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a b s t r a c t

Caffeine, a ubiquitous natural product, is widely consumed by humans. The metabolic mechanisms of
caffeine by flavin-containing monooxygenase (FMO) were systematically investigated in this study by
quantum mechanics calculations. Four main metabolic pathways were characterized, including N-de-
methylations at N1-, N3-, and N7- sites (paths IeIII) and C-8 oxidation (path IV). N-demethylation pro-
ceeds via the concerted homolytic cleavages of CeH and OeO bonds, while C-8 oxidation is an oxygen
atom transfer mechanism. It shows that C-8 oxidation predominates over N-demethylations and tri-
methyluric acid is therefore the optimum metabolite of caffeine by FMO. Additionally, N3-demethylation
is more favorable than N1 and N7-demethylations. This study can offer important clues for the bio-
decaffeination techniques.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Caffeine, known as 1,3,7-trimethylxanthine (Scheme 1), is
a commercially important purine alkaloid existing mainly in the
seeds, leaves or fruits of some plants.1,2 It is endowed as the world’s
most popular psychoactive substance because of its activity at
adenosine receptors,3,4 which makes it widely used as a respiratory
stimulant, a diuretic in pharmaceuticals, and an analgesic enhancer
in headache, etc.5e11 However, heavy coffee consumption may in-
crease the risk of bladder cancer.12 The implications of caffeine on
human health have caused great scientific interests in its bio-
degradation.13,14

Metabolized by biological oxidation, caffeine in humans can
produce at least 12 metabolites which have been detected in the
urine.15 The four important primary metabolites of caffeine are
theophylline (TP, 1,3-dimethylxanthine), paraxanthine (PX, 1,7-
dimethylxanthine) and theobromine (TB, 3,7-dimethylxanthine),
formed by N-demethylation at each of the three tertiary amine
nitrogen atoms, as well as 1,3,7-trimethyluric acid (TMU) formed by
C-8 oxidation.16,17 Bioconversion of caffeine into its metabolites is
an enzymatic process and occurs primarily in the liver.18 Two main
types of enzymes presented in the liver microsomes of human can

potentially catalyze the metabolism of caffeine, namely, flavin-
containing monooxygenase (FMO) and cytochrome P450
(CYP).19,20 Both enzymes are monooxygenases and involve in the
oxygenation of awide range of heteroatom-containing compounds,
by which the lipophilic compounds are converted into more hy-
drophilic metabolites for rapid excretion.21 The mechanism by
which each monooxygenase operates, however, is quite dis-
tinct.22e24 Drug toxicity thus far observed in the clinic is mainly the
result of CYP-dependent oxidation because CYP can also oxidize
compounds to electrophilic reactive metabolites that can have
significant consequences for toxicity. Our previous study has sys-
tematically explored the metabolic mechanisms of caffeine by
CYP.25 In contrast, FMO generally converts lipophilic nucleophiles
into more polar, readily excreted and harmless metabolites and is
rarely inhibited. Nevertheless, the oxidationmetabolic mechanisms
of caffeine by FMO have remained elusive up to now yet.

FMO is a class of monooxygenases capable of oxygenating nu-
cleophilic oxygen, nitrogen, halide, selenium, and phosphorous
atoms of a wide range of substrates, such as amines, amides, thiols,
and sulfides.26e30 As the oxygenant of FMO, the electrophilic C-4a-
flavinhydroperoxide (FLHOOH, Scheme 1) intermediate is a co-
valent adduct between the C-4a-carbon of flavin and dioxygen
molecule,31 which is a short-lived (t1/2¼2.5 ms) intermediate oxi-
dant and can break down into oxidized flavin (Flox) and HOOH
rapidly in the absence of the stabilizing influence.32,33 In the past
years, some theoretical attempts have been performed to identify
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the oxidation mechanism of FMO.34e41 Canepa and his co-workers
identified the oxidation mechanism of dimethyl sulfide using a se-
ries of bicyclic and tricyclic models of FLHOOH and proposed a SN2-
like attack mechanism.34 Subsequently, Bach and his co-workers
confirmed the SN2-like attack mechanism of the heteroatom on
the distal oxygen of the hydroperoxide based on the investigation
on the oxidation of N-, S-, P-, Se-containing nucleophiles catalyzed
by FMO.35More recently, Bach formulated another newmechanism
for FMO oxidation of N- and S-nucleophiles, namely, a concerted
emolytic OeO bond cleavage in concert with hydroxyl radical
transfer from the flavin hydroperoxide.36,37 Additionally, the oxi-
dation mechanisms of p-hydroxybenzoate (p-OHB) and its de-
rivatives mediated by p-hydroxybenzoate hydroxylase (PHBH)
were also characterized based on the FLHOOH model. Three pos-
sible mechanisms have been indicated, including a OH radical
transfer mechanism, an electrophilic aromatic substitution mech-
anism, and an oxygen atom transfer reaction with intramolecular
1,2-proton transfer.38e41

This work aims at uncovering the oxidation metabolic mecha-
nisms of caffeine by FMO. The obtained results show that N-
demethylation proceeds via the concerted homolytic cleavages of
CeH and OeO bonds, while C-8 oxidation proceeds via an oxygen
atom transfer mechanism. C-8 oxidation is more favorable than N-
demethylations and trimethyluric acid therefore is the optimum
metabolite of caffeine by FMO. To date, this is the first time to report
the involvement of FMO in the metabolism of caffeine at the the-
oretical level, which can offer important understandings for the
bio-decaffeination techniques.

2. Computational details

The computational reactionmodel adopted in this work consists
of the two parts: (a) caffeine and (b) the reactive FLHOOH of FMO
enzyme which comprises three segments, the tricyclic iso-
alloxazinemoiety, the C-4a-hydroperoxide functionality, and the b-
hydroxyethyl group to model the effect of the 20-OH group of the
ribityl side chain of native FADHOOH (Scheme 1).42 The coordinate
of FLHOOH was established from the crystallographic structure of
FMO enzyme (PDB code: 2GVC).43 Standard procedures within the
Gaussview program were used to incorporate the coordinate of

caffeine to build the suitable initial structure to search for transition
state geometries at the DFT level.

All the quantum chemistry calculations were performed using
the Gaussian 09 program.44 Geometric structures for all the sta-
tionary points, including the reactant complexes, product com-
plexes, intermediates, and transition states, were optimized in
the gas phase using the dispersion corrected hybrid functional of
B3LYP-D345,46 in conjunction with the standard 6-31þG(d) basis
set. Vibrational frequency calculations were performed to con-
firm the stationary point as a minimum with all positive fre-
quencies or as a transition state with only one imaginary
frequency. The connectivity between the stationary points was
established by intrinsic reaction coordinate (IRC) calculations.47,48

Natural Population Atomic (NPA) charges were determined with
the Natural Bond Order (NBO) theory.49 The binding energies of
caffeine and FLHOOH were corrected using basis set superposi-
tion error.

Single-point calculations were performed both in the gas phase
and in the protein environment using B3LYP-D3 functional with
a higher basis set, 6-311þþG(d,p), which has be proved to have
consistent results with B3PW91-D3 and PBE1PBE-D3 functionals.50

Theweak polarization effect of a protein environmentwasmodeled
using conductor-like polarizable continuum model (CPCM)51 with
dielectric constant of ε¼5.62 (chlorobenzene). The value (ε¼5.62)
was taken as a reasonable compromise for the enzyme active
site.25,52,53 All of the single-point energies were corrected by the
gas-phase thermodynamic quantities. The thermodynamic data
reported in this paper are at 298.15 K and 1 atm. Cartesian co-
ordinates for the optimized geometries and energies of all sta-
tionary points along the potential energy profiles are provided in
the Supplementary data document.

3. Results and discussion

Mediated by FMO, the degradation of caffeine can take place
along two classes of mechanisms: demethylation and oxidation,
which were divided into four reaction pathways (Scheme 1). Paths
IeIII involve the demethylation of caffeine at N1-, N3-, and N7- sites,
yielding theophylline, paraxanthine, and theobromine, re-
spectively, whereas path IV concerns the oxidation of caffeine at C8

Scheme 1. Metabolic mechanisms of caffeine catalyzed by FMO.
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