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Abstract
We have previously reported the synthesis of four α-cyano-containing ethers based on 2-
naphthaldehyde (2-NA) as cytochrome P450 (P450) fluorescent substrates. Activity detection was
based on the formation of fluorescent 2-NA following substrate hydrolysis. A major limitation of
these substrates was the need to remove NADPH, a required cofactor for P450 oxidation, before
measuring 2-NA fluorescence. In this article, we report the synthesis of a new series of novel P450
substrates using 6-dimethylamino-2-naphthaldehyde (6-DMANA), which has a green fluorescent
emission that is well separated from the NADPH spectrum. A major advantage of the 6-DMANA
substrates is that NADPH removal is not required before fluorescence detection. We used eight α-
cyano ether-based substrates to determine the O-dealkylation activity of human, mouse, and rat liver
microsomes. In addition, substrate activities were compared with the commercial substrate 7-
ethoxyresorufin (7-ER). The catalytic turnover rates of both the 6-DMANA- and 2-NA-based
substrates were in some cases threefold faster than the catalytic turnover rate of 7-ER. The 2-NA-
based substrates had greater turnover than did the 6-DMANA-based substrates. Murine and rat liver
microsomes prepared from animals that had been treated with various P450 inducers were used to
examine for isozyme-selective turnover of the substrates. The vastly improved optical properties and
synthetic flexibility of the α-cyano ether compounds suggest that they are possibly good general P450
substrates.
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Cytochrome P450s (P450s or CYP)1 are heme proteins that exist in variety of forms, with more
than 500 different P450 isozymes reported. These enzymes play a significant role in the
metabolism of a wide variety of xenobiotics, such as pesticides, food additives, and industrial
chemicals, as well as endogenous compounds [1]. Because the P450s are among the most
important enzyme families involved in the oxidative metabolism of drugs in mammalian
systems [2], analysis of drug metabolism by P450s has become an essential part of the drug
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development process [3,4]. P450 activity can also be responsible for insect resistance to many
pesticides [5-7]. There are a number of different assay systems available for measuring P450
activity, including alkoxyresorufins, alkoxycoumarins, and their modified analogues [8-11].

Our laboratory has reported that α-cyano-containing esterase substrates have very low
background fluorescence and are stable under most enzyme assay conditions [2]. The assays
using these substrates had increased sensitivity relative to many other standardized assays
[12,13]. We have also reported the design and synthesis of a P450 substrate [14] that also
possessed the α-cyano group and had very low background fluorescence. P450 activity is
detected via decomposition of the O-dealkylation intermediate forming the highly fluorescent
2-naphthaldehyde (2-NA). In addition, these substrates are stable under typical enzyme assay
conditions. However, 2-NA was found to have an emission wavelength similar to that of
NADPH, which is a required cofactor for P450 oxidation. Therefore, it was necessary to remove
excess NADPH from the assay. This process was circumvented by using a new technique for
the rapid removal of NADPH, but a major limitation of the resulting assay is that only endpoint
measurements, rather than kinetic measurements, were possible.

This study was designed to develop highly sensitive fluorescent substrates of P450 that did not
require the removal of NADPH. In this article, we describe the design and synthesis of four
fluorescent substrates for P450 that contain an α-cyano group and 6-dimethylamino-2-
naphthaldehyde (6-DMANA) as a fluorescent probe. We have tested these substrates as well
as the original substrates based on 2-NA to characterize their properties and specificity. For
comparison, the P450 activity was also investigated with the most commonly used substrate,
7-ethoxyresorufin (7-ER).

Materials and methods
Reagents

NADPH, glucose-6-phosphate, NADP, glucose-6-phosphate dehydrogenase, dimethyl
sulfoxide (DMS O), bovine serum albumin (BSA), and 7-ER were purchased from Sigma (St.
Louis, MO, USA). DEAE sepharose fast flow was purchased from Pharmacia (Uppsala,
Sweden). Bradford reagent was obtained from Bio-Rad (Hercules, CA, USA). 7-Hydroxy-4-
tri-fluoromethylcoumarin was purchased from Molecular Probes (Eugene, OR, USA). All
other reagent-grade chemicals were obtained from Aldrich (Milwaukee, WI, USA). Substrates
1–4 have been reported previously [14]. All substrates used in this study were synthesized as
racemic mixtures.

Fisher 344 rat liver microsomes and expressed rat CYP1A1 were from Wheelock et al. [15]
and Grant et al. [16], respectively. Human microsomes were purchased from BD Gentest
(Woburn, MA, USA).

Instrumentation
1H NMR and 13C NMR spectra were obtained on a Mercury 300 spectrometer (Varian, Palo
Alto, CA, USA). Chemical shift values are reported in parts per million with CDCl3 as the
solvent and TMS as the internal standard. GC/MS values were determined on a Hewlett–
Packard model 5890 gas chromatograph equipped with an HP 5973 mass detector (Hewlett–
Packard, Arondale, PA, USA) and a 30 m × 0.25-mm i.d. capillary column coated with a 0.25
μm film of 5:95 methylphenyl-substituted dimethylpolysiloxane (DB–5ms, J & W Scientific,
Folsom, CA, USA). The LC/MS system consisted of a Micromass Quattro Ultima triple
quadrupole tandem mass spectrometer (Micromass, Manchester, UK) equipped with an
atmospheric pressure ionization source. Melting points were determined using a Thomas
Hoover capillary melting point apparatus (A. H. Thomas, Philadelphia, PA, USA) and are
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uncorrected. Fluorescent detection was performed with a Fluoromax-2 fluorospectrometer
(Instruments SA, Edison, NJ, USA). UV absorption was measured on a Cary 100 Bio
spectrophotometer (Varian, Walnut Creek, CA, USA).

Synthesis
All solvents were dried before use. Hexamethylphosphoramide (HMPA) was dried over
CaH2 and benzene was dried over sodium and distilled prior to use. Trimethyl orthoformate,
triethyl orthoformate, pentyl alcohol, and benzyl alcohol were dried over 4Å molecular sieves.
Thin-layer chromatography (TLC) used 0.2-mm glass plates precoated with silica gel 60
F254 (Merck, Darmstadt, Germany), and chemical detection was based on the quenching of
fluorescence from UV light at 254nm. Flash chromatographic separations were carried out on
40-μm average particle size Baker silica gel (Fisher, Tustin, CA, USA).

All chemical reactions were performed under an inert atmosphere. As shown in Scheme 1, 6-
DMANA is readily prepared from the commercially available 6-methoxynaphthaldehyde
[17]. The target P450 fluorogenic probes were synthesized according to our previously reported
procedure by refluxing the aldehyde with trimethyl orthoformate, triethyl orthoformate, pentyl
alcohol, and benzyl alcohol, respectively, to give the requisite diacetals [14]. After removing
the excess solvent under reduced pressure, one alkoxy group is replaced with cyanide in high
yield following the addition of cyanotrimethylsilane and a catalytic amount of SnCl2. All new
compounds were characterized via 1H NMR, GC/MS, and elemental analysis. The purity of
all compounds was greater than 97% as determined by LC/MS.

6-Dimethylamino-2-naphthaldehyde
Gaseous dimethylamine was introduced into a mixture of 5.7 ml anhydrous
hexamethylphosphoramide and 7 ml dry benzene until 1.05 g (23.1 mmol) was dissolved.
Hammered Li wire (0.15 g, 21 mmol) was cut into small pieces and added under argon. Shortly
thereafter, a deep red color gradually developed in the reaction mixture with some warming.
After dissolution of the lithium that occurred in 1–2 h, 1.02 g (5.4 mmol) of 6-methoxy-2-
naphthaldehyde was added. The reaction was stirred at room temperature overnight (12–16 h).
The reaction was quenched with 2 ml of absolute ethanol and then was poured onto crushed
ice, extracted with diethyl ether (3× 20 ml), washed with water (3× 5 ml), and dried over
magnesium sulfate. After evaporation of solvent, the solid was recrystallized from 95% ethanol
to give a bright yellow crystal (0.91 g) with a total yield of 85%, mp 108–109 °C; TLC Rf 0.60
(hexane:EtOAc = 3.5:1, v/v); 1H NMR (CDCl3): δ 3.07 (s, 6H, N(CH3)2), 6.85–6.86 (m, 1H),
7.13–7.16 (m, 1H), 7.62–7.65 (m, 1H), 7.77–7.83 (m, 2H), 8.11–8.12 (m, 1H), 9.99 (s, 1H,
CHO); MS (EI-70 ev): m/z % 199 [M+, 100],170 [(M-CHO)+,10.5], 154 [(M-N(CH3)2)+, 9.5].

2-(2-(Dimethylamino)naphthalen-6-yl)-2-methoxyethanenitrile 5
This was a white plate crystal with a total yield of 83%, mp 99–100 °C; TLC Rf 0.77
(hexane:EtOAc = 3.5:1, v/v); 1H NMR (CDCl3): δ 3.05 (s, 6H, N(CH3)2), 3.50 (s, 3H,
OCH3), 5.32 (s, 1H, CHCN), 6.88–7.80 (m, 6H, Ar-H); MS (EI-70 ev): m/z % 240 [M+, 30],
209 [(M-OCH3)+, 100], 193 (12.6), 166 (5.7), 104 (6); ESI–MS: calcd. for C15H16N2O [(M
+H)+], 241.1342; found: 241.1345.

2-(2-(Dimethylamino)naphthalen-6-yl)-2-ethoxyethanenitrile 6
This was a bright yellow powder with a total yield of 89%, mp 65–66 °C; TLC Rf 0.56
(hexane:EtOAc = 5:1, v/v). 1H NMR (CDCl3): δ 1.32 (t, J = 6.8 Hz, 3H, CH3), 3.20 (s, 6H, N
(CH3)2), 3.67–3.92 (m, 2H, OCH2), 5.42 (s, 1 H, CHCN), 7.60–7.80 (m, 2H), 7.90–8.19 (m,
4 H); MS (EI-70 ev): m/z % 254 [M+, 30], 209 [(M-OCH2CH3)+, 100], 193 [(M-OCH2CH3–

Kang et al. Page 3

Anal Biochem. Author manuscript; available in PMC 2006 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CH4)+, 12.4], 166 (5.7), 104 (7.1); anal. calcd. for C16H18N2O: C, 75.56; H, 7.13; N, 11.01;
found: C, 75.73; H, 7.38; N, 10.63.

2-(2-(Dimethylamino)naphthalen-6-yl)-2-pentoxyethanenitrile 7
This was a white needle-like crystal with a total yield of 86%, mp 62–63 °C; TLC Rf 0.62
(hexane:EtOAc = 3.5:1, v/v); 1H NMR (CDCl3): δ 0.80–1.00 (m, 5H), 1.23–1.35 (m, 2H),
1.50–1.62 (m, 2H), 3.08 (s, 6H, N(CH3)2), 3.50–3.78 (m, 2H), 5.38 (s, 1H, CHCN), 7.40–7.46
(m, 2H, Ar-H), 7.68–7.84 (m, 4H, Ar-H); MS (EI-70 ev): m/z % 296 [M+, 24.8], 209 [(M-
OC5H11)+, 100], 193 [(M-OC5H11-CH4)+ , 10.5], 166 (4.8), 104 (2.4); anal. calcd. for
C19H24N2O: C, 76.99; H, 8.16; N, 9.45; found: C, 77.26; H, 8.35; N, 9.50.

2-(2-(Dimethylamino)naphthalen-6-yl)-2-benzyloxyethanenitrile 8
Conversion of the aldehyde to the diacetal is accomplished in only 50% yield. Conversion of
the diacetal to the α-cyano ether occurs with yields up to 95%. The target compound is a white
needle-like crystal, mp 91–92 °C; TLC Rf 0.73 (hexane:EtOAc = 3.5:1, v/v); 1H NMR
(CDCl3): δ 3.10 (s, 6H, N(CH3)2), 4.66–4.84 (m, 2H, OCH2), 5.39 (s, 1H, CHCN), 7.20–7.30
(m, 3H), 7.32–7.46 (m, 5H), 7.66–7.86 (m, 3H); MS (EI-70 ev): m/z % 316 [M+, 23.3], 209
[(M-OCH2Ph)+, 100], 193 [(M-OCH2Ph-CH4)+ ,11.9], 166 (7.6); ESI–MS: calcd. for
C21H20N2O [(M+H)+], 317.1655; found: 317.1632.

Properties of aldehydes and substrates
Fluorescent spectra of aldehydes were measured in 4-ml cuvettes in 0.1 M sodium phosphate
buffer (pH 7.8). Solubility of aldehydes and substrates was measured in 0.1 M sodium
phosphate buffer (pH 7.8) according to Nellaiah et al. [18]. Absorbance was read at 700 nm.
Stability of substrates was checked by TLC and UV spectrum scan. Substrates were spotted
on silica gel TLC plates and developed in hexane–ethylacetate (3:1). Developed plates were
examined for fluorescence under 254 or 366 nm light. Absorption spectra were recorded from
200 to 500 nm.

Microsome preparation
Male Swiss–Webster mice were purchased from Charles River Breeding Laboratory (Hollister,
CA, USA) and were 20–25g on receipt. Mice were housed in HEPA-filtered racks for 7 days
before use and were fed and watered ad libitum with a light cycle of 12 h light and 12 h dark.
Animal care procedures were approved by the animal use and care committee at the University
of California, Davis. β-NaphthoXavone (BNF, 80 mg/kg body weight) in corn oil or
phenobarbital (PB, 50 mg/kg body weight) in saline solution was injected intraperitoneally
each day for 5 days, and control mice were injected with an equal volume of vehicle alone
according to the methods of Chen et al. [19]. On the 6th day, mice were sacrificed with an
overdose of pentobarbital. Livers were immediately excised, rinsed in a 0.9% NaCl solution
(1% w/v), and frozen at −80°C.

Wistar rats were obtained from the vivarium of the Institute of Cytology and Genetics (Russian
Academy of Sciences) and were used for inducer treatment. Rats (4–6 weeks old) were treated
with single intraperitoneal injection of 3-methylcholanthene (MC, 75 mg/kg body weight) in
corn oil. PB was injected at 24-h intervals for 3 days (80 mg/kg body weight) in saline solution.
The animals were sacrificed on the 4th day after the first injection. Control animals received
an equal volume of the vehicle only. Livers were promptly removed, perfused with 1.15% KCl
solution, and frozen at –80 °C.
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Microsomes were isolated using the usual method of differential centrifugation [9], and protein
concentrations of the microsomal fractions were determined by the method of either Bradford
[20] or Lowry et al. [21] using BSA as the standard.

Time and protein dependency of 6-DMANA and 2-NA
Before determining the enzyme kinetic parameters of the substrates, linearity of the formation
of 6-DMANA and 2-NA and its protein dependency were investigated by incubating substrate
2 (final concentration 33μM) in 40mM Tris buffer (or incubating substrate 6 (final
concentration 33μM) in 100mM Hepes buffer), 167μM NADPH, containing 18.75, 37.5, 75,
150, or 300 μg rat liver microsomes.

The amount of 6-DMANA produced was detected at different time points. The assay was
performed by incubating substrate 6 (final concentration 33 μM) in 100 mM Hepes buffer (pH
7.8), 10 μl NADPH regenerating system (0.5 mM glucose 6-phosphate, 0.1 mM NADP, and
0.14 U/ml glucose-6-phosphate dehydrogenase) [22], 150 μg rat liver microsomes.

Assays for O-dealkylation activity
Substrates based on 6-DMANA—The oxidation of 6-DMANA-based substrates (5–8)
was assayed at 37 °C in a final volume of 3 ml of 100 mM Hepes buffer (pH 7.8) with 5 mM
MgCl2 and 0.1% BSA. To prepare for the reaction, the substrates (10 μl of 1.5 mM in DMSO,
final concentration 50 μM) were incubated with microsomes (200–300 μg) at 37 °C for 5 min,
and then the reaction was initiated by the addition of NADPH (final concentration 250 μM).
The samples were immediately read by a fluorometer at 531 nm (slit 5 nm) for 5 min with
excitation at 410 nm (slit 5 nm), and the real-time increase in fluorescence was recorded. O-
deethylation of 7-ER (final concentration 33 μM) was measured at excitation 530 nm (slit 5
nm) and emission 584 nm (slit 5 nm) [23].

Substrates based on 2-NA—Microsomes (200–300 μg) were incubated at 37 °C in a final
volume of 3 ml of 40 mM Tris–HCl buffer (pH 7.8), including the substrates (1–4: final
concentration 33 μM) in DMSO (DMSO final concentration 0.3%). Reactions were initiated
by the addition of 167 μM NADPH. Removal of NADPH was adopted using the method of
Zhang et al. [14]. Briefly, after incubation for 30 min, the reactions were added into DEAE
sepharose (1.5 ml)-containing tubes and mixed well to remove NADPH. Before use, DEAE
ion exchange was washed five times to equilibrate with the reaction buffer. The mixed tubes
were centrifuged at 3000 rpm for 5 min. The concentration of 2-NA in the solution was
determined by fluorescence with excitation at 344 nm (slit 5 nm) and emission at 460 nm (slit
5 nm).

Determination of Michaelis–Menten parameters for P450 isozyme activities
The kinetics of O-dealkylation of substrates with MC- or PB- induced rat microsomes were
determined. Enzyme velocity experiments were carried out over a range of concentrations of
the P450 substrates containing 6-DMANA (0.5–33.0 μM) and substrates containing 2-NA
(0.05–1.25 μM). Because assays were performed with microsomal preparations versus purified
enzymes, kinetic constants are reported as apparent values. The Michaelis constant (Km app)
and maximum velocity (Vmax app) with standard errors were estimated by fitting the Michaelis–
Menten equation to the data using nonlinear regression analysis (Origin 6.0, OriginLab,
Northampton, MA, USA). Initial estimates for nonlinear regression were chosen based on
substrate concentration (S) versus reaction velocity (V) plots.
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Results
Spectral properties of screened aldehydes

A number of aldehydes were screened for their physical properties, including UV spectra,
fluorescence, and solubility. Table 1 shows that 6-DMANA, 6-methoxy-2-naphthaldehyde,
9H-fluorene-2-carbaldehyde, anthracene-9-carbaldehyde, naphthene-2-carbaldehyde, and
pyrene-1-carbaldehyde have relatively high fluorescent intensities. However, 9H-fluorene-2-
carbaldehyde and pyrene-1-carbaldehyde have a very small Stokes' shift, rendering them
unsuitable for substrate development. Anthracene-9-carbaldehyde possesses high fluorescent
intensity, a large Stokes' shift, and an emission wavelength that is shifted into the green portion
of the visible spectrum. Unfortunately, the difference in emission wavelengths between the
substrate and the aldehyde is small. In addition, the solubility of anthracene-9-carbadehyde in
water is poor [24]. The next aldehyde that was tested as a possible probe for a P450 activity
reporter was 6-dimethylamino-2-naphthaldehyde. This aldehyde has a large Stokes' shift, a
relatively high fluorescent intensity, a red-shifted wavelength, and a large difference in
emission wavelengths between the substrate and the aldehyde. Because of these physical
properties, this aldehyde was chosen for further substrate development.

Spectral properties of synthesized substrates and the substrates
We first reported an α-cyano ether series of P450 fluorescent substrates that were based on 2-
NA with fluorescence in the blue region of the visible spectrum (Table 2). In contrast, the
fluorescent spectrum of 6-DMANA in phosphate buffer (pH 7.8) showed excitation and
emission maxima at 396 and 528 nm, respectively (Table 1). The emission wavelength of 6-
DMANA does not overlap with the emission wavelength of NADPH. The synthesized
substrates (5–8) do not display overlapping emission with 6-DMANA. Therefore, substrate
background is minimal compared with that of the aldehyde produced in the assay. The
fluorescent emission and excitation properties of 6-DMANA were found to be independent of
buffer pH and concentration, whereas 7-hydroxy-4-trifluoromethylcoumarin was found to have
a high dependence on pH and substrate concentration (Table 3).

Not surprisingly, fluorescent intensity increased with the increasing slit width of the emission
(Fig. 1). With an increase of slit width of the emission, the effect of 7-ER on the fluorescent
intensity of resorufin was greater than that of substrate 6 on the fluorescent intensity of 6-
DMANA (Fig. 1). This observation possibly resulted from greater overlapping between
excitation and emission of resorufin (excitation 571 nm, emission 584 nm) compared with that
of 6-DMANA (excitation 396 nm, emission 528 nm).

The solubility of 2-NA was reported to be 1.0–1.5 mM in sodium phosphate buffer [13]. The
aqueous solubility of 6-DMANA (0.25–0.5 mM) was less than that of 2-NA. The substrates
based on 2-NA were also slightly more soluble (60–80 μM) than those based on 6-DMANA
(40–60 μM) in sodium phosphate buffer. The observed order of solubility of 2-NA- and 6-
DMANA-based substrates was ethyl (2, 6)>methyl (1, 5) > pentyl (3, 7) > benzyl (4, 8) (data
not shown).

To evaluate the stability of these compounds, the ethyl α-cyano ether (6) in DMSO was stored
in the dark at room temperature and at −20 °C. Stability was monitored by UV spectra,
fluorescence, and TLC. Slight substrate decomposition to the corresponding aldehyde was
observed, but the loss was less than 5% at both room temperature (∼23 °C) and −20 °C over
6 months.
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Optimization of the assay conditions
Removing NADPH from the enzyme reaction of 2-NA-based substrates—In the
case of 2-NA-based substrates, it is important to remove the remaining NADPH at the end of
the reaction because its presence increases the background, making it diffcult to measure
activity. When DEAE sepharose was used, it gave at least a 95% recovery rate of 2-NA and
greater than 96% binding NADPH in 40 mM Tris buffer (data not shown).

Linearity of reaction—Assays with 6-DMANA could not be performed with an excitation
at 396 nm due to cofluorescence of the substrate at this wavelength. Background was decreased
significantly by using an excitation wavelength of 410 nm. As can be seen in Fig. 2, the
formation of fluorescent product was linear (R2 = 0.995) for up to 30 min when a 410-nm
excitation wavelength and a 531-nm emission wavelength were used. In addition, formation
of 2-NA, 6-DMANA, and resorufin was linear with respect to protein concentration at a
substrate concentration of 10 μM (Fig. 3). Based on these results, the turnover rates of substrate
2 and substrate 6 are four and three times faster, respectively, than the turnover rate of 7-ER.

O-dealkylation of 6-DMANA substrates by several microsomal preparations
Eight α-cyano ether compounds were tested for measuring P450 activity with rat (Fisher and
Wistar), human, expressed rat CYP 1A1, and liver microsomes prepared from mice that had
been treated with a variety of P450 inducers (Table 4). In rat (Fisher) liver microsomes, the
relative rate of O-dealkylation with 6-DMANA was methyl (5)>ethyl (6)>benzyl (8)>pentyl
(7), whereas that with 2-NA-based substrates was methyl (1)>benzyl (4)>pentyl (3)>ethyl
(2) [14]. Although the structures of the substrates based on 2-NA and 6-DMANA series are
similar, these substrates did exhibit different oxidation profiles. The 2-NA-based substrates
had greater turnover than did the 6-DMANA-based substrates in all systems analyzed. The
oxidation rate of all substrates using rat (Fisher) liver microsomes was higher than that of 7-
ER. In rat (Wistar) liver microsomes, the relative order of the rate using 2-NA-based substrates
was methyl (1)>pentyl (3)>ethyl (2)>benzyl (4). In addition, O-dealkylation of pentyl (7) and
benzyl (8) ether substrates was not detected with Wistar rat liver microsomes. In the case of
human microsomes, the O-dealkylation rates of 2-NA-based substrates 1 to 4 were higher than
that of 7-ER, but no O-dealkylation activity could be detected with substrates 5 to 8. In contrast,
no activity of expressed CYP 1A1 was detected using 2-NA-based substrates 1 to 4, but activity
with 6-DMANA-based substrates was observed. The relative order of O-dealkylation rates
using 6-DMANA-based substrates was methyl (5)>ethyl (6)>pentyl (7)>benzyl (8). The order
is the same as that of the rat (Fisher) liver microsomes.

To investigate substrate selectivity, microsomes prepared from BNF- and PB-treated mice were
used to measure turnover of both the 2-NA- and 6-DMANA-based substrates. BNF and PB
are known CYP 1A1 and CYP 2B inducers, respectively [8]. The O-dealkylation rate order of
2-NA-based substrates in the control, BNF, and PB was ethyl (2)>benzyl (4)>pentyl (3)
>methyl (1). In BNF-induced microsomes, the ethyl (2) and benzyl (4) ether were twofold
higher than in control microsomes. In the case of 6-DMANA substrates, benzyl (8) ether in
BNF- and PB-induced microsomes had a two-fold higher debenzylation rate than in control
microsomes. In contrast, with the substrates methyl (5), ethyl (6), and pentyl (7) ether,
dealkylation rates were not detected in control, BNF-, and PB-induced microsomes except for
ethyl (6) ether in PB-induced microsomes. Interestingly, the O-deethylation of ethyl (6) ether
was measured only in PB-induced microsomes.

Enzyme kinetics of induced rat microsomes
Kinetic constants for O-dealkylation of the substrates were measured with microsomes
prepared from PB- and MC-treated rats as well as untreated rats (Table 5). MC and PB are
known CYP 1A and CYP 2B inducers [8]. We observed a significant increase in the P450-
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mediated oxidation rate of substrates 1 to 4 from microsomes prepared from PB- and MC-
treated animals as well as a reduction in the Km app values. When examining the catalytic
activity of the microsomes prepared from MC- and PB-treated individuals, the greatest
differences were observed with the ethyl derivative (2), with the rates of oxidation increasing
39- and 79-fold, respectively. In addition, the Vmax/Km ratios of the ethyl derivative (2)
examined with these microsomes were also highest among the substrates examined (180- and
340-fold, respectively). Unfortunately, these forms of P450 possess overlapping substrate
activities toward substrates 1 to 4. P450 activity in the liver of rats treated by PB or MC was
increased 1.5- to 2-fold in comparison with controls in the oxidation of methyl (5) or ethyl
(6) ether of 6-DMANA. No P450 activity was observed with the pentyl (7) or benzyl (8) ether
derivatives.

Discussion
Recently, our laboratory has reported a series of novel P450 substrates based on 2-NA [14].
The emission wavelength of the substrate is significantly different from that of the aldehyde,
which is produced from the dealkylation of the substrate. This difference in fluorescence led
to an overall increase in sensitivity of the assay due to the decrease of background of
interference. 2-NA has a high fluorescent intensity, a large Stokes' shift, and high solubility in
buffer. Because NADPH, which is highly fluorescent at 330 nm, is required as a cofactor for
P450 reactions, its presence limits the sensitivity of the assay [9]. In the course of this work,
we have developed a convenient protocol for removal of NADPH from incubations by
absorption to DEAE sepharose [14], a method that is more efficient and less intensive than
published methods involving organic solvent extraction [10] or depletion of the excess NADPH
using oxidized glutathione and glutathione reductase [9].

Two aldehydes, 2-NA and 6-DMANA, have been previously reported as chemical reporters
for the development of esterase and P450 substrates [12,14]. These aldehydes have a high
fluorescent intensity, a high solubility in buffer, and a large Stokes' shift. Therefore, they are
good fluorescent reporters. Also, as mentioned previously, in the case of 2-NA, the emission
wavelength of the 6-methoxy-2-aldehyde is quite close to that of NADPH, and the assay
required an extra step to remove NADPH. Therefore, we screened a series of aldehyde
candidates for use as reporter groups in P450 reactions. The selection criteria were as follows:
red-shifted emission wavelength, large Stokes' shift, high fluorescent intensity, high aqueous
solubility, availability, and low cost. Based on these criteria, 6-DMANA was found to be the
most promising candidate.

In this study, four new compounds based on 6-DMANA were synthesized and examined as
P450 substrates. The physical properties of 6-DMANA are quite different from those of 2-NA
reported previously. First, 6-DMANA has a longer emission wavelength around 530 nm.
Common biological materials as well as NADPH have a blue fluorescence emission, whereas
6-DMANA is a green fluorescent compound. Consequently, the background of the assay using
6-DMANA as the reporter group was decreased. Although 6-DMANA-based substrates have
lower solubility than do 2-NA-based substrates, 6-DMANA is sufficiently soluble in a buffer
system for the enzyme assay. Further work should attempt to develop aldehydes that have
increased red shift, improved water solubility, and superior kinetic constants for specific P450
enzymes. The stability of fluorescent intensity or wavelength under various assay conditions
is an important factor for enzyme assays. In the case of coumarin, a common reporter for P450
assays, the difference of fluorescent intensity between pHs 7.8 and 9.5 is approximately 50%
[10], whereas the fluorescent intensity of 2-NA and 6-DMANA did not change over a pH range
of 6 to 9 (data not shown). In addition, the maximal excitation and emission of 7-hydroxy-
trifluoromethylcoumarin, an analogue of coumarin, changed depending on pH and reporter
concentration. These effects were not observed with 2-NA and 6-DMANA (Table 3). Thus,
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the pH of the assay with 2-NA and 6-DMANA substrates can be easily changed when
optimizing assay conditions.

We measured hydrolysis of all eight substrates using rat, human, and murine liver microsomes.
Results showed that O-dealkylation rates of 2-NA-based substrates were higher than the O-
dealkylation rate of 6-DMANA. The pattern of the relative rate of O-dealkylation of methyl,
ethyl, pentyl, and benzyl ether activities is referred to as the “MEPB profile” [8], which varied
among the three species in a species-specific manner. Godden et al. [25] reported that the profile
of alkoxyresorufin in rat (Wistar) is ethyl>methyl>benzyl>pentyl. However, this profile was
not observed with our substrates. These results demonstrate that each substrate was oxidized
by different P450s, unlike alkoxyresorufin. Therefore, these substrates may be useful for
development of isozyme-specific P450 assays. In addition, the induction assay results showed
the absence of P450 activity in murine microsomes with most of the 6-DMANA-based
substrates (5–7). We also found the existence of strong interspecies differences in P450
induction for mice and rats [26]. These results suggest that substrates 1 to4 may be useful in
the assessment of CYP 1A and CYP 2B induction. It should be noted that the 6-DMANA
derivatives, like other surrogate substrates, have multiple possible routes of metabolism,
several of which can yield fluorescent products. The spectral properties of these metabolites
are currently being characterized in our laboratory.

Using 7-ER, MC pretreatment of rats (Wistar) caused a 145-fold increase in the Vmax app value
[25]. Treating rats (Fisher F-344/N) with MC resulted in a 6-fold increase in the rates of
microsomal O-deethylation with 3-cyano-7-ethoxycoumarin as the substrate, whereas PB
treatment caused a 21-fold increase [11]. With substrate 2, the O-deethylation of MC- and PB-
induced rat microsomes increased 39- and 79-fold, respectively. Using induced rat
microsomes, the increase of Vmax app value with substrate 2 was higher than that with 3-
cyano-7-ethoxycoumarin but was less than that with 7-ER. Substrates that have high Vmax/
Km ratios are optimal for measuring enzymatic activity [27]. Therefore, substrate 2 is the best
substrate for measuring O-dealkylation activity in rat liver microsomes among the substrates
we developed.

Most existing commercial substrates for P450 are phenyl ethers that contain a phenol derivative
as the leaving group. In contrast, the α-cyano ethers reported here employ a non-aromatic
leaving group. Thus, when examined with a variety of recombinant P450s, they can be expected
to show a new range of specificities. The fundamental structure introduces new possibilities
of synthetic variations in the oxidized group, the reporter, and the chiral α-cyano carbon.
Possibly the greatest strength of the aromatic aldehyde reporters is their optical properties. The
very large Stokes' shift of 6-DMANA and the very low background fluorescence of substrate
6 compared with resorufin and 7-ER translate into assays that are far more sensitive. For
example, large slit width or large bandwidth filters can be used to vastly improve sensitivity,
and less expensive filters and lamps can be used. These optical properties facilitate
development of higher density format.

In conclusion, we have found a useful reporter, 6-DMANA, for P450 activity detection. The
substrates synthesized from 6-DMANA overcome the high background problem due to
NADPH. Consequently, the enzymatic reaction does not need an extra step for measuring the
activity, and the assay is more convenient for measuring enzyme activity. In addition, results
from enzymatic assays showed that the turnover rates of α-cyano ether compounds were in
some cases three- to fourfold higher than the turnover rate of 7-ER. The concept of using
prefluorescent cyanohydrins should be generally applicable to many enzyme and chemical
reporter systems.
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Scheme 1.
Syntheses of 6-DMANA and α-cyano ether substrates.
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Fig. 1.
Dependence of fluorescent intensity of 6-DMANA (A) and resorufin (B) on slit width of an
emission filter: 5 nm (circle), 10 nm (square), and 20 nm (triangle). The fluorescent intensity
was measured both in the presence of probes with their corresponding substrate (33 μM,
substrate 6 or 7-ER, open symbols) and without their corresponding substrate (closed symbols).
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Fig. 2.
Time-dependent formation of fluorescence expressed as picomoles of 6-DMANA from
substrate 6 (r2 = 0.995). Assays were performed at 37 °C in 0.1 M Hepes buffer system (pH
7.8) containing substrate 6 (final concentration 33 μM), NADPH (final concentration 167
μM), and a series concentration of rat liver microsomes (18.75, 37.5, 75, 150, or 300 μg proteins
in 3 ml). Data are the means and standard deviations of three replicates.
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Fig. 3.
Dependence on the observed reaction rate between amount of microsomes and substrates:
substrate 2 (▼), substrate 6 ([unk]), and 7-ER (○). Assays were conducted in a final volume
of 3 ml with varying concentrations of rat liver microsomes in 40 mM Tris–HCl at pH 7.8 with
a final substrate concentration of 33 μM. Assays with substrate 6 (33 μM) were identical except
that 0.1 M Hepes (pH 7.8) buffer was used. Data are the means and standard deviations of three
replicates.
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Table 1
Optical properties of screened aldehydes and common probes

Aldehyde and common
probe

UV absorption Fluorescence

λmax
(nm)

εmax
a Ex (nm)b Emmax

(nm)c
Stokes' shift (nm) Relative intensityd

2-Naphthaldehyde 292 12.7 344 444 100 100
6-Methoxy-2-
naphthaldehyde 314 19.1 330 460 130 260
Pyrene-1-carbaldehyde 397  9.8 397 470  73 246
9H-Fluorene-2-
carbaldehyde 318 34.6 330 409  79 188
6-Dimethylamino-2-
naphthaldehyde 377 18.4 396 528 132 173
Anthracene-9-carbaldehyde 408  6.7 410 519 109 106
10-Methyl-anthracene-9-
carbaldehyde 425  9.1 399 531 132  26
Phenanthrene-9-
carbaldehyde 318 13.2 334 471 137  25
10-Chloro-antharacene-9-
carbaldehyde 437  6.0 410 532 122  22
3-(4-Nitro-phenyl)-propenal 308 27.0 397 460  63  9
3-(4-Dimethylamino-
phenyl)-propenal 399 41.1 397 494  97  5
4-Quinoline-carbaldehyde 315  3.6 335 430  95  5
5-(4-Dimethylamino-
phenyl)-penta-2,4-dienal 409 31.1 418 593 175  5
2-Quinoline-carbaldehyde 301  5.7 346 420  74  4
4-Dimethylamino-
benzaldehyde 354 33.7 330 410  80  3
3-Quinoline-carbaldehyde 292 10.6 345 430  85  2
Resorufin 571 64.55 571 581  10 275
7-Hydroxy-4-
trifluoromethyl coumarin 341 11.11 356 496 140 276

Note. The data were obtained in 0.1 M sodium phosphate buffer (pH 7.8).

a
Molar absorptivity (103 M−1 cm−1).

b
Ex: optical excitation wavelength.

c
Emmax: maximal emission wavelength.

d
Relative intensity: fluorescent intensity of 2-NA is 100.
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Table 2
Structures of synthesized P450 substrates

Substrate number X R

1 H CH3
2 H C2H5
3 H C5H11

4 H

5 N(CH3)2 CH3
6 N(CH3)2 C2H5
7 N(CH3)2 C5H11

8 N(CH3)2
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Table 3
Effects of pH and concentration on the fluorescent properties of 6-DMANA and 7-hydroxy-
trifluoromethylcoumarin

6-DMANA 7-HFCa

Ex (nm) Emmax (nm) Ex (nm) Em (nm)

pHa
6 396 528 340 498
7 396 528 356 496
8 396 528 388 531
9 396 528 367 529
Concentration(μM)b
10 396 528 388 531
1 396 528 391 499
0.1 396 528 395 495

Note. 7-HFC, 7-hydroxy-4-trifluoromethylcoumarin; Ex, optical excitation wavelength; Emmax, maximal emission wavelength.

a
Tris–acetate buffer (0.1 M).

b
Concentration of probes in 0.1 M Hepes buffer (pH 8.0).
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