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Enzymes are efficient catalysts in synthetic chemistry, and their
catalytic activity with unnatural substrates in organic reaction media

is an area attracting much attentibriProtein engineering has MY
traditionally been used to change properties of enzymes such as '
thermostability, chemostability, and substrate selectivity. In this i ¢

communication, we show both by quantum chemical calculations
and by chemical experiments that it is possible to introduce new
reaction S[.JECIfICIty‘In an gnzyme by introducing changes amolng Figure 1. Model system used in the quantum chemical studies of the aldol
the catalytically active amino acids. We have used the well-studied 5qgitions, represented by the optimized structure of the first transition state
protein scaffold offered by the serine hydrol&3andida antarctica (2TS). The aspartate, histidine, and oxyanion hole are represented by formate
lipase B (CALB, EC 3.1.1.3) to achieve catalytic activity for aldol ion, imidazole, and three water molecules, respectively.

reactions.

Carbon-carbon bond-forming reactions are fundamental in
organic synthesis. A number of aldol reactions occur in the living
cell, but no aldolase is known to follow the reaction mechanism
we propose here. The aldolases in the central carbohydrate
metabolism use either a Znor a lysine in the formation of an
enolate. The enzymes are generally highly specific for the donor
substrate, that is, the nucleophilic enolate, but relatively flexible
with respect to the electrophile. In recent years, catalytic antibodies
with an amino functionality mimicking aldolases have been
developed. These have demonstrated the possibility of introducing
new functions in existing protein scaffolds, and they also have the
ability to accept a wider range of substrates.

system, as shown in Figure 1. In a previously published study, a
similar model system was used to examine ester hydrolysis in the
natural enzymé.That study demonstrated the relevance of the
minimal model system and that it could predict the effects of point
mutations.

The catalytic pathways of the aldol addition of acetaldehyde and
acetone were analyzed by geometry optimization of stationary points
(minima and transition states) using the B3LYP method and a
specially augmented 6-31G basis set. The positions of the water
molecules relative to the imidazole were estimated by a comparison
with representative structures from a MD simulation on the
Ser105Ala mutant with an enolate intermediate bound to the active
CALB belongs to the folding family of/8 hydrolases. This ~ Ste: Himited constraints were used in the geometry optimizations

to preserve this positioning. Single point calculations were per-

fold harl_nors_a number of @fferent enzyme activities such as formed at the B3LYP/6-3tG* and MP2/6-3%G* levels to obtain
carboxylic acid esterases, thioesterases, peptidases, dehalogenases

. ; . dccurate energies. The Gaussian 98 softvaras used for all
epoxide hydrolases, halo peroxidases, and enzymes cleavifig C uantum chemical computations
bonds® A common feature of all of these reaction mechanisms q P )

. L . . To test the tentative reaction mechanism, experiments were run
involves the activation of a carbonyl function through an oxyanion _ . : . .

. o . with wild-type and mutant lipases. Consequently, Ser105 in CALB
hole. Another common feature is a nucleophilic elbow with a Ser,

Cys, or Asp as the nucleophile. The serine hydrolases are hydroly‘[icWas’.ta'rgEtecI by site _d_wected mutagene3|_s o c_reate _enzyme_vanants
. . . lacking the nucleophilic feature of the active site. Wild-type lipase

enzymes which can hydrolyze both ester and peptide bonds. Their

e . g . . and the mutants Serl105Ala and Serl05Gly were expressed and
stability in organic solvents is well documente@hree amino acid . : L .

. S . produced in recombinant yeaichia pastoris® The produced en-

residues, the so-called catalytic triad Asp-His-Ser, play a key role Zvmes were purified by hvdrophobic interaction chromatoaraph
in the catalytic process. The basic nitrogen of the Asp-His pair y P y hyarop grapny

. . . . and then immobilized on the polypropylene carrier EP10be
facilitates proton transfer during the catalytic process, while the . .

. ) . . - . reactions were run at room temperature with-003% M aldehyde
serine assisted by the Asp-His pair functions as a nucleophile. It

can be expected that the proton transfer and the charge stabiIizatiorgoroloanéII or hexanal) in cyclohexane with decane as the |ntern_al
. L : standard. Samples were taken for GC and GC-MS analyses using
capacity through hydrogen bonding in the oxyanion hole could be . S
o ; . .~ ~ chiral capillary columns (Chrompack Chirasil-dex, 25>m0.32
utilized for catalysis of reactions that are unnatural to the native

. L . o mm i.d., d; 0.25um and J&W CyclosilB, 30 mx 0.32 mm i.d.,
enzyme, if the nucleophilic functionality is removed. We have . .
. . " o dr 0.25 um, respectively). The results for hexanal are shown in
investigated the ability of an enzyme where the serine is mutated

. . ... Figure 2.
for a nonpolar residue, such as alanine, to catalyze aldol additions . . .
The quantum chemical calculations support a mechanism where
of aldehydes and ketones.

. . . L . the enolate intermediate is stabilized in the oxyanion hole, according
A tentative reaction mechanism of an aldol addition involving : : :
o . ) Co . to the two-step mechanism presented in Scheme 1. In the first step,
charge stabilization by the oxyanion hole was first studied in detail

: . . L the Asp-His dyad and the oxyanion hole stabilize the formation of
by means of quantum chemical calculations in a minimal model . L
an enolate ion. This ion is subsequently attacked by a second

* Department of Biotechnology substrate molecule. In this second step, a carmambon bond is
* Department of Physical Chemistry. formed, and the proton is transferred to the oxygen in a concerted
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Figure 2. Progress curve of aldol addition product from hexanal catalyzed

by CALB wild type and one serine mutant.

Scheme 1. Two-Step Mechanism of the Aldol Addition Reaction
of Acetaldehyde (R = H), or Acetone (R = CHg), in the Lipase
Mutant Suggested by the Calculations
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Table 1. Relative Energies (kcal/mol) of the Stationary Points in
the Aldol Addition2

B3LYP/ MP2/ B3LYP/ MP2/
acetaldehyde 6-31+G* 6-31+G* acetone 6-31+G* 6-31+G*
1 0.0 0.0 1 0.0 0.0
2TS 11.2 14.5 2TS 14.5 17.4
3 7.1 9.8 3 115 13.7
4 6.8 3.2 4 12.3 7.9
5TS 15.1 13.2 5TS 17.9 13.0
6 -3.7 —13.7 6 -0.2 —13.0

mg1), 4 times higher than that of wild-type lipase and 300 times
higher than those of albumin and carrier (without protein), as
calculated after subtractions of the uncatalyzed reaction rate (Figure
2). Similar results were obtained using propanal (data not shown).

To further establish that the reaction takes place in the enzyme’s
active site, control reactions were run with covalently inhibited wild-
type CALB using the inhibitor methyp-nitrophenyln-hexylphos-
phonat€’. The inhibited enzyme did not show any lipase activity,
and the specific activity for the aldol reaction was as that of albumin.
Furthermore, altered diastereoselectivity from that of the uncata-
lyzed reaction (2:1 in favor of the first-eluting diastereomer) was
observed by mutated lipase (1:3.2 in favor of the other diastere-
omer). These results clearly show that the active site is responsible
for the aldol addition reaction.

In conclusion, we have shown the possibility to engineer the
hydrolytic reaction specificity of CALB for catalysis of aldol
reactions. The quantum chemical calculations predicting the pos-
sibility of aldol reactions could be experimentally confirmed. The
reaction rate was on the same order as that of catalytic antib®dies.
Assuming that all protein is active, the Serl05Ala mutant has a
specific rate of 65 day. The increased rate expressed by the mutant
enzymes as compared to that of wild type may be due to the lack
of the hemiacetal formed by serine attacking the substrate in the
wild type. The reactions may be possible to carry out both in organic
as well as in aqueous solvents, and we expect that the new catalytic
activity, harbored in the stable protein scaffold of the lipase, will
allow aldol additions of substrates, which cannot be reached by
traditional aldolases.
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