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Cytochrome P450 enzymes are a promising tool for the late-stage diversification of lead drug candidates
and can provide an alternative route to structural modifications that are difficult to achieve with
synthetic chemistry. In this study, a library of P450gy3 mutants was produced using site-directed
mutagenesis and the enzymes screened for metabolism of the opium poppy alkaloid noscapine, a drug
with anticancer activity. Of the 18 enzyme mutants screened, 12 showed an ability to metabolise
noscapine that was not present in the wild-type enzyme. Five noscapine metabolites were detected by
LC-MS/MS, with the major metabolite for all mutants being N-demethylated noscapine. The highest
observed regioselectivity for N-demethylation was 88%. Two hydroxylated metabolites, a catechol and
two C-C cleavage products were also detected. P450-mediated production of hydroxylated and N-
demethylated noscapine structures may be useful for the development of noscapine analogues with
improved biological activity. The variation in substrate turnover, coupling efficiency and product
distribution between the active mutants was considered alongside in silico docking experiments to gain
insight into structural and functional effects of the introduced mutations. Selected mutants were
identified as targets for further mutagenesis to improve activity and when coupled with an optimised
process may provide a route for the preparative-scale production of noscapine metabolites.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Enzymes are emerging as a useful tool for the structural
diversification of pharmaceutical drug candidates [1] and at
process scale can potentially provide a safer and more
environmentally friendly alternative to synthetic chemical
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spectrometry; QTOF, quadrupole time-of-flight; WT, wild-type.
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approaches. Late-stage diversification is traditionally achieved
by modifying a drug lead, such as a natural product, into a range
of structural analogues with altered or additional functional
groups that are then screened for improved pharmacological
properties. This late-stage functionalisation is often limited to a
small proportion of structural positions at which synthetic
modification is practicable. For example, compounds containing
multiple similar functional groups can require extensive protec-
tion/deprotection steps to achieve a chemoselective modifica-
tion, and many C-H bonds are essentially inaccessible to
functionalisation. A complementary strategy is to screen a
library of natural or engineered enzymes for their ability to
biosynthetically modify a drug compound. This approach takes
advantage of the wide range of reaction chemistries and
regioselectivity exhibited by enzymes and can offer rapid routes
to drug analogues that would otherwise be difficult to produce
with synthetic approaches, achieved in a single step under mild
aqueous conditions.

2215-017X/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The structure of noscapine, consisting of phthalide and isoquinoline
moieties. The yellow circles highlight positions on the molecule that have been
modified by others to produce analogues with enhanced biological activity.

The opium poppy alkaloid noscapine (Fig. 1) has been a target
for structural diversification to improve its native anticancer
activity [2] and this may benefit from an enzymatic approach.
Noscapine interferes with microtubule assembly during tumour
cell division [3], although this activity is fairly weak compared to

other microtubule-binding chemotherapeutics such as paclitaxel
and colchicine. Noscapine does have the advantage, however, of
very low toxicity compared to these drugs [4,5], suggesting that
structural analogues may have improved anticancer activity and
retain a favourable toxicity profile. Most noscapine analogues
produced to date carry functional group modifications at the 9'-, 7-
and N-positions of the noscapine scaffold (Fig. 1), as these bonds
can be selectively targeted using synthetic chemical reactions
[2,6-10]. While many of these analogues have been shown to have
improved activity compared to the parent drug, none have
progressed further than Phase I clinical trials. Investigating
structure-activity relationships at alternative positions on the
noscapine backbone may therefore provide a route to new classes
of analogues with enhanced activity.

Cytochrome P450 monooxygenase enzymes (P450s) offer a
promising alternative to synthetic derivatisation of noscapine and
have been used to produce other drug analogues [11]. This
approach mimics xenobiotic metabolism in mammals and other
higher eukaryotes, where a drug compound is oxidised by
microsomal P450s in the liver to produce drug metabolites. These
metabolic reactions include hydroxylations, epoxidations or
heteroatom dealkylations that may be difficult to achieve with
chemical synthetic methods. Mammalian microsomal P450s are

A Initial
Name template  Mutations Ref.
WT v , -
F87A - F87A (29]
R47L/YS1F v R47L/Y51F @71
R47L/Y51F/FS7A - RA7L/Y51F/F87A [27]
GVQ v A74G/F87V/L188Q (28)
vi - A74G/F87V/L188Q/E267V -
V2 = RA7L/A74G/F87V/L188Q/E267V -
V3 = RA7L/A74G/F811/F87V/L188Q/E267V .
V4 - RA7L/E64G/A7AG/F81I/F87V/L188Q/E267V -
V4A - RA7L/E64G/F81I/F87V/L188Q/E267V -
GAQ = A74G/F87A/L188Q (30)
Al 2 A74G/F87A/L188Q/E267V 5
A2 ) RA7L/A74G/F87A/L188Q/E267V .
A3 - RA7L/A74G/F81I/F87A/L188Q/E267V -
A4 = RA7L/E64G/A74G/F81I/FS7A/L188Q/E267TV -
AdA - RA7L/E64G/F81I/F87A/L188Q/E267V .
A3l - RA7L/A74G/F811/L861/F87A/L188Q/E267V -
A3D - RA7L/S72D/A74G/F811/F87A/L188Q/E267V -
A3S ) RA47L/A74G/F811/F87A/L188Q/E267V/L437S -
WT RA7L/Y51F A74G/F87V/L188Q (‘GVQ')
¢ + F87A $+ F87A + E267V \+ F87A
F87A RATL/Y51F/F8TA A74G/F87A/L188Q (‘GAQ')
¢ + E267V
V1 Al
¢ + R47L ¢ + R47L
V2 A2
¢ + F81I ¢ + F81I
L86I
V3 A3 —— 1> A3l
+ E64G + E64G + S72D
A3D
V4 A4 + L4375
——> A3S
¢ - A74G ¢ -A74G
V4A A4A

Fig. 2. (A) Details of the P450g\3 mutant library used in this study, which consisted of 18 mutants and the wild-type (WT) enzyme. Variants used as starting templates for
library construction are indicated in the second column. References are provided for specific combinations of mutations that have been previously described. (B) Mutation

workflow used to create the P450gy3 library.
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known to produce at least nine noscapine metabolites through
demethylation, hydroxylation and C-C cleavage mechanisms [12-
14] and these compounds may be of interest for the development
of noscapine analogues. The scale-up of biosynthetic reactions
with microsomal P450s, however, can be difficult due to the
inherent instability, insolubility and low activity of these enzymes
[15].

An alternative, more practical approach is to use the more
stable bacterial fatty acid hydroxylase P450gy3 from Bacillus
megaterium, an enzyme that has not yet been investigated for
activity on noscapine. This enzyme has several advantages
compared to microsomal P450s. P450gy3 is a fusion of a P450
substrate-binding domain and a mammalian-like reductase
domain [16] and is therefore ‘self-sufficient” compared to
microsomal P450s, which require at least two discrete enzymes
to produce a functional catalyst. P450gy3 is also cytoplasmic, as
opposed to the intracellular membrane-bound location of micro-
somal P450s and can be expressed recombinantly at high levels in
bacteria [17]. While the native substrates of P450gy3 are long-
chain fatty acids, the wild-type enzyme is capable of metabolising
some drug compounds [18]. Its substrate specificity, however, can
be significantly broadened through protein mutagenesis. Both
directed evolution and rational engineering approaches have been
used extensively with P450py3 to produce mutants capable of
synthesising a wide variety of drug metabolites, as well as other
industrially important fine chemicals [19,20].

In this study, we have combined P450gy;3 mutations known to
enhance activity on bulky drug-like substrates to produce a new
library of mutant enzymes. The mutant library was then screened
for activity to assess the potential utility of P450g)y3 mutants in
noscapine analogue development and for enzymatic routes of
analogue production.

2. Materials and methods
2.1. Chemicals and reagents

Noscapine was provided by Sun Pharmaceutical Industries (Port
Fairy, Australia). The N-demethylated noscapine standard (N-
nornoscapine) was a kind gift from Peter Scammells at Monash
University. Molecular biology enzymes and competent cells were
purchased from New England Biolabs (Ipswich, MA, USA). Primers
were synthesised by GeneWorks (Thebarton, Australia). Complex
growth media components were Oxoid brand (Thermo Fisher
Scientific, Scoresby, Australia). Kanamycin, isopropyl g-D-1-thio-
galactopyranoside (IPTG), nicotinamide adenine dinucleotide
phosphate (NADPH), glucose-6-phosphate and glucose-6-phos-
phate dehydrogenase were purchased from Sigma-Aldrich (Castle
Hill, Australia). Chromatographic separations were performed
using deionised water (resistivity 18.2 m{2; MilliQ) and chroma-
tography-grade methanol (Merck, Bayswater, Australia).

2.2. Cloning and mutagenesis

The wild-type (WT) CYP102A1 gene was cloned from Bacillus
megaterium ATCC 14581. Cells were cultured in nutrient medium at
30°C and genomic DNA was extracted with an AxyPrep™
multisource genomic DNA extraction kit (Corning, Corning, NY,
USA). The CYP102A1 gene was amplified by PCR using primers that
introduced flanking BamHI and Xhol restriction sites (primers
BM3_fwd_BamHI and BM3_rev_Xhol; see Supplementary Table S1
for all primer sequences). The amplicon was ligated into the
pET28a(+) vector (Merck, Bayswater, Australia) and the plasmid
was transformed into chemically competent DH5« E. coli cells for
cloning. Correct sequence identity was confirmed by Sanger
sequencing (AGRF, Melbourne, Australia) and alignment with the

B. megaterium ATCC 14581 sequence in GenBank (accession
CP009920.1). Plasmids containing genes for the R47 L/Y51 F and
GVQ (A74G/F87V/L188Q) variants were kindly provided by
Stephen Bell at The University of Adelaide. The mutant genes
were amplified by PCR using the primers above and ligated into the
pET28a(+) vector. The order of mutant production by sequential
mutation and back mutation is shown in Fig. 2B. Mutants F87A,
R47 L/Y51 F/F87A and GAQ were created by introducing the F87A
mutation into WT, R47 L/Y51 F, and GVQ sequences, respectively,
using the Q5 site-directed mutagenesis kit (New England Biolabs)
and primer pair F87A_fwd and F87A_rev. The mutant sets V1-V4
and A1-A4 were created by the cumulative addition of E267V,
R47 L, F81l, and E64 G mutations to the GVQ and GAQ templates
respectively using the QuikChange multi-site-directed mutagene-
sis kit (Agilent, Mulgrave, Australia) with single primers for each
mutation (Table S1). Variants V4A and A4A were produced by
back-mutation of the A74 G mutation in V4 and A4 using the same
protocol. The A3I, A3D and A3S mutants were created by the
addition of L86I, S72D and L437S mutations independently to the
A3 template using the same method. Mutant plasmids were
transformed into DH5a F' 9 cells for cloning. For protein
expression, all plasmids were transformed into BL21(DE3) cells
to produce glycerol stocks, which were stored at —80 °C.

2.3. Protein expression and lysate preparation

In trial expression experiments we noted that expression of the
P450g)3 variants was enhanced under microaerobic (low oxygen)
conditions, an observation that has been made by others for
expression of P450gy3 [17] and mammalian P450 enzymes [21]. A
microaerobic protocol was therefore employed for expression as
follows. Glycerol stocks were used to inoculate 5 mL of lysogeny
broth (LB) supplemented with 30 pg/mL of kanamycin. The
cultures were grown overnight at 30 °C and 200 rpm on an orbital
shaker and this culture then used to inoculate 100 mL of the same
media in a baffled 500 mL flask to give a starting ODggo 0f 0.015.
The flasks were shaken at 250 rpm at 37 °C for 2-3 h until the
ODggo reached 0.6-0.8. The cells were harvested by centrifugation
(3200 x g, 10°C, 15min) and the pellets washed twice by
resuspension/centrifugation with 10 mL volumes of MOPS mini-
mal medium (as per Neidhardt et al. [22] but with FeSO, increased
to 100 wM) supplemented with 0.2% glucose and 0.5 mM 5-a-
aminolevulinic acid. The cells were resuspended in 100 mL of the
modified MOPS medium in a 125 mL round-bottomed flask with a
filter cap (Corning, NY, USA) to facilitate microaerobic conditions.
Prior to induction, the flasks were shaken at 20 °C and 140 rpm for
5-6 h to allow growth to resume. Protein expression was induced
with 0.5 mM IPTG and allowed to continue for 12-14 h. The cells
were harvested by centrifugation (3200 x g, 4°C, 15min), the
supernatant was discarded and the pellets were snap frozen in
liquid nitrogen, stored at —80°C and used within two weeks. To
prepare cell lysates, the frozen pellets were resuspended in 4 mL of
potassium phosphate buffer (50 mM, pH 7.4). The resuspended
cells were sonicated on ice (6 mm probe, 30% amplitude, 10s on,
20 s off for five cycles) using a QSonica Q500 machine (QSonica LLC,
Newtown, CT, USA). The lysates were then centrifuged at 18,000 x g
at 4°C for 15 min to remove cell debris.

2.4. P450 quantification

The P450 concentration of the cell lysates was measured using
carbon monoxide difference spectroscopy by the method of Omura
and Sato [23] with extinction coefficients £a450-490 =91 mM cm ™!
and €a420-490 = -41 mM cm™ !, with simultaneous determination of
inactive P420 enzyme using extinction coefficients &a4s0.490 =
-11mM cm~! and &a420-490=110mM cm™!' [24].
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2.5. Enzyme activity screening

Activity assays were performed at a 200 pL scale in 96-well
polystyrene microtitre plates (Corning). The reaction mixture
consisted of potassium phosphate buffer (50mM, pH 7.4)
containing 25 M noscapine added in DMSO (final DMSO
concentration 2%) and sufficient cell lysate to provide a P450
concentration of 500 nM. The reactions were initiated by the
addition of 20 pL of an NADPH recycling system providing final
concentrations of 0.2 mM NADPH, 1 mM glucose-6-phosphate and
0.5 U/mL glucose-6-phosphate dehydrogenase. For each enzyme
variant, a control was included that received an additional 20 p.L of
buffer instead of the NADPH recycling system. A set of controls
using lysate from BL21(DE3) cells containing the empty pET28a(+)
vector were also included. Each assay reaction and control were
performed in triplicate. The assay plates were pre-incubated at
30°C for 15 min prior to initiation and the reactions were allowed
to proceed at 30 °C for 25 min. To quench the reaction and extract
metabolites, a multichannel pipette was used to transfer 150 pL
from each well into 300 pL of ice-cold chloroform in a 500 pL
deep-well polypropylene 96-well plate (Corning) and the plate was
left on ice for 15 min. The plates were centrifuged for 10 min at4°C
and 3200 x g to separate the phases and 200 L of the organic
phase was transferred to a fresh 96-well plate. Each well was
evaporated to dryness under a nitrogen gas stream. The extracted
metabolites were reconstituted in 60 pL of 0.1% formic acid and
transferred to glass vials for LC-MS/MS analysis.

2.6. LC-MS/MS analysis

Metabolites were analysed by LC-MS/MS at Metabolomics
Australia (School of BioSciences, University of Melbourne) using an
Agilent 6520 series QTOF mass spectrometer with a dual sprayer
ESI source attached to a 1260 Infinity series HPLC system and a
G1315C diode array detector. The instrument was operated in
positive ion mode using the following conditions: nebuliser
pressure 30psi, gas flow rate 10L min~!, gas temperature
300°C, capillary voltage 4000V, fragmentor 150V and skimmer
65 V. Metabolites were detected in targeted mode using a collision
energy of 20eV. The targeted list of precursor ion masses and
retention times is provided in Table S2. Proposed fragmentations
are shown in Fig. S2. Chromatography was performed using a
Kinetix® biphenyl column (1.7 wm, 100 A, 100 x 2.1 mm; Phenom-
eneX, Lane Cove, Australia) maintained at 55 °C and a flow rate of
0.3 mL min~". The sample injection volume was 20 pL. A binary
gradient method was developed where the mobile phase consisted
of (A) 0.1% formic acid and 10 mM ammonium formate in water
and (B) 0.1% formic acid and 10 mM ammonium formate in
methanol. The gradient elution program was as follows: isocratic at
25% solvent B for one minute; 25-50% solvent B gradient over one
minute; 50-70% solvent B gradient over nine minutes; stepped to
95% solvent B and held for one minute; then re-equilibration at 25%
solvent B for seven minutes. Absorbance was monitored between
190-500 nm and a wavelength of 311 nm was used for relative
metabolite quantification, assuming similar extinction coefficients
of all detected metabolites at this wavelength. Ultraviolet
absorption spectra for all measured metabolites are provided in
Fig. S1.

2.7. Measurement of NADPH/noscapine consumption and cofactor
coupling efficiency

The coupling of NADPH consumption to product formation was
measured for all P450gy5 variants that showed activity in the
screening experiments. Assays to determine NADPH consumption
were performed in triplicate in 96-well glass-bottom plates

(Greiner Bio-One, Frickenhausen, Germany) at a 200 pL scale,
containing 200nM P450 enzyme from cell lysate, 100 uM
noscapine added from methanol stock (final MeOH concentration
1%) and approximately 200 wM of NADPH added in a 20 p.L volume
to initiate the reaction. The exact NADPH concentration was
determined by UV spectrophotometry (£340=6.022mM cm™!)
from triplicate control samples containing 180 L potassium
phosphate buffer and 20 wL of NADPH stock. For each enzyme
variant, three control samples that received 20 p.L buffer instead of
NADPH were measured. After initiation of the reactions, the plates
were placed into a FLUOstar OPTIMA plate reader (BMG Labtech,
Mornington, Australia) and the NADPH concentration was moni-
tored by reading the absorbance at 340 nm. After complete
depletion of NADPH in all assay wells, a multichannel pipette
was used to transfer 100 pL from each assay or control well into
100 wL of ice-cold acetonitrile in a fresh 96-well plate. The
mixtures were left on ice for 15 min and the plates were then
centrifuged at 3200 x g for 20 min at 4 °C to remove precipitated
protein. A volume of 40 L of supernatant from each well was then
added to 60 L of 0.5% TFA in glass HPLC vials for analysis.

The product concentrations in these assays were quantified by
UHPLC analysis using a method developed on an Agilent 1290
Infinity II system using an Acquity® BEH C18 column (1.7 pm,
130 A, 100 x 2.1 mm; Waters, Rydalmere, Australia) held at 60 °C. A
binary gradient program was used with mobile phase solvents
comprised of (A) 0.1% trifluoroacetic acid and (B) methanol at a
flow rate of 0.3 mL min~". A 20 p.L injection volume was used with
a gradient elution program as follows: isocratic using 20% solvent B
for 0.5 min; a gradient of 20-37% solvent B gradient over 1.5 min;
isocratic using 37% solvent B for 2.5 min; a gradient of 37-95%
solvent B gradient over two minutes; isocratic using 95% solvent B
for 0.5 min; then reequilibration using 20% solvent B for seven
minutes. The noscapine metabolite peaks were measured at a
wavelength of 311 nm and quantified using a noscapine standard
curve; the extinction coefficients were assumed to be similar for all
measured metabolites at this wavelength (see Fig. S1 for
metabolite absorption spectra).

The coupling efficiency was calculated by dividing the total
product concentration in the assay samples by the initial NADPH
concentration.

2.8. In silico docking

Docking studies were performed using the Schrodinger
software package (version 2017.4, Schrodinger, LLC, New York,
NY, USA). Default settings were used unless otherwise noted. The
crystal structure of the PEG-bound P450gy3 pentamutant R47 L/
F811/F87 V/L188Q/E267 V (PDB ID: 4ZF6 [25]) was used to model
the receptor. This variant contains the same mutations as mutant
V3 tested in this work with the exception of the A74 G mutation,
which is not in the 4ZF6 structure. To examine the effects of the
F87A mutation, the Val87 residue in 4ZF6 was changed to Ala87
using the mutagenesis tool in Maestro. The Protein Preparation
Wizard was used to prepare the receptor. All water molecules and
the bound PEG ligand were removed. The Fe3* state was selected
for the haem group. The noscapine ligand was prepared using
LigPrep and docked in a non-protonated state. Docking simulations
were performed using the Induced Fit Docking protocol [26]. The
grid box centre was selected as the centroid of the ethylene glycol
molecule in the active site of the 4ZF6 structure and the box
dimensions were set to 22Ax22A x 22 A. During docking, the
planarity of conjugated pi groups was enhanced. In the initial
docking stage, the Leu75 and Val78 residues on the B’-helix were
trimmed. The Cys400 residue, which ligates the haem iron, was
excluded from side chain refinement. Docking images were
generated using PyMOL (version 2.0.7, Schrodinger, LLC).
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3. Results & discussion
3.1. Mutant library development

A P450g\3 mutant library, shown in Fig. 2A, was developed with
the aim of finding mutants capable of producing useful noscapine
metabolites and providing biosynthetic routes to noscapine
analogue production. Our approach was to select a range of
mutations shown by previous work to enhance P450g),3 oxidation
of bulky, drug-like compounds and apply these in various
combinations to noscapine, which has not previously been
examined as a substrate for P450gy3 mutants. The locations of
the twelve mutations at eleven sites are shown in Fig. 3. A library of
eighteen mutant variants was produced from combinations of the
twelve mutations, together with the wild-type (WT) enzyme. This
approach makes use of the significant characterisation of P450gy3
mutations performed over the past two decades and demonstrates
how mutations already described in the literature can be applied in
new combinations to a selected target of interest. Overall, fourteen
of the eighteen mutants used in the study are new to this work and
four mutants, including the three starting templates and the F87A
single mutant, are specific combinations described previously
(Fig. 2A).

The starting templates for the library were the WT enzyme and
well-described R47 L/Y51F [27] and GVQ [28] (A74 G/F87 V/L188Q)
mutants. The sequence in which mutations were introduced is
shown in Fig. 2B. A common Phe87 substitution, F87A [29], was
applied to all three templates. The resulting GAQ [30] (A74 G/F87A/
L188Q) mutant and original GVQ mutant were then used as
templates for sequential introduction of four mutations shown to
improve drug-metabolising activity, E267 V, R47 L, F81I and E64G
[27,31], leading to two series of four mutants, V1-V4 and A1-A4,
which differ only by Phe87 substitution. The Gly74 residue was
back-mutated to alanine in two mutants (V4A and A4A) to assess
whether the A74G mutation in the GVQ and GAQ starting
templates is beneficial for noscapine metabolism, as this mutation
is usually used for hydrocarbon oxidation rather than drug
metabolite production. The A3 mutant was also further mutated

to give A3, A3D and A3S to examine the effects of three additional
mutations shown by others to enhance activity and/or modify
selectivity [31,32]. As most mutations were introduced sequen-
tially, producing a library with a progressively increasing number
of mutations, the effect of individual mutations on noscapine
metabolism may be specific to the background of mutations into
which they were introduced.

3.2. Mutant screening

3.2.1. Mutant activity

The introduced mutations successfully imparted noscapine
activity to P450py3. Twelve enzymes from the panel of eighteen
mutants were active on noscapine, producing the metabolites
shown in Fig. 4, which were detected by LC-MS/MS. The WT
enzyme did not show any turnover of noscapine.

The major metabolite produced by all active mutants was N-
demethylated noscapine (1), a desirable compound that can only
be produced synthetically from noscapine through multiple
chemical steps [6,33]. The process of N-demethylation improves
the in vitro cytotoxicity against several cancer cell lines compared
to unmodified noscapine [7]. This compound is also an essential
intermediate in the production of N-substituted noscapine
analogues, several of which show further enhanced anticancer
activity in vitro [6,7]. The best synthetic route for N-demethylation
of noscapine involves the oxidation of noscapine to its N-oxide,
which is isolated as a hydrochloric acid salt, followed by treatment
with an iron-containing catalyst to yield the final product. The
highest reported yield for this process is 74% [6]. A one-pot,
biocatalytic N-demethylation, as presented here, may be prefera-
ble for larger-scale syntheses, particularly as the highest-yielding
synthetic protocols use chlorinated solvents. This enzymatic
approach to N-demethylation may also be more broadly applicable
to other opiate alkaloids, for which synthetic N-demethylation can
be problematic.

Five additional noscapine metabolites, including further com-
pounds of interest, were also detected in the mutant screen. These
were: two hydroxylated metabolites (2a/2b), a catechol product

Fig. 3. Structure of wild-type P450p\3 enzyme (PDB: 1BU7 [56]). Wild-type amino acids mutated in this work are coloured green and labelled with the mutations introduced.

The haem group is coloured magenta.
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Fig. 4. Noscapine metabolites detected by LC—MS/MS in the P450g)\3 mutant screening experiments. Red text denotes modifications relative to the parent compound. The
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resulting from cleavage of the methylenedioxy bridge (3), and two
metabolites produced by cleavage of the central C-C bond
(cotarnine and meconine, 4 and 5). The MS/MS fragmentation
patterns of the hydroxylated metabolites 2a/2b (Fig. S2) indicated
that the hydroxyl groups were attached to the isoquinoline moiety
of noscapine, although the specific sites could not be resolved by
this technique. Small amounts of double-oxidation products
resulting from combinations of N-demethylation, hydroxylation
and methylenedioxy cleavage were also detected (Table S2;
Fig. S2). A UHPLC chromatogram showing noscapine turnover of
mutant A3 is provided in Fig. S4.

The hydroxylated metabolites (2a/2b) may be useful pre-
cursors for further synthetic modification in the search for
noscapine analogues with enhanced anticancer activity, as
structure-activity relationships (SARs) have only been studied at
the 9'-, 7- and N-positions on the noscapine scaffold. The cleaved
methylenedioxy bridge metabolite (3) is potentially less useful as
it contains two neighbouring hydroxyl groups, which does
not allow for selective functionalisation. Cleavage of the central
noscapine C-C bond, producing metabolites 4 and 5, is
an undesirable reaction, as it results in loss of anticancer
activity [5] and this reaction can be easily achieved by acid
hydrolysis [34].

The N-demethylation and methylenedioxy bridge cleavage of
drug compounds are common reactions in P450 drug metabolism.
While the mechanism of N-demethylation has been debated,
evidence now appears to favour the hydrogen atom transfer (HAT)
reaction, whereby hydroxylation occurs on the N-methyl group
followed by decomposition to the tertiary amine and formalde-
hyde [35]. Cleavage of the methylenedioxy bridge occurs by
hydroxylation of the methylenedioxy carbon, followed by decom-
position to the catechol metabolite and formic acid [36]. The C-C
cleavage of noscapine, however, is recognised as a rare reaction in
mammalian P450 metabolism [37] and is thought to proceed via an
amine cation radical [12], as proposed for the peroxidase/H,0,
catalysed cleavage of other isoquinoline alkaloids [38]. It is
possible that C-C cleavage of noscapine is mediated by P450gy3
peroxidase-like activity using H,0, generated by peroxide
uncoupling.

The reactivity introduced to P450gy3 by the mutations
resembles that observed in mammalian microsomal P450s, with
the potential advantage of greater enzyme stability. A recent study
of noscapine metabolism by human and mouse microsomal P450s
detected nine different metabolites [14], including compounds 1
and 3-5 that were also found here; although only one isoquino-
line-hydroxylated metabolite (2a/2b) was reported and the specific
hydroxylation site was not determined. Three O-demethylated
structures and a phthalide-hydroxylated compound were also
described that were not detected here. In this study, all detected
sites of metabolism were located on the isoquinoline moiety of
noscapine; qualitatively, this metabolite profile most closely
resembles that of the human CYP3A4 P450 enzyme, except for
the phthalide hydroxylation that was also observed with CYP3A4.
Of the mammalian P450 enzymes, P450gy3 shares the greatest
sequence homology with CYP3A4 (27%) [18] and similarities in
metabolite profiles between CYP3A4 and both WT [18] and mutant
P450gMm3 [39] have previously been observed, consistent with the
findings presented here.

A difference of approximately three-fold was observed in
substrate turnover between the most active (A3S) and least active
(V4A) variants (59% and 21%, respectively), as shown in Fig. 5,
which presents the noscapine turnover (Fig. 5A), coupling
efficiency (Fig. 5A) and product distributions for the active
mutants in the P450g)3 library (Fig. 5B-F). Numerical results are
also tabulated in the Supplementary Material (Table S3).

The dominant reaction catalysed by all active mutants was N-
demethylation, with the N-demethylated product 1 forming
between 59-88% of the product profile (Fig. 5B), with the highest
yield occuring for A2. The C-C cleavage products 4 and 5
collectively varied from 6 to 33% of the product profile (Fig. 5F),
while the remaining metabolites 2a, 2b and 3 typically made up
less than 10% of the product profile (Fig. 5C, D and E, respectively).
The hydroxylated metabolite 2b was produced by only seven
mutants. The highest yield of 2a was produced by V3 and the
highest yield of 2b by A3S (considering both substrate turnover
and selectivity).

The measured coupling efficiencies, defined as the molar ratio
of metabolites produced to NADPH turnover, ranged between 3-
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22% and varied roughly in proportion to noscapine metabolism
(Fig. 5A). A high coupling efficency would be desirable for
preparative-scale production of noscapine metabolites and should
be considered together with the substrate turnover (Fig. 5A) and
selectivity for the desired products (Fig. 5B-F). The coupling
efficiencies reported here were measured using cell lysates rather
than purified enzyme, so some NADPH turnover may be
attributable to the non-specific oxidation of lysate components.
Nevertheless, the observed coupling efficencies are within the
wide range reported in the literature for P450-mediated drug
oxidations.

The low aqueous solubility of noscapine measured under the
assay conditions applied here (approximately 100 .M in 50 mM
potassium phosphate buffer, pH 7.4) precluded the measurement
of detailed kinetic and binding data for the enzymes examined.
Specifically, a substrate concentration of 100 uM was found to be

near or below the ky, value of the most active mutants, preventing
determination of turnover numbers (results not shown).

3.2.2. Effects of specific mutations

Several insights can be gained by examining the effects of the 12
mutations on noscapine metabolism across the 18 enzyme
mutants. The L437S mutation produced the variant with the
highest noscapine turnover in this study, A3S (Fig. 5A). This mutant
showed one of the lowest regioselectivities towards N-demethyl-
ation in the screen (59%; Fig. 5B) and produced significantly more
of the hydroxylated metabolite 2b than the other mutants (12% of
product distribution; Fig. 5D), which may be a property of interest
for further development. The A3S mutant also had the highest
coupling efficiency of 22%. In a previous study using a similar
background of mutations, the L437S mutation enhanced activity
on most compounds in a panel of 43 drugs, significantly altering
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the product distribution in many cases [32]. Leu437 forms part of
the p-4 loop that borders the active site cavity (Fig. 5) and the polar
side chain introduced by the L437S mutation may stabilise
noscapine binding conformations through hydrogen bond inter-
actions.

The E267V mutation was found to be crucial in imparting
noscapine-metabolising activity to P450gy3, probably due to
conformational changes caused by elimination of the Glu267-
Lys440 salt bridge between the I-helix and p4 sheet. The triple-
mutants GVQ and GAQ (containing A74G/F87V[L188Q and A74G/
F87A/L188Q respectively) did not show any noscapine metabolism
under the conditions studied but the addition of E267V to these
templates (producing V1 and A1, Fig. 2B) resulted in detectable
noscapine metabolism of 21% and 37% respectively (Fig. 4A). Select
mutations are known to cause the substrate-free P450g)5 to adopt
the structure of the substrate-bound WT enzyme [40-45], a change
present in two substrate-free crystal structures containing the
E267V mutation (PDB: 4RSN [43] and 5E9Z [44]). It has been
suggested that such mutations destabilise the substrate-free WT
conformation, lowering the free energy barrier of the transition to
the substrate-bound form and causing the transition to occur in the
absence of substrate. This produces a “catalytically ready”
structure with a significantly expanded substrate range. As two
mutations shown to independently cause this rearrangement,
D251G [45] and A264E [40], also disrupt interactions of the I-helix,
it seems likely that the gain of function conferred by E267V occurs
through the same mechanism. This conformational change was
also thought to be responsible for the 18-fold increase in diclofenac
metabolism when E267V was added to a R47L/Y51F/F87V/1401P
template [43].

The mutations F87V and F87A were found to be important for
activity, with F87A allowing greater substrate turnover, coupling
efficiency, N-demethylation selectivity and the production of an
additional hydroxylated metabolite (2b). All active mutants in this
study possessed either an F87V or F87A mutation (derived from
the GVQ or GAQ template respectively); with five pairs of active
mutants that differed only in this respect (F87V/F87A respectively:
V1/A1, V2/A2, V3/A3, V4/A4, V4A/A4A). These mutations replace
the bulky active-site Phe87 in the WT enzyme (Fig. 3) and have
been used by many groups to broaden the substrate range of
P450g\3 [20]. Fig. 5A shows that the F87A variants (A1-A4 and
A4A) generally had higher noscapine turnover and coupling
efficiency than their F87V-containing counterparts (V1-V4 and
V4A). There were also notable changes in the product distribution:
the F87A mutation was typically associated with improved N-
demethylation selectivity, mostly due to a significant decrease in C-
C bond cleavage (e.g. 26% decrease between V1 and A1), with the
exception of A4A. The F87A mutation also allowed the production
of the second hydroxylated metabolite (2b), which was absent in
the product profiles of all F87V variants (V1-V4 and V4A; Fig. 5F).
The smaller alanine residue in the F87A-containing mutants may
allow a closer approach of the noscapine N-methyl group to the
haem centre within the enzyme active site, improving the
selectivity and coupling efficiency, whilst also allowing hydroxyl-
ation of an isoquinoline carbon that is inaccessible when valine is
present.

The addition of R47L to V1 and Al, producing V2 and A2
(Fig. 2B), increased both the substrate turnover and coupling
efficiency (Fig. 5A). The R47 L mutation is located at the surface of
the substrate access channel (Fig. 3). In the wild-type enzyme, the
charged Arg47 residue interacts with the carboxyl group of fatty
acid substrates [46,47] and its replacement with the neutral
leucine residue has been shown to improve activity with
hydrophobic substrates, presumably by permitting a higher rate
of substrate entry into the access channel [27]. The increase in
noscapine turnover seen in Fig. 5A is consistent with this

mechanism, however, this change in substrate entry does not
explain the change in product distribution seen for V2 (11%
increase in N-demethylated noscapine compared to V1; Fig. 5B) or
the coupling efficiency improvements seen for both A2 and V2.

The clear benefit of the A74G mutation to noscapine metabo-
lism was shown by the back-mutation of A74G to the wild-type
Ala74 in two mutants (producing V4A and A4A; Fig. 2B) and the
associated 4-7% drop in coupling efficiency and 10-13% decrease in
noscapine turnover (Fig. 5A). The A74 G mutation is at the N-
terminus of the short B’-helix, which caps the active site (Fig. 3).
The mutation is not included in any available crystal structures and
itis unknown if it produces significant structural changes. Removal
of the Ala74 side chain may allow increased flexibility of the N-
terminal region of the B’-helix through reduced steric interactions
[28], improving noscapine accommodation within the active site.

Whilst the F811 mutation has been used to improve P450gy3
activity on several drug substrates [31,32], this had varied effects
depending on the F87A/V background applied here. Noscapine
turnover increased in combination with F87V (i.e. between
mutants V2 and V3) but decreased with F87A (between A2 and
A3), yet the coupling efficiency improved in both cases (Fig. 5A).
Like the A74G mutation, the F811 mutation reduces hydrophobic
interactions of the B’-helix and likely permits greater flexibility of
the P450gy3 lid region [25].

The E64G mutation also produced mixed effects, having little
significant effect on noscapine turnover and coupling efficiency
when combined with the F87V mutation (i.e. between V3 and V4)
but increasing turnover and coupling with F87A (between A3 and
A4). This mutation is located away from the active site (Fig. 3) and
has been suggested to affect dynamic interactions between the
haem and reductase domains of P450gy3 [44].

The S72D mutation abolished all noscapine metabolism when
introduced into the A3 mutant, producing A3D (Fig. 2B; A3D is
excluded from Fig. 5 as it showed no substrate turnover). This is in
contrast to a P450gy3 library screen with 43 drugs, where this
mutation was shown to generally improve the metabolism of
uncharged substrates [32]. Ser72 is located at the junction of the
access channel and active site pocket and has been suggested by
computational studies to have a hydrogen bond-mediated
anchoring effect on some drug substrates during catalysis
[48,49]. While noscapine has eight hydrogen bond acceptors
and might therefore participate in H-bonding interactions with
Ser72, it seems unlikely that eliminating these interactions would
alone be responsible for the complete abolition of noscapine
metabolism observed here. The introduction of a negatively
charged aspartate residue at the entrance to the active site more
likely obstructs the bulky and hydrophobic noscapine molecule,
preventing noscapine from making a close approach to the haem.

The addition of the L86I mutation to the R47 L/A74 G/F811/
F87A/L188Q/E267 V background of A3, producing A3, deteriorated
both the noscapine turnover and coupling efficiency (Fig. 5A). This
is in contrast to the enhanced N-demethylation of 3,4-methyl-
enedioxymethamphetamine (MDMA) [31] observed when L86I
was added to a R47L/F87V/L188Q/E267V background. This
illustrates the importance of the context in which mutations are
introduced.

3.3. In silico docking

Molecular docking studies with selected active P450gy;3
mutants and noscapine were performed to rationalise the enzyme
activity observed in the screening experiments. An induced-fit
docking method was used which allows for movement of side
chains in the vicinity of the docked ligand. The PDB structure 4ZF6
[43] (P450p\3 pentamutant R47L/F87V/L188Q/E267V/F811) was
used to model the receptor, as this crystal structure contains
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similar mutations to the active P450gy3 variants examined in this
work, most closely resembling V3 but without the A74G mutation.
We repeated the docking after the in silico mutation of Val87 to
alanine to test whether the docking poses supported our
experimental observations, as the replacement of F87V with
F87A caused significant and consistent changes in noscapine
turnover, regioselectivity and coupling efficiency (i.e. these
measurements were typically higher for A1-A4 compared to V1-
V4).

The docking studies produced substrate poses with the
noscapine N-methyl group proximal to the haem iron, consistent
with N-demethylation (Fig. 6A). Replacement of Val87 with
alanine allowed a closer approach of the N-methyl group to the

haem (3.1 A vs 3.4 A) with the methyl group located more centrally
above the iron atom (Fig. 6A), consistent with the improved N-
demethylation activity typically seen in the F87A-containing
mutants (i.e. A1-A4 versus V1-V4; Fig. 5B). The docking studies
also predicted several orientations in which the methylenedioxy
carbon was positioned close to the haem iron, an example of which
is shown in Fig. 6B. This position is consistent with the production
of the cleaved methylenedioxy metabolite (3). The orientation also
appeared independent of the amino acid present at position 87.
The slightly lower abundance of this metabolite in the product
profiles of A1-A4 compared to V1-V4 (Fig. 5E) may be due to
improved coupling efficiency of N-demethylation, shifting the
product distribution towards N-demethylated noscapine (1).

Fig. 6. Substrate poses from induced-fit docking studies performed with P450gy3 mutants and noscapine. A P450gy3 pentamutant (R47L/F811/F87V/L188Q/E267V; PDB: 4ZF6
[25]) was used to model the receptor. Docking runs were performed before and after in silico mutation of F87 V to F87A; the F87A variant is shown unless otherwise noted. The
blue surface represents the internal cavity of the active site. The haem group is represented as blue sticks with the iron atom shown as a brown sphere. (A) N-demethylation
poses for the F87V (purple) and F87A (green) variants. The Ala87 and Val87 sidechains are shown in corresponding colours near the haem group. (B) One of the
methylenedioxy bridge cleavage poses found. (C) Pose consistent with hydroxylation of the 7’ carbon. (D) Pose consistent with hydroxylation of the 8 carbon. (E) N-
demethylation pose showing greater detail of the Ser72, Ala74 and Leu75 sidechains. Sidechains shown in purple were shifted by the induced-fit protocol from the original
positions shown in green. All docking poses had GlideScores between -8.5 and -6.5 kcal/mol.
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The two hydroxylated metabolites (2a/2b) observed in the
screening experiments were determined to be hydroxylated on the
isoquinoline moiety of noscapine although the locations of the
hydroxy groups could not be further resolved by LC—MS/MS. In the
docking studies, two poses were produced with CH groups of the
isoquinoline moiety directed towards the haem: one with the
carbon alpha to the nitrogen at position 7’ being closest to the iron
(2.9 A; Fig. 6C) and the other with the p-carbon at the 8 position
closest (3.3 A, Fig. 6D). These poses are consistent with displace-
ment of the proximal water ligand and initiation of the catalytic
cycle, however the actual site of substrate oxidation depends on
interactions with the ferryl oxygen of the reactive haem
intermediate Compound I, which was not modelled in this work.
The docking studies performed here may therefore be of limited
use for the prediction of substrate oxidation sites. Other potential
hydroxylated products include an N-oxide produced from an
orientation similar to N-demethylation, as N-oxygenation has been
observed alongside N-demethylation in the metabolism of several
tertiary amine drugs by microsomal P450s [50,51], an aromatic
hydroxylation at the 9’ position, or a stereoisomer pair at the 7' or
8’ position.

The docking studies did not find any poses that would be
consistent with C-C bond cleavage (i.e. oxidation of the 5’ carbon
producing metabolites 2 and 3). This may be because the substrate
orientation leading to C-C cleavage fits poorly within the active site
or because these metabolites are produced through peroxide
uncoupling, as discussed above.

The A74 G mutation, which is not present in the 4ZF6 structure
used for docking simulations, was shown by the enzyme screening
experiments to significantly improve coupling efficiency and
noscapine turnover (mutants V4A vs V4 and A4A vs A4, Fig. 5A).
The induced-fit docking algorithm shifted several side chains in the
region of Ala74 on the B’-helix, most notably Ser72 and Leu75, to
accommodate poses compatible with N-demethylation of nosca-
pine (Fig. 6E), suggesting that a close interaction between
noscapine and this region of the active site occurs during substrate
binding. Increased flexibility of this ‘cap’ region of the active site
likely explains the improvements in turnover and coupling
efficiency conferred by the A74 G mutation, as well as the increase
in coupling efficiency produced by the F81I mutation (mutants V3
vs V2 and A3 vs A2; Fig. 5A). The close contact between noscapine
and this area of the B’-helix can also explain the observation that
replacing Ser72 with the larger, charged aspartate residue (S72D)
abolished all noscapine activity in the A3 to A3D mutation (A3D is
therefore excluded from Fig. 5), as these interactions would likely
be unable to occur.

The induced-fit docking studies highlight further mutations
that may prove beneficial to P450gy3 activity. The orientation of
Leu75 in the N-demethylation pose in Fig. 6E suggests that this
residue, positioned between the isoquinoline and phthalide
moieties of noscapine, may be a bottleneck during substrate
binding. Mutation of Leu75 to a smaller residue, such as alanine,
has been shown to improve activity on several drug-like
compounds [52,53]; these mutations were not tested here and
may improve noscapine activity. Recent molecular dynamics
simulations suggest, however, that hydrophobic interactions
between Leu75 and some drug substrates are important contrib-
utors to binding stability [54], making the interactions between
this residue and noscapine difficult to predict.

3.4. Significant metabolites and mutants

In the context of noscapine analogue research, the most
interesting metabolites produced in the mutant screen were N-
demethylated noscapine (1) and the two hydroxylated metabolites
(2a, 2b). The P450g),,3 variants with the highest regioselectivity for

N-demethylation were A2 and A3 which both produced N-
demethylated noscapine with a selectivity of 88% (Fig. 5B). While
A3 showed lower noscapine turnover than A2 (39% vs 50%), it was
more efficient in terms of cofactor usage (16% vs 11%; Fig. 5A) and is
therefore the best candidate for producing N-demethylated
noscapine at a preparative scale after further process optimization.

Hydroxylation at either the 7' or 8’ position of noscapine, as
suggested by the docking simulations, adds a new chiral centre to
the noscapine scaffold which may be useful in developing more
complex analogues that cannot easily be achieved by chemical
synthesis. While the largest selectivity for a hydroxylated
metabolite was only 12%, observed for metabolite 2b by mutant
A3S (Fig. 5D), this mutant had the highest noscapine turnover and
one of the highest coupling efficiencies observed (59% and 19%,
respectively; Fig. 5A). Whilst the library screened here was
relatively small, containing eighteen P450g)3 mutants, it illus-
trates the efficiency of applying previously described mutations to
a new drug target. The introduction of further rational mutations,
informed by the results presented here, may be used to further
shift the enzyme selectivity towards 2a/2b or other potential
metabolites of interest.

The development and scale-up of the biotransformation
presented here for the production of 1 or 2a/2b could employ a
number of strategies to further optimise yield and reduce
operating costs, which would be necessary for the future
application of these mutants to preparative-scale N-demethyla-
tion. Cofactor recycling or a whole-cell biotransformation ap-
proach could be employed to reduce or eliminate the need for
addition of NADPH, which is expensive above the small laboratory
scale applied here. A substrate supply strategy [55], such as a two-
liquid-phase system, could also be used to address the poor
aqueous solubility of noscapine and improve product titres.

3.5. Conclusions

The high regioselectivity for N-demethylation exhibited by the
P450g\3 mutant A3 developed here provides proof of concept for a
potential alternative biocatalytic approach to the chemical
synthesis of N-demethylated noscapine (1), a precursor for
producing noscapine analogues with enhanced anticancer activity.
Two hydroxylated metabolites were observed (2a/2b), with the
highest production occurring for mutants V4A (2a) and A3S (2b).
These metabolites may have chiral hydroxyl groups at previously
uncharacterised positions on the noscapine scaffold and may be
useful for the production of new classes of noscapine analogues.
The study utilised a small mutant library constructed by
combining mutations known to enhance P450gy3 activity on
bulky, drug-like substrates, an approach that applies valuable
information present in the literature to efficiently produce
structural modifications of a desired drug target. The effects of
the mutations on P450py3 activity, together with docking
simulations, provide functional insights into P450g).3-mediated
drug metabolism. A conformational transition of substrate-free
P450g\3 to that of the wild-type, substrate-bound structure,
induced by a salt-bridge disruption, appeared critical to metabo-
lism of the non-natural noscapine substrate, as has been observed
for other mutant/drug combinations. Noscapine turnover and
coupling efficiency also depended on: (1) residue size at position
87, and (2) the flexibility of the active site cap region. The
metabolite profile most closely resembled that of the human
microsomal P450 CYP3A4 and these mutants could be used as a
practical alternative to produce noscapine metabolites for drug
metabolism studies. The mutant enzymes presented here also
have promise for use in a whole-cell biotransformation process,
which once further optimised may allow for the efficient scale-up
of metabolite production.
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