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ABSTRACT

1. CYP2A13 enzyme is expressed in human extrahepatic tissues, while CYP2A6 is a hepatic enzyme.
Reactions catalysed by CYP2A13 activate tobacco-specific nitrosamines and some other toxic
xenobiotics in lungs.

2. To compare oxidation characteristics and substrate-enzyme active site interactions in CYP2A13 vs
CYP2A6, we evaluated CYP2A13 mediated oxidation characteristics of 23 coumarin derivatives
and modelled their interactions at the enzyme active site.

3. CYP2A13 did not oxidise six coumarin derivatives to corresponding fluorescent 7-hydroxycoumar-
ins. The Km-values of the other coumarins varied 0.85–97mM, Vmax-values of the oxidation
reaction varied 0.25–60min�1, and intrinsic clearance varied 26–6190 kL/min�mol CYP2A13). Km of
6-chloro-3-(3-hydroxyphenyl)-coumarin was 0.85 (0.55–1.15 95% confidence limit) mM and Vmax

0.25 (0.23–0.26) min�1, whereas Km of 6-hydroxy-3-(3-hydroxyphenyl)-coumarin was 10.9
(9.9–11.8) mM and Vmax 60 (58–63) min�1. Docking analyses demonstrated that 6-chloro or
6-methoxy and 3-(3-hydroxyphenyl) or 3-(4-trifluoromethylphenyl) substituents of coumarin
increased affinity to CYP2A13, whereas 3-triazole or 3-(3-acetate phenyl) or 3-(4-acetate phenyl)
substituents decreased it.

4. The active site of CYP2A13 accepts more diversified types of coumarin substrates than the hepatic
CYP2A6 enzyme. New sensitive and convenient profluorescent CYP2A13 substrates were identi-
fied, such as 6-chloro-3-(3-hydroxyphenyl)-coumarin having high affinity and 6-hydroxy-3-(3-
hydroxyphenyl)-coumarin with high intrinsic clearance.
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Introduction

Humans are constantly exposed to a wide variety of foreign
compounds (xenobiotics). The greatest exposure for xenobi-
otics takes place from the gastrointestinal tract, but signifi-
cant exposure occurs also via lung. In the case of smokers or
certain types of occupations exposure by inhalation can be
the most significant exposure route when toxic effects are
considered. Lipophilic xenobiotics are absorbed more than
water-soluble and charged ones. Enzymatic phase 1 oxida-
tion, reduction or hydrolysis and phase 2 conjugation reac-
tions are the most important elimination pathway for the
lipophilic xenobiotics. The liver is the major xenobiotic
metabolising organ in the body, but metabolism is also
important in tissues of entry, such as lung, intestine, and skin
(Gonzalez et al. 2018; Parkinson et al. 2019).

The cytochrome P450s (CYP) are the most versatile
metabolising enzymes for numerous xenobiotics and

endogenous substrates. Of the 57 individual CYP enzymes in
humans, approximately 10 forms in the families CYP1, CYP2
and CYP3 are expressed at high level in liver (Zanger and
Schwab 2013). CYP enzymes are less abundant in extrahe-
patic tissues, making them quantitively less important for the
overall metabolism of xenobiotics. Local metabolism, how-
ever, may lead to tissue-specific adverse responses, e.g.
organ toxicities, allergies or cancer (Gundert-Remy
et al. 2014).

The respiratory system consists of tissues that are ports of
entry for inhaled chemicals. CYPs and other xenobiotic-
metabolising enzymes are expressed at every level of the
respiratory tract, starting from nasal epithelial, and ending in
lung alveoli (Hukkanen et al. 2002; Oesch et al. 2019). Of the
two functional enzymes in the human CYP2A subfamily,
CYP2A6 is abundant in liver, whereas CYP2A13 is expressed
in extrahepatic tissues. CYP2A13 is expressed especially in
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nasal mucosa and lung (Raunio and Rahnasto-Rilla 2012).
CYP2A13 and CYP2A6 share 95.4% amino acid identity
Fernandez-Salguero et al. 1995). In the respiratory system,
several compounds are bioactivated from pro-toxic forms to
ultimate toxic metabolites (Pelkonen and Raunio 1997;
Anttila et al. 2011; Oesch et al. 2019). CYP2A13 mediated bio-
activation plays a role in lung tumorigenesis. CYP2A13 acti-
vates many procarcinogens in tobacco, including the
tobacco-specific N-nitrosamines 4-(methyl-nitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) and N9-nitrosonornicotine (NNN)
(Su and Ding 2004; Jalas et al. 2005; Zhang et al. 2007),
naphthalene, phenanthrene, biphenyl (Shimada et al. 2016; Li
et al. 2017), and 5-hydroxymethylfurfural (Ji et al. 2018).
Other notable examples of compounds metabolised by
CYP2A13 are aflatoxins (He et al. 2006; Zhang et al. 2013),
nicotine (Hukkanen et al. 2005; Murphy et al. 2005) and cou-
marin (Fukami et al. 2007).

Recently we designed new profluorescent coumarin sub-
strates for human hepatic CYP enzymes These substrates are
oxidised efficiently by CYP1A1, CYP1A2 and/or CYP1B1 and
some of them also by CYP2A6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6 or CYP3A4 (Juvonen et al. 2019; Juvonen et al. 2021
submitted). The primary aim of this study was to use these
novel coumarin derivatives as tools to explore their CYP2A13
oxidation kinetics, and to compare the new compounds with
the classical CYP substrates 7-ethoxy- and 7-pentoxyresoru-
fin. The binding of the coumarins to the active site of human
CYP2A13 was modelled in silico and compared to that of
CYP2A6. Several novel coumarin derivatives proved to be
oxidised more efficiently than coumarin by CYP2A13.

Materials and methods

Chemicals

MgCl2 were from Honeywell Riedel-de Haen (Bucharest,
Romania). Ethanol (�99.5%, Etax Aa) was from Altia (Helsinki,
Finland). Water was deionised by MilliQ gradient A10. All
chemicals were of the highest purity available from their
commercial suppliers. Coumarin, 6-methylcoumarin (25),
7-hydroxycoumarin, 7-ethoxyresorufin, 7-pentoxyresorufin,
resorufin, Tris-HCl, MnCl2, isocitric acid and isocitric acid
dehydrogenase were purchased from Sigma-Aldrich
(Steinheim, Germany), KCl from J.T. Baker, NADPH and
NADPþ from Roche Diagnostics (Mannheim, Germany).
200mL NADPH regenerating system contained 178.5mg
NADPþ (nicotinamide adenine dinucleotide phosphate),
645mg isocitric acid, 340mg KCl, 240mg MgCl2, 0.32mg
MnCl2 and 15U isocitric acid dehydrogenase.

Coumarin derivatives

Synthesis and experimental data for compounds 3-(4-fluoro-
phenyl)-6-methoxycoumarin (1); 3-(4-trifluoromethylphenyl)-
6-methylcoumarin (2); 3-(4-trifluoromethylphenyl)-6-methoxy-
coumarin (3); 3-(3-hydroxyphenyl)-6-chlorocoumarin (4),
3-pyridyl-6-chlorocoumarin (5); 3-(4-hydroxyphenyl)-6-chloro-
coumarin (6); 3-(4-hydroxyphenyl)-6-hydroxycoumarin (7);

3-(3-methoxyphenyl)coumarin (8); 3-(3-methoxyphenyl)-7-
methoxycoumarin (9); 3-(3-benzyloxo)phenyl-7-methoxycou-
marin (10); 4-trifluoromethyl-7-benzyloxocoumarin (11); 3-(3-
fluoro-4-hydroxyphenyl)-6-methoxy-coumarin (13); 6,8-
dichloro-3-(4-(3-fluoro)phenyl acetate)-coumarin (14); 3-(3-
hydroxyphenyl)-6-hydroxy-coumarin (15); 7-methoxy-3-(4-(tri-
fluoromethoxy)phenyl)-coumarin (16); 7-methoxy-3-(4-(tri-
fluoromethoxy)phenyl)-coumarin (18); 6-methoxy-3-(3-
methoxyphenyl)-coumarin (19); 3-(4-phenyl acetate)-6-chloro-
coumarin (20); 3-(4-fluorophenyl)-6-methyl-coumarin (21);
3-(3-phenyl acetate)-6-chloro-coumarin (22); 3-(3-hydroxy-
phenyl)-coumarin (23); 3-(1H-1,2,4-triazol-1-yl)-coumarin (24)
are described earlier (Niinivehmas et al. 2018; Rauham€aki et
al. 2018; Juvonen et al. 2019; 2021). Structures of the mole-
cules are shown in Figure 1.

Biological material

Baculovirus-insect cell-expressed human CYP2A13 was pur-
chased from BD Biosciences Discovery Labware (Woburn,
MA, USA) and used according to the manufacturer’s
instructions.

Oxidation assays

The kinetic assays were carried out in 100 mL volume contain-
ing 100mM Tris-HCl buffer pH 7.4, 0–40 mM coumarin deriva-
tive or 0–10 mM 7-ethoxyresorufin, 1–25 nM recombinant CYP
or 0–0.1 g/L microsomal protein and 20% NADPH regenerat-
ing system. Incubations took place at 37 �C in 96-multiwell
plates; the fluorescence was measured with a Victor2 plate
reader (PerkinElmer Life Sciences, Turku, Finland). The
detailed conditions are described in the figures and tables.
The reaction was started by adding NADPH and fluorescence
was measured at 2-min intervals for 40min using excitation
405 nm and emission 460 nm for the oxidation of coumarin
derivatives and excitation 570 nm and emission 615 nm for
7-ethoxyresorufin or 7-pentoxyresorufin 7-O-dealkylations.
Incubations without substrate, enzyme or NADPH were used
as blank reactions. Resorufin was used as a standard and
7-hydroxycoumarin as the surrogate standards to calculate
the amount of product formed. The linear phase of the reac-
tions was used for calculations. When the oxidation of cou-
marin 7-hydroxylation or 7-hydroxylation of compound 15
was inhibited by 0–500 mM pilocarpine or 0–100mM 7-meth-
ylcoumarin, the same incubation conditions and measure-
ment setup as described above was used. One mL
pilocarpine or 7-methylcoumarin was added from 100mM
phosphate pH 7.4 or 100% dimethyl sulfoxide stock solution,
respectively. Non-inhibited sample contained 1% dimethyl
sulfoxide, and negative control did not contain microsomes.

Multivariate analysis

For multivariate analysis of kinetic parameters, principal com-
ponent analysis on mean centred and normalised kinetics
data was done using SIMCA version 15.0.2, Umetrics (Simca
multivariate data analysis software). Principal component

1208 R. O. JUVONEN ET AL.



analysis reveals underlying patterns in the data by reducing
the dimensions of the data to uncorrelated variables (princi-
pal components). All obtained component scores were
reduced by component scores from coumarin to force cou-
marin to the origin. This was done to ease interpretation,
since all other compounds are derivates of coumarin.

Molecular docking

Ten compounds with the highest 7-hydroxylation efficiency
were docked to the active site of CYP2A13 to predict their
binding modes and to explain the observed differences in
Km and Vmax values. The compounds were drawn with

Figure 1. Structures of coumarin derivatives grouped by CYP2A13 mediated oxidation rate and efficiency. Numbers assigned to the derivatives are the same as in
previous publications (Juvonen et al. 2019, 2021). Grouping was made according to intrinsic clearance (Vmax/Km) values presented in Table 1.

XENOBIOTICA 1209



MAESTRO (ver. 12.5.139, Release 2020-3, Schr€odinger, LLC)
and prepared for docking with LIGPREP using the following
settings: OPLS3e force field (Harder et al. 2016); protonation
at pH 7.4 using EPIK (Shelley et al. 2007); maximum of 32
stereoisomers per ligand. LIGPREP preparation produced a
single structure for each compound.

All compounds were docked to the five crystal structures
of human CYP2A13 available in Protein Data Bank (PDB)
(Berman et al. 2000): 2P85, 3T3S, 4EJG, 4EJH and 4EJI (Yano
et al. 2005; Smith et al. 2007; DeVore et al. 2012; DeVore and
Scott 2012). Comparisons were made with crystallographic
CYP2A6-coumarin complex (PDB-ID: 1Z10) (Yano et al. 2005).
Before docking, original ligands were deleted and A-chain of
each structure was superimposed with VERTAA in BODIL
molecular modelling software (Lehtonen et al. 2004).
Hydrogens were added to each CYP2A13 structure using
REDUCE (ver. 3.23) (Word et al. 1999). PLANTS software was
used for docking with chemPLP scoring function and speed1
setting for search speed (Korb et al. 2009). Coordinate for
binding site centre was obtained from a central atom of the
ligand present in 4EJI, and binding site radius was set to
14Å. Ten best-scored docking poses for each compound
were acquired from each docking, using cluster rmsd 2.5 Å.
Scoring functions are known to often fail in identification of
the high affinity binding mode. In addition, the highest affin-
ity binding mode is not always equivalent to the catalytically
active binding mode. Thus, the following criteria was
employed to filter out poses that did not fit to the experi-
mental data of the active molecules: 1. Docking conforma-
tions where 7-hydroxylation site was outside radius of 6 Å
from the haem iron were discarded using sdfconf (v. 0.8.37;
Hritz et al. 2008). 2. 7-Hydroxylation site reactivity was con-
sidered by discarding conformations where the 7-hydroxyl-
ation site was oriented away from the haem group (Sheng
et al. 2014). 3. Finally, conformations where polar atoms of
the coumarin core formed unfavourable contacts with hydro-
phobic residues instead of forming hydrogen bond were dis-
carded by visual inspection. Formation of at least one
hydrogen bond between CYP2A13 and the substrate was

required. Docking results were visually inspected in BODIL.
Poses where 7-hydroxylation site of the docked compound
was oriented away from the haem group were discarded.
Due to the relatively small size of the CYP2A13 active site
cavity, the remaining docking complexes were subjected to a
brief energy minimisation to allow slight relaxation of the
active site residues. Minimisation was performed with PRIME
module in MAESTRO using VSGB solvation model and
OPLS3e force field (Jacobson et al. 2002; 2004; Li et al. 2011;
Harder et al. 2016). During minimisation, ligand and residues
within 5 Å of the ligands were considered flexible. The refine-
ment optimised the docking poses, especially in case of the
bulkier 3-phenyl containing compounds. Finally, minimised
docking complexes were visually inspected in BODIL to iden-
tify active ligand binding modes that were consistent with
the hydroxylation reaction taking place at the 7-position of
the coumarin core.

Structural figures (Figures 5 and 6) were generated using
Pymol 2.3.0 (Schr€odinger 2015).

Results

Oxidation characteristics

Rates of CYP2A13 catalysed 7-hydroxylation of the coumarins
and 7-dealkylation of the resorufins are shown in Figure 2.
Six coumarin derivatives (9, 8, 18, 19, 13, 11) were not oxi-
dised to fluorescent 7-hydroxyl products. The oxidation rate
of 14 derivatives (16, 4, 3, 22, 6, 20, 5, 1, 10, scoparone, 7,
21, 7-ethoxycoumarin, 15) was higher than the rate of cou-
marin 7-hydroxylation, while the rate of four derivatives (23,
25, 24, 14) and both resorufins was lower. The highest rates
were observed for 15 (36min�1), 7-ethoxycoumarin
(25min�1), 21 (14min�1), 7 (11min�1) and scoparone
(11min�1). These results indicate that the rate of 7-hydroxyl-
ation of coumarins by CYP2A13 is greatly affected by the
substituents, and that 7-ethoxyresorufin and 7-pentoxyresor-
ufin are poor substrates for CYP2A13.

Table 1. The Michaelis-Menten kinetic constants of the 7-hydroxylation of the coumarin derivatives oxidised by human CYP2A13.

Km Vmax
Vmax / Km Vmax / Km

Compound Low Mean High Low Mean High CYP2A13 2A13/2A6

24 16 20 24 0.47 0.53 0.58 0.027
22 57 97 137 2.1 3.0 3.9 0.031 0.16
20 29 73 117 1.6 2.8 4.0 0.038 0.07
6 5.2 6.7 8.3 1.1 1.2 1.3 0.179 0.37
16 2.1 3.4 7.8 0.85 0.97 1.09 0.284
4 0.6 0.9 1.2 0.23 0.25 0.26 0.292 1.10
Coumarin 0.8 1.2 1.7 0.41 0.45 0.48 0.369 0.30
10 0.0 13.2 29.0 0.86 6.05 11.2 0.458
1 3.9 7.3 10.7 5.2 6.4 7.6 0.877
5 1.5 2.2 2.9 2.2 2.4 2.6 1.091 7.30
7 15.3 17.3 19.4 19 20.2 21.3 1.168
3 0.7 1.2 1.6 1.67 1.81 1.96 1.574
21 1.9 5.1 8.3 7.4 10.6 13.8 2.078 18.0
Scoparone 8.9 10.0 11.2 20.8 21.8 22.9 2.180
15 9.9 10.9 11.8 57.9 60.2 62.6 5.523
7-Ethoxy-coumarin 2.7 3.2 3.6 19.0 19.8 20.6 6.188 1670

Unit of Km is mM, Vmax mol/(min x mol CYP) and Vmax/Km ML/(min � mol CYP). Empty space¼ no CYP2A6 activity. Kinetic values were
obtained from duplicate replicates shown in Supplement Figure 1. The shades indicate magnitude of the value, dark higher and light
lower values.
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The enzyme kinetic parameters Km, Vmax and intrinsic
clearance (Vmax/Km) were determined for CYP2A13 catalysed
oxidation of 16 coumarin derivatives (Table 1, Supplement
Figure 1). The Km values varied 114-fold (0.9 (4) to 97 (22)
mM), Vmax values varied 240-fold (0.25 (4) to 60 (15) mol/
(min�mol CYP2A13)) and intrinsic clearance varied 238-fold
(26 to 6190 kL/(min�mol CYP2A13)). Oxidation of nine cou-
marin derivatives was more efficient (higher Vmax/Km ratio)
than coumarin 7-hydroxylation, and oxidation of six deriva-
tives was less efficient. The Km values of 3, 4 and 5 were
0.7–1.8 times and 7-ethoxycoumarin, 6, 16 and 21 2.6–5.5
times the Km of coumarin, indicating higher affinity to
CYP2A13 than the other compounds. The large variation in
the kinetic parameters implies that the substituents markedly
affect binding affinity and 7-hydroxylation oxidation effi-
ciency of the coumarin derivatives.

No linear correlation existed between reciprocal values of
Km and intrinsic clearance or Vmax. The principal component
analysis showed that coumarin and derivatives 1, 3, 4, 5, 6,
10, 16, 21 and 24 formed a basal group of compounds that
showed similar kinetic values with coumarin (Figure 3). Other
derivatives branched out to two main directions based on
the kinetic parameters. Extremes of these branches were 22
and 20, which had high Km and low Vmax and intrinsic clear-
ance, and 15 and 7-ethoxycoumarin, which had high Vmax

and intrinsic clearance. Scoparone and 7 were between the
basal group and the extremes with intermediate values of
Km, Vmax and Vmax/Km.

Coumarin derivatives poorly oxidised by CYP2A13 such as
22, 20, 6 and coumarin were more efficiently oxidised by
CYP2A6 (Table 1, Juvonen et al. 2019). Compound 4 was
equally efficiently oxidised by both CYP2A forms. CYP2A13
oxidised efficiently several coumarin derivatives such as 10,

1, 5, 7, 3, 21, scoparone, 15 and 7-ethoxycoumarin, which
are poorly or not at all oxidised by CYP2A6 (Table 1, Figure
2, Juvonen et al. 2019).

Pilocarpine is an inhibitor of both CYP2A13 and CYP2A6,
and 7-methylcoumarin is an inhibitor of CYP2A6 (Kinonen
et al. 1995; DeVore et al. 2012; Juvonen et al. 2016). We
tested the ability of these inhibitors to suppress CYP2A13
catalysed 7-hydroxylation of coumarin and compound 15
(Figure 4). The derived IC50 value of pilocarpine was 8.7mM
(95% confidence limit 0–24 mM) for coumarin 7-hydroxylation
and 2.0mM (1.4–2.5mM) for 7-hydroxylation of 15. IC50 of 7-
methylcoumarin was 14 mM (3.5–25mM) for coumarin 7-
hydroxylation and 2.2 mM (1.9–2.6mM) for 7-hydroxylation of
15. IC50 values of both inhibitors were lower for 15 than for
coumarin, as the Km of 15 is higher than that of coumarin.

Modelling

Molecular docking of compounds 15, 21, 3, 7, 5, 1, 10, 7-
ethoxycoumarin, coumarin and scoparone was performed to
identify their active binding modes for 7-hydroxylation by
CYP2A13. Distance-, orientation- and hydrogen bonding-
based filters were used to discard docking poses not consist-
ent with the compound activity data. Poses where 7-hydrox-
ylation site was within 6 Å and orientated towards the haem
group and whose binding was stabilised by at least one
hydrogen bond were retained: these are referred to as ‘active
binding modes’. Docking was performed to all available
CYP2A13 crystal structures (PDB: 2P85, 3T3S, 4EJG, 4EJH and
4EJI) to consider flexibility of the active site in identification
of active substrate binding modes. Superimposition of the

Figure 2. Oxidation rates of the coumarin derivatives to fluorescent 7-hydroxy
metabolites and 7-dealkylation of 7-ethoxyresorufin and 7-pentoxyresorufin by
CYP2A13. Formation of fluorescent metabolites was determined in incubations
containing 25 nM CYP enzyme, 20% NADPH regenerating system and 10 mM
coumarin derivatives or 1mM resorufin derivatives in 100mM Tris-HCl, pH 7.4.
The inset represents the 17 lowest oxidation values of the substrates. The activ-
ities were determined from the linear phase of the reactions and do not repre-
sent Vmax values. 7-EC, 7-ethoxycoumarin.

Figure 3. Principal component analysis biplot of the Michaelis-Menten kinetic
parameters of oxidation of coumarin derivatives by CYP2A13. The analysis was
done for the substrates in Table 1. The X-axis component explained 63% and
the y-axis component 31% of the variation in the data.
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structures showed largest conformational variation for the
residues Phe107, Phe118, Phe209, Phe300, Thr305, Met365,
Leu366 and Leu370 (Supplement Figure 2(A)). In addition,
4EJI differs from other structures due to conformational

change of residues Gln104 and Phe480, which facilitates
opening of a possible ligand entry and/or exit channel
(Devore and Scott 2012; Supplement Figure 2(B)). Docking to
2P85, 3T3S, 4EJG and 4EJH identified at least one active

Figure 4. Inhibition by pilocarpine and 7-methylcoumarin of CYP2A13 catalysed coumarin 7-hydroxylation (closed circles) and 7-hydroxylation of compound 15
(open circles). X-axis indicates concentrations of the inhibitors were added to incubations containing 10 nM enzyme (coumarin) or 2.5 nM enzyme (15), 20%
NADPH regenerating system and 10mM coumarin or 15 in 100mM Tris-HCl pH 7.4.

Figure 5. Molecular docking of 7-ethoxycoumarin and coumarin to CYP2A13. A) Predicted binding mode of 7-ethoxycoumarin with CYP2A13. B) Predicted binding
mode of coumarin with CYP2A13. C) Comparison of 7-ethoxycoumarin and coumarin predicted binding modes when complexed with CYP2A13. 7-Ethoxycoumarin
and coumarin are shown as sticks. Haem and residues of coumarin-bound, energy minimised CYP2A13 have transparent representation. D) Comparison of coumarin
orientation when complexed with CYP2A13 or CYP2A6 ( crystal structure PDB: 1Z10). CYP2A6 residues have transparent representation and residue labels
(CYP2A13/CYP2A6) show amino acid differences between 2A13 and 2A6. Ligand, haem and protein atoms and bonds are displayed as sticks. In A and B, dashed
line represents a hydrogen bond.
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binding mode for 15, 21, 3, 7, 5, 1, 7-ethoxycoumarin, cou-
marin and scoparone (Supplement Table 1). Generally, poses
with the shortest distance between 7-hydroxylation site and
haem iron were consistent between docking experiments
with different CYP2A13 structures (Supplement Figure 3).
Docking with 4EJH showed the best performance, as an
active binding mode was ranked first by docking score for
five compounds. With 4EJI, docking produced active binding
modes for 7-ethoxycoumarin, 21, 3 and scoparone but failed
to find suitable poses for other compounds. Many of the
compounds were docked into the additional channel of 4EJI
active site, which resulted in such poses failing to pass the
6Å distance filter. Conformation of 4EJI active site may not
be relevant in binding prediction of substrates that occupy
the area above the haem group but not the additional chan-
nel. Docking and minimisation to 3T3S was the only to pro-
duce an active binding mode for compound 10 (Supplement
Figure 3). Large size of 10 generally caused overlap with the
active site residues, which suggests that binding of 10 indu-
ces structural adaptation of the CYP2A13 active site that is
not visible in the available crystal structures.

All the active compounds were predicted to form hydro-
gen bond with Asn297 via the carbonyl oxygen of the cou-
marin core. In each case, binding was stabilised by
placement of the coumarin core or a 3-phenyl substituent to
the phenylalanine-rich top region of the CYP2A13 active site
(Figure 5). 7-Ethoxycoumarin and scoparone had elevated
positioning of the core structure in relation to haem when
compared with the other compounds. The terminal CH3 of 7-
ethoxycoumarin packed with Leu370 while side chains of
Leu366, Thr305 and Ala301, further stabilised positioning of
the ethoxy group via hydrophobic contacts (Figure 5(A)).
Hydrophobic packing with the shorter 7-methoxy substituent
of scoparone was not as compact and it adopted varying
conformations, which could explain the compound’s higher
Km (Supplement Figure 3; Table 1). Coumarin, which lacks 7-
and 3-position substituents, was positioned closer to haem,
resulting in decreased p stacking within the phenylalanine-
rich region (Figure 5(B,C)).

Comparison of the predicted CYP2A13 and crystallo-
graphic CYP2A6 coumarin binding modes showed different
orientation of the 7-hydroxylation site in relation to haem
iron (Figure 5(D)). In CYP2A13, steric hindrance by the side
chain of Ala301 forces coumarin into an orientation where
the 7-hydroxylation site points slightly away from the haem
iron, explaining the decreased 7-hydroxylation efficiency.
Gly301 in CYP2A6 leaves more space into this area and lets
coumarin adopt a pose that brings 7-hydroxylation site
closer to haem iron. Regarding 7-ethoxycoumarin and sco-
parone, 7-ethoxy and 7-methoxy substituents are flexible
and enable placement of the bulky and rigid core structure
to the phenylalanine-rich region, thus fitting better to the
proximity of haem next to Ala301 in CYP2A13. This elevated
positioning of 7-ethoxycoumarin is not equally well stabilised
by p stacking in CYP2A6 due to Phe300 of CYP2A13 being
replaced by Ile300. In addition, less compact packing with
Gly301 could result in more fluctuation of the 7-ethoxy
group, contributing to the decreased reaction efficiency
by CYP2A6.

The core structure of the 3-phenyl containing compounds
(15, 21, 3, 7, 5, 1, 10) was generally placed closer to haem
than that of 7-ethoxycoumarin and scoparone. Compound
with the highest Vmax (15) had a binding mode where posi-
tioning of the 7-hydroxylation site was stabilised by electro-
static interaction between 6-hydroxyl and haem nitrogens
(Table 1; Figure 6(A)). In addition, the backbone carbonyl
oxygen of Leu241 or Leu296 was within reach to form a dir-
ect or water-mediated hydrogen bond with 3-hydroxyphenyl
in the top region of the binding site (Figure 6(A)). These
hydrogen bond acceptors are less accessible for 4-hydroxy-
phenyl, which explains the higher Km for compounds carry-
ing hydroxyl or other polar substituents on the 3-phenyl-4-
position (15 vs 7, 4 vs 6, 24 and 20; Figure 1; Table 1).
Proximity of Leu241/296 backbone oxygens is also the likely
cause for significant increase in Km when 3- or 4-position of
3-phenyl is occupied by an acetate group (20 and 22).
Accordingly, hydrophobic substituents at the 3-phenyl-4-pos-
ition express lower Km due to hydrophobic contacts with the
surrounding residues Leu241, Leu110, Leu296 and Leu244.

Figure 6. Molecular docking of 3-phenyl containing coumarin derivatives to CYP2A13. A) Predicted binding mode of 15. B) Predicted active binding mode of 21.
C) Predicted alternative binding mode of 21. Ligand, protein and haem C atoms are coloured orange, cyan and grey, respectively. Other elements are coloured as
follows: O red, N blue, Fe lime, S yellow, F pink and polar H of 15 white. Dashed lines display electrostatic interactions between ligand and protein/haem. In A, two
hydrogen bonds between 3-phenyl-3-OH and L241 or L296 are shown that could be formed either directly or through a water molecule.
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Predicted binding of 21, 3 and 1 reflect this well as each
compound has a halogen-containing substituent at the 3-
phenyl-4-position (Figure 6(B)). However, coupling 3-phenyl-
4-trifluoromethoxy with 7-methoxy on the coumarin core
abolished 7-hydroxylation activity (18). This could be caused
by not having enough space for 4-trifluoromethoxy in the
top region due to 7-methoxy elevating the core position. In
addition, compounds with methoxy group or fluorine at the
3-phenyl-3-position (9, 8, 19 and 13, respectively) showed
very low activity, which could result from bad contacts with
Leu241/296 backbone oxygens. 3-Pyridyl of 5 fits well to the
phenylalanine-rich region but the compound’s low Vmax, des-
pite carrying 6-hydroxyl, indicates the crucial role of 3-phenyl
substituents in stabilisation of an active binding mode. This
was indicated also by slight variation in localisation of the 7-
hydroxylation site of 5 in the predicted binding modes with
different CYP2A13 structures (Supplement Figure 4).

Compounds with 6-methyl, 6-methoxy and 6-chloro sub-
stituents (21, 3, 1, 4 and 6) had low Vmax when compared to
15 and 7 that carry 6-hydroxyl. Furthermore, 23, an analogue
of 15 with no substituent at the 6-position, showed very low
activity, thus indicating the importance of the 6-substituent
in anchoring the molecule into the active binding mode.
Despite not forming stabilising interaction with haem nitro-
gens, 6-methyl or 6-methoxy could pack with Met365 to
gain support for orientating the 7-hydroxylation site towards
haem iron, as shown by predicted binding mode of 21
(Figure 6(B)). However, CYP2A13 crystal structures show con-
formational variation for Met365, suggesting that long-lasting
stabilisation of the 6-methyl, 6-methoxy and 6-chloro com-
pounds into an active pose could be reduced by the fluctu-
ation of the residue. Met365 conformation in PDB structures
3T3S, 4EJG, 4EJH and 4EJI creates a crevice between Thr305
and Leu366 (DeVore et al. 2012; DeVore and Scott 2012)
(Figure 6(C)) that can be utilised by 6-position substituents.
Hydrophobic interactions formed by 6-methyl, 6-methoxy
and 6-chloro within the Thr305-Leu366 crevice contribute to
binding affinity and explain low Km of such compounds (21,
3, 1, 4, 6) but also cause a less optimal orientation of the 7-
hydroxylation site (Figure 6(C)). In addition, a bulky 6-pos-
ition substituent, such as 6-methoxy of 1 and 3, can decrease
Vmax by sterically hindering accessibility of the 7-hydroxyl-
ation site.

Discussion

Lung CYP enzymes oxidise inhaled xenobiotics to more
water-soluble and excretable metabolites, but sometimes oxi-
dation leads to reactive, toxic, or carcinogenic metabolites.
Procarcinogenic tobacco-derived nitrosamines and polycyclic
aromatic hydrocarbons are oxidised to DNA reactive metabo-
lites by CYPs in lung such as CYP2A13 and CYP1s (Hukkanen
et al. 2002; Anttila et al. 2011; Oesch et al. 2019). CYP2A13 is
mainly expressed in the respiratory tract and plays an
important role in the metabolic activation of especially
tobacco-derived procarcinogens (Raunio and Rahnasto-Rilla
2012; Su and Ding 2004; Jalas et al. 2005). To gain more
insight into the catalytic properties of CYP2A13, we

determined CYP2A13 mediated oxidation kinetics of 23 cou-
marin derivatives and modelled interactions between the
ligands and the enzyme active site. CYP2A13 oxidised 18 of
23 nonfluorescent coumarin derivatives to fluorescent 7-
hydroxycoumarins with widely varying enzyme kinetic
parameters. The active site of CYP2A13 accepted more diver-
sified types of coumarin substrates than the hepatic
CYP2A6 enzyme.

Based on Km values, affinity of compounds 3, 4, 5 to the
CYP2A13 active site was comparable with the affinity of cou-
marin. The optimal substituents for binding to the CYP2A13
active site were chloro (4 and 5) or methoxy (3) at position
6, and 3-hydroxyphenyl (4), 4-trifluoromethylphenyl (3) or
pyridine (5) at position 3 of the coumarin core. Binding to
the CYP2A13 active site was decreased most by triazole (24)
or 3-acetylphenyl (22) or 4-acetate phenyl (20) substituents
at position 3 of the coumarin. Methoxy at positions 6 (13,
19) or 7 (9, 18) with simultaneous 3-methoxyphenyl (9, 19),
4-trifluoromethoxyphenyl (18) or 3-fluoro-4-hydroxyphenyl
(13) at position 3 of coumarin abolished their oxidation.
Thus, the type of substituents at positions 6 and 3 of the
coumarin core determined the affinity of derivatives
to CYP2A13.

Docking of selected derivatives helped to explain the
observed variations in substrate binding. Bulkier coumarin
derivatives were placed closer to haem than small ones.
Carbonyl oxygen of the coumarin core and substituents at
positions 3 and 6 were key determinants of binding interac-
tions in the enzyme active site. Carbonyl oxygen formed a
hydrogen bond with Asn297, and 3-hydroxyphenyl at pos-
ition 3 and hydroxyl at position 6 of coumarin anchored the
substrates to the CYP2A13 active site. Similarly, a hydrogen
bond is formed between carbonyl oxygen of pilocarpine and
Asn297 of CYP2A13 (DeVore et al. 2012). Compound 15 and
7-ethoxycoumarin were oxidised most efficiently by CYP2A13
and branched out as their own group in the principal com-
ponent analysis of the kinetic parameters. The ethoxy group
of 7-ethoxycoumarin, the compound with the highest intrin-
sic clearance, was stabilised by hydrophobic packing of the
terminal CH3 with surrounding amino acid residues. Packing
was less efficient for scoparone having a 7-methoxy group.
For compound with the highest Vmax (15), the 7-hydroxyl-
ation site was stabilised by electrostatic interactions between
6-hydroxyl and haem nitrogen atoms. For further stabilisa-
tion, direct or water-mediated hydrogen bonds with 3-
hydroxyphenyl of 15 were formed at the top of the enzyme
binding site. These hydrogen bonds were not formed with 4-
hydroxyphenyl, which explains the higher Km for compounds
with hydroxyl or other polar substituents on the 3-phenyl-4-
position (7). Notably, although not suggested by docking, an
180� flip of the 3-hydroxyphenyl would enable hydrogen
bonding with Ser208 which has been previously associated
with CYP2A13 mediated metabolism of nicotine-derived pro-
carcinogens (He et al. 2004). Binding mode of 21 (3-(4-fluoro-
phenyl)-6-methyl-coumarin) suggested that, despite not
forming stabilising interaction with haem nitrogen atoms, 6-
methyl or 6-methoxy could pack with Met365 to gain
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support for orientating the 7-hydroxylation site towards
haem iron.

Coumarin is the prototype substrate of both CYP2A13 and
CYP2A6, and coumarin 7-hydroxylation is a marker activity
for these enzymes (Fukami et al. 2007; Raunio and Rahnasto-
Rilla 2012). CYP2A6 was somewhat more efficient in couma-
rin 7-hydroxylation than CYP2A13, as the Vmax by CYP2A13
was about twofold lower than that of CYP2A6, and the
CYP2A13 Km was twofold higher. The observed Vmax and Km
for CYP2A13 mediated coumarin 7-hydroxylation are in line
with those reported earlier (von Weymarn and Murphy 2003;
He et al. 2004; Su and Ding 2004). Docking analyses showed
that in CYP2A13 steric hindrance by Ala301 orients coumarin
slightly away from haem iron. Gly301 in CYP2A6 lets couma-
rin adopt a pose that brings 7-hydroxylation site closer to
haem iron.

7-Ethoxycoumarin is a substrate for several human CYP
enzymes. CYP2A13 catalysed 7-O-deethylation of 7-ethoxy-
coumarin 1670 times more efficiently than CYP2A6. 7-
Hydroxylation of compound 15 by CYP2A13 occurred with
the same efficiency as 7-O-deethylation of 7-ethoxycoumarin.
The ethoxy substituent in 7-ethoxycoumarin is flexible result-
ing in placement of the bulky core structure to the phenyl-
alanine-rich region, thus fitting better to the proximity of
haem in CYP2A13. This elevated positioning of 7-ethoxycou-
marin is not equally well stabilised by p stacking in CYP2A6.
In addition, less compact packing with Gly301 in CYP2A6
could result in more fluctuation of the 7-ethoxy group, con-
tributing to the reduced oxidation efficiency of 7-
ethoxycoumarin.

Conclusions

We evaluated human CYP2A13 mediated 7-hydroxylation
characteristics of 23 coumarin derivatives and dealkylations
of 7-ethoxy- and 7-penthoxyresorufins. New sensitive and
convenient profluorescent substrates of CYP2A13 were iden-
tified, such as high-affinity 6-chloro-3-(3-hydroxyphenyl)-cou-
marin (4) and high intrinsic clearance 6-hydroxy-3-(3-
hydroxyphenyl)-coumarin (15). 6-chloro or 6-methoxy and 3-
(3-hydroxyphenyl) or 3-(4-trifluoromethylphenyl) substituents
of coumarin increased binding affinity at the active site of
CYP2A13, whereas 3-triazole or 3-(3-acetate phenyl) or 3-(4-
acetate phenyl) substituents decreased it. The active site of
CYP2A13 accepts more diversified types of substrates than
CYP2A6. The molecular docking results of this study provided
detailed information about interactions between coumarin
derivatives and the active site residues of CYP2A13 and
explained the enzyme kinetic differences in 7-hydroxylation
oxidation among the tested compounds.
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