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Combinatorial Library Based Engineering of Candida antarctica
Lipase A for Enantioselective Transacylation of sec-Alcohols in
Organic Solvent**
Ylva Wikmark, Maria Svedendahl Humble,* and Jan-E. B�ckvall*

Abstract: A method for determining lipase enantioselectivity
in the transacylation of sec-alcohols in organic solvent was
developed. The method was applied to a model library of
Candida antarctica lipase A (CalA) variants for improved
enantioselectivity (E values) in the kinetic resolution of 1-
phenylethanol in isooctane. A focused combinatorial gene
library simultaneously targeting seven positions in the enzyme
active site was designed. Enzyme variants were immobilized on
nickel-coated 96-well microtiter plates through a histidine tag
(His6-tag), screened for transacylation of 1-phenylethanol in
isooctane, and analyzed by GC. The highest enantioselectivity
was shown by the double mutant Y93L/L367I. This enzyme
variant gave an E value of 100 (R), which is a dramatic
improvement on the wild-type CalA (E = 3). This variant also
showed high to excellent enantioselectivity for other secondary
alcohols tested.

The general demand for stereoselective synthetic methods
and environmentally compatible industrial chemical process-
es is increasing. This has led to an increased demand for
enzymes that can be used as catalysts for various purposes.[1,2]

To date, lipases are among the most used enzymes for
industrial biocatalytic applications.[3, 4] Lipases generally show
high substrate and reaction promiscuity in combination with
high stereoselectivity.

Our research group has been involved in the development
of dynamic kinetic resolution (DKR),[5–7] in which lipases are
combined with transition metals. Efficient systems have been
obtained that allow the transformation of racemic alcohols
(and amines) into enantiomerically pure products in close to
quantitative yields based on the racemate. In these reactions,

the lipase catalyzes a transacylation in an organic solvent and
the metal complex racemizes the slow-reacting enantiomer of
the alcohol (or amine).

To further improve and extend the scope of DKR
reactions, more efficient and more enantioselective enzymes
with broad substrate scope are required. One problem is that
such enzymes may not be available in the natural collection of
lipases. A solution to this problem is to modify natural lipases
through engineering/directed evolution.

Evolution of enzymes through the generation of large
libraries with subsequent screening and selection is the most
efficient method for obtaining new enzyme variants with
improved properties.[8–10] There are many examples in which
the stereoselectivity of lipases has been significantly
improved by using this approach.[8, 11–18] Although a method
for microtiter-plate screening in organic solvent has been
reported, this method was not tested for enantioselectivity.[19]

To date, all screening studies on lipase libraries for increased
enantioselectivity have dealt with the hydrolysis of esters in
an aqueous medium. Consequently, library-based engineering
has never been used for improving the DKR scope for sec-
alcohols, since these substrates involve transacylation in
organic solvent. In order to produce the desired enzyme
variant, it is necessary to mimic the true reaction conditions
according to ArnoldÏs statement: “you get what you screen
for”.[8a] There are several reported examples of solvent
dependence for enzyme selectivity,[20, 21] and even reversed
enantioselectivity between water and organic solvent has
been described.[21]

Herein, we report a method that enables the screening of
a lipase library for enantioselective transacylation in an
organic solvent. Normally, supernatants containing the pro-
tein of interest are directly used in enzyme-library screening
assays. In this work, the use of a standard His6-tag immobi-
lization technique provided one-step simultaneous immobili-
zation and purification of the enzyme library on microtiter
plates. This method allows the solvent to be changed from
water to isooctane, as well as the screening of purified enzyme
preparations.

Lipases A and B from Candida antarctica are two
biocatalysts that have found widespread applications in
organic transformations, and both enzymes work very well
in a range of organic solvents.[22] The enzyme Candida
antarctica lipase A (CalA) has been employed to a lesser
extent compared to Candida antarctica lipase B (CalB). CalA
catalyzes the transacylation of sec-alcohols in organic solvents
at activities comparable to those of CalB,[23] but shows low or
no enantioselectivity for small sec-alcohols such as 1-phenyl-
ethanol (E = 3).[24] CalA shows a naturally high thermo-
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stability, even in its free form,[23–25] and it has a rather large
active site that allows the transacylation of tertiary alcohols.[26]

We have previously demonstrated that CalA can be modified
through engineering/directed evolution for the enantioselec-
tive hydrolysis of esters in water.[17, 18, 27] In the present work,
we used CalA as a test enzyme for improvement of the
enantioselectivity of transacylation in an organic solvent.

As in all lipases, the active site of CalA is made up of two
main substrate binding pockets; an acyl binding pocket and
a nucleophile (or alcohol) binding site. The enzyme exposes
its active site through interfacial activation.[28] Crystal struc-
tures of CalA[29, 30] reveal a narrow acyl binding tunnel, a wider
nucleophile binding cleft, and a flexible lid.[31] The wide
nucleophile binding pocket may be the reason why CalA
shows low enantioselectivity with small secondary alcohols.
Hypothetically, decreasing the size of the nucleophile binding
pocket should increase the enantioselectivity of the enzyme
with smaller secondary alcohols.

Large gene libraries created by random mutagenesis often
show low hit ratios. For improved enantioselectivity, muta-
tions around the active site have proven to be the most
influential and in these cases, focused combinatorial gene
libraries with simultaneous variation of a few amino acid
residues have proven to be successful.[9, 11, 17,18] We recently
reported an efficient improvement in the enantioselectivity of
CalA for the hydrolysis of bulky esters in buffer, where nine
amino acid positions around the active site were varied
simultaneously. This combinatorial method accounts for
synergistic effects. Using 2–4 amino acids at each site yielded
a library of 1024 enzyme variants.[17,32]

In the present study, this combinatorial approach[17] was
used to create a focused enzyme library. The library obtained
was immobilized on microtiter plates through chelation of
a His6-tag and then screened for enantioselective transacyla-
tion in an organic solvent. Seven amino acid residues in the
active site were targeted and varied simultaneously. The
combinatorial library design was guided by molecular model-
ing (Figure 1). The closed form of the crystal structure of
CalA (PDB ID: 2VEO) was previously opened by a 10 ns
molecular dynamics simulation.[18] By using the YASARA
software[33] starting from the catalytic Ser184, tetrahedral
intermediates of (R)- and (S)-1-phenylethyl butyrate were
built into the open structure. Amino acid residues within 5 è
of the tetrahedral intermediates were identified. Seven
positions were selected to be included in the focused
combinatorial library (Table 1). These positions were to be
varied to one or two other amino acids to yield an enzyme

library of 648 variants. The residues were chosen to modify
the space available in the active site.

The gene library was created through overlap-extension
PCR with seven small gene fragments. The gene fragments
were fused together through PCR to give one full-length gene
sequence. This polynucleotide was used as a megaprimer in
a new PCR reaction with a gene–plasmid construct containing
a His6 affinity tag in the N-terminus as the mother template.
The product was transformed into Pichia pastoris X33, which
was then grown on agar plates.

To exclude variants lacking lipase activity, the agar plates
contained tributyrin [0.5% (v/v)]. The use of tributyrin
enables visible identification of colonies containing active
lipase through the formation of halos where the tributyrin is
hydrolyzed.[34] About 25–30% of all colonies showed lipase
activity after four days of incubation at 29 88C. This pre-
screening step reduced the library size substantially and the
accuracy of the selection was verified with a small fraction of
the library.

In the library screening, individual colonies were
expressed in 96-well deep-well plates (8 days, 29 88C,
250 rpm). The plasmid used, pBGP1, enables secretion of
the protein into the supernatant.[27,35]

Supernatants were transferred to Nunc immobilizer Ni-
Chelate F96 microtiter plates from ThermoScientific. The
nickel coating of the microtiter plates enables the coordina-
tion of His6-tagged proteins to the walls of each well. After
enzyme immobilization on the plate, the supernatant was
removed. To remove residual water from the plate, each plate
was washed three times with isooctane and air dried.

Figure 1. Close-up view of the active site of CalA. Amino acid residues
included in the CalA library (Table 1) are shown as turquoise stick
models, while the overall structure is shown as a gray ribbon diagram.
Tetrahedral intermediates (TI) of the product, 1-phenylethyl butyrate,
are shown in dark blue for the (R)-enantiomer and in yellow for the
(S)-enantiomer. The molecular graphics were created by using the
YASARA software.[33]

Table 1: The amino acid (Aa) residues included in the CalA library.

Aaposition Aawild¢type Aalibrary

93 Y A or L or Y
183 Y Y or W
233 F A or F
336 I F or I or L
367 L F or I or L
370 E E or F or L
431 F F or L
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A screening solution of isooctane containing vinyl buty-
rate (200 mm), 1-phenylethanol (20 mm), and dodecane
(20 mm, as internal standard) was added to the plates
containing the immobilized lipase variants (Scheme 1).
After 2.5 h, samples were transferred to a second 96-well
microtiter plate. The plate was then screened by chiral gas
chromatography (GC-FID). The total time to screen through
one 96-well plate was around 24 h when using a method that
takes 14 min per analysis. Variants showing enantioselectivity
(eep) over 95% were determined to be hits. In total, 17 hits
were cultivated in 50 mL scale for further characterization
(Table S1 in the Supporting Information).

The 17 enzyme variants considered to be possible hits
were sequenced, but only three different variants were
identified (Y93A/F233A/L367I, Y93L/L367I, and Y93L/
L367I/G387E). However, the mutation G387E (G387 is
positioned on the enzyme surface) was spontaneous since it
was not included in the library.

Enzyme kinetics were measured for wild-type CalA and
the Y93L/L367I variant. Pseudo-one-substrate conditions
were applied for the model reaction by varying the concen-
tration of 1-phenylethanol in a microtiter plate. The method
involving His6-tag binding gives approximately equal amounts
of enzyme in each well, which gives a reliable comparison of
the activity of the variants. The Y93L/L367I variant showed
increased apparent KM and Ki values compared to the wild-
type enzyme. Wild-type CalA gives a low apparent Ki value of
30 mm and the corresponding value shown by the Y93L/L367I
variant is improved 2.5-fold (81 mm ; Table 2). An improved
inhibition constant is beneficial for further applications in
DKR,[36, 37] in which higher substrate concentrations are
preferred. Variant Y93A/F233A/L367I showed varying
results, thus indicating a mix of different enzyme variants.
This variant was not further characterized.

The enantiospecificity and substrate scope of variant
Y93L/L367I for a number of sec-alcohols were determined
and compared to those of wild-type CalA. Enzyme variant

Y93L/L367I showed improved enantioselectivity for six out of
the seven alcohols evaluated (Table 3). For 1-phenylethanol
(entry 1), p-substituted 1-phenylethanol (entries 3 and 4), and
1-phenylchlorohydrin (entry 7), a significant increase in the
E value was obtained.

The effect of each mutation in the Y93L/L367I variant on
the enantioselectivity of kinetic resolution in the model
reaction was explored by applying variants with single point
mutations (Y93L and L367I). These variants were created by
site-directed mutagenesis, cultivated, immobilized on 96-well
nickel-coated microtiter plates, and screened with the model
reaction (Scheme 1). The screening results show that the two
mutations are synergistic and that the Y93L mutation has the
larger influence on the enantiospecificity.

The effects of the mutations on enantioselectivity were
further explored through molecular modeling by using
a tetrahedral intermediate model (Figure S1 in the Support-
ing Information). The structure was prepared as described
above (by using the YASARA software). Double mutant
Y93L/L367I and the two single mutants (Y93L and L367I)
were created by swapping the specific amino acid residues,
followed by energy minimizations. The (R)- or (S)-configu-
rations of the tetrahedral intermediate in the different variant
structures were compared through alignment to the corre-
sponding configurations in the wild-type enzyme by using
MUSTANG.[38]

The alignments showed that the mutations induce move-
ment of the phenyl groups as a result of steric hindrance.
These movements were measured and the resulting structures

Scheme 1. The model transacylation reaction applied to explore the
enantiospecificity of CalA variants in the kinetic resolution of 1-phenyl-
ethanol in organic solvent at 21 88C.

Table 2: Apparent kinetic parameters for wild-type CalA and the Y93L/
L367I variant determined for the kinetic resolution of 1-phenylethanol
(model reaction) under pseudo-one-substrate conditions at 21 88C.[a]

CalA variant KM,app
[b] [mm] Ki,app

[b] [mm] E[c]

Wild-type 22 30 3
Y93L/L367I 45 81 96

[a] The concentration of vinyl butyrate was kept constant at 500 mm
while varying the concentration of 1-phenylethanol (3-200 mm). Unde-
cane or dodecane (20 mm) was used as an internal standard. [b] The
kinetic constants were derived from non-linear regression using the
Michaelis–Menten equation with substrate inhibition. [c] Mean values of
3–6 reactions with 20 mm 1-phenylethanol for the wild-type and 50 mm
1-phenylethanol for Y93L/L367I.

Table 3: Enantioselectivity of wild-type CalA and the Y93L/L367I variant
determined for the kinetic resolution of various secondary alcohols by
transacylation in isooctane at 21 88C.[a]

Entry Alcohol Ewild-type EY93L/L367I

1 3 100

2 5 20

3 30 >300

4 70 >300

5 70 100

6 32 23

7 4 100

[a] Reaction conditions: 200 mm vinyl butyrate, 20 mm alcohol, and
20 mm dodecane in isooctane at 21 88C. The enzyme was immobilized on
Nunc 96-well nickel-coated microtiter plates.
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compared to the wild-type structure (Table S3). Mutation
Y93L mainly affects the phenyl group of the tetrahedral
intermediate in the (S)-configuration, while mutation L367I
mainly affects the corresponding phenyl group in the (R)-
configuration. According to the molecular modeling results,
mutation Y93L/L367I affects the tetrahedral intermediate in
the (R)-configuration in a positive manner to a higher extent
than the intermediate in the (S)-configuration, which has to
move further away (see the Supporting Information). How-
ever, the important hydrogen-bond network between the
tetrahedral substrate intermediate [(R) or (S)] and the
oxyanion hole and His366 was not affected by the mutations.
These molecular modeling results (compiled in the Support-
ing Information) confirm and follow the trend of the
experimentally determined results for the three enzyme
variants (Table 3, entry 1 and Table 4).

In conclusion, the reported method is a powerful
approach for discovering new enantioselective biocatalysts
for the transacylation of alcohols in organic solvents. By using
the standard His6-tag binding technique, simultaneous immo-
bilization and purification of the whole enzyme library was
achieved. The method is general and should be applicable to
other enzymes for improving enantioselectivity and activity.
Furthermore, the screening method is easy to handle, can be
performed within a reasonable time, and is not labor
intensive. The whole screening procedure is done in 28.5 h/
plate: 2 h (immobilization) + 2.5 h (biocatalysis) + 24 h (GC
measurement).

By using this screening method, a lipase variant showing
improved enantioselectivity in the transacylation of 1-phenyl-
ethanol was found. The enantioselectivity increased from 3
(R) to 100 (R). In addition, this enzyme variant showed
increased KM and Ki values compared to the wild-type
enzyme. The improvement in the Ki value, from 30 to
85 mm, makes the enzyme more useful for synthetic applica-
tions. The enzyme variant showed significantly improved
enantioselectivity for several secondary alcohols. The dra-
matically increased enantioselectivity was confirmed by
molecular modeling. The highly combinatorial approach for
increasing enantioselectivity reported by our group[17] was
thus again proven to be successful.

Keywords: biocatalysis · kinetic resolution · lipase A ·
protein engineering · secondary alcohols

How to cite: Angew. Chem. Int. Ed. 2015, 54, 4284–4288
Angew. Chem. 2015, 127, 4358–4362

[1] N. J. Turner, M. D. Truppo, Curr. Opin. Chem. Biol. 2013, 17,
212 – 214.

[2] U. T. Bornscheuer, G. W. Huisman, R. J. Kazlauskas, S. Lutz,
J. C. Moore, K. Robins, Nature 2012, 485, 185 – 194.

[3] K.-E. Jaeger, T. Eggert, Curr. Opin. Biotechnol. 2002, 13, 390 –
397.

[4] J. L. Adrio, A. L. Demain, Biomolecules 2014, 4, 117 – 139.
[5] Reviews: a) O. P�mies, J. E. B�ckvall, Chem. Rev. 2003, 103,

3247 – 3262; b) B. Mart�n-Matute, J. E. B�ckvall, Curr. Opin.
Chem. Biol. 2007, 11, 226 – 232; c) book chapter “Chemoenzy-
matic Dynamic Kinetic Resolution and Related Dynamic
Asymmetric Transformations”: I. Hussain, J. E. B�ckvall in
Enzyme Catalysis in Organic Synthesis, 3rd ed. (Eds.: K. Drauz,
H. Grçger, O. May), Wiley-VCH, Weinheim, 2012, pp. 1777 –
1806.

[6] a) A. L. E. Larsson, B. A. Persson, J. E. B�ckvall, Angew. Chem.
Int. Ed. Engl. 1997, 36, 1211 – 1212; Angew. Chem. 1997, 109,
1256 – 1258; b) B. Mart�n-Matute, M. Edin, K. Bog�r, J. E.
B�ckvall, Angew. Chem. Int. Ed. 2004, 43, 6535 – 6539; Angew.
Chem. 2004, 116, 6697 – 6701; c) B. Mart�n-Matute, M. Edin, K.
Bog�r, F. B. Kaynak, J. E. B�ckvall, J. Am. Chem. Soc. 2005, 127,
8817 – 8825; d) J. Paetzold, J. E. B�ckvall, J. Am. Chem. Soc.
2005, 127, 17620 – 17621.

[7] Work by others: a) J. H. Choi, Y. H. Kim, S. H. Nam, S. T. Shin,
M.-J. Kim, J. Park, Angew. Chem. Int. Ed. 2002, 41, 2373 – 2376;
Angew. Chem. 2002, 114, 2479 – 2482; b) J. H. Choi, Y. K. Choi,
Y. H. Kim, E. S. Park, E. J. Kim, M.-J. Kim, J. Park, J. Org. Chem.
2004, 69, 1972 – 1977; c) M. P�iviç, D. Mavrynsky, R. Leino, L. T.
Kanerva, Eur. J. Org. Chem. 2011, 1452.

[8] a) F. H. Arnold, Acc. Chem. Res. 1998, 31, 125 – 131; b) E. T.
Farinas, T. Bulter, F. H. Arnold, Curr. Opin. Biotechnol. 2001, 12,
545 – 551.

[9] M. T. Reetz, Angew. Chem. Int. Ed. 2011, 50, 138 – 174; Angew.
Chem. 2011, 123, 144 – 182.

[10] a) J. A. McIntosh, P. S. Coelho, C. C. Farwell, Z. J. Wang, J. C.
Lewis, T. R. Brown, F. H. Arnold, Angew. Chem. Int. Ed. 2013,
52, 9309 – 9312; Angew. Chem. 2013, 125, 9479 – 9482; b) P. S.
Coelho, E. M. Brustad, A. Kannan, F. H. Arnold, Science 2013,
339, 307 – 310.

[11] a) Q. Wu, P. Soni, M. T. Reetz, J. Am. Chem. Soc. 2013, 135,
1872 – 1881; b) M. T. Reetz, S. Prasad, J. D. Carballeira, Y.
Gumulya, M. Bocola, J. Am. Chem. Soc. 2010, 132, 9144 – 9152.

[12] J. Mîller, B. Fredrich, C. Kohlmann, L. Maksym, U. T. Born-
scheuer, Eur. J. Lipid Sci. Technol. 2014, 116, 232 – 236.

[13] M. Goldsmith, D. S. Tawfik, Curr. Opin. Struct. Biol. 2012, 22,
406 – 412.

[14] L. G. Otten, F. Hollmann, I. W. C. E. Arends, Trends Biotechnol.
2010, 28, 46 – 54.

[15] Y. Gumulya, J. Sanchis, M. T. Reetz, ChemBioChem 2012, 13,
1060 – 1066.

[16] R. J. Kazlauskas, U. T. Bornscheuer, Nat. Chem. Biol. 2009, 5,
526 – 529.

[17] A. G. Sandstrçm, Y. Wikmark, K. Engstrçm, J. Nyhlen, J. E.
B�ckvall, Proc. Natl. Acad. Sci. USA 2012, 109, 78 – 83.

[18] K. Engstrçm, J. Nyhl¦n, A. G. Sandstrçm, J.-E. B�ckvall, J. Am.
Chem. Soc. 2010, 132, 7038 – 7042.

[19] M. Konarzycka-Besslor, U. T. Bornscheuer, Angew. Chem. Int.
Ed. 2003, 42, 1418 – 1420; Angew. Chem. 2003, 115, 1449 – 1451.

[20] B. Yang, R. Lihammar, J.-E. B�ckvall, Chem. Eur. J. 2014, 20,
13517 – 13521.

[21] a) C. K. Savile, R. J. Kazlauskas, J. Am. Chem. Soc. 2005, 127,
12228 – 12229; b) C. R. Wescott, A. M. Klibanov, Biochim.
Biophys. Acta Protein Struct. Mol. Enzymol. 1993, 1206, 1 – 9.

[22] M. Widersten, Curr. Opin. Chem. Biol. 2014, 21, 42 – 47.
[23] O. Kirk, M. W. Christensen, Org. Process Res. Dev. 2002, 6, 446 –

451.

Table 4: Enantioselectivity of CalA single mutants determined for the
kinetic resolution of 1-phenylethanol (model reaction).[a]

CalA variant ees [%] eep [%] Conversion [%] E

Y93L 62 86 44 25
L367I 12 86 25 4

[a] Reaction conditions: 200 mm vinyl butyrate, 20 mm 1-phenylethanol,
20 mm dodecane in isooctane at 21 88C. The enzyme was immobilized on
96-well nickel-coated microtiter plates.

Angewandte
Chemie

4361Angew. Chem. 2015, 127, 4358 –4362 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1016/j.cbpa.2013.02.026
http://dx.doi.org/10.1016/j.cbpa.2013.02.026
http://dx.doi.org/10.1038/nature11117
http://dx.doi.org/10.1016/S0958-1669(02)00341-5
http://dx.doi.org/10.1016/S0958-1669(02)00341-5
http://dx.doi.org/10.3390/biom4010117
http://dx.doi.org/10.1021/cr020029g
http://dx.doi.org/10.1021/cr020029g
http://dx.doi.org/10.1016/j.cbpa.2007.01.724
http://dx.doi.org/10.1016/j.cbpa.2007.01.724
http://dx.doi.org/10.1002/anie.199712111
http://dx.doi.org/10.1002/anie.199712111
http://dx.doi.org/10.1002/ange.19971091123
http://dx.doi.org/10.1002/ange.19971091123
http://dx.doi.org/10.1021/ja051576x
http://dx.doi.org/10.1021/ja051576x
http://dx.doi.org/10.1021/ja056306t
http://dx.doi.org/10.1021/ja056306t
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2373::AID-ANIE2373%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2479::AID-ANGE2479%3E3.0.CO;2-6
http://dx.doi.org/10.1021/jo0355799
http://dx.doi.org/10.1021/jo0355799
http://dx.doi.org/10.1002/ejoc.201001703
http://dx.doi.org/10.1021/ar960017f
http://dx.doi.org/10.1016/S0958-1669(01)00261-0
http://dx.doi.org/10.1016/S0958-1669(01)00261-0
http://dx.doi.org/10.1002/anie.201000826
http://dx.doi.org/10.1002/ange.201000826
http://dx.doi.org/10.1002/ange.201000826
http://dx.doi.org/10.1002/anie.201304401
http://dx.doi.org/10.1002/anie.201304401
http://dx.doi.org/10.1002/ange.201304401
http://dx.doi.org/10.1126/science.1231434
http://dx.doi.org/10.1126/science.1231434
http://dx.doi.org/10.1021/ja310455t
http://dx.doi.org/10.1021/ja310455t
http://dx.doi.org/10.1021/ja1030479
http://dx.doi.org/10.1002/ejlt.201300226
http://dx.doi.org/10.1016/j.sbi.2012.03.010
http://dx.doi.org/10.1016/j.sbi.2012.03.010
http://dx.doi.org/10.1016/j.tibtech.2009.10.001
http://dx.doi.org/10.1016/j.tibtech.2009.10.001
http://dx.doi.org/10.1002/cbic.201100784
http://dx.doi.org/10.1002/cbic.201100784
http://dx.doi.org/10.1038/nchembio0809-526
http://dx.doi.org/10.1038/nchembio0809-526
http://dx.doi.org/10.1002/chem.201404233
http://dx.doi.org/10.1002/chem.201404233
http://dx.doi.org/10.1021/ja0528937
http://dx.doi.org/10.1021/ja0528937
http://dx.doi.org/10.1016/j.cbpa.2014.03.015
http://dx.doi.org/10.1021/op0200165
http://dx.doi.org/10.1021/op0200165
http://www.angewandte.de


[24] P. Virsu, A. Liljeblad, A. Kanerva, L. T. Kanerva, Tetrahedron:
Asymmetry 2001, 12, 2447 – 2455.

[25] P. Dom�nguez de Mar�a, C. Carboni-Oerlemans, B. Tuin, G.
Bargeman, A. van der Meer, R. van Gemert, J. Mol. Catal. B
2005, 37, 36 – 46.

[26] a) S. Hari Krischna, M. Persson, U. T. Bornscheuer, Tetrahe-
dron: Asymmetry 2002, 13, 2693 – 2696; b) R. Kourist, U. T.
Bornscheuer, Appl. Microbiol. Biotechnol. 2011, 1, 505 – 517.

[27] A. G. Sandstrçm, K. Engstrom, J. Nyhlen, A. Kasrayan, J. E.
B�ckvall, Protein Eng. Des. Sel. 2009, 22, 413 – 420.

[28] M. Martinelle, M. Holmquist, K. Hult, BBA - Lipid. Lipid. Met.
1995, 1258, 272 – 276.

[29] D. J. Ericsson, A. Kasrayan, P. Johansson, T. Bergfors, A. G.
Sandstrçm, J. E. B�ckvall, S. L. Mowbray, J. Mol. Biol. 2008, 376,
109 – 119.

[30] A. M. Brandt, X. G. Li, Y. Nymalm-Rejstrom, T. Airenne, L. T.
Kanerva, T. A. Salminen, http://www.rcsb.org/pdb/explore.
do?structureId = 3guu 2010.

[31] S. Naik, A. Basu, R. Saikia, B. Madan, P. Paul, R. Chaterjee, J.
Brask, A. Svendsen, J. Mol. Catal. B 2010, 65, 18 – 23.

[32] Other highly combinatorial approaches not involving enantio-
selectivity: a) N. Hamamatsu, T. Aita, Y. Nomiya, H. Uchiyama,
M. Nakajima, Y. Husimi, Y. Shibanaka, Protein Eng. Des. Sel.
2005, 18, 265 – 271; b) J. C. Lewis, S. M. Mantovani, Y. Fu, C. D.
Snow, R. S. Komor, C.-H. Wong, F. H. Arnold, ChemBioChem
2010, 11, 2502 – 2505.

[33] E. Krieger, G. Koraimann, G. Vriend, Proteins Struct. Funct.
Bioinf. 2002, 47, 393 – 402.

[34] M. T. Reetz, Angew. Chem. Int. Ed. 2001, 40, 284 – 310; Angew.
Chem. 2001, 113, 292 – 320.

[35] C. C. Lee, T. G. Williams, D. W. S. Wong, G. H. Robertson,
Plasmid 2005, 54, 80 – 85.

[36] O. P�mies, J.-E. B�ckvall, Trends Biotechnol. 2004, 22, 130 – 135.
[37] R. Marcos, B. Mart�n-Matute, Isr. J. Chem. 2012, 52, 639 – 652.
[38] A. S. Konagurthu, J. C. Whisstock, P. J. Stuckey, A. M. Lesk,

Proteins Struct. Funct. Bioinf. 2006, 64, 559 – 574.

Received: November 2, 2014
Revised: December 16, 2014
Published online: February 9, 2015

..Angewandte
Zuschriften

4362 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 4358 –4362

http://dx.doi.org/10.1016/S0957-4166(01)00428-1
http://dx.doi.org/10.1016/S0957-4166(01)00428-1
http://dx.doi.org/10.1016/j.molcatb.2005.09.001
http://dx.doi.org/10.1016/j.molcatb.2005.09.001
http://dx.doi.org/10.1016/0005-2760(95)00131-U
http://dx.doi.org/10.1016/0005-2760(95)00131-U
http://dx.doi.org/10.1016/j.jmb.2007.10.079
http://dx.doi.org/10.1016/j.jmb.2007.10.079
http://dx.doi.org/10.1016/j.molcatb.2010.01.002
http://dx.doi.org/10.1016/j.molcatb.2010.01.002
http://dx.doi.org/10.1016/j.molcatb.2010.01.002
http://dx.doi.org/10.1093/protein/gzi028
http://dx.doi.org/10.1093/protein/gzi028
http://dx.doi.org/10.1002/cbic.201000565
http://dx.doi.org/10.1002/cbic.201000565
http://dx.doi.org/10.1002/prot.10104
http://dx.doi.org/10.1002/prot.10104
http://dx.doi.org/10.1002/1521-3773(20010119)40:2%3C284::AID-ANIE284%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3757(20010119)113:2%3C292::AID-ANGE292%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3757(20010119)113:2%3C292::AID-ANGE292%3E3.0.CO;2-F
http://dx.doi.org/10.1016/j.plasmid.2004.12.001
http://dx.doi.org/10.1016/j.tibtech.2004.01.005
http://dx.doi.org/10.1002/ijch.201200012
http://dx.doi.org/10.1002/prot.20921
http://www.angewandte.de

