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Scheme 1. Promiscuous Transformations Catalyzed by a

ABSTRACT: Artificial enzymes created by computational Designed and Evolved Retro-Aldolase Using a Reactive
design and directed evolution are versatile biocatalysts Lysine (Lys83)

whose promiscuous activities represent potentially attrac-
tive starting points for divergent evolution in the
laboratory. The artificial aldolase RA95.5-8, for example,
exploits amine catalysis to promote mechanistically diverse
carboligations. Here we report that RA9S5.5-8 variants
catalyze the asymmetric synthesis of y-nitroketones via two ,—Lys83
alternative enantiocomplementary Michael-type reactions: HaN
enamine-mediated addition of acetone to nitrostyrenes,
and nitroalkane addition to conjugated ketones activated
as iminium ions. In addition, a cascade of three aldolase-
catalyzed reactions enables one-pot assembly of y-nitro-
ketones from three simpler building blocks. Together, our 1a-d
results highlight the chemical versatility of artificial

aldolases for the practical synthesis of important chiral
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Asymmetric carbon—carbon bond formation is a key H?\‘ 3a-d
transformation in modern organic chemistry. Carboligase o ho ®

enzymes are attractive catalysts for such processes because of \ \\\\2 iZNH +H,0 o)
their high proficiency and selectivity under mild reaction D. \ \—Lys83 CN
conditions and potential utility in multistep reaction Ar =™ g
cascades.' > Recently, artificial enzymes that promote diverse 2a-d At G-CN Ar COOEt
chemical transformations,” including asymmetric carboliga- EtOOC
tions of synthetic interest,”” have been computationally
designed and experimentally optimized by directed evolution. sophisticated peptides have been used as catalysts for both
These biocatalysts represent attractive starting points for types of reaction.'®'” In this report, we show that RA95.5-8
further diversification into families of enzymes with distinct variants can also accelerate these transformations to afford y-
substrate and reactivity profiles. nitroketones in practical yields and with complementary

Artificial aldolases are a case in point.”” The promiscuous enantioselectivity.
aldolase RA95.5-8,'" created by extensive remodeling of an For the first approach, we envisaged that the catalytic Lys83
original computational design,” catalyzes mechanistically of RA9S.5-8 would activate acetone as an enamine, which could
diverse carboligations. In addition to its original retro-aldolase then attack a nitroolefin in Michael fashion to give the desired
activity (Scheme 1A), RA9S.5-8 utilizes its active site lysine to y-nitroketone product (Scheme 1B). We tested a panel of
promote asymmetric Michael additions'' and Knoevenagel aldolase variants from previous studies (Table S1) as catalysts
reactions'? via Schiff base intermediates. Although the starting for the reaction of acetone with (E)-1-methoxy-4-(2-
activities were modest, they could be substantially improved by nitrovinyl)benzene (1a, Scheme 2A). HPLC analysis of the
multiple rounds of mutagenesis and screening.”'"'* Seeking reaction products revealed that the choice of enzyme variant
new preparative applications for the RA95.5-8 enzyme family, and the specific reaction conditions had a large influence on the
we investigated the asymmetric synthesis of y-nitroketones, relative yields of y-nitroketone and various uncharacterized side
which are valuable chiral synthons.ls_ls products. Using low acceptor concentrations (<1 mM), a

Two types of Michael reaction may be envisioned for the slightly acidic buffer (pH = 6.5), and conducting the reactions
stereocontrolled preparation of y-nitroketones: addition of
ketones to nitroolefins and addition of nitroalkanes to Received: November 18, 2016
conjugated ketones. Simple amines as well as more Published: December 19, 2016
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Scheme 2. Nitro-Michael Reactions Catalyzed by RA95.5-8
Variants
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in the dark, variants TS3L/K210H RA95.5-8 and S233F
RA95.5-8 were found to accelerate the formation of Michael
product 3a with minimal accumulation of side-products. They
were therefore characterized further. For both catalysts, chiral
HPLC analysis of the isolated reaction products showed a clear
preference for formation of the “S”-configured 3a adduct
(Table 1, entries 1 and 2). S233F RA95.5-8 provided higher
conversion in preparative reactions and was therefore chosen to
catalyze the addition of acetone to a series of substituted
nitrostyrenes (1b—d, Scheme 2A). The corresponding -
nitroketones 3b—d were isolated in moderate to good yields,
and consistently exhibited a preference for the “S”-configured
product (Table 1, entries 3—5). The stereoselectivity of the
additions is opposite to that obtained with aldehyde acceptors,’
indicating a distinct binding mode for the nitroolefins at the
active site. The lower “S”-preference seen with 1d may reflect
this compound’s 6-methoxynaphthyl group favoring a compet-
ing binding orientation more akin to that of 6-methoxy-2-
naphthaldehyde for which the pocket was originally tailored.”
Mutagenesis and kinetic studies were carried out to provide
insight into the mechanism of action and catalytic efhiciency of
these biocatalysts. Consistent with the proposed importance of
enamine intermediates, negligible activity was observed when
the catalytic Lys83 was replaced with methionine. Steady-state
parameters for the reaction of la in the presence of a large

excess of acetone (2 M) were determined for both TS3L/
K210H RA95.5-8 (k2P = 0.012 + 0.002 s, K3}, = 610 + 120
#M) and S233F RA9S.5-8 (k%P = 0.016 + 0.001 s~', K5, =
510 + 40 uM). The turnover numbers of the two variants are
relatively modest, roughly an order of magnitude lower than the
ke, values for the retro-aldol reaction catalyzed by RA95.5-8,"°
possibly reflecting rate-determining Schiff base or enamine
formation. This possibility prompted us to investigate
RA95.5-8F° as a catalyst for the addition of acetone to la.
Although it is a 30-fold more efficient aldolase than RA95.5-8,
chromatographic analysis of the reaction mixture revealed
multiple side products and relatively little 3a, which was
produced with inverted stereochemistry (R/S = 77:23). These
results suggest that RA9S5.5-8F binds 1a in a different, less
productive orientation than the other variants, outweighing its
greater ability to activate acetone. Given the demonstrated
evolvability of these systems, though, it should be possible to
boost the efficiency and stereospecificity of these enzymatic
reactions through additional rounds of mutagenesis and
screening.

Variants of 4-oxalocrotonate tautomerase have been shown
to catalyze analogous Michael-type reactions,"® >’ utilizing an
N-terminal proline residue*' to promote stereoselective
additions of aliphatic aldehydes (but not ketones) to nitro-
styrenes. The unique ability of RA95.5-8 to activate a ketone as
the Michael nucleophile might be explained by the higher
nucleophilicity of primary amines, which has been successfully
exploited in organocatalysis to activate hindered or poorly
electrophilic carbonyl groups.”” As a consequence, RA95.5-8
variants might also catalyze ketone-derived enamine additions
to other electrophiles such as maleimides, nitroso compounds,
or stable imines.'

The second approach to y-nitroketones involves Michael
addition of nitroalkanes to conjugated ketones, activated as
iminium ions (Scheme 1C). We tested a number of aldolase
variants (Table S1) for the Michael addition of nitromethane to
(E)-4-(4-methoxyphenyl)but-3-en-2-one (2a, Scheme 2B). The
TS3L/K210H RA95.5-8 variant, which was previously opti-
mized for the reaction of 2-ethyl cyanoacetate to 2a (Scheme
ID),"" catalyzes the asymmetric synthesis of (R)-4-(4-
methoxyphenyl)-S-nitropentan-2-one ((R)-3a) in high yield
and enantioselectivity as determined by chiral HPLC analysis
(Table 1, entry 6). This reaction was kinetically characterized
by varying the concentration of the conjugated ketone at
several fixed concentrations of nitromethane. Intersecting lines
in the double reciprocal plot (Figure S2) suggest that both
substrates bind independently. Global fitting of the data to a
random binding mechanism gave the steady-state parameters

Table 1. Enantiocomplementary Preparation of y-Nitroketones Using Variants of RA95.5-8 as Catalysts

entry substrates RA9S.S-8variant product yield R/S ratio
1 la acetone TS3L/K210H 3a 61% 13:87
2 la acetone S233F 3a 84% 14:86
3 1b acetone S233F 3b 64% 12:88
4 1c acetone S233F 3c 65% 18:82
S 1d acetone S233F 3d 37% 44:56
6 2a nitromethane TS3L/K210H 3a 82% 96:4
7 2b nitromethane TS3L/K210H 3b 70% 94:6
8 2c nitromethane TS3L/K210H 3c 65% 77:23
9 2d nitromethane TS3L/K210H 3d 63% 99.3:0.7
10 2a 2-nitropropane TS3L/K210H 3f 81% 93.5:6.5
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ke = 0.16 £ 0.01 57, Ky, = 220 £ 10 4M and Ky iomethane =
4S5 + 3 mM. This reaction is thus about ten times faster than
the enzymatic addition of acetone to nitrostyrene 1la catalyzed
by the same aldolase variant and similar to the rates observed
for the reaction of ethyl 2-cyanoacetate and 2a.'' Again,
Michael activity is lost upon mutagenesis of Lys83 to
methionine, supporting the hypothesis that this residue
activates the conjugated ketone via iminium ion formation."'
Like 2-ethyl cyanoacetate, nitromethane preferentially attacks
the Re face of the resulting enzyme intermediate, giving rise to
the R-configured p-nitroketone. This route to 3a is thus
stereocomplementary to the reaction of acetone with nitro-
styrene described above.

The preparative utility of TS3L/K210H RA95.5-8 for y-
nitroketone synthesis was examined with a series of substituted
conjugated ketones (2b—d, Scheme 2B). In all cases, addition
of nitromethane gave the corresponding y-nitroketones (3b—d)
in good to excellent yields and high selectivity for the R-
configured product (Table 1, entries 7—9). Bulkier nitroalkanes
such as nitroethane and 2-nitropropane were also assayed as
nucleophiles in the reaction with 2a (Scheme 2C). Although
product accumulation with nitroethane was severely hampered
by enzyme deactivation, 2-nitropropane reacted smoothly to
afford the substituted nitroketone 3f in good yield and high
stereoselectivity (Table 1, 10). This type of tertiary nitro
compound would not be accessible by addition of acetone to a
nitroolefin.

Because of their inherent compatibility, enzymes are ideally
suited for the construction of complex molecular scaffolds from
simpler startmg materials via one-pot, multistep reaction
sequences.”’~*® Accordingly, we wondered whether the diverse
activities observed for the RA95.5-8 aldolase variants might be
combined to prepare y-nitroketones in a three-step biocatalytic
cascade involving sequential aldol addition of acetone and a
suitable aldehyde, dehydration, and Michael addition of a
nitroalkane (Scheme 3). In previous work, we showed that

Scheme 3. One-Pot, Three-Step Synthesis of Michael Adduct
3d Catalyzed by RA95.5-8 Variants
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RA9S.5-8F is an efficient catalyst for the first step in this
sequence, namely the synthesis of (R)-methodol from acetone
and 6-methoxy-2-naphthaldehyde.’ During characterization of
this highly active enzyme variant, we observed that under
certain reaction conditions (i.e., relatively high catalyst loadings,
low donor concentrations, and extended reaction times)
dehydration of the aldol adduct, the second step in the
cascade, occurred. These parameters were therefore optimized
to enable preparative-scale enzymatic synthesis of the
conjugated ketone 2d (see SI). Inclusion of TS3L/K210H
RA95.5-8 and nitromethane in the reaction mixture completed

105

the sequence and enabled efficient one-pot synthesis of y-
nitroketone 3d. Under optimized conditions, the final product
was produced in similar yield and stereoselectivity (64%
isolated yield, R/S = 97.7:2.3) as the reaction using purified 2d
as starting material (Table 1, entry 9). This simple and effective
biocatalytic cascade attests to the synthetic opportunities
enabled by the combined action of related artificial enzymes.

In summary, we have developed two stereocomplementary
biocatalytic routes to y-nitroketones. Our results highlight the
utility and versatility of artificial aldolases as practical catalysts
for asymmetric carbon—carbon bond forming reactions.
Chemical promiscuity, combined with inherent evolvability,
make these and other computationally designed enzymes
attractive starting points for the development of new catalysts
with broadened substrate scope and tailored substrate
specificities and stereoselectivities.
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