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Abstract: Aiming to elucidate the system-wide effects of the alcohol-induced increase in the content
of cytochrome P450 2E1 (CYP2E1) on drug metabolism, we explored the array of its protein-protein
interactions (interactome) in human liver microsomes (HLM) with chemical crosslinking mass spec-
trometry (CXMS). Our strategy employs membrane incorporation of purified CYP2E1 modified with
photoreactive crosslinkers benzophenone-4-maleimide and 4-(N-succinimidylcarboxy)benzophenone.
Exposure of bait-incorporated HLM samples to light was followed by isolating the His-tagged
bait protein and its crosslinked aggregates on Ni-NTA agarose. Analyzing the individual bands of
SDS-PAGE slabs of thereby isolated protein with the toolset of untargeted proteomics, we detected
the crosslinked dimeric and trimeric complexes of CYP2E1 with other drug-metabolizing enzymes.
Among the most extensively crosslinked partners of CYP2E1 are the cytochromes P450 2A6, 2C8,
3A4, 4A11, and 4F2, UDP-glucuronosyltransferases (UGTs) 1A and 2B, fatty aldehyde dehydro-
genase (ALDH3A2), epoxide hydrolase 1 (EPHX1), disulfide oxidase 1α (ERO1L), and ribophorin
II (RPN2). These results demonstrate the exploratory power of the proposed CXMS strategy and
corroborate the concept of tight functional integration in the human drug-metabolizing ensemble
through protein-protein interactions of the constituting enzymes.

Keywords: chemical crosslinking mass spectrometry (CXMS); alcohol exposure; alcohol-drug
interactions; drug metabolism; protein-protein interactions; cytochrome P450; CYP2E1; CYP4A11;
CYP4F2; UDP-glucuronosyltransferase

1. Introduction

The primary role in the metabolism of drugs and other xenobiotics in the human body
is played by the cytochrome P450 ensemble, which is responsible for the metabolism of
over 75% of all marketed drugs and new drug candidates [1,2]. The functional versatility of
the P450 ensemble is achieved through the presence of over a dozen P450 species differing
in their substrate specificity. Although the premise that the properties of this ensemble
represent a simple aggregate of those of the constituting P450 enzymes continues to be
the cornerstone of analyzing the routes of drug metabolism, its validity is essentially
compromised [3–7]. A significant complexity in the relationship between the composition
of the pool of P450s in the human liver and the system-wide properties of the drug-
metabolizing system is brought in by the consequences of protein-protein interactions
of its constituents, including the formation of heteromeric complexes of multiple P450
species and the interactions of P450s with other drug-metabolizing enzymes and regulatory
proteins [8–12].
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Of particular significance is the role of protein-protein interactions of P450s in altering
human drug metabolism by chronic alcohol exposure. The multifold increase in P450 2E1
(CYP2E1) content in the liver and other tissues observed in both alcoholics and moderate
alcohol consumers represents one of the most important effects of alcohol on protein
expression [13,14]. The importance of this enzyme for the mechanisms of hepatotoxicity is
well recognized [13]. Conversely, the involvement of CYP2E1 in the instances of alcohol-
drug interactions is commonly considered insignificant due to its minor role in drug
metabolism [15,16].

However, the impacts of the alcohol-induced increase in CYP2E1 content on drug
metabolism and other functions of the P450s appear to be underestimated. The effects of
interactions of CYP2E1 with other P450s provide the most likely explanation for the alcohol-
induced increase in the metabolism of diazepam and doxycycline [17–19], the substrates of
CYP3A, or phenytoin, tolbutamide, and warfarin [20,21] metabolized primarily by CYP2C9.
Conclusive evidence of a direct cause-to-effect relationship between alcohol-dependent
induction of CYP2E1 and the effects of this kind is provided by our studies of the impact of
CYP2E1 on the activity of CYP3A4, CYP1A2, and CYP2C19 [22,23].

The present study explores the network of protein-protein interactions (the interac-
tome) of CYP2E1 in the endoplasmic reticulum (ER) of liver cells with a novel strategy of
chemical crosslinking mass-spectrometry (CXMS) that employs membrane incorporation
of the bait protein (CYP2E1) modified with photoreactive crosslinkers benzophenone-4-
maleimide (BPM) and 4-(N-succinimidylcarboxy)benzophenone (BPS). Interaction of BPM
with proteins results in attaching benzophenone moiety to thiol groups of surface-exposed
cysteine residues, while BPS reacts with ε-amino groups of lysines, as well as with the
N-terminal α-amino group. Exposure of the protein-attached benzophenone moiety to
near-UV (330–365 nm) light results in n-π* electronic transition. It breaks the C=O double
bond and generates a benzophenone diradical, which triplet state attacks the adjacent C-H
bonds and forms unspecific covalent crosslinks with the nearby proteins [24].

The workflow of our strategy is illustrated in Figure 1. It involves the incorporation
of BPM- or BPS-activated bait protein (CYP2E1) into microsomal membranes followed by
light exposure of bait-incorporated samples. After solubilizing the microsomal membrane
with detergent, the His-tagged bait and its crosslinked aggregates are isolated using Ni-
NTA agarose and subjected to SDS-PAGE. Analyzing the individual zones of the gel
slabs with the toolset of untargeted proteomics allows detecting crosslinked complexes
of the bait with other microsomal proteins and thus exploring the network of its protein-
protein interactions.
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This new approach allowed us to detect the crosslinked complexes of CYP2E1 with
such drug-metabolizing enzymes (DMEs) as the P450s 2A6, 2C8, 3A4, 4A11, and 4F2,
and UDP-glucuronosyltransferases (UGTs) 1A and 2B. These results demonstrate the high
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exploratory power of the proposed strategy and corroborate the concept of tight functional
integration in the human drug-metabolizing ensemble through protein-protein interactions
of the constituting enzymes.

2. Materials and Methods
2.1. Chemicals

BPM and Igepal CO-630 were the products of Sigma Aldrich Inc (St. Louis, MO,
USA). BPS was obtained from Chem-Impex Intl. Inc. (Wood Dale, IL, USA). 7-Ethoxy-4-
trifluoromethylcoumarin and 7-Hydroxy-4-trifluoromethylcoumarin were the products of
Molecular Probes Inc. (Eugene, OR, USA), now a part of Thermo Fisher Scientific (Waltham,
MA, USA). All other reagents were of ACS grade and used without additional purification.

2.2. Protein Expression and Purification

C-terminally His-tagged and N-terminally truncated ∆3–20 CYP2E1 [25] was ex-
pressed in E. coli TOPP3 cells and purified as described earlier [23].

2.3. Pooled Human Liver Microsomes

In this study, we used two different lots of Human Liver Microsomes (HLM) obtained
from 50 donors (mixed gender), namely the lots LFJ and LBA designated hereafter as HLM
(LBA) and HLM (LFJ). These preparations were purchased from BioIVT (Westbury, NY,
USA). The relative abundances of 11 major P450 species in both lots were characterized in
our earlier study [26]. The supplier-provided characterization of both lots may be found in
the Supplementary Materials to the above publication [26].

2.4. Characterization of the Content of Protein and Cytochromes P450 in HLM

The protein concentrations were determined with the bicinchoninic acid procedure [27].
The total concentration of P450s in HLM was determined with a variant of the “oxidized CO
versus reduced CO difference spectrum” method described earlier [23]. The concentration
of CPR in microsomal membranes was determined based on the rate of NADPH-dependent
reduction of cytochrome c at 25 ◦C, and the effective molar concentration of CPR was
estimated using the turnover number of 3750 min−1 [23].

2.5. Modification of CYP2E1 with BPM and BPS

The reaction with BPM was performed in 0.5 M K-phosphate buffer, pH 7.4, containing
20% glycerol. The modification with BPS was carried out in 0.125 M K-phosphate buffer, pH
8.2, containing 10% glycerol. Buffer replacement was achieved by a passage through a spin-
out column of Bio-Gel P6 (Bio-Rad, Hercules, CA, USA) and followed with a dilution to the
final protein concentration of 10 µM. The resulting protein solution was placed into a conic
glass vial and saturated with argon through gentle bubbling of the gas. In the case of BPS, at
this stage, we supplemented the incubation mixture with 0.2% Igepal CO-630 added as 10%
solution in the same buffer. The modifying reagent (BPM or BPS) was added to the desired
molar ratio to the protein (see Section 3.1) as a 10 mM solution in dimethylformamide. The
incubation vial was flushed with argon, tightly closed, and set for overnight incubation
in the dark at 4 ◦C with continuous stirring. In the case of BPM, the reaction was stopped
by adding reduced glutathione to the concentration of 1 mM. The detergent present in
the incubation mixture with BPS was removed using a DetergentOUTTM spin column
(G-Biosciences, St Louis, MO, USA). The protein was concentrated to 25–30 µM with the
use of a Centrisart I MWCO 100 kDa concentrator (Sartorius AG, Göttingen, Germany)
and passed through a spin-out column of Bio-Gel P-6 equilibrated with the protein storage
buffer (0.1 M Hepes-HCl, 10% glycerol, 150 mM KCl).

2.6. Incorporation of CYP2E1 into HLM

Incorporation of benzophenone modified CYP2E1 into HLM was performed fol-
lowing the procedure described previously [23,26,28]. Undiluted suspensions of HLM
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(20–25 mg/mL protein, 10–13 mM phospholipid) in 125 mM K-Phosphate buffer containing
0.25 M sucrose (sucrose buffer) with benzophenone-modified protein or intact purified
CYP2E1 (in control experiments) for 16–20 h in the dark at 4 ◦C under an argon atmosphere
at continuous stirring. The incubation time was adjusted based on monitoring the incor-
poration process with FRET-based techniques [23,26,28]. The protein being incorporated
was added in the amount of one molar equivalent to the endogenous P450 present in HLM.
Following the incubation, the suspension was diluted 4–8 times with the sucrose buffer
and centrifuged at 150,000× g for 90 min at 4 ◦C. Finally, the pellet was resuspended in the
same buffer to the protein concentration of 15–20 mg/mL.

2.7. Probing the Catalytic Activity of BPM- and BPS-Modified CYP2E1

To obtain catalytically active reconstituted systems with CYP2E-BPM and CYP2E1-
BPS, we incorporated these proteins into insect cell microsomes (SupersomesTM, Corning
Inc., Corning, NY, USA) containing cDNA-expressed human NADPH-cytochrome P450
reductase (CPR) along with human cytochrome b5 (SS(CPR+b5)). As reference points, we
used SS(CPR+b5) with incorporated unmodified CYP2E1 (SS(CPR+b5)2E1) and commercial
Supersomes containing cDNA-expressed full-length CYP2E1 (SS(2E1)). The preparations
of SS(CPR+b5) and SS(2E1) (product numbers 456244 and 456206, respectively) were the
products of BD Gentest, now a part of Corning Life Sciences (Tewksbury, MA, USA).

Incorporation of purified CYP2E1 and its BPM and BPS derivatives into SS(CPR+b5)
was performed with a procedure similar to that described above for CYP2E1 incorporation
into HLM. The amount of the proteins added to SS(CPR+b5) was adjusted to achieve the
2:1 molar ratio to the content of CPR calculated based on the rate of cytochrome c reduction
(see above).

The rate of oxidative deethylation of 7-Ethoxy-4-trifluoromethylcoumarin (7-EFC)
was determined with a real-time fluorescence assay [28] using Cary Eclipse fluorescence
spectrophotometer equipped with a thermostated cell holder and magnetic stirrer. The
assays were performed in 0.1 M Na-Hepes buffer, pH 7.4, under continuous stirring at 30 ◦C
in 5 × 5 mm quartz cells at the concentration of Supersomes of 3–12 nM (per CPR content).
The concentration of 7-EFC varied from 1 to 130 µM. The reaction was started by adding
a 20 mM solution of NADPH to the concentration of 100 µM. The process of formation
of 7-Hydroxy-4-trifluoromethylcoumarin (7-HFC), the fluorescent product of the reaction,
was followed by real-time monitoring of the increase in fluorescence at 495 nm (20 nm slit
width) with excitation at 405 nm (20 nm slit width). The rate of product formation was
determined from the linear approximations of the initial 120–180 s portions of the kinetic
curves using the calibration coefficient determined from a series of fluorescence intensity
measurements at stepwise additions of 2 mM solution of 7-HFC to the reaction mixture
containing no NADPH and 7-EFC.

2.8. Crosslinking of the Bait Protein and Its Subsequent Isolation from HLM

The suspension of HLM with incorporated benzophenone-modified CYP2E1 was
diluted to the protein concentration of 5 mg/mL by argon-saturated sucrose buffer and
placed into a 1 × 1 cm optical quartz cell. The cell was flushed with argon gas, tightly
closed, and exposed to a broadband UV-Vis light using a 6427 Xe flash lamp light source
(Oriel Instruments, Stratford, CT, USA) operating at 75 Hz flash rate and maximal power.
After 2 h of light exposure, the suspension was centrifuged at 105,000× g for 90 min. The
pellet was resuspended in 1 mL of 0.125 M K-phosphate buffer, pH 7.4, containing 20%
glycerol and 0.5% Igepal CO-630. The mixture was incubated for 2 h at 4 ◦C at continuous
stirring and centrifuged at 105,000× g for 90 min.

The supernatant was applied to a 0.2 mL HisPur™ Ni-NTA Spin Column (Thermo
Fisher Scientific, Waltham, MA, USA) equilibrated with the same buffer. Following one
hour of incubation of the closed column under periodical shaking, the column was washed
with multiple subsequent 1 mL portions of the same buffer containing 0.5% CHAPS until the
optical density of the flow-through at 280 nm decreases below 0.025 OD units. The bound
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protein was eluted with 500 mM K-Phosphate buffer, pH 7.4, containing 20% glycerol, 0.5%
CHAPS, and 250 mM imidazole. The detergent was removed using a Bio-Beads SM-2 resin
(Bio-Rad, Hercules, CA, USA). The protein solution was concentrated to 10–20 mg/mL
using a Centrisart I MWCO 100 kDa concentrator (Sartorius AG, Göttingen, Germany).

The control experiments were performed with unmodified CYP2E1 subjected to in-
corporation in the same microsomal preparations and subsequent isolation following the
procedure described for the benzophenone-activated protein.

2.9. Untargeted Proteomics Assays

The proteins extracted from Ni-NTA resin were subjected to SDS-PAGE on 4–15%
Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, Hercules, CA, USA). The Broad
Multi Color Pre-Stained Protein Standard from GenScript (Piscataway, NJ, USA) was used
for calibration. The gels were stained with Coomassie Brilliant Blue R-250 Staining Solution
(Bio-Rad) and subjected to fragmentation, as described under Results. The resulting gel
fragments were subjected to untargeted proteomic analysis.

The HLM(LFJ) samples were analyzed in Viktor Zgoda’s laboratory. The fragments
of the SDS-PAGE slabs were first washed twice with 10% acetic acid and 20% ethanol
for 10 min, and then five times with HPLC grade water for 2 min and two times with
40% acetonitrile and 50 mM NH4HCO3. After drying with acetonitrile and on-air, the
gel fragments were digested by trypsin using a previously described protocol [29]. MS
analysis was performed with a Q Exactive HF mass spectrometer (Q Exactive HF Hybrid
Quadrupole-Orbitrap™ Mass spectrometer, Thermo Fisher Scientific, Waltham, MA, USA)
as described earlier [29].

The HLM(LBA) samples were analyzed in the laboratory of Bhagwat Prasad. Pre-
digestion treatment of the gel fragments was performed following the procedure described
in [30]. LC-MS/MS analysis was performed with nanoLC coupled to a Q Exactive HF
hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) [31].

In both cases, the obtained raw data were processed using the MaxQuant software
(version 2.0.1.0 [32]) with the built-in search engine Andromeda. Protein identification was
performed against the complete human proteome provided by Uniprot. Carbamidomethy-
lation of cysteines was set as fixed modification, and protein N-terminal acetylation, as well
as oxidation of methionines, was selected as a variable modification for the peptide search.
The false discovery rates (FDR) for protein identifications were set to 1%.

3. Results
3.1. Modification of CYP2E1 with Benzophenone Derivatives

Incubation of CYP2E1 with BPM in the conditions described under the Materials and
Methods section resulted in the incorporation of up to three molecules of label per molecule
of the enzyme. No increase in the degree of modification or precipitation of denatured
protein was observed at increasing the amount of added BPM up to six molar equivalents
to the protein. Therefore, there are only three cysteine residues per molecule of CYP2E1
that BPM can modify without protein unfolding or inactivation. The BPM-crosslinking
experiments described below were performed with the protein labeled at the molar ratio
of 2.4–2.7.

Successful modification of CYP2E1 by BPS required the presence of detergent (Igepal
CO-630, 0.2%). Under these conditions, incubation of CYP2E1 with nine molar equivalents
of BPS did not cause any protein precipitation. It resulted in the incorporation of seven
molecules of the probe per molecule of the protein.

Figure 2 exemplifies the spectra of UV-Vis absorbance of the purified CYP2E1 and its
adducts with BPM and BPS. While modification with BPM at 3:1 molar ratio did not result
in any noticeable displacement of the spin equilibrium of the heme protein or its conversion
into the inactivated P420 state, incorporation of 7 molecules of BPS per CYP2E1 molecule
resulted in a moderate (up to 25%), formation of the P420 form of the heme protein. Similar
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to what was observed with CYP2E1-BPM adducts, the spin state of the heme protein (~70%
of the high-spin state) remained unaffected upon its modification with BPS.
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purified CYP2E1 (solid black line) and CYP2E1 modified with BPM (red) and BPS (blue). The black
dashed line shows the spectrum of absorbance of 1 µM BPM. The inset shows the spectrum of the
BPM-modified protein eluted from the Ni-NTA resin after the crosslinking experiment. The spectrum
was taken in the presence of 0.25 M imidazole. All spectra were normalized to correspond to the
heme protein concentration of 1 µM.

3.2. Effect of Modifications of CYP2E1 by BPM and BPS on the Functional Properties of
the Enzyme

To probe the effect of CYP2E1 modification by benzophenone derivatives on the func-
tional properties of the enzyme, we incorporated CYP2E1-BPM and CYP2E1-BPS into insect
cell microsomes (SupersomesTM) containing cDNA-expressed human NADPH-cytochrome
P450 reductase (CPR) along with human cytochrome b5 (SS(CPR+b5)) and studied their
activity in deethylation of 7-Ethoxy-4-trifluoromethylcoumarin (7-EFC). Although this
fluorogenic substrate is commonly used as a CYP2B6-specific probe, it can also be metab-
olized by CYP2E1 with a reasonable turnover rate [25,33,34]. To obtain the appropriate
reference points, we also studied 7-EFC metabolism by SS(CPR+b5) with incorporated
unmodified CYP2E1 (SS(CPR+b5)2E1) and commercial preparation of Supersomes con-
taining cDNA-expressed full-length CYP2E1 (SS(2E1)). To compare the turnover rates in
these preparations, we normalized the datasets on the concentration of CPR, which is the
limiting component in CYP2E1-incorporated SS(CPR+b5) samples. The only exception
is SS(2E1), where the concentrations of CYP2E1 and CPR in SS(2E1) were equal to 2 and
3.6 µM, respectively. Since the reductase was present in excess in this system, its turnover
rate was normalized per the heme protein content.

The parameters of 7-EFC metabolism by these microsomal preparations are summa-
rized in Table 1, and the respective substrate saturation profiles along with the representa-
tive kinetic curves are exemplified in Figure 3. As seen from these data, similar to that was
shown earlier with Supersomes containing rat CPR [35], incorporation of purified CYP2E1
into SS(CPR+b5) allows to obtain a catalytically active reconstituted system. Its kinetic pa-
rameters in the reaction of 7-EFC deethylation do not exhibit any substantial difference from
those characteristics of the Supersomes containing the baculovirus-expressed full-length
enzyme (Table 1). Notably, the substitution of unmodified CYP2E1 with CYP2E1-BPM has
a negligible effect on the KM and Vmax values. As seen from Table 1 and Figure 3A, the
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BPM-modified enzyme is as active as unmodified CYP2E1, and its affinity to the substrate
remains unaffected.

Table 1. Parameters of 7-EFC deethylation exhibited by intact and benzophenone-conjugated CYP2E1
incorporated into insect cell microsomes *.

Microsomal Preparation KM, µM Vmax, s−1 a

SS(2E1) 19.1 ± 5.2 0.099 ± 0.019
SS(CPR+b5)2E1 17.5 ± 3.7 0.122 ± 0.018

SS(CPR+b5)2E1-BPM 16.2 ± 0.7 0.104 ± 0.005
SS(CPR+b5)2E1-BPS 20.3 ± 3.3 1.51 ± 0.42

* The values given in the Table represent the averages of 2–4 individual experiments. The individual estimates of
KM and Vmax were obtained from fitting the substrate saturation profiles with the Michaelis–Menten equation.
The values of Vmax for CYP2E1-incorporated SS(CPR+b5) preparations are normalized per the concentration
of CPR. In the case of SS(2E1), where CPR is present in excess, the turnover rate is calculated per the CYP2E1
concentration. The “±” values show the confidence interval calculated for p = 0.05.

Biomolecules 2022, 12, x  7 of 19 
 

preparations, we normalized the datasets on the concentration of CPR, which is the lim-
iting component in CYP2E1-incorporated SS(CPR+b5) samples. The only exception is 
SS(2E1), where the concentrations of CYP2E1 and CPR in SS(2E1) were equal to 2 and 3.6 
µM, respectively. Since the reductase was present in excess in this system, its turnover 
rate was normalized per the heme protein content. 

The parameters of 7-EFC metabolism by these microsomal preparations are sum-
marized in Table 1, and the respective substrate saturation profiles along with the rep-
resentative kinetic curves are exemplified in Figure 3. As seen from these data, similar to 
that was shown earlier with Supersomes containing rat CPR [35], incorporation of puri-
fied CYP2E1 into SS(CPR+b5) allows to obtain a catalytically active reconstituted system. 
Its kinetic parameters in the reaction of 7-EFC deethylation do not exhibit any substantial 
difference from those characteristics of the Supersomes containing the baculovi-
rus-expressed full-length enzyme (Table 1). Notably, the substitution of unmodified 
CYP2E1 with CYP2E1-BPM has a negligible effect on the KM and Vmax values. As seen 
from Table 1 and Figure 3A, the BPM-modified enzyme is as active as unmodified 
CYP2E1, and its affinity to the substrate remains unaffected. 

Table 1. Parameters of 7-EFC deethylation exhibited by intact and benzophenone-conjugated 
CYP2E1 incorporated into insect cell microsomes *. 

Microsomal Preparation KM, µM Vmax, s−1 a 
SS(2E1) 19.1 ± 5.2 0.099 ± 0.019 

SS(CPR+b5)2E1 17.5 ± 3.7 0.122 ± 0.018 
SS(CPR+b5)2E1-BPM  16.2 ± 0.7 0.104 ± 0.005 
SS(CPR+b5)2E1-BPS 20.3 ± 3.3 1.51 ± 0.42 

* The values given in the Table represent the averages of 2–4 individual experiments. The indi-
vidual estimates of KM and Vmax were obtained from fitting the substrate saturation profiles with the 
Michaelis–Menten equation. The values of Vmax for CYP2E1-incorporated SS(CPR+b5) prepara-
tions are normalized per the concentration of CPR. In the case of SS(2E1), where CPR is present in 
excess, the turnover rate is calculated per the CYP2E1 concentration. The “±” values show the con-
fidence interval calculated for p = 0.05. 

  
(A) (B) 

Figure 3. The effect of modification of CYP2E1 with BPM and BPS on the kinetics of deethylation of 
7-EFC by the enzyme incorporated into Supersomes. (A) The substrate-saturation profiles obtained 
with SS(2E1) (black), SS(CPR+b5)2E1 (red), SS(CPR+b5)2E1-BPM (green) and SS(CPR+b5)2E1-BPS 
(blue). The shown datasets represent averages of two (SS(2E1), SS(CPR+b5)2E1, and 

Figure 3. The effect of modification of CYP2E1 with BPM and BPS on the kinetics of deethylation of
7-EFC by the enzyme incorporated into Supersomes. (A) The substrate-saturation profiles obtained
with SS(2E1) (black), SS(CPR+b5)2E1 (red), SS(CPR+b5)2E1-BPM (green) and SS(CPR+b5)2E1-BPS
(blue). The shown datasets represent averages of two (SS(2E1), SS(CPR+b5)2E1, and SS(CPR+b5)2E1-
BPM) or four (SS(CPR+b5)2E1-BPS) individual experiments. The turnover rates are calculated per
the CPR content, except for the SS(2E1) dataset, which is normalized on the concentration of CYP2E1.
Solid lines show the approximation of the experimental datasets with the Michaelis-Menten equation.
(B) Kinetic traces obtained with SS(2E1) (black) and SS(CPR+b5)2E1BPS (blue) at 7-EFC concentration
of 130 µM. The concentration of microsomal CPR in the incubation mixture was equal to 0.06 and
0.01 µM, respectively. Dashed lines show linear approximations of the initial portions (first 180 s) of
the traces.

The most surprising outcome of these experiments is an observation of a multifold
activation of CYP2E1 by its modification with BPS (Table 1, Figure 3A). Notably, in contrast
to unmodified CYP2E1, where the rate of 7-EFC deethylation remains constant for at least
10 min, the BPS-modified enzyme becomes inactivated in 3–4 min after the addition of
NADPH (Figure 3B). As the attachment of BPS modifies the protein amino groups, it is
very unlikely that the mechanism of this activation involves the stabilization of CYP2E1
complexes with CPR. The P450-CPR interactions are known to have an electrostatic nature
and involve surface-exposed amino groups of the heme protein [36]. The observed activat-
ing effect of BPS modification instead suggests that the modification of the CYP2E1 amino
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groups by BPS may affect the active site architecture or modify the enzyme’s conforma-
tional dynamics during the catalytic cycle. These changes boost the catalytic activity at the
expense of decreased catalytic stability. The increase in the rate of 7-EFC deethylation by
CYP2E1 caused by modifying its amino groups by BPS does not seem too unprecedented
given its low catalytic efficiency in this reaction. For instance, a similar multifold activation
of 7-EFC metabolism by CYP2E1 was caused by an F477V substitution in the enzyme’s
active site [25].

Taken together, the above observations demonstrate that the modifications of CYP2E1
with BPM and BPS do not inactivate the enzyme and do not prevent its incorporation into
the microsomal membrane or interfere with its interactions with CPR.

3.3. Incorporation of Modified CYP2E1 into HLM, Its Photo-Activated Crosslinking, and
Subsequent Isolation from the Membranes

Similar to that shown earlier for unmodified CYP2E1 [26], incubation of BPM- and
BPS-labeled protein with HLM at 1:1 molar ratio of the added CYP2E1 to endogenous
microsomal P450 content resulted in the incorporation of 70–80% of the added protein.
This estimate is based on determining the CYP2E1 content in the supernatant fraction after
separating CYP2E1-enriched microsomes by differential centrifugation.

After the light exposure of the bait-containing microsomes and solubilization of the
membranes with detergent (Igepal CO-630, 0.5%), the extracted CYP2E1 binds quantita-
tively to Ni-NTA resin. Washing the resin with 30–35 column volumes of the CHAPS-
containing buffer (see Section 2) decreased the protein absorbance band in the flow-through
from the initial 1.2 to approximately 0.025 OD units. Eluting the bound protein with 0.25 M
imidazole allowed recovering labeled CYP2E1 in the amount of up to 50% of that taken for
the experiment. The UV/Vis absorbance spectrum of the eluate (Figure 2, inset) indicated
the presence of considerable amounts of crosslinked or non-specifically bound proteins.
Consequently, SDS-PAGE assays revealed several noticeable bands corresponding to the
proteins with molecular masses different from CYP2E1 (Figure 4). As seen from Figure 4,
the pattern of the bands observed in the control experiment with unlabeled CYP2E1 re-
veals no noticeable difference from that seen with the benzophenone-activated CYP2E1
suggesting that both samples may contain non-specifically bound proteins.
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Figure 4. The scheme of fragmentation of SDS-PAGE slabs for MS/MS analysis. The SDS-PAGE slab
shown in the figure exemplifies the lanes loaded with proteins obtained in crosslinking experiments
with HLM(LFJ) using BPM-CYP2E1 (1) and BPS-CYP2E1 (2) as a bait protein and a control experiment
with the same microsomes subjected to incorporation and isolation of unlabeled CYP2E1 (4). Lanes 3
and 5 correspond to the calibrating protein ladder (5, 15, 30, 35, 50, 65, 95, 130, 175, and 270 kDa) and
the purified CYP2E1 protein, respectively.
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3.4. Identification of CYP2E1-Crosslinked Proteins with Untargeted Proteomics

To identify potential crosslinks of the benzophenone-activated CYP2E1 with other
proteins, the fragments of the SDS-PAGE slabs corresponding to the molecular masses
equal or higher than that of CYP2E1 (57 kDa) were subjected to untargeted proteomics
assays. The scheme of fragmentation of the SDS-PAGE slabs for this analysis is illustrated
in Figure 4.

To ensure reliable identification of crosslinked proteins and minimize the likelihood of
false positives, we compared the results of six individual CXMS assays, which included
three separate CXMS assays with each of the BPM and BPS crosslinkers. Two assays were
performed with HLM (LFJ) and one with HLM (LBA).

The proteomics analysis of the SDS-PAGE fragments revealed the presence of multiple
microsomal and cytoplasmic proteins. Their complete list, along with the values of peak
intensities observed in the individual gel zones in each of the six CXMS experiments, may
be found in Table S1 in the Supplementary Materials. In our analysis, we normalized the
peak intensities by dividing them by the total intensity for all proteins found in each zone.
Thus, the values shown in Table S1 (Supplementary Materials) are expressed as the percent
contribution of each protein to the total.

Most of the found peptides correspond to the proteins located in the microsomal mem-
brane or the microsomal lumen. Among those proteins, the most abundant were CYP2E1,
CES1 (liver carboxylesterase 1), and P4HB (protein disulfide isomerase). According to the
peptide peak intensity, these three proteins contribute to over 60% of all proteins found.

The identification of the potentially crosslinked proteins was based on the analysis
of their distribution between the different zones of the SDS-PAGE lanes. Theoretically, all
proteins present in the gel lane must be found in the zones corresponding to their molecular
masses at no crosslinking. All P450s, UGTs, and most of the other microsomal membranous
proteins of interest (NADPH-cytochrome P450 reductase, heme oxygenase 1, microsomal
epoxide hydrolase, flavin-containing monooxygenases, etc.) have molecular masses be-
tween 45 and 85 kDa. They must be therefore found in zones 1 and 2. Their appearance in
the higher-molecular-weight zones indicates crosslinking with the bait protein.

Analyzing Table S1 (Supplementary Materials), one can see that many abundant
microsomal proteins appear in the gel zones corresponding to the molecular masses higher
than their own, even in the control samples. These occurrences are caused by the low
resolving power of the SDS-PAGE combined with the high sensitivity of the LC-MS/MS
technique. Due to these circumstances, the only possible way to judge the presence of
crosslinked proteins in SDS-PAGE lanes is by comparing the normalized peak intensities
observed in the crosslinked samples with those found in the control experiments without
crosslinking.

In our preliminary screening of the CXMS results, we analyzed the ratios of the
normalized peak intensities observed in zones 3 and 4 (molecular masses of 85–155 kDa)
to those detected in zones 1 and 2 (45–85 kDa). The ratios calculated for the crosslinked
samples were compared with those obtained with the control samples where non-activated
CYP2E1 was subjected to the same procedure as in the experiments with BPM- and BPS-
labeled CYP2E1. The instances where the ratio observed in the crosslinked sample was
higher than that in the respective control were considered to indicate crosslinking.

We calculated these ratios for all microsomal membranous proteins with molecular
masses of 45–85 kDa found in the samples. We picked over the proteins where these
instances were encountered in at least four out of six individual CXMS experiments. The
resulting list of potential crosslinking partners of CYP2E1 is given in Table 2. Besides several
P450 species and a set of UGTs, this list includes such microsomal membranous proteins
as fatty aldehyde dehydrogenase (FALDH, gene name ALDH3A2), epoxide hydrolase 1
(EPHX1), disulfide oxidase 1α (Ero1α oxidase, ERO1L), flavin-containing monooxygenase
FMO3, and ribophorin II (RPN2), a part of N-oligosaccharyltransferase complex. Three of
these five proteins (FALDH, EPHX1, and FMO3) are immediately involved in or closely
related to xenobiotic metabolism in the liver.
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Table 2. Preliminary identification of potentially crosslinked proteins *.

Protein Group Gene Name Number of Hits

Cytochromes P450

CYP2A6 and CYP2A7 4
CYP2C8 5

CYP2C9 and CYP2C19 5
CYP3A4 4

CYP4A11 and CYP4A22 4

UDP-glucuronosyltransferases

UGT1A1 4
UGT1A4; UGT1A5 4

UGT1A6 6
UGT1A9, UGT1A8, UGT1A7,

and UGT1A10 6

UGT2B17 6
UGT2B4 6
UGT2B7 6

Other proteins of microsomal
membrane

ALDH3A2 4
EPHX1 4
ERO1L 5
FMO3 4
RPN2 4

* The table shows the results of preliminary analysis of normalized peptide peak intensities observed for all micro-
somal membranous proteins with molecular masses of 45–85 kDa detected in MS/MS assays. The identification
of potential crosslinks was based on the ratios of the normalized intensities observed in zones 3 and 4 (molecular
masses of 85–155 kDa) to those detected in zones 1 and 2 (45–85 kDa). The occurrences (hits) where this ratio
observed in the crosslinked sample was higher than that in the respective control were considered to indicate
potential crosslinking. The table lists the proteins where these instances were encountered in at least four out
of six individual CXMS experiments. The proteins listed in the same row could not be resolved in the MS/MS
assays due to their high level of sequence similarity.

Our further analysis involved a closer examination of the patterns of protein distribu-
tion between the SDS-PAGE zones. Besides the set of the proteins found in the first round of
screening (Table 2), we also analyzed the peptides corresponding to cytochrome b5 (CYB5A)
and progesterone receptor membrane component 1 (PGRMC1). These potential P450 inter-
action partners have molecular masses below 45 kDa and were not therefore considered in
the first round of screening. To avoid possible oversight of CYP2E1-interacting P450 and
UGT species, we complemented the list of proteins under analysis with all species of these
DMEs found in the crosslinked samples. In addition, we also analyzed the distribution of
liver carboxylesterase 1 (CES1) and protein disulfide isomerase (P4HB) between the gel
zones. These two highly abundant proteins were used as no-crosslinking references, as
they are located in the ER lumen and are therefore unable to interact with P450s unless the
ER membrane is destroyed.

In this analysis, we normalized the relative summarized peak intensities of all peptides
corresponding to each protein to the total of their intensities observed in all five analyzed
gel zones. The resulting values characterize the distribution of each particular protein
between the zones. At the final analysis step, we calculated the ratio of these double-
normalized values observed in crosslinking experiments to those obtained in the control
experiments with unlabeled CYP2E1.

The examples of the profiles of crosslinking-to-control ratio calculated in this way
are shown in Figure 5. These profiles represent the averages of three individual profiles
calculated for BPM- (panel A) and BPS-intermediated (panel B) crosslinking. To calculate
these averages, we arbitrarily assigned the value of 100 to the instances where no protein
was found in the control while being present in the crosslinked sample. The contrasting
difference of the profiles obtained for CYP3A4, CYP4F2, and CYP2A6 from those calculated
for CES1 and P4HB suggests an abundant formation of crosslinked aggregates of the former
three proteins with the bait (CYP2E1). As seen from Figure 5, the averaged crosslinking-to-
control ratios for CYP3A4, CYP2F2, and CYP2A6 in the SDS-PAGE zones corresponding to
molecular masses >65 kDa are up to two orders of magnitude higher than those observed
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with CES1 and P4HB, non-crosslinking reference proteins. Notably, the results obtained
with two different crosslinkers—BPM and BPS exhibit similar patterns. In both cases,
the profiles obtained with P450 enzymes display a pronounced maximum in the zone
corresponding to the molecular masses of 85–110 kDa, indicating a predominant formation
of dimeric crosslinks. Interestingly, the profiles obtained with BPS suggest a more extensive
formation of trimeric aggregates. This observation is consistent with the higher degree
of labeling in BPS-modified CYP2E1 compared to its BPM-modified counterpart (seven
benzophenone groups per protein molecule with BPS, as compared to three in the case
of BPM).
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Figure 5. Distribution of potentially crosslinked proteins between the individual bands of the SDS-
PAGE lanes obtained in the experiments with BPM-CYP2E1 (A) and BPS-CYP2E1 (B). The data shown
in the graph represent the averages of three individual experiments with HLM(LFJ) and HLM(LBA)
summarized in Table 3. The Y-axis of the plot corresponds to the ratio of normalized apparent protein
abundance in the crosslinked sample to that observed in control. The ordinate of the graph shows the
approximate averaged molecular weights of all proteins found in each band.

Results of calculating the crosslinking-to-control ratio for the proteins picked over at
the first step of screening (Table 2) along with CYB5A, PGRMC1, and all detected P450
and UGT species in all six individual experiments (three experiments with each of the two
crosslinking agents) are summarized in Table 3. Analyzing the data presented in this table,
the reader may see that, despite general conformity between the results of the individual
CXMS assays, there are some noticeable variations in the distribution of some proteins (e.g.,
CYP4A11) between the gel zones. Besides the differences of the two HLM preparations
in protein composition and dissimilarities in the crosslinking patterns of BPM and BPS,
these differences may be caused by variations in the protein loads in the LC-MS/MS assays
(see row 750 in Table S1, Supplementary Materials), the limited resolution of SDS-PAGE
technique and unavoidable slight variations in the patterns of fragmentation of the gel slabs.
Importantly, in most cases where the abundance of proteins in the zones with molecular
masses higher than their own were higher in the crosslinked samples than in the controls,
these proteins were utterly missing in the respective control zones. These instances are
identified in Table 3 with infinity sign (∞).
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Table 3. Analysis of crosslinking-to-control ratios observed in six individual CXMS experiments *.
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bold as indicative of crosslinking. Identifiers of proteins with >3 hits are shown in bold. a This row shows the approximate average molecular masses corresponding to the SDS-PAGE
zones. The masses are expressed in kilodaltons (kDa). b This row corresponds to both CYP2A6 and CYP2A7, which could not be reliably resolved in LC-MS/MS assays. c This row
corresponds to both CYPC9 and CYP2C19. d This row corresponds to both CYP4A11 and CYP4A22. e This row corresponds to both UGT 1A4 and UGT 1A5. f This row corresponds to
the total of UGT 1A7, 1A8, 1A9, and 1A10.
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In further analysis, we identified the proteins that exhibited the crosslinking-to-control
ratio higher than 30 in any of the gel zones corresponding to molecular masses higher
than that of the respective protein itself (zones 2–5 for P450s and UGTs, zones 3–5 for
NCPR and zones 1–5 for cytochrome b5 and PGRMC1). The threshold of 30 was chosen
based on the highest value encountered with no-crosslinking reference proteins (the value
of 28 observed with P4HB in Zone 2 of the HLM(LBA) sample). The proteins matching
this criterion in four or more individual experiments were considered the most probable
protein–protein interaction partners of CYP2E1. Table 3 does not show the results for
most proteins exhibiting less than three hits over the six experiments. The only exception
is NADPH-cytochrome P450 reductase. The lack of steadily detected crosslinks of this
electron-donor partner with CYP2E1 was quite unexpected.

According to this analysis, the list of the most probable interaction partners of CYP2E1
(5–6 hits) includes P450s 2A6, 3A4, and 4F2, UGTs 1A6, 1A9, 2B4, 2B10, 2B15, and 2B17. The
crosslinks of CYP2E1 with CYP4A11, CYP2C8, UGTs 1A1, 1A4, and 2B7, and cytochrome
b5 were detected in four out of six experiments, which is also indicative of high-affinity
interactions in these pairs. Other potential CYP2E1 interaction partners are fatty aldehyde
dehydrogenase (FALDH), epoxide hydrolase 1 (EPHX1), disulfide oxidase 1α (Ero1α
oxidase, ERO1L), and ribophorin II (RPN2).

4. Discussion

To our knowledge, this study is the first example of employing the CXMS technique
with a membrane-incorporated protein activated by a photo-sensitive crosslinking reagent.
The use of N-terminally truncated CYP2E1 containing C-terminal hexahistidine tag allowed
for the isolation of the crosslinked aggregates and their further analysis with SDS-PAGE and
untargeted proteomics. Along with that, the use of the truncated variant of CYP2E1 does not
preclude its incorporation into the microsomal membrane. Furthermore, the similarity of
the full-length and N-terminally truncated enzyme in the parameters of CYP2E1-dependent
catalytic turnover and protein–protein interactions with other P450 enzymes demonstrated
in our previous studies [35,37] suggest that the 3–20 truncations implemented in our
construct does not change the mode of its interactions with the membrane considerably
and do not affect the functional properties of the membrane-incorporated enzymes in any
critical way.

This conclusion is in line with the current concepts on the mode of interactions of
the microsomal P450 enzymes with the membrane, which are thought to be in large part
determined by the regions between the N-terminal anchor and α-helix A [38–40], as well as
by the hydrophobic surfaces in the regions of α-helices F’ and G’ [41–43], BC loop, and β1
sheet [44–46]. The most recent computational studies of P450 interactions with membranes
performed in Rebecca Wade’s laboratory suggest that the latter two regions are essentially
embedded into the lipid bilayer [44,46]. Furthermore, according to the X-ray structure of
the full-length CYP51, the constrained orientation of the P450 catalytic domain relative to
the membrane is dictated by a network of interactions of polar residues in the C-terminal
part of the signal-anchor and the following proline-rich region [38], which are retained in
our CYP2E1 construct, along with 11 out 23 residues of the membrane anchor sequence.

Application of our new CXMS strategy allowed us to demonstrate high-affinity
interactions of alcohol-inducible CYP2E1 protein with P450s 2A6, 3A4, 4F2, and UDP-
glucuronosyltransferases (UGTs) 1A and 2B. Our results also indicate CYP2E1 association
with cytochrome b5, CYP2C8, and CYP4A11. In contrast to CYP2E1 interactions with P450s,
UGTs, and cytochrome b5, which come as no surprise in the view of previous studies,
the indications of CYP2E1 association with ERO1L, EPHX1, FALDH, and RPN2 were
somewhat unexpected.

Similar to any crosslinking-based study of protein interactome, our approach may
be prone to false positives caused by unspecific protein–protein contacts. The chance
of capturing these transient contacts is especially significant in the crowded milieu of
the microsomal membrane, where proteins interact via lateral diffusion. In our strategy
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for crosslink detection, the likelihood of false positives is diminished by relying on the
reproducibility in multiple experiments with the use of two different crosslinkers (BPM and
BPS). Nevertheless, the false positives cannot be ruled out, especially for highly abundant
microsomal membranous proteins, such as ribophorin II. Therefore, further studies of
potential interactions of CYP2E1 with ERO1L, EPHX1, FALDH, and RPN2 are needed to
probe their specificity and possible metabolic role.

As noted above, the omission of NADPH-cytochrome P450 reductase (CPR) from the
list of CYP2E1-crosslinked proteins was quite surprising. Analysis of the profiles of CPR
distribution between SDS-PAGE zones detects the presence of CYP2E1-CPR crosslinks
only in two out of six CXMS experiments (Table 3). This unsteady detection of CYP2E1-
CPR was unexpected since both the BPM and BPS derivatives of the enzyme were shown
catalytically active in 7-EFC deethylation and therefore retained their ability to interact
with CPR. Notably, both instances of detecting crosslinks with CPR were observed with
BPS-crosslinked samples, while crosslinking with BPM yielded no hits. Thus, a plausible
explanation for the lack of a steady detection of crosslinks between CYP2E1-BPM and CPR
may be the possible absence of cysteines available for modification with BPM near the CPR
binding site in CYP2E1.

Another possible reason for the low frequency of detecting CYP2E1-CPR crosslinks is a
severe shortage of CPR compared to the concentration of its electron acceptor partners [47].
Low abundance of CPR in the microsomal membrane results in stiff competition between
multiple P450 species and other CPR-dependent enzymes, such as heme oxygenase [48,49],
to form their complexes with this universal electron donor [50,51]. Furthermore, the
formation of mixed oligomers between multiple P450 species is hypothesized to result
in selective barring of some cytochrome P450 species from interactions with CPR due
to specific organization of the P450 heterooligomers [8–11]. Following the logic of this
hypothesis, the activating effect of CYP2E1 on CYP3A4 [26] and CYP1A2 [23] suggests
that, when interacting with these highly abundant P450 species in the absence of its
specific substrates, CYP2E1 predominantly occupies the so-called “latent” positions in
heterooligomers, where its availability for interaction with CPR is limited [8,9]. As a result
of these circumstances, the interactions of CYP2E1 with CPR may be disfavored.

Detection of multiple CYP2E1-crosslinked DMEs in our CXMS experiments corrobo-
rates the premise of a complex network of inter-protein interactions in the human drug-
metabolizing ensemble. Identification of CYP3A4 as one of the most prominent interaction
partners of CYP2E1 is in good agreement with our recent observation of a multifold acti-
vation of CYP3A4 in both CYP2E1-enriched microsomes and HLM preparations obtained
from donors with a history of chronic alcohol exposure [26]. It also agrees with the results
of our studies of CYP2E1-CYP3A4 interactions with LRET [35] and homo-FRET [26] tech-
niques. Extensive interactions of CYP2E1 with CYP3A4 suggested by our results provide
possible explanations for the alcohol-induced increase in the metabolism of diazepam and
doxycycline [17–19], the substrates of CYP3A enzymes. Furthermore, CYP2E1 interactions
with CYP2A6 suggested by our results may give a clue for the increased rate of metabolism
of nicotine, a CYP2A6 substrate, in alcohol-dependent smokers [52].

Of particular interest is the observation of the crosslinking of CYP2E1 with CYP4F2
and CYP4A11, which are involved in the metabolism of arachidonic acid and its signaling
metabolites. In particular, CYP4A11 plays a central role in the synthesis of vasoactive
eicosanoids. Thus, its interactions with alcohol-inducible CYP2E1 may shed light on the
mechanisms of alcohol-induced hypertension. Concurrently, the interactions of CYP2E1
with CYP4F2, the enzyme that initiates the inactivation of leukotriene B4 (LTB4), may
impact cellular signaling by this pro-inflammatory eicosanoid. Thus, they may play a role
in modulating inflammation by alcohol exposure [53]. In addition, potential interactions of
CYP2E1 with FALDH, an enzyme catalyzing a subsequent step in LT4B degradation [54],
may also be implicated in these effects.

The two P450 proteins most confidently identified as the protein–protein interac-
tion partners of CYP2E1, namely CYP3A4 and CYP2A6, are among the most abundant
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P450 species in the ER of liver cells. The fractional content of CYP3A4 in HLM(LFJ) and
HLM(LBA) is around 44%, while CYP2A6 contributes 16–21% to the total P450 pool [26].
CYP4F2 and CYP4A11 are also relatively abundant. Each constitutes 8–15% of the HLM
P450 pool [55,56]. In contrast, the abundance of CYP2C8, another potential CYP2E1 part-
ner identified in our study, is quite low. Its fractional content barely exceeds 1% in our
HLM preparations [26]. This lesser abundance may cause less steady identification of
its crosslinks with CYP2E1. It is also possible that our analysis missed the crosslinks of
CYP2E1 with some other low-abundant P450 species.

Detection of the CYP2E1 crosslinks with UGTs 1A and 2B is in line with multiple
reports on physical interactions between P450s and UGTs and their functional effects [57,58].
It should be noted that, in contrast to cytochromes P450 located at the cytoplasmic side of
the ER, the catalytic domains of UGTs are exposed to the luminal side of the membrane.
Therefore, direct interactions between the catalytic domains of UGTs and the heme domains
of P450s do not seem possible. However, the transmembrane helix of UGT is known
to pass through the membrane and expose a C-terminal portion of the protein of about
20 amino acids to the cytoplasmic side of the ER [59,60]. The studies on the interactions
of CYP3A4 with UGT2B7 suggest that the contacting loci of the two proteins involve the
cytosolic fragment of UGT [61,62] and the α-helix J of CYP3A4 [63]. Moreover, it was also
suggested that the interactions might involve the contacts of membrane-incorporated part
of UGT with the cytosolic domain of P450, which becomes possible through its more deep
embedding into the membrane promoted by the P450–UGT association [64]. Therefore, the
interactions between CYP2E1 with UGTs came as no surprise despite the apparent opposite
orientations of these enzymes in the ER.

Most of the reports on P450-UGT interactions relate to the formation of UGTs 1A and
2B complexes with CYP3A4 [61–66], although the UGTs interactions with CYP1A1 [67]
and CYP1A2 [68] were also detected. To our knowledge, the present study is the first that
suggests the interactions between UGTs with CYP2E1. Validation of these interactions in a
direct investigation and evaluation of their possible functional consequences may provide
insight into the effects of alcohol exposure on the metabolism of drug substrates of UGTs,
such as morphine and other opioids.

The proposed strategy of analyzing the effect of photo-activated crosslinking on pro-
tein distribution between the SDS-PAGE zones allowed us to point out the most probable
protein interaction partners of the bait protein within the whole proteome of the microsomal
membrane. The use of membrane incorporation of the tagged and chemically activated
bait minimizes the risk of false positives characteristic of the strategies with nonspecific
crosslinking. However, similar to any CXMS-based approach, our strategy cannot provide
definitive proof of the physiological relevance of the detected interactions. It is also not
suitable for obtaining information on the structure and stoichiometry of the protein–protein
complexes. Answering these questions requires further investigations, which are now
under development. The planned experiments involve using the CYP2E1 interaction
partners as alternative baits in CXMS experiments with HLM and model microsomes
containing recombinant full-length CYP2E1. Another series of studies will employ cleav-
able crosslinkers in the experiments with the pairs of purified proteins incorporated into
reconstituted membranes to identify the interacting peptides and evaluate the structure of
the protein complexes.

5. Conclusions

In total, our results demonstrate the high exploratory power of the proposed CXMS
strategy and corroborate the concept of tight functional integration in the human drug-
metabolizing ensemble through protein–protein interactions of the constituting enzymes.
Further development of the proposed approach and its application for studying the inter-
actome of other P450 enzymes will help elucidate the entire network of protein–protein
interactions in the drug-metabolizing ensemble and understand the mechanisms of its
integration into a multienzyme system.



Biomolecules 2022, 12, 185 16 of 19

Supplementary Materials: The following is available online at https://www.mdpi.com/article/10.3
390/biom12020185/s1: Table S1, Results of the individual CXMS experiments.

Author Contributions: Conceptualization, D.R.D.; methodology, D.R.D., B.P., and V.G.Z.; formal
analysis, D.R.D., B.P., and V.G.Z.; investigation, B.D., D.R.D., G.Y., D.S.A., and V.G.Z.; writing—
original draft preparation, D.R.D.; writing review and editing, D.R.D., B.P., and V.G.Z.; funding
acquisition, D.R.D. and V.G.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was supported by the National Institute on Alcohol Abuse and Alcoholism
of NIH under Award Number R21AA024548. A part of MS data collection was performed using the
“Avogadro” large-scale research facilities with financial support from the Ministry of Education and
Science of the Russian Federation under Agreement 075-15-2021-933, project RF00121X0004.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw results of MaxQuant analysis of LC-MS/MS data are available in
Table S1 found in the Supplementary material to this publication. Other research materials may be
obtained from the authors upon a reasonable request.

Acknowledgments: The authors are grateful to Jeffrey P. Jones (WSU Pullman) for his research
support and continuous interest in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rendic, S.; Guengerich, F.P. Update Information on Drug Metabolism Systems-2009, Part II. Summary of Information on the

Effects of Diseases and Environmental Factors on Human Cytochrome P450 (CYP) Enzymes and Transporters. Curr. Drug Metab.
2010, 11, 4–84. [CrossRef]

2. Wienkers, L.C.; Heath, T.G. Predicting in vivo drug interactions from in vitro drug discovery data. Nat. Rev. Drug Discov. 2005, 4,
825–833. [CrossRef]

3. Gao, N.; Tian, X.; Fang, Y.; Zhou, J.; Zhang, H.F.; Wen, Q.; Jia, L.J.; Gao, J.; Sun, B.; Wei, J.Y.; et al. Gene polymorphisms and
contents of cytochrome P450s have only limited effects on metabolic activities in human liver microsomes. Eur. J. Pharm. Sci.
2016, 92, 86–97. [CrossRef]

4. Zhang, H.F.; Wang, H.H.; Gao, N.; Wei, J.Y.; Tian, X.; Zhao, Y.; Fang, Y.; Zhou, J.; Wen, Q.; Gao, J.; et al. Physiological content and
intrinsic Activities of 10 cytochrome P450 isoforms in human normal liver microsomes. J. Pharm. Exp. Ther. 2016, 358, 83–93.
[CrossRef]

5. Fang, Y.; Gao, J.; Wang, T.; Tian, X.; Gao, N.; Zhou, J.; Zhang, H.F.; Wen, Q.; Jin, H.; Xing, Y.R.; et al. Intraindividual Variation
and Correlation of Cytochrome P450 Activities in Human Liver Microsomes. Mol. Pharmaceut. 2018, 15, 5312–5318. [CrossRef]
[PubMed]

6. Fang, Y.; Gao, N.; Tian, X.; Zhou, J.; Zhang, H.F.; Gao, J.; He, X.P.; Wen, Q.; Jia, L.J.; Jin, H.; et al. Effect of P450 Oxidoreductase
Polymorphisms on the Metabolic Activities of Ten Cytochrome P450s Varied by Polymorphic CYP Genotypes in Human Liver
Microsomes. Cell Physiol. Biochem. 2018, 47, 1604–1616. [CrossRef] [PubMed]

7. Volpe, D.A. Interindividual Variability in Drug Metabolizing Enzymes. Curr. Drug Metab. 2019, 20, 1041–1043. [CrossRef]
8. Davydov, D.R. Molecular organization of the microsomal oxidative system: A new connotation for an old term. Biochem.

Mosc.-Suppl. Ser. B-Biomed. Chem. 2016, 10, 10–21. [CrossRef]
9. Davydov, D.R.; Prasad, B. Assembling the P450 puzzle: On the sources of non-additivity in drug metabolism. Thrends Pharmacol.

Sci. 2021, 42, 988–997. [CrossRef]
10. Reed, J.; Backes, W. The functional effects of physical interactions involving cytochromes P450: Putative mechanisms of action

and the extent of these effects in biological membranes. Drug Metab Rev. 2016, 48, 453–469. [CrossRef] [PubMed]
11. Reed, J.R.; Backes, W.L. Physical studies of P450-P450 interactions: Predicting quaternary structures of P450 complexes in

membranes from their X-ray crystal structures. Front. Pharmacol. 2017, 8, 28. [CrossRef] [PubMed]
12. Ryu, C.S.; Klein, K.; Zanger, U.M. Membrane Associated Progesterone Receptors: Promiscuous Proteins with Pleiotropic

Functions-Focus on Interactions with Cytochromes P450. Front. Pharmacol. 2017, 8, 159. [CrossRef]
13. Cederbaum, A.I. CYP2E1-Biochemical and toxicological aspects and role in alcohol-induced liver injury. Mount Sinai J. Med. 2006,

73, 657–672.
14. Cederbaum, A.I. Ethanol-related cytotoxicity catalyzed by CYP2E1-dependent generation of reactive oxygen intermediates in

transduced HepG2 cells. Biofactors 1998, 8, 93–96. [CrossRef] [PubMed]
15. Chan, L.-N.; Anderson, G.D. Pharmacokinetic and Pharmacodynamic Drug Interactions with Ethanol (Alcohol). Clin. Pharma-

cokinet. 2014, 53, 1115–1136. [CrossRef]

https://www.mdpi.com/article/10.3390/biom12020185/s1
https://www.mdpi.com/article/10.3390/biom12020185/s1
http://doi.org/10.2174/138920010791110917
http://doi.org/10.1038/nrd1851
http://doi.org/10.1016/j.ejps.2016.06.015
http://doi.org/10.1124/jpet.116.233635
http://doi.org/10.1021/acs.molpharmaceut.8b00787
http://www.ncbi.nlm.nih.gov/pubmed/30346185
http://doi.org/10.1159/000490934
http://www.ncbi.nlm.nih.gov/pubmed/29949783
http://doi.org/10.2174/1389200219666180817144411
http://doi.org/10.1134/S1990750816010042
http://doi.org/10.1016/j.tips.2021.09.004
http://doi.org/10.1080/03602532.2016.1221961
http://www.ncbi.nlm.nih.gov/pubmed/27500687
http://doi.org/10.3389/fphar.2017.00028
http://www.ncbi.nlm.nih.gov/pubmed/28194112
http://doi.org/10.3389/fphar.2017.00159
http://doi.org/10.1002/biof.5520080116
http://www.ncbi.nlm.nih.gov/pubmed/9699015
http://doi.org/10.1007/s40262-014-0190-x


Biomolecules 2022, 12, 185 17 of 19

16. Jang, G.R.; Harris, R.Z. Drug interactions involving ethanol and alcoholic beverages. Expert Opin. Drug Metab. Toxicol. 2007, 3,
719–731. [CrossRef]

17. Neuvonen, P.J.; Penttila, O.; Roos, M.; Tirkkonen, J. Effect of long-term alcohol consumption on the half-life of tetracycline and
doxycycline in man. Int. J. Clini. Pharm. Biopharm. 1976, 14, 303–307.

18. Sellman, R.; Kanto, J.; Raijola, E.; Pekkarinen, A. Human and animal study of elimination from plasma and metabolism of
diazepam after chronic alcohol intake. Acta Pharmacol. Tox. 1975, 36, 33–38. [CrossRef]

19. Sellman, R.; Pekkarinen, A.; Kangas, L.; Raijola, E. Reduced concentrations of plasma diazepam in chronic-alcoholic patients
following an oral-administration of diazepam. Acta Pharmacol. Tox. 1975, 36, 25–32. [CrossRef]

20. Sandor, P.; Sellers, E.M.; Dumbrell, M.; Khouw, V. Effect of short-term and long-term alcohol-use on phenytoin kinetics in
chronic-alcoholics. Clin. Pharmacol. Ther. 1981, 30, 390–397. [CrossRef]

21. Kater, R.M.H.; Roggin, G.; Tobon, F.; Zieve, P.; Iber, F.L. Increased rate of clearance of drugs from circulation of alcoholics. Am. J.
Med. Sci. 1969, 258, 35–39. [CrossRef]

22. Dangi, B.; Davydova, N.Y.; Maldonado, M.A.; Ahire, D.; Prasad, B.; Davydov, D.R. Probing functional interactions between
cytochromes P450 with principal component analysis of substrate saturation profiles and targeted proteomics. Arch. Biochem.
Biophys. 2021, 708, 108937. [CrossRef]

23. Davydova, N.Y.; Dangi, B.; Maldonado, M.A.; Vavilov, N.E.; Zgoda, V.G.; Davydov, D.R. Toward a systems approach to
cytochrome P450 ensemble: Interactions of CYP2E1 with other P450 species and their impact on CYP1A2. Biochem. J. 2019, 476,
3661–3685. [CrossRef] [PubMed]

24. Hassan, M.M.; Olaoye, O.O. Recent Advances in Chemical Biology Using Benzophenones and Diazirines as Radical Precursors.
Molecules 2020, 25, 2285. [CrossRef]

25. Spatzenegger, M.; Liu, H.; Wang, Q.M.; Debarber, A.; Koop, D.R.; Halpert, J.R. Analysis of differential substrate selectivities of
CYP2B6 and CYP2E1 by site-directed mutagenesis and molecular modeling. J. Pharm. Exp. Ther. 2003, 304, 477–487. [CrossRef]

26. Dangi, B.; Davydova, N.Y.; Maldonado, M.A.; Abbasi, A.; Vavilov, N.E.; Zgoda, V.G.; Davydov, D.R. Effects of alcohol-induced
increase in CYP2E1 content in human liver microsomes on the activity and cooperativity of CYP3A4. Arch. Biochem. Biophys.
2021, 698, 108677. [CrossRef] [PubMed]

27. Smith, P.K.; Krohn, R.I.; Hermanson, G.T.; Mallia, A.K.; Gartner, F.H.; Provenzano, M.D.; Fujimoto, E.K.; Goeke, N.M.; Olson, B.J.;
Klenk, D.C. Measurement of protein using bicinchoninic acid. Anal. Biochem. 1985, 150, 76–85. [CrossRef]

28. Davydov, D.R.; Davydova, N.Y.; Rodgers, J.T.; Rushmore, T.H.; Jones, J.P. Toward a systems approach to the human cytochrome
P450 ensemble: Interactions between CYP2D6 and CYP2E1 and their functional consequences. Biochem. J. 2017, 474, 3523–3542.
[CrossRef]

29. Davydov, D.R.; Davydova, N.Y.; Tsalkova, T.N.; Halpert, J.R. Effect of glutathione on homo- and heterotropic cooperativity in
cytochrome P450 3A4. Arch. Biochem. Biophys. 2008, 471, 134–145. [CrossRef]

30. Petushkova, N.A.; Zgoda, V.G.; Pyatnitskiy, M.A.; Larina, O.V.; Teryaeva, N.B.; Potapov, A.A.; Lisitsa, A.V. Post-translational
modifications of FDA-approved plasma biomarkers in glioblastoma samples. PLoS ONE 2017, 12, e0177427. [CrossRef] [PubMed]

31. Shevchenko, A.; Tomas, H.; Havli, J.; Olsen, J.V.; Mann, M. In-gel digestion for mass spectrometric characterization of proteins
and proteomes. Nat. Protoc. 2006, 1, 2856–2860. [CrossRef]

32. MaxQuant. Available online: https://maxquant.org/ (accessed on 21 December 2021).
33. Balhara, A.; Basit, A.; Argikar, U.A.; Dumouchel, J.L.; Singh, S.; Prasad, B. Comparative proteomics analysis of the post-

mitochondrial supernatant fraction of human lens-free whole eye and liver. Drug Metab. Disp. 2021, DMD-AR-2020-000297.
[CrossRef]

34. Ekins, S.; VandenBranden, M.; Ring, B.J.; Wrighton, S.A. Examination of purported probes of human CYP2B6. Pharmacogenetics
1997, 7, 165–179. [CrossRef]

35. Donato, M.T.; Jimenez, N.; Castell, J.V.; Gomez-Lechon, M.J. Fluorescence-based assays for screening nine cytochrome P450 (P450)
activities in intact cells expressing individual human P450 enzymes. Drug Metab. Disp. 2004, 32, 699–706. [CrossRef] [PubMed]

36. Davydov, D.R.; Davydova, N.Y.; Sineva, E.V.; Halpert, J.R. Interactions among cytochromes P450 in microsomal membranes:
Oligomerization of cytochromes P450 3A4, 3A5 and 2E1 and its functional consequences. J. Biol.Chem. 2015, 453, 219–230.

37. Lewis, D.F.V.; Hlavica, P. Interactions between redox partners in various cytochrome P450 systems: Functional and structural
aspects. Biochim. Biophys. Acta 2000, 1460, 353–374. [CrossRef]

38. Monk, B.C.; Tomasiak, T.M.; Keniya, M.V.; Huschmann, F.U.; Tyndall, J.D.A.; O’Connell, J.D., III.; Cannon, R.D.; McDonald, J.G.;
Rodriguez, A.; Finer-Moore, J.S.; et al. Architecture of a single membrane spanning cytochrome P450 suggests constraints that
orient the catalytic domain relative to a bilayer. Proc. Natl. Acad. Sci. USA 2014, 111, 3865–3870. [CrossRef]

39. Williams, P.A.; Cosme, J.; Sridhar, V.; Johnson, E.F.; McRee, D.E. Mammalian microsomal cytochrome P450 monooxygenase:
Structural adaptations for membrane binding and functional diversity. Mol. Cell 2000, 5, 121–131. [CrossRef]

40. Liu, J.; Tawa, G.J.; Wallqvist, A. Identifying Cytochrome P450 Functional Networks and Their Allosteric Regulatory Elements.
PLoS ONE 2013, 8, e81980. [CrossRef] [PubMed]

41. Baylon, J.L.; Lenov, I.L.; Sligar, S.G.; Tajkhorshid, E. Characterizing the Membrane-Bound State of Cytochrome P450 3A4:
Structure, Depth of Insertion, and Orientation. J. Am. Chem. Soc. 2013, 135, 8542–8551. [CrossRef]

42. Berka, K.; Paloncyova, M.; Anzenbacher, P.; Otyepka, M. Behavior of Human Cytochromes P450 on Lipid Membranes. J. Phys.
Chem. B 2013, 117, 11556–11564. [CrossRef] [PubMed]

http://doi.org/10.1517/17425255.3.5.719
http://doi.org/10.1111/j.1600-0773.1975.tb00769.x
http://doi.org/10.1111/j.1600-0773.1975.tb00768.x
http://doi.org/10.1038/clpt.1981.178
http://doi.org/10.1097/00000441-196907000-00005
http://doi.org/10.1016/j.abb.2021.108937
http://doi.org/10.1042/BCJ20190532
http://www.ncbi.nlm.nih.gov/pubmed/31750875
http://doi.org/10.3390/molecules25102285
http://doi.org/10.1124/jpet.102.043323
http://doi.org/10.1016/j.abb.2020.108677
http://www.ncbi.nlm.nih.gov/pubmed/33197431
http://doi.org/10.1016/0003-2697(85)90442-7
http://doi.org/10.1042/BCJ20170543
http://doi.org/10.1016/j.abb.2008.01.001
http://doi.org/10.1371/journal.pone.0177427
http://www.ncbi.nlm.nih.gov/pubmed/28493947
http://doi.org/10.1038/nprot.2006.468
https://maxquant.org/
http://doi.org/10.1124/dmd.120.000297
http://doi.org/10.1097/00008571-199706000-00001
http://doi.org/10.1124/dmd.32.7.699
http://www.ncbi.nlm.nih.gov/pubmed/15205384
http://doi.org/10.1016/S0005-2728(00)00202-4
http://doi.org/10.1073/pnas.1324245111
http://doi.org/10.1016/S1097-2765(00)80408-6
http://doi.org/10.1371/journal.pone.0081980
http://www.ncbi.nlm.nih.gov/pubmed/24312617
http://doi.org/10.1021/ja4003525
http://doi.org/10.1021/jp4059559
http://www.ncbi.nlm.nih.gov/pubmed/23987570


Biomolecules 2022, 12, 185 18 of 19

43. Cojocaru, V.; Balali-Mood, K.; Sansom, M.S.P.; Wade, R.C. Structure and Dynamics of the Membrane-Bound Cytochrome P450
2C9. PLoS Comput. Biol. 2011, 7, e1002152. [CrossRef]

44. Mustafa, G.; Nandekar, P.P.; Bruce, N.J.; Wade, R.C. Differing Membrane Interactions of Two Highly Similar Drug-Metabolizing
Cytochrome P450 Isoforms: CYP 2C9 and CYP 2C19. Int. J. Mol. Sci. 2019, 20, 4328. [CrossRef]

45. Mustafa, G.; Nandekar, P.P.; Camp, T.J.; Bruce, N.J.; Gregory, M.C.; Sligar, S.G.; Wade, R.C. Influence of Transmembrane Helix
Mutations on Cytochrome P450-Membrane Interactions and Function. Biophys. J. 2019, 116, 419–432. [CrossRef]

46. Mustafa, G.; Nandekar, P.P.; Mukherjee, G.; Bruce, N.J.; Wade, R.C. The Effect of Force-Field Parameters on Cytochrome
P450-Membrane Interactions: Structure and Dynamics. Sci. Rep. 2020, 10, 7284. [CrossRef]

47. Gomes, A.M.; Winter, S.; Klein, K.; Turpeinen, M.; Schaeffeler, E.; Schwab, M.; Zanger, U.M. Pharmacogenomics of human liver
cytochrome P450 oxidoreductase: Multifactorial analysis and impact on microsomal drug oxidation. Pharmacogenomics 2009, 10,
579–599. [CrossRef]

48. Connick, J.P.; Reed, J.R.; Cawley, G.F.; Backes, W.L. Heteromeric complex formation between human cytochrome P450 CYP1A1
and heme oxygenase-1. Biochem. J. 2021, 478, 377–388. [CrossRef]

49. Connick, J.P.; Reed, J.R.; Cawley, G.F.; Backes, W.L. Heme oxygenase-1 affects cytochrome P450 function through the formation of
heteromeric complexes: Interactions between CYP1A2 and heme oxygenase-1. J. Biol. Chem. 2021, 296. [CrossRef]

50. Esteves, F.; Urban, P.; Rueff, J.; Truan, G.; Kranendonk, M. Interaction Modes of Microsomal Cytochrome P450s with Its Reductase
and the Role of Substrate Binding. Int. J. Mol. Sci. 2020, 21, 6669. [CrossRef] [PubMed]

51. Kandel, S.E.; Lampe, J.N. Role of Protein-Protein Interactions in Cytochrome P450-Mediated Drug Metabolism and Toxicity. Chem.
Res. Toxicol. 2014, 27, 1474–1486. [CrossRef] [PubMed]

52. Gubner, N.R.; Kozar-Konieczna, A.; Szoltysek-Boldys, I.; Slodczyk-Mankowska, E.; Goniewicz, J.; Sobczak, A.; Jacob, P.; Benowitz,
N.L.; Goniewicz, M.L. Cessation of alcohol consumption decreases rate of nicotine metabolism in male alcohol-dependent
smokers. Drug Alcohol Depen. 2016, 163, 157–164. [CrossRef] [PubMed]

53. Lehnert, M.; Kovacs, E.J.; Molina, P.E.; Relja, B. Modulation of Inflammation by Alcohol Exposure. Mediat. Inflamm. 2014, 2014,
283756. [CrossRef] [PubMed]

54. Rizzo, W.B. Sjogren-Larsson syndrome: Molecular genetics and biochemical pathogenesis of fatty aldehyde dehydrogenase
deficiency. Mol. Genet. Metab. 2007, 90, 1–9. [CrossRef]

55. Michaels, S.; Wang, M.Z. The Revised Human Liver Cytochrome P450 “Pie”: Absolute Protein Quantification of CYP4F and
CYP3A Enzymes Using Targeted Quantitative Proteomics. Drug Metab. Disp. 2014, 42, 1241–1251. [CrossRef]

56. Uehara, S.; Murayama, N.; Nakanishi, Y.; Nakamura, C.; Hashizume, T.; Zeldin, D.C.; Yamazaki, H.; Uno, Y. Immunochemical
quantification of cynomolgus CYP2J2, CYP4A and CYP4F enzymes in liver and small intestine. Xenobiotica 2015, 45, 124–130.
[CrossRef]

57. Ishii, Y.; Iwanaga, M.; Nishimura, Y.; Takeda, S.; Ikushiro, S.I.; Nagata, K.; Yamazoe, Y.; Mackenzie, P.I.; Yamada, H. Protein-
protein interactions between rat hepatic Cytochromes P450 (P450s) and UDP-glucuronosyltransferases (UGTs): Evidence for the
functionally active UGT in P450-UGT complex. Drug Metab. Pharmacok. 2007, 22, 367–376. [CrossRef]

58. Hu, D.G.; Hulin, J.U.A.; Nair, P.C.; Haines, A.Z.; McKinnon, R.A.; Mackenzie, P.I.; Meech, R. The UGTome: The expanding
diversity of UDP glycosyltransferases and its impact on small molecule metabolism. Pharmacol. Ther. 2019, 204. [CrossRef]

59. Radominska-Pandya, A.; Ouzzine, M.; Fournel-Gigleux, S.; Magdalou, J. Structure of UDP-glucuronosyltransferases in mem-
branes. In Phase II Conjugation Enzymes and Transport Systems; Sies, H., Packer, L., Eds.; Methods in Enzymology; Elsevier
Academic Press Inc.: San Diego, CA, USA, 2005; Volume 400, pp. 116–147.

60. Miyauchi, Y.; Kimura, S.; Kimura, A.; Kurohara, K.; Hirota, Y.; Fujimoto, K.; Mackenzie, P.I.; Tanaka, Y.; Ishii, Y. Investigation of
the Endoplasmic Reticulum Localization of UDP-Glucuronosyltransferase 2B7 with Systematic Deletion Mutants. Mol. Pharm.
2019, 95, 551–562. [CrossRef]

61. Ishii, Y.; Egoshi, N.; Miyauchi, Y.; Yamada, H. Mutual modulation of UDP-glucuronosyltransferases and cytochrome P450 3A4:
The domains involved in the functional and physical interactions. Drug Metab. Pharmacok. 2017, 32, S21. [CrossRef]

62. Miyauchi, Y.; Ishii, Y.; Nagata, K.; Yamazoe, Y.; Mackenzie, P.I.; Yamada, H. Suppression of cytochrome P450 3A4 activity by
UDP-glucuronosyltransferase (UGT) 2B7: The role of charged residue(s) in the cytosolic tail of UGT2B7. Drug Metab. Rev. 2015,
47, 34.

63. Takeda, S.; Ishii, Y.; Iwanaga, M.; Nurrochmad, A.; Ito, Y.; Mackenzie, P.I.; Nagata, K.; Yamazoe, Y.; Oguri, K.; Yamada, H.
Interaction of Cytochrome P450 3A4 and UDP-Glucuronosyltransferase 2B7: Evidence for Protein-Protein Association and
Possible Involvement of CYP3A4 J-Helix in the Interaction. Mol. Pharm. 2009, 75, 956–964. [CrossRef] [PubMed]

64. Miyauchi, Y.; Tanaka, Y.; Nagata, K.; Yamazoe, Y.; Mackenzie, P.I.; Yamada, H.; Ishii, Y. UDP-Glucuronosyltransferase (UGT)-
mediated attenuations of cytochrome P450 3A4 activity: UGT isoform-dependent mechanism of suppression. Brit. J. Pharmacol.
2020, 177, 1077–1089. [CrossRef]

65. Fremont, J.J.; Wang, R.W.; King, C.D. Coimmunoprecipitation of UDP-glucuronosyltransferase isoforms and cytochrome P450
3A4. Mol. Pharm. 2005, 67, 260–262. [CrossRef] [PubMed]

66. Ishii, Y.; Koba, H.; Kinoshita, K.; Oizaki, T.; Iwamoto, Y.; Takeda, S.; Miyauchi, Y.; Nishimura, Y.; Egoshi, N.; Taura, F.; et al.
Alteration of the Function of the UDP-Glucuronosyltransferase 1A Subfamily by Cytochrome P450 3A4: Different Susceptibility
for UGT Isoforms and UGT1A1/7 Variants. Drug Metab. Disp. 2014, 42, 229–238. [CrossRef]

http://doi.org/10.1371/journal.pcbi.1002152
http://doi.org/10.3390/ijms20184328
http://doi.org/10.1016/j.bpj.2018.12.014
http://doi.org/10.1038/s41598-020-64129-7
http://doi.org/10.2217/pgs.09.7
http://doi.org/10.1042/BCJ20200768
http://doi.org/10.1074/jbc.RA120.015911
http://doi.org/10.3390/ijms21186669
http://www.ncbi.nlm.nih.gov/pubmed/32933097
http://doi.org/10.1021/tx500203s
http://www.ncbi.nlm.nih.gov/pubmed/25133307
http://doi.org/10.1016/j.drugalcdep.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27107849
http://doi.org/10.1155/2014/283756
http://www.ncbi.nlm.nih.gov/pubmed/24648659
http://doi.org/10.1016/j.ymgme.2006.08.006
http://doi.org/10.1124/dmd.114.058040
http://doi.org/10.3109/00498254.2014.952800
http://doi.org/10.2133/dmpk.22.367
http://doi.org/10.1016/j.pharmthera.2019.107414
http://doi.org/10.1124/mol.118.113902
http://doi.org/10.1016/j.dmpk.2016.10.093
http://doi.org/10.1124/mol.108.052001
http://www.ncbi.nlm.nih.gov/pubmed/19158361
http://doi.org/10.1111/bph.14900
http://doi.org/10.1124/mol.104.006361
http://www.ncbi.nlm.nih.gov/pubmed/15486048
http://doi.org/10.1124/dmd.113.054833


Biomolecules 2022, 12, 185 19 of 19

67. Taura, K.; Naito, E.; Ishii, Y.; Mori, M.A.; Oguri, K.; Yamada, H. Cytochrome P450 1A1 (CYP1A1) inhibitor alpha-naphthoflavone
interferes with UDP-glucuronosyltransferase (UGT) activity in intact but not in permeabilized hepatic microsomes from 3-
methylcholanthrene-treated rats: Possible involvement of UGT-P450 interactions. Biol. Pharm. Bull. 2004, 27, 56–60. [CrossRef]
[PubMed]

68. Fujiwara, R.; Itoh, T. Extensive Protein-Protein Interactions Involving UDP-glucuronosyltransferase (UGT) 2B7 in Human Liver
Microsomes. Drug Metab. Pharmacok. 2014, 29, 259–265. [CrossRef]

http://doi.org/10.1248/bpb.27.56
http://www.ncbi.nlm.nih.gov/pubmed/14709899
http://doi.org/10.2133/dmpk.DMPK-13-RG-096

	Introduction 
	Materials and Methods 
	Chemicals 
	Protein Expression and Purification 
	Pooled Human Liver Microsomes 
	Characterization of the Content of Protein and Cytochromes P450 in HLM 
	Modification of CYP2E1 with BPM and BPS 
	Incorporation of CYP2E1 into HLM 
	Probing the Catalytic Activity of BPM- and BPS-Modified CYP2E1 
	Crosslinking of the Bait Protein and Its Subsequent Isolation from HLM 
	Untargeted Proteomics Assays 

	Results 
	Modification of CYP2E1 with Benzophenone Derivatives 
	Effect of Modifications of CYP2E1 by BPM and BPS on the Functional Properties of the Enzyme 
	Incorporation of Modified CYP2E1 into HLM, Its Photo-Activated Crosslinking, and Subsequent Isolation from the Membranes 
	Identification of CYP2E1-Crosslinked Proteins with Untargeted Proteomics 

	Discussion 
	Conclusions 
	References

