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ABSTRACT 10 

Cytochrome P450 enzymes catalyse reactions of significant industrial interest but are underutilised in 11 

large-scale bioprocesses due to enzyme stability, cofactor requirements and the poor aqueous 12 

solubility and microbial toxicity of typical substrates and products.  In this work, we investigate the 13 

potential for preparative-scale N-demethylation of the opium poppy alkaloid noscapine by a P450BM3 14 

(CYP102A1) mutant enzyme in a whole-cell biotransformation system.  We identify and address 15 

several common limitations of whole-cell P450 biotransformations using this model N-demethylation 16 

process.  Mass transfer into Escherichia coli cells was found to be a major limitation of 17 

biotransformation rate and an alternative Gram-positive expression host Bacillus megaterium 18 

provided a 25-fold improvement in specific initial rate.  Two methods were investigated to address 19 

poor substrate solubility.  First, a biphasic biotransformation system was developed by systematic 20 

selection of potentially biocompatible solvents and in silico solubility modelling using Hansen solubility 21 

parameters.  The best-performing biphasic system gave a 2.3-fold improvement in final product titre 22 

compared to a single-phase system but had slower initial rates of biotransformation due to low 23 

substrate concentration in the aqueous phase.  The second strategy aimed to improve aqueous 24 
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substrate solubility using cyclodextrin and hydrophilic polymers.  This approach provided a five-fold 25 

improvement in initial biotransformation rate and allowed a 6.3-fold increase in final product 26 

concentration.  Enzyme stability and cell viability were identified as the next parameters requiring 27 

optimisation to improve productivity.  The approaches used are also applicable to the development 28 

of other pharmaceutical P450-mediated biotransformations. 29 
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Introduction 38 

Cytochrome P450 enzymes (P450s) are promising enzymes for industrial and pharmaceutical 39 

biotechnology due to their ability to catalyse regioselective oxidations that are often difficult to 40 

achieve with synthetic organic chemistry [4].  While a vast array of useful P450 reactions have been 41 

identified, this enzyme family remains underutilised in industrial biocatalysis due to a range of typical 42 

process limitations [5, 38]. 43 

The relatively poor stability of many P450 enzymes, as well as their requirement for expensive NADPH 44 

cofactor, has led to the preference of whole-cell biotransformations over in vitro systems for 45 

preparative applications, as cells can provide both a protective environment for the enzyme and 46 

supply NADPH through metabolic regeneration [15].  While effective in this respect, whole-cell 47 

approaches have other limitations;  the mass transfer of substrate into cells can be poor and substrate 48 

and product toxicity can negatively affect the microbial host [47].   49 

The rate of mass transfer of substrate across cell wall structures is often a significant limiting factor 50 

for biotransformations in whole-cell systems [11].  Both the rate and mechanism of mass transfer are 51 

strongly dependent on the physicochemical properties of the substrate (size, hydrophobicity, 52 

ionisation state) and the structural composition of the cell wall and membrane, which varies between 53 

organisms. 54 

Substrates for P450s, particularly those for pharmaceutical applications, are often poorly water 55 

soluble, which is problematic for whole-cell biotransformations which take place in an aqueous 56 

environment.  A common approach to tackle this issue is the use of biphasic biotransformation 57 

systems, which utilise an immiscible organic solvent phase in contact with the aqueous phase to act 58 

as a substrate reservoir [28].  Solvent selection is restricted, however, by the need for biocompatibility 59 

with the host organism, good substrate solubility in the solvent and favourable partitioning of the 60 

substrate into the aqueous phase.  Other approaches to improve substrate loading focus on enhancing 61 
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aqueous solubility, such as the use of miscible organic co-solvents, cyclodextrins [50] and recently the 62 

use of hydrophilic polymers [26]. 63 

In a previous work [45], we screened a library of mutants of the bacterial P450 enzyme P450BM3 64 

(CYP102A1) and identified a variant capable of selective (88%) N-demethylation of the opium poppy 65 

alkaloid noscapine, a drug with anticancer properties, at analytical scale (Fig. 1).  This N-demethylated 66 

noscapine (N-nornoscapine) product is an essential precursor for N-modified noscapine analogues 67 

that have stronger antitumour activity [13, 35, 65] and have recently been shown to have antiparasitic 68 

activity [20].  In this work, we have investigated the potential for preparative-scale noscapine N-69 

demethylation in a whole-cell biotransformation system using this P450BM3 mutant.  We identify key 70 

factors limiting biotransformation and test several experimental approaches to address some of these 71 

limitations relating to mass transfer and substrate solubility. 72 

Materials and Methods 73 

Chemicals, reagents and strains 74 

Noscapine was provided by Sun Pharmaceutical Industries (Port Fairy, Australia).  Molecular biology 75 

enzymes, nucleic acid purification kits and competent E. coli cells were purchased from New England 76 

Biolabs (Notting Hill, Australia).  Primers for polymerase chain reactions (PCR) were synthesised by 77 

Integrated DNA Technologies (Singapore).   Complex growth media components were Oxoid brand 78 

(Thermo Fisher Scientific, Scoresby, Australia).  Lysozyme (chicken egg white) and achromopeptidase 79 

were purchased from Sigma-Aldrich (Castle Hill, Australia).  Water used was of MilliQ grade (resistivity 80 

18.2 m).  Methanol used for chromatographic separations was chromatography grade (Merck, 81 

Bayswater, Australia).  Polyvinylpyrrolidone (average MW 40,000), (hydroxypropyl)methylcellulose 82 

(average Mn 86,000), (2-hydroxypropyl)-β-cyclodextrin (average Mw 1460) and all other chemicals 83 

were purchased from Sigma-Aldrich.  Bacillis megaterium strain ATCC 14581™ was obtained from the 84 

American Type Culture Collection (Manassas, VA, USA).  B. megaterium strain DSM-319 was obtained 85 
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from the German Collection of Microorganisms and Cell Cultures (DSMZ; Braunschweig, Germany).  86 

The plasmid pSPYngK-hp was a gift from Dieter Jahn (Addgene plasmid #48118). 87 

Intracellular noscapine accumulation 88 

Accumulation of cellular noscapine was measured using a method adapted from Williams and Piddock 89 

[62].  Glycerol stocks of B. megaterium ATCC 14589 and E. coli BL121(DE3) were used to inoculate 90 

shake flasks containing 50 mL and 120 mL of lysogeny broth (LB), respectively, which were shaken at 91 

200 rpm and 30°C for B. megaterium and 37°C for E. coli for 14 h.  Cells were collected by centrifugation 92 

at 3,200 x g and 10°C for 20 min, washed twice with 2 x 10 mL potassium phosphate buffer (50 mM, 93 

pH 7.4) and resuspended in 1 mL of the same buffer.  To measure noscapine uptake, a sample of 50 94 

µL of concentrated cells was added to 200 µL of room-temperature phosphate buffer containing 100 95 

µM noscapine (added from methanol stock; final MeOH concentration 1%).  After the appropriate 96 

incubation time, 200 µL of this solution was rapidly cooled by mixing with 1 mL of phosphate buffer 97 

that was pre-chilled at -4°C in an ice/salt bath.  The mixture was then immediately centrifuged at 98 

20,000 x g for 30 s at 4°C.  The supernatant was removed and the cell pellet was washed with a further 99 

1 mL of pre-chilled buffer and centrifuged again.  The wash buffer was completely removed and the 100 

pellet was stored in an ice/salt bath at -4°C until all samples were collected.  To extract the 101 

accumulated noscapine, 100 µL of ice-cold methanol was added to each cell pellet and the pellets 102 

were incubated on ice for 20 min with brief vortexing every 5 min.  The samples were then centrifuged 103 

at 18,000 x g for 15 min at 4°C to remove cell debris and then 30 µL of the supernatant was added to 104 

70 µL of 0.1% trifluoroacetic acid (TFA) for analysis by ultra-high-performance liquid chromatography 105 

with a diode array detector (UHPLC-DAD) as previously described [45].  To estimate the amount of 106 

recovered noscapine that was adhered to the outside of cells rather than intracellularly located, the 107 

experiment was performed as above but the cell concentrate was added to noscapine/buffer solution 108 

that was pre-chilled at -4°C (a temperature at which no substrate is expected to cross the cell 109 

membrane [62]), incubated at -4°C for 3 min and then processed as before.  Longer incubation times 110 
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did not show any further increase in noscapine in the cell pellets.  All noscapine accumulation 111 

experiments were performed in triplicate. 112 

Plasmid assembly and transformation 113 

A pET28a(+) vector (Merck, Australia) containing the gene for P450BM3 mutant A3 114 

(R47L/A74G/F81I/F87A/L188Q/E267V) was constructed in previous work [45] and used here for 115 

recombinant expression in E. coli BL21(DE3).  For expression of A3 in B. megaterium, the xylose-116 

inducible expression vector p3STOP1632hp [51] was used as a backbone.  The p3STOP1623hp 117 

backbone was obtained by PCR amplification of pSPYngK-hp [51] using a primer pair with sequences 118 

5’- GGTACCGGCCGCATGCCG-3’ and 5’- TGTACATTCACCTCCTTGATTTAAGTGAACAAGTTTATCCATCAAC-119 

3’.  The A3 coding sequence was amplified from the pET28a (+) E. coli expression vector by PCR using 120 

a primer pair with sequences 5’-ATCAAGGAGGTGAATGTACAATGACAATTAAAGAAATGCCTCAGC-3’ and 121 

5’-GCCGGCATGCGGCCGGTACCTTACCCAGCCCACACGTC-3’.  The backbone and insert were assembled 122 

using the NEBuilder® HiFi DNA assembly kit (New England Biolabs) and transformed into chemically 123 

competent DH5-α cells for cloning.  An empty p3STOP1632hp control vector was made by self-ligation 124 

of the amplified backbone using KLD Enzyme Mix (New England Biolabs).  Protoplasts of B. megaterium 125 

strain DSM-319 were prepared and transformed according to Biedendieck et al. [6]. 126 

Noscapine solubility 127 

For measurement of noscapine solubility in organic solvents, excess solid noscapine was added to 1 128 

mL of solvent in glass vials and shaken at 200 rpm at ambient temperature for 24 h.  The vials were 129 

then left for a further 48 h without shaking to allow sedimentation of undissolved noscapine.  The 130 

saturated solvents were diluted into 100% methanol and noscapine was quantified by UHPLC-DAD, as 131 

previously described [45].  For solubility measurements in cyclodextrin and polymer solutions, 40 µL 132 

of a 100 mM noscapine stock in 5% tartaric acid was added to 1.96 mL of cyclodextrin and/or polymer 133 

in sodium/potassium phosphate buffer (100 mM, pH 6.75) to give a final noscapine concentration of 134 

2 mM.  Dilute tartaric acid was selected as a solvent for the noscapine stock, due to its demonstrated 135 
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ability to improve cyclodextrin solubilisation of weakly basic drugs [44].  The addition of the tartaric 136 

acid solution decreased the sample pH to 6.5.  The solutions were equilibrated by shaking at 230 rpm 137 

at ambient temperature for 5 days, after which no change in noscapine solubility was found to occur.  138 

The solutions were filtered through a 0.45 µM nylon filter and diluted with 0.1% TFA before 139 

quantification by UHPLC-DAD.   140 

Solubility modelling and in silico solvent screening 141 

The solubility of noscapine in organic solvents was modelled by the modified Hansen parameter 142 

method developed by Louwerse et al. [33] using the associated MATLAB script written by the authors 143 

(provided in Supplementary Material for [33]).  Empirical noscapine solubility measurements were 144 

made in 20 organic solvents, as described above, and used as inputs for the script program.  Hansen 145 

parameters and molecular radii for solvents were taken from the HSPiP database 146 

(https://www.hansen-solubility.com/HSPiP/) and hydrogen bonding parameters were calculated 147 

manually, as described by Louwerse et al. [33].  The solubility measurements were provided as inputs 148 

to the program by grouping them into order-of-magnitude solubility intervals (i.e. 1-10 mM, 11-100 149 

mM etc.) and providing a ‘yes’ or ‘no’ term for each tested solvent in each interval.  The program was 150 

then used to estimate Hansen solubility parameters for noscapine based on the empirical solubility 151 

measurements.  These parameters were subsequently used as inputs for the program to predict 152 

noscapine solubility in a range of water-immiscible solvents with potential utility in biphasic 153 

biotransformation systems.  154 

Whole-cell biotransformation 155 

Cultures of E. coli BL21(DE3) containing the mutant P450BM3 enzyme A3 were prepared as described 156 

previously [45].  For protein expression in B. megaterium DSM-319, 50 mL of LB medium 157 

supplemented with 10 µg/mL tetracycline was inoculated with a glycerol stock of recombinant B. 158 

megaterium and shaken at 100 rpm and 37°C overnight.  A 1 mL volume of the overnight culture was 159 

used to inoculate 100 mL of Terrific Broth (TB) with 10 µg/mL tetracycline in a 500 mL shake flask and 160 
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shaken at 230 rpm and 37°C until the optical density at a wavelength of 600 nm (OD600) reached 161 

approximately 0.3.  The culture was then cooled to 30°C and expression was induced by the addition 162 

of 0.5% (w/v) xylose.  Expression was continued for 20 h with 130 rpm shaking at 30°C.  Following 163 

expression, cells were collected by centrifugation at 3,200 x g and 10°C for 20 min and the cell pellets 164 

were washed with 2 x 10 mL of nitrogen-free modified M9 medium (4.24 g/L Na2HPO4, 8.86 g/L 165 

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 166 

resuspended in the same medium and diluted to give an OD600 of 5 for comparison of specific 167 

enzymatic rate with E. coli, or an OD600 of 35 for all other experiments.  For biotransformation in the 168 

cyclodextrin/polymer solution, cells were resuspended in the same medium supplemented with 10% 169 

(w/v) (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD) and 0.01% (w/v) hydroxypropyl methylcellulose 170 

(HPMC) and with the phosphate buffer components adjusted to give an initial pH of 6.65.  171 

Biotransformations were carried out in 2 mL volumes in 28 mL glass vials (LabTek, Brendale, Australia) 172 

at 230 rpm and 25°C.  Reactions were initiated by the addition of noscapine from a methanol stock 173 

(final MeOH concentration 1%) to give a noscapine concentration of 100 µM, or, for HP-β-CD/HPMC 174 

systems, by the addition of noscapine from a tartaric acid solution (final tartaric acid concentration 175 

0.05%); the addition of tartaric acid lowered the pH to 6.5.  For biphasic systems, a further addition of 176 

0.5 mL of organic solvent saturated with noscapine was also made.  At each sampling interval, 80 µL 177 

of aqueous phase and for biphasic systems, 20 µL of organic phase were removed and centrifuged at 178 

16,000 x g for 5 minutes.  Cleared aqueous phase was diluted into a solution of 0.1% formic acid and 179 

25% methanol and organic phase into 100% methanol for analysis by UPLC-UV-MS as below.  For 180 

colony-forming unit (CFU) counts, samples were serially diluted in 0.85% saline and plated at 10-5, 10-181 

6 and 10-7 dilutions onto LB agar and incubated at 37°C.  Glucose concentrations in the culture 182 

supernatant were measured spectroscopically using a glucose hexokinase (HK) assay kit (Sigma 183 

Aldrich, Castle Hill, Australia).  All biotransformation experiments were performed in triplicate. 184 

Enzyme stability 185 
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To provide sufficient sample volumes for enzyme stability experiments, biotransformation reactions 186 

were performed essentially as above but scaled up to a volume of 13 mL and experiments conducted 187 

in 250 mL shake flasks.  One set of three replicates received 1% methanol without noscapine; one set 188 

was gently agitated at 60 rpm in round-bottom flasks; reactions were otherwise carried out in baffled 189 

flasks at 25°C and shaken at 230 rpm with 100 µM noscapine added from methanol stock (final MeOH 190 

concentration 1%).  At each sampling point, two 0.5 mL samples were removed for protein analysis 191 

and one 0.7 mL sample was removed for dry biomass measurement.  The samples were centrifuged 192 

at 16,000 x g for 5 min, the supernatant removed and pellets frozen at -20°C for biomass and SDS-193 

PAGE analysis or -80°C for cytochrome P450 measurement.  For P450 quantification, the cell pellets 194 

were thawed and washed with ice-cold potassium phosphate buffer (100 mM, pH 7.8), centrifuged 195 

and the supernatant removed.  The pellets were resuspended in 50 µL of 2 mg/mL lysozyme and 0.2 196 

mg/mL achromopeptidase in phosphate buffer (pH 7.8) and gently agitated for 45 min at room 197 

temperature.  The suspensions were then diluted with 1 mL ice-cold potassium phosphate buffer (50 198 

mM, pH 7.4), incubated on ice for 5 min and then sonicated (1.6 mm probe, 30% amplitude, 5 s on, 199 

10 s off for six cycles) using a QSonica Q500 machine (QSonica LLC, Newtown, CT, USA).  The lysate 200 

was then separated by centrifugation at 160,000 x g for 40 min (Optima MAX™ ultracentrifuge; 201 

Beckman-Coulter, Mount Waverley, Australia) and the supernatant was analysed for P450 content 202 

using carbon monoxide (CO) difference spectroscopy according to the method of Omura and Sato [39].  203 

No cytochrome P450 was detected by this method for control cells containing empty vector.  For 204 

measurement of dry biomass weights, the cell pellets were resuspended in water, transferred to pre-205 

weighed aluminium pans and dried in an oven for 24 h at 105°C.  Dried biomass was cooled in a vacuum 206 

desiccator over silica beads before weighing.  Cell pellets for SDS-PAGE analysis were lysed according 207 

to the method of Barg et al. [3] and soluble protein fractions were run on a Bolt™ 4-12% Bis-Tris gel 208 

(Thermo Fisher Scientific, Scoresby, Australia).  Gel loading volumes were adjusted to give an equal 209 

equivalent of dry biomass weight per lane and bands were visualised with Coomassie Brilliant Blue. 210 

Substrate and product quantification 211 
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Quantification of substrate and product concentration was performed using an ACQUITY UPLC H-Class 212 

system equipped with PDA and QDa detectors.  Analytes were separated with a Kinetix® biphenyl 213 

column (1.7 mm, 100 Å, 100 x 2.1 mm; Phenomenex, Lane Cove, Australia) maintained at 55°C with a 214 

flow rate of 0.3 mL/min.  A binary gradient method was used, where the mobile phase consisted of 215 

(A) 0.1% formic acid and 10 mM ammonium formate in water and (B) 0.1% formic acid and 10 mM 216 

ammonium formate in methanol.  The gradient elution program was as follows:  isocratic at 25% 217 

solvent B for 30 s; 25 to 40% solvent B gradient over 30 s; 40 to 70% solvent B gradient over nine 218 

minutes; stepped to 95% solvent B and held for one minute; then re-equilibration at 25% solvent B for 219 

four minutes.  The QDa detector was operated in positive ion mode.  Absorbance was monitored 220 

between 210-400 nm and a wavelength of 311 nm was used for substrate and product quantification.  221 

The products were identified by comparison of mass and retention time data with previous qTOF LC-222 

MS/MS experiments [45].   223 

Results and discussion 224 

Microbial host selection  225 

Substrate permeability 226 

Our previous screening studies using cell lysates identified a P450BM3 pentamutant 227 

(R47L/A74G/F81I/F87A/L188Q), designated ‘A3’, capable of noscapine N-demethylation with good 228 

(88%) selectivity.  To investigate the scale-up potential of this reaction, we aimed to incorporate the 229 

A3 mutant into a whole-cell biotransformation process for the N-demethylation of noscapine.  As the 230 

mass transfer of substrate is often a major limitation in whole-cell drug biotransformations [11, 47], 231 

we examined whether there was any difference in noscapine uptake between Gram-negative and 232 

Gram-positive organisms prior to selecting a microbial host for the biotransformation bioprocess.  233 

These experiments were performed by incubating cell suspensions of either Escherichia coli or Bacillus 234 

megaterium with noscapine and quantifying intracellular noscapine accumulation at intervals up to 235 

90 s; this timeframe was selected as a range of antibiotics have been shown to reach equilibrium in 236 
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bacterial cells within similar time periods [1, 55, 62] and our preliminary experiments showed no 237 

significant further accumulation of noscapine after 90 s of incubation. 238 

Noscapine accumulated rapidly in B. megaterium cells, reaching an equilibrium within 30-45 s, as 239 

shown in Fig. 2A.  At the end of the assay, the accumulated noscapine was ~25-fold higher per unit 240 

biomass for B. megaterium cells than for E. coli cells (Fig. 2b).  As it was likely that some of the 241 

noscapine measured in the cell pellets was adhered to the surface of the cells, rather than being 242 

located within the cells, we estimated the amount of adhered noscapine by performing extended 243 

incubations of cell suspensions with noscapine at -4°C.  At this temperature, no diffusion across the 244 

cell membrane was expected to occur and all noscapine associated with the cell biomass was 245 

therefore considered to have adhered to the cell surface [62].  Under these conditions, the adhered 246 

noscapine was 0.30 ± 0.03 µg/mgdcw for B. megaterium and 0.05 ± 0.01 µg/mgdcw for E. coli.  Notably, 247 

the concentration of noscapine that adhered to E. coli was similar to the total noscapine measured in 248 

the accumulation experiments in Fig. 2b, suggesting that only a small fraction of the noscapine 249 

associated with E. coli passed through the outer membrane of these cells.  In contrast, noscapine that 250 

had adhered to B. megaterium represented only ~17% of the total noscapine measured in 251 

accumulation experiments after 90 s, indicating that most of the noscapine in the cell pellets had 252 

passed through the membrane of B. megaterium. 253 

These observed differences in noscapine uptake are consistent with differences in the uptake of drug-254 

like substrates known to occur between Gram-positive and Gram-negative cells.  Noscapine (pKa 6.3) 255 

is bulky, hydrophobic and was uncharged under the assay conditions used here (pH 7.4).  Such 256 

substrates are expected to readily diffuse through the peptidoglycan and phospholipid bilayer of 257 

Gram-positive organisms but be inhibited by the dense, hydrophilic lipopolysaccharide coating of the 258 

Gram-negative outer membrane [37].  Consequently, Gram-positive organisms may be better hosts 259 

for whole-cell biotransformation of hydrophobic drugs, where mass transfer rates often limit 260 

productivity [11].   261 
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Whole-cell biotransformation 262 

A B. megaterium expression system was developed to investigate whether the significant difference 263 

in substrate uptake between this organism and E. coli resulted in different rates of noscapine N-264 

demethylation within a whole-cell biotransformation.  The commonly used DSM-319 strain was 265 

transformed with a plasmid containing the A3 mutant P450BM3 gene under control of an optimised 266 

xylose-inducible promoter [51].  Biotransformations were performed using these cells in a resting 267 

state and compared with biotransformations performed using resting E. coli BL21(DE3) cells 268 

expressing the same enzyme under the IPTG-inducible T7 expression system. 269 

An increase of ~25-fold more N-nornoscapine was produced per unit enzyme in the first 30 min using 270 

the B. megaterium system compared to E. coli, resulting in a ~12-fold higher specific yield after 4 h, as 271 

shown in Fig. 3.   All noscapine turnover for both organisms was due to the mutant P450BM3 enzyme, 272 

as cells containing an empty vector showed no N-demethylation and no production of any other 273 

noscapine metabolite (results not shown).  Both systems showed the same selectivity (~88%) for 274 

noscapine N-demethylation as previous cell lysate assays with this enzyme mutant (results not 275 

shown).  The superior N-demethylation activity observed with B. megaterium compared to E. coli is 276 

presumably due to the greater permeability of B. megaterium cells to noscapine (Fig. 2).  A similar 277 

observation was made by Bleif et al. [7] during the development of a whole-cell system for P450-278 

mediated hydroxylation of the hydrophobic diterpene abietic acid, where biotransformation was 279 

successful using recombinant B. megaterium but no substrate conversion was detectable using E. coli 280 

despite the presence of a functional enzyme in these cells. 281 

It is unlikely that the relatively poor performance of the E. coli system was due to a functional 282 

impairment of the mutant P450BM3 enzyme in this host.  The concentration of cytochrome P450 283 

enzyme in the biotransformation cultures was determined by CO-difference spectroscopy, which 284 

quantifies functional P450 enzyme [39], and the specific levels of mutant P450BM3 expression were 285 

comparable in the two different organisms (0.28 ± 0.02 nmol/mgdcw vs 0.45 ± 0.02 nmol/mgdcw for B. 286 
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megaterium and E. coli, respectively).  Furthermore, we have previously demonstrated the functional 287 

expression of this P450BM3 mutant in E. coli using cell lysates produced with the same expression vector 288 

and culture conditions used here [45]. 289 

While it is conceivable that the difference in biotransformation rate between the B. megaterium and 290 

E. coli systems is related to the different intracellular redox environments in the two hosts, this also 291 

seems unlikely, given that E. coli cells are reported to support far higher rates of NADPH-dependent 292 

biotransformation than the reaction rates observed here.  Biotransformation studies using NADPH-293 

dependent cyclohexanone monooxygenase, for example, have shown that glucose-fed, nitrogen-294 

limited E. coli cells can maintain a significant excess of intracellular NADPH while sustaining a specific 295 

biotransformation rate of 1.1 µmol/(h·mgdcw) [58, 59].  In the present work, conducted under similar 296 

conditions, the highest specific product formation rate of N-nornoscapine by E. coli cells (measured 297 

after 0.5 h of biotransformation) was 1.7 nmol/(h·mgdcw), nearly 650-fold less than the previously 298 

described system.  Even considering the differences in NADPH-to-product stoichiometry between the 299 

two enzymes (100% vs 16% coupling efficiency in vitro for cyclohexanone monooxygenase [14] and 300 

P450BM3 mutant A3 [45], respectively), it seems unlikely that the relatively poor performance of the E. 301 

coli system observed here was due to cofactor limitation in this host. 302 

Selection of a host organism with good native permeability to a chosen substrate has several 303 

advantages over the alternative strategy of physically permeabilising cells following protein 304 

expression, e.g. by freeze-thawing or treatment with solvents or detergents [11].  Aside from requiring 305 

extra processing steps, the cellular damage caused by permeabilisation can be detrimental in cases 306 

where functional biocatalysis depends upon the active metabolism of the host, such as for the supply 307 

of NAD(P)H in P450-catalysed reactions.  The use of cell permeabilisation to improve mass transfer is 308 

also limited to resting-cell biotransformations.  The choice of B. megaterium as a host for noscapine 309 

biotransformation therefore avoids the mass transfer limitation encountered with E. coli while 310 

retaining process flexibility, as growing cells can be used if desired. 311 
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This work is one of several recent examples of using B. megaterium as a host for whole-cell 312 

biotransformations with recombinant P450 enzymes [7, 16, 23-25].  It is also, to the best of our 313 

knowledge, the first time that this organism has been used for a biotransformation with recombinant 314 

P450BM3 (CYP102A1), despite the enzyme being native to this species.  Bacillus megaterium has broad 315 

potential as a biotransformation host due to its high capacity for heterologous protein expression and 316 

good plasmid stability [56].  We therefore chose to further investigate the potential of this host and 317 

enzyme system for preparative-scale N-demethylation of noscapine.   318 

Increasing substrate supply 319 

High concentrations of substrate are desirable in a biotransformation process to maximise volumetric 320 

productivity and reduce downstream processing requirements.  Noscapine has poor aqueous 321 

solubility and low concentrations were used for the initial biotransformation experiments in Fig. 3 322 

(100 µM or 41 mg/L added from a 10 mM methanol stock), as higher concentrations resulted in rapid 323 

precipitation.  We therefore investigated two strategies to increase substrate supply in the 324 

biotransformation:  a biphasic system and aqueous solubility enhancers. 325 

Biphasic biotransformation 326 

Solvent screening 327 

A biphasic biotransformation system consists of an immiscible organic solvent that can supply a 328 

hydrophobic substrate to the aqueous phase containing the biocatalyst.  The chosen solvent must be 329 

biocompatible with the host cell system, particularly where active host metabolism is required.  The 330 

solvent should also provide good substrate solubility and partitioning between the aqueous and 331 

organic phases, whilst also satisfying environmental, health and safety requirements.  While the 332 

choice of potential solvents is vast, a systematic selection process can narrow down the number 333 

solvents to be tested experimentally to find an appropriate system [18]. 334 
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We used a systematic screening strategy to find a suitable solvent based on published solvent 335 

properties and in silico solubility predictions determined using Hansen solubility parameters [19].  A 336 

similar strategy was recently shown to be effective for the development of a biphasic system for 337 

geraniol biotransformation [41].  First, a solvent database (HSPiP; https://www.hansen-338 

solubility.com/HSPiP/) was used to compile a list of solvents with octanol-water partition coefficient 339 

(log P) values greater than 3, as this measure provides an indication of potential biocompatibility [57].  340 

This shortlist was then rationally narrowed to 15 solvents (Table 1) based on factors such as human 341 

and environmental safety, availability, cost, melting point and volatility.  The shortlisted solvents were 342 

then assessed in silico for predicted noscapine solubility. 343 

The Hansen solubility model predicts solvent-solute compatibility based on three parameters 344 

representing dispersion (δD), polar (δP) and hydrogen-bonding (δH) interactions.  Recently, Louwerse 345 

et al. [33] developed a modified Hansen model that incorporates several thermodynamic 346 

considerations for small molecule solutes and shows greater accuracy than the original model that 347 

was developed for solvent-polymer systems.  The modified model and the associated MATLAB 348 

package were used to estimate Hansen parameters and predict noscapine solubility here.   Noscapine 349 

solubility was initially measured in 20 readily available solvents (Table S1) and this data was used 350 

within the program for parameter estimation.  A good fit (R2
 = 0.88) was observed between the 351 

predicted and measured noscapine solubilities for the 20-solvent training dataset using the estimated 352 

noscapine Hansen parameters (δD = 28.7; δP = 11.3; δH = 7.8) (Fig. S1).  These Hansen parameters were 353 

then applied to predict noscapine solubility within the shortlist for potential biphasic 354 

biotransformation solvents (Table 1). 355 

Most of the solvents shortlisted for potential use in noscapine biotransformation were esters 356 

containing aromatic or medium-to-long chain aliphatic groups.  The compounds with the highest 357 

predicted noscapine solubilities (Table 1) contain either one or two aromatic functionalities; this 358 
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appears to be due to the high Hansen dispersion parameter (δD) shared between these compounds 359 

and noscapine.   360 

Three structurally diverse esters with good predicted noscapine solubility were selected for further 361 

investigation in a biotransformation experiment. These were:  butyl benzoate, heptyl acetate and 362 

dibutyl maleate.  Isopropyl myristate was also included, as this compound has a significantly higher 363 

log P than the other selected solvents (8.5 vs 3.3-4.2).  Whilst this solvent has a comparatively low 364 

predicted noscapine solubility (0.7 g/L), its inclusion allowed an investigation of a wider range of 365 

solvent hydrophobicity.  Isopropyl myristate is also known to be effective in other biphasic 366 

biotransformations using hydrophobic small molecules [8, 30, 41, 61].  To our knowledge, the other 367 

three selected solvents have not previously been investigated for use with whole-cell biphasic 368 

systems, although dibutyl maleate was recently identified in a computational screen as a potentially 369 

suitable solvent for biotransformation of flavour and fragrance compounds [42]. 370 

The measured solubility of noscapine in the four selected solvents is shown in Table 1.  The measured 371 

solubilities were within 3 g/L of the predicted values, apart from butyl benzoate, for which the model 372 

gave a four-fold overestimation of noscapine solubility.  These data demonstrate the potential utility 373 

of the modified Hansen model for in silico solvent screening for small drug molecules but also the need 374 

to validate predictions with experimental measurements. 375 

Biphasic biotransformation 376 

Isopropyl myristate was the most effective solvent for biphasic biotransformation, showing the 377 

highest yield of N-nornoscapine after 4 h compared to the use of a single aqueous phase or the three 378 

other solvents selected through in silico screening (Fig. 4).   In each case, B. megaterium expressing 379 

the P450BM3 mutant A3 was used, with either a 20% volume of the selected solvent saturated with 380 

noscapine or a single-phase system containing 100 µM of noscapine with 1% methanol as a co-solvent.  381 

Approximately 2.3-fold more N-nornoscapine was produced using isopropyl myristate compared to 382 

the single-phase control, while the heptyl acetate and dibutyl maleate systems produced 6.3- and 8.8-383 
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fold less N-nornoscapine than the control.  No substrate conversion was detected in the butyl 384 

benzoate solvent system.   385 

The variation in product yields between the different solvent systems appeared to be primarily due to 386 

the toxicity of these solvents, as <0.1% of cells remained viable in the biphasic systems containing 387 

heptyl acetate, dibutyl maleate and butyl benzoate following 4 h of biotransformation (Table 2).  Butyl 388 

benzoate, despite having a log P between that of heptyl acetate and dibutyl maleate (Table 1), 389 

appeared to be particularly toxic as biotranformation activity was completely abolished (Fig. 4).  This 390 

is likely related to the benzyl groups of this solvent, as alkylbenzenes have previously been shown to 391 

a have higher critical log P for biocompatibility than other solvent classes [57].  In contrast, cell viability 392 

in the isopropyl myristate system, which produced the highest yields, appeared similar to the viability 393 

observed for the single-phase control, with 11% and 14% of viable cells remaining for these reactions 394 

respectively.    395 

It is notable that B. megaterium cells containing an empty vector showed only a small viability loss 396 

under aqueous single-phase conditions (93% viable cells remaining; Table 2).  The difference in survival 397 

between cells with the empty vector and cells containing the mutant P450BM3 enzyme in the single-398 

phase control experiment (i.e. 93% vs 14% remaining viability) suggests that the expression of the 399 

enzyme lead to significant cellular toxicity.  This reduction in cell viability may be due to the generation 400 

of reactive oxygen species by the P450 enzyme during non-productive catalytic cycles or toxicity 401 

associated with the N-nornoscapine product. 402 

Retaining cell viability is important for the supply of NADPH cofactor to the enzyme during the 403 

biotransformation, and the retention of cell viability can also allow re-use of cells in multiple 404 

biotransformation cycles.  While the general guideline is that solvents with log P > 4 are non-toxic to 405 

microbial cells, there are significant deviations from this rule of thumb depending on both the 406 

microbial strain and the molecular structure of the solvent [21, 28].  Organic solvents with log P 407 

between 3-5 are considered to have less predictable toxicities than those outside this range [57].  408 
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Based on the solvents screened here, B. megaterium requires higher solvent hydrophobicity for 409 

biocompatibility (i.e. isopropyl myristate); however, this comes at the cost of lower substrate loading 410 

(1.4 g/L in the organic phase), as noscapine solubility was highest in the more polar solvents that 411 

proved to be toxic (i.e. butyl benzoate and dibutyl maleate with 22.6 g/L and 19.6 g/L, respectively; 412 

Table 1).   413 

The use of solvent-tolerant microbial strains is one approach to balance the need for good substrate 414 

solubility with biocompatibility [21].  It is important to consider, however, that some mechanisms of 415 

solvent resistance may also be detrimental to substrate uptake.  For example, Gram-negative bacteria 416 

typically show higher solvent resistance than Gram-positive bacteria, attributed to the presence of an 417 

outer cell membrane.  Our experiments suggest that the permeability barrier posed by the Gram-418 

negative outer membrane is responsible for the low rate of biotransformation observed with E. coli 419 

(Fig. 3).  While some particularly solvent-tolerant B. megaterium strains have been isolated [17, 43, 420 

52], the properties conferring solvent resistance may impede substrate uptake.  For example, a wild-421 

type strain used for epoxide resolution in a biphasic system was active in the presence of solvents with 422 

log P > 3.2 [17] but displayed a low surface hydrophobicity and so may be less permeable to noscapine 423 

compared to the DSM-319 strain used here.  Another important consideration is that many solvent 424 

resistance mechanisms in Gram-positive bacteria are adaptive responses [54].  Such responses are 425 

unlikely to occur with the nitrogen-limited, resting-cell biotransformation used here and improved 426 

tolerance may be seen with a growing-cell biotransformation process. 427 

While the higher substrate loading in the isopropyl myristate system improved product titres 428 

compared to the single-phase system, there was an almost two-fold decrease in the initial 429 

biotransformation rate (measured after 30 min of reaction).  This was likely due to a lower aqueous 430 

concentration of substrate resulting from the partitioning of noscapine between the aqueous and 431 

organic phases.  The aqueous phase in the isopropyl myristate system showed a steady, low noscapine 432 

concentration of around 30 µM throughout the biotransformation (data not shown).  Maintaining a 433 
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low aqueous concentration is advantageous when a biphasic system is employed due to substrate 434 

toxicity, but in this case our objective was to overcome poor substrate solubility and so a decrease in 435 

reaction rate due to the limited aqueous substrate concentration is a potential disadvantage.  We 436 

therefore investigated an alternative strategy of improving aqueous noscapine solubility to drive 437 

faster reaction velocities.   438 

Improving aqueous solubility 439 

Cyclodextrins are often employed as pharmaceutical excipients due to their ability to enhance drug 440 

solubility.   This class of compounds was investigated here to assess whether the aqueous solubility of 441 

noscapine could be improved.  Cyclodextrins form soluble inclusion complexes with drugs and have 442 

previously been used to improve whole-cell biotransformation rates of hydrophobic compounds such 443 

as steroids [36, 49, 60].  Cyclodextrins have also been used to enhance biotransformation by 444 

recombinant B. megaterium [23].  In some pharmaceutical applications, small amounts of water-445 

soluble polymers such as polyvinylpyrrolidone (PVP) and hydroxypropyl methylcellulose (HPMC) have 446 

also been shown to improve drug-cyclodextrin complexation and allow further enhancement of drug 447 

solubility [32], though these ternary complexes have not previously been employed in whole-cell 448 

biotransformations.  The cyclodextrin (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD), a widely used and 449 

highly soluble cyclodextrin derivative, as well as the polymers PVP and HPMC, were investigated here 450 

for their effects on noscapine solubility. 451 

The combination of 10% HP-β-CD with 0.1% of polymer HPMC provided a significant increase in 452 

aqueous noscapine solubility (Fig. 5), allowing a ~16-fold enhancement in noscapine concentration to 453 

835 µM (345 mg/L) compared to the 50 µM of noscapine dissolved in the control solution containing 454 

only phosphate buffer.  Solutions of 5% and 10% HP-β-CD alone gave more modest three- and four-455 

fold enhancements in noscapine solubility, respectively, and a 0.1% solution of HPMC polymer 456 

provided a three-fold enhancement, indicating that HP-β-CD and HPMC act synergistically to enhance 457 

noscapine solubility.  This effect was still apparent when a lower polymer concentration of 0.01% 458 



20 
 

HPMC was used with 10% HP-β-CD, which gave a 14.5-fold enhancement in noscapine concentration 459 

(736 µM; 304 mg/L) with considerably less viscosity compared to solutions containing 0.1% HPMC 460 

polymer.  In contrast, a solution of 0.1% PVP had negligible effect on the solubility of noscapine with 461 

or without HP-β-CD addition. 462 

The combination of cyclodextrin HP-β-CD and polymer HPMC not only provided significant 463 

enhancements in noscapine solubility but also functioned well as a precipitation inhibitor [63] for 464 

supersaturated noscapine solutions.  When measuring the equilibrium solubility of noscapine in HP-465 

β-CD/polymer systems, we observed that the HP-β-CD/HPMC systems remained optically clear for 466 

extended periods following addition of excess noscapine, whereas precipitate was visible in all other 467 

cyclodextrin or polymer solutions within 1 h.  Under the same conditions of temperature and agitation 468 

as the biotransformation experiments, a solution of 10% HP-β-CD with 0.01% HPMC could maintain a 469 

noscapine concentration of ~1 mM for at least 24 h (Fig. S2).  We therefore investigated 470 

biotransformation performance in solutions of 10% HP-β-CD with 0.01% HPMC using noscapine 471 

concentrations up to 1 mM. 472 

The higher concentrations of noscapine enabled by HP-β-CD/HPMC addition led to increased 473 

biotransformation productivity, as shown for experiments performed using an initial substrate 474 

concentration of 100 µM, 500 µM or 1 mM (Fig. 6).  The initial rate measured at 30 min was found to 475 

increase up to eight-fold between the reactions with 100 µM and 1 mM noscapine, allowing a final 476 

product concentration up to 266 µM (110 mg/L).  This product titre was a 6.4-fold improvement over 477 

the single-phase system in 1% methanol (Fig. 4) where noscapine was used at its maximum solubility 478 

of 100 µM.  This product titre was also 2.8-fold higher than the best-performing biphasic system (IPM; 479 

Fig. 4).   480 

While the aqueous solubility enhancers allowed significantly higher final yield (266 µM vs 41 µM), the 481 

initial rate of N-demethylation with 100 µM noscapine and HP-β-CD/HPMC (Fig. 6) was slower than in 482 

the equivalent reaction with 100 µM noscapine without HP-β-CD/HPMC (Fig. 4), with 1.6-fold less 483 
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product at 30 min, though both systems eventually reached the same final yield.  This may be because 484 

the complexation of noscapine with cyclodextrin resulted in a lower concentration of free substrate. 485 

Alternatively it may be due to decreased mass transfer from the higher viscosity of the HP-β-CD/HPMC 486 

solution [31].  A similar observation was made by Kiss et al. [23] for a B. megaterium biotransformation 487 

system using 5% HP-β-CD, which showed slower initial reaction rates with cyclodextrin compared to 488 

a control reaction with 5% DMSO in shake flask experiments.  When the reaction was performed in 489 

bioreactors, however, the HP-β-CD system showed faster rates than the control, suggesting that 490 

stronger mixing may improve the initial rates in HP-β-CD/HPMC here. 491 

While allowing higher final product titres, the HP-β-CD/HPMC solutions also showed some toxicity 492 

towards B. megaterium with only 2-3% of initial cell viability remaining after 4 h, whereas 14% of cells 493 

remained viable in the control biotransformation (100 µM noscapine, 1% methanol; Table 2).  This 494 

difference appeared to be entirely due to the solubility enhancers as the remaining viability in the HP-495 

β-CD/HPMC systems was the same for both 100 µM and 1 mM noscapine, indicating no additional 496 

toxicity from higher concentrations of substrate or product.  While often considered to have good 497 

biocompatibility [2], cyclodextrins and their derivatives have been shown to be toxic to microbial cells 498 

in some cases. This appears to be highly dependent on both the microbial species and variant of 499 

cyclodextrin [48, 67, 68].  At 15% concentration, HP-β-CD has been shown to cause membrane damage 500 

and protein leakage to Gram-positive Arthrobacter simplex cells [48]; this is also likely responsible for 501 

the observed toxicity here.  It is unlikely that the low concentration (0.01% w/v) of HPMC exerted any 502 

toxicity as this polymer is often used at higher concentrations in dietary probiotic formulations 503 

without loss of cell viability [40, 64]. 504 

Cofactor/viability limitation 505 

While the higher substrate concentrations achieved by the addition of HP-β-CD/HPMC significantly 506 

improved initial reaction rates, the experiments indicated that another factor such as cofactor supply, 507 

cell viability or enzyme stability became limiting early in the biotransformation.  After 1 h of 508 
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biotransformation, product formation rates in the reactions containing high and moderate 509 

concentrations of noscapine (1 mM and 500 µM, Fig. 6) were similar, which is not in keeping with the 510 

first-order reaction kinetics expected in this substrate range.  This behaviour lead us to examine 511 

cofactor supply and cell viability as potential limiting factors. 512 

The sustained supply of NADPH to the reaction requires cells to have access to a carbon source and to 513 

be metabolically active.  To investigate whether glucose was actively consumed by the host cells 514 

throughout the biotransformation and did not become exhausted, we monitored the glucose 515 

consumption and product formation in a biotransformation with 1 mM noscapine in a HP-β-CD/HPMC 516 

solution (Fig. 7).  Product formation was also monitored in the absence of glucose, where regeneration 517 

of NADPH is expected to be limited.   518 

A concentration of 22 mM (0.4% w/v) glucose was found to be more than sufficient to supply the cells 519 

over a 4 h period, as shown in Fig. 7.  The presence of glucose resulted in 1.4-fold more product after 520 

1 h, likely due to higher NADPH supply.  At later timepoints, however, the rate of product formation 521 

was similar in the presence and absence of glucose, with an increase of ~50 µM between 1-4 h (Fig. 7) 522 

despite active glucose consumption in the glucose-fed culture and an order of magnitude difference 523 

in cell viability measured after 4 h (2% vs 0.1% for cells with and without glucose, respectively; Table 524 

2).  These differences indicate that neither glucose supply nor cell viability were the key factor limiting 525 

biotransformation rate after 1 h.  This suggested that the observed decline in product formation may 526 

be have been due to the loss of active P450 enzyme. 527 

Enzyme stability 528 

The stability of the mutant P450BM3 enzyme was assessed during biotransformation to determine 529 

whether this factor limits the productivity of the system and could form the focus of future 530 

optimisation studies.  The concentration of cytochrome P450  enzyme in cell pellets collected from a 531 

standard biotransformation was measured using carbon monoxide (CO) difference spectroscopy [39] 532 

and the concentration of soluble intracellular protein visualised using SDS-PAGE.  We also investigated 533 
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the potential effects of dissolved oxygen and substrate turnover on enzyme stability using reactions 534 

performed with low agitation or in the absence of substrate. 535 

A significant loss of P450 enzyme occurred over the course of the biotransformation reactions 536 

performed under conditions of high agitation, as assessed by CO-difference spectroscopy (Fig. 8a).  537 

The cytochrome P450 content of the cells dropped by four- to five-fold over 4 h, while the weight of 538 

dry biomass and the concentration of soluble P450BM3 protein visualised by SDS-PAGE remained 539 

relatively constant (Figure 7b).  This observation likely explains the decline in product formation seen 540 

after 1 h of biotransformation in Fig. 6-6, where high agitation was used.  As the spectroscopic method 541 

quantifies P450-bound haem, it seems likely that enzyme deactivation was due to haem loss or 542 

damage rather than proteolysis or thermal denaturation and precipitation of the P450 enzyme.   543 

A similar loss of P450 enzyme occurred both with and without substrate addition, indicating that 544 

enzyme deactivation was related to the conditions of high agitation rather than substrate turnover.  545 

In contrast, only ~10% of cytochrome P450 enzyme was lost in the reaction performed with gentle 546 

agitation, though subsequent biotransformation experiments using low agitation showed significantly 547 

less productivity (2.8-fold less product after 4 h at 70 rpm compared to 230 rpm; 1 mM substrate in 548 

HP-β-CD/HPMC; Fig. S3), likely due to a lower dissolved oxygen concentration under these conditions.   549 

The cytochrome P450 haem group can be damaged by hydrogen peroxide and other reactive oxygen 550 

species (ROS) produced by the reduction of molecular oxygen during non-productive P450 catalytic 551 

cycles [22].  This can occur when product formation is poorly coupled to NADPH reduction or when no 552 

substrate is present [66].  Given that the P450BM3 mutant used in this work only showed only 16% 553 

coupling efficiency in vitro [45] and its stability was improved under low aeration (Fig. 8a), this 554 

mechanism may be responsible for the loss of activity observed during biotransformation.  Production 555 

of ROS by the recombinant P450BM3 enzyme may also contribute to the loss of cell viability observed 556 

during biotransformation experiments (a reduction in cell viability from 93% to 14% was observed 557 

after 4 h of reaction with P450-expressing cells compared to cells with an empty vector; Table 2).  Our 558 
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observations are consistent with the poor stability of other P450 enzymes which has previously been 559 

shown to be a significant factor limiting whole-cell biotransformation productivity [23, 34].   560 

One strategy to improve both enzyme stability and cell survival would be to co-express ROS scavengers 561 

[12, 29], such as catalase or superoxide dismutase, together with the recombinant P450BM3 mutant.  562 

This approach would also need to consider the net benefit to biotransformation productivity, 563 

however, as co-expression strategies may result in reduced P450BM3 expression [46].  Additionally, 564 

these ROS scavengers are natively expressed in aerobic bacteria to mitigate oxidative stress [10], so it 565 

unclear whether the overexpression of these enzymes would have any further protective effects on 566 

the enzyme or host cell under these conditions. 567 

Another strategy could be to change the mode of operation from a resting-cell biotransformation to 568 

a growing-cell process.  All biotransformations performed in this work used a nitrogen-free medium, 569 

which does not allow for further protein expression during the biotransformation nor significant 570 

adaptive cell responses to environmental challenges.  Performing the noscapine biotransformation 571 

concurrently with recombinant P450 expression and cellular growth may allow for improved product 572 

titres, as the unstable enzyme would be continuously replaced and actively growing cells may be 573 

better able to respond to ROS generation.  Growing cells may also be more tolerant to organic solvents 574 

and cyclodextrins than resting cells.  A common disadvantage of growing-cell processes, however, is 575 

the reduced availability of cellular cofactors, such as NADPH, due to the energetic demands of biomass 576 

formation [9].  This can be further addressed using cofactor recycling or metabolic engineering 577 

strategies [27]. 578 

These strategies, together with those already successfully employed in this study, are presented in 579 

Table 3.  This table summarises the productivity and yield gains made using alternative hosts, biphasic 580 

systems and solubility enhancers.  While the highest volumetric productivity achieved is one to two 581 

orders of magnitude below most reported industrial pharmaceutical biotransformations [53], the 582 

process limitations encountered in this work are typical of P450-mediated drug biotransformations.  583 
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Further consideration of the factors limiting biotransformation and the strategies identified for 584 

optimisation will potentially allow improvements in enzyme activity, cofactor supply and cell viability 585 

to enhance biotransformation productivity for the N-demethylation of noscapine. 586 

Conclusions 587 

We have incorporated a drug-metabolising P450BM3 enzyme mutant into a whole-cell 588 

biotransformation process, showing proof of concept for preparative-scale biocatalytic N-589 

demethylation of noscapine.  Several factors limiting productivity were identified and strategies to 590 

increase productivity systematically assessed.  The highest productivity of 27.5 mg/(L·h)) could be 591 

achieved by employing a B. megaterium host to overcome mass transfer limitations and cyclodextrins 592 

and polymers to enhance the aqueous solubility of noscapine.  Biphasic systems developed using in 593 

silico solubility modelling could also be used to increase productivity (to 9.8 mg/(L·h)).  Strategies that 594 

can improve the initial rates of biotransformation, such as the use of aqueous solubility enhancers, 595 

were shown to be particularly important for this system as the mutant P450BM3 enzyme was found to 596 

have low stability under whole-cell biotransformation conditions.  Maintenance of cellular viability 597 

was also identified as a significant challenge. 598 

This study shows that significant improvements in productivity and yield can be obtained by relatively 599 

simple changes in biotransformation parameters using a systematic debottlenecking approach.  The 600 

strategies used in this work can also be applied to examine and optimise other whole-cell P450-based 601 

systems. 602 

  603 
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Table 1.  Shortlist of potentially suitable solvents for biphasic biotransformation of noscapine.  Log P values are 604 
from the HSPiP software database.  Predicted solubilities were determined using the modified Hansen model 605 
developed by Louwerse et al. [33].  Solvents shaded grey were selected for experimental testing of solubility 606 
and were used for biotransformation experiments.  Solubility of noscapine in water is provided for 607 
comparison. 608 

Solvent Log P Predicted 
noscapine 

solubility (g/L) 

Measured 
noscapine 

solubility (g/L) 

Measured 
noscapine 

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 

 609 

Table 2.  Remaining cell viability of recombinant B. megaterium following 4 h of biotransformation under 610 
various conditions.  Cell viability was determined by colony-forming unit (CFU) counts.  Errors are given as ± 1 611 
SD.  Cross-references to figures containing the corresponding biotransformation data are also provided. 612 

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 

 613 

  614 
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Table 3.  Summary of strategies to overcome process limitations for whole-cell N-demethylation of noscapine. a Productivities are based on 4 h of biotransformation using a 

cell density of OD600 = 35 (approx. 7.4 mgdcw/mL). 

 Strategies tested in this study 

Limitation Strategy Improvement in biotransformation of noscapine Highest 
productivity 
(mg/(L·h))a 

Considerations 

Mass transfer of 
hydrophobic substrate 
across cell membrane 

Alternative host (e.g. B. megaterium) for 
improved mass transfer   

~25-fold higher initial rate per unit enzyme in 
compared to E. coli and ~12-fold higher final yield per 
unit enzyme 

4.3 Potentially reduced solvent tolerance 

Poor aqueous substrate 
solubility 

Biphasic biotransformation using 
systematic solvent selection with in silico 
solubility screening 

1.8-fold lower initial rate but 2.3-fold higher final 
yield using isopropyl myristate compared to aqueous 
single-phase system 

9.8 Solvents with best noscapine solubility were 
toxic to B. megaterium; noscapine 
partitioning between phases caused slower 
initial rates compared to aqueous single-
phase system 

Poor aqueous substrate 
solubility 

Cyclodextrins and water-soluble polymers 
to enhance aqueous solubility 

5.1-fold higher initial rate and 6.4-fold higher final 
yield using 1 mM noscapine compared to aqueous 
single-phase system at maximum noscapine 
solubility (100 µM); 9.1-fold higher initial rate and 
2.8-fold higher final yield than best-performing 
biphasic system 

27.5 Cyclodextrin/polymer system caused 
reduction in cell viability (2-3% vs 14% 
remaining viability after 4 h compared to 
aqueous buffer only) 

 Other strategies 

Limitation Strategy Improvement in biotransformation of noscapine Highest 
productivity 
(mg/(L·h))* 

Considerations 

Toxicity of solvents with 
high noscapine 
solubility 

Use of solvent-tolerant microbial strains 
[21]     

- - Mechanisms of solvent resistance may 
impede substrate uptake [54] 

Low stability of P450 
enzyme 

Co-expression of ROS scavengers (e.g. as 
catalase, superoxide dismutase) together 
with cytochrome P450 enzyme[12, 29] 

- - Expression levels of cytochrome P450 may 
be reduced [46] 

Low stability of P450 
enzyme 

Use of a growing-cell biotransformation 
process for renewal of inactivated P450 
enzyme 

- - Biotransformation may be limited by 
cofactor availability due to competition for 
NADPH with cellular growth processes [9] 
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FIGURE CAPTIONS 

Fig. 1 Noscapine N-demethylation by P450BM3 mutant A3. 

Fig. 2 (a) Noscapine accumulation in Bacillus megaterium (■) vs Escherichia coli (●).  (b)  Enlarged view of 

noscapine accumulation in E. coli.  Error bars are ± 1 SD and are obscured by the symbol used as a marker for 

E. coli in (a) 

Fig. 3 Noscapine N-demethylation by recombinant Bacillus megaterium (■) and Escherichia coli (●) expressing 

P450BM3 mutant A3.  Error bars are ± 1 SD and are obscured by the symbol used as a marker for E. coli 

Fig. 4 Noscapine N-demethylation in a biphasic biotransformation system using the solvents isopropyl 

myristate (●), dibutyl maleate (▲), heptyl acetate (◆) or butyl benzoate (▼).  Biotransformation was also 

performed in a single aqueous phase as a control (■).  Product concentrations are given as total product 

produced per volume of aqueous phase.  Note that the marker for butyl benzoate (▼) appears partly obscured 

by the x axis, as biotransformation in this system was negligible.  Error bars are ± 1 SD 

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, polyvinylpyrrolidone; HPMC, 

(hydroxypropyl)methylcellulose.  Solutions were prepared 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% (hydroxypropyl)methylcellulose with a starting substrate concentration of (■) 100 µM, (●) 500 µM 

or (▲) 1 mM noscapine.  Error bars are ± 1 SD 

Fig. 7 Noscapine N-demethylation with (●) and without (■) glucose added to the biotransformation.  Glucose 

concentration is also shown for the relevant biotransformation (□).  Error bars are ± 1 SD 

Fig. 8 (a) Concentration of active cytochrome P450 enzyme per unit biomass in a biotransformation measured 

by carbon-monoxide difference spectroscopy performed with (●) high agitation and 100 µM substrate; (■) high 

agitation without substrate; or (▲) low agitation and 100 µM substrate.  The corresponding dry biomass 

weight for each timepoint are also shown (□).  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 biotransformation 

performed at: high agitation and 100 µM substrate (lane 2); (■) high agitation without substrate (lane 3); or 

low agitation and 100 µM substrate (lane 4).  A sample taken from cells containing an empty vector is also 

shown (C) 
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