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Abstract. Nearly half of prescription medicines are metabolized by human cytochrome P450 (CYP) 3A.
CYP3A4 and 3A5 are two major isoforms of human CYP3A and share most of the substrate spectrum. A
very limited previous study distinguished the activity of CYP3A4 and CYP3AS, identifying the challenge
in predicting CYP3A-mediated drug clearance and drug-drug interaction. In the present study, we
introduced gomisin A (GA) with a dibenzocyclooctadiene skeleton as a novel selective probe of
CYP3A4. The major metabolite of GA was fully characterized as 8-hydroxylated GA by LC-MS and
NMR. CYP3A4 was assigned as the predominant isozyme involved in GA 8-hydroxylation by reaction
phenotyping assays, chemical inhibition assays, and correlation studies. GA 8-hydroxylation in both
recombinant human CYP3A4 and human liver microsomes followed classic Michaelis-Menten kinetics.
The intrinsic clearance values indicated that CYP3A4 contributed 12.8-fold more than CYP3AS to GA 8-
hydroxylation. Molecular docking studies indicated different hydrogen bonds and w—m interactions
between CYP3A4 and CYP3AS, which might result in the different catalytic activity for GA 8-
hydroxylation. Furthermore, GA exhibited a stronger inhibitory activity towards CYP3A4 than
CYP3AS, which further suggested a preferred selectivity of CYP3A4 for the transformation of GA.
More importantly, GA has been successfully applied to selectively monitor the modulation of CYP3A4
activities by the inducer rifampin in hepG2 cells, which is consistent with the level change of CYP3A4
mRNA expression. In summary, our results suggested that GA could be used as a novel probe for the

selective sensing of CYP3A4 in tissue and cell preparations.
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INTRODUCTION

Cytochromes P450 (CYP) 3A4 and CYP3A5 are respon-
sible for the metabolism of more than 50% of drugs currently on
the market [1]. CYP3A4 is the predominant P450 form
expressed in the human liver and intestine. In contrast, CYP3AS
is expressed polymorphically [2], which might contribute as
much as 50% of hepatic P450 3A in one third of all Caucasians
and one half of all African-Americans [3]. Although CYP3A4
and CYP3AS5 share an 83% amino acid sequence identity and
have overlapping substrate specificities [4], the two isoforms
behave differently with respect to their catalytic activity and
inhibition potency. For example, the activity of CYP3A4 is
generally higher than that of CYP3AS. However, CYP3AS was
more active than CYP3A4 in catalyzing total midazolam
hydroxylation and exhibited comparable metabolic activity as
CYP3A4 toward dextromethorphan N-demethylation and car-
bamazepine epoxidation [5]. Erythromycin and verapamil
inactivate CYP3AS at a slower rate than their respective effects
on CYP3A4 [6, 7]. Therefore, defining their respective contri-
butions to drug metabolism as well as drug—drug interactions
(DDIs) in the process of drug discovery and clinical drug
therapy remains challenging.
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Variability in the CYP3A4 protein levels and enzyme
activities resulting from its susceptibility to induction and
inhibition greatly contributes to large interindividual variabil-
ity in drug responses [8]. Consequently, evaluating the
inhibitory and inductive potential of drug candidates toward
CYP3A4 to estimate their potential DDI in the early stage of
drug discovery is necessary [9]. However, because of the
existence of several distinct binding sites in CYP3A4, a poor
correlation of CYP3A4 activity represented by different
CYP3A4 probes is frequently observed in the in vitro
assessment [10]. Therefore, it is recommended that multiple
CYP3A4 probes should be used for the quantification of
CYP3A4 activity in enzyme systems (e.g., liver microsomes
and cells).

In the last few decades, numerous efforts have been
made to specifically detect the CYP3A4 activity in liver
microsomes and living cells. A qualified CYP3A4 probe
should: (1) have high selectivity, (2) have high sensitivity,
(3) have high permeability and be non-toxic, (4) follow simple
Michaelis-Menten kinetics, and (5) be commonly available.
However, the application of the luminescence probe of
CYP3A4 [11] is limited by its relatively high cost and high
vulnerability to changes in ionic strength or pH according to
the above requirements. Moreover, it is noteworthy that
testosterone (a steroid compound), as the most commonly
used CYP3A4 substrate, is metabolized by both CYP3A4 and
CYP3AS [12] and its metabolic behavior follows non-
Michaelis-Menten kinetics [13]. Nevertheless, CYP3A4 and
CYP3AS display different catalytic preferences on the steroid
compounds. Previously, we reported that bufalin was an
excellent probe to selectively detect CYP3A4 activity in liver
microsomes [14]. Bufalin is a natural bufodienolide with a
rigid steroid skeleton that is a good substrate for CYP3A4 but
a poor substrate of CYP3AS. This finding supports the fact
that the active site cavity of CYP3A4 is larger than that of
other CYPs [15, 16], resulting in the better adaptability of
CYP3A4 to rigid molecules.

Recently, we also found that CYP3A played a key role in
the biotransformation of natural lignans (such as schizandrin
and deoxyschizandrin) with the dibenzocyclooctadiene skele-
ton from Fructus Schisandrae Chinensis [17, 18]. Notably,
these naturally occurring lignans also have a rigid polycyclic
skeleton, but they are non-steroidal compounds. In contrast
to bufodienolides (such as bufalin), which are potent cyto-
toxic agents that strongly limit their application for selectively
measuring CYP3A4 activity in living cells [19, 20], lignans are
relatively non-toxic [21]. To find a probe with the expected
features for the detection of CYP3A4 activity, we screened
the structurally similar dibenzocyclooctadiene lignans (Sup-
plemental Fig. S1). Our preliminary experiments indicated
that the metabolic capability of gomisin A (GA) with
CYP3AS is very limited compared to CYP3A4. Therefore,
we hypothesized that GA might be a novel isoform-specific
probe of human CYP3A4 that meets the desired features.

The aim of the present study was, therefore, to find
further support that GA may serve as a selective probe
substrate for CYP3A4 and could probe the real functions of
CYP3A4 in various biological samples, such as microsomes
and living cells. Then, we preliminarily explored the enzyme
structure-catalytic specificity relationships of CYP3A4 and
CYP3AS5 through molecular docking simulations.
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Chemicals and Reagents

Gomisin (GA) was purchased from Sichuan WeiKeqi
Biological Technology Co., Ltd. (Chengdu, China). 1-
Aminobenzotriazole (ABT), sulfaphenazole, quinidine,
clomethiazole, furafylline, 8-methoxypsoralen, omeprazole,
CYP3cide, nifedipine, midazolam, testosterone, glucose-6-
phosphate dehydrogenase, NADP*, D-glucose-6-phosphate,
rifampin, and trypsin (TPCK-treated, from bovine pancreas)
were purchased from Sigma (St. Louis, MO, USA). Ketoco-
nazole was obtained from ICN Biomedicals, Inc. (Aurora,
Ohio, USA). Montelukast was purchased from Beijing
Aleznova Pharmaceutical (Beijing, China).
Triethylenethiophosphoramide (thioTEPA) was purchased
from Acros Organics (Geel, Belgium). Bufalin was purchased
from Shanghai Boyle Chemical Company (Shanghai, China).
Dulbecco's modified Eagle's medium (DMEM) and fetal calf
serum (FCS) were purchased from Invitrogen. A cell
counting kit-8 (CCK-8) was purchased from Solarbio (Bei-
jing, China). All other reagents were of the highest commer-
cially available grade.

Enzyme Source

cDNA-expressed recombinant human cytochrome P450
(rhCYP) isoforms (P450 concentration is 1 nmol/ml, total
protein is 10 mg/ml), including CYP 1A1, CYP1A2, CYP1B],
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, CYP3A4, CYP3AS, CYP4F2, and CYP4F3B,
derived from baculovirus-infected insect cells co-expressing
NADPH-CYP reductase and cytochrome b5, were purchased
from Cypex (Dundee, UK). Mixed human liver microsomes
that were prepared from male Caucasians (25 donors) were
obtained from BD Biosciences (MA, USA). A panel of 13
HLMs from individuals (male Mongolia) was obtained from
Research Institute for Liver Diseases (Shanghai) Co. LTD
(China). All of the microsomal samples and recombinant
human CYP isoforms were stored at —80°C until use.

Analytical Instruments and Conditions

The UFLC system was equipped with a CBM-20A
communications bus module, a SIL-20ACHT autosampler,
two LC-20 AD pumps, a DGU-20A3 vacuum degasser, a
CTO-20 AC column oven, and a SPD-M 20A diode array
detector (DAD). A Hypersil ODS (C18) analytical column
(150 mmx2.1 mm, 3 pm, Thermo Scientific) with a Hypersil
ODS (C18) guard column (150 nmx2.1 mm, 3 pm, Thermo
Scientific) was used to separate GA and its metabolites. The
mobile phase consisted of CH;0H (A) and water (B) with
the following gradient profile: 0-2 min, 50% B; 2-9 min, 50—
15% B; 9-12 min, 15-5% B; and 12-16.5 min, balanced to
50% B. The flow rate was 0.4 ml/min, and the column
temperature was kept at 40°C. GA and its metabolites were
detected at 254 nm. The metabolite concentrations were
estimated against a standard curve with a linear range of 0.05
to 30 uM of GA, with a correlation coefficient >0.999.

A Shimadzu LC-MS-2010EV (Kyoto, Japan) instrument
with an electrospray ionization (ESI) interface was used for
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the identification of GA and its metabolite. Mass detection
was performed in both positive-ion mode (ESI") and negative
ion mode (ESI") from m/z 200 to 500. The detector voltage
was set at +1.75 and —1.55 kV for positive and negative ion
detections, respectively. The curved desolvation line
temperature (CDL) and the block heater temperature were
both set at 250°C. Other mass spectrometry (MS) detec-
tion conditions were as follows: the interface voltage was
4 kV, CDL voltage was 40 V, nebulizing gas (N,) flow was
1.5 Vmin and drying gas pressure was 0.06 MPa. Data
processing was performed using LC-MS Solution software,
version 3.41.

Incubation Conditions

The incubation mixture, with a total volume of 200 ul,
consisted of 100 mM potassium phosphate buffer (100 mM
KH,PO,/K,HPO,, pH 7.4), a NADPH-generating system
(1 mM NADP*, 10 mM glucose-6-phosphate, 1 unit/ml of
glucose-6-phosphate dehydrogenase, and 4 mM MgCl,), and
human liver microsomes or CYPs with the designed concen-
tration. In all of the experiments, GA (20 mM dissolved in
methanol previously) was serially diluted to the required
concentrations and the final concentration of methanol did
not exceed 1% (v/v) in the mixture [22]. After preincubation
at 37°C for 3 min, the reaction was initiated by adding an
NADPH-generating system; the reaction was incubated at
37°C in a shaking water bath. The reaction was terminated by
the addition of 200 pl of ice-cold methanol after the required
incubation time. The mixture was kept on ice until it was
centrifuged at 20,000xg for 20 min at 4°C. Aliquots of
supernatants were stored at —20°C for less than 24 h until
analysis. The stability of GA and its metabolite at 37°C for
24 h and at —20°C for 1 week has been previously tested,
respectively, and no degradations of both GA and its
metabolite were detected. Control incubations without an
NADPH-generating system, without a substrate or without
CYP enzyme sources, were carried out to ensure that
metabolite formation was CYP- and NADPH-dependent.
All of the incubations throughout the study were carried out
in three experiments performed in duplicate with standard
deviation (S.D.) values generally below 10%, and the results
were expressed as the mean+S.D.

Reaction Phenotyping Assays with Recombinant P450s

Fourteen cDNA-expressed rhCYP isoforms co-
expressing NADPH-P450 reductase (CYP1A1l, CYP1A2,
CYP1B1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, CYP3A4, CYP3A5, CYP4F2, and
CYP4F3B) were used to screen the involved isoform(s) for
the hydroxylation of GA in HLM. The incubations were
carried out under the abovementioned incubation conditions
with each CYP isoform. In reaction phenotyping assays, a
relatively high substrate concentration (50 uM) was used and
incubated with each recombinant human CYP (50 nM) at
37°C for 30 min. The reaction mixtures were centrifuged to
precipitate the protein as described previously. The superna-
tants were then analyzed by UFLC-DAD to quantify the
metabolites of GA.

Wu et al.

Chemical Inhibition Assays

Chemical inhibition studies were performed by adding
specific inhibitors for different CYP isoforms to the incuba-
tion mixture of GA to verify the involved enzyme(s). In brief,
GA (10 pM, near K, value) was incubated in mixed HLM
(0.2 mg protein/ml) for 20 min with an NADPH-generating
system in the absence (control) or presence of known CYP
isoform-specific inhibitors. The inhibitors and their concen-
trations were as follows [23]: sulfaphenazole (10 uM) for
CYP2C9, omeprazole (20 pM) for CYP2C19, quinidine
(10 pM) for CYP2D6, clomethiazole (50 uM) for CYP2E1,
ketoconazole (1 uM) for CYP3A, and montelukast (2 uM)
for CYP2CS8 [24]. Inhibition by the mechanism-based inhib-
itors: furafylline (10 uM) for CYP1A2, 8-methoxypsoralen
(2.5 uM) for CYP2A6, TEPA (50 uM) for CYP2B6 [25],
ABT (500 uM) for broad CYPs [26], and CYP3cide (1 pM)
for CYP3A4 [27], were assayed by pre-incubation with an
NADPH-generating system at 37°C for 20-30 min.

Correlation Studies

The formation rates of the metabolites described for GA
(10 uM, near K, value) were determined in a panel of HLMs
prepared from 13 individual donors after 20 min incubation
with an NADPH-generating system described as mentioned
previously. These values were compared with the levels of
CYP3A4 or CYP3AS5 in 13 individual HLMs. Briefly,
microsomes were digested by trypsin at 37°C for 14 h using
an enzyme-to-substrate ratio of 1:50 as previously described
[28]. Then, the digested sample was centrifuged for 10 min at
13,000g, and the supernatant was spiked with the stable
isotope-labeled peptides of EVINFLR (for CYP3A4) and
SLGPVGFMK (for CYP3AS5) as internal standards for LC-
MS/MS analysis using the multiple reaction monitoring
(MRM) mode. Specific peptides of EVTNFLR (for CYP3A4)
and SLGPVGFMK (for CYP3AS) were selected for their
quantification by using transition ions with ratios of 439.7/
549.3 and 468.3/678.5, respectively. In addition, the 8-HGA
formation rates were also compared with the activities of
CYP3A4 and CYP3AS5 by employing bufalin 5p-
hydroxylation [14] and midazolam 1’-hydroxylation [5, 29]
as the selective probe reactions at concentrations equal to
their respective K, values in 13 individual HLMs. The
correlation parameter was expressed by the linear regression
coefficient (r). P<0.05 was considered statistically significant.

Kinetics Analysis

To estimate the kinetic parameters of GA 8-
hydroxylation in different enzyme sources, the incubation
conditions were optimized to ensure that the formation rates
of 8-HGA were in the linear range in relation to the
incubation time and protein concentration at 37°C. GA
(previously dissolved in methanol) was serially diluted to
the required concentrations (1, 5, 10, 20, 50, 100, 200, and
300 uM), and the final concentration of methanol was 1% (v/
v). GA was respectively incubated with mixed HLM (0.2 mg
protein/ml), thCYP3A4 and rhCYP3AS5 (20 nM) for 20 min.
All of the incubations were carried out in three independent
experiments in duplicate. The apparent K, and V. values
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were calculated from the nonlinear regression analysis of
experimental data according to the following Michaelis-
Menten equation, and the results were graphically represent-
ed by Eadie-Hofstee plots. The kinetic constants were estimat-
ed by the software program Prism (Version 5.0.1, GraphPad, San
Diego, CA) and were reported as the meanzstandard
deviation (SD) of the parameter estimate.

In Vitro Biosynthesis and Isolation of Major Metabolite

The predominant metabolite 8-hydroxy-gomisin A was
biosynthesized using human liver microsomes. The incubation
system was scaled up to 250 mL. GA (500 pM) was incubated
with the liver microsomes (final protein concentration,
1.0 mg/mL) and the NADPH-generating system (1 mM
NADP+, 10 mM glucose-6-phosphate, 1 unit/mL of glucose-
6-phosphate dehydrogenase, and 4 mM MgCl,) for 4 h at
37°C. Under these conditions, approximately 10% of GA was
converted to 8-hydroxy-gomisin A. Methanol (250 mL) was
added to the reaction mixture to precipitate the protein. After
centrifuging at 20,000xg for 20 min at 4°C, the supernatant
was separated and extracted with ethyl acetate (250 mLx3).
The organic layer was combined and dried in vacuo, the
residue was re-dissolved in methanol (1.5 mL), and the
solution was injected into the LC column. The HPLC system
(SHIMADZU, Kyoto, Japan) consisted of a SCL-10A
system controller, two LC-10AT pumps, a SIL-10A auto
injector, a SPD-10AVP UV detector, and a C18 column
(4.6 mmx150 mm, 10 pm) and was used to separate GA and
its metabolite. The mobile phase was 55% methanol in water.
The eluent was monitored at 254 nm with a flow rate of
1.0 mL/min, and the fractions containing 8-hydroxy-gomisin
A were collected and dried in vacuo. The purity of 8-hydroxy-
gomisin A was approximately 98% by HPLC-UV analysis.

Nuclear Magnetic Resonance Spectrometry

Nuclear magnetic resonance (NMR) spectra were mea-
sured with a 400 MHz Bruker spectrometer using
tetramethylsilane as the reference for 'H NMR. The
compounds were dissolved in DMSO-d6, and the
experiments were conducted at 23°C. Chemical shifts are
reported in parts per million (ppm).

Docking Simulations

Docking simulation was performed using the knowledge-
based homology modeling package from Advanced Protein
Modeling (APM) that was distributed within SYBYL (X-1.1).
The homology model of CYP3AS was constructed based on
the template structure of CYP3A4 (PDB ID: 3TJS). The
sequences of both 3A4 (UnitProt ID: 08684) and 3AS5
(UnitProt ID: 20815) were obtained from the PubMed
protein sequence database. After backbone and variable
modeling, a 1000-step minimization was carried out to obtain
a low-energy conformation without any steric clashes be-
tween side chains. The model of CYP3AS was analyzed and
evaluated using the ProTable module and showed a high
Ramachandran graph score of 98.2% (Supplemental Fig. S2).
With the established 3D structure of 3AS as well as the crystal
structure of 3A4, the bioactive binding conformations of GA
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were generated using Surflex-Dock and were evaluated by an
empirical function ChemScore, one of the most suitable
scoring functions for P450s. The binding conformations of
CYP3A4 (PDB ID: 3TJS) with bufalin, nifedipine, midazo-
lam, and deoxyschizandrin were generated using Surflex-
Dock. The docking results were further visualized using
PyMOL Molecular Graphics System, version 0.99 (DeLano
Scientific LLC). A 2D molecular descriptor (Discovery Studio
Visualizer software, version 3.5) was employed to show the
interacting amino acid residue plot of ligands located within
the CYP3A4 active site.

Comparative Evaluation of Inhibitory Activities

To detect the selective inhibitory activities of GA
towards CYP3A4 and CYP3AS, the effects of GA on
CYP3A-catalyzed midazolam 1’-hydroxylation, nifedipine
dehydrogenation, testosterone 6p-hydroxylation, and
deoxyschizandrin 7-hydroxylation were determined using
rhCYP3A4/5 and individual-donor human liver microsomes
with different proportions of CYP3A4/5 proteins. The
substrates were used at concentrations approximately equal
to their respective K, values as follows: 10 uM MDZ, 20 uM
NIF, 50 uM TST, and 5 pM DS. All of the substrates and GA
were previously dissolved in methanol, and the final methanol
concentrations in the reaction mixtures did not exceed 1% (v/
v). The substrates were incubated with 0.2 mg protein/ml
HLMs or 20 nM rhCYP3A4/5 in the absence and presence of
GA (concentration ranged from 0.1 to 100 pM). After 3 min
of incubation at 37°C, the reaction was initiated by adding an
NADPH-generating system, and further incubation followed
for 10 min at 37°C in a shaking water bath. The reaction was
terminated by the addition of 200 ul of methanol. The
mixture was kept on ice until it was centrifuged at 20,000g
for 20 min at 4°C. Aliquots of the supernatant were then
taken for further UFLC analyses. All of the incubations
throughout this study were conducted in triplicate.

Detecting Inducer-Mediated Alteration of CYP3A4 Activity
in Living Cells

Cell Culture

HepG2 (1x10%well) cell lines were cultured in complete
DMEM containing 10% FCS as a monolayer in a 96-well
plate and were treated for 72 h with various concentrations of
GA (1-300 pM). The final concentration of DMSO did not
exceed 0.1% (v/v) in the culture media. Seventy-two hours
after treatment, the effects of GA against the viability of
treated cells were assessed using a CCK-8 assay kit (Solarbio,
Beijing, China). Then, a cell-based assay was used to study
the CYP3A4 catalytic activity, where HepG2 cells (1x10%/
well) were cultured in 6-well plates for 2 days and treated for
another 72 h with 10 uM of rifampin or with the 0.1% DMSO
vehicle (control). Deoxyschizandrin was used as a control
substrate; deoxyschizandrin was metabolized by both
CYP3A4 and CYP3AS [17]. Two milliliters of incubation
medium containing 20 uM of GA or 20 pM of
deoxyschizandrin was added concomitantly to each well and
incubated for 60 min at 37°C. The medium was collected and
stored at —20°C until analysis. The cells were lysed with RIPA
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buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1.0 mM
EDTA, 0.1% SDS, 1.0% Triton X-100, 1.0% sodium
deoxycholate), and the protein concentration in each well
was quantified according to the manufacture’s protocol using
a Lowry protein assay kit (Mbchem, Shanghai, China).

Quantitative Real-Time PCR Analysis

Total RNA was isolated from cell pellets using the
RNAiso Plus reagent with gDNA Eraser (Takara) according
to the manufacturer’s protocol. The yield and purity were
measured by the ratio of A260/A280 using an ultraviolet
spectrophotometer. A portion of 500 ng of RNA was
subjected to reverse transcription in a 20-pL reaction mixture
using a PrimeScript™ RT reagent Kit (Takara). After the
synthesis of cDNA, real-time PCR was conducted with a
SYBR® Premix Ex Tag™ II Kit (Takara) to detect the
transcript levels of CYP3A4 and CYP3AS5. The primer
sequences for real-time PCR are listed in supplemental
Table S1. The data were analyzed with Applied Biosystems
StepOne™ Real-Time PCR System software version 2.0
(Applied Biosystems). Each experiment included standard
curves for each cDNA and a no template control. The data
were normalized to GAPDH.

Statistical Analysis

All statistical analyses were done by program Prism
(Version 5.0.1, GraphPad, San Diego, CA). P<0.05 were
considered as significant in the two-tailed Student’s ¢ test.

RESULTS

Identification of GA Metabolites

First, to identify the metabolites of GA, in vitro incuba-
tion studies were performed. Two new chromatographic
peaks were specifically observed in human liver microsomes
(HLM) after incubation with GA in the NADPH-generating
system. The formation of these two metabolites was
NADPH- and microsome-dependent (Supplemental
Fig. S3). The [M+K]" ion of M2 at m/z 471 implied that M2
was a monoxide of the substrate (Supplemental Fig. S4 and
Table S2). Moreover, the [M+K]*" ion of M1 at m/z 443
implied that M1 was demethylene-gomisin A (DGA) (Sup-
plemental Fig. S4 and Table S2). The primary metabolite
(M2) was biosynthesized and fully identified as 8-hydroxy-
gomisin A (8-HGA, Fig. 1) based on 'H nuclear magnetic

CYP3A4
0,

NADPH NADP*

OCH; OCH;Z

Gomisin A (GA) 8-hydroxy-gomisin A (8-HGA)

Fig. 1. The structure of GA and CYP3A4-catalyzed GA
hydroxylation
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resonance (NMR) analyses (Supplemental Table S3). The
most distinctive spectra changes were involved in the C-8
region between GA and M2. The multiplet of the C-8 proton
signal at 1.66 ppm (1H, m) in GA was replaced by the singlet
and shifted downfield to 3.61 ppm (1H, s) in the metabolite
M2. Moreover, the C-8-methyl proton signal of M2 showed a
downfield shift of 0.91 ppm compared with GA. These
observations strongly suggested that hydroxylation occurred
at the C-8 site. Furthermore, no conjugates were observed in
the UDP-glucuronic acid (UDPGA)-, 3’-phosphoadenosine-
5’'-phosphosulfate (PAPS)-, and S-adenosyl-L-methionine
(SAM)-generating systems when GA was incubated with
either HLM or S9 fractions (data not shown).

Assays with Recombinant Human CYP Isoforms

To elucidate P450 isoforms involved in the metabo-
lism of GA in humans, the activity of GA hydroxylation
was determined in 14 thCYP isoforms. Interestingly, GA
8-hydroxylation was predominantly catalyzed by CYP3A4
but was only limitedly catalyzed by CYP3AS5 at different
substrate concentrations tested (5 and 50 pM) (Fig. 2).
However, regarding DGA formation, multiple isozymes,
including CYP1A1l, CYP2C9, CYP2C19, CYP2De,
CYP3A4, and CYP3AS, were involved (Supplemental
Fig. S5).

Chemical Inhibition Assays

The inhibitory effects of selective chemical inhibitors of
various CYPs on GA hydroxylation were investigated in pooled
HLM incubations (Fig. 3). ABT, a broad P450 inactivator,
inhibited GA hydroxylation completely, suggesting that P450s
were the enzymes responsible for GA hydroxylation. Among
the 11 selective inhibitors tested, ketoconazole (a potent
inhibitor of CYP3A) and CYP3cide (a potent and selective
inhibitor of CYP3A4) inhibited GA 8-hydroxylation by 100%
(P<0.05). In contrast, other CYP inhibitors exhibited negligible
inhibitory effects on GA hydroxylation. These results demon-
strated that GA 8-hydroxylation was selectively catalyzed by
CYP3A4 in humans.

16 . M
14 I 50 M

12 1

10

8-HGA formation rate
(pmol/min/pmol CYP)
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Fig. 2. Isozymes involved in the GA 8-hydroxylation reaction. Data
represent the mean+SD from three experiments carried out in

duplicate
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Fig. 3. Effects of selective P450 inhibitors on GA 8-hydroxylation in
pooled HLM. Results are the mean+SD from three experiments
carried out in duplicate. N.D. not determined. ns: P>0.05
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Correlation Study

For GA hydroxylation to 8-HGA, strong correlations
were observed with the content of CYP3A4 (Supplemental
Table S4) (r=0.950, P<0.0001) as well as the activity of
CYP3A4 (r=0.891, P<0.0001) in a panel of 13 individual
HLMs (Fig. 4a, b). In contrast, as shown in Fig. 4c, d, very
poor correlations were obtained for the formation rate of 8-
HGA with the content of CYP3AS (r=0.381, P=0.199) and the
activity of CYP3AS (r=0.167, P=0.589). The correlation study,
together with reaction phenotyping assays and chemical
inhibition assays, confirmed the predominant role of CYP3A4
in GA 8-hydroxylation.

Kinetic Analysis

To characterize the isoform-specific biotransformation
mediated by CYP3A4, comparative kinetic evaluations were
performed with thCYP3A4 and rhCYP3AS. Based on the
indication of linear Eadie-Hofstee plots, GA 8-hydroxylation
in thCYP3A4 followed Michaelis-Menten kinetics (Fig. Sa).
Moreover, GA 8-hydroxylation in HLMs displayed similar
K, values as in thCYP3A4 (Table I and Fig. 5b), indicating
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Fig. 4. Correlation studies between the formation rate of 8-HGA and the level of CYP3A4 content (a), CYP3A4 activity determined by
bufalin 5p-hydroxylation (b), level of CYP3AS5 content (¢), and CYP3AS5 activity determined by midazolam 1’-hydroxylation (d), in a panel of
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that CYP3A4 was the major enzyme participating in GA 8-
hydroxylation. Although the K, value of GA in rhCYP3A4
was not much lower than that in thCYP3AS (5.6+0.32 pM vs.
7.8+0.51 uM), the V.. values of GA 8-hydroxylation
catalyzed by CYP3AS5 was much lower than that by CYP3A4
(1.3+0.02 pmol/min/pmol CYP vs. 12.3+0.13 pmol/min/pmol
CYP). Consequently, there was a 12.8-fold difference on
intrinsic clearance (CLi,) between CYP3A4- and CYP3AS-
mediated GA 8-hydroxylation (Table I). These results
suggested that GA could serve as a highly selective probe
for the evaluation of CYP3A4 activity in biological samples.
Based on the above results, the proposed probe reaction of
CYP3A4-catalyzed GA hydroxylation is shown in Fig. 1.

Inhibitory Effects of GA Against CYP3A4 and CYP3AS

The inhibitory activities of GA towards CYP3A4 and
CYP3AS were compared using thCYP3A4/5 and individual-
donor human liver microsomes with different proportions of
CYP3A4/5 proteins, respectively. With a decrease in the
CYP3AS proportion from HLM-7 to HLM-8 (Supplemental
Table S4), the inhibitory potentials (ICsos) of GA towards the
metabolism of CYP3A4/5 substrates increased and the ICsgs
shifted to the left (Fig. 6a—d). The 1Csq value for midazolam,
nifedipine, testosterone, and deoxyschizandrin in HLM-7

Table I. Kinetic Parameters of GA 8-Hydroxylation Catalyzed by
Pooled HLM As Well As thCYP3A4 and rhCYP3AS

Enzyme source Vimax Km CLin
Pooled HLM 47.5+0.4 6.3+0.3 7.54
rhCYP3A4 12.3+0.1 5.6+0.3 2.20
rhCYP3AS 1.30+0.02 7.8+0.5 0.17
Ratio (3A4/3A5) 9.5 12.8

K, values are in pM; V.« values are in pmol/min per milligram for
liver microsomes or in pmol/min per pmol P450 for CYP3A4 and
CYP3AS. Intrinsic clearance (CL;y) is obtained by V,.x/Kp, and is in
pl/min per milligram for liver microsomes or in pl/min per pmol P450
for CYP3A4 and CYP3AS. Data are shown as the mean+SD of three
determinations performed in duplicate

(high CYP3AS content) was 12-fold, 2.0-fold, 2.0-fold, and
4.1-fold higher than that in HLM-8 (low CYP3AS5 content)
(Table II). Similarly, the inhibitory potentials of GA towards
these four CYP3A4/5 substrates increased in rthCYP3A4
compared with those in thCYP3AS and the ICsps shifted to
the left (Fig. 6e-h). The I1Cs, value of GA towards midazolam,
nifedipine, testosterone, and deoxyschizandrin in thCYP3AS5
was 5-fold, 3.1-fold, 2.4-fold, and 5.6-fold higher than those in
rhCYP3A4 (Table II). These findings demonstrated that GA
can more strongly inhibit the activity of CYP3A4 than CYP3AS,
which further indicated that GA showed a higher metabolic
selectivity to CYP3A4 than to CYP3AS.

Docking Simulations

Molecular docking studies were conducted to explore the
difference in GA 8-hydroxylation between CYP3A4 and
CYP3AS. As shown in Fig. 7a, b, the bioactive pose of GA
in 3A4 was given a higher ChemScore value than that in 3A5
(—25.4528 vs. —21.2021). In addition, the distance between the
H atom of the C-8 site and the heme of CYP3A4 (4.96 A) was
shorter than that of CYP3AS5 (7.21 A). In the conformation of
CYP3A4, H-bonding between the oxygen atom of C3-
methoxyl and Leu-483 was prominent and a m—m interaction
between the benzene ring of GA and Phe-304 was also
observed; this interaction stabilized the conformation
(Fig. 7c). Only H-bonding between the oxygen atom of C1-
methoxyl and Arg-105 was observed in the conformation of
CYP3AS5 (Fig. 7d). The docking results suggested that
CYP3A4 may confer a more metabolically favorable state
for GA than CYP3AS and provided a structural explanation
for the metabolic selectivity of GA for CYP3A4.

Monitoring the Modulation of CYP3A4 Activity in Living
Cells by GA

Furthermore, GA was used to detect CYP3A4 activity to
represent its gene induction by rifampin, a well-known CYP3A4
inducer, in HepG?2 cell lines. The gene expression of CYP3A4
and CYP3AS5 was analyzed by real-time RT-PCR. Compared
with the control group, the CYP3A4 mRNA level was
significantly upregulated by 2.4-fold in the rifampin-treated



Highly selective sensing of CYP3A4 by Gomisin A 141
a u HLM.7 b HLM-7 c m HLM-7 d | HLM-7
100 L] ® HLM-8 100- HLM-8 100- ® HLM-8 100: ® HLM-8

@ «
S 3

o
8
Inhibition (%)
toward nifedipine

Inhibition (%)
toward midazolam

N
S
n

>
>

L]
L
80
60
40-
'
20 »
T T T
0 1 2

T T 1
-1 0 1 2 3 -

80

Inhibition (%)
toward testosterone
Inhibition (%)
toward deoxyschizandrin

T T T 1 T T T 1
- 0 1 2 3 - 0 1 2 3

Log (GA, uM) Log (GA, pM) Log (GA, uM) Log (GA, uM)
e @® CYP3A4 f @® CYP3A4 g @® CYP3A4 h ® CYP3A4
100 m CYP3AS 100 m CYP3AS 100 m CYP3AS 100 m CYP3AS
c
@ L]
_E % g8 S 80 g 8
5% g5 g2 g3
=8 6o 5 60 =% 60 =g 60
S g S S % Sz
S5 4 Ev 4 32 Eg 40
<5 £33 £7P £
€8 £z =] 25
g 2 S s 5 20
P 2 [
o o > o 2
1 T T T ! ) t T T T * 1 t T T T ' 1 t T T T T 1
2 E] 0 1 2 3 2 El 0 1 2 3 2 1 0 1 2 3 2 1 0 1 2 3
Log (GA, uM) Log (GA, M) Log (GA, uM) Log (GA, uM)
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group (Fig. 8a). The mRNA expression level of CYP3AS was
not markedly induced by rifampin (Fig. 8a). GA was low toxic to
HepG2 cells, and its ICsy value in cell survival was as high as
61.5 uM (Supplemental Fig. S6). This concentration was almost
12 times greater the K, value of GA 8-hydroxylation catalyzed
by CYP3A4. The GA 8-hydroxylation formation rates in the
medium after 60 min incubations were increased by 2.3-fold
(Fig. 8b), which is consistent with the mRNA expression level of
CYP3AA4. In contrast, the hydroxylated metabolite formation
rate of deoxyschizandrin, a co-substrate for CYP3A4 and
CYP3AS, showed no significant difference between the control
group and the rifampin-treated group (Fig. 8b). These results
suggested that the induced expression of CYP3A4 gene could
be selectively probed by a GA 8-hydroxylation assay.

DISCUSSION

CYP3A4 and CYP3AS exhibit significant overlap in
substrate specificity but can behave differently with regard
to catalytic activity and inhibition potency. Therefore, an
isoform-specific CYP3A4 probe would greatly help identify
the differentiated activity between the two CYP3A isoforms
and attenuate the variation of drug response. In the present
study, we identify the novel selective probe reaction of GA
hydroxylation to human CYP3A4. The hydroxylation of GA

is selectively catalyzed by CYP3A4. The metabolite of GA
was isolated and identified as 8-hydroxylation GA by LC-MS
and "H-NMR. The CYP3A4-specific probe reaction of GA 8-
hydroxylation followed ideal Michaelis-Menten kinetics and
was well characterized by assays using recombinant P450s as
well as chemical inhibition and correlation studies.

GA has distinct advantages in terms of isoform selectiv-
ity. Compared to quinidine, a reportedly selective CYP3A4
probe [30], GA exhibited a higher ratio (9.5-fold) of catalytic
velocity for CYP3A4 and CYP3AS (Table I and Fig. 5a),
while this ratio is only about 4-fold for quinidine [31], and the
non-ignorable contribution of CYP3AS5 for quinidine 3-
hydroxylation has also been reported [32]. In spite of a
higher transformation efficiency (Vp,.x) of quinidine, the
intrinsic clearance (CLiy,) is offset due to its much lower
affinity (high K, value) to CYP3A4 [33] as compared to GA.
Similarly, the dominant contribution of CYP3A4 to GA 8-
hydroxylation was characterized by a higher CL;,, ratio (12.8-
fold) for CYP3A4 and CYP3AS than that of other CYP3A4-
preferred substrates, e.g., simvastatin, diltiazem, and verapa-
mil [34]. These suggested that GA was more selective to
CYP3A4 than other CYP3A4 substrates.

With respect to the structure of ligands, it is worth noting
that the dibenzocyclooctadiene lignans with six methoxy
groups on two benzene rings is the most potent co-substrate

Table II. Selective Inhibitory Effects of GA on CYP3A Substrates in Two Individual-Donor HLMs with Different Proportions of CYP3A4
and CYP3AS Proteins As Well As in thCYP3A4 and rhCYP3A5

IC50 (HLMS)

ICso (thCYPs)

Substrates Reaction HLM-7* HLM-8* Ratio (HLM-7/HLM-8) rhCYP3A5 rhCYP3A4 Ratio (3A4/3AS5)
Midazolam 1’-Hydroxylation 14.5 1.26 12 9.26 1.86 5.0
Nifedipine Dehydrogenation 11.9 5.96 2.0 722 2.34 3.1
Testosterone 63-Hydroxylation 9.65 4.89 2.0 2.12 0.87 2.4
Deoxyschizandrin ~ 7-Hydroxylation 571 1.39 4.1 38.0 6.74 5.6

ICs, values are in uM
“The total amounts of CYP3A4 and CYP3AS5 protein from the no. 7 and no. 8 individual-donor human liver microsomes (HLM-7 and HLM-8) are
approximately equal, while the CYP3AS amount in HLM-7 is almost 12-fold higher than that in HLM-8 (as shown in Supplemental Table S4).
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of CYP3A4 and CYP3AS, such as deoxyschizandrin 7-
hydroxylation [17]. In contrast, the lignans preferred to be
selectively metabolized by CYP3A4, but not CYP3AS, in
cases when the C-7 of the lignans was hydroxylated, such as
GA 8-hydroxylation and schizandrin 8-hydroxylation [18].
However, 8-hydroxylation schizandrin undergoes subsequent
rapid demethylation by CYP3A4, which might affect the
accurate quantification of the total intrinsic metabolic clear-
ance of CYP3A4.

More interestingly, the substrates appeared to be selec-
tively metabolized by CYP3A4 through hydroxylation reac-
tions, such as GA 8-hydroxylation, schizandrin 8-
hydroxylation [18], bufalin 5@-hydroxylation [14], and
resibufogenin 5p-hydroxylation [35]. In contrast, the
dealkylation reactions of substrates are generally mediated
by multiple CYP enzymes other than CYP3A4. The minor
reaction of GA demethylene is primarily catalyzed by
CYP1A2 and, to a lesser extent, by CYP3A4 (Supplemental
Fig. S5). Similarly, CYP1A2 and CYP3A4 are jointly involved
in the N-dealkylation of propafenone [36] and O-
demethylation of verapamil [37]. These findings hinted that

CYP3A4-specific probes might favor the hydroxylation reac-
tion of compounds with a rigid polycyclic skeleton.

As for the structure of enzymes, we noted that the amino
acid residues Phe57, Prol07, Phel08, Asn206, Leu210,
Arg212, Asp214, Val376, Serd78, and Leu479 within the
substrate recognition sites of CYP3A4 differed from those
of CYP3AS5 (Leu57, Ser107, Leul08, Ser206, Phe210, Lys212,
Gly214, Thr376, Asp478, and Thr479) [38, 39]. Among these,
Asp214 and Leu479 are involved in the active site of
CYP3A4 [40, 41]. On one hand, acidic Asp214in CYP3A4
was replaced by neutral Gly214 in CYP3AS5, while hydro-
phobic Leud79 in CYP3A4 was replaced by polar Thr479 in
CYP3AS. These replacements might change the electrostatic
and hydrophobic interaction between enzymes and sub-
strates. On the other hand, Phe57, Pro107, Phel08, Asn206,
Arg212, Asp214, and Leud479 within CYP3A4 are substituted
by smaller Leu57, Ser107, Leul08, Ser206, Lys212, Gly214,
and Thr479 within CYP3AS. These substitutions might
change the conformational matching between enzymes and
substrates [42], resulting in the better adaptability of CYP3A4
to GA (a rigid molecule) or making GA fail to orient itself in
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the CYP3AS active site. A total of 20 poses were obtained for
the docking of GA in the active site of CYP3A4. The optimal
binding mode was identified. In this conformation, a hydrogen
bonding interaction between the oxygen atom of C3-methoxyl
and Leu-483 was noted, along with a hydrophobic w—m
interaction between the benzene ring and Phe-304; a residue
lies on the I helix that has a key role in regioselectivity and
stereoselectivity [41, 43]. Therefore, these findings could, in part,
explain why the catalytic activity of CYP3A4 for GA 8-
hydroxylation was much higher than that of CYP3AS.

Generally, a probe substrate can act as both a substrate and
an inhibitor of the same enzyme. Different inhibitory activities
of GA towards CYP3A4 and CYP3AS5 were noted. In liver
microsomes from two individual donors, the CYP3A4 protein
contents were almost equal, but the CYP3AS5 level was
comparable. The inhibitory potentials of GA increased with
the decrease of the CYP3AS5 protein levels for the four typical
co-substrates of CYP3A4/5: midazolam, nifedipine, testoster-
one, and deoxyschizandrin [17]. Specifically, when the contribu-
tion of CYP3AS5 increased for the substrate metabolism, the
inhibitory efficiency of GA decreased and vice versa. Likewise,
in the recombinant P450s systems, the inhibitory activities of
GA towards CYP3A4-catalyzed metabolism were higher than
that towards CYP3AS5-catalyzed metabolism. These findings
further suggested that GA exhibited a higher metabolic
selectivity to the CYP3A4 enzyme.

143

In addition to the selective phenotyping of CYP3A4 in
microsomes, it is necessary to distinguishably detect the
CYP3A4 activity in living cells for a gene induction assay.
Thus, in the present study, GA was also used to detect
CYP3A4 activity to represent its gene induction by rifampin,
a well-known CYP3A4 inducer, in HepG2 cell lines. GA was
relatively nontoxic to HepG2 cells, even at a high substrate
concentration (near 10 K, value), consistent with findings
that were previously reported [21]. However, bufalin, another
reportedly CYP3A4-specific probe [14], showed strong cyto-
toxic effects on HepG2 cells, with I1Cs, values in the range of
0.12 to 0.81 pM [19, 44], far lower than its K, value (10 uM)
[14]. Because of toxicity, the application of bufalin in
measuring CYP3A4 activity in living cells is limited. Addi-
tionally, GA exhibits high membrane permeability with a
passive diffusion manner [45], which provides the possibility
of performing a cell-based assay. The CYP3A4 mRNA level
was significantly upregulated in the rifampin-treated group,
while the CYP3AS5 mRNA level was not remarkably induced,
possibly because CYP3AS is far less susceptible to induction
than CYP3A4 [46]. In spite of the low-amplitude increase of
the CYP3A4 mRNA level in hepG2 cells treated by rifampin,
GA successfully probes the CYP3A4 activity, consistent with
its mRNA expression level. However, deoxyschizandrin
cannot selectively detect the change in CYP3A4 activity
caused by rifampin, at least partly because of the non-
negligible contribution of CYP3AS to its metabolism, even
though the catalytic rate of CYP3A towards deoxyschizandrin
was almost 3 times faster than towards GA (Fig. 8b). These
results suggested that the induction of the human gene
expression of CYP3A4 could be selectively probed by a GA
8-hydroxylation assay. Furthermore, the possibility of GA
serving as an in vivo probe for clinical DDI risk assessment
could not be ruled out due to its high isoform selectivity and
excellent safety potential. However, further preclinical phar-
macokinetics and in vivo sensitivity to inhibition/induction of
GA should be thoroughly investigated before it enters clinical
trials.

CONCLUSION

In summary, GA 8-hydroxylation was a probe reaction
that was highly selective for human CYP3A4. This probe
followed ideal Michaelis-Menten kinetics, with a relatively
high affinity. The differential ligand-residue interactions
determined the catalytic selectivity of GA 8-hydroxylation
between CYP3A4 and CYP3AS. GA was not toxic to living
cells at concentrations near its K, value. GA has been
successfully applied for the real-time monitoring of the
modulation of CYP3A4 activities by inducers. These results
strongly suggested that GA with a dibenzocyclooctadiene
skeleton can be used as a novel probe to represent the
catalytic function of CYP3A4 in various biological samples,
such as liver microsomes and living cells.
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