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Abstract Levomepromazine, an Bolder^ typical neuroleptic, is
widely applied in psychiatry for the treatment of schizophrenia.
The biotransformation of Levomepromazine remains elusive up
to now, but found to result in the formation of different deriva-
tives that may contribute to the therapeutic and/or side-effects of
the parent drug. The present work aims to resolve the metabolic
details of Levomepromazine catalyzed by cytochrome P450, an
important heme-containing enzyme superfamily, based on DFT
calculation. Two main metabolic pathways have been ad-
dressed, S-oxidation and N-demethylation. The mechanistic
conclusions have revealed a stepwise transfer of two electrons
mechanism in S-oxidation reaction. N-demethylation is a two-
step reaction, including the rate-determining N-methyl hydrox-
ylation which proceeds via the single electron transfer (SET)
mechanism and the subsequent C-N bond fission through a
water-assisted enzymatic proton-transfer process. N-
demethylation is more feasible than S-oxidation due to its lower
activation energy and N-desmethyllevomepromazine therefore
is the most plausible metabolite of Levomepromazine. Each

metabolic pathway proceeds in a spin-selective manner (SSM)
mechanism, predominately via the LS state of Cpd I. Our ob-
servations are in good accordance with the experimental results,
which can provide some general implications for the metabolic
mechanism of Levomepromazine-like drugs.
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Introduction

Levomepromazine (LM), known as methotrimeprazine, be-
longs to the group of phenothiazine neuroleptics with an ali-
phatic side-chain. It is an Bolder^ typical neuroleptic with low
antipsychotic potency first used in psychiatry for the treatment
of schizophrenia [1]. Although lots of new atypical neurolep-
tic drugs have emerged for psycho-pharmacotherapy up to
now, LM is still widely applied in the therapy of different
psychiatric and non-psychiatric states [2, 3] as well as in the
control of symptoms in palliative care as an antipsychotic,
anxiolytic, antimimetic, and sedative drug [4]. The antipsy-
chotic effect of LM is mainly due to its action as a moderate
antagonist of the dopaminergic D2 receptor. Besides, LM also
acts as an antagonist of the adrenergic a1 and the muscarinic
M1 receptors, which is associated with some side-effects of
the drug, such as, sedation, hypotension, and anticholinergic
symptoms [5, 6]. Compared to haloperidol, LM causes fewer
extrapyramidal side-effects [7].

Like other phenothiazine derivatives, LM is extensively
metabolized in the body before being excreted. Twometabolic
routes, S-oxidation and N-demethylation, were reported to be
the dominant biotransformation pathways of LM in humans
(Scheme 1) [8–10]. N-desmethyllevomepromazine, the N-
demethylated metabolite, showed an almost equally potent
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receptor binding activity (dopaminergic and a1- adrenergic) as
did the parent drug, whereas the 5-sulfoxide was considerably
less active in this respect [6, 11, 12]. Thus, the biotransforma-
tion of LM leads to the formation of different derivatives that
display biological activity and may contribute to the therapeu-
tic and/or side-effects of the parent drug.

Cytochrome P450, an important heme-containing enzyme
superfamily, is potentially responsible for the metabolism of
LM. The experimental work performed in vitro using cDNA-
expressed human CYP isoforms has indicated that CYP3A4 is
the main isoform responsible for S-oxidation (72 %) and N-
demethylation (78 %) at a therapeutic concentration of LM
(10 mM), while CYP1A2 contributes to a lesser degree to S-
oxidation (20 %) [13]. It can be negligible (0.1–8 %) for
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, and CYP2E1 in catalyzing the above-mentioned
reactions. At a higher and toxicological concentration of the
neuroleptic (100 mM), however, the role of CYP1A2 to LM
metabolism obviously increases (from 20 to 28 % for 5-
sufoxidation, and from 8 to 32 % for N-demethylation),
whereas the relative contribution of CYP3A4 dramatically
decreases (from 72 to 59 % for S-oxidation, and from 78 to
47 % for N-demethylation).

In spite of the wide and long-time use of LM, the mechanic
details of LMmetabolism by cytochrome P450 is still unclear
so far. The aim of the present study was to discover the met-
abolic mechanisms of LM by cytochrome P450 using the
density functional theoretic (DFT) calculations. This observa-
tion can provide some essential clues for the further psycho-
pharmacotherapy study.

Methods

All DFT calculations were performed using the Gaussian 09
suite of programs [14]. The active species of cytochrome P450
in catalysis is believed to be a FeIV=O complex with a por-
phyrin radical, referred to as compound I (Cpd I in brief) [15].
A popular six-coordinate oxo-ferryl species model, Fe4+O2

−(C20N4H12)
−(SH)− [16], was employed as the reactive Cpd

I, which contains a truncated heme and a thiolate axial ligand
(SH-) built from the crystal structure of CYP3A4 (PDB ID:
1TQN) [17]. The spin-unrestricted hybrid functional UB3LYP

was adopted for the optimization of all the stationary points
without symmetry constraints at the LACVP(Fe)/6-31G (H,
C, N, O, S) basis set (B1 in brief). These model and compu-
tational methods chosen have been tested extensively and
proven to be reliable in solving cytochrome P450 enzymes
problems [18–24]. Transition states were affirmed by harmon-
ic frequency analysis to possess only one imaginary frequency
and the stationary points were confirmed as minima with all
positive frequencies. The validity of the TS geometry was
verified by intrinsic reaction coordinate (IRC) calculations
[25]. Natural population atomic (NPA) charges were deter-
mined using Reed and Weinhold’s natural bond orbital
(NBO) analysis [26].

To obtain more reliable energetics, single-point calcula-
tions were performed using UB3LYP and dispersion corrected
spin-unrestricted hybrid functional of UB3LYP-D3 with two
higher basis sets, 6-311+G* and 6-311++G** (B2 and B3 in
brief). The calculated energetics is collected in Table S1 of the
Supporting information (SI) document for comparison. It can
be seen from Table S1 that the dispersion-corrected activation
energies are lower than those without dispersion correction by
2–5 kcal mol−1. So dispersion correction should be included in
the calculation. Furthermore, the activation energies calculat-
ed at B2 basis set are close to those at B3 basis set with the
deviation of no more than 2.2 kcal mol−1. No matter what
basis set is considered, the DFT calculations consistently pre-
dict the reactivity patterns and the conclusions drawn here.
And therefore, our following discussions focus on the ener-
getics obtained by UB3LYP-D3 functional with the B2 basis
set. 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.

Results and discussion

In the present work, two main metabolic pathways (Scheme 1)
were characterized for LM by cytochrome P450, including ox-
idation at the S5 site of the thiazine ring (S-oxidation, path A)
and N-demethylation at N14 site (path B). A nomenclature was
adopted to characterize each stationary point for clear illustra-
tion. Reactant complex, transition state, intermediate, and prod-
uct complex were abbreviated as RC, TS, IM, and PC,

Scheme 1 The main metabolic
pathways of LM catalyzed by
cytochrome P450
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respectively. Considering the high-spin (HS) quartet and low-
spin (LS) doublet states of the active species Cpd I, a number at
the top left corner denotes the multiplicity, B2^ for the LS state
and B4^ for the HS state. Another number at the bottom right
corner denotes the reaction step: B1^ standing for the first step
and B2^ for the second step. For example, A-2RC and A-4RC
represent the LS and HS reactant complexes along path A,
while B-2TS1 and B-4TS1 represents the LS and HS transition
states involved in the first step of path B. The complete depic-
tion of the metabolic mechanisms is presented in Scheme 2.
Each pathway is discussed in detail below.

S-oxidation (path A)

As depicted in Scheme 2a, S-oxidation is a one-step reac-
tion, which involves the direct oxidation of S5 atom by
Cpd I. The optimized geometries of all the stationary
points are presented in Fig. 1. The located transition state
A-TS1 species, A-

2TS1 and A-4TS1, is characterized by its
single imaginary frequency of 151.2i cm−1 LS and 610.8i
cm−1 HS. It implies that heavy oxygen atom motion is
comprised in the reaction vector. Animation of the single
imaginary frequency of A-TS1 species indicates the mo-
tion of oxygen atom from Fe to S5 atom, leading to Fe-O5

bond breakage and S5-O bond formation. The Fe-O5 bond
in transition state A-TS1 species is elongated by 0.056 Å
LS and 0.169 Å HS with respect to their corresponding
reactant complex A-RC species, A-2RC and A-4RC. This
is concomitant with the remarkable curtailment of the S5–
O distance with 2.322 Å LS and 2.055 Å HS. It can be
readily seen that, in A-TS1 species, the oxygen atom is

closer to the iron atom (rFe-O=1.708 Å LS and 1.823 Å
HS) than to the sulfur atom. A-TS1 species therefore is
more reactant-like in character. More especially, this
reactant-like character of A-2TS1 is more striking than
A-4TS1. In the product complex A-PC species, A-2PC
and A-4PC, a double bond is formed between sulfur S5
and oxygen atoms (rS-O=1.731 Å LS and 1.703 Å HS).
Concomitantly, the Fe–O bond is elongated to be 2.022 Å
LS and 2.348 Å HS.

The LS and HS energy profiles for S–oxidation are present-
ed in Fig. 2. As shown in Fig. 2a, the gas-phase LS/HS acti-
vation energy is 4.3/9.8 kcal mol−1 at the UB3LYP/B2//B1
level. This oxidation process is exothermic with the reaction
energy of 27.8 kcal mol−1 LS and 22.0 kcal mol−1 HS. The
lower LS energy barrier is in good accordance with the more
striking reactant-like character of A-2TS1 than A-4TS1.
Originating from the HS and LS states of Cpd I, theoretical
studies have revealed two possible mechanisms: the spin-
selective manner (SSM) scenario and the two-state reactivity
(TSR) [27]. The energy gap between A-2TS1 and A-4TS1 in
the present work is large at 5.5 kcal mol−1. The ratio of the
reaction rate on the LS:HS route is 1.1 × 104:1. As a conse-
quence, S-oxidation of LM by Cpd I proceeds mainly in an
SSMmechanism. The LS state of Cpd I is thermodynamically
and kinetically more favorable than HS state.

The spin density distribution for the stationary points
involved in S-oxidation is shown in Table 1. In the A-RC
species, spin density mainly resides on Cpd I. As the
reaction begins, it transfers gradually from the oxygen,
−SH ligand, and porphyrine to the iron and sulfur atom
of LM. In A-TS1 species, the accumulation of spin density
on sulfur atom indicates the partial formation of S-O and

Scheme 2 Metabolic mechnisms of LM catalyzed by cytochrome P450 enzyme
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Fe-O single bonds, leading to the occurrence of an un-
paired electron on the sulfur atom. As the reaction pro-
ceeds, the unpaired electron on sulfur further pairs with
the electron of the oxygen atom residing on Fe-O single
bond to produce the S=O double bond in A-PC species.
Simultaneously, Fe-O single bond is cleaved. There is no
spin density on sulfur atom any more. Spin density is
mainly localized on iron both on the LS and the HS states
in A-PC species. All the above results clearly show a
stepwise transfer of two electrons.

N-demethylation (path B)

As depicted in Scheme 2b, the overall reaction of N-
demethylation of LM is stepwise, including the initial N-
methyl hydroxylation and subsequent C-N bond fission. For
N-methyl hydroxylation, the reaction model begins with pro-
ton transfer from themethyl group to the Cpd I’s oxygen atom,
forming a N-methylene intermediate, which then acts as a
receptor of hydroxyl from the active iron species through a
oxygen-rebound process. The reaction is concerted both on

Fig. 1 Optimized structures (in Å) for S–oxidation (path A) of LM by
Cpd I at the UB3LYP/B1 level (values out of parentheses, geometrical
parameters on the LS state; values in parentheses, geometrical parameters

on the HS state. vi represents for the single imaginary frequency of the
transition state. Atom and symbol definitions are the same in Figs. 3, 4,
and 5)

(a) (b) (c)

(d) (e) (f)

Fig. 2 Energy profiles (in kcal mol−1) for S-oxidation (a) and N–demethylation (b-f) of LM by Cpd I at the UB3LYP/B2//B1 level
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the LS and HS states, forming a carbinolamine-heme complex
without a distinct oxygen-rebound step.

N-methyl hydroxylation The optimized geometries of all the
stationary points for the N-methyl hydroxylation of path B are
shown in Fig. 3. The located transition state B-TS1 species,
B-2TS1 and B-4TS1, is characterized by its single imaginary
frequency of 575.2i cm−1 LS and 1023.9i cm−1 HS.
Animation of the single imaginary frequency of B-TS1 species
shows the motion of hydrogen frommethyl carbon atom to the
oxygen atom of Cpd I atom. Obviously, the Fe-O bond is
elongated by 0.047 Å LS and 0.082 Å HS in the transition
state B-TS1 species with respect to the reactant complex B-RC
species, B-2RC and B-4RC, whereas the O-H distance is con-
siderably reduced by 0.782 Å LS and 0.902 HS. This is con-
current with the elongation of the C–H bond by 0.079 Å LS
and 0.175 Å HS. Transition state B-TS1 species is character-
ized by an almost collinear arrangement of the C-H-O atoms
with the bond angles of 172.2° LS and 171.7° HS. The above
geometric parameters show the different degree of C-H bond
breakage in the B-TS1 species. The transferred hydrogen atom

is closer to the carbon atom (rC-H=1.183 Å LS and 1.280 Å
HS) than to the oxygen atom (rO-H=1.483 Å LS and 1.301 Å
HS). Therefore, B-TS1 species is still more reactant-like in
character. As the reaction progresses from B-RC species to
the intermediate B-IM species, B-2IM1 and B-4IM1, the dis-
tances between the SH ligand and Fe is shortened by 0.283 Å
LS and 0.058 Å HS. The Fe–O bond is elongated to be
2.083 Å LS and 2.500 Å HS in B-IM species.

The calculated energy profiles for the N-methyl hydroxyl-
ation of path B are shown in Fig. 2b. The gas-phase LS/HS
activation energy is 3.2/2.8 kcal mol−1 for B-TS1 species at the
UB3LYP/B2//B1 level. The energy gaps between LS and HS
of B-2TS1 is small at 0.4 kcal mol−1. The ratio of the reaction
rate on the LS:HS route is 1.9:1, indicating that the N-methyl
hydroxylation proceeds in a TSR mechanism. The N-methyl
hydroxylation is greatly exothermic with the reaction energy
of 59.4 kcal mol−1 LS and 47.4 kcal mol−1 HS.

As for the N-methyl hydroxylation step, two controversial
mechanisms, single electron transfer (SET) [28, 29] versus
hydrogen atom transfer (HAT) [30, 31], have existed for de-
cades in the literature (Scheme 2). There are not any standard
rules to generalize their application, since the preferred mech-
anism is dependent on the detailed characteristics of the amine
[32]. The spin density distribution for the stationary points
involved in the N-methyl hydroxylation of path B is reported
in Table 2. Initially, spin density is also mainly localized on
Cpd I. Then, with the transfer of the hydrogen atom, it shifts
from oxygen, −SH ligand, and porphyrine to the iron and
nitrogen atom of LM. In B-TS1 species, high spin density
resides mainly on the nitrogen atom of LM and the iron and
there is some spin density on the carbon atom in B-4TS1,
which contributes to the stabilization of carbon during the
leaving of the hydrogen atom. In B-4TS1, excess unpaired spin
is no longer observed on the porphyrine and spin density is
delocalized between Fe-oxo and –SH. In the B-IM species,
spin density mainly resides on iron both on the LS and HS

Table 1 Spin densities for the species in the S-oxidation of LM by Cpd
I at the UB3LYP/B1 level

Cpd I LM

Fe O SH Pora S Other

A-2RC 1.22 0.88 −0.58 −0.52 0.00 0.00

A-2TS1 1.40 0.35 −0.22 −0.24 −0.24 −0.05
A-2PC 1.07 0.01 0.01 −0.09 0.00 0.00

A-4RC 1.09 0.93 0.53 0.44 0.00 0.00

A-4TS1 2.00 0.37 0.43 −0.03 0.19 0.04

A-4PC 2.69 0.06 −0.15 0.40 0.00 0.01

a Por = porphyrine

Fig. 3 Optimized structures (in Å) for the N-methyl hydroxylation in N–demethylation (path B) of LM by Cpd I at the UB3LYP/B1 level
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states. All the above observations imply that this N-methyl
hydroxylation proceeds in the SET mechanism.

C-N bond fission As the second step of the N-demethylation,
C-N bond fission requires a proton transfer from the hydroxyl

oxygen to the nitrogen atom. Four different processes for C-N
bond fission were examined, C-N bond direct fission and the
water-assisted C-N bond fission under the enzymatic and non-
enzymatic environments. The energy profiles and optimized
structures of all the stationary point are depicted in Figs. 2, 4,
and 5, respectively.

For the C-N bond direct fission process, the enzymatic
and non-enzymatic transition states (B-2,4TS2 and B-TS2)
shown in Fig. 4 are all rhomboid structures formed by
nitrogen, carbon, oxygen, and hydrogen atoms, whose
single imaginary frequencies are greater than 1456i
cm−1. Animation of the single imaginary frequency shows
the direct motion of the hydroxyl hydrogen to the nitrogen
atom. The gas-phase enzymatic LS/HS and non-enzymatic
activation energies are 25.2/27.9 and 34.6 kcal mol−1,
respectively, at the UB3LYP/B2//B1 level (Fig. 2c and
d), indicating that the enzymatic C-N bond fission is ki-
netically more favorable than the non-enzymatic process.
Even so, large activation energy is still involved in the

Table 2 Spin densities for the species in the N-methyl hydroxylation of
LM by Cpd I at the UB3LYP/B1 level

Cpd I LM

Fe O SH Por H C N rest

B-2RC 1.21 0.88 −0.55 −0.50 0.00 0.00 −0.04 0.00

B-2TS1 1.57 0.38 −0.21 −0.26 −0.03 −0.07 −0.33 −0.04
B-2IM1 1.08 0.00 0.00 −0.09 0.00 0.00 0.00 0.00

B-4RC 1.07 0.95 0.49 0.39 0.00 0.01 0.07 0.01

B-4TS1 1.41 0.72 0.25 −0.02 0.01 0.25 0.35 0.03

B-4IM 2.90 0.01 0.11 −0.03 0.00 0.00 0.00 0.00

Fig. 4 Optimized structures (in Å) for the non-enzymatic (a) and enzymatic (b) C-N direct fission along the N-demethylation of LM by Cpd I at the
UB3LYP/B1 level
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enzymatic C-N bond direct fission process attributed to
the high angle strains in the rhomboid transition state
structures. Then, to relax these transition states and reduce
the angle strain, one explicit water molecule was added to
assist the transfer of a proton.

With the assistance of the one-water-bridge, receiving a
proton and donating one in turn, the located enzymatic and
non-enzymatic transition states (B-2,4TS2w and B-TS2w) are
expanded to be hexagon structures (Fig. 5). Their single imag-
inary frequencies range from 803∼1109i cm−1, wherein the
water molecule hydrogen-bonding with the nitrogen gradually
transfers a proton to the nitrogen, while the hydroxyl proton
gradually transfers to the water oxygen. It can be seen from
Fig. 2e and f that the gas-phase enzymatic LS/HS and non-
enzymatic activation energies of the water-assisted C-N bond
fission processes are 11.1/14.2 and 16.4 kcal mol−1, respec-
tively, at the UB3LYP/B2//B1 level. Then, with the assistance

of one explicit water molecule, the enzymatic LS/HS activa-
tion energy is 5.3/2.2 kcal mol−1 lower than the non-
enzymatic process. Clearly, the activation energies required
for the water-assisted C-N bond fission processes are obvious-
ly lower than the C-N bond direct fission processes by
13∼19 kcal mol−1. The large activation energy savings is de-
rived from the smaller ring tension of the hexagon compared
to rhomboid. The energy gap between B-2TS2w and B-4TS2w
is 3.1 kcal mol−1. The ratio of the reaction rate on the LS:HS
route is 18.7:1. Furthermore, the energy of B-4IM2w on the HS
state is 9.3 kcal mol−1 larger than B-2IM2w on the LS state.
Then, the fission of C-N bond proceeds mainly in an SSM
mechanism, predominately via the enzymatic water-assisted
proton transfer process on the LS state. As a consequence, N-
methyl hydroxylation should be the rate-determining step of
path B due to its high gas-phase activation energy and large
exothermic property along the potential energy surface.

Fig. 5 Optimized structures (in Å) for the non-enzymatic (a) and enzymatic (b) water-assisted C-N fission along the N-demethylation (path B) of LM by
Cpd I at the B1 level
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In summary, the LS/HS activation barriers for the rate-
determining steps of S-oxidation (path A) and N-
demethylation (path B) are 4.3/9.8 and 3.2/2.8 kcal mol−1,
respectively. It can be concluded that N-demethylation is the
most plausible metabolic pathway of LM catalyzed by cyto-
chrome P450 either on the LS or HS state. Therefore, N-
desmethyllevomepromazine (B-PC) is the optimum metabo-
lite of LM. All the observations agree well with the experi-
mental results [13]. All the metabolic pathways proceed pre-
dominately through the LS state of Cpd I.

Conclusions

Two main metabolic mechanisms of LM catalyzed by cyto-
chrome P450 have been characterized in the present work
based on DFT calculation, including S-oxidation (path A)
and N-demethylation (path B). The mechanistic conclusions
have revealed that S-oxidation involves a stepwise transfer of
two electrons, while N-demethylation is a two-step reaction,
comprising the rate-determining N-methyl hydroxylation and
subsequent C-N bond fission which occurs predominately via
a water-assisted enzymatic process. N-methyl hydroxylation
proceeds via the SETmechanism. N-demethylation is thermo-
dynamically and kinetically more favorable than S-oxidation
and N-desmethyllevomepromazine therefore is the most fea-
sible LM metabolite catalyzed by cytochrome P450. Each
metabolic pathway proceeds predominately via the LS state
of Cpd I. Our observations agree well with the experimental
results, which can provide some general implications for the
metabolic mechanism of LM-like drugs.
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