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Abstract
Cytochrome P450 enzymes catalyse reactions of significant industrial interest but are underutilised in large-scale bioprocesses 
due to enzyme stability, cofactor requirements and the poor aqueous solubility and microbial toxicity of typical substrates 
and products. In this work, we investigate the potential for preparative-scale N-demethylation of the opium poppy alkaloid 
noscapine by a  P450BM3 (CYP102A1) mutant enzyme in a whole-cell biotransformation system. We identify and address 
several common limitations of whole-cell P450 biotransformations using this model N-demethylation process. Mass transfer 
into Escherichia coli cells was found to be a major limitation of biotransformation rate and an alternative Gram-positive 
expression host Bacillus megaterium provided a 25-fold improvement in specific initial rate. Two methods were investigated 
to address poor substrate solubility. First, a biphasic biotransformation system was developed by systematic selection of 
potentially biocompatible solvents and in silico solubility modelling using Hansen solubility parameters. The best-performing 
biphasic system gave a 2.3-fold improvement in final product titre compared to a single-phase system but had slower initial 
rates of biotransformation due to low substrate concentration in the aqueous phase. The second strategy aimed to improve 
aqueous substrate solubility using cyclodextrin and hydrophilic polymers. This approach provided a fivefold improvement 
in initial biotransformation rate and allowed a sixfold increase in final product concentration. Enzyme stability and cell 
viability were identified as the next parameters requiring optimisation to improve productivity. The approaches used are also 
applicable to the development of other pharmaceutical P450-mediated biotransformations.
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Introduction

Cytochrome P450 enzymes (P450s) are promising enzymes 
for industrial and pharmaceutical biotechnology due to their 
ability to catalyse regioselective oxidations that are often dif-
ficult to achieve with synthetic organic chemistry [4]. While 
a vast array of useful P450 reactions have been identified, 
this enzyme family remains underutilised in industrial bio-
catalysis due to a range of typical process limitations [5, 38].

The relatively poor stability of many P450 enzymes, as 
well as their requirement for expensive NADPH cofactor, 
has led to the preference of whole-cell biotransformations 
over in vitro systems for preparative applications, as cells 
can provide both a protective environment for the enzyme 
and supply NADPH through metabolic regeneration [15]. 
While effective in this respect, whole-cell approaches have 
other limitations: the mass transfer of substrate into cells can 
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be poor, and substrate and product toxicity can negatively 
affect the microbial host [47].

The rate of mass transfer of substrate across cell wall 
structures is often a significant limiting factor for biotrans-
formations in whole-cell systems [11]. Both the rate and 
mechanism of mass transfer are strongly dependent on the 
physicochemical properties of the substrate (size, hydropho-
bicity, ionisation state) and the structural composition of the 
cell wall and membrane, which varies between organisms.

Substrates for P450s, particularly those for pharmaceuti-
cal applications, are often poorly water soluble, which is 
problematic for whole-cell biotransformations which take 
place in an aqueous environment. A common approach to 
tackle this issue is the use of biphasic biotransformation 
systems, which utilise an immiscible organic solvent phase 
in contact with the aqueous phase to act as a substrate res-
ervoir [28]. Solvent selection is restricted, however, by the 
need for biocompatibility with the host organism, good sub-
strate solubility in the solvent and favourable partitioning 
of the substrate into the aqueous phase. Other approaches 
to improve substrate loading focus on enhancing aqueous 
solubility, such as the use of miscible organic co-solvents, 
cyclodextrins [50] and recently the use of hydrophilic poly-
mers [27].

In a previous work [45], we screened a library of mutants 
of the bacterial P450 enzyme  P450BM3 (CYP102A1) and 
identified a variant capable of selective (88%) N-demeth-
ylation of the opium poppy alkaloid noscapine, a drug 
with anticancer properties, at analytical scale (Fig. 1). This 
N-demethylated noscapine (N-nornoscapine) product is an 
essential precursor for N-modified noscapine analogues 
that have stronger antitumour activity [13, 35, 65] and have 
recently been shown to have antiparasitic activity [20]. In 
this work, we have investigated the potential for preparative-
scale noscapine N-demethylation in a whole-cell biotransfor-
mation system using this  P450BM3 mutant. We identify key 
factors limiting biotransformation and test several experi-
mental approaches to address some of these limitations relat-
ing to mass transfer and substrate solubility.

Materials and methods

Chemicals, reagents and strains

Noscapine was provided by Sun Pharmaceutical Industries 
(Port Fairy, Australia). Molecular biology enzymes, nucleic 
acid purification kits and competent E. coli cells were pur-
chased from New England Biolabs (Notting Hill, Australia). 
Primers for polymerase chain reactions (PCR) were syn-
thesised by Integrated DNA Technologies (Singapore). 
Complex growth media components were Oxoid brand 
(Thermo Fisher Scientific, Scoresby, Australia). Lysozyme 
(chicken egg white) and achromopeptidase were purchased 
from Sigma-Aldrich (Castle Hill, Australia). Water used was 
of MilliQ grade (resistivity 18.2 mΩ). Methanol used for 
chromatographic separations was chromatography grade 
(Merck, Bayswater, Australia). Polyvinylpyrrolidone (aver-
age  MW 40,000), (hydroxypropyl)methylcellulose (average 
Mn 86,000), (2-hydroxypropyl)-β-cyclodextrin (average 
 Mw 1460) and all other chemicals were purchased from 
Sigma-Aldrich. Bacillus megaterium strain ATCC 14581™ 
was obtained from the American Type Culture Collection 
(Manassas, VA, USA). B. megaterium strain DSM-319 was 
obtained from the German Collection of Microorganisms 
and Cell Cultures (DSMZ; Braunschweig, Germany). The 
plasmid pSPYngK-hp was a gift from Dieter Jahn (Addgene 
plasmid #48118).

Intracellular noscapine accumulation

Accumulation of cellular noscapine was measured using 
a method adapted from Williams and Piddock [62]. Glyc-
erol stocks of B. megaterium ATCC 14589 and E. coli 
BL121(DE3) were used to inoculate shake flasks contain-
ing 50 mL and 120 mL of lysogeny broth (LB), respectively, 
which were shaken at 200 rpm and 30 °C for B. megaterium 
and 37 °C for E. coli for 14 h. Cells were collected by cen-
trifugation at 3200×g and 10 °C for 20 min, washed twice 
with 2 × 10 mL potassium phosphate buffer (50 mM, pH 7.4) 

Fig. 1  Noscapine N-demethyla-
tion by  P450BM3 mutant A3
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and resuspended in 1 mL of the same buffer. To measure 
noscapine uptake, a sample of 50 µL of concentrated cells 
was added to 200 µL of room-temperature phosphate buffer 
containing 100 µM noscapine (added from methanol stock; 
final MeOH concentration 1%). After the appropriate incu-
bation time, 200 µL of this solution was rapidly cooled by 
mixing with 1 mL of phosphate buffer that was pre-chilled at 
− 4 °C in an ice/salt bath. The mixture was then immediately 
centrifuged at 20,000×g for 30 s at 4 °C. The supernatant 
was removed and the cell pellet was washed with a further 
1 mL of pre-chilled buffer and centrifuged again. The wash 
buffer was completely removed and the pellet was stored in 
an ice/salt bath at − 4 °C until all samples were collected. 
To extract the accumulated noscapine, 100 µL of ice-cold 
methanol was added to each cell pellet and the pellets were 
incubated on ice for 20 min with brief vortexing every 5 min. 
The samples were then centrifuged at 18,000×g for 15 min 
at 4 °C to remove cell debris and then 30 µL of the superna-
tant was added to 70 µL of 0.1% trifluoroacetic acid (TFA) 
for analysis by ultra-high-performance liquid chromatogra-
phy with a diode array detector (UHPLC-DAD) as previ-
ously described [45]. To estimate the amount of recovered 
noscapine that was adhered to the outside of cells rather 
than intracellularly located, the experiment was performed 
as above but the cell concentrate was added to noscapine/
buffer solution that was pre-chilled at − 4 °C (a temperature 
at which no substrate is expected to cross the cell membrane 
[62]), incubated at − 4 °C for 3 min and then processed as 
before. Longer incubation times did not show any further 
increase in noscapine in the cell pellets. All noscapine accu-
mulation experiments were performed in triplicate.

Plasmid assembly and transformation

A pET28a(+) vector (Merck, Australia) containing the gene 
for  P450BM3 mutant A3 (R47L/A74G/F81I/F87A/L188Q/
E267V) was constructed in previous work [45] and used 
here for recombinant expression in E. coli BL21(DE3). For 
expression of A3 in B. megaterium, the xylose-inducible 
expression vector p3STOP1632hp [51] was used as a back-
bone. The p3STOP1623hp backbone was obtained by PCR 
amplification of pSPYngK-hp [51] using a primer pair with 
sequences 5′-GGT ACC GGC CGC ATG CCG -3′ and 5′-TGT 
ACA TTC ACC TCC TTG ATT TAA GTG AAC AAG TTT ATC 
CAT CAAC-3′. The A3 coding sequence was amplified from 
the pET28a (+) E. coli expression vector by PCR using a 
primer pair with sequences 5′-ATC AAG GAG GTG AAT 
GTA CAA TGA CAA TTA AAG AAA TGC CTC AGC-3′ and 
5′-GCC GGC ATG CGG CCG GTA CCT TAC CCA GCC CAC 
ACG TC-3′. The backbone and insert were assembled using 
the  NEBuilder® HiFi DNA assembly kit (New England Bio-
labs) and transformed into chemically competent DH5-α 
cells for cloning. An empty p3STOP1632hp control vector 

was made by self-ligation of the amplified backbone using 
KLD Enzyme Mix (New England Biolabs). Protoplasts of B. 
megaterium strain DSM-319 were prepared and transformed 
according to Biedendieck et al. [6].

Noscapine solubility

For measurement of noscapine solubility in organic solvents, 
excess solid noscapine was added to 1 mL of solvent in glass 
vials and shaken at 200 rpm at ambient temperature for 24 h. 
The vials were then left for a further 48 h without shaking to 
allow sedimentation of undissolved noscapine. The saturated 
solvents were diluted into 100% methanol and noscapine was 
quantified by UHPLC-DAD, as previously described [45]. 
For solubility measurements in cyclodextrin and polymer 
solutions, 40 µL of a 100 mM noscapine stock in 5% tartaric 
acid was added to 1.96 mL of cyclodextrin and/or polymer 
in sodium/potassium phosphate buffer (100 mM, pH 6.75) to 
give a final noscapine concentration of 2 mM. Dilute tartaric 
acid was selected as a solvent for the noscapine stock due to 
its demonstrated ability to improve cyclodextrin solubilisa-
tion of weakly basic drugs [44]. The addition of the tartaric 
acid solution decreased the sample pH to 6.5. The solutions 
were equilibrated by shaking at 230 rpm at ambient tempera-
ture for 5 days, after which no change in noscapine solubil-
ity was found to occur. The solutions were filtered through 
a 0.45-µM nylon filter and diluted with 0.1% TFA before 
quantification by UHPLC-DAD.

Solubility modelling and in silico solvent screening

The solubility of noscapine in organic solvents was mod-
elled by the modified Hansen parameter method developed 
by Louwerse et al. [33] using the associated MATLAB script 
written by the authors (provided in Supplementary Mate-
rial for [33]). Empirical noscapine solubility measurements 
were made in 20 organic solvents, as described above, and 
used as inputs for the script program. Hansen parameters 
and molecular radii for solvents were taken from the HSPiP 
database (https ://www.hanse n-solub ility .com/HSPiP /) and 
hydrogen bonding parameters were calculated manually, as 
described by Louwerse et al. [33]. The solubility measure-
ments were provided as inputs to the program by group-
ing them into order-of-magnitude solubility intervals (i.e. 
1–10 mM, 11–100 mM, etc.) and providing a ‘yes’ or ‘no’ 
term for each tested solvent in each interval. The program 
was then used to estimate Hansen solubility parameters for 
noscapine based on the empirical solubility measurements. 
These parameters were subsequently used as inputs for the 
program to predict noscapine solubility in a range of water-
immiscible solvents with potential utility in biphasic bio-
transformation systems.

https://www.hansen-solubility.com/HSPiP/
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Whole‑cell biotransformation

Cultures of E. coli BL21(DE3) containing the mutant 
 P450BM3 enzyme A3 were prepared as described previ-
ously [45]. For protein expression in B. megaterium DSM-
319, 50 mL of LB medium supplemented with 10 µg/
mL tetracycline was inoculated with a glycerol stock of 
recombinant B. megaterium and shaken at 100 rpm and 
37 °C overnight. A 1 mL volume of the overnight cul-
ture was used to inoculate 100 mL of Terrific Broth (TB) 
with 10 µg/mL tetracycline in a 500-mL shake flask and 
shaken at 230 rpm and 37 °C until the optical density at 
a wavelength of 600 nm  (OD600) reached approximately 
0.3. The culture was then cooled to 30 °C and expres-
sion was induced by the addition of 0.5% (w/v) xylose. 
Expression was continued for 20 h with 130 rpm shaking 
at 30 °C. Following expression, cells were collected by 
centrifugation at 3200×g and 10 °C for 20 min and the cell 
pellets were washed with 2 × 10 mL of nitrogen-free modi-
fied M9 medium (4.24 g/L  Na2HPO4, 8.86 g/L  KH2PO4, 
2.5 g/L NaCl, 2 mM  MgCl2, 0.1 mM  CaCl2, 0.4% w/v 
glucose; pH 6.5). The cells were then resuspended in the 
same medium and diluted to give an  OD600 of 5 for com-
parison of specific biotransformation rate with E. coli, or 
an  OD600 of 35 for all other experiments. For biotransfor-
mation in the cyclodextrin/polymer solution, cells were 
resuspended in the same medium supplemented with 10% 
(w/v) (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD) and 
0.01% (w/v) hydroxypropyl methylcellulose (HPMC) and 
with the phosphate buffer components adjusted to give an 
initial pH of 6.65. Biotransformations were carried out in 
2 mL volumes in 28-mL glass vials (LabTek, Brendale, 
Australia) at 230 rpm and 25 °C. Reactions were initi-
ated by the addition of noscapine from a methanol stock 
(final MeOH concentration 1%) to give a noscapine con-
centration of 100 µM, or, for HP-β-CD/HPMC systems, 
by the addition of noscapine from a tartaric acid solution 
(final tartaric acid concentration 0.05%); the addition of 
tartaric acid lowered the pH to 6.5. For biphasic systems, 
a further addition of 0.5 mL of organic solvent saturated 
with noscapine was also made. At each sampling inter-
val, 80 µL of aqueous phase and for biphasic systems, 
20 µL of organic phase were removed and centrifuged at 
16,000×g for 5 min. Cleared aqueous phase was diluted 
into a solution of 0.1% formic acid and 25% methanol 
and organic phase into 100% methanol for analysis by 
UPLC–UV–MS as below. For colony-forming unit (CFU) 
counts, samples were serially diluted in 0.85% saline and 
plated at  10−5,  10−6 and  10−7 dilutions onto LB agar and 
incubated at 37 °C. Glucose concentrations in the culture 
supernatant were measured spectroscopically using a glu-
cose hexokinase (HK) assay kit (Sigma-Aldrich, Castle 

Hill, Australia). All biotransformation experiments were 
performed in triplicate.

Enzyme stability

To provide sufficient sample volumes for enzyme stability 
experiments, biotransformation reactions were performed 
essentially as above but scaled up to a volume of 13 mL 
and conducted in 250-mL shake flasks. One set of three 
replicates received 1% methanol without noscapine; one 
set was gently agitated at 60 rpm in round-bottom flasks; 
reactions were otherwise carried out in baffled flasks at 
25 °C and shaken at 230 rpm with 100 µM noscapine added 
from methanol stock (final MeOH concentration 1%). At 
each sampling point, two 0.5 mL samples were removed for 
protein analysis and one 0.7 mL sample was removed for 
dry biomass measurement. The samples were centrifuged 
at 16,000×g for 5 min, the supernatant removed and pel-
lets frozen at − 20 °C for biomass and SDS-PAGE analysis 
or − 80 °C for cytochrome P450 measurement. For P450 
quantification, the cell pellets were thawed and washed with 
ice-cold potassium phosphate buffer (100 mM, pH 7.8), 
centrifuged and the supernatant removed. The pellets were 
resuspended in 50 µL of 2 mg/mL lysozyme and 0.2 mg/mL 
achromopeptidase in phosphate buffer (pH 7.8) and gently 
agitated for 45 min at room temperature. The suspensions 
were then diluted with 1 mL ice-cold potassium phosphate 
buffer (50 mM, pH 7.4), incubated on ice for 5 min and then 
sonicated (1.6 mm probe, 30% amplitude, 5 s on, 10 s off for 
six cycles) using a QSonica Q500 machine (QSonica LLC, 
Newtown, CT, USA). The lysate was then separated by cen-
trifugation at 160,000×g for 40 min (Optima MAX™ ultra-
centrifuge; Beckman Coulter, Mount Waverley, Australia) 
and the supernatant was analysed for P450 content using 
carbon monoxide (CO)-difference spectroscopy accord-
ing to the method of Omura and Sato [39]. No cytochrome 
P450 was detected by this method for control cells contain-
ing empty vector. For measurement of dry biomass weights, 
the cell pellets were resuspended in water, transferred to 
pre-weighed aluminium pans and dried in an oven for 24 h 
at 105 °C. Dried biomass was cooled in a vacuum desicca-
tor over silica beads before weighing. Cell pellets for SDS-
PAGE analysis were lysed according to the method of Barg 
et al. [3] and soluble protein fractions were run on a Bolt™ 
4–12% Bis–Tris gel (Thermo Fisher Scientific, Scoresby, 
Australia). Gel loading volumes were adjusted to give an 
equal equivalent of dry biomass weight per lane and bands 
were visualised with Coomassie Brilliant Blue.

Substrate and product quantification

Quantification of substrate and product concentration was 
performed using an ACQUITY UPLC H-Class system 
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equipped with PDA and QDa detectors. Analytes were sep-
arated with a  Kinetix® biphenyl column (1.7 mm, 100 Å, 
100 × 2.1 mm; Phenomenex, Lane Cove, Australia) main-
tained at 55 °C with a flow rate of 0.3 mL/min. A binary 
gradient method was used 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 30 s; 25 to 40% sol-
vent B gradient over 30 s; 40 to 70% solvent B gradient over 
nine minutes; stepped to 95% solvent B and held for 1 min; 
then re-equilibration at 25% solvent B for 4 min. The QDa 
detector was operated in positive ion mode. Absorbance was 
monitored between 210 and 400 nm and a wavelength of 
311 nm was used for substrate and product quantification. 
The products were identified by comparison of mass and 
retention time data with previous qTOF LC–MS/MS experi-
ments [45].

Results and discussion

Microbial host selection

Substrate permeability

Our previous screening studies using cell lysates identified 
a  P450BM3 pentamutant (R47L/A74G/F81I/F87A/L188Q), 
designated ‘A3’, capable of noscapine N-demethylation with 
good (88%) selectivity. To investigate the scale-up potential 
of this reaction, we aimed to incorporate the A3 mutant into 
a whole-cell biotransformation process for the N-demeth-
ylation of noscapine. As the mass transfer of substrate is 
often a major limitation in whole-cell drug biotransforma-
tions [11, 47], we examined whether there was any differ-
ence in noscapine uptake between Gram-negative and Gram-
positive organisms prior to selecting a microbial host for 
the biotransformation bioprocess. These experiments were 
performed by incubating cell suspensions of either Escheri-
chia coli or Bacillus megaterium with noscapine and quan-
tifying intracellular noscapine accumulation at intervals up 
to 90 s; this timeframe was selected as a range of antibiot-
ics have been shown to reach equilibrium in bacterial cells 
within similar time periods [1, 55, 62] and our preliminary 
experiments showed no significant further accumulation of 
noscapine after 90 s of incubation.

Noscapine accumulated rapidly in B. megaterium cells, 
reaching an equilibrium within 30–45  s, as shown in 
Fig. 2a. At the end of the assay, the accumulated noscapine 
was ~ 25-fold higher per unit biomass for B. megaterium cells 
than for E. coli cells (Fig. 2b). As it was likely that some 
of the noscapine measured in the cell pellets was adhered 
to the surface of the cells, rather than being located within 

the cells, we estimated the amount of adhered noscapine by 
performing extended incubations of cell suspensions with 
noscapine at – 4 °C. At this temperature, no diffusion across 
the cell membrane was expected to occur and all noscapine 
associated with the cell biomass was therefore considered 
to have adhered to the cell surface [62]. Under these condi-
tions, the adhered noscapine was 0.30 ± 0.03 µg/mgdcw for 
B. megaterium and 0.05 ± 0.01 µg/mgdcw for E. coli. Notably, 
the concentration of noscapine that adhered to E. coli was 
similar to the total noscapine measured in the accumulation 
experiments in Fig. 2b, suggesting that only a small fraction 
of the noscapine associated with E. coli passed through the 
outer membrane of these cells. In contrast, noscapine that 
had adhered to B. megaterium represented only ~ 17% of the 
total noscapine measured in accumulation experiments after 
90 s, indicating that most of the noscapine in the cell pellets 
had passed through the membrane of B. megaterium.

These observed differences in noscapine uptake are con-
sistent with differences in the uptake of drug-like substrates 
known to occur between Gram-positive and Gram-negative 
cells. Noscapine  (pKa 6.3) is bulky, hydrophobic and was 
uncharged under the assay conditions used here (pH 7.4). 
Such substrates are expected to readily diffuse through the 

a

b

Fig. 2  a Noscapine accumulation in Bacillus megaterium (filled 
square) vs Escherichia coli (filled circle). b Enlarged view of noscap-
ine accumulation in E. coli. Error bars are ± 1 SD and are obscured by 
the symbol used as a marker for E. coli in (a)
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peptidoglycan and phospholipid bilayer of Gram-positive 
organisms but be inhibited by the dense, hydrophilic lipopol-
ysaccharide coating of the Gram-negative outer membrane 
[37]. Consequently, Gram-positive organisms may be bet-
ter hosts for whole-cell biotransformation of hydrophobic 
drugs, where mass transfer rates often limit productivity 
[11].

Whole‑cell biotransformation

A B. megaterium expression system was developed to inves-
tigate whether the significant difference in substrate uptake 
between this organism and E. coli resulted in different rates 
of noscapine N-demethylation within a whole-cell biotrans-
formation. The commonly used DSM-319 strain was trans-
formed with a plasmid containing the A3 mutant  P450BM3 
gene under control of an optimised xylose-inducible pro-
moter [51]. Biotransformations were performed using these 
cells in a resting state and compared with biotransformations 
performed using resting E. coli BL21(DE3) cells expressing 
the same enzyme under the IPTG-inducible T7 expression 
system.

 Around ~ 25-fold more N-nornoscapine was produced 
per unit enzyme in the first 30 min using the B. megaterium 
system compared to E. coli, resulting in a ~ 12-fold higher 
specific yield after 4 h, as shown in Fig. 3. All noscapine 
turnover for both organisms was due to the mutant  P450BM3 
enzyme, as cells containing an empty vector showed no 
N-demethylation and no production of any other noscapine 
metabolite (results not shown). Both systems showed the 
same selectivity (~ 88%) for noscapine N-demethylation as 

previous cell lysate assays with this enzyme mutant (results 
not shown). The superior N-demethylation activity observed 
with B. megaterium compared to E. coli is presumably 
due to the greater permeability of B. megaterium cells to 
noscapine (Fig. 2). A similar observation was made by Bleif 
et al. [7] during the development of a whole-cell system for 
P450-mediated hydroxylation of the hydrophobic diterpene 
abietic acid, where biotransformation was successful using 
recombinant B. megaterium but no substrate conversion was 
detectable using E. coli despite the presence of a functional 
enzyme in these cells.

It is unlikely that the relatively poor performance of 
the E. coli system was due to a functional impairment of 
the mutant  P450BM3 enzyme in this host. The concentra-
tion of cytochrome P450 enzyme in the biotransformation 
cultures was determined by CO-difference spectroscopy, 
which quantifies functional P450 enzyme [39], and the spe-
cific levels of mutant  P450BM3 expression were compara-
ble in the two different organisms (0.28 ± 0.02 nmol/mgdcw 
vs 0.45 ± 0.02 nmol/mgdcw for B. megaterium and E. coli, 
respectively). Furthermore, we have previously demon-
strated the functional expression of this  P450BM3 mutant in 
E. coli using cell lysates produced with the same expression 
vector and culture conditions used here [45].

While it is conceivable that the difference in biotransfor-
mation rate between the B. megaterium and E. coli systems 
is related to the different intracellular redox environments 
in the two hosts, this also seems unlikely, given that E. coli 
cells are reported to support far higher rates of NADPH-
dependent biotransformation than the reaction rates observed 
here. Biotransformation studies using NADPH-dependent 
cyclohexanone monooxygenase, for example, have shown 
that glucose-fed, nitrogen-limited E. coli cells can maintain 
a significant excess of intracellular NADPH while sustain-
ing a specific biotransformation rate of 1.1 µmol/(h mgdcw) 
[58, 59]. In the present work, conducted under similar 
conditions, the highest specific product formation rate of 
N-nornoscapine by E. coli cells (measured after 0.5 h of 
biotransformation) was 1.7 nmol/(h mgdcw), nearly 650-fold 
less than the previously described system. Even considering 
the differences in NADPH-to-product stoichiometry between 
the two enzymes (100% vs 16% coupling efficiency in vitro 
for cyclohexanone monooxygenase [14] and  P450BM3 mutant 
A3 [45], respectively), it seems unlikely that the relatively 
poor performance of the E. coli system observed here was 
due to cofactor limitation in this host.

Selection of a host organism with good native perme-
ability to a chosen substrate has several advantages over the 
alternative strategy of physically permeabilising cells fol-
lowing protein expression, e.g. by freeze–thawing or treat-
ment with solvents or detergents [11]. Aside from requiring 
extra processing steps, the cellular damage caused by per-
meabilisation can be detrimental in cases where functional 

Fig. 3  Noscapine N-demethylation by recombinant Bacillus mega-
terium (filled square) and Escherichia coli (filled circle) expressing 
 P450BM3 mutant A3. Error bars are ± 1 SD and are obscured by the 
symbol used as a marker for E. coli 
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biocatalysis depends upon the active metabolism of the 
host, such as for the supply of NAD(P)H in P450-catalysed 
reactions. The use of cell permeabilisation to improve mass 
transfer is also limited to resting-cell biotransformations. 
The choice of B. megaterium as a host for noscapine bio-
transformation therefore avoids the mass transfer limitation 
encountered with E. coli while retaining process flexibility, 
as growing cells can be used if desired.

This work is one of several recent examples of using B. 
megaterium as a host for whole-cell biotransformations 
with recombinant P450 enzymes [7, 16, 23–25]. It is also, 
to the best of our knowledge, the first time that this organ-
ism has been used for a biotransformation with recombinant 
 P450BM3 (CYP102A1), despite the enzyme being native to 
this species. Bacillus megaterium has broad potential as a 
biotransformation host due to its high capacity for heterolo-
gous protein expression and good plasmid stability [56]. We 
therefore chose to further investigate the potential of this 
host and enzyme system for preparative-scale N-demethyl-
ation of noscapine.

Increasing substrate supply

High concentrations of substrate are desirable in a biotrans-
formation process to maximise volumetric productivity and 
reduce downstream processing requirements. Noscapine 
has poor aqueous solubility and low concentrations were 
used for the initial biotransformation experiments in Fig. 3 
(100 µM or 41 mg/L added from a 10 mM methanol stock), 
as higher concentrations resulted in rapid precipitation. We 

therefore investigated two strategies to increase substrate 
supply in the biotransformation: a biphasic system and aque-
ous solubility enhancers.

Biphasic biotransformation

Solvent screening A biphasic biotransformation system 
consists of an immiscible organic solvent that can supply a 
hydrophobic substrate to the aqueous phase containing the 
biocatalyst. The chosen solvent must be biocompatible with 
the host cell system, particularly where active host metabo-
lism is required. The solvent should also provide good sub-
strate solubility and partitioning between the aqueous and 
organic phases while also satisfying environmental, health 
and safety requirements. While the choice of potential sol-
vents is vast, a systematic selection process can narrow 
down the number solvents to be tested experimentally to 
find an appropriate system [18].

We used a systematic screening strategy to find a suit-
able solvent based on published solvent properties and in 
silico solubility predictions made using Hansen solubility 
parameters [19]. A similar strategy was recently shown 
to be effective for the development of a biphasic system 
for geraniol biotransformation [42]. First, a solvent data-
base (HSPiP; https ://www.hanse n-solub ility .com/HSPiP /) 
was used to compile a list of solvents with octanol–water 
partition coefficient (log P) values greater than 3, as this 
measure provides an indication of potential biocompat-
ibility [57]. This shortlist was then rationally narrowed to 
15 solvents (Table 1) based on factors such as human and 

Table 1  Shortlist of potentially 
suitable solvents for biphasic 
biotransformation of noscapine

Log P values are from the HSPiP software database. Predicted solubilities were determined using the mod-
ified Hansen model developed by Louwerse et al. [33]. Solvents shaded grey were selected for experimen-
tal testing of solubility and were used for biotransformation experiments. Solubility of noscapine in water 
is provided for comparison

Solvent Log P Predicted noscapine 
solubility (g/L)

Measured noscapine 
solubility (g/L)

Measured noscap-
ine solubility (mM)

Benzyl benzoate 4.0 159.7
Dibenzyl ether 3.3 96.8
Butyl benzoate 3.8 91.9 22.6 54.7
Dibutyl maleate 4.2 16.7 19.6 47.4
Octanoic acid 3.1 14.5
Decanol 4.6 13.1
Heptyl acetate 3.3 6.5 6.8 16.4
2-(Ethylhexyl) acrylate 3.7 4.6
Octyl acetate 3.8 4.4
Dibutyl ether 3.2 4.1
Dibutyl sebacate 6.3 1.4
Stearic acid 8.2 0.8
Oleic acid 7.7 0.7
Isopropyl myristate 8.5 0.7 1.4 3.4
Water − 2.9 – 0.1 0.2

https://www.hansen-solubility.com/HSPiP/
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environmental safety, availability, cost, melting point and 
volatility. The shortlisted solvents were then assessed in 
silico for predicted noscapine solubility.

The Hansen solubility model predicts solvent–solute 
compatibility based on three parameters representing dis-
persion (δD), polar (δP) and hydrogen bonding (δH) interac-
tions. Recently, Louwerse et al. [33] developed a modified 
Hansen model that incorporates several thermodynamic 
considerations for small molecule solutes and shows 
greater accuracy than the original model that was devel-
oped for solvent–polymer systems. The modified model 
and the associated MATLAB package were used to esti-
mate Hansen parameters and predict noscapine solubility 
here. Noscapine solubility was initially measured in 20 
readily available solvents (Table S1) and these data were 
used within the program for parameter estimation. A good 
fit (R2 = 0.88) was observed between the predicted and 
measured noscapine solubilities for the 20-solvent training 
dataset using the estimated noscapine Hansen parameters 
(δD = 28.7; δP= 11.3; δH = 7.8) (Fig. S1). These Hansen 
parameters were then applied to predict noscapine solubil-
ity within the shortlist for potential biphasic biotransfor-
mation solvents (Table 1).

Most of the solvents shortlisted for potential use in 
noscapine biotransformation were esters containing aromatic 
or medium-to-long-chain aliphatic groups. The compounds 
with the highest predicted noscapine solubilities (Table 1) 
contain either one or two aromatic functionalities; this 
appears to be due to the high Hansen dispersion parameter 
(δD) shared between these compounds and noscapine.

Three structurally diverse esters with good predicted 
noscapine solubility were selected for further investigation 
in a biotransformation experiment: butyl benzoate, heptyl 
acetate and dibutyl maleate. Isopropyl myristate was also 
included, as this compound has a significantly higher log P 
than the other selected solvents (8.5 vs 3.3–4.2). Whilst this 
solvent has a comparatively low predicted noscapine solubil-
ity (0.7 g/L), its inclusion allowed an investigation of a wider 
range of solvent hydrophobicity. Isopropyl myristate is also 
known to be effective in other biphasic biotransformations 
using hydrophobic small molecules [8, 30, 41, 61]. To our 
knowledge, the other three selected solvents have not previ-
ously been investigated for use with whole-cell biphasic sys-
tems, although dibutyl maleate was recently identified in a 
computational screen as a potentially suitable solvent for the 
biotransformation of flavour and fragrance compounds [41].

The measured solubility of noscapine in the four selected 
solvents is shown in Table 1. The measured solubilities were 
within 3 g/L of the predicted values, apart from butyl benzo-
ate, for which the model gave a fourfold overestimation of 
noscapine solubility. These data not only demonstrate the 
potential utility of the modified Hansen model for in silico 

solvent screening of small drug molecules but also the need 
to validate predictions with experimental measurements.

Biphasic biotransformation Isopropyl myristate was the 
most effective solvent for biphasic biotransformation, show-
ing the highest yield of N-nornoscapine after 4 h compared 
to the use of a single aqueous phase or the three other sol-
vents selected through in silico screening (Fig. 4). In each 
case, B. megaterium expressing the  P450BM3 mutant A3 
was used, with either a 20% volume of the selected solvent 
saturated with noscapine or a single-phase system contain-
ing 100 µM of noscapine with 1% methanol as a co-solvent. 
Approximately 2.3-fold more N-nornoscapine was produced 
using isopropyl myristate compared to the single-phase con-
trol, while the heptyl acetate and dibutyl maleate systems 
produced 6.3- and 8.8-fold less N-nornoscapine than the 
control, respectively. No substrate conversion was detected 
in the butyl benzoate solvent system.

The variation in product yields between the different 
solvent systems appeared to be primarily due to the tox-
icity of these solvents, as < 0.1% of cells remained viable 
in the biphasic systems containing heptyl acetate, dibutyl 
maleate and butyl benzoate following 4 h of biotransfor-
mation (Table 2). Butyl benzoate, despite having a log P 
between that of heptyl acetate and dibutyl maleate (Table 1), 
appeared to be particularly toxic as biotransformation activ-
ity was completely abolished (Fig. 4). This is likely related 

Fig. 4  Noscapine N-demethylation in a biphasic biotransformation 
system using the solvents isopropyl myristate (filled circle), dibutyl 
maleate (filled triangle), heptyl acetate (filled diamond) or butyl ben-
zoate (inverted filled triangle). Biotransformation was also performed 
in a single aqueous phase as a control (filled square). Product con-
centrations are given as total product produced per volume of aque-
ous phase. Note that the marker for butyl benzoate (inverted filled tri-
angle) appears partly obscured by the x axis, as biotransformation in 
this system was negligible. Error bars are ± 1 SD
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to the benzyl groups of this solvent, as alkylbenzenes have 
previously been shown to a have higher critical log P for bio-
compatibility than other solvent classes [57]. In contrast, cell 
viability in the isopropyl myristate system, which produced 
the highest yields, appeared similar to the viability observed 
for the single-phase control, with 11% and 14% of viable 
cells remaining for these reactions, respectively.

It is notable that B. megaterium cells containing an empty 
vector showed only a small viability loss under aqueous sin-
gle-phase conditions (93% viable cells remaining; Table 2). 
The difference in survival between cells with the empty vec-
tor and cells containing the mutant  P450BM3 enzyme in the 
single-phase control experiment (i.e. 93% vs 14% remaining 
viability) suggests that the expression of the enzyme lead to 
significant cellular toxicity. This reduction in cell viability 
may be due to the generation of reactive oxygen species by 
the P450 enzyme during non-productive catalytic cycles or 
toxicity associated with the N-nornoscapine product.

Retaining cell viability is important for the supply of 
NADPH cofactor to the enzyme during the biotransforma-
tion, and the retention of cell viability can also allow re-use 
of cells in multiple biotransformation cycles. While the gen-
eral guideline is that solvents with log P > 4 are non-toxic 
to microbial cells, there are significant deviations from this 
rule of thumb depending on both the microbial strain and the 
molecular structure of the solvent [21, 28]. Organic solvents 
with log P between 3 and 5 are considered to have less pre-
dictable toxicities than those outside this range [57]. Based 
on the solvents screened here, B. megaterium requires higher 
solvent hydrophobicity for biocompatibility (i.e. isopropyl 

myristate); however, this comes at the cost of lower substrate 
loading (1.4 g/L in the organic phase), as noscapine solubil-
ity was highest in the more polar solvents that proved to be 
toxic (i.e. butyl benzoate and dibutyl maleate with 22.6 g/L 
and 19.6 g/L, respectively; Table 1).

The use of solvent-tolerant microbial strains is one 
approach to balance the need for good substrate solubil-
ity with biocompatibility [21]. It is important to consider, 
however, that some mechanisms of solvent resistance may 
also be detrimental to substrate uptake. For example, Gram-
negative bacteria typically show higher solvent resistance 
than Gram-positive bacteria, attributed to the presence of 
an outer cell membrane. Our experiments suggest that the 
permeability barrier posed by the Gram-negative outer 
membrane is responsible for the low rate of noscapine bio-
transformation observed with E. coli (Fig. 3). While some 
particularly solvent-tolerant B. megaterium strains have been 
isolated [17, 43, 52], the properties conferring solvent resist-
ance may impede substrate uptake. For example, a wild-type 
strain used for epoxide resolution in a biphasic system was 
active in the presence of solvents with log P > 3.2 [17] but 
displayed a low surface hydrophobicity and so may be less 
permeable to noscapine compared to the DSM-319 strain 
used here. Another important consideration is that many 
solvent resistance mechanisms in Gram-positive bacteria 
are adaptive responses [54]. Such responses are unlikely to 
occur with the nitrogen-limited, resting-cell biotransforma-
tion used here and improved tolerance may be seen with a 
growing-cell biotransformation process.

While the higher substrate loading in the isopropyl 
myristate system improved product titres compared to the 
single-phase system, there was an almost twofold decrease in 
the initial biotransformation rate (measured after 30 min of 
reaction). This was likely due to a lower aqueous concentra-
tion of substrate resulting from the partitioning of noscap-
ine between the aqueous and organic phases. The aqueous 
phase in the isopropyl myristate system showed a steady, 
low noscapine concentration of around 30 µM throughout 
the biotransformation (data not shown). Maintaining a low 
aqueous concentration is advantageous when a biphasic sys-
tem is employed due to substrate toxicity, but in this case, 
our objective was to overcome poor substrate solubility and 
so a decrease in reaction rate due to the limited aqueous sub-
strate concentration is a potential disadvantage. We therefore 
investigated an alternative strategy of improving aqueous 
noscapine solubility to drive faster reaction rates.

Improving aqueous solubility

Cyclodextrins are often employed as pharmaceutical excip-
ients due to their ability to enhance drug solubility. This 
class of compounds was investigated here to assess whether 
the aqueous solubility of noscapine could be improved. 

Table 2  Remaining cell viability of recombinant B. megaterium fol-
lowing 4 h of biotransformation under various conditions

Cell viability was determined by colony-forming unit (CFU) counts. 
Errors are given as ± 1 SD. Cross-references to figures containing the 
corresponding biotransformation data are also provided

Conditions Remaining 
viability 
(%)

Empty vector control 93 ± 13
Biphasic biotransformation (Fig. 4)
 Control (1% MeOH) 14 ± 3
 Isopropyl myristate 11 ± 3
 Dibutyl maleate < 0.1
 Heptyl acetate < 0.1
 Butyl benzoate < 0.1

HP-β-CD/HPMC (Fig. 5)
 0.1 mM substrate 2 ± 0.5
 1.0 mM substrate 3 ± 0.6

Glucose feeding (Fig. 6)
 With glucose 2 ± 0.9
 Without glucose 0.1 ± 0.07
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Cyclodextrins form soluble inclusion complexes with drugs 
and have previously been used to improve whole-cell bio-
transformation rates of hydrophobic compounds such as 
steroids [36, 49, 60]. Cyclodextrins have also been used to 
enhance biotransformation by recombinant B. megaterium 
[23]. In some pharmaceutical applications, small amounts 
of water-soluble polymers such as polyvinylpyrrolidone 
(PVP) and hydroxypropyl methylcellulose (HPMC) have 
also been shown to improve drug–cyclodextrin complexa-
tion and allow further enhancement of drug solubility [31], 
though these ternary complexes have not previously been 
employed in whole-cell biotransformations. The cyclodex-
trin (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD), a widely 
used and highly soluble cyclodextrin derivative, as well as 
the polymers PVP and HPMC, was investigated here for 
their effects on noscapine solubility.

The combination of 10% HP-β-CD with 0.1% of polymer 
HPMC provided a significant increase in aqueous noscap-
ine solubility (Fig. 5), allowing a ~ 16-fold enhancement in 
noscapine concentration to 835 µM (345 mg/L) compared 
to the 50 µM of noscapine dissolved in the control solu-
tion containing only phosphate buffer. Solutions of 5% and 
10% HP-β-CD alone gave more modest three- and four-
fold enhancements in noscapine solubility, respectively, 
and a 0.1% solution of HPMC polymer provided a three-
fold enhancement, indicating that HP-β-CD and HPMC act 

synergistically to enhance noscapine solubility. This effect 
was still apparent when a lower polymer concentration of 
0.01% HPMC was used with 10% HP-β-CD, which gave a 
14.5-fold enhancement in noscapine concentration (736 µM; 
304 mg/L) with considerably less viscosity compared to 
solutions containing 0.1% HPMC polymer. In contrast, a 
solution of 0.1% PVP had negligible effect on the solubility 
of noscapine with or without HP-β-CD addition.

The combination of cyclodextrin HP-β-CD and poly-
mer HPMC not only provided significant enhancements in 
noscapine solubility but also functioned well as a precipita-
tion inhibitor [63] for supersaturated noscapine solutions. 
When measuring the equilibrium solubility of noscapine in 
HP-β-CD/polymer systems, we observed that the HP-β-CD/
HPMC systems remained optically clear for extended peri-
ods following addition of excess noscapine, whereas precipi-
tate was visible in all other cyclodextrin or polymer solu-
tions within 1 h. Under the same conditions of temperature 
and agitation as the biotransformation experiments, a solu-
tion of 10% HP-β-CD with 0.01% HPMC could maintain a 
noscapine concentration of ~ 1 mM for at least 24 h (Fig. S2). 
We therefore investigated biotransformation performance in 
solutions of 10% HP-β-CD with 0.01% HPMC using noscap-
ine concentrations up to 1 mM.

The higher concentrations of noscapine enabled by 
HP-β-CD/HPMC addition led to increased biotransformation 
productivity, as shown for experiments performed using an 
initial substrate concentration of 100 µM, 500 µM or 1 mM 
(Fig. 6). The initial rate measured at 30 min was found to 
increase up to eightfold between the reactions with 100 µM 

Fig. 5  Aqueous solubility of noscapine in solutions of cyclodextrin, 
polymer or combinations of cyclodextrin and polymer. Abbreviations: 
HP-β-CD, (2-hydroxypropyl)-β-cyclodextrin; PVP, polyvinylpyrro-
lidone; HPMC, (hydroxypropyl)methylcellulose. Solutions were pre-
pared in phosphate buffer (100 mM) at pH 6.5. Error bars are ± 1 SD

Fig. 6  Noscapine N-demethylation by biotransformation in solutions 
of 10% (2-hydroxypropyl)-β-cyclodextrin and 0.01% (hydroxypro-
pyl)methylcellulose with a starting substrate concentration of (filled 
square) 100  µM, (filled circle) 500  µM or (filled triangle) 1  mM 
noscapine. Error bars are ± 1 SD



459Journal of Industrial Microbiology & Biotechnology (2020) 47:449–464 

1 3

and 1 mM noscapine, allowing a final product concentration 
up to 266 µM (110 mg/L). This product titre was a 6.4-fold 
improvement over the single-phase system in 1% methanol 
(Fig. 4) where noscapine was used at its maximum solubility 
of 100 µM. This product titre was also 2.8-fold higher than 
the best-performing biphasic system (IPM; Fig. 4).

While the aqueous solubility enhancers allowed signifi-
cantly higher final yield (266 µM vs 41 µM), the initial rate 
of N-demethylation with 100 µM noscapine and HP-β-CD/
HPMC (Fig. 6) was slower than in the equivalent reaction 
with 100 µM noscapine without HP-β-CD/HPMC (Fig. 4), 
with 1.6-fold less product at 30 min, though both systems 
eventually reached the same final yield. This may be because 
the complexation of noscapine with cyclodextrin resulted in 
a lower concentration of free substrate. Alternatively it may 
be due to decreased mass transfer from the higher viscosity 
of the HP-β-CD/HPMC solution [32]. A similar observa-
tion was made by Kiss et al. [23] for a B. megaterium bio-
transformation system using 5% HP-β-CD, which showed 
slower initial reaction rates with cyclodextrin compared to a 
control reaction with 5% DMSO in shake flask experiments. 
When the reaction was performed in bioreactors, however, 
the HP-β-CD system showed faster rates than the control, 
suggesting that stronger mixing may improve the initial rates 
in HP-β-CD/HPMC here.

While allowing higher final product titres, the HP-β-CD/
HPMC solutions also showed some toxicity towards B. 
megaterium with only 2–3% of initial cell viability remain-
ing after 4 h, whereas 14% of cells remained viable in the 
control biotransformation (100 µM noscapine, 1% metha-
nol; Table 2). This difference appeared to be entirely due 
to the solubility enhancers as the remaining viability in the 
HP-β-CD/HPMC systems was the same for both 100 µM 
and 1 mM noscapine, indicating no additional toxicity from 
higher concentrations of substrate or product. While often 
considered to have good biocompatibility [2], cyclodextrins 
and their derivatives have been shown to be toxic to micro-
bial cells in some cases. This appears to be highly depend-
ent on both the microbial species and variant of cyclodex-
trin [48, 67, 68]. At 15% concentration, HP-β-CD has been 
shown to cause membrane damage and protein leakage 
to Gram-positive Arthrobacter simplex cells [48]; this is 
also likely responsible for the observed toxicity here. It is 
unlikely that the low concentration (0.01% w/v) of HPMC 
exerted any toxicity as this polymer is often used at higher 
concentrations in dietary probiotic formulations without loss 
of cell viability [40, 64].

Cofactor/viability limitation

While the higher substrate concentrations achieved by the 
addition of HP-β-CD/HPMC significantly improved initial 
reaction rates, the experiments indicated that another factor 

such as cofactor supply, cell viability or enzyme stability 
became limiting early in the biotransformation. After 1 h of 
biotransformation, product formation rates in the reactions 
containing high and moderate concentrations of noscapine 
(1 mM and 500 µM, Fig. 6) were similar, which is not in 
keeping with the first-order reaction kinetics expected in this 
substrate range. This behaviour lead us to examine cofactor 
supply and cell viability as potential limiting factors.

The sustained supply of NADPH to the reaction requires 
cells to have access to a carbon source and to be metaboli-
cally active. To investigate whether glucose was actively 
consumed by the host cells throughout the biotransfor-
mation and did not become exhausted, we monitored the 
glucose consumption and product formation in a biotrans-
formation with 1  mM noscapine in a HP-β-CD/HPMC 
solution (Fig. 7). Product formation was also monitored in 
the absence of glucose, where regeneration of NADPH is 
expected to be limited.

A concentration of 22  mM (0.4% w/v) glucose was 
found to be more than sufficient to supply the cells over 
a 4 h period, as shown in Fig. 7. The presence of glucose 
resulted in 1.4-fold more product after 1 h, likely due to 
higher NADPH supply. At later timepoints, however, the 
rate of product formation was similar in the presence and 
absence of glucose, with an increase of ~ 50 µM between 1 
and 4 h (Fig. 7), despite active glucose consumption in the 
glucose-fed culture and an order of magnitude difference in 
cell viability measured after 4 h (2% vs 0.1% for cells with 
and without glucose, respectively; Table 2). These differ-
ences indicate that neither glucose supply nor cell viability 
were the key factor limiting biotransformation rate after 1 h. 
This suggested that the observed decline in product forma-
tion may be have been due to the loss of active P450 enzyme.

Fig. 7  Noscapine N-demethylation with (filled circle) and without 
(filled square) glucose added to the biotransformation. Glucose con-
centration is also shown for the relevant biotransformation (open 
square). Error bars are ± 1 SD
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Enzyme stability

The stability of the mutant  P450BM3 enzyme was assessed 
during biotransformation to determine whether this fac-
tor limits the productivity of the system and could be the 
focus of future optimisation studies. The concentration of 
cytochrome P450 enzyme in cell pellets collected from a 
standard biotransformation was measured using carbon 
monoxide (CO)-difference spectroscopy [39] and the con-
centration of soluble intracellular protein visualised using 
SDS-PAGE. We also investigated the potential effects of 
dissolved oxygen and substrate turnover on enzyme stabil-
ity using reactions performed with low agitation or in the 
absence of substrate.

A significant loss of P450 enzyme occurred over the 
course of the biotransformation reactions performed under 
conditions of high agitation, as assessed by CO-difference 
spectroscopy (Fig. 8a). The cytochrome P450 content of the 
cells dropped by four- to fivefold over 4 h, while the weight 
of dry biomass and the concentration of soluble  P450BM3 
protein visualised by SDS-PAGE remained relatively con-
stant (Fig. 7b). This observation likely explains the decline 
in product formation seen after 1 h of biotransformation in 
Fig. 6, where high agitation was used. As the spectroscopic 
method quantifies P450-bound haem, it seems likely that 
enzyme deactivation was due to haem loss or damage rather 
than proteolysis or thermal denaturation and precipitation 
of the P450 enzyme.

A similar loss of P450 enzyme occurred both with and 
without substrate addition, indicating that enzyme deac-
tivation was related to the conditions of high agitation 
rather than substrate turnover. In contrast, only ~ 10% of 
cytochrome P450 enzyme was lost in the reaction performed 
with gentle agitation, though subsequent biotransformation 
experiments using low agitation showed significantly less 
productivity (2.8-fold less product after 4 h at 70 rpm com-
pared to 230 rpm; 1 mM substrate in HP-β-CD/HPMC; Fig. 
S3), likely due to a lower dissolved oxygen concentration 
under these conditions.

The cytochrome P450 haem group can be damaged by 
hydrogen peroxide and other reactive oxygen species (ROS) 
produced by the reduction of molecular oxygen during non-
productive P450 catalytic cycles [22]. This can occur when 
product formation is poorly coupled to NADPH reduction 
or when no substrate is present [66]. Given that the  P450BM3 
mutant used in this work only showed only 16% coupling 
efficiency in vitro [45] and its stability was improved under 
low aeration (Fig. 8a), this mechanism may be responsible 
for the loss of activity observed during biotransformation. 
Production of ROS by the recombinant  P450BM3 enzyme 
may also contribute to the loss of cell viability observed 
during biotransformation experiments (a reduction in cell 
viability from 93% to 14% was observed after 4 h of reaction 

with P450-expressing cells compared to cells with an empty 
vector; Table 2). Our observations are consistent with the 
poor stability of other P450 enzymes which has previously 
been shown to be a significant factor limiting whole-cell 
biotransformation productivity [23, 34].

One strategy to improve both enzyme stability and cell 
survival would be to co-express ROS scavengers [12, 29], 
such as catalase or superoxide dismutase, together with the 
recombinant  P450BM3 mutant. This approach would also 
need to consider the net benefit to biotransformation pro-
ductivity, however, as co-expression strategies may result in 
reduced  P450BM3 expression [46]. Additionally, these ROS 
scavengers are natively expressed in aerobic bacteria to miti-
gate oxidative stress [10], so it unclear whether the overex-
pression of these enzymes would have any further protective 
effects on the enzyme or host cell under these conditions.

Another strategy could be to change the mode of opera-
tion from a resting-cell biotransformation to a growing-cell 
process. All biotransformations performed in this work used 

Fig. 8  a Concentration of active cytochrome P450 enzyme per unit 
biomass in a biotransformation measured by carbon monoxide-dif-
ference spectroscopy performed with (filled circle) high agitation and 
100  µM substrate; (filled square) high agitation without substrate; 
or (filled triangle) low agitation and 100  µM substrate. The cor-
responding dry biomass weight for each time point are also shown 
(open square). Error bars are ± 1 SD. b SDS-PAGE gel showing the 
 P450BM3 enzyme polypeptide band at 121 kDa, indicated by an arrow. 
Lanes are representative samples from experiments in part (a). Lane 
1, before biotransformation; lanes 2–4, following 4 h of biotransfor-
mation performed at: high agitation and 100  µM substrate (lane 2); 
(filled square) high agitation without substrate (lane 3); or low agita-
tion and 100 µM substrate (lane 4). A sample taken from cells con-
taining an empty vector is also shown (c)
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a nitrogen-free medium, which does not allow for further 
protein expression during the biotransformation or signifi-
cant adaptive cell responses to environmental challenges. 
Performing the noscapine biotransformation concurrently 
with recombinant P450 expression and cellular growth may 
allow for improved product titres, as the unstable enzyme 
would be continuously replaced and actively growing cells 
may be better able to respond to ROS generation. Grow-
ing cells may also be more tolerant to organic solvents and 
cyclodextrins than resting cells. A common disadvantage 
of growing-cell processes, however, is the reduced avail-
ability of cellular cofactors, such as NADPH, due to the 
energetic demands of biomass formation [9]. This can be 
further addressed using cofactor recycling or metabolic engi-
neering strategies [26].

These strategies, together with those already successfully 
employed in this study, are presented in Table 3. This table 
summarises the productivity and yield gains made using 
alternative hosts, biphasic systems and solubility enhancers. 
Whilst the highest volumetric productivity achieved is one 
to two orders of magnitude below most reported industrial 
pharmaceutical biotransformations [53], the process limita-
tions encountered in this work are typical of P450-mediated 
drug biotransformations. Further consideration of the factors 
limiting biotransformation and the strategies identified for 
optimisation will potentially allow improvements in enzyme 
activity, cofactor supply and cell viability to enhance bio-
transformation productivity for the N-demethylation of 
noscapine.

Conclusions

We have incorporated a drug-metabolising  P450BM3 enzyme 
mutant into a whole-cell biotransformation process, showing 
proof of concept for preparative-scale biocatalytic N-dem-
ethylation of noscapine. Several factors limiting productivity 
were identified and strategies to increase productivity sys-
tematically assessed. The highest productivity of 27.5 mg/
(L h)) could be achieved by employing a B. megaterium 
host to overcome mass transfer limitations and cyclodextrins 
and polymers to enhance the aqueous solubility of noscap-
ine. Biphasic systems developed using in silico solubility 
modelling could also be used to increase productivity (to 
9.8 mg/(L h)). Strategies that can improve the initial rates 
of biotransformation, such as the use of aqueous solubility 
enhancers, were shown to be particularly important for this 
system as the mutant  P450BM3 enzyme was found to have 
low stability under whole-cell biotransformation conditions. 
Maintenance of cell viability was also identified as a signifi-
cant challenge.

This study shows that significant improvements in pro-
ductivity and yield can be obtained by relatively simple 

changes in biotransformation parameters using a systematic 
debottlenecking approach. The strategies used in this work 
can also be applied to examine and optimise other whole-cell 
P450-based systems.
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