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ABSTRACT: Cytochrome P450 1A (CYP1A), one of the most
important phase I drug-metabolizing enzymes in humans, plays a
crucial role in the metabolic activation of procarcinogenic
compounds to their ultimate carcinogens. Herein, we reported
the development of a ratiometric two-photon fluorescent probe
NCMN that allowed for selective and sensitive detection of
CYP1A for the first time. The probe was designed on the basis of
substrate preference of CYP1A and its high capacity for O-
dealkylation, while 1,8-naphthalimide was selected as fluorophore
because of its two-photon absorption properties. To achieve a highly selective probe for CYP1A, a series of 1,8-naphthalimide
derivatives were synthesized and used to explore the potential structure−selectivity relationship, by using a panel of human CYP
isoforms for selectivity screening. After screening and optimization, NCMN displayed the best combination of selectivity,
sensitivity and ratiometric fluorescence response following CYP1A-catalyzed O-demetylation. Furthermore, the probe can be
used to real-time monitor the enzyme activity of CYP1A in complex biological systems, and it has the potential for rapid
screening of CYP1A modulators using tissue preparation as enzyme sources. NCMN has also been successfully used for two-
photon imaging of intracellular CYP1A in living cells and tissues, and showed high ratiometric imaging resolution and deep-tissue
imaging depth. In summary, a two-photon excited ratiometric fluorescent probe NCMN has been developed and well-
characterized for sensitive and selective detection of CYP1A, which holds great promise for bioimaging of endogenous CYP1A in
living cells and for further investigation on CYP1A associated biological functions in complex biological systems.

■ INTRODUCTION

Cytochrome P450s (CYPs) comprise a superfamily of multi-
functional heme-thiolate proteins that play an important role in
the oxidative metabolism of various xenobiotics and endoge-
nous compounds.1,2 The CYP1A subfamily has been
extensively studied because of its capacity to catalyze a vast
number of endogenous substrates, environmental toxins and
clinical drugs.3−5 CYP1A enzymes are mainly localized to the
endoplasmic reticulum of various mammalian cells and play a
key role in bioactivation of a wide range of procarcinogenic
compounds (such as aflatoxins, heterocyclic aromatic amines
and polycyclic aromatic hydrocarbons) to endotoxic inter-
mediates or ultimate carcinogens, which contribute to tumor
formation and thus increase the incidence of cancers.6,7

Notably, both the expression and function of CYP1A can be
modulated by a variety of therapeutic drugs and environmental
factors, such as high-level aflatoxin exposure and smoking.8

Thus, there is an imperative need to develop a practical method
for rapid, sensitive detection and real-time monitoring of the
enzyme activity of CYP1A in biological systems, which will be
very helpful to evaluate individual variations in CYP1A-involved

drug disposition and to identify the potential abnormalities of
this cancer-associated enzyme.
In humans, CYP1A subfamily consists of two members,

CYP1A1 and 1A2. These two isoforms share highly conserved
amino acid sequence homology and overlapping substrate
spectra, but differ with respect to tissue-specific expression.9

CYP1A1 is generally expressed in extra-hepatic tissues, such as
lung epithelium, skin, and placenta,10,11 whereas CYP1A2 is
abundantly expressed in liver, representing ∼4−16% of the
total hepatic P450 pool.12 In contrast to other CYPs, CYP1A
exhibits relatively planar and small active cavity and shows a
certain preference for dealkylation of polycyclic aromatic
compounds (such as theophylline and phenacetin).13 Another
structural feature of CYP1A is that its active cavity is rich of
hydroxyl amino acids, and some of which (such as Thr-118,
Ser-122, Thr-124 in CYP1A2 or Ser-116, Ser-120 and Ser-122
in CYP1A1) have been reported to play key roles in substrate
binding via hydrogen bond (H-bond) interactions.14 These
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findings indicate that H-bond and π−π interactions may
contribute to CYP1A-substrate binding and/or catalysis.
In the past decades, molecular fluorescence probes have been

widely used to monitor the key enzymes in human biological
processes, owing to their high selectivity, nondestructiveness,
easy management, as well as capability of being applicable to
high-throughput screening.15−17 Although several fluorescent
probes for CYP1A have been reported and applied to measure
its activity in tissue samples,18,19 all of these traditional
fluorescent probes work with one photo microscopy (OPM)
and detect CYP1A activity by intensity-responsive fluorescence
signal, which can be interfered with the excitation and emission
efficiency, probe concentration, and environmental condi-
tions.20,21 In contrast, ratiometric fluorescent probes provide
the practical advantage of built-in corrections for such
variability by employing the ratio of two different bands in
the emission spectra.22−25 Furthermore, two-photon excited
(TPE) fluorescent probe based bioimaging can obtain
improved three-dimensional spatial localization and increased
imaging depth, as well as reduce phototoxicity or photodamage
to biological samples over traditional single-photon excited
fluorescent probes.26−29 Therefore, it is highly desirable to
combine the advantages of ratiometric fluorescent probe with
two-photon microscopy (TPM) imaging for precise detection
of target enzyme(s), especially in complex biological systems.
This study aimed to develop a novel ratiometric two-photon

fluorescent probe for highly selective sensing the enzyme
activity of CYP1A in complex biological systems. 4-Hydroxy-
1,8-naphthalimide (HN) was selected as the basic fluorophore
as it possesses a polycyclic aromatic skeleton and has desirable
photophysical properties, such as large Stokes shifts, high
photostability and significant two-photon absorbability at near-
infrared wavelength.30−33 Modulation of the electron donating
ability of C-4 phenol group will trigger significant changes in
both absorption and emission spectra, which makes HN and its
derivatives desirable ratiometric two-photon fluorescence
probes based on the mechanism of internal charge transfer
(ICT).34 In our preliminary study, a series of O-alkylated HN
derivatives were synthesized to evaluate their potential as good
substrates of CYP1A (Table S1). The initial screening revealed
that 4-methoxy-1,8-naphthalimide (MN) displayed ideal
reactivity toward CYP1A. Nevertheless, it can also be rapidly
O-demethylated by other CYPs including CYP2B6 and
CYP2C19 (Table S1). To improve their selectivity toward
CYP1A, a series of N-substituted MN derivatives were
synthesized. Given that the active cavity of CYP1A was rich
of hydroxyl amino acids, several N-substitutes with hydrogen
bond acceptor were purposely introduced into the HN
skeleton. Among these newly synthesized N-substituted HN
derivatives, N-(3-carboxy propyl)-4-methoxy-1,8-naphthalimide
(NCMN) displayed good reactivity and high selectivity toward
CYP1A over other CYPs isoforms. The methoxy group of
NCMN could be selectively cleaved by CYP1A, leading to the
release of N-(3-carboxy propyl)-4-hydroxy-1,8-naphthalimide
(NCHN). As a result, CYP1A-mediated NCMN-O-demethy-
lation led to discernible color changes and substantial red-
shifted fluorescence emission (Scheme 1). These findings
promoted us to further characterize the selectivity and
sensitivity of this CYP1A probe, and explore the feasibility
and practicability of its use in complex biological systems.

■ RESULTS AND DISCUSSION
Design and Synthesis of NCMN. NCMN could be readily

synthesized with N-(3-carboxy propyl)-4-bromo-1,8-naphthali-
mide as the starting materials (Scheme S1) and its structure
was fully characterized by 1H NMR, 13C NMR and HRMS
spectra (Supporting Information). NCMN could be metabo-
lized to form a single metabolite upon the addition of human
liver microsome (HLM), or CYP1A in the NADPH-generating
system under physiological conditions (pH 7.4 at 37 °C). The
formation of this metabolite was time-, NADPH-, and enzyme-
dependent. The metabolite was identified as NCHN by
comparison of LC retention times, UV and MS spectra with
the help of standard (Figure S2). As shown in Figure 1a and 1b,

NCMN-O-demethylation brought a remarkable fluorescence
enhancement at 564 nm (for metabolite), accompanying with a
gradually decrease in the emission peak at 452 nm (for
NCMN). Meanwhile, the color of the incubated samples turned
from colorless to yellow, indicating that NCMN could serve as
a “‘naked-eye’” colorimetric indicator for target enzyme(s).
More importantly, the large emission shift with a desirable red-
shifted emission after biotransformation (112 nm) implied that
this probe could serve as a ratiometric florescence probe to
measure the catalytic activity of target enzyme(s) in human
biological samples. Of note, to test the feasibility of NCMN as a
CYP1A probe, the performance of NCMN and NCHN in
phosphate buffer saline (PBS) with different pH values ranging
from 2 to 10 was tested. As shown in Figure S3, pH of the
medium displayed negligible effects on the fluorescence

Scheme 1. Structure of NCMN and Its Fluorescence
Response toward CYP1A

Figure 1. (a) Normalized absorption spectra of NCMN (20 μM) upon
addition of CYP1A (100 nM). (b) Emission spectra of NCMN (20
μM) upon addition of CYP1A (100 nM). Fluorescence responses of
NCMN (100 μM) toward various species of enzymes in HLM (c) and
HLuM (d).
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intensity for both NCMN and NCHN over the pH range of
7.0−10.0, suggesting that NCMN could function properly
under physiological conditions (pH 7.4).
Selectivity Screening of NCMN. The selectivity of

NCMN was investigated by a series of P450 isoforms
distributed in human liver and lung.35,36 As shown in Figure
1c and Figure 1d, CYP1A1 and CYP1A2 caused remarkable
changes in fluorescence spectrum, whereas no obvious changes
in fluorescence were observed upon addition of other CYP
isoforms. The NCMN demethylation rates in both CYP1A1
and CYP1A2 are 15-fold higher than that in other human
CYPs. These results suggested that NCMN was highly selective
for CYP1A over other human CYPs. To further validate the
selectivity of NCMN in complex biological systems (such as
human liver preparations), chemical inhibition assays were
conducted in HLM by using selective inhibitors of major
human CYP isoforms. As shown in Figure S4, the formation of
NCHN could be potently inhibited by ABT (a broad CYP
inhibitor) and furafylline (a selective and potent inhibitor of
CYP1A).37 In contrast, inhibitors of other CYP isoforms
displayed minor effects on this (CYP1A mediated) bio-
transformation. These results indicated that the NCMN-O-
demethylation was selectively catalyzed by CYP1A in human
tissues.
Fluorescence Sensing Behavior of NCMN toward

CYP1A. Next, the linear response ranges for CYP1A
quantification with NCMN as probe substrate were evaluated
under physiological conditions. As shown in Figure S5, the
formation rates of NCHN in both CYP1A1 and CYP1A2 were
linear with reaction time, the ratio of fluorescence intensities
(564 nm/452 nm) exhibited a good linearity (R2 > 0.99) with
the incubation time up to 50 min. On the basis of these
findings, the following assays related to quantitative analysis for
CYP1A were conducted within 50 min. The detection limits of
NCMN for CYP1A were evaluated as 0.02 nmol·mL−1 and 0.05
nmol·mL−1, in CYP1A2 and CYP1A1, respectively (Figure S6).

The responses of NCMN toward target enzymes with different
concentrations were also investigated. As shown in Figure 2,
good linearity relationships (R2 > 0.99) between the
fluorescence intensity ratio (564 nm/452 nm) and enzyme
concentrations in the range of 0 to 500 nM were obtained. The
excellent selectivity and high reactivity of the fluorescence-
based assay indicated that NCMN could serve as an efficient
tool to measure the enzyme activities of CYP1A in biological
samples.
The kinetic behavior was also crucial for the quantitative

applications of the activity-based fluorescent probes.38 In this
study, the kinetic behaviors of NCMN-O-demethylation were
well characterized in different enzyme sources including
recombinant CYP1A2, CYP1A1, HLM and HLuM (human
lung microsomes). NCMN-O-demethylation in these enzyme
sources followed the classic Michaelis−Menten kinetics, as
evidenced by the corresponding Eadie-Hofstee plots (Figure
S7). As shown in Table 1, NCMN-O-demethylation in both
HLM and CYP1A displayed high affinity (Km < 12 μM) and
good reactivity (kcat/Km > 1.0 nmol·min−1·nmol−1 CYP). In
contrast to HLM, HLuM displayed much lower reactivity for
NCMN-O-demethylation, which could be attributed to the low

Figure 2. Fluorescence spectra changes of NCMN (10 μM) in the presence of increasing CYP1A2 (a) and CYP1A1 (b) in reaction system
incubated for 50 min. Concentration-dependent fluorescence intensity ratios change at 452 and 564 nm (I564 nm/I452 nm) of NCHN to NCMN (10
μM) in the presence of increasing CYP1A2 (c) and CYP1A1 (d) after incubation for 50 min.

Table 1. Kinetic Parameters of NCMN-O-Demethylation
Determined in Different Enzyme Sourcesa

enzyme sources kcat Km (μM) kcat/Km

HLM (pooled) 25.61 ± 0.15 9.54 ± 0.24 2684.48
CYP1A2 32.06 ± 0.50 9.80 ± 0.67 3271.43
HLuM (pooled) 2.76 ± 0.03 7.92 ± 0.44 348.48
CYP1A1 17.44 ± 0.20 11.99 ± 0.53 1454.54

akcat values were in nmol min−1 mg−1 protein for liver and lung
microsomes, or in nmol min−1 nmol−1 CYP for CYP1A. The range of
substrate concentrations was 1 to 150 μM. Each value was the mean ±
SD of determinations performed in duplicate.
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expression of CYP1A1 in human lung.39 To the best of our
knowledge, this is the first time to characterize the enzyme
kinetics of CYP1A in human extrahepatic tissue preparations.
These results demonstrated that NCMN-O-demetylation
exhibited good reactivity and ideal kinetic behaviors, which
prompted us to apply this probe for quantitative measurement
of CYP1A in complex biological samples.
Quantification of CYP1A in Human Liver Microsomes.

As shown in Figure 3a, the catalytic activities of CYP1A
mediated NCMN-O-demethylation in a panel of 12 HLMs
from different individuals were depicted. More than 15-fold
variations in the catalytic activity were observed, in good
agreement with the previously reported results in CYP1A
activity obtained from individual HLMs.40 These data were
then compared with the corresponding catalytic activities of
CYP1A in these individual samples, as determined by a
traditional nonflorescent probe (phenacetin) of CYP1A. As
shown in Figure 3b, the O-demethylation rates of NCMN were
highly consistent with the O-deethylation rates of phenacetin in
these individual HLMs. Furthermore, the rates of NCMN-O-
demethylation also agreed well with the levels of CYP1A2 in
these individual HLMs, which were determined by a
proteomics-based approach (Figure 3c).41 These results
confirmed that NCMN-O-dealkylation exhibited excellent
selectivity toward CYP1A in human liver.
High-Throughput Screening of CYP1A Inhibitors.

Encouraged by the above-mentioned findings, we subsequently
employed NCMN as a fluorescent substrate to rapidly screen
CYP1A inhibitors. Three known inhibitors of CYP1A including
furafylline, resveratrol and a-naphthoflavone were used, and
their inhibitory effects on CYP1A mediated NCMN-O-
dealkylation in both HLM and recombinant human CYP1A2
were evaluated. As expected, the inhibitory tendency and IC50
values of these three inhibitors were consistent in these

different enzyme sources, indicating that HLM could be used as
the enzyme source instead of the more expensive recombinant
CYP1A in such assays (Figure 3d, 3e and 3f). These findings
demonstrated that NCMN could serve as a highly selective
florescence probe for high-throughput screening and character-
ization of CYP1A modulators using human liver preparations as
enzyme sources.

Two-Photon Properties of NCMN. The two-photon
absorption cross sections of NCMN and NCHN were
determined by the two-photon induced fluorescence measure-
ment technique. As shown in Figure S8, both NCMN and
NCHM could be excited with near-infrared light (two-photon
absorption), while the two-photon action cross section (Φδ)
values of both substrate and product were much close under
excitation at 820 nm (74 and 72 GM, respectively). These
results suggested that this probe could serve as a two-photon
ratiometric fluorescent probe for imaging of CYP1A in living
specimens with considerable high resolution and sensitivity.

Bioimaging Applications in Living Cells. To further
expand the potential applications of this newly developed probe
in bioimaging related fields, especially cellular fluorescence
imaging, NCMN was intentionally applied for bioimaging of
endogenous CYP1A in living A549 and HepG2 cells. A methyl
ester derivative of NCMN (NCMNe) with improved
permeability was synthesized and characterized (Figure
S9),42,43 which could be rapidly hydrolyzed by human esterases
to release NCMN. The cell viability of A549 and HepG2 cells
in the presence of both NCMN and NCMNe were examined
by a standard MTT assay. As shown in Figure S10, both
NCMN and NCMNe exhibited relatively low toxicity toward
the human cells examined. Particularly, no obvious cytotoxicity
was observed in the presence of NCMNe even at high
concentration (100 μM) at 37 °C for 48 h. NCMNe was then

Figure 3. (a) The catalytic activities of CYP1A in 12 individual HLMs using NCMN as the probe substrate. (b) Correlation analysis between
NCMN (10 μM) O-demethylation and phenacetin (10 μM) O-deethylation. (c) Correlation analysis between NCMN (10 μM) O-demethylation
and the level of CYP1A2 by HLMs from individuals. The activities for NCMN were expressed by the formation rate of NCHN (λex/λem = 450/564
nm). Dose-inhibition curves of furafylline (0.025−2.5 μM) (d), resveratrol (0.5−50 μM) (e), and α-naphthoflavone (0.0025−0.25 μM) (f) on
NCMN (20 μM) O-demethylation in HLM (0.25 mg/mL) and CYP1A2 (100 nM).
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used for imaging endogenous CYP1A in living A549 and
HepG2 cells.
A549 cells were loaded with NCMNe (50 μM) at 37 °C for 1

h and subsequently washed with PBS buffer to remove the free
probes, which ensured probes to be mainly localized in the
targeted organelles. As expected, the cells exhibited both single-
photon and two-photon excited intense intracellular fluores-
cence in blue and green channel (Figure 4a−e), corresponding
to the fluorescence of substrate at 452 nm and the fluorescence
of product at 564 nm. In sharp contrast, upon pretreatment of
cells with CYP1A selective inhibitor furafylline (50 μM), the
fluorescence intensity decreased significantly in the green
channel and increased evidently in the blue channel (Figure
4f−j). It was evident that the changes in fluorescence response
were dependent on the intracellular CYP1A-mediated NCMN-
O-demethylation. Hence, these data showed that NCMN could
be used for both single-photon and two-photon-excited
bioimaging and for sensing the real activity of CYP1A in living
cells.
NCMNe could also be applied for quantitative detection of

CYP1A in both intact cells and cell homogenate. To
demonstrate this potential use, a known CYP1A inducer
(2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD) was used to
evaluate its effects on the expression and activity of CYP1A
in HepG2 cells.44 As shown in Figure 5 and Figure 6, two
different concentrations of TCDD (1 and 10 nM) were used to
stimulate the expression of CYP1A in living HepG2 cells. After
coincubation with TCDD for 3 days, HepG2 cells showed
strong fluorescence responses in green channel (Figure 5d−f),
corresponding to the fluorescence of NCHN at 564 nm. In
contrast to the control samples (without TCDD), there was an
11-fold increase in CYP1A activity in cell homogenate upon
addition of 10 nM TCDD (Figure 6a). Furthermore, the
elevated CYP1A activities were consistent with the increased
protein levels of CYP1A as assayed by Western blot analysis
(Figure 6b and Figure S11). These findings clearly showed that
NCMN could be used to screen potent CYP1A inducers and to
determine the enzyme activity of endogenous CYP1A in living
cells.

3D Depth Imaging of CYP1A in Rat Liver Tissues. To
further assess the performance of NCMN for bioimaging
applications, we investigated the applicability of this probe for
tissue imaging. Prior to tissue imaging, the specificity of NCMN

Figure 4. Confocal fluorescence images of A549 cells. Cells incubated with NCMNe (50 μM) for 1h (top); cells pretreated with Furafylline (50 μM)
and then incubated with NCMNe for 1 h (bottom). Single photon images were acquired using 405 nm excitation and fluorescent emission windows:
(a,f) bright-field images; (b,g) blue emission channel; (c,h) green emission channel. Two photon images were acquired using 820 nm excitation and
fluorescence emission windows: (d,i) blue = 420−460 nm; (e,j) green = 495−540 nm. Scale bar: 60 μm.

Figure 5. Two-photon confocal fluorescence images of HepG2 cells.
Cells incubated with NCMNe (50 μM) for 1 h (a,d); cells pretreated
with TCDD (1 nM) (b,e) ; TCDD (10 nM) (c,f) and then incubated
with NCMNe for 1 h. Images were acquired using 820 nm excitation
and fluorescence emission windows: blue = 420−460 nm (a−c), green
= 495−540 nm (d−f). Scale bar: 60 μm.

Figure 6. (a) NCMN O-demethylation by cell homogenates prepared
from HepG2 cells pretreated with TCDD (0,1,10 nM). (b) The levels
of CYP1A in HepG2 cells were analyzed by Western blots. Data are
shown as mean ± SD (n = 3).
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toward CYP1A in rat liver was investigated first. As shown in
Figure S12, NCMN could be rapidly dealkylated in rat liver
preparations, while NCMN-O-demethylation could be signifi-
cantly blocked by several known selective inhibitors of CYP1A,
suggesting that NCMN-O-demethylation in rat liver is also
CYP1A dependent. Next, a slice of liver freshly isolated from a
7-week-old rat was incubated with 50 μM NCMNe for 1h at 37
°C. As shown in Figure 7a and 7b, these TPM images revealed

strong fluorescence responses in both blue and green channels
at a depth of 100 μm, indicating that CYP1A are abundant in
rat liver. Consistently, CYP1A was also found abundantly
expressed in individual cells (Figure 7c and 7d). Moreover, the
TPM images at the depths 20, 40, 60, 80, 100, and 120 μm
showed the CYP1A distribution in each xy plane along the z
direction (Figure S13). All these results demonstrated that
NCMN displayed good capability of tissue penetration and was
suitable for direct two-photon fluorescent depth imaging of
ultratrace CYP1A in tissues.
Docking Simulation of NCMN into the Reported

Structure of CYP1A2 and CYP1A1. Molecular modeling
study was carried out to provide deep insight into CYP1A-
mediated NCMN O-demethylation. As shown in Figure 8,
NCMN could be well docked into the active cavity of CYP1A2
and CYP1A1. Three similar H-bonds between NCMN and
CYP1A2 (with Thr-118, Thr-124, and Asp-313), and CYP1A1
(with Ser-116, Ser-122, and Asp-313) were observed. Notably,
the carboxyl group of NCMN could form an H-bond with Thr-
124 in CYP1A2 or Ser-122 in CYP1A1, implying that the
carboxyl group played an important role in the recognition and
binding of CYP1A through H-bond interactions, as expected in
the probe design.45 As a result, the hammerhead score value of
the bioactive pose of NCMN in CYP1A2 (−34.83) is slightly
higher than that in CYP1A1 (−30.36), which is consistent with
the binding affinity values of NCMN toward these two isoforms

(Table S2). In addition, molecular docking studies showed that
NCMN could orient itself better in the active site of CYP1A2
than CYP1A1 with proton-iron distances of 2.64 and 3.78 Å,
respectively. These findings may, or at least in part, account for
the reason why the catalytic rate of NCMN by CYP1A2 is
higher than that by CYP1A1 and verify the key roles of H-bond
interactions in CYP1A mediated NCMN-O-demethylation.

■ CONCLUDING REMARKS
In summary, we reported the development of a highly selective
ICT-based two-photon ratiometric fluorescent probe NCMN
for ratiometric detection of human cytochrome P450 1A for the
first time. The fluorescent probe NCMN was designed for the
selective detection of CYP1A based on its catalytic function and
substrate preference, as well as two-photon absorption
properties of naphthalimide fluorophore. NCMN is a naked-
eye visible and ratiometric fluorescence probe, which can be
selectively dealkylated by CYP1A and trigger remarkable
changes in absorption and fluorescence spectra. Because of its
excellent selectivity toward CYP1A and its good fluorescence
properties, NCMN can be used to quantify CYP1A enzyme
activity and to real-time monitor the changes in CYP1A
associated biological functions in complex biological systems.
Meanwhile, ratiometric TPM bioimaging of NCMN and its
metabolite revealed that this probe could also be used for real-
time measurement of the enzyme activity of endogenous
CYP1A in several cell lines as well as in rat liver tissues. All
these features suggested that NCMN could serve as a promising
tool for exploring the biological functions of CYP1A in
xenobiotics metabolism, toxicological assessments and other
related fields. Furthermore, the strategies employed in the
design and optimization of this probe may shed new lights on
the development of other highly specific fluorescent probes for
a given drug-metabolizing enzyme.

■ EXPERIMENTAL SECTION
Full details regarding materials, synthesis and characterization of
compounds, more detailed experimental procedures are described in
the Supporting Information.

CYP Reaction Phenotyping Assays. Thirteen cDNA-expressed
human CYP isoforms coexpressing NADPH-P450 reductase
(CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, CYP2J2, CYP3A4, CYP3A5, CYP4F2 and
CYP4F3) were used to screen the involved isoform(s) for
demethylation of NCMN in HLM, while eight cDNA-expressed
human CYP isoforms (CYP1A1, CYP2A13, CYP2B6, CYP2D6,
CYP2E1, CYP2J2, CYP3A4 and CYP3A5) were used to screen the
involved isoform(s) in HLuM. The incubations were carried out under
the above-mentioned incubation conditions with each of CYP isoform.

Figure 7. TPM images of a fresh rat liver slice stained with 50 μm
NCMNe at depth of ≈100 μm with magnification at 60× (a,b) and
100 × (c,d). Images were acquired using 820 nm excitation and
fluorescent emission windows: (a,c) blue = 420−460 nm; (b,d) green
= 495−540 nm. Scale bars: 30 μm.

Figure 8. Docking simulation of NCMN into CYP1A2 (a) and
CYP1A1 (b). Heme and iron atoms are colored with brown and green,
respectively.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b09854
J. Am. Chem. Soc. 2015, 137, 14488−14495

14493

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09854/suppl_file/ja5b09854_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09854/suppl_file/ja5b09854_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09854/suppl_file/ja5b09854_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09854/suppl_file/ja5b09854_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b09854


To generate adequate metabolites for detection, a relative high
substrate concentration (100 μM) was used and incubated with each
of the recombinant CYPs (40−80 nM) at 37 °C for 30 min.
Chemical Inhibition Assays. O-demethylation of NCMN in

pooled HLM in the absence or presences of selective inhibitors for
different CYP isoforms were measured to verify the involved
enzyme(s) for this biotransformation. In brief, NCMN (10 μM,
relevant to the Km values) was incubated in HLM (0.25 mg/mL) with
an NADPH-generating system in the absence (control) or presence of
known CYP isoform-specific inhibitors. The selective inhibitors and
their concentrations were as follows:46 montelukast (2 μM) for
CYP2C8, sulfaphenazole (10 μM) for CYP2C9, omeprazole (20 μM)
for CYP2C19, quinidine (10 μM) for CYP2D6 and clomethiazole (50
μM) for CYP2E1. Inhibition by furafylline (10 μM) for CYP1A2,
tranyleypromine (1 μM) for CYP2A6,47 TEPA (50 μM) for CYP2B6,
troleandomycin (200 μM) for CYP3A and ABT (500 μM) for broad
CYPs were assayed by preincubation with NADPH-generating system
at 37 °C for 20 min. Other procedures including termination step and
sample preparation were depicted as described previously. The
inhibitory effects were expressed as percent decrease in fluorescence
intensities ratio (I564/I452). Data were fit to log (inhibitor) vs
normalized responseVariable slope equation using GraphPad
Prism 6 (GraphPad Software, San Diego, CA).
Enzyme Kinetics Analysis. To estimate the kinetic parameters of

NCMN O-demethylation in different enzyme sources, the incubation
conditions were optimized to ensure the formation rates of NCHN
were in the linear range in relation to incubation time and protein
concentration at 37 °C. NCMN (dissolved in acetonitrile previously)
was serially diluted to the required concentrations (2.5, 5, 10, 25, 50,
75, 100, 150 μM), and the final concentration of acetonitrile was 1%
(v/v). NCMN was incubated with pooled human liver microsomes
and pooled human lung microsomes (0.25 mg protein/mL) for 25
min, or with recombinant CYP1A2 and CYP1A1 (75 nM) for 30 min.
All incubations were performed in duplicate, and the fluorescence
intensity was recorded continuously as described above. The
relationship between [S] and [V] was plotted, and fitted to the
Michaelis−Menten equation. Data analysis was performed by a
nonlinear regression using GraphPad Prism 6 (GraphPad Software,
San Diego, CA).
Correlation Studies. In order to evaluate the applicability of

NCMN as a selective indicator for measurement of CYP1A activity in
human biological samples, the formation rates of the metabolite(s)
described for NCMN in a panel of 12 HLMs from individuals were
determined and compared with the catalytic activities of CYP1A to
their marker substrates as well as levels of CYP1A. Phenacetin was
used as a probe substrate for CYP1A.48 The demethylation of NCMN
(10 μM near Km values) was performed in HLM (0.25 mg/mL) for 30
min. Phenacetin (40 μM) was incubated with HLM (0.25 mg/mL) for
30 min. Phenacetin and its deethylation product were determined by
LC-UV at 250 nm.49 Then the rates of NCMN demethylation in 12
individual HLMs were compared with the rates of phenacetin
deethylation. In addition, the formation rates of NCMN were also
compared with the levels of CYP1A2 in 12 individual HLMs. The
concentrations of CYP1A2 in HLM were determined by liquid
chromatography-tandem mass spectrometer (LC-MS/MS), using
multiple reaction monitoring (MRM) mode and isotope labeled
peptide as the internal standards. Specific peptides of YLPNPALQR
(for CYP1A2) were selected for their quantification by using transition
ion of 536.3/584.3.41 The correlation parameter was expressed by the
linear regression coefficient (R2). P < 0.005 was considered statistically
significant.
CYP1A Inhibitors Screening. The assay was performed in a 96-

well microplate. A mixture of NCMN (10 μM), NADPH-generating
system, three CYP1A selective inhibitors of furafylline (0−2.5 μM),50

resveratrol (0−50 μM),51 and a-naphthoflavone (0−0.25 μM) and
recombinant CYP1A2 (75 nM) or HLM (0.25 mg/mL) in potassium
phosphate buffer (100 mM, pH 7.4) containing less than 1% DMSO
(total volume 200 μL), was incubated for 50 min at 37 °C.52

Fluorescence measurements were performed using a Synergy H1
Hybrid Multi-Mode Microplate Reader (Bio Tek). Inhibition

percentage was calculated by comparing to control sample samples
that were incubated under identical conditions, except in the absence
of the inhibitors.

Cell Culture and Fluorescence Imaging. A549 (human lung
cancer line) and HepG2 (human hepatoma cell line) were grown in
Dulbecco’s modification of Eagle’s medium Dulbecco (DMEM/high:
with 4.5 g/L Glucose, 4.0 mM L-Glutamine, and 110 mg/L Sodium
Pyruvate), supplemented with fetal bovine serum of 10%. Washed
twice with FBS-free DMEM, the adherent cells were incubated with/
without 50 μM furafylline (preparing in FBS-free DMEM) for 1 h at
37 °C in CO2 incubator of 5%. At a 50 μM final concentration, stock
solution of probe NCMNe (5 mM) in DMSO was diluted into the cell
culture media (FBS free). The cells were then incubated at 37 °C for
another 1h, and then washed with PBS (pH 7.4) for three times, and
then imaged on confocal microscope (Olympus, FV1000, Japan).

Tissue Slices Preparation and Two-Photon Fluorescence
Imaging. Slices were prepared from the liver of 7-weeks-old rat. Slices
were cut to 300 mm thickness by a vibrating-blade microtome in 25
mM PBS (pH 7.4). For the control experiments, slices were incubated
with 20 mM NCMNe in PBS buffer bubbled with 95% O2 and 5%
CO2 at 37 °C for 40 min. Slices were then washed three times with
PBS, transferred to glass-bottomed dishes (Nest, 35 mm dish with 20
mm well), and observed under a two-photon confocal microscope
(Olympus, FV1000, Japan). The two-photon fluorescence emission
was collected at wavelength between 460 and 540 nm upon excitation
at 820 nm with a femtosecond pulse.

Preparation of S9 Fractions and Western Blot Analysis.
HepG2 cells were washed, resuspended, and sonicated in ice-cold PBS
buffer. The S9 fractions were prepared following centrifugation at
9000g for 20 min. Supernatants were collected and protein contents
were assessed by the BCA reagent assay (Beyotime, Jiangsu, CHN).
Eighty mircograms of protein per sample was loaded per well on 10%
polyacrylamide gels. After electrophoresis performed, the separated
proteins were transferred onto Sequi-Blot PVDF membranes (Bio-
Rad, Hercules, CA) in transfer buffer [192 mM glycine, 25 mM Tris-
base, pH 8.3, 20% (v/v) methanol]. Membranes were blocked with 5%
nonfat dried milk in TBS-T buffer [20 mM Tris-HCl, pH 8.0, 50 mM
NaCl, 0.1% (v/v) Tween-20] at room temperature for 1 h.
Membranes were then incubated with anti-Cytochrome P450 1A2
antibody (Abcam, Cambridge, UK) overnight at 4 °C and further
incubated with HRP-conjugated anti-antibody (Abcam, Cambridge,
UK) for 1 h. GAPDH (GenScript, New Jersey, USA) was used to
establish as the internal standard. The blots were washed three times
with TBS-T buffer, and the immunereactive protein bands were
detected by enhanced chemiluminescence (Vilber Lourmat, Marne-la-
Valleé, FRA).

Molecular Docking. Docking simulation was performed by using
SYBYL (X-1.1). Here, the X-ray crystallographic structure of human
cytochrome P450 1A2 (coded as 2HI4) and P450 1A1 (coded as 4I8
V) were selected for docking analysis. After the backbone and variable
modeling, a 1000-step minimization was carried out to obtain a low-
energy conformation without any steric clashes between side chains.
With the crystal structure of 1A2 and 1A1, the bioactive binding
conformations of NCMN were generated using Surflex-Dock, which
were evaluated by an empirical function ChemScore, one of the most
suitable scoring functions for P450s superfamily.53
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