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Abstract

Benzylisoquinoline alkaloids are valuable active ingredients in medicines that are typically
extracted from plants and subsequently derivatized. Buprenorphine is a member of this family of

compounds and is an effective analgesic and is also used for the treatment of opioid use disorder.



The commercial route of synthesis for buprenorphine starts from thebaine and uses toxic reagents
and harsh reaction conditions for the N- and O-demethylation steps. Here we propose an alternative
approach for buprenorphine synthesis via enzymatic N- and O-demethylation reactions. Utilizing
rational enzyme design and directed evolution, two oxygenase enzymes were identified and
engineered. For the N-demethylation reaction, the best variant achieved a cumulative improvement
in conversion of 567-fold, while for the O-demethylation the best variant achieved 22-fold
cumulative improvement in conversion. A separate variant was able to efficiently catalyse both

the N-demethylation and the O-demethylation reactions.

Introduction

Buprenorphine 5 in low dosages is used to treat severe to chronic pain while at higher dosages
it is used for the treatment of opioid use disorder.!- It functions as a partial p-opioid receptor
(MOR) agonist and antagonist of the k- and d-opioid receptors, and as an agonist with low

binding affinity for the opioid receptor-like 1 receptor.*

The commercial synthesis of buprenorphine uses thebaine as the starting material and requires
6 chemical steps, Scheme 1. A consequence of using thebaine as a starting material is the need to
perform both N- and O-demethylation reactions. N-demethylation is achieved using the von Braun
reaction whereby compound 1 is converted to cyanamide 2 using cyanogen bromide. In the second
step, cyanamide 2 is heated with excess potassium hydroxide to give nor-buprenorphine 4. Clean
hydrolysis of the cyanamide occurs to produce intermediate 3 at temperatures of approximately

130-140°C. Temperatures in excess of 200°C are required to achieve complete O-demethylation.

Conversion of 1 to cyanamide 2 is a clean, high yielding reaction, however the reaction uses the

highly toxic reagent cyanogen bromide and the highly toxic, volatile methyl bromide is produced



as a by-product. The reaction time for the hydrolysis step needs to be carefully controlled, as
multiple low-level impurities are formed with increasing time and the yield for the step is only

moderate.’

Scheme 1. Synthetic Route to Buprenorphine.

Meo% Meo%
MeO MeO

/F /l‘
HotBuMe HOtBuMe
1 2
MeO Y MeO MeO
HO X' Me Ho/F Me o/F Me
tBu tBu
3 4 5
nor-buprenorphine buprenorphine

“Reagents and Conditions: (i) CNBr; (i) KOH, >200°C.

Alternative routes to buprenorphine starting from oripavine have been published.b® Starting
from oripavine obviates the need to perform the difficult C-3 O-demethylation. However, in order
to obtain a productive yield in the Grignard reaction required to introduce the fert-butyl group a
protection/deprotection strategy for the C-3 phenolic group needs to be employed, thus reducing

the attractiveness of this approach.

The use of nucleophilic thiols in dipolar aprotic solvents at elevated temperatures has been

reported for the demethylation of buprenorphine precursors.®° However, the noxious nature of



the thiols coupled with the use of dipolar aprotic solvents makes this approach unattractive. Other
chemical methods for the cleavage of phenolic methyl ethers tend to use acidic conditions, these

conditions are not compatible with buprenorphine.!®

Over 20 years ago, the use of filamentous fungi for the demethylation of buprenorphine synthetic
intermediate 1 was reported.'!"!* The main products from these reactions were the N-demethylated
compound 3, obtained in isolated yields of ca 60% and the N- and O-demethylated compound 4
obtained in isolated yields of ca 20%, Scheme 2. The principal limitation of this chemistry was

that the main product 3 obtained still contained the difficult to cleave C-3 O-methyl group.

Scheme 2. Demethylation of compound 1 using filamentous fungi.
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14-16 gince these reports over

Given the rapid advances in enzyme engineering and biocatalysis
20 years ago it was decided to revisit this area and look to apply rational design and directed
evolution methods to the problem of N- and O-demethylation in the synthesis of buprenorphine.

In this publication we report our preliminary findings from these investigations which highlight

the potential of this approach.



In principle there are two potential pathways to achieve the conversion of intermediate 1 to nor-
buprenorphine 4, Scheme 3. Either N-demethylation would occur first to produce intermediate 3
or O-demethylation would occur first to produce intermediate 6 with the roles reversed in the

second step of the sequence.

Scheme 3. Potential biocatalytic pathways for the conversion of intermediate 1 to nor-

buprenorphine 4.
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Almac panels of wild-type and recombinant enzymes were screened for the desired reactions
and two enzymes were selected based on conversion for rational design and directed evolution.
The engineered enzymes were able to catalyse N- and O-demethylation as two consecutive

chemical steps. Interestingly, a mutant was also found that performed both the N- and O-



demethylation concurrently. A biocatalytic approach for the synthesis of nor-buprenorphine has

been demonstrated.

Methods

Computational Modelling

3D models of WT BM3 variants were based on the initial WT BM3 crystal (pdb: 1BVY)!”

For WT BM3 and IND-78 the 3D model was further sampled with molecular dynamics
simulations. The final model of both enzymes is represented by a molecular Dynamics reference
structure which corresponds to the structure with the lowest RMSD (a-C atoms) relative to the

average structure of the simulation.

A 3D model of CODM was built using homology modeling. As templates crystals 1GP5 and
4XAE'® were used that share 34 % and 33 % of sequence identity with 88% and 99% of CODM

sequence coverage, respectively.

Molecular Docking

Molecular docking was performed using Autodock4.2!® with the Lamarckian genetic algorithm
(LGA) using a grid. A total of 1000 LGA runs were carried out per system. The population was
300, the GA elitism=1, the maximum number of generations was 27000 and the maximum
number of energy evaluations was 2500000. The top ranked structure corresponds to lowest

binding energy structure of the most populated cluster with the lowest mean binding energy.

Molecular Dynamics Simulations



Molecular dynamics (MD) simulations of WT BM3 and IND-78 were run to further sample the
conformational space of those enzymes. The simulations were performed with GROMACS?°
with the amber parm99SB?! force field. One initial energy minimization was performed,
followed by two equilibration steps to slowly heat the system from 0 to 300 K. The first
equilibration was performed in a canonical ensemble and the second in an isothermal-isobaric
ensemble. Temperature and pressure coupling were 300 K and 1 bar, respectively and periodic
boundary conditions (PBC) were used. Production runs were performed in an isothermal-isobaric
ensemble. For each enzyme 4 replicas of the production simulations (60 ns) were carried out at
300 K The time step was set to 2 fs and LINCS?? constraints were applied to all bonds involving
hydrogen atoms. The particle mesh Ewald (PME) method?® was used to calculate electrostatic

interactions.

Compounds

Compound 1 is an intermediate in the commercial synthesis of buprenorphine. For this study,
recrystallised 1 with a purity of >99% was used. Authentic samples of compounds 3 and 6 were
available. A sample of compound 3 was prepared by reacting cyanamide 2 with excess KOH at
130-140°C. An authentic sample of compound 6 was produced by alkylating nor-buprenorphine
4 with methyl iodide. Nor-buprenorphine 4 is an intermediate in the commercial synthesis of

buprenorphine.

Panel screening

Screening of selectAZyme™ wild-type microbial panel



The wild-type enzymes were grown in 10 ml cultures of TB growth medium. Following
inoculation of media from microbial glycerol stocks, the cultures were incubated for a week at
28°C with shaking (200 rpm), which allowed for the activation of secondary metabolic
pathways. After that, 1 ml of each microbial culture was transferred into the wells of deep 96
well plates. The plates were incubated at 28° C with agitation for 48 hours before addition of
compound 1 dissolved in DMSO (to the final concentration of 1 mg/ml). The plates were
incubated for a further 36 hours before addition of 1 ml of 100% acetonitrile, after which the
plates were incubated at room temperature before centrifugation at 9,000xg for 15 mins. 100 pLL
of supernatant were transferred to a clean 96 well plate containing 100 pl of 50% acetonitrile

before analysis by UHPLC.

Screening of STREPTOMET™ panel

The cultures for the screening were prepared by inoculating 25 mL of GYM Streptomyces
medium with 10 mg of freeze-dried powder of each STREPTOMET™ strain. The cultures were
grown for a week at 28°C with shaking (100 rpm). Prior to addition of compound 1 in DMSO the
cultures were centrifuged. The cell pellets were resuspended in 5 ml of 0.1 M potassium
phosphate buffer (pH 7.4) and 200 pl of 20 g/LL compound 1 in DMSO were added. The cultures
were incubated horizontally at 28 °C and 200 rpm for three days. To quench the reaction and
disrupt the cells each culture was mixed with acetonitrile in a ratio 1:1 (v/v). The suspensions
were then centrifuged for 10 minutes to remove the cell debris. The supernatants were used for

UHPLC analysis.

Screening of selectAZyme™ recombinant microbial P450 enzymes



The enzymes were screened in 96 well plates containing 10 mg of freeze dried P450 enzyme.
To each well, NADPH (1.53 mg), glucose (3.6 mg) and GDH (2 mg) were added as solutions in
0.1 M potassium phosphate buffer (500 puL, pH 7.4) supplemented with magnesium chloride (10
mM). After that, 10 pl of 20 g/L compound 1 in DMSO were added to each well. The plates
were incubated with shaking at 37 °C overnight. The reactions were stopped by addition of 500
pL of acetonitrile. The plates were centrifuged (9,000%g, 5 min), and the supernatants transferred

to a clean 96 well plate and analysed by UHPLC.

Enzyme expression and screening

The genes were cloned into pET28(a)+ and transformed into E. coli expression strain BL21
(DE3) with the resulting transformants plated on selective solid media. For primary cultures a
single colony was transferred to 500 uL of LB supplemented with 50 pg/mL kanamycin and
incubated at 37 °C with shaking at 200 rpm overnight. Production of screening plates by
inoculation of 20 uL from primary plate into a fresh 96-well plate containing 480 pL of the
Terrific Broth (TB) broth (24 g yeast extract, 12 g tryptone and 4 g glycerol in 900 mL of water,
sterilize and 100 mL of phosphate buffer added, pH 7.4) supplemented with 50 pg/mL
kanamycin. The plates were incubated at 37 °C with agitation until OD600 reached 0.6—0.8, after
which protein expression was induced by addition of IPTG at a final concentration of 1 mM. For
the BM3 variant 1 hour prior to induction FeCls;, MgSO4 and the heme precursor, 0-
aminolevulinic acid were added to a final concentration of 0.5 mM, 1 mM, and 1 mM,
respectively and temperature reduced to 25 °C. For the CODM enzyme, the cultures were
supplemented with Fe2SO4 (0.5 mM final concentration) 1 hour before induction and the

temperature was lowered down to 10 °C. The plates were incubated for a further 18 hours with



agitation, after which the bacterial cell cultures were centrifuged (9,000%g, 15 min), supernatants

were discarded and the plates with bacterial cell pellets were stored at —80 °C.

For the BM3 variant, the screening was carried out in 96 well plates containing the
dealkylation enzymes prepared as bacterial cell pellets that were subjected to 3 cycles of
freeze/thaw. To each well, NADPH (1.5 mg), glucose (3.6 mg) and GDH (2 mg) were added as
solutions in 0.1 M potassium phosphate buffer (500 uL, pH 7.4) supplemented with magnesium
chloride (10 mM). Followed by addition of 10 uL. compound 1 in DMSO (final concentration 1
g/L) to each well. The plates were incubated with agitation at 37 °C overnight. The reactions
were quenched by adding 500 uL of acetonitrile. The plates were centrifuged (9,000xg, 5 min),
and the supernatants transferred to a clean 96 well plate and analysed by UHPLC, using a
Kinetex 2.6 um EVO C18 100 A 50x2.1 mm column (Phenomenex) with the mobile phase A:
0.1% H3PO4 in H>O and mobile phase B: 0.1% H3PO4 in MeOH, a flow rate of 0.5 mL/min and

column temperature of 40 °C.

For the CODM screening, the screening was carried out in 96 well plates containing the
dealkylation enzymes prepared as bacterial cell pellets that were subjected to 3 cycles of
freeze/thaw. The reactions were performed in 0.1 M Tris buffer pH 7.4 with 10 mM ketoglutaric
acid, 10 mM sodium ascorbate and 0.5 mM iron sulphate at 30 °C overnight with agitation. The
reactions were quenched by adding 500 uL of acetonitrile. The plates were centrifuged (9,000%g,
5 min), and the supernatants transferred to a clean 96 well plate and analysed by UHPLC, using a
Kinetex 2.6 um EVO C18 100 A 50x2.1 mm column (Phenomenex) with the mobile phase A:
0.1% H3PO4 in H20 and mobile phase B: 0.1% H3PO4 in MeOH, a flow rate of 0.5 mL/min and

column temperature of 40 °C.
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Error-prone PCR

A mutant library with low error rate was generated for P450 BM3 enzyme. The plasmid prep
DNA concentration was measured, and the volume calculated to add the required amount of
DNA (500 ng). The error prone PCR was set up using GeneMorph II Random Mutagenesis Kit
(Agilent Technologies cat # 200550), with the template DNA of the gene of interest (500ng),
gene specific PCR primers (1 puL each, 10 uM), 1 uLL. Mutazyme II polymerase, SuL of
10xMutazyme II buffer, 1 uL ANTPs (40 mM) and water. The PCR reaction was analysed by

agarose gel electrophoresis stained with ethidium bromide and visualised by UV light.

For CODM, error-prone PCR was used to introduce mutations with a medium to high
frequency error rate of 7 mutations per Kb and the library was obtained following a Megaprimer
protocol. DNA was extracted and transformed into BL21 (DE3) E.coli. A total of 2784 clonal
mutants were screened in 96 well plates and the mutants with improved conversion were

regrown, expressed and rescreened.

Megaprimer mutant library generation and expression

An epPCR was performed using GeneMorph II Random Mutagenesis Kit (Agilent
Technologies cat #200550), template DNA of the gene of interest and gene specific PCR
primers. Error rate is controlled via the amount of template DNA included in the PCR reaction
and the number of PCR cycles performed. Once amplified, the epPCR product was cloned into a
suitable expression vector using the “megaprimer” method. This method involves using the
epPCR product as large primers and performing mutagenesis to the parental template. The large
primers, each complementary to opposite strands of the vector, were extended during PCR

temperature cycling by Phusion HF DNA polymerase. Extension of the oligonucleotide primers

11



generates a mutated plasmid containing staggered nicks. Following the mutagenesis PCR step,
the product was treated with Dpn I to remove all WT template which has not been mutated using

PCR.

A portion of DNA amplified using the megaprimer method was transformed into Top10
electrocompetent E.coli and plated onto agar plates containing appropriate antibiotics. Colony
counting was performed to allow estimation of library size. A number of colonies were selected
at random and grown overnight in 3 mL LB broth. Plasmid DNA was extracted using QIAprep
Spin Miniprep Kit and DNA sequencing performed in order to determine the error rate of the

library.

Mutant colonies were harvested from multiple agar plates and pooled and DNA was extracted
using QIAprep Spin Miniprep Kit and transformed into the BL21 (DE3) expression strain of
E.coli. This generated the mutant library which was plated onto LB-agar plates and then

individual colonies were picked into 96 well plates for expression analysis as detailed.

Site directed mutagenesis

Site directed mutagenesis is used to make specific and intentional changes to the DNA
sequence of a gene. This method was utilized to allow the introduction of further amino acid
changes to mutants already known to show enhanced activity. The basic procedure utilizes a
supercoiled double-stranded DNA vector (pET28a) with an insert of interest (IND-78 mutant)
and two synthetic oligonucleotide primers, both containing the desired mutation. The
oligonucleotide primers, each complementary to opposite strands of the vector, are extended
during PCR temperature cycling by Phusion HF DNA polymerase. Extension of the

oligonucleotide primers generates a mutated plasmid containing staggered nicks. Following the

12



mutagenesis PCR step, the product was treated with Dpn 1. The Dpn I endonuclease (target
sequence:5 -GmO6ATC-3") is specific for methylated and hemimethylated DNA and was used to
digest the parental DNA template and to select for mutation-containing PCR synthesized DNA.
The nicked vector DNA containing the desired mutations is then transformed into Top10
electrocompetent cells and plated on LB-agar plates. Colonies are selected for plasmid
preparation and sequence verification. Once the sequence was verified with the desired mutation

the plasmid was transformed into E.coli expression strain for expression and screening.

Results and Discussion

Almac enzyme panels were initially screened for the N- or O-demethylation of compound 1.
The initial panels contained 136 wild-type microorganisms from the selectAZyme™ microbial
collection, 21 Streptomyces strains from the Streptomet™ panel, and 390 recombinant P450
enzymes from the standard and extended selectAZyme™ panels. 34 hits were found for the N-
demethylation of compound 1 to produce compound 3, with validated conversions up to 15% for
biotransformation by microorganisms and 19% for recombinant enzymes. No hits for the O-
demethylation of compound 1 to produce compound 6 were observed. In a second round of
screening, 96 designed P450 enzymes derived from plant and microbial sources were profiled for
the N-demethylation of compound 1 and the O-demethylation of compound 3. For the N-
demethylation reaction 32 hits were confirmed with conversions up to 11% at 0.4 mg/mL. Only
one hit from this panel was identified for the O-demethylation of 3. In a further screening
exercise, a panel of mammalian P450 were screened for the O-demethylation of compounds 1

and 3 to produce compounds 6 and 4 respectively. In both cases hits were identified but these

13



were not pursued because mammalian P450s are known to be expensive to produce and sensitive
to reaction conditions. The best performing enzyme for each transformation was selected for

enzyme engineering.

For the N-demethylation of compound 1 the cytochrome P450 BM3 (BM3) from Bacillus
megaterium, was selected. BM3 is a heme-dependent, soluble and self-sufficient enzyme
containing a diflavin reductase fused to a P450 domain. BM3 has been extensively studied and
variants are known to catalyse the hydroxylation of compounds like steroidal C7p alcohols?*,
sugars and alkaloids®’, the cyclopropanation of olefins?®, the carbene transfer to olefins?’ and the

amination of intramolecular C-H23. .

For the O-demethylation of compound 3 codeine O-demethylase (CODM) was selected. CODM

is a 2-oxo-gluturate-dependent dioxygenase (20G)-Fe(I) from Papaver somniferum.? It uses 2-
oxoglutarate and dioxygen to form formaldehyde, succinate and carbon dioxide products. It has a
catalytic triad with two histidine residues and one aspartate residue, which are coordinated to the

Fe(Il) ion. The active centre further contains an YX82RX2S motif that stabilizes 2-oxoglutarate.
Industrially, this class of enzyme was tested for the hydroxylation of amino acids and in the

biosynthesis of antibiotics.3°

Improving N-demethylation with an engineered P450-BM3

BM3 was engineered for the conversion of compound 1 into compound 3 (Scheme 3) using
both rational enzyme design and directed evolution approaches. Our rational approach was based
on a detailed analysis of the reaction mechanism. The N-demethylation reaction involves an
initial hydroxylation by the porphyrin cofactor oxo-iron intermediate into the Ca-H bond of the

substrate generating a carbinolamine intermediate. Two hypotheses have been proposed for this

14



mechanism that differ in the first step. In the single-electron-transfer (SET) mechanism an
electron from the N-atom of the substrate is transferred to the cofactor oxo-iron center and then a
proton is released from the Ca. The alternative mechanism, hydrogen atom transfer (HAT), is the
most probable and starts with the homolytic cleavage of the Ca-H bond. In a subsequent step,
the carbinolamine intermediate decomposes into the products (demethylated product and
formaldehyde). The oxo-iron intermediate was parameterized and compound 1 was docked to the
active site of BM3. New BM3 variants were later designed and then compound 1 was docked

into their active centres.

The distance and orientation between the methyl amine carbon atom of the substrate and the
oxygen atom coordinated to the heme (Ca- heme O) as well as the predicted binding interactions
at the active site were used as the selection criteria in accordance with the mechanism described
above (Figure 1, Table 1, Table S1). The variants with the best poses and that make more

interactions at the active site than the wild type (WT) enzyme are reported in Table 1.

Table 1. Selected variants and distance between the substrate (alpha-carbon of the amine) and the

oxygen of the heme co-factor.

distance C(lamine -
Enzyme Sequence changes Fold improvement
Oheme/ A
WT 49 A 1.0
IND-73 F88V 1438A 63 A 19.5x
IND-74 L76A F88V_LI182A 3.6A 25.8x
IND-57 L438A N320G 63 A 14.6x
IND-65 F88V_L76S 32A 56.2x
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IND-78

F88I L182A

3.7A

44.3x

Substrate loading: 0.5g/L

In the selected variants, the N-methyl group of compound 1 is directed to the heme group

(Figure 1). For the double mutants IND-78 (F881 L182A), IND-65 (F88V_L76S) and the triple

mutant IND-74 (L76A_F88V_L182A) the reaction coordinate distance (amine Ca- heme 0

distance) is closer than what was observed for the WT BM3. In vitro screening indicated that

IND-78 (F88I L182A) and IND-65 (F88V_L76S) had the best fold improvements in relation to

the wild-type enzyme (44.3- and 56.2-fold, respectively) (Table 1). IND-78 (F881 L182A) was

chosen as the parental clone for directed evolution. Although this variant has a slightly lower

experimental conversion, its two mutations are further apart than in the F88V_L76S variant and

was considered a better starting point for directed evolution.

L

Figure 1. The substrate 1 docked to the active site of a) a MD reference structure of the WT

enzyme; b) a MD reference structure of the IND-78 variant. Relevant distances are shown (A).

Using IND-78 as a parental clone, error-prone PCR was conducted with a mutation rate of 1-5

base changes per kilobase. A total of 2304 colonies were picked (24 x 96 plates) and grown,

16




expressed and screened with 0.5 mg/mL of the substrate 1. Overall, 50 % of the mutants were
active with conversions similar or higher than IND-78 and 28 % of mutants were inactive.
Mutants were then selected for further analysis at an increased substrate loading of 1.5 g/L. The
sequencing data and fold improvement for the best variants are summarized in (Table 2). The
variant F881 L182A V212A Q513R R680H showed a 4-fold improvement compared to IND-
78 and the variant F881 L182A G936C_G993D showed a 2.3-fold improvement (Table 2).
These two variants were used as parental clones for the second round of directed evolution. A
similar protocol was followed, with a substrate loading of 1 g/L, 3 variants showed
improvements. The most notable improvements for F881 L182A V212A Q513R R680H were
reported for variants R2 P3 C5 and R2 P10 H1 with 2.3- and 3.2-fold improvements (Table 2).
No mutants with improved activity were generated from the F881 L182A G936C_G993D

parental clone.

In summary, with just 1 round of rational enzyme design and two rounds of directed evolution
10 mutations were added (R2_P10_H1, Table 2), and the best variant showed at least 567 (44.8 x
4.0 x 3.2)-fold higher conversion of compound 1 into compound 3 compared to the wild-type

enzyme (Figure 2).

Table 2. Fold improvement for the best variants and for conversion of compound 1 to compound

3.

17



Fold Sequence Changes
improve
ment
IND-78 | 1.0 F88I L182A
R1 P6_ |2.3x F88I L182A G936C _G993D
H7
R1 P7_ | 1.8 F881 L182A K4501
H7
R1. P9 |19 F881 L182A M238R F276L N523D D572G_K658E S681T
H1 _E44V_S55N
R1_P10_ | 4.0x F88I L182A V212A Q513R _R680H
- | Gl
=
2 |R1_P10_[1.8 F881 L182A NI187Y_E353G_P659S
& | H1
a
R1_P16_ | 2.5x F881 L182A Q920*
H4
R1 P21 | 1.8x F88I L182A NI164K K508R P969L
E2
R1 P10_| 1.0 F881 L182A V212A Q513R_R680H
G1
R2 P3 |23 F88I L182A V212A Q513R_R680H  E840V
Cs
R2 P10_ | 3.2x F88I L182A V212A E268E* Q513R_ES27E* D587D* R68
E HI1 OH_E840V_Q1005Q
E R2 P10_ | 1.3x F88I L182A V212A H389Q Q513R _S556T R680H E840V
m | H2
=

DE- Directed evolution. Substrate loading: Round 1:1.5g/L; Round 2:1g/L. *Silent mutations
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Figure 2. Fold improvements of the variants in relation to the WT enzyme.

Conversion of compound 1 into compound 4 can be achieved with a BM3 variant

For mutant F88V_L182A S73T generated by rational design (Table 1), molecular docking
analysis identified not only a substrate pose described above that is associated with converting
compound 1 into compound 3, but also a new binding pose where the C-3-methoxy is turned to
the oxo-iron (the distance is 3.0 A, Figure 3) which indicates that O-demethylation could also be
catalysed. The T73 sidechain is improving the binding affinity of this new pose by establishing a
hydrogen bond with the N-H group. So, the molecular docking results seem to indicate that this
variant can catalyse not only the N-demethylation of compound 1, but also the O-demethylation

of the in situ generated compound 3, thus producing directly nor-buprenorphine 4 (Figure 3).
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Figure 3. Variant F88V_L182A S73T docked with 3: a) most stable pose; b) second most stable

pose. Relevant distances are shown in (A).

In fact, the screening results showed a peak that corresponded to the same retention time as 4
for this mutant. A UPLC chromatogram showing the appearance of compound 4 peak in

F88V_L182A S73T can be found in the Supporting Information (Figure S1).

The presence of compound 4 was further confirmed by LC-MS. By comparing the sample
from the triple variant F88V_L182A S73T with the analytical standard of 4, a peak was
identified with m/z of 414 and consistent fragmentation patterns. All spectra are in the

supporting information (Figures S2 and S3).

Improving O-demethylation with an engineered CODM

In the multiple enzymatic sequential routes, the second step for buprenorphine synthesis
requires the O-demethylation of 3 to generate nor-buprenorphine 4 (Scheme 3). For this reaction
CODM enzyme was re-engineered (Scheme 4 and Figure 4). The reactive Fe(IV)-oxo
intermediate for this 2-oxoglutarate (20G)-dependent dioxygenase is formed after the binding

and reaction of Fe(II), 2-oxoglutarate (20G) and molecular oxygen?! and the release of succinate
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and CO2*? The reactive Fe(IV)-oxo intermediate can then abstract a hydrogen atom from 3
forming a radical and a Fe(IlI)-hydroxide species. Then the radical attacks Fe(III), which results

in the restoration of the Fe(II) state, the hydroxylation of the substrate to 4 and the release of

formaldehyde.*?

Figure 4. CODM active centre. The catalytic residues are depicted in addition to Fe(II) and 2-

oxyglutarate (2-OG).
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Scheme 4. Most supported catalytic mechanism hypothesis of CODM, including IND-3. Part A)

formation of the Fe-oxo intermediate; Part B) hydroxylation at the O-methyl group by the Fe-oxo
intermediate.

The CODM enzyme was successfully cloned into pET28a and optimal growth and expression
conditions were investigated. The induction temperature was investigated over a range of 10 °C,
15 °C, 20 °C and 28 °C as well as the 3 induction stages early, normal and late. The determined
optimal growth and expression conditions were obtained using LB supplemented with the iron

sulphate medium, optical density of 0.6-0.8 and expression at 10 °C (Table S2). These conditions
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were used as standard for growth and expression of the libraries. Error-prone PCR was used to
introduce mutations with a medium to high frequency error rate of 7 mutations per kb. Following
one round of error-prone PCR, three enzymatic variants were selected (R1_P9 G4, R1 P6 Gl1
and R1_P8 F3), (Table 3) along with the rational variants Mut9 and Mutl2 (vida infra) and used
as parents for a further round of evolution. Of particular interest was the variant R1_P9-G4,
which has the mutations S149G and R225H that showed 11.2-fold improvement over the parent

enzyme.

In the second round only two variants, based upon S149G_R225H mutant showed improved
conversion of approximately two-fold in relation to R1_P9-G4, which equated to about 22-fold
improvement in relation to the WT enzyme (Table 3). R2 P11_F7 has a silent mutation that

might affect protein folding.*3

Table 3. Fold improvement for the best variants from directed evolution for conversion of

compound 3 to nor-buprenorphine 4.

Fold Sequence Changes
improvem
ent
WT 1
R1 P6-Gl1 4.2x V54A T1451 E314D
R1 P8-F3 3.9x L26L* E138G_S234N
R1_P9-G4 11.2x S149G_R225H
R1 P13-B9 3.0x -
- R1 P13-C9 3.2x -
E R1 P13-D11 2.2x S64N
E R1 P14-D2 2.6x KI180E
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R1_P9-G4 1.0 S149G R225H
(g\]
=
£ [R2_P2-B2 1.7x H161H*, F1891
=]
E R2_P11-F7 2.1x 11351*
a

*

silent mutation

Rational enzyme design of CODM

Molecular docking of compound 3 to the WT CODM, showed that this substrate can bind in a

pose, where the methoxy group is relatively close to the iron-center. The distance between the

oxygen atom of the methoxy group and the active centre Fe(II) is 5.0 A. Compound 3 makes a H

bond with K348 and a pi-stacking interaction with H235 (Figure 5). Furthermore, there is a

flexible loop close to the iron-center. A strong ion-ion interaction between K348 and the loop

residue E136 seems to be responsible for keeping the loop in the closed conformation.

Figure 5. Compound 3 docked to the active site of CODM. Relevant distances (A) are shown.

Table 4. Fold improvement for the best variants from rational design for conversion of compound

3 to 4 in relation to the WT enzyme.
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Rational Fold Sequence
variants improvement | Changes

Mut9 5.5x E136V

Mutl2 5x E136V_K348A

In parallel to the directed evolution approach, a programme of rationale enzyme design was
undertaken. The strategy for the rational mutagenesis involved creating new interactions between
compound 3 and CODM active site to improve the binding affinity, but also to promote binding
poses that allowed for a good approximation to the iron-centre. There were 22 residues identified
as hotspots for mutagenesis and testing with molecular docking. In total 67 variants were gene
synthetized, transformed, grown and expressed, and finally tested for conversion of compound 3
into nor-buprenorphine 4. Most mutants showed modest improvements, with the variants with
better fold improvement (above 5) reported on Table 4. The mutations E136V and K348A
remove charged residues from the active site. The substrate interacts with London dispersion
forces with E136V maintaining a good catalytic pose, with the methoxy group oriented towards

the iron cofactor.

In summary, with two rounds of directed evolution 3 mutations were added
(S149G_R225H 11351, Table 3) and the best variant showed 23.5 (11.2 x 2.1) fold higher

conversion of compound 3 into nor-buprenorphine 4 when compared to the wild type enzyme.

Conclusions
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In this work two enzymes were selected from Almac enzyme panels and engineered for the
synthesis of the BIA buprenorphine. The enzymes under study were the P450s BM3 and CODM,
both of which have a reactive oxo-iron (IV) intermediate that can abstract a hydrogen atom either

from the N-methyl or O-methyl group from buprenorphine.

Enzyme engineering was based on rational enzyme design'>!¢ and directed evolution
approaches. For BM3, variants were first selected based on the distance between the N-methyl
group of compound 1 and the oxygen bond to the heme group of the enzyme. IND-78, which
was one of the best variants, had a 44.3-fold improvement in conversion in relation to the WT
enzyme. In the first round of directed evolution the best variant improved 4.0-fold for the
conversion of compound 1 into compound 3 in relation to IND-78. In the second round a further
3.2-fold improvement was obtained. This corresponds to a cumulative improvement of more
than 567-fold. With the rational enzyme design approach, it was possible to design a mutant that
can catalyse both the N-demethylation and the O-demethylation converting compound 1 into
nor-buprenorphine 4. Finally, for the CODM enzyme in two rounds of directed evolution the best
variant showed a 23.5-fold improvement for conversion of compound 3 into nor-buprenorphine

4,
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