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Enzymes can be used in organic synthesis, where they are o

efficient catalystd.We have used lipase B fro@andida antarctica

as a scaffold and increased its reaction specificity for Michael
additions by the substitution of one amino acid (Ser105Ala) in the
active site through rational design. This mutahtantarcticalipase

B Serl05Ala, catalyzes carbowarbon bond formation between
1,3-dicarbonyls and,5-unsaturated carbonyl compounds faster than
the wild-type enzyme. This Michael addition is one of several
possible promiscuous reactidnf®r C. antarcticalipase B. The
common feature of both the natural hydrolytic reaction and the
promiscuous reactions is the activation of a carbonyl functionality
of the substrate by the oxyanion hole of the enzyrhgt-Addition

Scheme 1. Michael Addition of 1,3-Dicarbonyl Compounds to
o,3-Unsaturated Carbonyl Compounds Catalyzed by a C.
antarctica Lipase B Mutant
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of a carbon nucleophile to an3-unsaturated carbonyl compound
is called Michael addition and is a useful and efficient method to
create carboncarbon bonds in organic synthesis. Michael additions
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Figure 1. The hypothetical catalytic addition of a carbon nucleophile
(acetylacetone) to am,3-unsaturated carbonyl compound (acrolein) in the
active site ofC. antarcticalipase B Serl05Ala. The carbonyl oxygen of
the a,f-unsaturated carbonyl compound is bound to the oxyanion hole
formed by Glngs and Thig, and the nucleophile is activated by bis

hole and be activated for a nucleophilic attack by a second substrate.
The substitution of Segs to Ala facilitates this attack by opening

up extra space and avoiding unproductive hemiacetal formation.
His,,4 may act as a general base to activate the carbon nucleophile
by removing one of ite-protons. The two substrates are then close
to each other in the active site, which can result in a nucleophilic
attack of the carbon nucleophile on tifecarbon of thea,f-
unsaturated carbonyl compound. Gand Thy could then
stabilize the formation of an enolate by three hydrogen bonds to

are traditionally catalyzed by strong bases, which can causethe carbonyl oxygen of the,S-unsaturated carbonyl compound.
unwanted side reactions of the starting materials and subsequeniThe product can then be released from the enzyme active site.
reactions of the products. To avoid these problems, various types The Serl05Ala variant . antarcticalipase B was created by
of catalysts have been developed. The most common catalystssite-directed mutagenesi®oth wild-type and mutant enzyme were
reported for Michael additions are transition metals or lanthanide expressed irPichia pastoris purified, immobilized on Accurel

catalysts' An alternative to these catalysts is enzymes. Enzyme-
catalyzed conjugate additions, however, are rarely reported. Kita-

zume et al. used hydrolytic enzymes (not lipase fr@andida
antarcticg to catalyze the Michael-type addition of thiols and
amines to triflourinated,5-unsaturated carbonyl compounds in the
1980s° Wild-type C. antarcticalipase B has been reported to
catalyze Michael-type addition of secondary amines to acrylonitrile
and primary amines to methyl acrylé&in and co-workers used
alkaline protease fromBacillus subtilisto catalyze Michael-type
addition of pyrimidine derivatives and imidazole to acrylates in
organic solvent. Recently, we reported that wild-type and the
Serl105Ala mutant of. antarcticalipase B catalyzed the Michael-
type addition of thiol and amine nucleophiles to a ranger g
unsaturated carbonyl compouridsThis led us to believe that.
antarcticalipase B Serl05Ala could even catalyze Michael addi-
tions of carbon nucleophiles, if theilkp values were sufficiently
low.

A hypothetical model of the catalytic addition of acetylacetone
to acrolein inC. antarcticalipase B Ser105Ala is shown in Figure
1. This model is based on previously published QM calculatfons.
o,-Unsaturated carbonyl compounds will bind to the oxyanion

17988 m J. AM. CHEM. SOC. 2005, 127, 17988—-17989

MP1000,<1500um, and equilibrated to a water activity of 0.2:1.
The amount of active wild-type enzyme was determined by active-
site titration usingp-nitrophenyln-hexylphosphonat&The amount

of protein adsorbed on the carrier was determined spectrophoto-
metrically before and after immobilizatidfiln a typical experiment,

10 mg of immobilized enzyme (containing 1.8% w/w wild-type
lipase or 2.3% w/w mutant lipase), 8.4 mmol @f3-unsaturated
carbonyl compound, 6 mmol of 1,3-dicarbonyl compound, and
internal standard (dodecane) were mixed without solvent and
incubated at 20C in an end-over-end rotator. The reactions were
followed by capillary column GC-FID (Chrompack Chirasil-dex,
25 m x 0.32 mm i.d.,d; 0.25um). The products were identified
by GC-MS (J&W CycloSil-B, 30 mx 0.32 mm i.d.d; 0.25um).

The product o2 + 4 showed identical MS spectra as was earlier
published by Picquet et &.The product ofl + 5 showed MS
spectra identical to that of the commercial methyl-4-acetyl-5-
oxohexanoate from Sigma Aldrich (Product No. 296171). The
specific rates«) were calculated from initial rates as mole product
per mole enzyme and second. Thg, values were calculated from
the reaction ratesy = knon [S]i[S]2, where [S] and [S} are the
concentrations of the two substrates.

10.1021/ja056660r CCC: $30.25 © 2005 American Chemical Society
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Table 1. Specific Rates (v) for the Solvent-Free Michael Addition
of the Substrates Shown in Scheme 12

€Xp. Vint (Sil) Vit (571) knon (371 Mil) lelknur\ (Mil)
1+3 4.0x 10° 1.1x 17 2.6x 1075 1.5x 1¢°
1+4 12x 1 9.0x 10t 4.8x 107° 2.4 x 10
1+5 8.1x 1072 2.4x 1078 2.6x 1078 3.1x 10
2+3 <1077 <1077 <10710
2+4 3.2x 10t 5.8x 1073 4.4x 107 7.2x 10°
2+5 9.0x 1073 1.1x10° 15x 10741 59x 10

a Specific rates «) were calculated from initial rates as mole product
per mole enzyme and second. Tkg, values were calculated from the
reaction ratesy = knon [S]1[S]2, where [S] and [S} are the concentrations
of the two substrates.
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Figure 2. The progress curve of the solvent-free Michael addition of
acetylacetone to acroleih+ 3 in Table 1. CALB= C. antarcticalipase
B.

The ability of wild-type and Ser105Ala mutant 6f antarctica
lipase B to catalyze the Michael addition of 1,3-dicarbonyl
compounds too,3-unsaturated carbonyl compounds was tested
under solvent-free conditions (Table 1). All experiments proceeded
faster with the mutant than with the wild-type enzyme 4830
times). The reaction of acetylacetone with acroléin- 3 (Table
1) proceeded extremely fast with the mutant reaching 100%
conversion in less than 10 min (Figure 2). The specific rate (4000
s1) was found to be 36 times higher than the specific rate for the
wild-type lipase. This reaction has previously been catalyzed by
CeCk-7H,O/Nal without solvent, which resulted in 86% yield after
8 h11 On the basis of mole catalyst, the enzymatic process’s 10
more efficient. Methyl acrylat® showed the lowest specific rates
of the threen,S-unsaturated carbonyl compounds tested. Dimethyl
malonate2 reacted slower than acetylacetohen all reactions
(Table 1). This can be due to the more acidieprotons of
acetylacetone or steric hindrance. The rate enhancemegpfts.{,)

are high and are in the same order as those observed for enzymes (7

with native substrate’s.

The 1 + 3 reaction is extremely fast. If the amount of enzyme
is increased, the reaction will start to boil. The progress curve of
the Michael addition of acetylacetone to acrolein is shown in Figure

2. This curve shows the progression of the reaction catalyzed by (10) Plcquet

the mutant enzyme, wild-type enzyme, and two uncatalyzed
reactions. The two uncatalyzed reactions (one with carrier without

enzyme and one with substrates only) showed low reaction rates.

This indicates that the Michael addition is catalyzed by the enzyme.

Table 2. Kinetic Constants for the Michael Addition of
Acetylacetone to Methyl Vinyl Ketone (1 + 4) Catalyzed by C.
antarctica Lipase B Serl05Ala in Cyclohexane at Various
Acetylacetone Concentrations

concentration (1) 0.10M 0.50 M 1.0M
k‘zgf/K:‘APP(s*l M~ 1.2 1.0 0.66
Knon (ST M1 4.8x 107° 4.8x 10°° 4.8x 10°°
(KEPITKEPP) Knon 2.4x 1C° 2.2x 108 1.4x 1C°

Kinetic constants for the Michael addition catalyzed by the
Serl05Ala mutant o€. antarcticalipase B were determined for
methyl vinyl ketone4 under pseudo-one substrate conditions,
keeping the concentration of acetylacetone constant (Table 2). The
values ofikEEPKEP (~1 st M~1) were calculated from initial rate
determinations at a low concentration of methyl vinyl ketdr{6.04
M). The experiment was repeated at three concentrations of
acetylacetondl (0.1, 0.5, and 1.0 M). The decrease KIVKE™
with increased concentration of acetylacetone is probably caused
by binding of that substrate to the oxyanion hole, competing with
methyl vinyl ketone. The catalytic proficiency kEEVKE ™/ Knor)
was over 18, which is in the same order as the value observed for
enzymes with native substratés.

In conclusion, we have increased the reaction specificit¢ of
antarcticalipase B Ser105Ala toward carberarbon bond forming
Michael additions. The specific rates for the tested substrates were
high and even extremely high for the Michael addition of acetyl-
acetone to acrolein. Data from Michael addition reactions catalyzed
by C. antarcticalipase B Serl05Ala showed saturation kinetics
with substrate inhibition of both substrates. The rate enhancement
(10°—10°) and the catalytic proficiency>=(1¥) were in the same
range as the values observed for enzymes with native substrates.
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