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Drug Metabolite Synthesis with Human Enzymes:

How Can We Utilise Microbes to Make Authentic Human Metabolites?

The characterisation of the metabolic 
fate of a new drug molecule is essential 
in the course of the drug discovery and 
development process. As a consequence, 
potential human drug metabolites must 
be available in amounts of at least a few 
milligrams of pure compound. Metabolite 
preparation can become a significant 
time and cost factor, if elaborate multi-step 
chemical syntheses become necessary. 
This applies especially for chemo-, regio- 
and stereoselective oxidations, which 
hold a prominent share of the human 
body’s repertoire of metabolic reactions. 
Employing whole-cell biocatalysts 
(recombinant microorganisms furnished 
with human enzymes) constitutes an 
elegant one-step alternative to organic 
synthesis to produce the required 
compounds in sufficient amounts. 

Detailed characterisation of metabolic 
pathways necessitates the availability of 
potential drug metabolites for structure 
elucidation and as analytical references. 
Furthermore, with the introduction of 
the MIST (Metabolites in Safety Testing) 
guidelines by the US Food and Drug 
Administration in 2008, all metabolites 
present at >10% of the parent compound 
in the human metabolism have to be 
subjected to the elucidation of their 
toxicological properties1. In this context 
two questions arise: Which drug 
metabolites are formed in the human 
body and how can these compounds be 
produced in sufficient amounts? 

In human Phase I drug metabolism, 
drug molecules are typically metabolised 
into more polar metabolites of the parent 
compound in order to functionalise them 
to facilitate their excretion. In this context, 
enzymatic oxidations, reductions, 
hydrolysis, cyclisations/decyclisations or 
dealkylations may take place, depending 
on the chemical structure of the drug. 
The largest number of these reactions 
is ascribed to the action of cytochrome 
P450 monooxygenases but also human 
flavin monooxygenases, aldehyde 
oxidase, xanthine oxidoreductase, 
alcohol dehydrogenases, aldehyde 
dehydrogenases, monoamineoxidases, 
esterases, amidases and epoxide 
hydrolases act on particular compounds 
(Figure 1). These enzymes can also 

act in sequence on a compound.

 

Figure 1. Schematic representation of 
the enzymes involved in Phase I drug 
metabolism

Chemical preparation of authentic 
drug metabolites often requires multiple 
steps including several functional group 
protection and deprotection steps. To 
circumvent this problem, our aim was the 
generation of scalable mimics of single 
steps of the Phase I metabolism reactions 
in vitro. Heterologously expressed human 
enzymes in a ready-to-use biocatalyst 
such as E. coli can be used as smart tools 
for the one-step synthesis of particular 
metabolites, on the one hand to probe 
a deconvolved human metabolism in 
vitro, and on the other hand to produce 
the metabolites in sufficient amounts for 
structure elucidation and toxicity studies. 

The over-expression of complex – 
and in particular membrane-associated 
enzymes – is, however, still a bottleneck 
in biotechnology. The membranes' 
capacities in widely used microbial 
expression hosts are limited and the 
presence of excessive amounts of a 
particular, recombinant protein may 
destroy membrane functionality, and 
therefore cell viability. The common 
understanding is that this is particularly 
problematic in E. coli, but less of a 
problem, e.g. in yeasts, which provide 
intrinsically more membrane space.

The use of whole-cell catalysts is 
beneficial in many aspects. The enzyme 
performing the actual biotransformation 
does not need to be isolated and 

purified, which saves time and costs. 
In addition, the half-life of enzyme 
activity can be prolonged because the 
cell acts as a protective shield against 
e.g. shear forces and organic solvents. 
As many industrially relevant reactions 
rely on cofactors, whole cells constitute 
an attractive strategy to regenerate 
these costly compounds by exploiting 
the cell metabolism.2 The focus of this 
communication is the use of E. coli as 
the host organism for the expression 
of human drug metabolising enzymes 
and its use as the cell factory for the 
supply of the necessary co-substrates 
for the biotransformation of active 
pharmaceutical ingredients.

Cytochrome P450 Monooxygenases 
(CYPs)
In humans, cytochrome P450 
monooxygenases constitute the major 
system for the clearance of drug 
molecules. These enzymes are membrane-
associated heme-iron proteins that rely 
on the presence of a cytochrome P450 
reductase and oxidise their substrates at 
the expense of molecular oxygen and 
NADPH. Whereas the incorporation of 
an oxygen atom into a complex organic 
structure is one of the most challenging 
reactions in organic chemistry, this is the 
main task of CYPs: they activate oxygen 
and are able to introduce atomic oxygen 
into allylic positions, double bonds, or 
even into non-activated C–H bonds. 
The typical reaction is a hydroxylation, 
but epoxidation, sulfoxidation, or 
dealkylation reactions have also been 
well described. 

A large number of cytochrome P450 
monooxygenases are known to date 
and they are found in various different 
tissues, although the majority of Phase I 
metabolic reactions have been ascribed 
to occur in liver tissue. Mammalian 
liver P450 monooxygenases have been 
found to exhibit extremely wide substrate 
specificities. Some of the most important 
cytochrome P450 isoenzymes are 
CYP3A4 and CYP2D6 among the plethora 
of isoforms, and the polymorphism of 
these enzymes additionally complicates 
the generation of valid scientific results3.

Although human cytochrome P450 
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monooxygenases seem to be ideal 
biocatalysts for the preparation of 
metabolites of active pharmaceutical 
ingredients, they are not only 
characterised by their functional 
complexity but also by low activity and 
stability and inhibition phenomena. 
The heterologous expression of multi-
component (and partly membrane-
associated) systems is by far not trivial 
and this may be a reason for the relatively 
low number of published synthetic 
applications of human cytochrome P450 
monooxygenases. 

One example in which a metabolite 
was synthesised on the preparative scale 
was the dealkylation of Amodiaquine – 
an agent against malaria. In this case, 
a modified CYP2C8 was co-expressed 
with a P450 reductase in E. coli JM109 
at low levels of dissolved oxygen during 
biomass production. The reaction 
proceeded in a total of five 2L flasks in 
the presence of excess disodium citrate 
and 12.5 mol% of NADP+. Within 32h, 
93% of the substrate were N-deethylated 
and the product was isolated and purified 
(Scheme 1 top)4. 

A similar biocatalyst expressing 
CYP3A4 was used to convert AAG561, 
a drug that was in development for the 
treatment of anxiety and depression. In 
this case, the enzyme acted on three 
different sites of the molecule and 
catalysed N-depropylation, 
N-dealkylation of the (cyclopropanyl)
methyl substituent and hydroxylation. In 
addition, the enzyme produced 
metabolites with combinations of these 
reactions. From this product spectrum, 
three metabolites were isolated in 
amounts between 2.1mg and 13.6mg 
and their structure elucidated by HPLC-
MS and NMR (Scheme 1 bottom)4.

 

Scheme 1: Examples of the preparative 
use of E. coli whole cell biocatalysts co-
expressing human Cytochrome P450 
monooxygenases and P450 reductase. 

Top: CYP2C8 catalysed metabolisation of 
Amodiaquine; Bottom: CYP3A4 catalysed 
N-depropylation, N-dealkylation of the 
(cyclopropanyl)methyl substituent and 
hydroxylation of AAG561.

Flavin Monooxygenases (FMOs)
Flavin monooxygenases are membrane-
associated flavin-containing enzymes 
that catalyse substrate oxidation at 
the expense of NADPH and molecular 
oxygen. Particularly amines and sulfur-
containing substrates are oxidised by 
these enzymes to the corresponding 
N-oxides, nitrones, oximes, sulfoxides 
or sulfones. Like in the case of human 
cytochrome P450 monooxygenases, 
FMOs exhibit overlapping substrate 
specificities.

Six human FMO isoforms have been 
described to date (hFMO1-hFMO6) and 
they are expressed in different human 
tissues. hFMO3 is the most abundant 
non-CYP metabolizing enzyme variant 
in the adult human liver whereas hFMO1 
is found in fetal liver and the human 
lung. The majority of hFMO2 alleles 
(hFMO2*2) yield inactive protein due 
to a premature stop codon and hFMO6 
genes appear to be non-functionally 
transcribed5. hFMO5 is also found at 
high levels in the human liver, but the 
function of this isoform has not yet been 
fully understood and is subject of current 
studies.

In comparison to human CYPs, flavin 
monooxygenase enzymes are less 
complex as they are self-sufficient in 
the catalytic cycle and only require the 
presence of sufficient amounts of NADPH 
and oxygen but not additional proteins in 
particular amounts. Human FMO3 and 5 
are surprisingly well expressed as active 
proteins in E. coli and the preparation of 
these biocatalysts on scale is possible by 
standard means. 

As one selected example, 100 mg of 
Moclobemide, an antidepressant acting 
by monoamine oxidase A inhibition, was 
converted to 65mg of the N-oxide in a 
simple whole cell biotransformation with 
hFMO3 expressed in E. coli BL21. The 
biocatalyst had been frozen and thawed 
and the reaction proceeded in shake 
flasks in the presence of citrate, catalytic 
amounts of NADP+ and air. The product 
Moclobemide-N-oxide represents one 
of the human metabolites of this drug 
(Scheme 2, top)5.

In contrast to FMO3, the isoenzyme 
FMO2*1 showed a significantly lower 
expression level in E. coli under identical 
conditions. Nevertheless is the biomass a 
valuable biocatalyst, as demonstrated by 
the selective oxidation of trifluoperazine, 
an antipsychotic drug. Although five soft 
nucleophiles are potential oxidation sites, 
only the 1N position of the piperazine 
ring was oxidized. This metabolite, 
again an authentic human metabolite, 
is not accessible by chemical oxidation 
with neither hydrogen peroxide nor Na+ 

-periodate which afforded mixtures of 
different products (Scheme 2, bottom)6.

 

Scheme 2: Examples of the preparative 
use of E. coli whole cell biocatalysts 
expressing human Flavin monooxygenase 
enzymes. Top: FMO3 catalyzed 
metabolization of Moclobemide; Bottom: 
FMO2*1 catalyzed chemo- and 
regioselective metabolization of 
Trifluoperazine.

Aldehyde oxidase (AOX1) and Xanthine 
Oxidase (XO)
Both enzymes, AO and XOR, are 
molybdo-flavoenzymes, and are 
characterized not only by the presence 
of a molybdenum cofactor (MoCo) but 
also by a flavin in the active site as 
well as two 2Fe/2S redox centers. The 
overall protein structure and function 
of the two relatively large and complex 
enzymes is very similar. The natural 
and name-giving substrates of XOR are 
hypoxanthine and xanthine, however, a 
wide variety of heterocyclic compounds 
have been reported as substrates (e.g. 
purines, pyridines, pyrazine). Human 
AOX1 catalyzes the oxidation of a broad 
spectrum of aldehydes and aromatic 
azaheterocycles. 

In contrast to human CYPs and FMOs, 
XOR and AOX1 are not membrane-
associated but cytosolic proteins. Human 
xanthine oxidoreductase is mostly found 
in the small intestine and in the liver, 
in relatively high amounts, but also in 
human milk. XOR exists in two forms, as 
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a dehydrogenase (XDH) and an oxidase 
(XO), as an effect of post-translational 
modification. Aldehyde oxidase is 
expressed in the liver and has been 
shown to be important for the activation 
of several N-heterocyclic prodrugs.

The heterologous expression of AOX1 
and XO is challenging in classical pro- 
and even eukaryotic expression hosts due 
to the particular requirements of correct 
formation and incorporation of the MoCo 
cofactor. Nevertheless, both AOX1 and 
XOR were functionally expressed in an E. 
coli deletion strain (TP1000), and under 
well-optimised expression conditions, 
the expression also succeeded in a 
standard E. coli BL21 strain. Although 
the expression levels were extremely low 
for both enzymes, the biotransformation 
conditions can be optimised to reach 
good conversions within short times.

For example Famciclovir - an antiviral 
drug with activity against herpes - was 
completely oxidised in vitro in a wave 
reactor within only 3h using whole cells 
of E. coli expressing human AOX1. 
Therefore, the cells were first cultivated 
under non-oxygen-limited conditions and 
a high lactose feed, and subsequently 
a very concentrated and well-aerated 
whole cell suspension was used at neutral 
pH and relatively low temperature. 
Finally, the product was isolated and 
purified to yield 223 mg (82%) of the 
metabolite diacetylpenciclovir (Scheme 
3, top)7. 

Similarly, human xanthine oxidase was 
utilised for the oxidation of quinazoline 
to 4-quinazolinone. In this case, the 
optimisation of cultivation conditions 
revealed that highest levels of productivity 
can be achieved in the absence of 

inducing agents (Scheme 3, bottom).
Scheme 3: Examples of the 

preparative use of E. coli whole cell 
biocatalysts expressing human aldehyde 
oxidase (AOX1) and xanthin oxidase 
(XO) enzymes. Top: AOX1 catalysed 
metabolisation of Famciclovir; Bottom: 
XO catalysed oxidation of quinazoline.

The biocatalytic synthesis via whole 
cell biotransformations allows the 
preparation of drug metabolites in a 
single step and perfectly complements 
chemical metabolite synthesis in cases 
where low or wrong selectivities demand 
elaborate chemical routes.
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