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ABSTRACT: Compounds that coordinate to the heme-iron
of cytochrome P450 (CYP) enzymes are assumed to increase
metabolic stability. However, recently we observed that the
type II binding quinoline carboxamide (QCA) compounds
were metabolically less stable. To test if the higher intrinsic
clearance of type II binding compounds relative to type I
binding compounds is general for other metabolic trans-
formations, we synthesized a library of QCA compounds that
could undergo N-dealkylation, O-dealkylation, benzylic
hydroxylation, and aromatic hydroxylation. The results demonstrated that type II binding QCA analogues were metabolically
less stable (2- to 12-fold) at subsaturating concentration compared to type I binding counterparts for all the transformations.
When the rates of different metabolic transformations between type I and type II binding compounds were compared, they were
found to be in the order of N-demethylation > benzylic hydroxylation> O-demethylation > aromatic hydroxylation. Finally, for
the QCA analogues with aza-heteroaromatic rings, we did not detect metabolism in aza-aromatic rings (pyridine, pyrazine,
pyrimidine), indicating that electronegativity of the nitrogen can change regioselectivity in CYP metabolism.

■ INTRODUCTION
Cytochrome P45O (CYP) enzymes are a superfamily of heme
thiolate proteins that can insert an atom of oxygen from
molecular oxygen into many organic compounds. More than
80% of the clinically used drugs are metabolized by CYP
enzymes.1 In humans, 57 genes were identified that code for
various CYP enzymes. Cytochrome P450 3A4 (CYP3A4) is the
most abundantly expressed isoform in liver and comprises as
much as 60% of total CYP enzymes.2,3 CYP3A4 contributes to
the metabolism of more than 50% of marketed drugs,4,5 and it
is often involved in unwanted drug−drug interactions. Because
of the ubiquitous nature of CYP enzymes in body tissues and
their ability to metabolize multiple organic compounds
containing wide variety of functional groups,6 metabolic
stabilization of drugs is a challenge in drug optimization
process. Drugs need to be metabolized so that they can be
excreted; however, drugs should be stable enough so that they
can reach the site of the action. Hence, optimization of drug
metabolism by CYP enzymes is always a goal during drug
design and development.
CYP enzymes contain heme as a cofactor. The heme is

tethered to the enzyme by a thiolate bond with cysteine. In
resting state of the enzyme, iron of the heme is hexa-
coordinated (coordinated with four nitrogen of porphyrin
system, with the sulfur of cysteine proximally and with water
distally) and is in low-spin state. According to the consensus
mechanism for CYP,1,7 the catalytic cycle of CYP reaction
begins with displacement of water by a substrate that converts
hexa-coordinated low spin heme-iron(III) into pentacoordi-

nated high spin state (see Figure 1). Reduction of the iron(III)
into iron(II) by cytochrome P450 reductase with the cofactor
NADPH is followed by binding of a molecular oxygen into
heme-iron(II). It has been hypothesized that formation of the
high-spin pentacoordinated heme-iron(III) is required to
initiate the catalytic cycle.1,8 Binding of a compound leading
to an increase in formation of the high-spin penta-coordinated
iron(III) is observable in the UV spectra and is called type I
binding (Figure 2). If a substrate has a sterically unhindered
aromatic nitrogen, the molecule can bind with heme-iron which
will prevent formation of the high-spin pentacoordinated heme-
iron. This binding mode, which leads to an increase in low-spin
hexa-coordinated iron(III), is known as type II binding (Figure
2). The two binding modes, namely type I and type II, can be
easily differentiated spectrophotometrically and were discov-
ered more than 4 decades ago.9−11

Since type II binding compounds have a higher affinity for
CYP enzymes compared to similar type I binding compounds,
type II binding compounds are extensively used as inhibitors of
CYP enzymes.12−14 It has been assumed that type II binding of
a molecule would lead to a dead-end complex and that the drug
cannot be metabolized or that metabolism would be slowed.
This leads to the hypothesis that type II binding compounds
are metabolically more stable than the type I binding
compounds.15,16 Contrary to this hypothesis, Peng et al.17

revealed that CYP3A4 can metabolize a series of type II binding
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compounds significantly at subsaturating concentrations. More
recently we18 reported that two type II binding quinoline
carboxamide (QCA) compounds were metabolized more
quickly than a similar type I binding QCA compound. We
observed aromatic hydroxylation on the naphthalene ring of the
QCA analogs. On the basis of the results from kinetics assay,
electrochemical measurements, and surface plasmon resonance
analysis, we proposed a direct reduction kinetic model for the
metabolism of those type II binding compounds. Although it
has been confirmed that the type II binding mode contributes
to the observed high affinity,12,19−22 it is still a subject of debate
whether type II binding increases the metabolic stability of
these compounds. The answer can only be assessed by a
systematic comparison of metabolic rates between type I and
type II binding compounds.
CYP enzymes catalyze a number of transformations, for

example, aliphatic hydroxylation, aromatic hydroxylation, N-
dealkylation, O-dealkylation, epoxidation, S-oxidation, and N-
oxidation. To compare affinity, metabolic stability, and

regioselectivity of various metabolic transformations between
type I and type II binding compounds, we synthesized a library
of QCA analogues. The library contained multiple series of type
I and type II binding compounds with different functional
groups on the same core structure. The binding mode of each
compound was determined using UV/vis difference spectrum,
and saturation kinetics was carried out to determine the kinetic
parameters.

■ RESULTS

Design of the Substrates and Metabolite Quantifica-
tion. In an attempt to systematically compare affinity and
kinetic parameters of type I and type II binding compounds, a
QCA core was derivatized to get a library of compounds
(Figure 3). To probe the different types of oxidation carried out
by the CYP enzymes, four different functional groups were
coupled in the amide position of the QCA, namely, benzene,
toluene, anisole, and N,N-dimethylaniline. Similarly the 2-
position of the quinoline ring of QCA was incorporated with
benzene, pyridine, pyrazine, or pyrimidine to change the
binding mode as well as to investigate the role of various aza-
heteroaromatic rings in binding mode and in metabolism. All of
the substrate were synthesized by the method developed in our
lab17 with a few modifications as shown in Scheme 1. Series 1
compounds are designed without aza-aromatic ring so that they
can acts as type I substrates. Series 2 compounds are designed
with pyrid-4-yl at position 2 of the quinoline ring; these
compounds are type II substrate because of the presence of
accessible aromatic nitrogen. Series 3 compounds are designed
with pyrid-2-yl at position 2 of the quinoline ring. These
compounds are type I substrates, as they do not have accessible
aromatic nitrogen but are electronically equivalent to series 2
type II substrates. Series 4 and series 5 compounds are designed
to compare the effect of multiple nitrogens in a single aromatic
ring, and they contain pyrazine and pyrimidine in position 2 of
the quinoline ring, respectively.
To quantify the metabolites formed enzymatically, at least

one metabolite per substrate was synthesized. The standard
curve was prepared using an internal standard (phenacetin)
versus the standard synthesized metabolite. Although multiple
metabolites were observed for most of these compounds,
ionization potentials of all of the metabolites from a substrate
were assumed to be same with the synthesized metabolite for
the purpose of quantification. Hence, the same standard curve
was used for all the metabolites of a substrate. Structures of the
substrates and the synthesized metabolites are presented in
Table 1.

Binding Spectra. The type I binding mode has a
difference spectrum with a Soret maximum at 385−390 nm
and a trough at around 420 nm, whereas type II binding mode
has a difference spectrum with a Soret maximum at 420−435
and a trough at 390−405 nm.10,11 The binding mode of the
substrates was determined in purified enzyme using a split

Figure 1. Consensus mechanism of cytochrome P450 enzymes. Fe3+

represents the pentacoordinated heme-iron in resting state of CYP
enzymes.

Figure 2. Binding modes of CYP enzymes. Fe3+ represents the
pentacoordinated heme-iron: (a) low-spin heme-iron in wild type
enzyme; (b) high-spin heme-iron in type I binding mode; (c) low-spin
heme-iron in type II binding mode.

Figure 3. Quinoline carboxamide (QCA) core derivatization to build the library of compounds with different functional groups at the amide position
and different aromatic rings at position 2.
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beam Olis spectrophotometer. Obtaining type II binding
spectra is challenging,23 and in addition the QCA analogues
showed absorbance in the visible range, making determination
of difference spectra particularly difficult. To overcome the
problems, we used two chambered cuvettes, as shown in Figure
4, to determine the binding mode. Absorbance of the
compounds along with binding mode is presented in Table 2.
As expected, 2-phenyl QCA analogues and 2-pyridin-2-yl QCA
analogues produced type I binding difference spectra whereas
2-pyridin-4-yl QCA, 2-pyrimidin-4-yl QCA, and 2-pyrazin-2-yl
QCA analogues produced type II binding difference spectra.
The difference spectra of a representative compound from each
series are presented in Supporting Information (Figure S1).

Affinity Differences between Type I and Type II QCA
Analogues. Affinities of the QCA compounds with CYP3A4
were measured in terms of inhibition constants (Ki).
Testosterone was used as a substrate to determine the
inhibition constants. The results of inhibition assays are
presented in Table 3. The Ki values are an average of triplicate
assays. It was observed that the affinity of the type II binding
compounds is higher than the affinity of their type I binding

Scheme 1. Synthesis of Quinoline Carboxamide Model Compounds

Table 1. Structures of the Substrates Used for the Study and
Structures of the Metabolites Synthesized To Quantify the
Metabolites Formed during the Enzymatic Assayb

aSee Experimental Section for procedure of synthesis. bThe
synthesized metabolite was a major metabolite formed during the
bioassay for the corresponding substrate.

Figure 4. Schematic picture of two chambered cuvettes used to correct
absorbance of substrate during binding mode determination.

Table 2. UV−Visible Absorbance (Difference Spectra) To
Determine Binding Mode of the Compoundsa

series compd Soret peak (nm) Soret trough (nm) binding modeb

1 1 388 415 type I
2 385 416 type I
3 392 417 type I
4 393 417 type I

2 5 427 391 type II
6 427 392 type II
7 427 394 type II
8 428 392 type II

3 9 388 417 type I
10 386 416 type I
11 389 418 type I
12 391 416 type I

4 13 423 396 type II
14 425 393 type II
15 427 397 type II
16 422 391 type II

5 17 425 391 type II
18 422 392 type II
19 424 390 type II
20 425 390 type II

aA representative spectrum of each series is presented in Supporting
Information. bType I binding mode has a difference spectrum with a
maximum at 385−390 nm and a trough at 415−420 nm. Type II
binding mode has a difference spectrum with a maximum at 420−435
and a trough at 390−405 nm.
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counterparts (specifically 7- to 21-fold higher affinity for type II
binding compounds in series 2 compared to type I binding
compounds in series 3). 2-Pyridin-2-yl QCA analogues (series
2, type II binders) showed strong affinity for CYP3A4, and all
of the compounds of series 2 have Ki values in the nanomolar
range. Type I binding compounds (series 1 and series 3) have
Ki values in the range 3−33 μM. Type I binding compounds
without nitrogen (series 1) have up to 4-fold lower Ki values
compared to type I binding compounds with sterically hindered
nitrogen (series 3) except compounds with tolyl group
(compound 4 vs compound 12), whose Ki values are close to
each other. Similarly, insertion of the second nitrogen in the
pyridine ring of the type II binding compounds increased the Ki

values from 3- to 37-fold (series 2 to series 4 and 5).
Saturation Kinetics. To determine the kinetic parameters,

we carried out a saturation kinetic assay. Five concentrations of
substrate ranging from 0.2KM to 5KM were used to determine
the Michaelis−Menten constant (KM) and turnover number
(kcat). The kinetic parameters KM, kcat, and in vitro metabolic
intrinsic clearance (V/K) are presented in Table 3. The kcat
values of type I binding compounds (series 1 and 3) are larger
than type II binding compounds in series 2 except compounds

6 and 7. The Kcat value of type II binding compound 6 is more
than 2-fold smaller than type I binding compound 2 of series 1,
but kcat value of compound 6 is 1.2 times larger than type I
binding compound 10 of series 3. Type II binding compound 7
has about 1.5 times higher kcat value than the type I binding
compounds 3 and 11. This indicates that the rate of
metabolism of type II binder is slower (with few exceptions)
than the type I binding counterpart when the enzyme is
saturated with substrate. Insertion of a second nitrogen in the
pyridine ring generally increased the turnover number of type II
binding compounds (series 2 to series 4 and series 5) with few
exceptions.
In vitro intrinsic clearance (V/K) is used in drug industry as

an important predictor for the metabolic stability of a drug in
vivo. V/K is a measure of the rate of clearance of a drug in
subsaturating concentration of the substrate. V/K values of the
type II binding compounds in series 2 were found to be 2- to
12-fold higher than electronically similar type I binding
compounds in series 3. The V/K values of the type I binding
compounds in series 1 were 1.3- to 4.7-fold lower than the type
II binding compounds in series 2. Overall, the type II binding
QCAs were metabolically less stable than the type I binding

Table 3. Inhibition Constants (Ki), Turnover Number (kcat), Michalis−Menten Constants (KM), and in Vitro Intrinsic
Clearance (V/K) of the Quinoline Carboxamide Analoguesa

aKinetic parameter values represent the mean of triplicate assays, and values after “±” represent standard deviation.
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Table 4. Comparison of O-Demethylation, N-Demethylation, Aromatic Hydroxylation, and Benzylic Hydroxylation in Type I
Binding Quinoline Carboxamide Analoguesd

aTurnover number. bMichalies−Menten constant. cRatio of product formation from functional group oxidation at ring A to aromatic hydroxylation
at ring B. dKinetic parameter values represent the mean of triplicate assays, and values after “±” represent standard deviation.

Table 5. Comparison of O-Demethylation, N-Demethylation, Aromatic Hydroxylation, and Benzylic Hydroxylation in Type II
Binding Quinoline Carboxamide Analoguesd

aTurnover number. bMichalies−Menten constant. cRatio of product formation from functional group oxidation at ring A to aromatic hydroxylation
at ring A. dKinetic parameter values represent the mean of triplicate assays, and values after “±” represent standard deviation.
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counterparts. Insertion of nitrogen in type I binding
compounds (series 1 to series3) as well as type II binding
compounds (series 2 to series 4 and 5) decreased the intrinsic
clearance (Table 4).
Comparison of O-Demethylation, N-Demethylation,

Aromatic Hydroxylation, and Benzylic Hydroxylation
between Type I and Type II Binding Compounds. The
kinetic parameters for O-demethylation, N-demethylation,
aromatic hydroxylation, and benzylic hydroxylation for type I
binding 2-phenyl QCA analogues (series 1) are presented in
Table 4 and those of type II binding 2-pyridin-4-yl QCA
analogues (series 2) are presented in Table 5. Functional group
oxidation as well as hydroxylation of the benzene ring at
position 2 of the 2-phenyl QCA (series 1) was observed except
in compound 2 with N,N-dimethyl functional group (Scheme
2). Metabolism in the 2-aza-heteroaromatic rings (pyridine,
pyrimidine, and pyrazine) of the QCA analogues (series 2, 3, 4,
5) was not detected within the detection limit of the
instrument. The rates of functional group oxidation were
compared in reference to the aromatic hydroxylation in ring B
of the same compound (see Table 4 for the ratio of the rate of
functional group oxidation to the rate of aromatic oxidation; the
bigger ratio indicates faster rate of metabolism for the
functional group) for type I binding compounds (series 1),
and the regioselectivity of metabolism was found to be in the
order of N-demethylation > O-demethylation ∼ benzylic
hydroxylation > aromatic hydroxylation. The order of rates of
functional group transformation for the type II binding
compounds (series 2) was determined in reference to the
aromatic hydroxylation in the ring A (see Table 5 for the ratio
of the rate of functional group oxidation to the rate of aromatic
oxidation), and the order of regioselectivity of metabolism was
found to be N-demethylation > benzylic hydroxylation > O-
demethylation ∼ aromatic hydroxylation.

■ DISCUSSION

Aromatic nitrogen can coordinate with the heme-iron of CYP
enzymes to maintain a low-spin state in type II binding mode.
The reduction potential of the type II bound heme-iron is
higher than the type I bound heme-iron.18 This higher

reduction potential was considered to be a major contributor
to the metabolic stability12,15,16 of type II binding compounds
compared to type I binding compounds, and hence type II
binding compounds are assumed to be inhibitors of CYP
enzymes. Inhibition of CYP enzymes can lead to a high risk of
drug−drug interactions with potentially serious clinical
implications.24 Therefore, it is an important goal in drug
industry to get optimum metabolic stability and inhibitory
potential of the drug candidate during the drug development
and design. Recently we reported that the affinity of a
compound can be increased by more than 4200-fold just by
changing the position of nitrogen in QCA.21 Our earlier study
involving electrochemistry, surface plasmon resonance, and
saturation kinetics revealed the kinetic pathway for the
metabolism of type II binding QCA compounds via direct
reduction of heme-iron in type II binding mode.18 In the past
study we used QCA analogues with naphthalene moiety and
observed aromatic hydroxylated metabolites. In this study we
synthesized five series of compounds with four different
functional groups so that we can compare the four trans-
formations, namely, N-demethylation, O-demethylation, ben-
zylic hydroxylation, and aromatic hydroxylation. We coupled
the different binding motifs, namely, phenyl, pyridinyl,
pyrazinyl, pyrimidyl at the 2 position of quinoline to compare
the metabolic stability and regioselectivity of type II binding
QCA compounds to that of structurally similar type I binding
QCA compounds.
The library of compounds we chose to use in the in vitro

assay allows for the systematic comparison of kinetic
parameters between type I and type II binding compounds
and was based on the hypothesis that the sterically accessible
aromatic nitrogen is required for type II binding compounds.21

To accomplish this goal, we synthesized the QCA analogues
with 2-pyridin-4-yl (series 2), which can type II bind with
CYP3A4 (Figure 3). For a type I binding counterpart, we
synthesized 2-phenyl QCA analogues (series 1) and 2-pyridin-
2-yl QCA analogues (series 3). The series 3 compounds are
electronically similar to the type II binding series 2 compounds;
however, series 1 compounds are deprived of nitrogen in the
aromatic ring at position 2 of QCA. To investigate the effect of
insertion of a second nitrogen in pyridine ring, 2-pyrimid-4-yl

Scheme 2. Metabolic Transformations by CYP3A4
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QCA analogues (series 4) and 2-pyrazin-2-yl QCA analogues
(series 5) were synthesized. As expected, ligands in series 1 and
series 3 produced type I binding difference spectra because of
the absence of accessible nitrogen to coordinate with the heme-
iron. The sterically hindered ortho-nitrogen of pyridine in series
3 analogues could not coordinate with heme-iron21 and
produced type I binding difference spectrum. Both meta- and
para-nitrogen of aza-heteroaromatic rings at position 2 of the
QCA analogues (series 2, 4, and 5) coordinated with heme-iron
to give the type II binding difference spectra.
The affinity of the type II ligands is higher because of the

coordination of the electron rich nitrogen with the electron
deficient heme-iron.17 Replacing the 2-phenyl ring of the QCA
analogues with the 2-pyridin-4-yl ring increased the affinity
from 6- to 18-fold (series 1 to series 2), indicating that the type
II ligands contributed to the higher affinity with the heme-iron.
The 2-pyridin-2-yl QCA analogues (series 3) cannot coordinate
with the heme-iron because of steric hindrance but has the
same electronic core as type II ligands of series 2. The series 3
compounds have lower affinity (7- to 41-fold) with CYP3A4
compared to series 2 compounds, demonstrating that direct
coordination to heme-iron by an aromatic nitrogen is
contributing to the higher affinity. QCA analogues with
sterically hindered nitrogen in an aromatic ring (series 3),
which cannot bind in type II binding mode, have lower affinity
than the QCA analogues without nitrogen in the aromatic ring
(series 1). Both series 1 and series 3 compounds are type I
binding compounds, but series 3 has a nitrogen in an aromatic
ring which did not contribute to type II binding. Series 3
compounds had about 4-fold lower affinity than series 1
compounds except compound 4 and compound 12, which
showed about same affinity. Affinity of type II binding
compounds with two nitrogens in an aromatic ring is lower
than that of the type II binding compounds with one nitrogen
in aromatic ring. Affinity of the type II ligands containing two
nitrogens in a ring (2-pyrazin-2-yl and 2-pyrimidin-4-yl) of
series 4 and series 5 was lower than that of series 2 which has
only one nitrogen, possibly because of (a) a decrease in the
electron density of the coordinating nitrogen25 by electro-
negativity effect of the inserted second nitrogen and/or (b) an
unfavorable interaction of the second nitrogen with amino acids
in the active site of the enzyme and/or (c) an increased water
solubility of the substrates on inserting a nitrogen which can
change the partition equilibrium between polar aqueous phase
and lipophilic active site. These possibilities are under
investigation in our lab.
It has been speculated that the higher reduction potential of

the type II ligand−enzyme complex is a reason16 for higher
inhibitory potential of the type II binding compounds.
However, the electrochemical measurement of the reduction
potential in type I and type II ligands showed only a 2-fold
difference18 in the rate of reduction, indicating the possibility
for the metabolism of the type II ligands. We observed that the
kcat of the type II binding compounds in series 2 is generally
lower or comparable to the kcat of the type I binding
compounds in series 1 and series 3, in agreement with the
lower reduction rate for the type II ligand−enzyme complex
compared to the type I ligand−enzyme complex. In series 2
(which are all type II bindering compounds) 5 has a lower kcat
than compounds 1 and 9, 8 has a lower kcat than compounds 4
and 12, while 6 has a lower kcat than compounds 2 but not
compound 10, and compound 7 has about the same kcat as
compounds 3 and 11. While the agreement between binding

mode and kcat is not perfect, it most likely reflects a slower rate
of reduction combined with differences in binding orientation.
For all the compounds in series 2 the reported off rate for type
II binding QCA analogue18 (0.006−0.03 s−1) is slower than the
kcat of type II binding compounds 0.05 −0.5 s−1 (Table 3).
Since kcat, the overall rate of the metabolism for all the steps in
the catalytic cycle, is faster than the debinding rate of type II
binding compounds, it is unlikely that the substrate debinds
before reduction. Hence, the type II binding QCA compounds
are expected to follow the direct reduction pathway as
described by Pearson et al.18

The in vitro intrinsic metabolic clearance (V/K) is the
determinant of the metabolic stability of the compounds in
subsaturating concentration of the enzyme. It is worth noting
that clinical drugs are normally administered at subsaturating
concentration of substrate. The V/K values for the series 2
compounds are up to 3-fold higher than the series 1
compounds and up to 12-fold higher than the series 3
compounds, indicating that type II binding compounds get
metabolized more quickly in subsaturating concentration of the
substrate, in agreement with previously reported results.18 The
intrinsic clearance of the type II binding compounds with
multiple nitrogens in an aromatic ring is lower than the single
nitrogen containing counterpart, indicating that tightly bound
type II ligands get metabolized more quickly than the loosely
bound type II ligands. In spite of higher reduction potential and
lower kcat, the type II binding QCA analogues get metabolized
more quickly in subsaturating concentration because of their
higher affinity for the enzyme.
We did not detect aza-aromatic ring hydroxylation for any of

the four series of heteroaromatic rings at position 2 of QCA
analogues (Figure 3) within our instrument’s detection limit.
Electronegative nitrogen in an aza-aromatic ring can reduce
electron density of carbons of the aromatic ring. The oxy-iron
species of the CYP enzyme is electrophilic in nature; hence, the
decrease in electron density in the aromatic ring is likely the
reason for the metabolic stability of the aza-aromatic ring. Thus,
incorporation of nitrogen in the aromatic ring results in
branching to alternative sites of metabolism.
To investigate if regioselectivity is altered between type I and

type II ligands for different types of metabolic transformations,
we compared QCA analogues that could undergo O-
demethylation, N-demethylation, aromatic hydroxylation, and
benzylic hydroxylation. The comparison of the different
transformations was based on the ratio of the functional
group transformation of interest to aromatic hydroxylation in
the same compound. In type I binding compounds of series 1,
we observed aromatic hydroxylation in the 2-phenyl ring of
QCA; hence, for the comparison the ratio of functional group
transformation to that of the 2-phenyl ring hydroxylation
(Table 4) was considered. In type II binding series 2
compounds, the pyridine ring was not metabolized but we
observed metabolism in the benzene ring A (Table 5) which
also contains a functional group of interest for the trans-
formation; hence, the regioselectivity was determined with
reference to the aromatic hydroxylation in ring A. For the
compounds undergoing N-demethylation, we did not observed
aromatic hydroxylation (Scheme 2), indicating N-demethyla-
tion outcompetes the aromatic hydroxylation in both type I and
type II ligands. In the case of type I binding compounds (series
1), O-demethylation and benzylic hydroxylation have about
same relative rate of metabolism and the aromatic hydrox-
ylation is the slowest of the transformations under the
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investigation. Rates obtained for each transformation were
similar to that of the reported activation energy for the
transformations using in silico methods.26−29 In the case of type
II binding compounds, the trend of transformation is same as
that of the type I binding compounds except that the benzylic
hydroxylation in compound 8 is about 3-fold faster compared
to O-demethylation of compound 5. In all the transformations,
the KM values stay the same within experimental error for the
two metabolites observed, indicating the common binding
site30 for both transformations by the CYP3A4.
Thus, for this series of compounds, metabolic stability is not

increased by nitrogen substitution in a single aromatic ring,
since this substitution results in branching to a different
metabolite. To decrease metabolism and still have a strong
inhibitor, a second alteration would be required at the site of
the branched metabolism. For example, benzylic and aromatic
hydroxylation could be stopped by introducing fluorine at the
site of metabolism. Another alternative or complementary
strategy would be to introduce a nitrogen atom in into the “A
ring” (see Table 4), which would slow aromatic hydroxylation
on that ring. If a decrease in inhibitory potency is desired with
increased metabolic stability, then nitrogen substitution ortho
to the quinoline linkage seems to work best. Such a substitution
has the electronic effect of slowing metabolism, but since it
does not coordinate to the iron, these compounds have much
lower inhibitory potency.
In conclusion, a comparative study between type I and type

II binding compounds using a library of QCA analogues was
undertaken with compounds having the same structural core
but differing in number and position of nitrogen. The type II
binding compounds showed higher affinity than the type I
binding counterparts. We observed that the turnover numbers
(kcat) of the type II binding compounds were lower than the
type I binding compounds. More importantly we observed that
the in vitro intrinsic metabolic clearance, as measured by V/K,
for type II binding compounds was up to 12-fold higher than
the structurally similar type I binding counterparts. The
insertion of a second nitrogen in heteroaromatic ring of the
type II ligands decreased the affinity and the intrinsic clearance.
The order of the metabolic rates for four studied metabolic
transformations by CYP3A4 was found to be N-demethylation
> benzylic hydroxylation > O-demethylation > aromatic
hydroxylation in type both I and type II binding compounds.

■ EXPERIMENTAL SECTION
Materials and Instruments. Solvents and chemicals were

purchased from Aldrich (St. Louis, MO), Fisher Scientific (Pittsburgh,
PA), EMD (Gibbstown, NJ), and Mallinckrodt Baker (Phillipsburg,
NJ) and used without purification. CYP3A4 baculosomes were a
generous gift from Tom Rushmore. 1H NMR spectra were obtained
using a 300 MHz spectrometer equipped with a quad-detection probe
(1H, 13C, 31P, and 19F). 1H-decoupled 13C NMR results were obtained
at 75 MHz. Mass spectrometry was performed on a ThermoQuest
Surveyor coupled to Thermo-Finnegan LCQ Advantage ESI-MS.
Absorbance spectra were collected on a double-beam Olis upgraded
Aminco DW-2000 spectrometer.
Enzyme Expression and Purification. The CYP3A4 NF14

construct was purified and expressed from Escherichia coli as described
by Roberts.31 The purity was >95% as determined by SDS−PAGE
analysis. The CYP3A4 concentration was determined by absorbance at
450 nm using an extinction coefficient of 91 mM−1 cm−1 32 for the
carbon monoxide bound protein. The purified CYP3A4 was stored in
100 mM potassium phosphate (pH 7.4) buffer with 20% glycerol at
−80 °C.

Binding Spectra. Difference binding spectra were collected on a
double-beam Olis upgraded Aminco DW-2000 spectrometer (Olis
Inc., Bogart, GA). A baseline was recorded with protein in both
reference and sample cuvettes before collecting the difference spectra.
To correct the absorbance from the QCA substrates, two chambered
cuvettes (NSG Precision Cells Inc., Farmingdale, NY) were used.
Purified CYP3A4 (0.5 μM) was added to the sample and reference
cuvettes, and an equal volume of 100 mM potassium phosphate buffer,
pH 7.4, was added in the other chamber of the both cuvettes. Substrate
(20 μM final concentration) was added in the protein chamber of the
sample cuvette and the buffer chamber of the reference cuvette. To
correct for dilution, an equal volume of solvent used to add the
substrate was also added in the protein chamber of the reference
cuvette and the buffer chamber of the sample cuvette. Absorbance was
recorded from 350 to 500 nm to determine the mode of binding.

Inhibition Study. Testosterone was used as a CYP3A4 substrate,
and Ki values were determined from the formation rate of 6-β-
hydroxytestosterone. Four different final concentrations (30, 60, 90,
and 120 μM) of testosterone in 100 mM potassium phosphate buffer
at pH 7.4 were used. Three different inhibitor concentrations were
added to each different concentration of testosterone, and one set was
incubated without inhibitor. CYP3A4 baculosomes (4 pmol) were
added to the incubation mixtures containing substrate and inhibitor.
After preincubation of the mixture for 5 min at 37 °C, NADPH was
added to a final concentration of 1 mM to initiate the reaction. The
final volume of all the incubations was 0.5 mL. At the end of the 10
min incubation the reactions were quenched by adding 200 μL of
acetonitrile containing internal standard phenacetin (25 μM). The
enzyme was removed by centrifugation (Eppendorf centrifuge 5415D)
for 10 min at 16000g, and the formation of product was analyzed by
HPLC with UV detection. The HPLC system used reversed phase
chromatography (Alltech, Altima C18 5 μm, 150 mm length, 3.2 mm
i.d.), beginning with 95% mobile phase A (0.1% trifluoroacetic acid in
water) and 5% mobile phase B (0.1% trifluoroacetic acid in
acetonitrile) with linear gradient to 65% mobile phase B over 25
min. All the compounds were found to be competitive inhibitors based
on graphical analysis using reciprocal plots. Each compound’s Ki was
determined based on the best fit to the Michaelis−Menten equation
for competitive inhibition using GraphPad Prism 4 (San Diego, CA)
graphing software.

Saturation Kinetics. At least five final concentrations (0.2KM to
5KM) of substrates were used to determine the kinetic parameters for
the metabolism by CYP3A4. CYP3A4 baculosomes (4 pmol) were
added to the incubation mixtures containing a substrate in 100 mM
potassium phosphate buffer at pH 7.4 followed by preincubation for 5
min at 37 °C. NADPH was added to a final concentration of 1 mM to
initiate the reaction. The final volume of all incubations was 0.5 mL.
Reactions were quenched after 10 min by adding 200 μL of
acetonitrile containing phenacetin (25 μM) as an internal standard.
The enzyme was removed by centrifugation (Eppendorf centrifuge
5415D) for 10 min at 16000g, and metabolites were analyzed by LC/
MS (Thermo Quest HPLC series coupled with Thermo Finnigan
LCQ Advantage). The HPLC system used reverse phase chromatog-
raphy (Agilent, Eclipse plus C18 5 μm, 150 mm length, 3.2 mm i.d.)
beginning with 85% of mobile phase A (0.1% acetic acid in water) and
15% mobile phase B (0.1% acetic acid in acetonitrile) with a linear
gradient to 85% of mobile phase B over 25 min. The m/z was
monitored for the internal standard and metabolites of the substrates.
The kinetic constants were determined based on the best fit to the
Michaelis−Menten equation using GraphPad Prism 4 (San Diego,
CA) graphing software.

Metabolite Identification and Quantification. To identify the
position of metabolism, LC/MS/MS analysis was carried out using a
Thermo Quest HPLC coupled with Thermo Finnigan LCQ
Advantage. The HPLC system used reverse phase chromatography
(Agilent, Eclipse plus C18 5 μm, 150 mm length, 3.2 mm i.d.)
beginning with 85% of mobile phase A (0.1% acetic acid in water) and
15% mobile phase B (0.1% acetic acid in acetonitrile) with a linear
gradient to 85% of mobile phase B over 25 min. The fragments were
monitored in a range of 100−450 m/z for the metabolites using the
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electrospray ionization (ESI) mode with collision energy of 40 V. The
synthesized standard metabolites have the same retention time and
fragmentation pattern as one of the metabolites obtained by CYP3A4
metabolism. The standard curve of the standard synthesized
metabolite with the internal standard was used to quantify the
metabolites formed.
Synthesis of Substrates. Substrates and metabolites were

synthesized as described by Peng et al.21 with modifications as
needed. The general synthetic methodology is described below in
terms of synthesis of compound 1. Synthesis of the other substrates
and characterization data are presented in Supporting Information.
Purity of the substrates was determined by reversed phase HPLC
system. The HPLC was recorded on an Agilent 1100 series instrument
equipped with an Alltech Altima C18 column (5 μm, 150 mm length,
3.2 mm i.d.) and a UV detector. The solvent system starts with 95%
mobile phase A (0.1% trifluoroacetic acid in water) and 5% mobile
phase B (0.1% trifluoroacetic acid in acetonitrile) with linear gradient
to 65% mobile phase B over 25 min. An indicated purity of >99%
indicates that no other peaks in the chromatogram occur. All
substrates reported in this publication were determined to have
purities of >95%.
N-(4-Methoxyphenyl)-2-phenylquinoline-4-carboxamide

(1). To a 100 mL round-bottom flask equipped with a water
condenser and a stir bar were combined potassium hydroxide (842 mg,
15 mmol) and ethanol (5 mL). The reaction mixture was stirred at 80
°C to dissolve the potassium hydroxide. Isatin (736 mg, 5 mmol) was
added to the reaction mixture followed by dropwise addition of
acetophenone (661 mg, 5.5 mmol). The mixture was refluxed at 80 °C
for 2 days. Then the solvent was evaporated using a rotary evaporator
and the residue was dissolved in 50 mL of water. The aqueous phase
was neutralized with dropwise addition of 1 N HCl to pH 6. The
resulting solid was collected by vacuum filtration to get crude 2-
phenylquinoline-4-carboxylic acid. The crude 2-phenylquinoline-4-
carboxylic acid was used directly to synthesize acyl chloride. To the 50
mL round-bottom flask equipped with a water condenser and a stir bar
were mixed the crude acid obtained above and 5 mL of neat thionyl
chloride, and the mixture was refluxed at 80 °C. After 2 h excess
thionyl chloride was evaporated using a stream of argon to get 2-
phenylquinoline-4-carbonyl chloride. The resulting solid was dissolved

in 5:1 mixture of dichloromethane/triethylamine (10 mL) in a 50 mL
round-bottom flask, and p-anisidine (677 mg, 5.5 mmol) was added.
The reaction mixture was stirred at room temperature. After 2 h the
solvent was evaporated using a rotary evaporator and the crude
product was purified using flash chromatography (30 g silica gel 60,
0.063−0.200 mm) with 10% ethyl acetate in dichloromethane. The
product obtained was crystallized in dichloromethane/ethanol to get
pure N-(4-methoxyphenyl)-2-phenylquinoline-4-carboxamide in
38.8% overall isolated yield. 1H NMR (CDCl3) δ 3.85 (s, 3H), 6.96
(dt, J = 9.2, 2.2 Hz, 2H), 7.45−7.5 (m, 4H), 7.64−7.75 (m, 3H), 7.82
(s, 1H), 8.03−8.15 (m, 5H); 13C NMR (CDCl3) δ 55.79, 114.61,
116.54, 122.18, 123.34, 125.17, 127.62, 127.69, 129.18, 130.05, 130.12,
130.59, 130.94, 138.65,143.09, 148.78, 156.90, 157.21, 165.63; ESI-MS
[M + H]+ = 355.4. Purity, ≥99%.

Synthesis of Metabolites. Metabolites were synthesized as
shown in Scheme 3.

O-Demethylation of the Substrate. The O-demethylation of
the substrate was carried out as described elsewhere33 with
modification as needed (Scheme 3a). The general synthetic method-
ology for O-demethylation is described below in terms of synthesis of
1M. Synthesis of the other metabolites and characterization data are
presented in Supporting Information.

N-(4-Hydroxyphenyl)-2-phenylquinoline-4-carboxamide
(1M). To the 10 mL solution of 1 (127 mg, 0.36 mmol) in CH2Cl2,
boron tribromide (1 M in CH2Cl2, 1.1 mL, 1.1 mmol) was added over
2 min with stirring. The reaction mixture was stirred for 45 min at
room temperature. The reaction was quenched by saturated sodium
hydrogen carbonate, and the mixture was adjusted to pH 8 and was
extracted with CH2Cl2 (3× 30 mL). The combined organic phase was
washed with water. The solvent was removed under reduced pressure,
and the residue was flash chromatographed using 10% EtOAc/CH2Cl2
followed by 30% MeOH/CH2Cl2. The isolated overall yield was 83%.
1H NMR (DMSO) δ 6.77 (dt, J = 8.8, 2.2 Hz, 2H), 7.52−7.68 (m,
6H), 7.83 (ddd, J = 7.7, 7.0, 1.3 Hz, 1H), 8.13 (m, 1H), 8.29−8.37 (m,
3H), 9.35 (s, 1H), 10.57 (s, 1H); 13C NMR (DMSO) δ 115.85,
117.44, 122.41, 124.02, 125.90, 128.03, 129.62, 130.29, 130.63, 130.96,
131.19, 138.87, 144.00, 148.60, 154.70, 156.50, 165.35; ESI-MS [M +
H]+ = 341.4.

Scheme 3. Synthesis of the Metabolites

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm201207h | J. Med. Chem. 2012, 55, 280−290288



N-Demethylation. A few methods were reported in literature for
N-demethylation. We attempted N-demethylation using N-iodosucci-
namide34 and a selective N-demethylation method using a column
chromatography-like setup by Rosenau et al.,35 but they did not work
in our hands. The N-demethylation method developed by Acosta et
al.36 using calcium oxide and iodine in the presence of methanol
worked for all five series of our compounds (Scheme 3b).
The general synthetic methodology for N-demethylation is

described below in terms of synthesis of 2M. Syntheses of the other
metabolites and characterization data are presented in Supporting
Information.
N-(4-(Methylamino)phenyl)-2-phenylquinoline-4-carboxa-

mide (2M). To an ice chilled mixture of 2 (50 mg, 0.14 mmol) and
CaO (61 mg, 1.1 mmol) in tetrahydrofuran (1.6 mL) and methanol
(1.2 mL) was added iodine (69 mg, 0.27 mmol). The mixture was
stirred at 0 °C until the reaction was completed. The reaction was
monitored by TLC, and in 4 h all the reactant was consumed. The
reaction mixture was filtered, and the filtrate was sequentially washed
with 15% sodium thiosulfate solution, water, and brine solution. The
organic phase was dried over magnesium sulfate, and solvent was
evaporated in a rotary evaporator. The product was separated by flash
chromatography using 4% acetone in dichloromethane. The product
(2M) was crystallized in CH2Cl2/hexanes system to get 25 mg of pure
product with an isolated yield of 55%. 1H NMR (DMSO) δ 2.67 (d, J
= 5.0 Hz, 3H), 5.58 (q, J = 5.3 Hz, 1H), 6.54 (d, J = 8.9 Hz, 2H),
7.51−7.59, (m, 5H), 7.64 (t, J = 8.2 Hz, 1H), 7.83 (t, J = 8.2 Hz, 1H),
8.16 (t, J = 9.1 Hz, 2H), 8.27 (s, 1H), 8.35 (d, J = 6.5 Hz, 2H), 10.43
(s, 1H); ESI-MS [M + H]+ = 354.3.
Benzylic Hydroxylation. Attempts to carry out direct benzylic

hydroxylation were not successful. We attempted to convert the benzyl
group into benzyl halide using N-bromosuccinimide/benzoyl peroxide
system as performed by Dauben and McCoy,37 using iodine/hydrogen
peroxide system as performed by Barluenga et al.38 and using
bromine/dimethyl sulfoxide system as performed by Ghaffarzadeh et
al.39 We also tried to convert the benzyl group into benzaldehyde
using ferric chloride/tert-butyl hydroperoxide system as performed by
Nakanishi and Bolm40 and using 2-iodoxybenzoic acid as performed by
Nicolaou et al.41 As all these attempts did not work in our hands, we
synthesized the benzylic metabolite by protecting 4-aminobenzyl
alcohol and reacting protected benzylic alcohol with appropriate acid
chlorides to get the protected benzylic alcohols which on deprotection
yielded the desired benzylic hydroxylated metabolites (Scheme 3c).
The general synthetic methodology of benzylic hydroxylated
metabolites is described below in terms of the synthesis of 4M.
Synthesis of the other metabolites and characterization data are
presented in Supporting Information.
4-((tert-butyldimethylsilyloxy)methyl)aniline. To a solution

of 4-aminobenzyl alcohol (1.5 g, 12.2 mmol) in dichloromethane
(20 mL) were added tert-butyldimethylsilyl chloride (TBDMSCl, 1.8
g, 12.2 mol) and imidazole (0.91 g, 13.4 mmol). After being stirred for
1 h at room temperature, the reaction mixture was diluted with brine
solution and then extracted with ethyl acetate. The organic phase was
dried over sodium sulfate and filtered. The solvent was evaporated in a
rotary evaporator to get the oil (2.8 g, 11.8 mmol) with 97% yield. 1H
NMR (CDCl3) δ 0.01 (s, 6H), 0.85 (s, 9H), 3.58 (s, 2H), 4.55 (s, 2H),
6.56 (d, J = 8.6 Hz, 2H), 7.03 (d, J = 8.5 Hz, 2H).
N-(4-(Hydroxymethyl)phenyl)-2-phenylquinoline-4-carbox-

amide (4M). To a 100 mL round-bottom flask equipped with a water
condenser and a stir bar, potassium hydroxide (337 mg, 6 mmol) in
ethanol (5 mL) was dissolved at 80 °C. Isatin (294 mg, 2 mmol) was
added to the reaction mixture followed by dropwise addition of
acetophenone (264 mg, 2.2 mmol). The mixture was refluxed at 80 °C
for 3 days. Then the solvent was evaporated out using a rotary
evaporator and the residue was dissolved in 50 mL of water. The
aqueous phase was neutralized with dropwise addition of 1 N HCl to
pH 6. The resulting solid was collected by vacuum filtration to get
crude 2-phenylquinoline-4-carboxylic acid. The crude 2-phenylquino-
line-4-carboxylic acid was used directly to get acyl chloride. To a 50
mL round-bottom flask equipped with a water condenser and a stir
bar, the crude acid obtained above and 5 mL of neat thionyl chloride

were mixed. The mixture was refluxed at 80 °C for 2 h. After 2 h,
excess thionyl chloride was evaporated using a stream of argon to get
2-phenylquinoline-4-carbonyl chloride. The resulting solid was
dissolved in a 5:1 mixture of dichloromethane/triethylamine (5 mL),
and 4-((tert-butyldimethylsilyloxy)methyl)aniline (473 mg, 2 mmol)
in 1 mL of dichloromethane was added. The reaction mixture was
stirred at room temperature for 2 h. Then the solvent was evaporated
using a rotary evaporator and the crude product was purified by flash
chromatography (30 g silica gel 60, 0.063−0.200 mm) using 25% ethyl
acetate in hexanes to get 701 mg of N-(4-((tert-butyldimethylsilyloxy)-
methyl)phenyl)-2-phenylquinoline-4-carboxamide with 75% isolated
overall yield in four steps. 1H NMR (CDCl3) δ 0.00 (s, 6H), 0.83 (s,
9H), 4.64 (s, 2H), 7.26 (d, J = 8.5 Hz, 2H), 7.31−7.42 (m, 4H), 7.58−
7.64 (m, 3H), 7.77 (s, 1H), 7.94−8.06 (m, 5H); ESI-MS [M + H]+ =
369.4. N-(4-((tert-Butyldimethylsilyloxy)methyl)phenyl)-2-phenylqui-
noline-4-carboxamide (701 mg) was dissolved in 20 mL of
tetrahydrofuran, and 2 mL of 1 M tetrabutylammonium fluoride
solution in tetrahydrofuran was added. The reaction mixture was
stirred, and the progress of the reaction was monitored by TLC. After
the completion of reaction in 4 h, the solvent was evaporated and flash
chromatography (30 g silica gel 60, 0.063−0.200 mm) was carried out
to purify the product using hexane, dichloromethane, and methanol in
9:10:1 ratio. The product was crystallized in methanol/dichloro-
methane to get the title compound with 67% isolated yield. 1H NMR
(DMSO) δ 4.48 (d, J = 5.6 Hz, 2H), 5.18 (t, J = 5.6 Hz, 1H), 7.33 (d, J
= 8.2 Hz, 2H), 7.52−7.61 (m, 3H), 7.68 (t, J = 8.2 Hz, 1H), 7.75 (d, J
= 8.2 Hz, 2H), 7.84 (t, J = 8.2 Hz, 1H), 8.15 (d, J = 8.5 Hz, 2H),
8.33−8.37 (m, 3H), 10.79 (s, 1H); 13C NMR (DMSO) δ 65.58,
119.81, 122.76, 126.23, 128.11, 129.96, 130.36, 131.95, 132.65, 132.99,
133.34, 140.42, 141.14, 141.37, 146.09, 150.92, 158.84, 168.19, 225.16;
ESI-MS [M + H]+ = 355.4.
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