored for different time intervals was observed (Figure 3). Thus, stored enzyme
bags can be used for at least three months after preparation.
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3.1.3. Optimization of the CYP Reaction Time for Diploid Yeast

In our previous studies, different reaction times were used in the enzyme bag method
for UGT-catalyzed glucuronidation and P450-catalyzed hydroxylation [30,34]. The diploid
yeast used in this study co-expressed both CYP2D6 and one of the four different UGTs
(Table 2). Thus, 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 h, 4 h, 8 h, 16 h, 24 h) using strain SAN308 (which co-expresses CYP2D6 and UGT1A9).

For the production of 4- and 5-hydroxypropranolol, the highest yield was reached at a
reaction time of 4 h (Figure 4A). Afterwards, the amount of 4- and 5-hydroxypropranolol
decreased to nearly zero as the reaction time increased to 24 h. To cope with potential
differences in extraction yields, the production of 4- and 5-hydroxypropranolol was de-
termined by calculating the ratio of the peak area of 4- and 5-hydroxypropranolol to
4-methoxypropranolol. Unexpectedly, no propranolol glucuronides or hydroxy propra-
nolol glucuronides were detected at any reaction time. If they were formed at all, their
concentrations were lower than the detection limit.
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dependent biotransformation of propranolol. (A) Ratio of peak area is the ratio of peak area of
4-/5-OHP divided by peak area of 4-MeOP; P-G, propranolol glucuronides; OHP-G, hydroxy propra-
nolol glucuronides. (B) Ion transition m/z 276→58 was monitored for 4-hydroxypropranolol (4-OHP)
and 5-hydroxypropranolol (5-OHP). All reactions were performed in triplicate.

Additional experiments were conducted by incubating 4-hydroxypropranolol in
NH4HCO3 buffer for 2, 4, 8, 16, and 24 h. Similar to Figure 4A, the peak area of
4-hydroxypropranolol showed a decreasing trend (data shown in supplementary ma-
terial), which could be attributed to its chemical instability in vitro. Finally, 4 h was used as
the reaction time for producing 4-hydroxypropranolol in SAN308 strain samples.

3.2. Influence of Four UGTs on CYP2D6 Activity

The optimized enzyme bag method for diploid yeasts was used for the biotransforma-
tion of propranolol by four diploid yeast strains which co-express CYP2D6 and one of four
UGTs (UGT1A7, UGT1A8, UGT1A9, or UGT2A1). Those four human UGTs were previously
shown to catalyze the glucuronidation of propranolol and/or 4-hydroxypropranolol [30].
The diploid yeast strain SAN300 that 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 both the hydroxylation and the glucuronidation reac-
tion. 4-Hydroxypropranolol and 5-hydroxypropranolol were identified via LC-MS/MS
comparison with reference standards in all samples (Figure 4B). The concentrations of
4-hydroxypropranolol and 5-hydroxypropranolol were calculated using a standard cali-
bration curve and all the results were normalized using qPCR data of CYP2D6 expression
in five diploid strains as reported in the previous study [19]. In comparison with con-
trol CYP2D6 samples, the production of 4-hydroxypropranolol using UGT1A7, UGT1A8
and UGT1A9 co-expression was significantly enhanced by a factor of 3.3, 2.1, or 2.8, re-
spectively (Figure 5A). For the production of 5-hydroxypropranolol, 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 5B). In contrast, in biotransformation
with strain SAN310 (which co-expresses CYP2D6 and UGT2A1), the production of either
4-hydroxypropranolol or 5-hydroxypropranolol showed no significant alteration compared
with CYP2D6 control samples.

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 express single UGTs were also tested in biotransformation experiments. The
idea behind this approach was that as the P450 and the UGTs are present in different
enzyme bags, there is no possibility for their protein–protein interaction and, thus, they
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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-hydroxypropranolol and 5-hydroxypropranolol) were found not to
be significantly different from each other in any of these reactions (Figure 6A,B). This
data suggests that the activity differences observed in the CYP-UGT co-expressing strains
(Figure 5) are indeed due to interactions between these enzymes.
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Furthermore, the aqueous residue obtained from the combined incubations with
SAN300 and one of the four UGT strains was found to contain two propranolol glu-
curonides at similar production rates to those previously reported [30], indicating that the
activity of UGTs in single-expression yeast strains remained unaffected even if used in this
mixedstrain incubation. No hydroxypropranolol glucuronides were detected in any of the
reactions, which was expected as CYP2D6 and UGTs are not physically proximate in this
assay, making subsequent glucuronidation after hydroxylation unlikely.

3.3. UGT Activities

The aqueous residues obtained after ethyl acetate extraction of CYP2D6-UGT-expressing
diploid yeast samples were analyzed for glucuronides. Unexpectedly, no UGT activity to-
wards propranolol was found in any of the CYP2D6-UGT co-expression samples (Figure 4A).
In contrast, for all four UGTs, activity towards propranolol or 4-hydroxypropanolol was demon-
strated before upon recombinant expression in fission yeast [30]. 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, therefore,
exemplarily monitored using the haploid yeast strain CAD200, applying the reaction pro-
tocol 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 h and then remained stable until 24 h (Figure 7A). The observed
activities were in a similar range as reported before [30], with larger peak areas found for
(S)- than (R)-propranolol glucuronide (Figure 7B).
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This data demonstrates that the new protocol developed in this study is well suited
to the UGT-dependent biotransformation of propranolol. Thus, the observed lack of
propranolol glucuronides found in the diploid strain experiments described above is not
due to the reaction conditions but to strongly reduced activities of the UGTs that were
co-expressed with CYP2D6.

4. Discussion

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
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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 [12,14–16].
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 [37]. Very recently, we have established a recombinant fission yeast system in
which each one of the 19 human members of the UGT families 1 and 2 is co-expressed with
either CYP2C9, CYP2D6, or CYP4Z1. A total of 72 interactions between CYPs and UGTs in
these new strains were observed using proluciferin probe substrates [19]. With respect to
CYP2D6, co-expression of eleven UGTs (including UGT1A7) led to a statistically significant
activity decrease, while six (including UGT1A8, UGT1A9, and UGT2A1) caused an increase
and the remaining two had no effect.

It was the aim of the present study to expand these studies using the drug propra-
nolol, which is a beta-receptor blocker used in the treatment of various cardiovascular
disorders [22]. This compound was chosen because it is metabolized by both CYP2D6
and a number of UGTs. More specifically, CYP2D6 has been found to be responsible for
the hydroxylation of propranolol, thereby producing the phase I metabolites 4-, 5-, and
7-hydroxypropranolol [31,38–40]. We have recently demonstrated that propranolol can be
glucuronidated by UGT1A7, UGT1A9, UGT1A10, and UGT2A1, while its CYP2D6 metabo-
lite 4-hydroxypropranolol is a substrate for UGT1A7, UGT1A8, UGT1A9, and UGT2A1 [30].
Therefore, diploid yeast strains that co-express CYP2D6 and each of the latter four UGTs
were used in this study for investigating their mutual influences.

The biotransformation method was adapted and optimized for the diploid yeast sys-
tem in this study. In our previously published enzyme bag method [18], 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 get in and out of the cells. 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
one of our previous studies, ethyl acetate was used for the extraction of CYP metabolites
of testosterone [18]. In this study, the extraction efficiency of ethyl acetate on propranolol,
4-hydroxypropranolol, and 4-methoxypropranolol at different pH values (ranging from
pH 5 to 11) was investigated to find the best condition. As shown in Figure 2, the extraction
of all three compounds is not effective when the pH value is below 6. As the pH value
increased, the extracted amount of all three compounds tended to be higher and stable
according to the peak area in the respective chromatograms. Therefore, the reaction buffer
used in this study (50 mM ammonium hydrogen carbonate, pH 7.8) was compatible with
the extraction procedure. Thus, ethyl acetate was used for the extraction of hydroxypro-
pranolols for all biotransformation samples and 4-methoxypropranolol 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.

In any biological reaction system, batch-to-batch variability is a concern. One solution
to this problem is to use cells from a single batch throughout a given project. However, this
requires a method for preservation of the biocatalysts. In one of our previous studies, we
mentioned the possibility of long-term storage for enzyme bag samples, but the question
of activity alteration during long-term storage was not addressed [34]. Therefore, in this
study, we monitored the conversion of propranolol to 4-hydroxypropranolol in SAN308
enzyme bags (which contained CYP2D6 and UGT1A9) that were initially frozen and stored
for different time spans. It was found that there were no statistically significant differences
in the activities between the freshly made aliquots and those stored for up to three months.
This allowed us to perform all biotransformations from a single batch of enzyme bags
prepared from each strain used in this study.
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Both hydroxylation and glucuronidation reactions were investigated in the biotrans-
formation with CYP-UGT co-expression yeast strains here. In our previous studies with
enzyme bags, optimal reaction times varied for CYPs and UGTs [18,30]. Several dif-
ferent reaction times were, therefore, tested in this study to find the most suitable one
for the potential enzymatic chain reaction. As shown in Figure 4A, the production of
4-hydroxypropranolol reached the highest yield at the reaction time of 4 h. Afterwards,
the amount of 4-hydroxypropranolol decreased as the reaction time increased. Two major
hydroxy propranolol products were found in all CYP2D6-UGT co-expression samples.
These were identified as 4-hydroxypropranolol and 5-hydroxypropranolol via LC-MS/MS
comparison with reference standards. Formation of N-desisopropylated metabolites [26]
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 in 4-hydroxypropranolol. Further experiments were carried out
by incubating 4-hydroxypropranolol in NH4HCO3 buffer for the same time intervals as in
SAN308 reactions. The results revealed a decline in the peak area of 4-hydroxypropranolol,
similar to that shown in Figure 4A. Details are provided as Supplementary Figure S1. This
finding suggests that the degradation of 4-hydroxypropranolol does not reach saturation
within 4 h and follows a first-order kinetic behavior. This outcome is in line with previous
investigations that reported the instability of 4-hydroxypropranolol in aqueous solution
and recommended that urine samples containing this compound be analyzed promptly
after collection [41–43]. Therefore, the reaction time of 4 h was chosen for the biotransforma-
tion of the CYP2D6-UGT co-expression yeast as the degradation of 4-hydroxypropranolol
had not yet caused a significant effect and no glucuronides were found or they were lower
than the detection limit at any reaction time.

Under these optimized conditions, the influence of UGTs on CYP2D6 activity was
investigated by monitoring the production of 4- and 5-hydroxypropranolol. In our previous
study [19], the activity of CYP2D6 towards a proluciferin 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 in
CYP2D6 activities varied between a factor of 1.4 and 4.3 and the reduction was between
1.3-fold and 3.6-fold. In the present study, UGT1A7, UGT1A8, and UGT1A9 increased the
yield of 4-hydroxypropranolol by 3.3-, 2.1-, and 2.8-fold compared with control CYP2D6
samples. Similarly, co-expression of UGT1A7, UGT1A8, and UGT1A9 increased the produc-
tion of 5-hydroxypropranolol to a factor of 8.4, 4.8, and 5.8. 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 proluciferin probe substrate [19]. In contrast to the incubation of the proluciferin as
substrates, UGT2A1 showed no significant influence on the CYP2D6-dependent hydroxy-
lation of propranolol. UGT1A7, UGT1A8, and UGT2A1 showed different tendencies for
CYP2D6 activities compared with our previous results, indicating that such interactions
also depend on the substrate under study. Based on the expression data obtained from the
Human Protein Atlas database (https://www.proteinatlas.org/, accessed on 25 May 2023),
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. Additionally, 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 CYP2D6 in in vitro experiments may have relevance for the
tissues where they are co-expressed, potentially affecting the metabolism of propranolol in
those specific locations.

https://www.proteinatlas.org/
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As an additional control, mixtures of enzyme bags that either expressed CYP2D6 or
an UGT were also tested in biotransformation experiments. As there was no possibility of a
CYP–UGT interaction in this experimental setup, the different combinations were expected
to give similar results. Indeed, this was the outcome of the CYP2D6 activity experiments.
Moreover, two propranolol glucuronic diastereomers were found in all mixed groups with
production rates at a similar level as described before [30]. 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.

As a further control of the results obtained in the present study, a haploid fission
yeast strain which solely expresses UGT1A9 (CAD200) was tested for its activity towards
racemic propranolol at different reaction times, using the same method as described above.
Both (R)- and (S)-propranolol glucuronide were found as expected, with production of
(S)-propranolol glucuronide reaching the maximum yield at 8 h. These results again
demonstrate that the experimental setup was suitable for monitoring UGT activities. If the
CYP2D6-UGT co-expressing enzyme bags had produced any propranolol or hydroxypro-
pranolol glucuronides, they would have been detectable; alternatively, their concentrations
were lower than the detection limit if they were formed at all.

In our 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 [19]. 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. Overall, neither in our previous study nor
in the present work was a positive influence of any CYP on the activity of any UGTs 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 [44]. Additionally, serotonin, 5-hydroxytryptophol,
4-nitrophenol, acetaminophen, and valproic acid were found to have two-fold higher
glucuronidation by UGT1A6*2 [45]. Another example is UGT1A9*3, which shows dramati-
cally decreased glucuronidation activity towards SN-38 with only 3.8% of the wild-type
level [46]. However, −275 and −2152 SNPs of UGT1A9 showed 2.2- to 2.3-fold higher
glucuronidation activity towards propofol and 1.9- to 2.1-fold elevated activity on mycophe-
nolic acid glucuronidation [47]. In this study, we discovered that co-expression of CYPs
may influence the activity of the UGTs in a way that can be compared to the 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 this study are the strongest we have ever seen in any UGT-catalyzed reaction. Therefore,
when studying an enzymatic chain reaction in co-expression microbe systems, this kind of
serious suppression should be taken into account.

Additionally, it is worth noting that propranolol glucuronides and 4-hydroxypropranolol
glucuronides have been previously detected in human urine [39,48,49], indicating the com-
plexity of CYP-UGT interactions in vivo due to the involvement of multiple CYP and UGT
isoforms. As such, the suppressed activity of UGTs towards propranolol and hydroxypro-
pranolol glucuronidation observed in our study might be restored or increased by other
CYP isoforms, as seen with the increased activity of UGT2B7 on morphine glucuronidation
by CYP3A4 [12]. Therefore, our enzyme bag method with diploid CYP–UGT co-expression
yeast strains serves as an ideal model for investigating individual protein–protein interac-
tions without interferences from other isoforms.
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5. Conclusions

In this study, we successfully optimized the enzyme bag method for diploid yeast
incubation and demonstrated the feasibility of long-term storage of enzyme bags. Using
the optimized method and stored enzyme bags, the mutual interaction between CYP2D6
and four UGTs was investigated. Our results showed that UGT1A7, UGT1A8 and UGT1A9
had a significant enhancing effect on the activity of CYP2D6, while UGT2A1 had no
influence. On the other hand, the glucuronidation by four UGTs was seriously suppressed
by CYP2D6. The use of propranolol as a 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. It may be speculated that the
reason why UGT2A1 did not show similar positive effects on CYP2D6 as the other UGT1A
enzymes was due to differences in the sequence, which may result in the distinct interaction
with CYP2D6. In future studies, CYP2D6 co-expression with targeted point mutation of
UGTs could be taken into consideration for identifying specific sequences involved in the
mutual interaction using biological experiments or computational aids.
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