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Abstract: Cyclopropane rings are an important structural
motif frequently found in many natural products and pharma-
ceuticals. Commonly, biocatalytic methodologies for the
asymmetric synthesis of cyclopropanes rely on repurposed or
artificial heme enzymes. Here, we engineered an unusual
cofactor-independent cyclopropanation enzyme based on
a promiscuous tautomerase for the enantioselective synthesis
of various cyclopropanes via the nucleophilic addition of
diethyl 2-chloromalonate to o,f-unsaturated aldehydes. The
engineered enzyme promotes formation of the two new
carbon-carbon bonds with excellent stereocontrol over both
stereocenters, affording the desired cyclopropanes with high
diastereo- and enantiopurity (d.r. up to 25:1; e.r. up to 99:1).
Our results highlight the usefulness of promiscuous enzymes
for expanding the biocatalytic repertoire for non-natural
reactions.

Enantioenriched cyclopropanes are frequently found in
a variety of bioactive natural products as well as pharma-
ceuticals and face increasing interest owing to their impor-
tance in drug development.!! The unique physical and
chemical properties of the cyclopropane ring, featuring
unusual short C—C bonds, characteristic ring strain, and
inherent high reactivity, pose several challenges for the
synthesis of these compounds.”) The development of facile
biocatalytic methodologies for the asymmetric preparation of
cyclopropanes, serving as either chiral building blocks or
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bioactive compounds, is therefore of high academic and
industrial interest.

In nature, two distinct mechanisms have evolved for the
biosynthesis of cyclopropanes. Typically, these involve the
activation of allyl pyrophosphates to form an allylic cation
that undergoes cyclization or the addition of the methyl cation
of S-adenosyl methionine to alkenes.'¥ To overcome the
limited substrate scope of natural cyclopropanation enzymes,
several additional cyclopropanation strategies depending on
redesigned heme enzymes, such as cytochrome P450, cyto-
chrome c and myoglobin, as well as artificial heme enzymes,
have been developed.”! Commonly, these cofactor-dependent
biocatalytic strategies rely on an activated carbenoid inter-
mediate, formed between ethyl diazoacetate and the ferrous
state (Fe™) of the prosthetic heme group.

Inspired by outstanding developments in the organo-
catalysis field, describing asymmetric cyclopropanation reac-
tions catalyzed by chiral aminocatalysts,! we aimed to design
an analogous biocatalytic approach for the preparation of
enantioenriched cylcopropanes. Herein, we report the engi-
neering of an uncommon cofactor-independent cyclopropa-
nation enzyme based on a promiscuous 4-oxalocrotonate
tautomerase (4-OT) that accepts diethyl 2-chloromalonate to
achieve asymmetric cyclopropanations with various o,f3-
unsaturated aldehydes to form the corresponding cyclopro-
panes with excellent stereochemical purities.

Previous work from our group has shown that 4-OT can
promiscuously catalyze the enantioselective Michael addition
of nitromethane to cinnamaldehydes, which involves the
formation of a reactive enzyme-bound iminium ion inter-
mediate between the catalytic N-terminal proline (Pro-1) of
the enzyme and the cinnamaldehyde substrate (Sche-
me 1A).”) We subsequently expanded the catalytic repertoire
of 4-OT to include enantiocomplementary epoxidation reac-
tions, based on hydroperoxide additions to cinnamaldehydes
(Scheme 1B).[ In the current study, we explored whether the
reaction scope of 4-OT can be enlarged further to include
cyclopropanation reactions between diethyl 2-halomalonates
and cinnamaldehydes (Scheme 1 C). We reasoned that diethyl
2-halomalonates can rather easily deprotonate to form
a nucleophilic carbanion, which could attack the enzyme-
bound iminium ion intermediate via a Michael addition
reaction. The resulting enamine intermediate could subse-
quently attack the halogen-substituted carbon, with the
halogen acting as a leaving group, to promote an intra-
molecular cyclization reaction to generate the desired cyclo-
propane product.

We started our investigation by testing different diethyl 2-
halomalonates (leaving group ability: 2-Br >2-Cl>2-F) in
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Scheme 1. Iminium ion biocatalysis, highlighting the key catalytic role of the N-terminal proline residue
(Pro-1) of the 4-OT enzyme. A) Proposed mechanism of the 4-OT catalyzed Michael addition of
nitromethane to cinnamaldehydes. B) Proposed mechanism of the 4-OT catalyzed epoxidation reaction

between hydroperoxides and cinnamaldehydes. C) Proposed mechanism of the 4-OT catalyzed cyclo-
propanation reaction between diethyl 2-halomalonates and cinnamaldehydes.

a reaction with cinnamaldehyde using 4-OT F50V as the
catalyst. This 4-OT variant was selected as a biocatalyst
because it was previously identified to efficiently catalyze the
Michael addition of nitromethane to cinnamaldehyde.”
Analytical-scale reactions were performed with 1 mM cinna-
maldehyde, 5 mM diethyl 2-halomalonate, and 15 uM 4-OT
F50V in 50 mM HEPES, pH 6.5. After 18 h reaction time, the
conversion was determined by GC-
MS analysis. With the nucleophile
diethyl 2-fluoromalonate a conver-
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1a was obtained with very high

diastereo- and enantiopurity
(d.r.: >25:1, er.: 98:2; Table 1,
entry2). A control reaction

under otherwise similar condi-
tions but without enzyme did
not yield 1a. The reaction with
diethyl 2-bromomalonate only
showed trace conversion; given
that bromine has a higher leaving
group ability than chlorine, this
result was somewhat unexpected
(an exploration of this phenom-
enon is provided below).

With a suitable nucleophile
for the 4-OT catalyzed cyclopro-
panation reaction in hand, we
further optimized the enzyme by
protein engineering for the addi-
tion of diethyl 2-chloromalonate
to cinnamaldehyde. By using
a systematic mutagenesis strat-
egy, amino acid positions Met-45
and Phe-50 were previously iden-
tified as hot spots to enhance the
promiscuous Michael addition
activity of 4-OT.>¥! We reasoned
that these positions might simi-
larly be important for the addi-

tion of diethyl 2-chloromalonate to cinnamaldehyde and
therefore targeted positions Met-45 and Phe-50 by construct-
ing a double-site saturation library with NNK codon degen-
eracy to ensure maximal diversity. This library was used to
transform Escherichia coli cells and screened by evaluating
enzyme activity in cell-free extracts prepared from = 3000
transformants. Improved 4-OT variants were identified by

Table 1: Biocatalytic addition of diethyl 2-halomalonates to cinnamaldehyde catalyzed by 4-OT F50V.

; 0 Et0,C._ CO,Et Et0,C._CO,Et
sion of 40% was .reached, but the EtOQC\T/COZEt T o ) E10,C_CO,Et
formed enzymatic product was P oho Ny K
identified as the enantioenriched Ej/v 50 mn\:_SEPFégY)H 6.5 50 mhllI‘-SI-ErPFég\éH 65 © cHo
fluorinated Michael adduct 2 2 cinnamaldehyde 1
(Table 1, entry1). This suggests " 5
that although 4-OT F50V can cata- Entry  Halomalonate Conv. [%)] Product d.r. er.
. . . F
lyz.e the h1.g.hly enzfnnoselectwe Et0,C.| CO,Et
Michael addition of diethyl 2-fluo- <
romalonate to cinnamaldehyde, the 1 diethyl 2-fluoromalonate 40 - CHO 2 n.a. 99:11
poor leaving group ability of fluo- ©/\/
rine does not support the intramo-
lecular cyclization reaction, pre- EtO,C. _CO,Et
venting formation of the cyclopro- K ’
: 2 diethyl 2-chloromalonate 95 W CHO la >25:14  98:2F
pane ring.
However, when diethyl 2-fluo-
romalonate was replaced by diethyl 3 diethyl 2-bromomalonate <5 nd n.d. n.d.

2-chloromalonate, which harbors
chlorine as a good leaving group,
the reaction reached 95% conver-
sion, and the desired cyclopropane

[a] Determined by GC-MS. [b] Determined by chiral-phase HPLC analysis (Chiralpak IC) after reduction
to the corresponding alcohol. The absolute configuration was assigned by comparison with an
enantioenriched authentic standard (1a) or by earlier reported chiral-phase HPLC-data (2).**7 [c] R:S.
[d] Determined by '"H NMR (syn/anti). [e] 2S,3R:2R,3S. n.a.: not applicable; n.d.: not determined.
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monitoring the depletion of cinnamaldehyde in a spectropho-
tometric kinetic assay in multiwell plates (see Supporting
Information). Selected variants with enhanced activity were
purified to homogeneity (Figure S1), and their catalytic
activity was assessed by determining specific activities. The
single mutant 4-OT F50V showed a 6-fold improved specific
activity compared to the wild-type enzyme, while the
engineered double mutants 4-OT M45C/F50A, M45T/F50A,
M45L/FS0V and M451/F50A displayed a 12- to 23-fold
enhanced specific activity (Figure 1). Gratifyingly, variant 4-
OT M45V/F50A showed a 30-fold enhanced specific activity
for the cyclopropanation of cinnamaldehyde compared to
wild-type 4-OT, while retaining excellent diastereo- and
enantioselectivity (d.r. of 1a>25:1; er.=97:3). As the 4-
OT M45V/F50A variant showed the highest specific activity
for the cyclopropanation reaction between diethyl 2-chlor-
omalonate and cinnamaldehyde, it was selected for further
study.

For the evolved 4-OT variant M45V/F50A, we also
observed the superior performance of diethyl 2-chloromalo-
nate over diethyl 2-bromomalonate as a nucleophile in the
cyclopropanation of cinnamaldehyde to give 1a. To obtain
insights into this puzzling phenomenon, we performed several
additional experiments. Spectrophotometric analysis of the 4-
OT MA45V/F50A catalyzed reaction with diethyl 2-bromo-
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Figure 1. Engineering of 4-OT for cyclopropanations. A) Reaction of
the 4-OT catalyzed cyclopropanation of diethyl 2-chloromalonate and
cinnamaldehyde to afford 1a. B) Comparison of the specific activity of
wild type 4-OT and engineered 4-OT variants for the cyclopropanation
reaction between diethyl 2-chloromalonate and cinnamaldehyde to
yield Ta. The specific activities are as follows: wt (3.0 mUmg™"), F50V
(16.7 mUmg™"), M45C/F50A (36.0 mUmg™'), M45T/F50A

(40.8 mUmg "), M45L/F50V (43.7 mUmg "), M451/F50A

(67.9 mUmg™"), M45V/F50A (89.4 mUmg™"). Reaction conditions:

1 mM cinnamaldehyde, 5 mM diethyl 2-chloromalonate, 0.1 mgmL™"
4-OT variant, 50 mM HEPES pH 6.5. Error bars represent the standard
deviation of two measurements using the same enzyme batch (n=2).
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malonate and cinnamaldehyde showed that substrate turn-
over occurs in the initial phase of the reaction but quickly
stops after several minutes (Figure S2). This suggests that the
enzyme is rapidly and irreversibly inactivated by diethyl 2-
bromomalonate during the course of the reaction. To confirm
the formation of a covalent enzyme-inhibitor complex, 4-OT
M45V/FS50A was isolated from the reaction mixture and
analyzed by ESI-MS. Compared to the unmodified enzyme, 4-
OT M45V/F50A incubated in the presence of diethyl 2-
bromomalonate showed a mass increase of + 158.1 Da (Fig-
ure S3). This is consistent with the covalent modification of
the enzyme with one molecule of diethyl malonate. In
contrast, reactions with diethyl 2-fluoromalonate or diethyl
2-chloromalonate showed no or only minor modification of
the enzyme. To gain further insights into the position of
modification, the modified and unmodified 4-OT M45V/
F50A samples were digested with endoproteinase Glu-C, and
the resulting peptide mixtures were analyzed by LC-MS/MS.
A comparison of the detected peptide fragments of 4-OT
M45V/F50A modified with diethyl malonate to those of
unmodified 4-OT M45V/F50A showed that peptides that
contain the Pro-1 residue are the major sites of modification
(mass increase: + 158.1 Da; Table S2 and S3). Indeed,
analysis of the peptide fragments of 4-OT MA45V/F50A
treated with diethyl 2-fluoromalonate or diethyl 2-chloromal-
onate showed no or only minor modifications of Pro-
1 containing peptides with diethyl malonate (Table S4 and
S5). Taken together, these results suggest that like other
bromo-substituted compounds, such as 3-bromopyruvate,”!
diethyl 2-bromomalonate acts as a potent irreversible inhib-
itor of the enzyme by covalently modifying its nucleophilic
Pro-1 residue (Scheme S1). Due to the lower leaving group
ability of chlorine and fluorine, the 2-Cl- and 2-F-substituted
diethyl malonates primarily function as substrates in the
Michael addition to cinnamaldehyde, and only result in minor
enzyme inactivation upon prolonged incubation.

Having engineered a 4-OT variant (M45V/F50A) with
enhanced activity and stereoselectivity, and understanding
the reactivity of the diethyl 2-halomalonates, the substrate
scope of this designer enzyme was explored by testing a set of
a,B-unsaturated aldehydes using diethyl 2-chloromalonate as
the nucleophile (Table 2). To avoid enzyme inactivation of 4-
OT by diethyl 2-chloromalonate, a 2.5-fold excess of a,f3-
unsaturated aldehydes (5 mM) over diethyl 2-chloromalonate
(2 mM) was used in these semi-preparative scale reactions.
Pleasingly, the results showed that 4-OT M45V/F50A accepts
various substituted cinnamaldehydes and catalyzes their
cyclopropanation to yield the corresponding products 1a—
i with excellent enantiopurity (e.r. up to 99:1). The attained
d.r. values (up to >25:1) indicate that the enzyme has good
stereocontrol over both carbons of the double bond of the
cinnamaldehyde substrate. 4-OT M45V/F50A did not pro-
mote the synthesis of aliphatic cyclopropane 1j and tricar-
boxylate 1k, indicating that the enzyme has a strong prefer-
ence for aromatic o,f-unsaturated aldehydes. All enzymatic
cyclopropane products have the syn configuration with the
major enantiomer being 25,3R for products 1a,d,e,i, 25,35 for
1b,c and 2R3S for 1fgh. Notably, products 1a-i have the
same geometry and the deviant configuration is due to
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Table 2: 4-OT M45V/F50A catalyzed enantioselective synthesis of cyclopropanes.
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EtO,C.__CO,Et
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Cl

diethyl 2-chloromalonate

a,B-unsaturated aldehyde

4-OT M45V/F50AL

50 mM MES pH 6.2
10% EtOH/MeCN

Et0,C.__CO,Et

x°

R" CHO

cyclopropane 1

EtO,C.__CO,Et

© NCHO

Et0,C.__CO,Et

X

Et0,C.__CO,Et

X

CHO

EtO,C.__CO,Et

X

F

1a  46% yield® 1b
97:3 e.r.l°; >25:1 d.r.[

69% vyield
97:3 er.; >25:1 d.r.

EtO,C.__CO,Et

[ j\“"KCHo
NO,

C
1e  19% yield 1f
84:16 e.r.; >25:1 d.r.

Et0,C.__CO,Et

X’

|
20% vyield
95:5 er.; >25:1 d.r.

EtO,C.__CO,Et

/@ “CHO Me"
O,N

i 17% yield 1j
74:26 e.r.; >25:1 d.r.

EtO,C.__CO,Et

A

CHO

not observed

Cl

1c  55% yield 1d

CHO @
F

19 29% yield 1h

O\ CHO
Me

57% yield

99:1 e.r.; >25:1 d.r. 99:1 er.; >25:1 d.r.

Et0,C.__CO,Et

X

EtO,C.__CO,Et

CHO @ “CHO
cl

19% yield

95:5 er.; 10:1 d.r. 94:6 er.; >25:1 d.r.

EtO,C._CO,Et
.Y
F CHO
0O

f

1k  not observed

[a] Reaction conditions: diethyl 2-chloromalonate (2 mM, 0.154 mmol), a,B-unsaturated aldehyde (5 mM), and 30 uM 4-OT M45V/F50A in 10%
EtOH (10% MeCN for 1e,i), and 50 mM MES pH 6.2 at 120 rpm, 18°C, N, (to avoid potential minor aldehyde oxidation; notably, reactions can also be
performed aerobically). Reaction time: 12-71 h; Estimated conversions by '"H NMR: 20%-> 95 %; [b] Isolated yields after silica column purification
(based on diethyl 2-chloromalonate); Yields could be further improved by optimization of the extraction and purification procedures. [c] Determined
by chiral-phase HPLC analysis (Chiralpak IC/ID) after reduction of the aldehyde to the corresponding alcohol. Absolute configurations (25,3R-1a,d,e,i;
2R,35-1f,g,h; 25,35-1b,c) were assigned by comparison with authentic standards.”*®! [d] Determined by "H NMR (syn/antj).

different prioritization of the substituents at the respective
chiral center. Formation of the syn product is consistent with
the stereochemical outcome of other 4-OT catalyzed reac-
tions with cinnamaldehydes, in which the nucleophile exclu-
sively attacks from the re-face of the enzyme-bound iminium
ion.>*) A 4-OT M45V/F50A variant in which the Pro-1 residue
is replaced by an alanine (P1A/M45V/F50A) has almost
completely lost its cyclopropanation activity (Figure S36),
providing support for a reaction mechanism that proceeds via
iminium ion formation between the active site Pro-1 residue
and the cinnamaldehyde substrate.

In summary, biocatalytic methodologies for the asymmet-
ric synthesis of difficult to prepare cyclopropanes have gained
increasing interest and attention in the literature in the past
number of years. Typically, these syntheses depend on
repurposed or artificial heme enzymes for the formation of
a highly reactive carbenoid intermediate starting from ethyl
diazoacetate."”! Furthermore, redesigned FMN-dependent
ene-reductases have been exploited for asymmetric reductive
cyclopropanations."! Inspired by developments in the orga-
nocatalysis field,) we here present the engineering of an

unusual cofactor-independent biocatalyst for the preparation
of various enantioenriched cyclopropanes. To this end, we
first demonstrated that the active site of 4-OT can give rise to
synthetically useful promiscuous cyclopropanation activity.
We subsequently improved this promiscuous activity of 4-OT
by data-driven (i.e., mutability-landscape guided) engineer-
ing® vyielding variant M45V/FS0A that can efficiently
promote the addition of diethyl 2-chloromalonate to o,f3-
unsaturated aldehydes, enabling the biocatalytic synthesis of
cyclopropanes with excellent stereochemical purities (e.r. up
to 99:1; d.r. up to >25:1). Remarkably, this simple biotrans-
formation thus generates two new carbon-carbon bonds and
two new chiral centers with excellent stereocontrol. Given
that the reactions proceed via a reactive enzyme-bound
iminium ion intermediate and that the promiscuous cyclo-
propanation activity of 4-OT can be significantly enhanced by
introducing only two amino acid substitutions, it is feasible
that further optimization of the enzyme’s activity and
selectivity can be achieved by using a random directed
evolution approach. We have initiated studies aimed at
exploring different electrophiles and nucleophiles (with
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distinct leaving groups), which could lead to the asymmetric
enzymatic synthesis of new cyclopropanes and related
Michael addition products.

The enzyme 4-OT can be easily obtained in large amounts
by heterologous expression in Escherichia coli. The 4-OT
catalyzed reactions proceed in environmentally friendly
aqueous buffer rather than in organic solvent or two-phase
systems and require lower catalyst loading compared to
organocatalytic procedures.! Several previously reported
heme enzymes used for preparation of cyclopropanes suffer
from the need to work in an oxygen free environment to avoid
undesired competitive epoxide formation. However, this
limitation has been overcome in other heme enzymes by
histidine ligation of the heme cofactor, which largely abol-
ishes oxo-transfer chemistry, enabling aerobic cyclopropana-
tions at preparative scale.’™ Although we have used an N,
atmosphere to avoid potential minor aldehyde oxidation, the
4-OT catalyzed cyclopropanations can also be performed
under aerobic conditions, which offers an advantage for
preparative scale reactions.

Our results showcase the potential of catalytic promiscu-
ity for the creation of new biocatalysts for non-natural
reactions.”?! The non-native cyclopropanation activity of 4-
OT, together with its previously reported peroxygenase,
Michaelase®®! and aldolase activities,"¥ highlights the
versatile catalytic repertoire of this promiscuous enzyme for
asymmetric carbon-oxygen and carbon-carbon bond-forming
reactions.
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