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Abstract

Selective oxidation of ring C—H bonds is an attractive route to functionalised cyclic amines
which are versatile intermediates in drug synthesis and important fragment molecules in drug
discovery. Here we report a combined substrate and enzyme engineering approach to achieve
enantioselective functionalisation of all unactivated C-H bonds of azepane, azocane, 7-
azabicyclo[2.2.1]heptane, and 8-azaspiro[4.5]decane by cytochrome P450sm3 (CYP102A1).
Different N-modifying groups provide product diversity at high enantioselectivity (up to 99%
e.e.) from a panel of just 48 variants of P450sm3. Substrate docking into molecular dynamics
simulation structures of enzyme variants is shown to be useful for designing mutations to
increase enantioselectivity by disfavouring binding poses leading to the unwanted enantiomer,
and to increase enzymatic activity by disfavouring non-productive poses from 10 or so variants
per generation. The synthetic application of remote C—H activation within cyclic amines is
exemplified by the synthesis of anisodamine via enantioselective hydroxylation of N-Boc-

nortropinone.

Introduction

Cyclic amines have numerous applications across the chemical, agricultural and
pharmaceutical industries,' for example, ~60% of U.S. FDA-approved small molecule drugs
have nitrogen heterocycles in their structures.!** Cyclic amines are among the most privileged
core structures in this context and are crucial in fragment-based drug discovery where
functionalised cyclic amine fragments provide higher hit rates.!>>¢ Functionalising sp* C-H
bonds offers a direct route to substituted cyclic amines that traditionally would be assembled
by multi-step routes from acyclic precursors.” Current synthetic methods for these reactions
have significant limitations such as the need to introduce a bespoke directing group, and
difficulties in accessing unreactive C-H bonds remote from activating functionality.®®
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Numerous reagent systems are available for a-functionalisation, and functionalisation at



unactivated B- and y-positions is also possible.!*?? Nevertheless, stereoselective remote
functionalisation of cyclic amines remains a challenge in synthesis. Microorganisms have been
screened for cyclic amine oxidation; for example, the fungus Beauveria bassiana forms the [3-
and y-alcohols of N-modified forms of 5-, 6- and 7-membered ring amines but the product

selectivity cannot be controlled.?!->3

With their mild reaction conditions and evolvable substrate specificity and product selectivity,
monooxygenases, such as cytochrome P450 (CYP) enzymes, that catalyse C—H bond oxidation
are attractive systems for functionalising cyclic amines. Hydroxylation of the ring carbons
introduces a stereogenic centre and a synthetic handle; however, apart from drug metabolism
studies,?*?¢ the oxidation of cyclic amines by engineered P450 enzymes is underexplored.?”-3°
P450pyr has been engineered by iterative site-saturation mutagenesis (ISM) to oxidise N-
benzylpyrrolidine to (3R)- and (35)-hydroxy-N-benzylpyrrolidine with 83% e.e. and 98% e.e.,
respectively.’! P450sm3 (CYP102A1) is the most extensively studied P450 enzyme for
synthetic applications owing to its catalytic self-sufficiency and high activity.?’-3%323 Directed
evolution of P450sMm3 by random mutagenesis, ISM and combinatorial active site saturation test
coupled with high throughput screening, as well as library approaches using tens to hundreds
of mutants, have expanded the substrate range and enabled the selective production of specific
target compounds.?#26-2834-46 Molecular dynamics simulations and substrate docking have
provided insight into enzyme-substrate interactions in these efforts;?”434¢-53 however, there are

few reports of the direct use of such an analysis to engineer product selectivity.*3-52>4

Here we report a docking-guided mutagenesis approach to engineer enantioselective remote
oxidation by P450sm3 of the medium-ring amines azepane and azocane, and the bicyclic amines
7-azabicyclo[2.2.1]Theptane and 8-azaspiro[4.5]decane. Initial hits were discovered by
screening the amines, modified with different groups, against a library of P450gm3 variants.

Substrate docking was then used iteratively to design mutations to disfavour binding



orientations leading to the undesired enantiomer. All but one remote C—H bond of these four
substrates were oxidised, the majority with >90% stereoselectivity. Application of late-stage
cyclic amine functionalisation is illustrated by a stereoselective synthesis of anisodamine via

selective hydroxylation of N-Boc-nortropinone by a P450sm3 variant.

Results

P450pMm3 variant library screening and substrate engineering

The N-modified amine substrates were screened (0.5 mL, 1 umol substrate) for oxidation with
a panel of 48 P450sm3 variants constructed from base variants which had been shown to have
increased activity for the oxidation of a wide range of organic compounds.’>>’ Additional
mutations are introduced at S72, V78, F81, A82, A184, 1263, A264, E267, A328, P329, A330
and L437 (see Supplementary Figure S1).264446.3859 The 48 selected variants (see
Supplementary Table S1) contain different combinations of mutations at these residues to
generate diverse binding pocket topologies. Products from preparative scale reactions (50—100

mg substrate converted) were isolated by column chromatography for characterisation.

The study began with the N-Boc derivatives of azepane and azocane. More than 30 of the 48
variants gave >50% conversion (total turnover number, TON >1000) of both N-Boc-azepane
(1) and N-Boc-azocane (3) (see Supplementary Tables S3-a and S6). Oxidation at C4 (y)
dominated for both substrates; only two variants showed C3 () oxidation of 1 and none for 3.
The absolute configuration of 4-hydroxy-N-Boc-azepane, 1a, was determined by comparison
with reported specific rotation data (see Supplementary Table S12).°° Even without
optimisation, the enzyme panel achieved high enantioselectivity (Table 1 and Figure 1). The
RLYF/H171L/1263G/A330W/L437S variant gave 90% of l1la at 90% e.e. for the (R)-
enantiomer (Table 1 and Supplementary Table S3-a) while (S)-1a was most favoured by
KU3/S72W/A330P (90% of 1a at 84% e.e.). Specific rotation data were not available for 4-

hydroxy-N-Boc-azocane, 3a, and Mosher ester analysis was inconclusive due to the



conformational flexibility of the 8-membered ring. Variant KU3/S72W/A330P was the most
selective for the (—)-enantiomer (74% of 3a at 77% e.e., Table 1 and Supplementary Table S6)
while RLYF/1263G/A330P gave 90% of 3a at 98% e.e. for the (+)-enantiomer. Given the
similar enantioselectivity observed for each variant with N-modified azepane and azocane, the
KU3/S72W/A330P product was assigned as the (495)-alcohol and that from

RLYF/1263G/A330P the (4R)-configuration.

More variants could easily be engineered and screened for B-oxidation of 1 and 3, but the focus
of the study moved on instead to explore the possibility of biasing the panel of 48 enzymes
towards B-oxidation by changing the N-modifying group.? To this end, the N-Ms, N-Ts, N-Tf,
and N-isopropylsulfonyl (N-Ips) derivatives of azepane and azocane were screened for
oxidation. The N-TT derivatives showed similar activity patterns to the N-Boc analogues; the
N-Ts derivatives showed little preference for any position; the N-Ms derivatives gave
predominantly a-oxidation (Supplementary Tables S3b — S3d). High selectivity for B-oxidation
was observed for N-Ips-azepane (2) and N-Ips-azocane (4) (Table 1 and Supplementary Tables
S3-a and S6). Variant VQ/S72G/A330W gave 91% of 3-hydroxy-N-Ips-azepane, 2b, at 96%
e.e. for (R)-2b, and R19/S72A/A330W formed 85% of 3-hydroxy-N-Ips-azocane, 4b, at 99%
e.e. for (R)-4b. Both (5)-p alcohols were most favoured by the GV/A1841/1263G/A328G
variant (76% of 2b at 79% e.e., and 76% of 4b at 77% e.e.). The absolute configuration for
(R)-4b was determined by X-ray crystallography (Figure 2 and Supplementary Table S13).
Interestingly, the R19/1263G/A328L variant gave 95% of the 6-alcohol 5-hydroxy-N-Ips-

azocane, 4a.

Next, this approach was applied to the oxidation of 7-azabicyclo[2.2.1]heptane and 8-
azaspiro[4.5]decane. Screening of the N-Boc, N-Ms, and N-Ips derivatives of each with the
same 48-enzyme panel showed that N-Boc-7-azabicyclo[2.2.1]heptane, S, was oxidised to the

exo (5a) and endo (5b) alcohols. High enantioselectivity (>90% e.e.) was observed for the exo



alcohols and the (R)-endo alcohol (Table 1 and Supplementary Table S12). Selectivity for the
(S)-endo alcohol was lower, with GQ/I1263G/A328L being the most selective one (95% of 5b
at 44% e.e.). The main goal for the spirocyclic amine was selective functionalisation of the
carbocyclic ring, for which N-Ms-8-azaspiro[4.5]decane, 6, furnished both the 2-alcohol 6a
and the 1-alcohol 6b. The absolute configuration of (S5)-6a was determined from the crystal
structure (Figure 2 and Supplementary Table S14) and Mosher ester analysis (See
Supplementary Figures S23 and S24). The variant K19/F87V/A328I gave 90% of 6a at 88%
e.e. for (R), and RP/H171L/1263G formed 90% of 6a at 77% e.e. for (S) (Table 1 and
Supplementary Table S10). The R19/F87A variant gave 96% of 6b at 95% e.e. for (S)
(Supplementary Table S16). No enzyme showed significant preference for the (R)-enantiomer

of 6b.

In summary, three N-modifying groups and different combinations of mutations at various
residues gave remarkably enantioselective remote functionalisation of (1) — (6) by a panel of
just 48 P450pMm3 variants. These enzymatic reactions are scalable; for example, the oxidation
of N-Ips-azepane, 2 (10 mmol in 1 L), by the VQ/S72G/A330W variant (10 umol) proceeded
with 90% conversion giving (R)-2b in 80% isolated yield (1.6 g), and N-Boc-7-aza-
bicyclo[2.2.1]heptane, 5 (6 mmol in 120 mL), was oxidised by the R19/F87I variant (0.12

pmol) with 100% conversion giving (R)-5a in 78% isolated yield (1.0 g).

Enzyme engineering by iterative docking-guided mutagenesis

Binding orientations of the modified amines in the most selective variant were modelled by
computational docking to gain insight into substrate binding and to guide mutation design.
Molecular dynamics (MD) simulations (100 ns) of variants in their ferryl states were carried
out in triplicate. Each replica was grouped into clusters based on RMSD of Ca. atoms, and the

three most populated clusters were used to conduct substrate docking with Autodock Vina. The



first target was (S)-p oxidation of N-Ips-azepane (2), for which GV/A1841/1263G/A328G was
the most selective (76% of 2b, 79% e.e.). Docking of 2 into seven clusters across three replica
simulations (See Supplementary Figures S15 and S16) showed that the lowest energy pose
would give the (S)-B-alcohol. (S)-B poses were marginally the most populated productive poses
(Figure 3a); however, the presence of low energy a- and y-poses suggested a lower -selectivity

than the 76% of 2b observed experimentally.

The (S)-B poses were in similar orientations within the active site model (Figure 3c). The
sulfonyl oxygens of the Ips group were in van der Waals contact with G263, A264 and T268
(I helix); the isopropyl group was sequestered in a pocket formed by L75, L181, L437 and
T438; while the azepane ring extended towards the 4 strand. CPB occupied the space generated
by the F87V mutation and was 3.2 A from the ferryl oxygen but there was no direct contact
with the V87 side chain. Other azepane ring carbons contacted G328, P329, T438 and the
porphyrin ring. It was clear that the (S)-p poses would not be stable without the F§7V and
A328G mutations. The (S)-B poses were then overlaid with those indicating other products.
The (R)-B poses were clustered together and distinct from the (S)-p poses, with the substrate
rotated by ~90° and located closer to S72, L75 and V87 (Figure 3d). The mutations F87L/I,
S72F/M and L75F/M could destabilise these (R)-B poses without interfering with the (S)-8
poses, thus increasing the enantioselectivity for (S)-2b. These mutations could also disfavour
some poses for a- and y-oxidation (See Supplementary Figure S16B and S16C). It was
hypothesised that enzymatic activity could potentially be improved by introducing mutations
that would disfavour non-productive poses (See Supplementary Figure S16D); this hypothesis
was tested with the A330F/M mutations. From this docking-guided mutagenesis approach, 10

new variants were designed.

All 10 variants showed improved selectivity or conversion (See Supplementary Table S4). The

F87L variant GL/A1841/1263G/A328G showed the largest improvements, forming 94% of 2b



at 88% e.e. The GV/A1841/1263G/A328G/A330F variant showed enhanced conversion (TON
= 1350) while maintaining regioselectivity (79% of 2b) which supported the hypothesis of
increasing activity by disfavouring non-productive poses. From this, 15 variants containing
two or three of these effective mutations were generated (See Supplementary Table S4). The
F87L/S72F pair further improved selectivity (Figure 3e) to 96% of 2b at 91% e.e., while
F87L/A330F improved the regioselectivity and activity (97% of 2b, 87% e.e., TON = 1450).
Docking of 2 into the GL/A1841/1263G/A328G and GL/A1841/1263G/A328G/S72F variants
indicated that the (S)-p poses were very similar to those in the GV/A1841/1263G/A328G
precursor. Non-productive poses close to L188 were found that were absent in the precursor
(Figure 3f). The mutations L188F/M/W were introduced to block these NP poses by the steric
effect of their bulkier side chains. The L188F and L188W mutations nearly doubled the TON
to ~900, while the variant GL/A1841/1263G/A328G/S72F/L188M gave 97% of 2b at 92% e.e.
for (S) with a TON of 1490 (Table 1 and Supplementary Table S4). Docking studies showed
that the cluster of non-productive poses in the precursor was absent from the L188M variant
(Supplementary Figure S16F). In total, 25 variants were generated in three rounds of iterative
docking-guided mutagenesis (IDGM) to provide these selectivity improvements and an almost

five-fold increase in TON.

Encouraged by the increases in selectivity from IDGM, the bicyclic amine 5 was docked with
GQ/1263G/A328L to seek improvement of TON and 44% e.e. for the endo-alcohol (S)-5b. The
(R)-endo and (S)-endo poses overlapped significantly (Figure 4c), which made mutation design
more difficult. There were two clusters of (S) poses; one cluster had the Boc group oriented
towards A330 and S332, and these overlapped with a group of (R) poses, while the Boc groups
of the other cluster were closer to L75. A cluster of non-productive poses was close to A82 and
T260, suggesting mutations of these two residues to increase enzymatic activity (Figure 4d).

These non-productive poses were tackled first, from which it was found that the T260L



mutation raised the TON from 240 to 410; surprisingly, it also increased the enantioselectivity
for (S)-5b to 76% e.e. (Table 1 and Supplementary Table S9). Mutations at A330 and S332
were then introduced to the T260L variant. The T260L/S332F combination raised the e.e. to
86% but lowered the TON. The GQ/1263G/A328L/T260L/A330F variant gave 98% of Sb with
89% e.e. for (S) and higher activity (TON = 850). Two rounds of IDGM had increased the

activity nearly four-fold and the enantiomeric ratio six-fold.

The IDGM approach was then applied to optimise (S)-B-oxidation of N-Ips-azocane (4) by
GV/A1841/1263G/A328G (76% of 4b, 77% e.e., TON = 180). Docking of 4 into this variant
showed that the most populated productive poses would lead to the (S)-B alcohol, and the (S)-
B poses for 2 and 4 were similar (See Supplementary Figure S19). Two rounds of IDGM led to
the GV/A1841/1263G/A328G/S72F/L188F variant which gave 80% of 4b with 91% e.e. for (S5)
(TON = 1000, Supplementary Table S7). IDGM was also successful in increasing turnover
activity by disfavouring non-productive poses. The variant R19/S72A/A330W gave (R)-4b
with high selectivity (85% of 4b, 99% e.e.) but a low TON of 340. The
R19/S72A/A330W/L181F variant designed from docking of 4 (See Supplementary Figures
S22 and S23) showed an eight-fold improvement in TON to 2700 while maintaining the 99%
e.e. (Table 1). For y-oxidation of N-Boc-azepane (1), mutations designed from docking with
the most selective variants RLYF/H171L/1263G/L437S/A330W and KU3/S72W/A330P, also

increased TONs (Table 1, and see Supplementary Figures S24 — S27).

A stereoselective synthesis of anisodamine
The tropane alkaloid (3S5,6S5,aS)-anisodamine (6B-hydroxyhyoscyamine) is an anticholinergic
and al adrenergic receptor antagonist from Anisodus tanguticus. This alkaloid is manufactured

as a racemic mixture of diastereomers from (+)-6B-hydroxytropinone®!-63

and (#)-tropic acid
for the treatment of septic shock and circulatory disorders.®* To our knowledge, no synthesis

of single anisodamine stereoisomers has been reported although relevant enantioenriched



intermediates have been prepared in multistep routes by asymmetric synthesis,®>%® from (R)-
or (S)-malic acid,® and by resolution.”®’2 In this context, screening of N-Boc-nortropinone, 7
(Figure 1), with the 48-variant library was conducted, from which 6f3-alcohol 7a was found to
be the predominant product (Supplementary Table S11). Variant R19/F87A gave 95%
conversion to this alcohol with 98% e.e. for the (6R)-enantiomer, the reaction being readily
scaled to provide up to 500 mg of (6R)-7a in 70—80% isolated yield. Stereoselective reduction
of the carbonyl group with L-Selectride® and further reduction, of the N-Boc group, afforded
known diol 7¢.7>7* Diacylated derivatives of this diol are known to be hydrolysed selectively
to afford 3-acyloxy-6-hydroxytropanes;” reflecting this reactivity trend, monoacetylation was
selective for the 6-OH leaving the 3-OH group free for further reaction. In this proof-of-
principle synthesis, esterification with (+)-tropic acid and global deprotection afforded the
(3R,6R,aS)- and (3R,6R,aR)- diastereomers 8a and 8b (ent-anisodamine)’® in 15% overall yield
(30 mg) from N-Boc-nortropinone (215 mg). The single-step enzymatic conversion of substrate
7 into (6R)-7a (76%) represents a substantial improvement on the analogous asymmetric

chemical synthesis of (6R)-acetoxytropinone from tropinone that requires five steps (44%).%

Conclusion

A combination of substrate and enzyme engineering led to enantioselective oxidation, in most
cases with >90% e.e., of all unactivated C—H bonds of single-ring, bridged bicyclic, and
spirocyclic amines by P450gm3 variants. The alcohol products are valuable synthetic
intermediates for drugs and functionalised fragment molecules. Selectivity engineering was
facilitated by the remarkably high regio- and enantio-selectivity of the screening library of 48
enzymes for the formation of almost all the alcohols. Additional mutations were designed from
substrate docking to increase product selectivity by disfavouring substrate poses that led to
undesired products (for example, increasing the e.e. for S-5b from 44% to 89%), and turnover

activity (for example, up to eight-fold for the formation of R-4b) by disfavouring non-
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productive poses. Each round of docking-guided mutagenesis required around 10 variants for
significant improvements in activity and selectivity. This method of iterative docking-guided
mutagenesis, which only requires the unwanted poses to be sufficiently distinct from the poses
for the desired product, complements more comprehensive approaches such as random

mutagenesis and ISM in engineering enzymes for application in synthesis.

Methods

The amine substrates were supplied by Fluorochem, ChemCruz, Merck and Alfa Aesar, UK.
Genes encoding P450sm3 (CYP102A1) enzymes were cloned into the pET28+ vector by Ncol
and BamHI restriction sites.” Site-directed mutagenesis was carried out by standard PCR-
based protocols using the KOD Hot Start DNA Polymerase toolkit from Sigma-Aldrich, U.K.
The pET28+ plasmid harbouring the gene encoding the relevant P450pm3 variant was
transformed into E. coli BL21 (DE3) for enzyme production and purification. Briefly, enzyme
production was induced by the addition of IPTG (0.1 mM) to E. coli cultures grown in FBgiycerol
and shaking for 48 h at 20 °C. Recombinant enzymes were partially purified by ammonium
sulfate fractionation from the cell-free extract, firstly to 40% and then 60% saturation. The

precipitated enzyme was re-dissolved in 50 mM phosphate buffer (pH 8.4) and stored at —20°C.

Frozen stocks (10 uM) of the 48 enzymes of the screening library were thawed on ice and 50
uL of each was added to two 24-well microtitre plates which could be stored at —20 °C for at
least six months. For screening experiments, the 48 enzymes in two plates were thawed to room
temperature, GDH (2 U/mL), glucose (100 mM) and phosphate buffer (200 mM, pH 7.9) were
added to a total volume of 0.5 mL (final enzyme concentration 1 uM). The amine substrate
(200 mM stock in ethanol) was added to a final concentration of 2 mM. Reactions were initiated
by the addition of NADP* (4 uM). The plates were shaken at 120 rpm for 12 h at 20 °C. Each
reaction was then extracted with 0.5 mL ethyl acetate. After centrifugation at 14300 g to

separate the phases, the organic phase was removed for analysis by GC. Preparative scale
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reactions contained the same concentrations of reaction components as screening scale
reactions but were conducted in larger volumes (100500 mL). After extraction with ethyl
acetate, products were separated by column chromatography, eluting with mixtures of

petroleum ether and ethyl acetate.

Molecular dynamics (MD) simulations were performed on the heme domain of P450pwms3
variants in their ferryl state using the Amber 99SB*-ILDN force field with TIP3P water using
GROMACS 2018.6. Mutations were added to the wild-type P450swm3 crystal structure (PDB
code: 1jpz) via Pymol. Energy minimisation, NVT and NPT equilibration steps, and production
MD runs (100 ns in triplicate) were carried out using standard parameters in GROMACS.#4:46
Structures were recorded every 10 ps. Stability of the simulations was confirmed by monitoring
the RMSD of the backbone Ca atoms before the individual trajectories were clustered with a
cut-off of 1.2 A. The three most populated clusters, with a population cut-off of 5% of all
trajectories, were used as receptor structures for docking studies, which were performed in
Autodock Vina or ADFR. All water molecules were removed from the structure prior to the
docking calculation and both receptor and substrate were treated as rigid entities. In Vina, the
docking site was defined as a 30 x 30 x 30 A box centred on the ferryl oxygen, and poses were
ranked using the Autodock Vina scoring function. In ADFR, the entire active site is accessible
and the side chain of residues at positions 75, 78, 87, 260, 263, 267, 328, 330, 437 and 438
were selected to have full flexibility on the basis that these were most likely to contact a bound

substrate.
(3R)-Hydroxy-N-Ips-azepane, 2b

A preparative scale reaction for the oxidation of N-Ips-azepane, 2, to (3R)-hydroxy-N-Ips-
azepane, (R)-2b, was conducted in 1 L phosphate buffer (pH 7.9, 200 mM) containing the
VQ/S72G/A330W variant (10 pM), substrate 2 (2.05 g, 10 mmol added as a 200 mM stock in

methanol), NADP" (4 uM), glucose (100 mM) and glucose dehydrogenase (2 U/mL). After
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shaking at room temperature for 16 h, the reaction had proceeded to 90% conversion (GC). The
reaction mixture was extracted with ethyl acetate (3 x 1 L). The organic extracts were
combined, washed with 1 L saturated ag NaHCOs3 solution and then 1 L brine, dried over
NazSO0y, filtered, and the solvent was removed by rotary evaporation. The mixture was purified
by silica gel chromatography (10% ethyl acetate in petroleum ether) to give alcohol (R)-2b

(96% e.e.) as a colourless oil (1.6 g, 80%).
tert-Butyl (15,55,6R)-6-hydroxy-3-0xo0-8-azabicyclo[3.2.1]octane-8-carboxylate, 7a

A 2000 mL conical flask was charged with phosphate buffer (pH 7.9, 200 mM, 400 mL),
NADP* (5.0 mL, 5.0 mM in 200 mM phosphate buffer), glucose dehydrogenase (5.0 mL, 2.5
U/uL in 200 mM phosphate buffer), glucose (63 mL, 1.0 M in 200 mM phosphate buffer), a
solution of tert-butyl (1R,5S5)-3-0x0-8-azabicyclo[3.2.1]octane-8-carboxylate, 7 (270 mg, 1.20
mmol), in ethanol (5.0 mL), and the R19/F87A (6.0 mL, 71 uM by UV titration) variant of
P450sm3. More phosphate buffer was added until the total volume was 500 mL. The resulting
solution was shaken at room temperature for 24 h then the mixture was extracted with ethyl
acetate (3 x 100 mL). The combined organic extracts were washed with brine (300 mL), dried
over NaxSQOy, filtered and the solvent removed by rotary evaporation. Purification of the crude
residue by silica gel chromatography (hexane/ethyl acetate, 2:1 then 1:1) gave fert-butyl
(18,5S,6R)-6-hydroxy-3-oxo-8-azabicyclo[3.2.1]octane-8-carboxylate, 7a (220 mg, 76%), as a

colourless oil.

Data Availability

All data supporting the findings of this study are available within the paper and the
Supplementary Information. Source data are provided with this paper. Crystallographic data
for the structures reported in this Article have been deposited at the Cambridge

Crystallographic Data Centre, under deposition numbers CCDC 2159261 ((R)-4b) and
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2159262 ((S)-6a). Copies of the data can be obtained free of charge via

https://www.ccdc.cam.ac.uk/structures/.
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Table 1. Activity and selectivity for the oxidation of N-modified cyclic amines by P450gy3 variants.

The highest selectivity from the screening panel of 48 variants and the increases obtained by iterative docking-guided
mutagenesis are shown. Regio: regioselectivity; TON: total turnover number for the formation of the dominant enantiomer;
NA: not applicable; —: no variant showed a preference for this enantiomer.  For screening scale reactions that showed 100%
conversion, TON values were from reactions with higher substrate concentration and lower enzyme concentration. RLYF =
R47L/Y51F; KU3 = N239H/1259V/A276T, VQ = F87V/L188Q, GV = A74G/F87V, GL = A74G/F87L, GQ = A74G/L188Q,
R19=RLYF/K19, K19 =H171L/Q307H/N319Y, RP = RLYF/I401P.

Product Variant Mutations Regio. e.e. TON
4-Hydroxy-N- (R)-1a 1 RLYF/H171L/1263G/A330W/L437S 90% 90% 10300 «
Boc-azepane, 1a 2 RLYF/H171L/1263G/A330W/L437S/V78F 94% 93% 14500 «
(S)-1a 3 KU3/S72W/A330P 90% 84% 8280«
4 KU3/S72W/A330P/T438F 91% 85% 12630 ¢
3-Hydroxy-N-Ips- (R)-2b 5 VQ/S72G/A330W 91% 96% 1200
azepane, 2b
(S)-2b 6 GV/A1841/1263G/A328G 76% 79% 290
GL/A1841/1263G/A328G/S72F 96% 91% 480
8 GL/A1841/1263G/A328G/S72F/L188M 97% 92% 1490
4-Hydroxy-N- (R)-3a 9 RLYF/1263G/A330P 90% 98% 8910 ¢
Boc-azocane, 3a
(S)-3a 3 KU3/S72W/A330P 74% 77% 5240
5-Hydroxy-N-Ips- 10 R19/1263G/A328L 95% NA 900
azocane, 4a
3-Hydroxy-N-Ips- (R)-4b 11 R19/S72A/A330W 85% 99% 340
azocane, 4b 12 R19/S72A/A330W/L181F 84%  99% 2700
(S)-4b 13 GV/A1841/1263G/A328G 76% 77% 180
14 GV/A1841/1263G/A328G/S72F/L188F 80% 91% 1000
exo-2-Hydroxy- (R)-5a 15 R19/F871 99% 99% 2000
N-Boc-7-aza-
bicyclo[2.2.1]- (S)-5a 16 GL/A1841/1263G/A328G 99% 90% 2000
heptane, Sa
endo-2-Hydroxy- (R)-5b 3 KU3/S72W/A330P 89% 96% 1800
N-Boc-7-aza-
bicyclo-[2.2.1]- (S)-5b 17 GQ/1263G/A328L 95% 44% 240
heptane, Sb 18 GQI263G/A328L/T260L 9%  76% 410
19 GQ/1263G/A328L/T260L/A82M 95% 79% 1070
20 GQ/1263G/A328L/T260L/S332F 96% 86% 230
21 GQ/1263G/A328L/T260L/S332F/A82M 94% 84% 680
22 GQ/1263G/A328L/T260L/A330F 98% 89% 850
23 GQ/1263G/A328L/T260L/A330F/A82M 98% 82% 900
N-Ms-8-aza- (R)-6a 24 K19/F87V/A3281 90% 88% 1540
spiro[4.5]decan-
2-0l, 6a (S)-6a 25 RP/H171L/1263G 90% 77% 1440
N-Ms-8-aza- (R)-6b - - - - -
spiro[4.5]decan-
1-ol, 6b (S)-6b 26 RI19/F87A 96% 95% 1870
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Figure 1. Synthetic applications of enantioselective oxidation of cyclic amines by engineered P450pms.

(a) The oxidation products of cyclic amines modified with different protecting groups by variants of cytochrome P450pm3.
The percentages refer to regioselectivity and stereoselectivity (e.e.). The mutations in the variants are given in Table 1. (b) A
stereoselective synthesis of anisodamine initiated by enantioselective oxidation of N-Boc-nortropinone. Reagents and
conditions: (i) R19/F87A (0.067 mol%), 24 h, r.t.; (ii) L-Selectride, THF, —78 °C, 2 h then — r.t., 0.5 h; (iii) LiAlH4, THF,
0 °C — reflux, 14 h; (iv) Ac;O, THF, 12 h; (v) (#)-3-(tert-butyldimethylsilyloxy)-2-phenyl propanoic acid, DCC, DMAP,
CHCls, r.t., 14 h; (vi) aq. HCI, reflux, 2.5 h then aq. NaOH (— pH 8). (DCC: N,N'-dicyclohexylcarbodiimide; DMAP: 4-
dimethylaminopyridine.)

Figure 2. Molecular structure of two cyclic amine oxidation products determined by single crystal X-ray diffraction.
(a) (3R)-Hydroxy-N-Ips-azocane, (R)-4b. (b) (S)-N-Ms-8-aza-spiro[4.5]decan-2-ol, (S)-6a. Thermal ellipsoids are set at 50%
level. Key: nitrogen, blue; sulphur, yellow; oxygen, red; carbon, grey; hydrogen, white.

Figure 3. Iterative docking-guided mutagenesis of P450gy3 for the selective (S)-p oxidation of N-Ips-azepane (2).

(a) The distribution of output poses and their affinity energies from the docking of 2 into clustered molecular dynamics (MD)
simulation structures of the GV/A1841/1263G/A328G variant (GV = A74G/F87V). (b) Turnover number (TON) and e.e. for
(5)-2b formation by selected variants generated in the IDGM process; blue bars are the TON for (5)-2b formation, black dots
denote the regioselectivity for 2b, red open circles denote the e.e. for (S)-2b; Precursor: GV/A1841/1263G/A328G; F871:
AT74G/F871/A1841/1263G/A328G (GI = A74G/F871); F87L: A74G/F87L/A1841/1263G/A328G (GL = A74G/F87L);
F87L/S72F: GL/A1841/1263G/A328G/S72F; F87L/S72F/L188F: GL/A1841/1263G/A328G/S72F/L188F;
F87L/S72F/L188M: GL/A1841/1263G/A328G/S72F/L188M. (c) Overlay of (S)-B poses (cyan) with key active site residues
(magenta) of the MD-simulated R1C1 (replica 1, cluster 1) structure of GV/A1841/1263G/A328G. (d) Overlay of the lowest
energy (S)-P pose (cyan) with (R)-p3 poses (blue) from docking of 2 with GV/A1841/1263G/A328G; mutations V87L/M may
destabilise these (R)-f poses without affecting the (S)-f poses and therefore improve the e.e. for (S)-2b. (e) Overlay of the
lowest energy (S)-p pose (cyan) with (R)-f poses from docking of 2 with GL/A1841/1263G/A328G; mutations S72F/M may
increase the e.e. for (S)-2b. (f) The lowest energy (S)-B pose (cyan) and non-productive poses from docking of 2 with
GL/A1841/1263G/A328G/S72F; mutations L188F/M may improve enzymatic activity by lowering the population of these non-
productive poses.

Figure 4. Iterative docking-guided mutagenesis for (S)-endo oxidation of N-Boc-7-azabicyclo[2.2.1]heptane (5).

(a) Distribution of output poses and their affinity energies from docking analysis of substrate 5 with the molecular dynamics
simulation structure of GQ/I1263G/A328L (GQ = A74G/L188Q; RxCy: simulated cluster y of replica x, numbers in brackets
are the cluster sizes). (b) Turnover number (TON) and e.e. for S-5b of selected variants generated in the mutagenesis process;
blue bars represent the TON for (S5)-5b; black dots represent the regioselectivity for Sb, red dots represent the e.e. for (S)-5b;
Precursor: GQ/I263G/A328L; S332F: GQ/I263G/A328L/S332F; T260L: GQ/1263G/A328L/T260L; T260L/A82M:
GQ/1263G/A328L/T260L/A82M; TL/AM/AF: GQ/1263G/A328L/T260L/A82M/A330F. (¢) Lowest energy (S)-endo pose
(cyan) overlaid with (R)-endo poses (yellow) from docking with GQ/I1263G/A328L; mutations S332F/M and A330F/M are
proposed to destabilise (R)-endo poses while maintaining the (S)-endo pose and improve e.e. for (S)-5b. (d) Lowest energy
(S)-endo pose (cyan) overlaid with non-productive (NP) poses (green) from docking with GQ/I1263G/A328L; mutations
T260L/M and A82F/M are proposed to destabilise NP poses while maintaining the (S)-endo poses and therefore improve TON
for (S)-Sb.
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