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Engineered Substrate-Assisted Catalysis A HO
o s Y 6-‘——'HN\§ Thrao
e ST s e
Anders Magnusson, Karl Hult, and Mats Holmquist* Asp187 0 . NH 0. HN—E
serios” YL Gin106
His224
Department of Biotechnology °
Royal Institute of Technology 5 oH s
SE-100 44 Stockholm, Sweden o L Ctlg Thr40Val

\<\ T NF - O—C™
Asp187 HNT SNt

0 ):/36”05/ O} Hg\v.gelmoe

We have engineered a hydrolase scaffold to perform enantio- His224
selective substrate-assisted catalysis. First, a transition-stateFigure 1. Active-site close-up ofCandida antarcticalipase B. (A)
stabilizing residue in the enzyme active site was removed by site- Transition-state stabilization in wild-type enzyme. (B) Substrate-assisted
directed mutagenesis, causing reduced activity. The catalytic fransition state stabilization in a Thr40Val mutant.
activity was then partially and enantioselectively restored by a o . .
substrate containing the missing catalytic functional group. By at the 2-position in the acyl moiety of the substrate (Figure 1).
improved enantioselectivityE(= 22) toward ethyl 2-hydroxy- ~ compared to the other. o .
propanoate. Enzymes offer one of the best routes to enantiomeri- We targeted Thr40 in CALB by site-directed mutagenesis to
cally pure building blocks for the synthesis of bioactive com- Create enzyme variants with a compromised oxyanion hole. Wild-
pounds such as pharmaceuticals, pheromones, fragrances and finlPe lipase and the Thr40Val and Thr40Ala mutants were
chemicals: Hydrolases such as lipases, esterases, and proteaseBroduced in recombinant yeaichia pastorisin high yield and
are commonly used catalysts for the preparation of optically active PUrity-** The produced lipases were purified by means of
carboxylic acids, alcohols, amino acids, and amtest, it has hydrophobic interaction chromatography followed by gel filtra-
remained a challenging task to rationally tailor or improve the tion.** Specificity constantsk{s/Ky) for wild-type and mutated
substrate specificities of these enzymes. To date, only a fewlipase were determined toward ethyl propanoate and ethyl
examples of improvements in enantioselectivities of lipases/ butanoate (Table 1). The enzymes did not show saturation kinetics

esterases have been achieved using site-directed mutagenesigWithin the solubility range of the investigated substrates. The
directed evolutiort,or chemical modificatiof. Thr40Val and Thr40Ala mutants showed 3 orders of magnitude
Here we describe a new means to create enantioselectiveloWer kea/Ky values than wild-type enzyme, demonstrating the
hydrolases via engineered substrate-assisted catalysis (SAC)crucial role of Thr40 in catalysis (Table 1). The loweleg/Ky
Examples of SA€include naturally occurring enzymes as well ~values correspond to increased activation energies byL9%J/
as engineered serine protedsasd glycosidasesOur goal was mol. These data agree well with the loss of one stabilizing
to engineer an enzyme to performe SAC toward 2- or 3-hydroxy- hydrogen bond to the transition statdn a few hydrolases the
acid esters. As a target enzyme lipase B was identified from Importance ofas_lde chain mvolv_ed in oxyanion hoIe_ stabilization
Candida antarctic§CALB) which has found numerous synthetic ~has been investigated by site-directed mutagenesis and enzyme
applications’. Our hypothesis was that the hydroxyl group in such kinetics. Such mutants of the serine protease subtffsthe
substrates could substitute for an active-site residue, replaced bycySteine protease papdihand the esterase cutlné%ehc_)wed
site-directed mutagenesis in the enzyme. The catalytic machineryreducedkea/Ky values corresponding to reduced transition-state
of CALB consists of a Ser-His-Asp tridd.The transition state stabilization by 16-16 kJ/mol. In all cases the effect was
of the catalyzed ester hydrolysis reaction is an oxyanion (Figure attributed to a large decreasek;and a minor change iky. It
1). The oxyanion hole is a spatial arrangement of hydrogen-bond Was thus_co_ncluded that the role of _the oxyanion hole is to stabilize
donors in the active site that is the major factor for lowering the the transistion state and not to facilitate binding of the substrate.
free energy of the transition staieThe 3D-structures of CALB/ Having established the essential role of Thr40 in transition-
inhibitor-complexes suggest that the oxyanion is stabilized by two State stabilization in CALB, we now investigated if a hydroxyl
backbone amide hydrogen atoms and the side-chain hydroxyl 9roup positioned in the sqbstr_ate could substltute_for_ the side chain
group of Thr402 Our hypothesis was that the Thr40 side-chain ©Of Thr40 replaced by site-directed mutagenesis in the mutant

ity for either enantiomer of ethyl 2-hydroxypropanoate compared
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Table 1. Kinetic Constants for Wild-Type and Mutatégandida antarcticaLipase B in the Hydrolysis of Chiral and Achiral Ethyl Esters

kcal/KM kcallKM kcaIKM kcallKM
KealKm (9-2-hydroxy- (R)-2-hydroxy- KealKm (9-3-hydroxy- (R)-3-hydroxy-
propanoate propanoate propanoate butanoate butanoate butanoate
Catalyst (stM) (stM) (stM (stM (stM (stM?)
wild-type 830 +13 190 +4 120 +5 6700 +530 54 +£3 1700 +85
Thr40Ala 0.33t 0.07 2.0+£0.1 0.20+ 0.03 174 0.1 0.14 £+ 0.02 11+ 0.2
Thr40Val 0.60+ 0.01 5.0+£0.3 0.23£ 0.02 20+ 03 0.059+ 0.004 0.12t 0.02
nonenzymatic 0.22 2.0 2.0 0.15 0.36 0.36

aKinetic constants were obtained from initial rates determined-&0LmM substrate concentrations, in the presence of 0.125mitophenol
in 2.5 mM MOPS buffer at pH 7.2 and 2&. Enzyme activities were measured spectrophotometrically at 400 nm in triplicates or more. Second-
order rate constants for non-enzymatic alkaline hydrolysis of the esters were determined at pH 10.

to ethyl propanoate (Table 1). By contrast, the Thr40Ala and

. . .
Thr40Val mutants showed remarkably imprové&)2-hydroxy- Ethy! 3-hydroxybutanoate

propanoate/propanoate specifiéftyoy factors of 26 and 36, 10 . O Ethyl2-hydroxypropanoate _
respectively (Table 1). In the engineered lipases the hydroxyl i E =98 Eg=22
group withS-configuration in the substrate acyl chain lowers the " s

activation energy by 45 kJ/mol compared to the corresponding % 5

straight chain substrate. These data clearly suggest that the
hydroxyl group with S-configuration is oriented to allow for

cat

improved transition-state stabilization. To quantify differences in

reactivity between substrates we determined the second-order rate —% »

constants for alkaline hydrolysis. These experiments showed that £ _ I E_=2.0
ethyl 2-hydroxypropanoate is 9 times more reactive than ethyl 3 5 A
propanoate (Table 1). Thus, only the reengineered enzymes can I

take full advantage of the inherent chemical reactivity difference 10

RTIN[(k /K ) /k K 1 (kdmol)

between the substrates. By contrast, withReenantiomer of ethyl - E=31

2-hydroxypropanoate the Thr40Ala and Thr40Val mutants were Wild type Thr40Ala Thr40Val

not able to perform substrate-assisted catalysis. Rye-y-

droxypropanoate/propanoate specificities of the mutants were only

marginally improved compared to wild-type enzyme (Table 1).
The wild-type lipase showed very low enantioselectivEy~

1.6) toward ethyl 2-hydroxypropanoate. The Thr40Ala and

Thr40Val mutants showed substantially improved enantioselec-

tivities, E = 9.8 andE = 22, respectively (Figure 2). THevalues

of wild type and Thr40Val mutant enzymes correspond to an

enantiomeric excess of the product of 20 and 89%, respectively,

Figure 2. Comparison ok./Ky values and enantioselectivitiess =
[(kealKmy)g/(KealKm)r], of wild type Candida antarcticalipase B and
oxyanion hole mutants.

zymes?! Large parts of the oxyanion hole anatomy are defined
by backbone amide protons. CALB, subtilisin, papain, cutinase,
and some lipases also have a side chain contributing to transition-
state stabilization. The current approach is therefore generally

at 25% conversion. This clearly demonstrates that engineered""‘pplicable to all of these enzymes, representing three different

substrate-assisted catalysis is a powerful means to create highl}PrOte'n foIds._AIs_o, subtilisin has the mirror-image organization
enatioselective hydrolases. The higlievalue of the Thr40Val of the catalytic triad members and the oxyanion hole compared
mutant compared to that of the Thr40Ala variant is due to its to CALB. Thus, engineered substrate-assisted catalysis applied

higherkea/Ky value for the fast-reacting(-2-hydroxypropanoate to the_zse dlfferent scaffolds proyldes nov_el opportunities for the
ester (Table 1). The size of the oxyanion hole is therefore also creation of tailored enzymes with opposite and complementary
an important factor controlling enantiorecognition. The key role enantiopreference.
of residue 40 in catalysis and enantioselectivity was further
demonstrated with ethyl 3-hydroxybutanoate. The enantioselec- Acknowledgment. We thank Jens Kateb for technical assistance,
tivity decreased fronkt = 31 for wild-type lipase t&e = 7.8 and Novo Nordisk A/S for providing the CALB gene, and the Swedish
E = 2.0 as a result of the Thr40Ala and Thr40Val mutations, Research Council for Engineering Sciences and the Swedish Natural
respectively (Table 1, Figure 2). In the mutated enzymes the Science Research Council for financial support.
enantioselectivities were thus altered toward improSezhanti-
omer selectivity for both ethyl 2-hydroxypropanoate and ethyl JA015604X
3-hydroxybutanoate (Figure 2). - -

The oxyanion hole is a universal feature in the catalytic function 40(()?0) Menard, R.; Storer, ABiol. Chem. Hoppe-Seyl&992 373, 393~
of serine and cysteine protea¥eand o/S-hydrolase fold en- (21) Holmquist, M.Curr. Protein Pept. Sci200Q 1, 209-235.




