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ABSTRACT

The construction and engineering of artificial enzymes consisting of abiological catalytic moieties
incorporated into protein scaffolds is a promising strategy to realise new mechanisms in biocatalysis. Here,
we show that incorporation of the non-canonical amino acid para-aminophenylalanine (pAF) into the non-
enzymatic protein scaffold LmrR creates a proficient and stereoselective artificial enzyme (LmrR_pAF) for
the vinylogous Friedel-Crafts alkylation between a,p-unsaturated aldehydes and indoles. pAF acts as a
catalytic residue, activating enal substrates towards conjugate addition via the formation of intermediate
iminium ion species, whilst the protein scaffold provides rate acceleration and enantio-induction. Improved
LmrR_pAF variants were identified by low-throughput directed evolution advised by alanine-scanning to
obtain a triple mutant that provided higher yields and enantioselectivities for a range of aliphatic enals and
substituted indoles. Analysis of Michaelis-Menten kinetics of LmrR_pAF and evolved mutants reveals that
new activities emerge via evolutionary pathways that diverge from one another and specialise catalytic
reactivity. Translating this iminium-based catalytic mechanism into an enzymatic context will enable many
new biocatalytic transformations inspired by organocatalysis.

INTRODUCTION

The enantioselective Friedel-Crafts alkylation of arenes is an important reaction in both synthetic chemistry
and biosynthesis.!™ The use of enzymes as catalysts for this transformation is of great appeal due to their
mild, efficient, benign and highly selective nature, however relatively few enzymes are known to perform
this chemistry.*” Notable examples are tryptophan synthase (TrpB),® a promiscuous enzyme involved
cylindrocyclophane biosynthesis (CylK),>!* as well as enzymes which catalyse Friedel-Crafts acylation
(PpATase) (Figure 1(a)).'"!? Catalytic machinery in these enzymes includes nucleophilic cysteine residues
as well as pyridoxal phosphate, each powerful chemical motifs which have inspired biomimetic catalysis
strategies.'>!* Artificial enzymes have also been employed for Friedel-Crafts alkylation reactions by Cu™
Lewis acid activation of a,B-unsaturated imidazole ketones, employing proteins or DNA as a scaffold to
afford rate acceleration and enantioselectivity.!>!® An effective chemocatalytic strategy for Friedel-Crafts
alkylation of arenes employs secondary-amine organocatalysts (e.g. MacMillan imidazolidinone catalysts)
to activate o,B-unsaturated aldehydes as iminium ions (Figure 1(b))."!”!® The iminium ion species is a
highly versatile reaction intermediate'® which has previously been exploited in designer enzymes featuring
catalytic lysine or N-terminal proline residues, and in artificial enzymes with secondary-amine-containing
unnatural cofactors.?>>> However, Friedel-Crafts alkylation via an iminium ion species has not been
demonstrated in these contexts, and is a distinct reaction pathway from those employed by natural enzymes
for this reaction. We saw great potential in unlocking iminium catalysis to create an artificial Friedel-Crafts
alkylase by using expanded genetic code technology to provide an appropriate non-canonical catalytic
residue.?®
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Figure 1: (a) biocatalytic strategies of natural enzymes which catalyse aromatic alkylation/acylation (b)
organocatalytic approach to vinylogous Friedel-Crafts alkylation, (c) approach followed in this work: an
artificial enzyme using expanded genetic code technology to incorporate a non-canonical catalytic residue
which operates via a non-natural mechanism.

Artificial enzymes consist of an abiological catalyst incorporated into a protein scaffold which
provides stereoselectivity and rate acceleration, as well as the opportunity for genetic optimisation.?’ >
Strategies to assemble these two components include covalent protein modification, supramolecular and
‘trojan-horse’ strategies.’>*! Our group has recently pioneered the use of non-canonical amino acids
(ncAAs) with inherent catalytic properties for artificial enzyme construction, where the catalytic component
is incorporated directly into the protein’s peptide-chain during biosynthesis using expanded genetic code
technology.2®3>** Judicious choice of protein scaffold is also essential for success; in this study, as in our
previous work, we employ the Lactococcal multidrug resistance regulatory (LmrR) protein. This
homodimeric protein (15 kDa per monomer) has a unique structural feature, a large hydrophobic pocket
situated at the dimer interface, which binds planar organic molecules in its physiological function, and
affords rate-acceleration and enantio-induction of catalysis conducted inside it.***® We incorporated the
aniline containing ncAA para-aminophenylalanine (pAF) at position 15 in hydrophobic pocket of LmrR,
creating LmrR_pAF, an artificial enzyme for the hydrazone formation reaction which acts via a trans-
amination mechanism employing pAF as the catalytic residue.**> A similar strategy has been employed by
Green and coworkers, who showed that incorporation of N-methyl histidine into a protein scaffold could
endow ester-hydrolase activity.>” More recently, we also employed the pAF catalytic residue in a synergistic
system, where o,f-unsaturated aldehydes were activated for conjugate addition by enolate nucleophiles
activated by a Cu" cofactor.’® In this work we show LmrR_pAF as a means to translate the iminium catalysis
mechanism from organocatalysis into a designer enzyme, facilitating a vinylogous Friedel-Crafts alkylation
of indole substrates (Figure 1(c)). Situating the pAF residue within the LmrR microenvironment
significantly enhances its inherent catalytic properties and paves a path towards further new-to-nature
reactions.



RESULTS AND DISCUSSION
INITIAL CATALYSIS EXPERIMENTS

We initially explored the vinylogous Friedel-Crafts alkylation of 2-methyl-indole (2a) with trans-2-hexenal
(1a) catalysed by LmrR_pAF to form product 3a after in situ reduction with sodium borohydride, which
makes the product amenable to HPLC analysis.** We found that with just 2 mol% loading, LmrR_pAF
could catalyse the transformation of 1a and 2a to give 3a with a moderate yield and enantioselectivity
(Table 1, Entry 1). Without pAF incorporated, LmrR itself gives negligible yield and enantioselectivity
under the same conditions (Table 1, Entry 2). Lysine, which is used as a catalytic residue in nature, e.g.
aldolase A,* when incorporated at position V15 in LmrR fails to endow the protein with catalytic activity
for this transformation (Table 1, Entry 3). Likewise, mutation of the same position to tyrosine, in effect,
single-functional group mutagenesis of the amino moiety of pAF to the canonical hydroxy moiety, also
abrogates catalytic activity demonstrating the necessity of the aniline functional group for catalysis (Table
1, Entry 4). Even at equimolar catalyst loadings, aniline itself affords only 8% yield of 3a, demonstrating
the importance of the chemical environment provided by the hydrophobic pocket of LmrR for rate
acceleration (Table 1, Entry 5). Finally, we ruled out the efficacy of an artificial enzyme based on the
supramolecular assembly between LmrR and aniline by combining these two catalysts in a ratio typically
employed in supramolecular catalysis (Table 1, Entry 6).1

Table 1: Initial results of LmrR_pAF catalysed formation of 3a from la and 2a, and control reactions.
OH

o)
HJ\/\/\J'/A/—Q (et > /

N N
- (2) NaBHa N
1a (5 mMm) 2a 3a
Entry | Catalyst Yield (%)* | ee (%)®
1 LmrR pAF (20 uM) 42 +4 45+ 0
2 LmrR (20 uM) 2+0 N.D.c
3 LmrR V15K (20 uM) 3+0 N.D.¢
4 LmrR VI15Y (20 uM) 2+0 N.D.¢
5 Aniline (1 mM) 8+0 -
6 LmrR (20 uM) + aniline (16 uM) | 4+ 0 N.D.¢

Reaction conditions: LmrR variants (20 uM dimer concentration) in phosphate buffer (50 mM, pH 6.5)
containing NaCl (150 mM) and 8 vol% DMF, [2a] = 1 mM, [1a] = 5 mM, reaction time 16 hours at 4 °C
with mixing by continuous inversion in 300 uL total volume. Reduction with NaBH, ( 60 uL, 20 mg mL™ in
0.5 whv% NaOH) afforded the alcohol product 3a. For each entry, two independent experiments were
conducted, each in duplicate. Errors are the standard deviation of the results. “Yields determined by
normal-phase HPLC (Chiralcel® OJ-H) with 3-(3-hydroxypropyl)indole as internal standard.
bEnantiomeric excess determined by chiral normal-phase HPLC (Chiralcel® OJ-H). ¢ N.D., not determined



ALANINE SCANNING

With a good starting activity achieved by LmrR_pAF for the formation of 3a, we sought to probe residues
near the active site for their importance in catalysis by alanine scanning. Guided by the structure of
LmrR_pAF we selected a total of twelve positions — E7, A11, L18, N19, K22, N88, M89, A92, F93, S95,
S97 and D100 (Figure 2) choosing residues which we considered important for catalysis by LmrR-based
artificial enzymes based on our previous studies, as well as several others which are close to the catalytic
residue but are less well investigated.*!** We mutated these positions to alanine, except in the cases of Al11
and A92 which are already alanine in the wild-type LmrR sequence, where we chose mutations which have
previously proved beneficial for catalysis for LmrR-based artificial enzymes namely A11L and A92E. 4=+
We purified these twelve variants and assessed them in the production of 3a, comparing the
enantioselectivity and yield obtained with that obtained with LmrR pAF (Figure 2, Supplementary Table
S1).
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Figure 2: analysis of the effects of mutations of residues close to the catalytic residue of LmrR_pAF in
catalysis of the reaction of 1a and 2a to produce 3a. The alpha-carbon atoms of residues mutated are shown
as spheres in the crystal structure of LmrR_pAF (PDB: 618N. Reactions were conducted under the standard
reaction conditions outlined in table 1. Enantioselectivity was visualized as the effect on relative Gibbs’
free energies of the diastereomeric transition states leading to formation of the two enantiomers of 3a which
was calculated from the enantiomeric ratio according to the equation AAAG* = -RTIn(e.r.). The results are
shown on a scale from green (increased e.r.) to pink (decreased e.r.). Ayield values are the differences in
yields obtained when employing different mutants in catalysis for 3a product under the standard conditions,
relative to LmrR_pAF, and are shown on a scale from blue (increased yield) to orange (decreased yield).

Of the twelve mutants tested, five (namely E7A, A11L, N19A, N88A and M89A) showed no significant
effect on the catalytic results. One mutation, D100A, abrogated catalytic activity. Some of our previous
work with LmrR-based enzymes also found this position to be immutable for catalysis, suggesting that it
may be crucial for proper protein folding.**** Mutations at the six remaining residues produced larger,
positive or negative, effects on the yield and enantioselectivity obtained in catalysis, indicating a greater
importance for catalytic activity. We also tested the twelve mutants in the cell-free extract (CFE), and
observed a similar trend in the catalysis results to those obtained with purified proteins (Supplementary
Table S2). Together, these results enabled a focussed directed evolution campaign by prioritising mutations
at positions whose importance was highlighted by our alanine scanning as demonstrated in our previous
work.*?



DIRECTED EVOLUTION

We created randomised codon libraries at the six positions shown to be important for catalysis with alanine
scanning (L18, K22, A92, F93, S95, S97).* We opted for the NDT codon, which encodes 12 amino acids
with a good representation of the functional diversity of all 20 proteogenic amino acids.*® The degenerate
codon libraries were produced by QuikChange PCR and their qualities were confirmed with pooled plasmid
sequencing.?’ Cell-free extracts obtained from the resultant libraries were screened by chiral-HPLC and
mutants that had beneficial effects on enantioselectivity and yield were verified with purified protein
(representative screening results presented in Supplementary Figure 1, summary of hits identified in
Supplementary Table S3). After one round of screening, we found a few improved mutants, including L18R
and S95G, which afford higher yield and enantioselectivity in production of 3a relative to LmrR pAF
(Figure 3, Supplementary Table S4). Gratifyingly, these particular mutants produced a synergistic effect
when combined, giving yet further improvements in the double mutant LmrR_pAF L18R_S95G (Figure
3, Supplementary Table S4). In a similar manner, we continued with a second round of library screening,
selecting five positions close to the catalytic residue for randomisation. This second round of screening
identified one further improved mutant, LmrR pAF L18R _S95G_MSE89N (hereafter, LmrR_pAF RGN)
which affords the product 3a with a yield of 74 % and an enantiomeric excess of 87 % under our standard
reaction conditions (Figure 3, Supplementary Table S4). As with LmrR_pAF, mutation of the catalytic
residue in LmrR_pAF RGN to either lysine or tyrosine abrogates activity (Supplementary Table S4).

Whilst the nature of the contributions of these mutations towards efficient and selective catalysis is hard to
rationalise, it is notable that both this directed evolution campaign and our previous campaign with
LrmR pAF found mutants with an arginine residue close to the catalytic residue (previously A92R was
identified).*! Positively charged residues in enzymes with catalytic lysine or proline residues are known to
promote catalysis by perturbing pK.s in the active site, or stabilising negatively charged intermediates.*!
It is possible that R18 facilitates stereo selective iminium formation, shown to be the stereoselectivity
determining step in the Friedel-Crafts reaction,>? acting as a primitive oxyanion hole to promote hemiaminal
formation or dehydration. Since the asparagine mutation at position M89 also introduces a new sidechain
with hydrogen accepting properties this residue plausibly cooperates with R18 during iminium ion
formation. Mutation of the S95 residue to glycine involves a significant shift in helical propensity®* and
thus may perturb the secondary structure in the particularly dynamic a4 helix,’®>* thus shifting the
conformational ensemble toward more catalytically productive states.3>
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Figure 3: Left: Yields and enantioselectivities of mutants obtained throughout directed evolution of
LmrR_pAF for the formation of 3a, results with purified protein under standard conditions outlined in table
1. Mutations were obtained by screening of degenerate codon libraries (dashed lines), or by rational
recombination (solid lines). Right: positions of residues mutated in LmrR_pAF RGN are shown in the
crystal structure of LmrR_pAF (PDB: 61I8N).



SUBSTRATE SCOPE

We assessed the performance of LmrR pAF and LmrR_pAF RGN with a variety of indole and enal
substrates, finding that the evolved mutant outperformed the parent in both yields and enantioselectivities
for almost all tested substrate combinations. Isopropyl and methyl groups in the beta-position of the enal
afforded products 3b and 3¢ with moderate and excellent yields, respectively. In the case of 3b only a small
loss in enantioselectivity was observed when LmrR_pAF RGN was used as catalyst, compared with
product 3a. Notably, cinnamaldehyde (product 3d) was not tolerated well, giving very low yields with both
LmrR pAF and LmrR pAF RGN. However, using the same loading of LmrR (entry 5) did not afford
product 3d, suggesting that the pAF residue is involved in catalysis.

When different indole substrates were employed together with trans-2-hexenal la the corresponding
products were obtained with moderate to good yields, with LmrR_pAF RGN showing improved results in
each case. Using this evolved artificial enzyme, unsubstituted indole, 5-methyl-indole and 5-methoxy-
indoles were converted to products 3e-3g without any loss in enantioselectivity compared to the 2-methyl-
indole substrate employed in our directed evolution. For products 3e and 3g, the major enantiomer can be
tentatively assigned as (S)-configured based on comparison with order of elution on chiral normal-phase
HPLC to the literature.>* With the doubly substituted 5-methoxy-2-methyl-indole product 3i was obtained
with a good yield and with little loss in enantioselectivity compared to 3a. The electron poor 5-bromo-
indole proved unreactive under standard conditions (product 3h), affording no product. In general,
LmrR_pAF, but especially the evolved LmrR_pAF RGN, maintain enantioselectivity with changes in the
steric/electron properties of the substrate. This tolerance towards structurally diverse substrates highlights
our evolved mutant as a promising lead for the generation of a highly selective and generally applicable
biocatalyst for this Friedel-Crafts alkylation.



Table 2: Substrate scope of indoles and enals converted to the corresponding Friedel-Crafts products 3a-
3i by LmrR_pAF and LmrR_pAF RGN

e8!
X N

H

(1) LmrR_pAF_mut _

(2) NaBHa

OH

Iz

3aX=Me,Y=H,R=n-Pr
v 3bX=Me,Y=H,R=iPr

cx=Me Y=H R=Mgp
3dy =H,Y=H,R=nPr

3¢ X=H,Y=Me,R=n-Pr

3g X=H,Y=0Me, R=n-Pr

Xl 250 -2

3
3

LmrR pAF LmrR_pAF RGN
Entry | Product | Yield (%)® | ee (%)® | Entry | Product | Yield (%)® | ee (%)®
1 3a 42 +4 45+ 0 11 3a 74+ 2 87=+0
20 3b 24+ 1 58+ 0 120 3b 34+ 6 832
3 3¢ 76+ 7 33+1 13 3c 95+7 58+ 1
4 3d 3+£0 20+1 14 3d 4+1 13+9
5(de) 3d <1 -
6" 3e 10+1 50+0 150 3e 27+2 89+ 1
70 3f 16+ 1 41+ 0 169 3f 31+3 89 £2
80 3g 2412 5541 | 170 3g 40+ 3 89+ 1
9© 3h <1 - 18© 3h <1 -
10 3i 62 +11 58+0 19 3i 75+9 82 +1

Reaction conditions: LmrR variants (20 uM dimer concentration) in pH 6.5 buffer containing NaCl (150
mM) and NaH>POy4 (50 mM), 8 vol% DMF, [indole] = 1 mM, [enal] = 5 mM, reaction time 16 hours,
reactions conducted at 4 °C with mixing by continuous inversion in 300 uL total volume. Reduction with
NaBH, ( 60 uL, 20 mg mL™ in 0.5 w~v% NaOH) afforded the alcohol products 3a-3i. For each entry, two
independent experiments were conducted, each in duplicate. Errors are the standard deviation of the results
thus obtained. @Yields determined using normal phase HPLC using 3-(3-hydroxypropyl)indole as internal
standard. ¥ Enantiomeric excess determined using chiral normal-phase HPLC (Chiracel OJ-H (3a), AS-H
(3b, 3¢, 3f), OD-H (3d, 3e, 3h, 3i) or OB-H (3g)). © Reaction time 40 hours. ” LmrR was used in place of
LmrR_pAF. © No product could be detected. V 50 uM artificial enzyme (concentration of dimer) was used,

reaction time 64 hours.



KINETIC ANALYSIS

Having genetically optimised LmrR_pAF for both Friedel-Crafts alkylation and hydrazone formation*' we
wanted to assess if the mutations in each evolved variant promote catalysis by the pAF residue in a general,
or reaction specific, manner.’”® In order to assess this, we selected three mutants for comparison,
LmrR pAF, LmrR pAF RGN, as well as the mutant with the highest ke, for the hydrazone formation
reaction studied in our previous work, LmrR_pAF RMH.*! We then determined the kinetic parameters for
one substrate according to the Michaelis-Menten equation for both the transformation of 1a and 2a into 3a
(Table 3, Supplementary Figure S2) as well as the hydrazone formation reaction between 4 and 5 to give 6
(Table 4, Supplementary Figures S3 and S4).

Focusing on the Friedel-Crafts alkylation, we saw that the evolved mutant LmrR pAF RGN has a
significantly decreased Kv for the enal 1a, indicating increased affinity towards this substrate (Table 3).
The ke for this mutant is also somewhat decreased relative to LmrR_pAF, which may be an expense paid
for selecting based on enhanced stercoselectivity, and not on enhanced kinetic properties. An overall
increase in catalytic efficiency (kca/ Km) of around 60% is obtained over the course of the evolution. Relative
to LmrR_pAF, however, LmrR_pAF RMH has a similar Ky for the enal 1a, but a ~5 fold decrease in kcat,
and an overall ~8-fold loss in catalytic efficiency, demonstrating that increased activity for hydrazone
formation emerges at the expense of a promiscuous activity (Table 3). Indeed, the same characteristic is
observed with LmrR pAF RGN in the hydrazone forming reaction, it shows an increased Ky for the
hydrazine 5, and a ~2-fold loss in ke relative to LmrR_pAF, resulting in a ~3-fold drop in catalytic
efficiency (Table 4). Directed evolution of this enzyme for the Friedel-Crafts reaction gave a more modest
increase in catalytic efficiency compared to our previous directed evolution for hydrazone formation, but a
smaller loss in the promiscuous activity not under selection is also observed.

Table 3: Michaelis-Menten kinetic parameters calculated for a single substrate, 1a, for the Friedel-Crafts
reaction between la and 2a to give 3a.

Mutant Kwi-1a, app (mM) Keat, app (s x 102 (kea/Kn) app (M 's™) vs. LmrR_pAF
LmrR pAF 182+2.8 1.45+0.11 0.80 £0.06 1
LmrR pAF RGN | 52+0.9 0.64 +£0.03 1.25+0.17 1.56
LmrR pAF RMH | 25.7+6.6 0.27 £0.04 0.11 £0.02 0.14

Determined at 25 °C in phosphate buffer (50 mM) containing NaCl (150 mM) and 5% (v/v) DMF at pH
6.5. 2a was kept at a concentration of 1 mM and 1a was varied between 2 mM and 30 mM.

Table 4: Michaelis-Menten kinetic parameters calculated for a single substrate, 5, for the hydrazone
formation reaction between 4 and 5 to give 6.

, \o LmrR pAF mut / (1)
_N =N

H,NHN

4 0,
Mutant KM-S, app (HM) kcat, app (S-l) X 103 (kcat/KM)app (M_IS_I) VS. Ler pAF
LmrR_pAF? 122 £10 0.23 +0.01 1.85+0.08 1
LmrR pAF RGN | 203 + 87 0.11 £0.03 0.56£0.17 0.30
LmrR pAF RMIF | 38 +4 3.98 £0.16 105 + 7 56.7

Determined at 25 °C in phosphate buffer (50 mM) containing NaCl (150 mM) and 5% (v/v) DMF at pH
7.4. The estimated errors reflect the standard deviation from three independent experiments. 4 was kept at

a constant concentration of 5 mM, the concentration of 5 was varied from 20 to 200 uM. ‘Data from ref.
41.



Together these results show that in both this study and our previous work new activities in LmrR_pAF
evolve at the expense of others, i.e. divergent evolution of function or “evolutionary trade-offs” (Figure 4).
Such specialisation is often observed in natural and laboratory evolution®’* and may play an important role
in the evolution of new enzyme function in nature after gene duplication.®® In most cases in natural enzymes,
losses in the activity not under selection pressure are significantly lower than gains in the selected activity,
probably related to organism fitness retention, however our results show a more pronounced specialisation
effect.”’ Specialisation through mutation has been employed to tune product distributions obtained from
promiscuous natural enzymes,°' and to unlock new-to-nature reactivities in engineered enzymes.®* Here we
have shown that we can exploit this effect in promiscuous enzymes that operate with non-canonical catalytic
machinery in order to specialise them towards selective and useful transformations (Figure 4).

(a) C=N bond formation } (b)

[C-C bond formationj
1la + 2a > 3a

promiscuous

specialised

Figure 4: (a) Promiscuous transformations catalysed by LmrR_pAF. (b) Directed evolution has specialised
LmrR_pAF, increasing catalytic efficiency for reaction selected for, whilst the promiscuous activity is
concomitantly diminished, giving specialised variants LmrR_pAF RMH and LmrR_pAF RGN.

DISCUSSION AND IMPLICATIONS

Aniline and its derivatives are rather limited in their catalytic capabilities®** which include hydrazone

formation previously demonstrated with LmrR_pAF*>*' but not the full breadth of iminium-based
transformations catalysed by other amine catalysts.'” Here we have demonstrated that the
microenvironment provided by the LmrR scaffold expands the catalytic properties of the pAF residue
beyond those inherent to the sidechain by itself, achieving catalysis normally associated with secondary
amines. However, the lack of steric bulk about the amino moiety in pAF may also permit conversion of
substrates which are challenging for secondary amine catalytic groups seen in other promiscuous and
artificial enzymes.?*-66:67

Compared to the earlier reported Cu(Il) based artificial enzymes for Friedel-Crafts alkylation reactions,®
the reaction developed herein is not only metal-free, but the need for a chelating group in the substrate is
also obviated. Instead, both the enal substrate and the product contain aldehyde moieties, whose set of
functional-group interconversions is extremely diverse, including the in-situ reduction to alcohol shown
herein.® Whilst some natural and engineered enzymes are now known to catalyse Friedel-Crafts alkylation
and acylation, the substrate scope of the arene component is limited to (poly)-hydroxylated resorcinol
derivatives.”!! Secondary amine-based organocatalysts catalyse the Friedel-Crafts alkylation of activated
arenes with o,B-unsaturated aldehydes."!'”'® However, often, high catalyst loadings, organic solvents and



cryogenic temperatures are required.”’ Here we demonstrate how this reaction can be conducted with
reduced catalyst loadings, in aqueous media without significant change from ambient temperature with a
catalyst that can be genetically optimised using the Darwinian algorithm.

CONCLUSIONS

Here we have shown how iminium-based mechanisms from organocatalysis can be translated into a
biocatalytic context by creating artificial enzymes with non-canonical catalytic residues incorporated by
expanded genetic code technology. The artificial enzyme described here stereoselectively constructs an
important chemical linkage with a different approach to those employed by natural enzymes. Whilst small
molecule catalysts often require empirical structural optimisation, this artificial enzyme could be optimised
using the Darwinian algorithm through directed evolution. We envision that this new approach will enable
many more enzymatic reactions vig iminium ion reaction intermediates, thus expanding the biocatalytic
repertoire to enable further reactions for green synthesis.'**>7!
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1. Supplementary Figures

Supplementary Figure S1: Representative results from library screening
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Supplementary Figures S2-S4: Plots of Michaelis-Menten Kinetics

Supplementary Figure S2: Apparent Michaelis-Menten kinetics of the Friedel-Crafts alkylation of 2-
methylindole with trans-2-hexenal for LmrR_pAF, LmrR_ pAF RMH (evolved mutant for hydrazone
formation) and LmrR_pAF RGN (evolved mutant for Friedel-Crafts alkylation). Conditions: 50 mM
NaH,POs, 150 mM NaCl, pH 6.5, 1-5 uM protein (dimer) concentration, | mM 2-methylindole, 5%
DMF, 25 °C. Values are an average of three experiments including both biological and technical
replicates. Some error bars are too small to be shown.
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Supplementary Figure S3: Apparent Michaelis-Menten kinetics of the hydrazone formation of 4-
hydroxybenzaldehyde with NDB-H for LmrR _pAF, LmrR_pAF RMH (evolved mutant for hydrazone
formation) and LmrR pAF RGN (evolved mutant for Friedel-Crafts alkylation). Conditions: 50 mM
NaH:POs, 150 mM NaCl, pH 7.4, 2 uM protein (dimer) concentration, 1-5 uM protein (dimer)
concentration, 5 mM 4-hydroxybenzaldehyde, 5% DMF, 25 °C. Values are an average of three
experiments including both biological and technical replicates. Some error bars are too small to be
shown. This graph includes previously obtained data (Mayer et al., Angew. Chem. Int. Ed., 2019, 2083-
2087)
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Supplementary Figure S4: Cropped view of Supplementary Figure S3 to more clearly show the data for
LmrR pAF and LmrR pAF RGN. Some error bars are too small to be shown. This graph includes
previously obtained data (Mayer et al., Angew. Chem. Int. Ed., 2019, 2083-2087).
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2. Supplementary Tables

Supplementary Table S1: Friedel-Crafts catalysis with purified LmrR_pAF (alanine)
mutants and control mutants

Mutant Yield (%) £ S.D. | Ayieia (%)* ee (%) £S.D. [ Aw (%)
LmrR 240 - N.D. -

LmrR VISY 2+0 - N.D. -

LmrR VI5K 3+0 - N.D. -

LmrR VI5pAF 42+4 - 45+0 -

LmrR VISpAF E7A 39+ 1 3 45+ 1 0

LmrR VI5pAF AlIL 40 +2 2 49+ 0 +4
LmrR_V15pAF LISA 35+5 -7 29+5 -16
LmrR VI5pAF NI9A 39+ 7 3 49+ 0 +4
LmrR_V15pAF _K22A 46 £ 3 +4 36+1 -9
LmrR VI5pAF N8SA 36+ 6 -6 49 £ 4 +4
LmrR_VISpAF MS9A 37+4 5 47+2 2
LmrR_V15pAF A92E 35+1 9 41+0 4
LmrR_VI15pAF_F93A 30+4 -12 47+0 +2
LmrR_V15pAF_S95A 38+4 4 50+ 0 +5
LmrR_V15pAF_S97A 46 £ 3 +4 52+1 +7
LmrR V15pAF DI100A 22+ 11 20 10+0 35

Reaction conditions: 50 mM NaH,PO4, 150 mM NaCl, pH 6.5, 1 mM 2-methyl-indole, 5 mM trans-2-hexenal,
8% DMF, 20 uM protein (dimer) concentration, 4 °C and 16 hours reaction time. Values are the average of at least
two independent experiments, each conducted in duplicate, errors given are the standard deviation of the results
thus obtained. * change in ee and yields obtained w.r.t. those obtained with LmrR_V15pAF was used to classify
the effects of mutations on catalysis. Entries in bold signify positions chosen as targets for directed evolution.
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Supplementary Table S2: Friedel-Crafts catalysis with LmrR_pAF (alanine) mutants
and control mutants in cell-free extract

Mutant Ace (Y0)* Ayieid (%)*
LmrR 25+ 6 9+3
LmrR VIS5Y 25+6 -10+3
LmrR VI5pAF 0 0
LmrR VI5pAF E7A -1+1 31
LmrR VI5pAF Al1L 4+3 3+0
LmrR_VI15pAF L18A +1+1 0+1
LmrR VI5pAF NI19A +1+£1 2+0
LmrR _VI15pAF _K22A -5+3 31
LmrR VI5pAF N88A +2+£2 -1+£2
LmrR VI5pAF M89A -16+5 -6+2
LmrR_VI15pAF _A92E -8 +4 3+1
LmrR _VI15pAF_F93A 5+0 S+1
LmrR _VI15pAF_S95A +1+2 +2+1
LmrR VI15pAF S97A 0+3 2+1
LmrR VI5pAF DI100A 24+5 SEY

Reaction conditions: Cell free extract (see methods) 50 mM NaH»POs, 150 mM NacCl, pH 6.5, 1 mM 2-methyl-
indole, 15 mM trans-2-hexenal, 8% DMF, 4 °C and 16 hours reaction time. Values are the average of two
independent experiments, each conducted in duplicate, errors given are the standard deviation of the results thus
obtained. * change in ee and yields obtained w.r.t. those obtained with LmrR V15pAF was used to classify the
effects of mutations on catalysis. Absolute yield and enantioselectivity values vary for each independent culture,
presumably due to varying expression levels, and thus only the differences with the LmrR_pAF positive control
are shown.

S7



Supplementary Table S3: Summary of library screening results

Round

Library

Hits

LmrR pAF L18NDT

L18R

LmrR_pAF K22NDT

LmrR_pAF_A92NDT

A92F

LmrR pAF F93NDT

LmrR pAF S9SNDT

S95F, S95G

LmrR pAF S97NDT

S97F, S97D

LmrR_pAF L18R_K22NDT

LmrR_pAF _LI18R_A92NDT

LmrR pAF LISR S95G MSNDT

LmrR pAF LI1SR S95G A1INDT

LmrR pAF LI18R S95G NI19NDT

LmrR pAF LI18R S95G_MS8ONDT

DN NN N[N DI [ = [ = [ = [ | |

LmrR pAF LISR S95G A92NDT
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Supplementary Table S4: Friedel-Crafts catalysis with purified LmrR_pAF library hits
and recombined mutants and control mutants

Mutant Yield (%) = S.D. ee (%) = S.D.
LmrR VI5pAF 42+ 4 45+0
LmrR VI5pAF L18R 58 +£2 67+0
LmrR VI5pAF A92F* 60 70
LmrR VI5pAF A92Y? 54 57
LmrR VI5pAF S95F* 50 57
LmrR VI5pAF S95G 46 +7 55+ 1
LmrR VI5pAF S97F? 46 44
LmrR VI15pAF S97D? 36 54
LmrR VI5pAF L18R A92F* 67 54
LmrR VI5pAF L18R S95F* 40 17
LmrR VI5pAF L18R S95G 70 + 8 78+ 0
LmrR VI5pAF L18R S95G MSON 74 +2 87+0
LmrR V15Y L18R S95G MS8IN 1+£0 N.D.
LmrR VI5K L18R S95G M8IN 2+0 N.D.

Reaction conditions: 50 mM NaH,PO4, 150 mM NaCl, pH 6.5, 1 mM 2-methyl-indole, 5 mM trans-2-hexenal,
8% DMF, 20 uM protein (dimer) concentration, 4 °C and 16 hours reaction time. Values are the average of at least
two independent experiments, each conducted in duplicate, except where noted. Errors given are the standard
deviation of the results thus obtained. * average result from a duplicate experiment
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3. Materials and Equipment

Chemicals were purchased from commercial suppliers (Sigma (UK), Acros (Germany), TCI
(Belgium/Japan) and Flurochem (UK)) and used without further purification unless specified. Flash
column chromatography was performed on silica gel (Silica-P flash silica gel from Silicycle, 0.040-
0.063 mm, 230-400 mesh). The unnatural amino acid pAzF was purchased as racemic mixture
from Bachem (Switzerland) or as the enantiopure hydrochloride salt from Iris-Biotech (Germany).
NMR 'H-NMR and *C-NMR spectra were recorded on a Varian 400 (400 MHz) spectrometer in CDCl;
or (CD3)>SO. Chemical shifts values (8) are denoted in ppm using residual solvent peaks as the
internal standard (CHCls: 8 7.26 for 'H; 77.16 for 1*C. (CD;),SO: & 2.50 for 'H; 39.52 for *C). HPLC
analysis was conducted using a Shimadzu LC-10ADVP HPLC equipped with a Shimadzu SPD-
MI10AVP diode array detector. Plasmids pEVOL-pAzF was obtained from Addgene (pEvol-pAzF was
a gift from Prof. Peter Schultz (The Scripps Research Institute)). E. coli strains, NEB5-alpha, NEB10-
beta and BL21(DE3) (New England Biolabs) were used for cloning and expression. Primers were
synthesized by Eurofins MWG Operon (Germany) and Sigma-Aldrich (UK). Plasmid Purification Kits
were obtained from QIAGEN (Germany) and DNA sequencing carried out by GATC-Biotech
(Germany). Phusion polymerase and Dpnl were purchased from New England Biolabs. Gibson cloning
was conducted using NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs). Strep-
tactin columns (Strep-Tactin® Superflow® high capacity) and Desthiobiotin were purchased from IBA-
Lifesciences (Germany). Concentrations of DNA and protein solutions were determined based on the
absorption at 260 nm or 280 nm on a Thermo Scientific Nanodrop 2000 UV-Vis spectrophotometer.
UV/Vis absorption spectra and kinetic assays were recorded at 25 °C on a Jasco V-660
spectrophotometer. UPLC/MS analysis was performed on Waters Acquity Ultra Performance LC with
Acquity TQD detector. Water (solvent A) and acetonitrile (solvent B) containing 0.1% formic acid by
volume, were used as the mobile phase at a flow rate of 0.3 mL/min. Gradient: 90% A for 2 min, linear
gradient to 50% A in 2 min, linear gradient to 20% A in 5 min, followed by 2 min at 5% A. Re-
equilibration of the column with 2 min at 90% A.
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4. Methods

4.1 Protein Purification

LmrR_pAF variants were produced and purified as previously described'. The identity and purity of
proteins and the successful reduction of pAzF were determined by mass spectrometry. Protein
concentration was determined by correcting the calculated extinction coefficients for LmrR variants for
the absorbance of pAF (g250 = 1333 M em™)

4.2 Alanine mutant construction

Where mutations were far separated from position V15 in the LmrR gene, we used previously prepared
mutated LmrR plasmids® and introduced the VI15TAG mutation, in other cases we incorporated the
desired mutations into the LrmR_VI15TAG gene. Primers are described in section 5, and Phusion
polymerase was used. The following PCR protocol was used: (1) initial denaturation at 95 °C for 1 min,
(2) 16 cycles of denaturation at 98 °C for 30 s, annealing at 56-68 °C for 30 s, and extension at 72 °C
for 5 min, (3) a final extension at 72 °C for 10 min. The resulting PCR product was digested with Dpnl
for 2 hours at 37 °C and subsequently purified (PCR purification kit, Qiagen). The obtained PCR
product (100-200 ng) was transformed into chemically-competent E. coli NEB5a cells and spread onto
LB agar plates containing ampicillin (100 pg/mL). The plates were incubated at 37 °C overnight and
individual colonies were grown in 5 mL LB containing ampicillin (100 pg/mL) overnight. The plasmid
DNA was isolated (miniprep kit, Qiagen) and sent for sequencing (GATC Biotech) to confirm correct
mutation. The isolated plasmid was then co-transformed with pEVOL_pAZzF into chemically-competent
E. coli BL21(DE3) cells which were spread onto LB agar plates containing ampicillin (100 pg/mL) and
chloramphenicol (34 pg/mL). Single colonies from these plates were used for protein expression.

4.3 Library Construction

The previously described pET17b LmrR V15X plasmid was used as template for the library
construction'. In addition to an in-frame TAG stop codon at position V15, this variant also features
mutations of two lysines (K55D and K59Q), which abrogate the natural DNA-binding ability of LmrR.
Randomization at residues lining the active site was achieved by site-directed mutagenesis
(QuikChange, Agilent Technologies) starting from pET17b_LmrR V15X and appropriate primer pairs
and Phusion polymerase (see Section 5 of the Supporting Information). The following PCR protocol
was used: (1) initial denaturation at 95 °C for 1 min, (2) 16 cycles of denaturation at 98 °C for 30 s,
annealing at 56-68 °C for 30 s, and extension at 72 °C for 5 min, (3) a final extension at 72 °C for 10
min. The resulting PCR product was digested with Dpnl for 2 hours at 37 °C and subsequently purified
(PCR purification kit, Qiagen). The obtained PCR product (100-200 ng) was transformed into
chemically-competent E. coli NEB10-beta cells (prepared by the Inoue method?*) and spread onto LB
agar plates containing ampicillin (100 pg/mL). The colonies obtained (>100) were scraped off with a
Drigalski spatula into 5 mL fresh LB media containing ampicillin (100 ug/mL). The cultures thus
obtained were incubated for 2 - 4 hours at 37 °C with 135 rpm shaking. The plasmid DNA was isolated
(miniprep kit, Qiagen) and sent for sequencing (GATC Biotech) to confirm library quality. Once library
quality was confirmed Qpool ~ 0.6 or greater’ the plasmid DNA was transformed into chemically-
competent E. coli BL21 (DE3) cells containing the plasmid pEVOL-pAzF and spread onto LB agar
plates containing ampicillin (100 ug/mL) and chloramphenicol (34 ug/mL). After incubation overnight
at 37 °C, single colonies were picked and transferred into 96-well plates containing LB media with the
same antibiotics. Before the second round the LmrR V15X L18R S95G insert was cloned into the
same vector using the Gibson method as described below.
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4.4 Gibson Cloning

Before the construction of second-round libraries the LmrR V15X L18R S95G insert was re-cloned
into it a fresh vector to prevent the accumulation of detrimental mutations in areas of the plasmid that
are not elucidated by sequencing with the T7 primer, after several sequential rounds of QuikChange.
We amplified the LmrR_ V15X L18R_S95G insert and the vector from pET17b_LmrR6 using primers
described in section 5, Phusion polymerase and the following PCR protocol: (1) initial denaturation at
95 °C for 1 min, (2) 30 cycles of denaturation at 98 °C for 30 s, annealing at 56 °C for 30 s, and extension
at 72 °C for 5 min, (3) a final extension at 72 °C for 10 min. The resulting PCR product was digested
with Dpnl over-night at 37 °C and subsequently purified (PCR purification kit, Qiagen). The NEBuilder
HiFi DNA Assembly Reaction was conducted with the PCR products thus obtained according to the
manufacturer protocol. After assembly the product was transformed into chemical competent £. Coli
NEB5a cells and spread on to LB agar plates containing ampicillin (100 pg/mL) and incubated at 37
°C overnight. Individual colonies were picked into 5 mL LB media with the same antibiotic and grown
overnight at 37 °C. The plasmid DNA was isolated (miniprep kit, Qiagen) and sent for sequencing
(GATC Biotech).

4.5 Preparation of Cell-Free Extracts in Deep-Well Format

Libraries were prepared as described above. (36 — n) colonies (where n = number of controls, 2 in first
round, 4 in second round), obtained from the library preparation, were transferred into 1.5 mL deep well
plates containing 500 pL. LB media and appropriate antibiotics. In addition to library members, 2 or 4
wells were inoculated with glycerol stocks of controls (LmrR_pAF, LmrR, and LmrR L18R and
LmrR pAF R S95G in the second round). The resulting deep well plates were incubated overnight at
37 °C while shaking at 950 rpm (Titramax 1000 & Incubator 1000, Heidolph). The next morning, 50
uL of the densely grown overnight cultures were transformed into fresh 96-deep well plates containing
1150 pL LB media and appropriate antibiotics. Glycerol (500 pL, 50 % with miliQ water) was added
to the remaining overnight culture, mixed thoroughly and stored at - 70 °C. Bacteria were cultured at
37 °C for 5 - 6 hours while shaking at 950 rpm. Subsequently, protein production was induced by
addition of 50 uL. LB media, containing IPTG (1.2 pL of a 1 M stock solution), arabinose (1.2 pL of a
20% arabinose stock solution) and p-azidophenylalanine at a concentration of 15 mM (final
concentrations: [PTG = 1 mM, arabinose = 0.02%, pAzF = 0.6 mM). To avoid precipitation of the
unnatural amino acid, pAzF was dissolved by addition of 1 equivalent of base (1 M NaOH) prior to
addition to the LB media. Plates were then incubated at 30 °C for 16 hours while shaking (950 rpm)
and harvested by centrifugation (3,500 rpm at 4 °C for 15 minutes). After removing the supernatant,
cells were washed by addition of 500 pL of buffer A (50 mM sodium phosphate, 150 mM NaCl, pH =
6.5), and the supernatant was again discarded after centrifugations (3,500 rpm for 10 minutes). For the
preparation of cell-free extracts, bacteria were resuspended in 300 pL buffer A, containing protease
inhibitor (Roche cOmplete), lysozyme (1 mg/mL). DNase I (0.1 mg/mL) and MgSO4 (10 mM) to assist
in cell lysis and prevent protein degradation. Resuspended cells were incubated for 2 hours at 30 °C at
800 rpm and then stored until further use at -20 °C. The lysates were defrosted and 30 uL of a TCEP
stock solution (100 mM in buffer A, adjusted to pH 6.5 by addition of 6 M NaOH) was added to
individual wells. The reduction was initially performed for 2 hours at 30 °C, after which incubation was
continued overnight at 4 °C. Subsequently, cell debris was removed by centrifugation (4,000 rpm, 1
hour, 4 °C) and 276 pL. of cell-free lysate was transferred into 2 mL microcentrifuge tubes for catalysis,
stored at 4 °C and used within 8 hours.

4.6 Friedel-Crafts Catalysis with Cell-Free Extracts and Purified Proteins
Reactions were conducted in 300 pL total volume in a 2 mL microcentrifuge tube. Stock solutions of
protein in pH 6.5 PBS buffer (S0 mM NacCl, 150 mM NaH,POs) to give the specified final concentration
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and the same buffer was added to make up 276 uL volume. For screening of degenerate codon libraries,
276 pL of cell-free lysate was used instead. Stock solutions of indole (25 mM in DMF, 12 pL added,
final concentration 1 mM) and enal (125 mM or 675 mM when using cell-free lystate, 12 uL added to
give final concentrations of 5 mM or 15 mM with cell free lysate) substrates were added. The
microcentrifuge tubes were then mixed by continuous inversion in a cold room as 4 °C for the specified
reaction time. After the reaction time had elapsed, NaBHj solution (60 pL, 20 mg/mL in 0.5 w/v %
NaOH) and 3-(3-hydroxyindole) internal standard solution (12 pL, 5 mM in DMF) were added. The
micro-centrifuge tubes were mixed by continuous inversion for a further 30 minutes. The reaction
products and internal standard were then extracted by vortex mixing with EtOAc (1 mL) and the organic
extract was dried over Na;SOys, filtered and evaporated to dryness. The residue thus obtained was
redissolved by vortex mixing with HPLC grade solvent (heptane:isopropanol 4:1, 90 uL) and analysed
by normal phase HPLC to determine yield and enantioselectivity with a 20 pL injection volume.

4.7 Kinetic Characterisation — Hydrazone Formation

Conducted as previously described®. One measurement with LmrR_pAF was repeated to obtain results
within the error previously determined. Measurements with LmrR_pAF RGN were conducted in
triplicate, one of the triplicate measurements utilised an independently expressed batch of enzyme.

4.8 Kinetic Characterisation — Friedel-Crafts Alkylation

Reactions were conducted as described for catalysis but with 1 mL total volume with a total of 5 vol%
DMF, with 1 mM 2-methylindole concentration and varying concentrations of trans-2-hexenal (2 mM,
5 mM, 10 mM, 15 mM, 20 mM and 30 mM) which was distilled by kugelrohr apparatus prior to use.
Enzyme concentrations were adjusted so that no reaction aliquot produced a yield above 10 % for any
given enzyme mutant and substrate concentration (2 — 20 uM). The microcentrifuge tubes were
incubated in an orbital shaker at 25 °C and 300 pL aliquots were removed at three time points (between
15 and 90 minutes depending on the enzyme mutant and enal concentration) and quenched by vortex
mixing following addition of NaBH4 solution (60 pL, 20 mg/mL in 0.5 w/v % NaOH) and 3-(3-
hydroxyindole) internal standard solution (12 pL, 5 mM in DMF). Products and internal standard were
extracted as described for catalysis and the yield was determined in the same manner by normal phase
HPLC. Each reaction was conducted in triplicate, one of these triplicate reactions was also conducted
using an independently expressed batch of enzyme.
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5. Primer List

Primer Sequence
V15TAG_fw ACCAATTAGATCCTGCTGAATGTCC
V15TAG rv GCAGGATCTAATTGGTTTGAGCAC
L18A fw ATCCTGGCGAATGTCCTGAAACAA
L18A rv GGACATTCGCCAGGATCTAATTGG
N19A fw CTGCTGGCGGTCCTGAAACAAGGC
N19A rv TCAGGACCGCCAGCAGGATCTAATTGGT
K22A fw GTCCTGGCCCAAGGCGATAACTATGTGT
K22A rv GCCTTGCGGCAGGACATTCAGCAG
L18NDT _fw GATCCTGNDTAATGTCCTGAAACAAG
L18NDT rv GACATTAHNCAGGATCTAATTGGTTTGA
K22NDT _fw TGTCCTGNDTCAAGGCGATAACTATGTG
K22NDT _rv GCCTTGAHNCAGGACATTCAGCAG
A92NDT fw CGCCTGNDTTTCGAATCCTGGAGTCGTG
A92NDT rv ATTCGAAAHNCAGGCGCATGTTTTCATGGC
FO3NDT _fw GAAAACATGCGTCTGGCCNDTGAATCCT
FO3NDT rv ACACGACTCCAGGATTCAHNGGCCAG
S95NDT _fw CGCCTGGCGTTCGAANDTTGGAGT
S95NDT rv TGTCCACACGACTCCAAHNTTCGAACG
S97NDT _fw GCGTTCGAATCCTGGNDTCGTGTG
S97NDT rv CAATGATTTTGTCCACACGAHNCCAGGAT

L18R_K22NDT_fw

TGTCCTGNDTCAAGGCGATAACTATGTG

L18R_K22NDT_rv

GCCTTGAHNCAGGACATTACGCAG

A1INDT_fw CTGCGTNDTCAAACCAATTAGATCCTG

ATINDT _rv TGGTTTGAHNACGCAGCATTTCTT
L18R_fw GATCCTGCGCAATGTCCTGAAACAAG
L18R_rv GGACATTGCGCAGGATCTAATTGGTTTG

Gibson_vector_fw

CACCCGCAGTTCGAAAAATAAAAGCTT

Gibson_vector_rv

GGGATTTCGGCACCCATATGTATATCTC

Gibson_insert_fw

GAGATATACATATGGGTGCCGAAATCCC

Gibson_insert_rv

AAGCTTTTATTTTTCGAACTGCGGGTG

L18R_N19NDT_fw

CTGCGTNDTGTCCTGAAACAAGGC

L18R_N19NDT _rv

TCAGGACAHNACGCAGGATCTAATTGG

S95G_M8INDT_fw

TGAAAACNDTCGTCTGGCGTTCGAAG

S95G_M8INDT_rv

CCAGACGAHNGTTTTCATGGCCGATT

S95G_A92NDT_fw

CGCCTGNDTTTCGAAGGTTGGAGTCGTG

S95G_A92NDT rv

CTTCGAAAHNCAGGCGCATGTTTTCATGGC

L18R_V15K_fw

ACCAATAAAATCCTGCGCAATGTCC

L18R_V15K_rv GCAGGATTTTATTGGTTTGAGCACG
L18R_V15Y_fw ACCAATTATATCCTGCGCAATGTCC
L18R_V15Y_rv GCAGGATATAATTGGTTTGAGCACG
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6. Protein Mass Spectrometry
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LmrR_pAF_M89A

LmrR_pAF_A92E

+19

+20

M- =14973.73 Da

1 Mops = 14576 Da

+16

+11

|-

Mcgic=15091.88 Da
Mons = 15093 Da

+16

+17

650

1050 1250 1450

mjz

LmrR_pAF_F93A

850

650

1050 1250 1450

mfz
LmrR_pAF_S95A

850

+17

+18

Mcaic = 14957.74 Da

+16 Myps = 14959 Da

+15

Mg =15017.84 Da

7 M_g = 15020 Da

+18

+16

+19
+21,5p

650

850

1050 1250 1450

mlz

LmrR_pAF S87A

1050 1250 1450

miz

LmrR_pAF_D100A

850

+19

Mz = 15017.84 Da
Moss = 15020 Da

+17

Meaic = 14989.83 Da
Mopns = 14991 Da

+16

+18 +15

650

1050 1250 1450

mjz

850

S16

T
650

T T T
1050 1250 1450

miz

T
850



LmrR_pAF_L18R LmrR_pAF_S95G
M, = 15076.87 Da Mcarc = 15003.81 Da
20 +18 Mg = 15080 Da s . Mgps=15008 Da
+
+19 | +17 +20
+21
+16 +15 21
+22
+14
+23 +22
24 +13 ) +23 l‘
+1
A L ¢ v A
650 850 1050 1250 1450 650 850 1050 1250 1450
miz miz
LmrR_pAF_L18R_SS5G LmrR_pAF_RGN
M_aie = 15046.84 Da Mcaic = 15029.75 Da
+19+1s+17 Mops = 15049 Da 1951817 Mass =15026 Da
+20
+20 +16
+16
+21
+21 +15
+22 15 1a
+22 14
+23 s +23 +13
+12 " L +12 +11
+
AdLLE L L L L P I
T T T T T T T T T T
650 850 1050 1250 1450 650 850 1050 1250 1450
mfz mjz
LmrR_Y_RGN LmrR_K_RGN
" M, = 15030.74 Da s M = 14995.74 Da
.
. Mots = 15028 Da RN Mobs = 14993 Da
N
+16
+20 +16 20
+21
+15
+22 +14
+13
L 12
b L
650 850 1050 1250 1450 650 850 1050 1250 1450
miz mjz

S17



7. Preparation and Characterisation of Reference Products

7.1 Comment on Preparation of reference products

H o)
N N/
~ NH; / > Ph
Ph
N N Ph N
H H H
A B c D

O(SiMe3)
E

In our hands, racemic reference products could not be efficiently prepared using achiral primary or
secondary amines A, B or C. The resulting reaction mixtures obtained using the procedure below with
20 mol % of these catalysts resulted in a complex mixture and an abundance of residual indole as
evidenced by TLC. Similar difficulties have been reported elsewhere®. Instead, we prepared reference
compounds using chiral secondary amines D or E and diminished the enantioselectivity of the reaction
by heating to 50 °C to obtain a mixture of both enantiomers. We demonstrated the separation of the
product enantiomers thus obtained on two different chiral stationary phases with normal phase HPLC,
measuring very comparable ee in each case, and used these products to prepare calibration curves. We
also prepared the racemic products in a crude form without purification using benzylamine B and
analysed them with the HPLC method used to analyse enzyme catalysed reactions.

7.2 General Procedure for Preparation of Reference Products

Indole derivatives (0.5 mmol) and enal derivatives (1.5 mmol) and secondary amine D (16 mg, 0.05
mmol, general procedure I) or secondary amine E (12 mg, 0.05 mmol, general procedure II) were
dissolved in MeOH (2 mL) in a 4 mL dram vial. The reaction mixtures were stirred at 50 °C (general
procedure II) or ambient temperature (general procedure I) and monitored by TLC. After indole
consumption was achieved, the reaction was cooled in an ice-bath and NaBH4 (114 mg, 3 mmol) was
added portion-wise with stirring. After the addition was complete, the reaction was stirred at ambient
temperature for a further 30 minutes. The reaction was extracted with EtOAc (2 x 2 mL) and water/brine
(2 mL) and the combined organic extracts were washed with brine (2 mL) and dried over Na>SOs. The
EtOAc was removed in vacuo and the resulting extracts were purified by silica-gel chromatography
(heptane:ethyl acetate 6:1-3:1, or pentane:ethyl acetate 3:1). The organic solvent was removed from
product containing fractions from the column in vacuo to obtain the pure reference products.

7.3 General Procedure for Preparation of Crude Racemic Reference Products

Indole derivatives (0.167 mmol) and enal derivatives (0.5 mmol) and benzylamine B (4 uL, 0.033
mmol) were dissolved in methanol (0.7 mL) in a 4 mL dram vial. The reaction mixtures were stirred at
50 °C for 16-21 hr (compounds 3a, 3b, 3¢, 3e, 3f, 3g, 3h, 3i) or 2.5 hr (3d) after which time the reaction
was cooled to 0 °C in an ice bath and NaBH4 (37 mg, 1 mmol) was added portionwise, after which the
reaction was stirred at room temperature for a further 30 minutes. The reaction was extracted with
EtOAc (2 x 1 mL) and water/brine (1 mL) and the organic extract was washed with brine (1 mL) and
dried over Na,SOs. The EtOAc was removed in vacuo and the resulting crude product was analysed by
HPLC.
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7.4 Characterisation of Reference Products

3-(2-methyl-1H-indol-3-yhexan-1-o0l (3a)

OH

Prepared via general procedure I from 2-methyl-indole and trans-2-hexenal, isolated as a pale yellow
oil. '"H NMR (400 MHz, CDCls) & 7.73 (s, 1H), 7.59 (d, J= 7.8 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 7.14
—7.06 (m, 1H), 7.06 — 6.98 (m, 1H), 3.62 — 3.42 (m, 2H), 3.03 — 2.88 (m, 1H), 2.37 (s, 3H), 2.19 - 2.07
(m, 1H), 2.07 — 1.85 (m, 2H), 1.75 — 1.65 (m, 1H), 1.29 — 1.11 (m, 2H), 0.84 (t, J = 7.3 Hz, 3H). 3C
NMR (101 MHz, CDCl;) 6 135.8, 131.4, 127.5, 120.8, 119.5, 118.9, 113.8, 110.5, 62.1, 38.2, 38.0,
33.6,21.3,14.3, 12.3. HRMS (ESI+) calc’d for CisH»NO ([M+H]") 232.1696; found 232.1695. HPLC
Chiracel® OJ-H (heptane:isopropanol 80:20 1 mL/min) 5.7 min (minor); 6.4 min (major) (22
% ee). Chiralcel® AS-H (heptane:isopropanol 90:10 1 mL/min) 5.5 min (minor); 6.1 min
(major) (23 % ee).

4-methyl-3-(2-methyl-1H-indol-3-yl)pentan-1-ol (3b)

OH

Prepared via general procedure II from 2-methyl-indole and 4-methyl-2-pentenal, isolated as a pale
yellow oil. '"H NMR (400 MHz, (CD3),SO) & 10.60 (s, 1H), 7.43 (d, J = 7.9 Hz, 1H), 7.20 (d,J= 7.9
Hz, 1H), 6.96 — 6.89 (m, 1H), 6.88 — 6.82 (m, 1H), 4.17 (t, J = 5.0 Hz, 1H), 3.24 — 3.00 (m, 2H), 2.27
(s, 3H), 2.14 — 1.84 (m, 3H), 1.01 (d, J = 6.5 Hz, 3H), 0.65 (d, J = 6.6 Hz, 3H). '*C NMR (101 MHz,
CDCls) 6 135.7,131.7,127.8, 120.8, 119.7, 119.0, 113.5, 110.4, 62.5, 41.4, 34.9,32.8, 21.9, 21.8, 12.4.
HRMS (ESI+) calc’d for C1sHNO ([M+H]Y) 232.1696; found 232.1697. HPLC Chiralcel® AS-H
(heptane:isopropanol 90:10 0.5 mL/min) 11.2 min (minor); 12.9 min (major) (74 % ee).
Chiracel® OJ-H (heptane:isopropanol 80:20 1 mL/min) 5.7 min (min); 8.4 min (maj) (73 %
ee).

3-(2-methyl-1H-indol-3-y)butan-1-ol (3¢)

OH
\
N

Prepared via general procedure I 2-methyl indole and crotonaldehyde, isolated as a colourless oil. 'H
NMR (400 MHz, CDClz) 6 7.72 (s, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.29 — 7.21 (m, 1H), 7.13 — 6.98 (m,
2H), 3.61 — 3.44 (m, 2H), 3.22 — 3.08 (m, 1H), 2.36 (s, 3H), 2.19 — 2.05 (m, 1H), 2.04 — 1.91 (m, 1H),
1.42 (d,J="7.1 Hz, 3H). *C NMR (101 MHz, CDCl;) § 135.7, 130.4, 127.4,120.9, 119.4, 119.0, 115.5,
110.5, 62.1, 39.6, 28.0, 21.5, 12.2. HRMS (ESI+) calc’d for Ci3HisNO ([M+H]") 204.1383; found
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204.1383. HPLC Chiracel® AS-H (heptane:isopropanol 90:10 0.5 mL/min) 12.8 min (minor); 14.1 min
(major) (55 % ee). Chiracel® OJ-H (heptane:isopropanol 80:20 1 mL/min) 8.9 min (minor); 12.5 min
(major) (57 % ee).

3-(2-methyl-1H-indol-3-y1)-3-phenylpropan-1-ol (3d)

L)
N
H

Prepared via general procedure II from 2-methyl-indole and cinnamaldehyde, isolated as a colourless
oil. '"H NMR (400 MHz, CDCl3) 8 7.77 (s, 1H), 7.48 (d, J = 7.9 Hz, 1H), 7.37 — 7.32 (m, 2H), 7.25 —
7.19 (m, 3H), 7.17 — 6.93 (m, 3H), 4.41 (t, J = 8.0 Hz, 1H), 3.76 — 3.61 (m, 1H), 3.61 — 3.50 (m, 1H),
2.58 — 2.46 (m, 2H), 2.39 (s, 3H). *C NMR (101 MHz, CDCls) & 145.1, 135.6, 131.7, 128.4, 127.9,
127.8, 125.9, 121.0, 119.5, 119.4, 113.5, 110.5, 61.8, 38.2, 37.0, 12.4.. HRMS (ESI+) calc’d for
C1sH20NO ([M+H]") 266.1539; found 266.1540. HPLC Chiracel® OJ-H (heptane:isopropanol 80:20 1
mL/min) 10.5 min (minor); 12.8 min (major) (31 % ee). Chiracel® OD-H (heptane:isopropanol 85:15 1
mL/min) 25.7 min (major); 29.8 min (minor) (31 % ee).

OH

3-(1H-indol-3-y)hexan-1-ol (3e)

OH

Prepared via general procedure IT from indole and trans-2-hexenal, isolated as a colourless oil. 'H NMR
(400 MHz, (CD3),S0) & 10.74 (s, 1H), 7.53 (d, J= 7.9 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.05 (d, J =
2.3 Hz, 1H), 7.03 (ddd, /= 8.2, 6.9, 1.2 Hz, 1H), 6.92 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 3.36 — 3.22 (m,
2H), 3.00 — 2.89 (m, 1H), 1.81 (q, /= 7.0 Hz, 2H), 1.73 — 1.55 (m, 2H), 1.22 — 1.11 (m, 2H), 0.81 (t, J
= 7.4 Hz, 3H). *C NMR (101 MHz, CDCl;) 6 136.7, 127.1, 122.0, 121.2, 119.8, 119.7, 119.2, 111.3,
61.9, 39.0, 38.7, 33.6, 20.9, 14.3. HRMS (APCI+) calc’d for CisH2oNO ([M+H]") 218.1539; found
218.1541. HPLC Chiracel® OD-H (heptane:isopropanol 85:15 1 mL/min) 12.0 min (major); 14.2 min
(minor) (68 % ee). Chiracel® OJ-H (heptane:isopropanol 80:20 1 mL/min) 9.8 min (minor); 11.5 min
(major) (67 % ee).

3-(5-methyl-1H-indol-3-yD)hexan-1-ol (3f)

OH

A\

N
H

Prepared via general method II from 5-methyl-indole and trans-2-hexenal, isolated as a colourless oil.
"H NMR (400 MHz, CDCls) 8 7.91 (s, 1H), 7.43 (s, 1H), 7.25 (d, J= 8.3 Hz, 1H), 7.01 (dd, J= 8.3, 1.6
Hz, 1H), 6.93 (d, J = 2.4 Hz, 1H), 3.65 — 3.50 (m, 2H), 3.10 — 2.93 (m, 1H), 2.46 (s, 3H), 2.06 — 1.95
(m, 2H), 1.81 — 1.66 (m, 2H), 1.31 — 1.21 (m, 2H), 0.87 (t,J= 7.4 Hz, 3H). *C NMR (101 MHz, CDCl5)
0135.1,128.4,127.3,123.7,121.4,119.3,119.2, 111.0, 61.9, 38.9, 38.7, 33.7, 21.7, 21.0, 14.3. HRMS
(ESI+) calc’d for CisHoNO ([M+H]Y) 232.1696; found 232.1698. HPLC Chiracel® AS-H
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(heptane:isopropanol 90:10 0.5 mL/min) 12.2 min (minor); 13.1 min (major) (68 % ee). Chiracel® OD-
H (heptane:isopropanol 85:15 1 mL/min) 10.5 min (major); 11.1 min (minor) (68 % ee).

3-(5-methoxy-1H-indol-3-yDhexan-1-o0l (3g)

OH

Prepared via general method II 5-methoxy-indole and trans-2-hexenal, isolated as a colourless oil. 'H
NMR (400 MHz, CDCl;) 6 7.98 (s, 1H), 7.23 (d, J= 8.8 Hz, 1H), 7.10 (d, /= 2.4 Hz, 1H), 6.93 (d, J =
2.4 Hz, 1H), 6.86 (dd, J=8.8, 2.4 Hz, 1H), 3.87 (s, 3H), 3.66 — 3.53 (m, 2H), 3.07 — 2.95 (m, 1H), 2.04
—1.92 (m, 2H), 1.80 — 1.63 (m, 2H), 1.34 - 1.21 (m, 2H), 0.87 (t,J = 7.3 Hz, 3H). 3*C NMR (101 MHz,
CDCl3) 6 153.7,131.9,127.5,122.1,119.4, 112.0, 111.9, 101.8, 61.8, 56.1, 38.8, 38.6, 33.5, 20.9, 14.3.
HRMS (ESI+) calc’d for CisH»NO, ([M+H]") 248.1645; found 248.1648. HPLC Chiracel® OD-H
(heptane:isopropanol 85:15 1 mL/min) 13.9 min (major); 15.1 (minor) (68 % ee). Chiracel® OB-H
(heptane:isopropanol 90:10 1 mL/min) 14.4 (major); 19.0 (minor) (69 % ee).

3-(5-bromo-1H-indol-3-vl)hexan-1-ol (3h)

OH
Br.

Prepared via general method II 5-bromo-indole and trans-2-hexenal, isolated as a colourless oil. 'H
NMR (400 MHz, (CD3),SO) 6 11.00 (s, 1H), 7.67 (d, J= 1.9 Hz, 1H), 7.29 (d, J= 8.6 Hz, 1H), 7.17 —
7.10 (m, 2H), 3.35 - 3.21 (m, 2H), 2.99 — 2.87 (m, 1H), 1.87 — 1.69 (m, 2H), 1.68 — 1.54 (m, 2H), 1.23
~1.09 (m, 2H), 0.81 (t, J = 7.3 Hz, 3H). *C NMR (101 MHz, CDCls) § 135.3, 128.8, 124.9, 122.4,
122.2,119.5,112.8, 112.6, 61.7, 38.8, 38.6, 33.4, 20.9, 14.2. HRMS calc’d for Ci4HisBrNO ([M+H]")
296.0645 and 298.0624; found 269.0655 and 298.0631. HPLC Chiracel® AS-H (heptane:isopropanol
90:10 0.5 mL/min) 14.0 min (minor); 15.3 min (major) (67 % ee). Chiracel® OD-H
(heptane:isopropanol 85:15 1 mL/min) 10.2 min (major); 11.8 min (minor) (67 % ee).

3-(5-methoxy-2-methyl-1H-indol-3-yl)hexan-1-ol (3i)

OH

Prepared via general method II from 5-methoxy-2-methyl-indole and trans-2-hexenal, isolated as a
colourless oil. "H NMR (400 MHz, CDCls) § 7.63 (s, 1H), 7.15 (d, J= 8.7 Hz, 1H), 7.05 (d, J = 2.4 Hz,
1H), 6.75 (dd, J=8.7, 2.4 Hz, 1H), 3.84 (s, 3H), 3.60 — 3.41 (m, 1H), 3.02 — 2.86 (m, 1H), 2.35 (s, 3H),
2.16 —2.06 (m, 1H), 2.03 — 1.83 (m, 2H), 1.75 - 1.63 (m, 1H), 1.26 — 1.14 (m, 3H), 0.85 (t, /= 7.3 Hz,
3H). 3C NMR (101 MHz, CDCls) § 153.5, 132.4, 131.0, 128.0, 113.6, 110.9, 109.9, 102.6, 62.1, 56.2, 38.0,
37.8,33.5,21.3, 143, 12.4. HRMS calc’d for Ci6H24NO» ([M+H]") 262.1801; found 262.1804. HPLC
Chiracel® OD-H (heptane:isopropanol 85:15 1 mL/min) 11.4 min (major); 17.7 min (minor) (64 % ee).
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Chiracel® AS-H (heptane:isopropanol 90:10 0.5 mL/min) 12.3 min (minor); 14.1 min (major) (62 %
ee).
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8. Calibration Curves

3a - 3-(2-methyl-1H-indol-3-yl)hexan-1-ol

1.2

Analyte Concentration (mM)

1.5

©
wn

Analyte Concentration (mM)
=

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Analyte Concentration (mM)

o8 | e
0.6 L4

0.4 o y=
02 [ e ®

0 1 2 3 4

0.2038x

R*=0.9997

5

Peak Area Ratio Analyte:Internal Standard

3b - 4-methyl-3-(2-methyl-1H-indol-3-yl)pentan-1-ol

..... ®
L&
. y=0.2611x
....... R? = 0.9961
[}
1 2 3 4 5 6 7
Peak Area Ratio Analyte:Internal Standard
3c - 3-(2-methyl-1H-indol-3-yl)butan-1-ol
"
.‘,...
e y =0.2293x
. R?=0.9978
e
()
0 2 4 6 8

Peak Area Ratio Analyte:Internal Standard
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Analyte Concentration (mM)

Analyte Concentration (mM)

Analyte Concentration (mM)

3d - 3-(2-methyl-1H-indol-3-yl)-3-phenylpropan-1-ol
2

...... ®
- o y =0.2683x
------- R®=0.9964
1
e
05 [
R
()
0
0 1 2 3 4 5 6 7
Peak Area Ratio Analyte:Internal Standard
3e - 3-(1H-indol-3-yl)hexan-1-ol
2
_____ °
9
5+
oot . .
...... y = 0.2588x
1+
------ R2=0.9981
.
05 | et
e
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0 1 2 3 4 5 6 7
Peak Area Ratio Analyte:Internal Standard
3f - 3-(5-methyl-1H-indol-3-yl)hexan-1-ol
2
...... °
Q.. "
5 e
Lot
O S B e y =0.2765x
o R?=0.9915
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®
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Peak Area Ratio Analyte:Internal Standard
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Analyte Concentration (mM)

1.8
1.6
1.4
1.2
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0.6
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3g - 3-(5-methoxy-1H-indol-3-yl)hexan-1-ol

.".
o
y =0.1913x
R?=0.9991
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e
2 4 6 8

Peak Area Ratio Analyte:Internal Standard

3h - 3-(5-bromo-1H-indol-3-yl)hexan-1-ol

0 1 2 3 4 5 6

Peak Area Ratio Analyte:Internal Standard

y = 0/2754x
R?=0.9969

3i - 3-(5-methoxy-2-methyl-1H-indol-3-yl)hexan-1-ol

O

2 3 4 5 6
Peak Area Ratio Analyte:Internal Standard
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9. HPLC Chromatograms
3-(2-methyl-1H-indol-3-yl)hexan-1-ol (3a)

Reference compound and racemic crude product:

mAU; g PDA Multi 1 282nm,4nm

| ©

30+
y &
. Pl
i ']
, PDA Ch1 282nm

20 Peak# Ret. Time  Area Height Conc.
1 1 5,527 215041 23465 38,608
1 2 6,123 341944 34198 61,392
] Total 556986 57663

10 Chiracel AS-H, heptane:isopropanol 90:10, 1 mL/min

10

15

0 20 2|5 I Imin
mMAUT g PDA Multi 1 282nm 4nm
] <
150 ol©
1 &
o
100
: PDA Ch1 282nm
Peak# Ret. Time Area Height Conc.
1 5,646 1090726 125217 38,783
] 2 6,409 1721690 161637 61,217
50‘_ Total 2812416 286853
Chiralcel OD-H, heptane:isopropanol 80:20, 1 mL/min
0 5 10 15 20 " 25 min
100 [ PDA Multi 1 282nm,4nm
mAU ]| ©
] S«
<
] «©
757 PDA Ch1 282nm
Peak# Ret. Time Area Height Conc.
1 5,647 795987 91579 49,679
0 ] 2 6,412 806274 75312 50,321
> ] Total 1602261 166891
Racemic Crude
25 ] Chiralcel OD-H, heptane:isopropanol 80:20, 1 mL/min

10

15
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Artificial Enzyme catalysed reactions: Chiracel OJ-H, heptane isopropanol 80:20, 1 mL/min

internal standard

OH
AN
N
H
racemic crude
LmrR_pAF
LmrR_pAF_RGN
1 — 1 1T —r 1T T 1
2,5 7.5 10,0 12,5 15,0 17,5
retention time min
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4-methyl-3-(2-methyl-1H-indol-3-yl)pentan-1-ol (3b)

Reference product and racemic crude product:

d
mAU 2 PDA Multi 1 282nm,4nm
<
i PDA Ch1 282nm
100 Peak# Ret. Time Area Height Conc.
| 1 5,692 419003 44403 13,354
2 8,499 2718602 138289 86,646
Total 3137604 182692
4 o
o 3 Chiralcel OJ-H, heptane:isopropanol 80:20, 1 mL/min
w0
0
\ T r - - 1T T 1 ;
0 5 10 15 20 25 min
mAU ] 5 PDA Multi 1 282nm 4nm
1 o
7.9 PDA Ch1 282nm
Peak# Ret. Time  Area Height Conc.
11 1,192 30203 1723 13,118
] 2| 12,907 200043 8343 86,882
5,0*_ Total 230246 10066
~ Chiralcel AS-H,
. E heptane:isopropanol 90:10,
257 - 0.5 mL/min
T \ T T | T R L

0 5 10 15 20 min
mAU racemic crude E PDA Multi 1 282nm,4nm

%0 -

. o

1 PDA Ch1282nm

| Peak# Ret. Time|  Area Height Conc.
207 1 11,181 562250 31571 50321

] 20 12,905 555081 23635 49679

J Total 117330 55206
104 Chiralcel AS-H,

1 heptane:isopropanol 90:10,

] 0.5 mL/min

0
I I I |
0 5 10 15 20 min
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Artificial enzyme catalysed reactions: (Chiracel AS-H, heptane:isopropanol 90:10, 1 mL/min)

internal standard

OoH OH
m \ A
N N

H

I=

racemic crude

LmrR_pAF

LmrR_pAF_RGN
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3-(2-methyl-1H-indol-3-y)butan-1-ol (3¢)

Reference compound and racemic crude product:

mAU 1 9 PDA Multi 1 282nm,4nm
15—-
8 PDA Ch1 282nm
. Peak# Ret. Time Area Height Conc.
10_‘ 1 8,886 91634 7555 21,538
i % 2 12,456 333812 18263 78,462
. © Total 425446 25818
5] Chiracel OJ-H, heptane:isopropanol 80:20,
1 1 mL/min
O i L
o 5 10 15 20 25 min
mAU | i
20| PDA Ch1 282nm 5 PDA Multi 1 282nm,4nm
{ Peak# Ret. Time| Area Height Conc. ¥
1 1 12,831 139334 6195 22,521
1 2 14135 479358 20717 77,479
157 Total 618692 26912
] Chiracel AS-H, heptane:isopropanol 90:10,
104 1 mL/min _
) 22}
i xQ
. o
5
0 N
0 o 5 10 15 20
min
mAU 1 © 2 PDA Multi 1 282nm,4nm
] §‘ <
100_,
1 PDACh1282nm . d
1 Peak# Ret. Tme|  Area Height Conc. racemic crude
75 1 12818 2551531 114335 || 50,356 Chiracel AS-H,
. Total 5066990 220971 1 mL/min
25-
§ N
e e L T |
0 5 10 15 20
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Artificial enzyme catalyzed reaction: (Chiracel AS-H, heptane:isopropanol 90:10, 0.5 mL/min)

internal standard

OH OH
CW N D
i \

H

IZ

racemic crude

LmrR_pAF

LmrR_pAF_RGN

0 5 10 15 20

retention time min
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3-(2-methyl-1H-indol-3-y1)-3-phenylpropan-1-ol (3d)

Reference compound and racemic crude product:

PDA Multi 1 282nm,4nm

mAU ] N
o
T (3]
40 o
1 © PDA Ch1 282nm
i ? Peak# Ret. Time Area Height Conc.
1 e 1] 10,486 584893 30239 34,720
30 2| 12,824 1099711 43937 65,280
Total 1684604 74176
20 Chiralcel OJ-H, heptane:isopropanol 80:20,
] 1 mL/min
10
0 e
o s 1 15 20 25
mAU min
3 PDA Multi 1 282nm,4nm
251 ~
i i
{1 PDA Ch1 282nm
o0 Peak# Ret. Time Area Height | Conc.
] 1 25,734 1129718 25479 65,401
20 29,771 597658 11494 34,599
154 Total . 1727376 36973 =
1 Chiralcel OD-H, heptane:isopropanol 85:15, 1 mL/min ¥
10
5
0 e
0 T T T 5‘ T T T T 1|0 T T T T 1'5 T T T T 2|O T T T 2‘5 T T T T 3'0 T T T 3'5 T T
min
pay 3 PDAMulti 1 282nm,4nm
1,5 - g
mAU ] & &
1,04 PDACh1 282nm
1 |Peak# Ret. Time Area Height Conc.
1 26,101 52869 1278 50,224
2| 28,984 52397 1120 49,776
05_’ Total 105266 2398
" | Racemic crude Chiralcel OD-H,
he tane:is:ppruopanol 85:15, T mL/min
0,0
) S e s e B S S N U
0 5 10 15 20 25 30 35 min
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Artificial enzyme catalysed reaction: (Chiracel OD-H, heptane:isopropanol 85:15, 1 mL/min)

On account of abundant side-products evident in the racemic reaction, the enantioenriched reference
compound chromatogram is shown instead for comparison.

internal standard O

OH

Enantioenriched 282 nm
reference
compound
L
|
LmrR_pAF
LmrR_pAF_RGN
A A N
T T T — T T T
0 5 10 15 35
min
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3-(1H-indol-3-y)hexan-1-ol (3e)

Reference compound and racemic crude:

AU % PDA Multi 1 282nm,4nm
™1 Chiracel OJ-H, g
100 heptaneiisopropanol 80:20, 1 mL/min -
i PDA Ch1 262nm
75— Peakit Ret. Time| Area Height Conc.
] 1 9777 440647 28295 16,304
. 2 11469 2261987 115450 83,696
504 Total 2702634 143745
] ~
] N
- ()]
25—_
0
0,0' o '2:5‘ o '510' o ‘715‘ 100 125 ‘15‘,0' 475 min
mAU -
20__ Chiracel OD-H, g PDA Multi 1 282nm 4nm)|
{ heptane:isopropanol 85:15, -
11 mL/min
151 PDA Ch1 282nm
. Peak# Ret. Time Area Height Conc.
1 11,979 374156 20225 83,823
i 2 14,245 72210 3233 16,177
1 0—_ Total 446367 23458
i 0
s
5 3
O . i
0 0 1 T T T 1 T T T T 1 T T T T 1 T T
0 5 10 15 20 25 min
mAU | - b PDA Multi 1 282nm 4nm
] racemic crude 2 2
40+ Chiracel OD-H, - S
1 heptane:isopropanol 85:15, -
11 mL/min
30
il PDA Ch1 282nm
Peak# Ret. Time| Area Height Conc.
20 1 12,011 814924 43605 49,139
. 2 14,299 843484 35903 50,861
Total 1658407 79508
10
o L
0T 1 - - 1 T T T 1 T T T T 1 T T
0 5 10 15 20 25 min
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Artificial enzyme catalysed reaction: (Chiracel OD-H, heptane:isopropanol 85:15, 1 mL/min)

OH OH
N internal standard
N

H

lracemic crude 282 nm
|LmrR_pAF
]LmrR_pAF_RGN
M
o 5 10 15 25
min

retention time
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3-(5-methyl-1H-indol-3-yDhexan-1-ol (3f)

Reference compound and racemic crude:

mAU | Chiracel OD-H, 2 PDA Muilti 1 282nm,4nm
307 heptaneisopropanol 85:15, |€
1 1 mL/min PDA Ch1 282nm
Peak# Ret. Time  Area Height Conc.
o0 1| 10,548 523532 32536 83,907
| 2 11,055 100399 5888 16,093
_ Total 623931 38424
10 r
i <
0 A
1 T — — \
10 15 20 25 min
mAU = PDA Multi 1 282nm,4nm
40-] PDACh1282nm =
{ Peak# Ret. Time  Area Height Conc. -
1 12,240 192435 11394 15,972
. 2 13,001 1012423 42700 84,028
301 | Total 1204858 54094
204 Chiracel AS-H,
1 heptane:isopropanol 90:10,
1 85:15
10
0 N
O T T é T T T 1b T T T 1|5 T T T 2IO T min
mAU .
. (=]
s0] racemic crude 3 PDA Multi 1 282nm,4nm
1 Chiracel AS-H, &« PDACh1282nm
i K . ™= |Peak# Ret. Time  Area Height Conc.
40| heptane:isopropanol 90:10, S 1 1269 807887 49691 47,769
185:15 20 13172 863346 36346 52231
] Total 1691232 86037
30—_
20
" /Jw
.
1 A —— T T
0 5 10 15 20 .
min
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Artificial enzyme catalysed reaction: (Chiracel AS-H, heptane:isopropanol 90:10, 0.5 mL/min)

internal standard

OH
OH
o o
N H N

H

racemic crude 282 nm
LmrR_pAF
"
LmrR_pAF_RGN
I
0 5 min
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3-(5-methoxy-1H-indol-3-yDhexan-1-o0l (3g)

Reference compound and racemic crude:

mAU

10,0

7,57

Chiracel OD-H,

1 heptane:isopropanol 85:15, T mL/min

e} PDA Multi 1 282nm,4nm
o
* PDA Ch1 282nm
Peak# Ret. Time Area Height Conc.
11 13,913 213680 9566 84,095
2| 15,059 40414 1674 15,905
Total 254094 11240

0 5 10 15 20 25 min
mAU ] = PDA Multi 1 282nm,4nm
25 = PDA Ch1 282nm
] N Peak#| Ret. Time Area Height Conc.
] 1 14,419 1375207 26494 84,620
20 2 19,037 249942 2962 15,380
: ~ Total | 1625149 29455
15+ Chiracel OB-H, heptane:isopropanol 90:10, 1 mL/min
10
: 5
5 >
O 7‘_“‘__‘__1,\.[\\.#—*» /\
T T T T I T T T T I T T I T T T T [ T T T I T T T T
0 10 20 30 40 50 min
25-| Peak# Ret. Time|  Area Height Conc. & PDA Multi 1 282nm.4nm
mAUT 1| 14522] 1243339 23880 50,282 |[|¥
i 2/ 19102 1231850 14152 49,768
20+ Total 2475190 38032 ~
o
] racemic crude @
157 Chiracel OB-H,
1 heptane:isopropanol 90:10,
10 1T mL/min
T T T T T I T T T T [ T T I T T T T I T T T I T T T T
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Artificial enzyme catalysed reaction: (Chiracel OB-H, heptane:isopropanol 90:10, 1 mL/min)

OH MeO OH
MeO ~ :: :/\
N
H

N
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I=

racemic crude
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3-(5-bromo-1H-indol-3-vl)hexan-1-ol (3h)

Reference compound and racemic crude:

AU - PDA Ch1 282nm C% PDA Multi 1 282nm,4nm)|
| Peak# Ret. Time  Area Height Conc. 0
il 1 14010 3235572 161026 16,398
| 2| 15,260 16495855 652336 83,602 )
%007 g 19731427 813361 Chiracel AS-H,
heptane:isopropanol 90:10, 0.5 mL/min
250+ e
S
1 s
0
0 5 10 15 " 20 " 25 ‘min
5007 o PDA Multi 1 282nm,4nm
mAU s PDA Ch1 282nm
i ~  |Peak# Ret. Time Area Height Conc.
400 1 10,155 7719494 476302 83,635
| 2 11,829 1510538 78286 16,365
] Total 9230032 554588
300
] Chiracel OD-H, heptane:isopropanol 85:15, 1 mL/min
200
(o))
] ]
100 k hat
; A
i T - T L
0 5 10 15 20 25 min
mAU ] s . PDA Multi 1 282nm,4nm
1 S
] S 2 ppACh1282nm
4] =~ Peak# Ret. Time Area Height Conc.
. 1 10,201 70346 4353 49,989
i 2 11,837 70377 3691 50,011
3 Total 140723 8044
o racemic crude Chiracel OD-H,
1 heptane:isopropanol 85:15, 1 mL/min
&
oEw_J
T T T | 1 |
0 5 10 15 20 25
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3-(5-methoxy-2-methyl-1H-indol-3-y)hexan-1-ol (3i)

Reference compound and racemic crude:

mAU
30 .
PDA Multi 1 282nm 4
1 PDACNh1 282nm g ultt 1 282nm.4nm
{ Peak#| Ret. Time Area Height Conc. 3
1 1 12,348 160041 8064 18,797
1 2 14,099 691383 28329 81,203
20 Total 851425 36393
| Chiracel AS-H,
1 heptane:isopropanol 90:10, 0.5 mL/min
| 3
10+ o
o N
0 5 10 15 20 min
mAU
Y PDA Multi 1 282nm,4nm
75 5]
" PDA Ch1 282nm
Peak#| Ret. Time Area Height Conc.
. 1 11,395 1424546 76073 81,917
501 Chiracel OD-H, 2 17,694 314469 10491 18,083
| heptane:isopropanol 85:15, Total 1739015 86564
1 mL/min
25
<
1 3
k S
0_—1\’—L"——,~“~\ ]\
o 5 10 15 " 20 25 min
mAU

15+

racemic crude

Chiracel OD-H,
heptane:isopropanol 85:15,
1 mL/min

11,418

PDA Ch1 282nm

PDA Multi 1 282nm,4nm

16,777

Peald# Ret. Time | Area Height Conc.
1 11418 334750 17053 50,793
2 16777 324293 11253 49,207
Total 659043 28306

15

S41

20

25
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Artificial enzyme catalysed reactions: (Chiracel OD-H, heptane:isopropanol 85:15, 1 mL/min)

internal standard

OH
MeO MeQ o N\
e
N N H
racemic crude | 282 nm
LmrR_pAF |
I ]
LmrR_pAF_RGN |
——— — l —
0 5 10 15 25 min

retention time

S42



10. NMR Spectra

3-(2-methyl-1H-indol-3-yDhexan-1-o0l (3a)
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4-methyl-3-(2-methyl-1H-indol-3-yl)pentan-1-ol (3b)
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3-(2-methyl-1H-indol-3-y)butan-1-ol (3¢)
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3-(2-methyl-1H-indol-3-y1)-3-phenvlpropan-1-ol (3d)
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3-(1H-indol-3-y)hexan-1-ol (3e)
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3-(5-methoxy-1H-indol-3-yDhexan-1-o0l (3g)
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3-(5-bromo-1H-indol-3-vl)hexan-1-ol (3h)
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3-(5-methoxy-2-methyl-1H-indol-3-y)hexan-1-ol (3i)
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