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Simple and universal methods for the preparation of human
drug metabolites are required to produce quantities sufficient

for their characterization and toxicity testing. Synthetic chemis- ‘

try lacks general catalysts for selective oxidation of unactivated
C-—H bonds, a transformation that plays a key role in metabo-
lism; bioconversions using P450 enzymes have emerged as a
powerful alternative. Variants of P450gy; from Bacillus megateri-
um act on diverse substrates, including drugs. Acidic sub-
strates, such as the compounds metaboluzed by CYP2C9, ‘which
is one of three main hepatic human P4SOs, are not accepted
by P450gy; variants engineered to da'(e. Herein, we report bac-
terial mimics of CYP2C9, which are active on two widely ad-

Introduction

Metabolites play a significant role in the pharmacology and
toxicity of a drug. Most drugs are substrates for the hepatic
P450 oxidases. Commonly, a compound is rendered less
toxic,"” with notable exceptions.? Metabolites can impose
their own pharmacological, toxicological, and physiological ef-
fects, which lead to complications that have resulted in the
withdrawal of several drugs from the market in recent years,
including iproniazid, troglitazone, benoxaprofen, phenflura-
mine, and pemoline.”’ For prodrugs, the metabolites are the
efficacious species. Because of the potential pharmacological
activity and toxicity of drug metabolites, major metabolites
must also be tested in ADME (absorption, distribution, metabo-
lism, and excretion) studies. Testing is especially important if
metabolites are present at high levels in plasma and tissues,
and if human metabolites are not formed in animal models.®*

Common reactions in drug metabolism involve regioselec-
tive oxidation of unactivated C—H bonds, a transformation
which currently lacks a general counterpart in synthetic organ-
ic chemistry. Therefore, drug metabolites usually cannot be
synthesized directly from the drug itself and require a new syn-
thetic strategy. Direct preparation by using P450 enzymes is an
attractive alternative. Hepatic microsomes are a source for
many different P450 activities, but their availability is limited,
and their enzyme expression levels often depend on prior in-
duction and exposure to xenobiotics. These limitations severely
restrict their application for preparative synthesis of metabo-
lites. Heterologous expression of human CYPs could be a solu-
tion.”! Unfortunately, human P450s are membrane-bound and
expressed at low levels, require two-component electron-trans-
fer systems, and exhibit low activity and stability.”’ Although
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ministered drugs, naproxen and |buprofen, that are CYP2C9‘
substrates in vivo. .These P450m3 variants ‘can also act on des-
methylnaproxen, the human metabolite of napre en,_ a

crease in enzyme stablllty, may contﬂbute to the v.
ty to accept a broader range of substrates.

many bacteria and fungi also perform a mammalian-like me-
tabolism, many of these strains are uncharacterized and grow
poorly in culture.”? A potential solution is to clone the P450
genes from these strains into host organisms that are more
easily cultivated and then use these host organisms to pro-
duce relevant drug metabolites.”

The bacterial P450 monooxygenase, P450g;, a fatty acid hy-
droxylase isolated from Bacillus megaterium, has a covalent link
between its hydroxylase and diflavin reductase domains, is ex-
pressed at high levels in Escherichia coli, and exhibits very fast
reaction rates (thousands of turnovers per minute) on favored
substrates. P450g,; can be engineered to accept a variety of
substrates, including drugs. We, and others, have demonstrat-
ed that P450g,; variants are capable of producing human me-
tabolites of propanolol,® verapamil, astemizole,” 7-ethoxycou-
marin,"” chlorzoxazone,""” amodiaquine, dextromethorphan,
buspirone, and  3,4-methylenedioxymethyl-amphetamine
(MDMA)."
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To date, most of the drugs that can be metabolized by
using P450g,; variants are substrates of human CYP3A4,
CYP2E1, and CYP2D6. CYP3A4 and CYP2C9 are the two main
hepatic P450s, constituting approximately 50% of the total
hepatic P450 protein,"? and contribute to the metabolism of
more than 60% of all drugs, based on available literature."¥
CYP2C9 alone is responsible for approximately 15% of known
conversions and has a preference for substrates with weak
acidity."’ Many commonly used nonsteroidal anti-inflammatory
drugs (NSAIDs), such as those of the profen family (naproxen,
ibuprofen, flurbiprofen, ketoprofen) and diclofenac, have a car-
boxyl moiety and are substrates of CYP2C9."® There has been
no report on a P450g,, variant exhibiting good activity on
these charged molecules.” ™

We aimed to address this shortcoming and extend the activ-
ity of P450g,; variants to weakly acidic drugs that fall into the
substrate spectrum of human CYP2C9. Substrates chosen for
this study include two widely applied NSAIDs, naproxen 1 and
ibuprofen 5 (Scheme 1). We previously reported a variant of
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Scheme 1. P450-catalyzed oxidation of naproxen 1 and ibuprofen 5 by
CYP2C9 and P450gy; variants. A) Demethylation (1) of naproxen by CYP2C9
yields desmethylnaproxen 2. P450g; variants, active on 1, were found to
produce 4 in a consecutive reaction (2), presumably through a second hy-
droxylation of 2 to 3 followed by a nonenzymatic oxidation. B) Oxidative
ibuprofen metabolism in humans produces 2- and 3-hydroxyibuprofens 6
and 7, respectively. ? P450,,, variants produce the same metabolites at dif-
ferent ratios (see Table 1). Reagents, conditions, and yields: 1) 1, X3H1
(1 mol%), 2 (43%, isolated yield); 3) 5, W7D8 (1 mol %), 6 (96 %, isolated
yield).

the P450;y; heme domain with very low, but detectable, activi-
ty on naproxen.”” This variant, termed 13C9, was found by
using random mutagenesis and screening of 5H6, a thermosta-
bilized, H,0,-driven hydroxylase (heme domain “peroxygenase”
without the reductase domain). With respect to 5H6, variant
13C9 carried a single mutation at L75R, a position that has
been shown to affect activity on short-chain carboxylic acids."®
We had hypothesized that R75, in the substrate-binding
pocket, allowed 13C9 to bind naproxen by providing a com-
pensating positive charge for the naproxen carboxylate
group."” It was possible that the R75 in helix B’ interacted di-

rectly with the carboxylate group, but there was no experi-
mental evidence to support this.

The goals of the current study were 1) to increase enzyme
turnover to a level that would enable preparative-scale reac-
tions™ (TTN of at least 1000, with TTN=total turnover
number=mol product per mol enzyme catalyst) by directed
evolution of 13C9 and 2) to elucidate the structural basis for
the broad tolerance for negatively-charged substrates caused
by the L75R mutation. Therefore, we determined the crystal
structure of 22A3, an early variant in the directed-evolution ex-
periment carrying the L75R mutation and still showing broad
substrate tolerance.

Results and Discussion
Directed evolution to generate a CYP2C9 functional mimic

Analysis using HPLC and HPLC-MS confirmed that the human
metabolite desmethylnaproxen 2 was the main product of the
bioconversion of naproxen in the presence of the parent
P450gy; variant 13C9 and peroxide (Figure 1, m/z=215, TTN 8).
Three aromatic hydroxylation products (m/z=246, TIN~1
each) were also found. Wild-type P450gy; showed no activity
on naproxen (Figure 1).

To improve the TTN of 13C9 for desmethylnaproxen, we first
reattached the reductase domain to obtain the efficient hol-
oenzyme of P450g,;. Rebuilding the monooxygenase from the
heme domain peroxygenase has been shown to improve the
hydroxylase activity of P450gy; peroxygenase variants”” and in-
creases the lifetime of the enzyme by substituting O,, NADPH,
and a regeneration system for the peroxide.

The reconstituted monooxygenase 13C9R1 indeed showed
improved activity for the production of desmethylnaproxen
(TTN 15, Figure 1) and produced a mixture of hydroxylated
side products. 13C9R1 was subjected to five rounds of directed
evolution toward higher yields of desmethylnaproxen. To test
for improved demethylation activity, we used the purpald
screen, which detects the formaldehyde released upon hydrox-
ylation at the methoxy group.”"

We used error-prone polymerase chain reaction (PCR) to ran-
domly mutate the DNA encoding the heme domain, with mu-
tation rates between 1.5 and 6 nucleotides (nt) per gene, cor-
responding to an average of 0.3-3 amino acid substitutions
(see the Supporting Information, Table S2). Variants exhibiting
higher demethylation activity usually contained 1-2 amino
acid substitutions with respect to their parent (Table 1, and
Supporting Information, Table S3). In one round (starting from
16G2), we did not find any improved variant upon screening
approximately 3000 clones, but repeating the screen with a
new random mutant library gave improved variant W7D8. Fig-
ure 1B shows the course of the evolution, in terms of the rela-
tive activity in the purpald screen and the TTNs of bioconver-
sions by using purified enzymes. Final variant X3H1 carried six
mutations with respect to 13C9R1 and exhibited >1000 TTN
for the conversion of naproxen to desmethylnaproxen, corre-
sponding to a more than 60-fold improvement over the recon-
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at positions 1 and 2,*¥ but ibu-
profen itself was not a substrate.
We now found that the activity
on ibuprofen was concomitant
with acquisition of activity on
naproxen in the initial rounds of
directed evolution. Bioconver-
sion of ibuprofen yielded one
major (6) and one minor (7) hy-
droxylation product (Figure TA).
Interestingly, the hydroxylation
at position 1 of the ibuprofen
methyl ester was not observed,
R presumably because it would re-
f&é" '\O%P‘b quire further burial of the
charged group within the hydro-
phobic binding channel. By
using the P450gy; variant W7D8,
we can produce the human
drug metabolite, 2-hydroxyibu-
profen 6, on a preparative scale
with  96%  isolated  yield
“naproxen conversions  (Scheme 1). '
onversions. Middle: Conversions and TTNs of the
»onds to naproxen (1, giffarent P450 variants for ibu-
tom: Conversion of ibu- .
| hydroxylation prod- profen, as well as selectivities in
iaproxen demethylation ~ the form of product ratios for 2'-
ire indicated. Middle: versus 3'-hydroxylation, are pre-
thTTNonibuprofen  (onted in Table 1. The first var-
en, but reduced activity | : i
jant 22A3, which differed from
13C9R1 by a single F162I substi-
tution, showed increased activity
N on both, naproxen and ibuprofen. Increased activity
srofen correlated with improvements on naproxen for
i 13C9R1 to W7D8 (Figure 1B). Only M185K in variant
increased the activity on naproxen, but not on
en.
mutations are deleterious, which is also true for muta-
jat increase activity. The thermostability was measured
he T, value. During the course of directed evolution,
reased from 54 to 45.5°C for 16G2 before increasing
0 48.7°C (Figure 1). As a consequence of its decreased
,, variant 16G2 catalyzed fewer TTNs than its parent
sven though it was more active in the screen (Figure 1).
y, the Ts, nadir corresponded to the point at which it
e hard to detect improved mutants (only 1 improved
identified in 6000 clones), which is anecdotal evidence
sort of the observation made by Bloom et al. that a T,
 is a minimum threshold for P450g,; variants to accept
mutations under these experimental conditions."” Sub-
it variant W7D8 showed improved activity, thermostabil-
4 TTN. The most active variants, X3H1 and W7D8, al-
conversion of the NSAIDs naproxen and ibuprofen with
f 1000 and 600, respectively.
‘he variants catalyzed more turnovers on naproxen, a
{ product began to appear in the bioconversions. The
roduct had an absorption spectrum very different from
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