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ScienceDirect
Over the last two decades, directed evolution has become a

staple in protein engineering and ushered in a new era of

industrial biocatalysis. Directed evolution has provided the

tools to not only improve the activity of known biocatalysts, but

also to endow biocatalysts with chemical reactivities not

previously encountered in nature. Here we will discuss the

recent successes in the quest to enhance thermostability,

stereoselectivity and activity of biocatalysts, as well as to

create novel enzymes, over the last two years.
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Introduction
To overcome key synthetic challenges in the production

of fine chemicals, biocatalysis has emerged as a compe-

tent and at times superior alternative to traditional

metallo-catalysis and organocatalysis [1,2]. Today, in syn-

thetic organic chemistry and biotechnology, using

enzymes for asymmetric transformations is well recog-

nized due to their high reactivity at ambient conditions

and excellent stereoselectivity. Despite the clear advan-

tages of enzymes, further improvement of their substrate

scope, activity, stereoselectivity and thermostability is

paramount to their broader application on an industrial

scale. To address these challenges, protein engineering

by rational design has provided numerous successful

solutions. However, over the last two decades, directed

evolution has become a method of choice in tackling
www.sciencedirect.com 
many of these endeavors [3,4], especially when combined

with rational approaches such as protein structure analysis

and bioinformatics tools to guide the design of focused

libraries.

Directed evolution consists of iterative cycles of (a)

generating diversity in a target gene sequence using

random mutagenesis and/or DNA recombination and

(b) identifying the desired protein variants using high-

throughput screening or selection [5]. Key advances in

library creation techniques, screening capabilities, DNA

synthesis, and computational approaches are the founda-

tional technologies underlining the tremendous progress

in tailoring biocatalysts by directed evolution. In the past

few years, directed evolution has enabled the engineering

and improvement of known properties of proteins, lead-

ing to exquisite biocatalysts for the synthesis of a plethora

of synthetically useful molecules, from chiral building

blocks to drug analogues. More recently, it has also

helped the design and optimization of biocatalysts with

activities not previously encountered in nature, as well as

the fine-tuning of artificial enzymes. In this review, we

will highlight some of the most recent successes in the

engineering of stability and stereoselectivity of biocata-

lysts by directed evolution. Later, we will highlight

examples in which directed evolution is contributing to

the engineering of known biocatalysts as well as the

design of artificial enzymes for catalytic activities for

which there is no precedent in nature.

Improving enzyme performance
Thermostability

Low thermostability is one of the main limiting factors

preventing the industrial application of enzymes. There-

fore, improving enzymes’ thermostability by directed

evolution is of great interest. By using error-prone PCR

and adding thermal stress for screening, mutants of lac-

cases and cellobiohydrolases were identified and charac-

terized with improved thermostability [6]. Camarero and

coworkers performed gene shuffling of two laccases from

Pycnoporus cinnabarinus and basidiomycete PM1, respec-

tively, to generate a library of chimeric variants. Using this

strategy, variants containing up to six crossovers with

improved thermostability and retention of activity over

a wider pH range were obtained [7]. In order to improve

the thermostability of CALB (lipase B from Candida
antartica), high-quality semi-rational libraries were gen-

erated based on hotspot residues identified using the

CALB crystal structure. Four residues were selected

using B-FIT analysis for improving the thermostability
Current Opinion in Chemical Biology 2015, 25:55–64
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at 608C [8]. Moreover, a new method called combinatorial

coevolving-site saturation mutagenesis (CCSM) was also

developed and was applied to improve the thermostabili-

ty of a-amylase [9]. Computational algorithms were used

to predict six co-evolving residues, some of which were

located over distances greater than 17 angstroms, which

would not have been predicted by previous computation-

al approaches. Using CCSM, the thermal stability of wild-

type Amy7C was improved by 88C, which could not be

achieved with the common rational introduction of single

or a double point mutation.

Recently, new strategies have been developed for the

improvement of enzyme thermostability. For example,

Cornvik and coworkers developed a new screening meth-

od for protein thermostability engineering, so called

HotCoFi method (Figure 1) [10�]. Unlike the traditional

screening methods based on activity, this method relies

on the unfolding and aggregation quality of the protein

above a critical temperature. Briefly, the colonies contain-

ing a library of mutants are transferred onto a filter mem-

brane. After protein expression and incubation at the

temperature of interest, the colonies are subjected to lysis

and applied to a nitrocellulose filter membrane. The

aggregated proteins will be retained on the filter mem-

brane, while the soluble proteins will flow through and be

detected by affinity reagents. Based on this method, the

thermostability of 10 proteins, ranging from a single-chain

antibody to protein drugs was successfully increased. In

addition to the thermostability of enzymes, the thermosta-

bility of cofactors could also limit the enzymes’ perfor-

mance at high temperatures. By directed evolution, the

cofactor preference of a thermotolerant malic enzyme from

Thermococcus kodakarensis was switched from NADP(H) to
Figure 1
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NAD(H). Since the thermostability of NAD(H) is higher

than that of NADP(H), the performance of the malic

enzyme under high temperatures was increased [11].

Activity and substrate specificity

Directed evolution has been proved as a powerful tool to

increase the activity and specificity of enzymes for many

years [3]. In the past two years, cytochromes P450 and

their mutants obtained from previous studies have been

screened again towards substrates different from the ones

for which they were evolved. Because of the catalytic

promiscuity of these P450s, new reactions have been

observed. By screening a library of P450pyr monooxy-

genases, which was previously created for achieving

mutants for the hydroxylation of N-benzyl pyrrolidine

with high enantioselectivity, a triple mutant I83H/

M305Q/A77S (P450pyrTM) was identified that catalyzes

the epoxidation of para-substituted styrenes, a group of

compounds with significant medical applications [12].

Similarly, P450 BM3 mutants were also screened for

new activity towards meclofenamic acid, a fenamic-ac-

id-containing non-steroidal anti-inflammatory drug

(NSAID), and oxidized products were identified from

not only meclofenamic acid, but also two other NSAIDs

[13]. In addition to screening the previously established

libraries, new libraries of P450s were also created and

screened for new activities with industrial or pharmaceuti-

cal interest. Novel and improved activity of P450 BM3

towards chrysene and pyrene, respectively, was obtained by

screening a new library developed by random mutagenesis.

Many of the beneficial mutations were found to be away

from the active site, highlighting one of the benefits of

directed evolution compared to rational design [14].
Colonies
Durapore

Nitrocellulose
Whatman paper

(c)
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In addition to P450 enzymes, other oxidases have been

engineered by directed evolution. The unspecific perox-

ygenase (UPO) from Agrocybe aegerita and laccase from P.
cinnabarinus, two fungal enzymes both showing high

oxidative versatility and low catalytic requirements, were

investigated by Alcalde and coworkers [15,16]. The total

activities of the UPO and laccase were improved by 8000-

fold and 3250-fold, respectively. A multiscreen assay

using different substrates was applied to maintain the

enzymes’ promiscuity.

While directed evolution can readily be used to

expand the substrate scope and substrate specificity
Figure 2

Stereoselective Enzymatic Conversion of Racemic
by Amines Engineered  R-amine Oxidase

Engineered P450pyr for Subterminal Alkane
Hydroxylation

(a)

(b) 

Selected examples of evolved biocatalysts. (a) Stereoselective enzymatic c

P450pyr variants for the highly enantio-selective and regioselective hydroxy

engineered ADHs. (d) Desymmetrization of cyclic alkanes by P450 BM3.
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of a protein, extensive reshaping of the active site of

said protein is needed to completely repurpose a bio-

catalyst’s substrate preference [17]. To access enan-

tioenriched amines, Asano and coworkers evolved a

porcine kidney D-amino acid oxidase (pkDAO) into

an R-amine oxidase, thereby providing a new route

to S-amines not previously accessible enzymatically

[18�]. Interestingly, the pkDAO variants displayed a

markedly changed substrate specificity, whereby the

mutants no longer accepted R-phenylalanine as a sub-

strate (the wild-type’s preferred substrate) but now

readily oxidized R-a-methylbenzylamine and analo-

gues (Figure 2a).
Desymmetrization of Cyclic Alkanes

Reduction of Type 4-alkyldiene Ketones
with Engineered TbSADH

(c)

(c)
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Recently, in vitro compartmentalization-based fluores-

cence-activated cell sorting (IVC-FACS) has arisen as a

powerful tool for ultrahigh-throughput screening of

biocatalysts. This technique encapsulates single, en-

zyme-expressing cells and a fluorogenic substrate into

individual compartments to form micro-reactors, which

are analyzed and sorted by flow cytometry after a certain

period of enzymatic reaction. Yang and coworkers fur-

ther improved this method using a membrane-extrusion

technique that generates the micro-reactors in a more

uniform manner [19]. As a result, they increased the

throughput and dynamic range of IVC-FACS. One

round of sorting was solely needed to enrich E. coli cells

expressing an esterase library by 330-fold from large

excesses of background cells. Improvement in the ac-

tivity of a thermophilic esterase was also amenable to

this technique. In an engineering tour de force, Holl-

felder and coworkers performed directed evolution of a

phosphotrioesterase by encapsulating the enzyme vari-

ant, its corresponding gene coding sequence and fluo-

rescent reaction product in biomimetic gel-shell beads

[20�]. Using FACS sorting, they were able to isolate a

20-fold faster mutant in less than one hour.

Regio-selectivity and enantioselectivity

Fine-tuning substrate selectivity, such as regio-selectivity

and enantioselectivity, is challenging considering the

small relative differences in energy barriers for the en-

zyme-substrate complex formation between stereoi-

somers. Therefore, rationally designing the enzyme

active site through successive single amino acid changes

may not yield the desired results. In general, contribu-

tions from simultaneous mutations in the active site, and

in some cases distant mutations [21], tend to show syner-

gistic effects (rather than additivity) that imparts the most

profound effects on stereoselectivity. As a result, directed

evolution has been the method of choice for engineering

stereoselectivity.

The directed evolution of stereoselective enzymes is lim-

ited by the availability of high-throughput screening meth-

ods [22]. Usually, analytical techniques such as automated

gas or high pressure liquid chromatography are used, which

limit the library size amenable to screening. In an effort to

decrease the library size while maintaining a high level of

diversity and functionality of protein variants, researchers

design small enriched libraries, for example using fewer

codons to minimize redundancy. In addition, several evo-

lutionary approaches assisted by protein structure and

bioinformatics allow navigation of the protein stereoselec-

tivity landscape in a more productive manner (for reviews

on library creation by random mutagenesis and semi-ratio-

nal design, see [23,24]).

Approaches such as iterative saturation mutagenesis

(ISM), which led to the development of combinatorial

active-site saturation testing (CASTing), have been
Current Opinion in Chemical Biology 2015, 25:55–64 
instrumental in engineering several stereoselective

biocatalysts, including cytochromes P450 [25], epoxide

hydrolases, haloalkane dehalogenases [26,27], lipases,

esterases [28] and Baeyer-Villiger monooxygenases

(BVMOs) [29,30] (for a recent review, see [31]).

By applying CASTing to five subsites in the active site of

the plant epoxide hydrolase StEH1, variants displaying

improved and inverted stereoselectivities in the hydroly-

sis of 2,3-(epoxypropyl)benzene, styrene oxide and trans-
b-methylstyrene oxide were engineered [32]. The in-

crease in the enantioselectivity of these variants (up to

E = 14 for the best variant compared to E = 2.5 for the

wild-type) benefited from contributions from both the

enantiopreference of the enzyme and the regioselectivity

of the ring-opening attack. With a similar approach,

Reetz and coworkers evolved CALB variants with com-

plementary stereoselectivity that hydrolyze various a-

substituted carboxylic acid esters, such as 2-arylpropionic

acid esters of the ibuprofen-type, which are important

precursors in the pharmaceutical industry. Importantly,

targeting sites not only at the acid binding pocket but also

at the more distant alcohol binding pocket led to success

[33]. Finally, CASTing was used to engineer alcohol

dehydrogenases for the asymmetric reduction of pro-

chiral ketones of type 4-alkylidene cyclohexanone. They

produced axially chiral R-configured alcohols (up to 99%

ee), a reaction catalyzed poorly by chiral transition-metal

catalysts (Figure 2b) [34�].

In recent years, the amount of structural and catalytic

information about enzymes from crystallography, genome

sequencing and biochemical data has expanded dramati-

cally. New bioinformatic tools such as 3DM, which builds

protein superfamily-specific databases, combines this

wealth of information with protein engineering and has

resulted in a set of more targeted approaches, so-called

‘small but smart’ library design. Based on data derived

from a structural alignment of 3317 amino acid sequences

of a/b-hydrolase fold enzymes, Bornscheuer and co-

workers created two libraries of simultaneous double

mutations in the active site region of an esterase from

Bacillus stearothermophilus [28]. Such a strategy reduced

the library size and screening effort by up to 6-fold. Using

a low-throughput GC–MS assay, they were able to isolate

esterase variants with E-values of up to 10.4 (2.5-fold

higher than the wild-type enzyme) in the hydrolysis of

(S)-tetrahydrofuran-3-yl-acetate.

As previously introduced, cytochromes P450 are one of

the most engineered enzymes for regio-selective and

enantioselective asymmetric oxidations, specifically for

the hydroxylation of unactivated C–H bonds. Recent

works have highlighted and exploited the versatility of

evolved P450s in controlling both regio-selectivity and

enantioselectivity in the hydroxylation of aliphatic C–H

bonds [35]. Through saturation mutagenesis of several
www.sciencedirect.com
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active site residues, Li and coworkers engineered

P450pyr for the enantioselective hydroxylation of N-ben-

zyl pyrrolidines [36]. Using a high-throughput ee assay

based on the use of a deuterated substrate and mass spec

detection, the authors later applied ISM to completely

transform P450pyr from a terminal to a subterminal

hydroxylase while simultaneously establishing high enan-

tioselectivity (Figure 2c) [37��]. After six rounds of ISM,

they obtained the sextuple mutant P450pyrSM1, which

catalyzed the hydroxylation of n-octane to produce (S)-2-

octanol with 98% ee and 99% subterminal selectivity.

Another mutant P450pyrSM2 was found to hydroxylate

propylbenzene at the subterminal position with 95%

regioselectivity and 98% ee. Notably, the success of this

directed evolution experiment was enabled by a novel

colorimetric high-throughput screening (HTS) assay. By

screening NAD+-dependent alcohol dehydrogenases

(ADHs), three ADHs were found to be highly specific

towards the oxidation of (S)-2-octanol, (R)-2-octanol and

n-octanol, the three products under their study, respec-

tively. Thus, by adding the ADHs into the product

mixture in parallel, the oxidation of each of the three

products was coupled with the formation of formazan.

While P450pyr was engineered to catalyze subterminal

hydroxylation, P450 BM3, a native subterminal fatty acid

hydroxylase, was engineered for the terminal hydroxyl-

ation of palmitic acid [38]. The wild-type showed no

terminal hydroxylation activity (only v-1, v-2 and v-3

products), but several of the evolved variants catalyzed

the terminal hydroxylation with up to 74% selectivity.

Residues 87 and 328 in the active site were the main

contributors to this selectivity, but mutations much more

distant from the bound substrate also showed surprisingly

strong contributions.

Recently, biocatalysts engineered by directed evolution

have been used to tackle new and challenging concepts,

namely the oxidative enzymatic desymmetrization of

meso-chiral or prochiral compounds, as these synthetic

transformations are challenging with other methodolo-

gies. Desymmetrization of diesters, diamides and dini-

triles can be achieved through hydrolase-type reactions

and with a few chiral organocatalysts; however, oxidative

desymmetrization of cyclic ketones has only recently

been explored with BVMOs. Notably, the oxidative

desymmetrization of prochiral compounds devoid of

functional groups is particularly challenging. Having

found that P450 BM3 variants catalyze the highly regio-

selective allylic hydroxylation of cyclohexene-1-carbox-

ylic methyl ester [39] to produce valuable drug building

blocks, Reetz and coworkers created CASTing libraries of

P450 BM3 and challenged them with the oxidative hy-

droxylation of methylcylohexane and other monosubsti-

tuted cyclohexane derivatives. This was accomplished

with high regioselectivity towards the methylene groups

flanking the substituted carbon, while retaining high

diastereo-selectivity and enantioselectivity (over 95% ee
www.sciencedirect.com 
in some cases) (Figure 2d) [40�]. Interestingly, wild-type

P450 BM3 showed high diastereo-selectivity and regios-

electivity on methyl cyclohexane. In this case, two new

chiral centers are formed in a single C–H-activation

event, with the selectivity favoring the formation of

the vicinal cis-diastereomers.

Finally, after a series of studies and engineering endea-

vors, Schwaneberg and coworkers engineered P450 BM3

for the o-aromatic hydroxylation of mono-substituted

benzenes to produce phenols, including halogenated

phenols. These building blocks can serve as important

precursors in the perfume and flavor industry, as well as

common antioxidants in the treatment of cancer, cardio-

vascular disorders, and Parkinson’s and Alzheimer’s dis-

eases [41�]. The regioselectivity of the ring hydroxylation

(>90%) is unparalleled by chemosynthetic processes,

which are often non-selective and require harsh condi-

tions; thus, biocatalysis offers a valuable and sustainable

alternative route.

Engineering enzymes for catalytic activity for
which there is no precedent in nature
A longstanding goal in synthetic chemistry is to expand

the chemical reaction space of biocatalysts by creating

enzymes that catalyze abiological reactions developed in

traditional organic chemistry. Pursuit of this goal has

resulted in outstanding achievements in engineering

natural enzymes for abiological reactions and in designing

artificial enzymes. Directed evolution has played a key

role in both areas.

P450 BM3-catalyzed carbene and nitrene transfers

The mechanism of oxidation by cytochromes P450 is

known to go through an iron(IV)-oxo species named

Compound I. This hypervalent, highly reactive species

induces C–H activation followed by transfer of one oxy-

gen atom to the bound substrate. From a mechanistic

point of view, Compound I is analogous to the carbene

and nitrene complexes that are formed in metal-catalyzed

carbene and nitrene insertion reactions. Since free iron

porphyrins are known to catalyze carbene and nitrene

insertions, Arnold and colleagues hypothesized that the

iron porphyrin housed within P450 BM3 should catalyze

similar reactions. In a remarkable effort, screening of

libraries of P450 BM3 mutants revealed that several

P450 variants catalyzed the cyclopropanation reaction

between ethyl diazoacetate and styrene under anaerobic

conditions [42��], as well as C–N bond formation between

diazo compounds and aromatic amines [43] (reviewed in

[44]). Several residue mutations were identified that

enhanced the activity or changed the enantioselectivity

of P450 BM3. In particular, the mutation of threonine 268,

a critical residue involved in O–O bond scission in hy-

droxylation, to the less bulky alanine, transformed P450

BM3 into an efficient cyclopropanation catalyst. Enzyme

engineering could even overcome the natural selectivity
Current Opinion in Chemical Biology 2015, 25:55–64
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of the prosthetic group to achieve >90% cis-selectivity

(variant BM3-CIS) and enantioselectivities up to 97%

(Figure 3a). Mutating the conserved thiolate axial ligand

to a serine, thereby increasing the reduction potential of

the heme prosthetic group by over 100 mV, yielded a

highly active cyclopropanation catalyst in vitro (named

P411-CIS), and an even better one in vivo [45�]
(Figure 3b). A histidine-ligated P450, BM3-HStar, was

later found to catalyze the enantioselective synthesis of a

key precursor of levomilnacipran under aerobic condi-

tions on a preparative scale [46], as well as the cyclopro-

panation of electron-deficient alkenes [47] (Figure 3d).

These same beneficial mutations, especially T268A and

C400S, were found to infuse P450 BM3 with azide-based

intramolecular C–H amination activity [48,49�]
(Figure 3c). In these cases, additional mutations around

the active site, such as T438S, were found to modulate

enantioselectivity.

Directed evolution of artificial enzymes

Over sixty years ago, Linus Pauling put forward the

notion that enzymes selectively stabilize the rate-limiting

transition state of the catalyzed reaction relative to the

bound ground state, reducing the problem of biocatalyst

design to one of molecular recognition. As a result, the

rational engineering of artificial enzymes has long been an

area of intensive research. In their early conception,

artificial enzymes were designed principally through ra-

tional approaches. But as it became clear that the activity

of artificial enzymes obtained through rational approaches

needed optimization, methods of directed evolution have

become a necessary part of enzyme design in order to

identify sequence features not optimized by the protein

design algorithms. Some of these endeavors have met

great success, as highlighted below.

Artificial catalysts for the Kemp elimination reaction have

been extensively studied [50]. Many catalysts for Kemp

elimination have been described, including catalytic anti-

bodies and computationally designed enzymes [51,52],

but they typically effect proton abstraction with relatively

modest rates (kcat < 1 s�1). A recent example by Hilvert

and colleagues truly showcased the power of combining

computational design with directed evolution [53��].
They started with a Kemp eliminase designed in silico
and created it by replacing 11 amino acids in the inert

scaffold of a xylanase. A combination of several rounds of

error-prone PCR and DNA shuffling to identify muta-

tional ‘hot spots,’ as well as focused libraries to interrogate

these ‘hot spots’ and the substrate entry channel, yielded

their best variant, HG3.17. This variant, besides having a

higher thermostability than the parent HG3, cleaves 5-

nitrobenzisoxazole with a kcat of 700 � 60 s�1 and a kcat/Km

of 230,000 � 20,000 M�1 s�1, a 108-fold rate acceleration

over the uncatalyzed reaction. This efficiency approaches

the exceptional efficiency of highly optimized natural

enzymes such as triosephosphate isomerases.
Current Opinion in Chemical Biology 2015, 25:55–64 
Such combination of theoretical and experimental endea-

vors has also been applied to a more complicated catalyst,

namely an artificial Diels-Alderase. Recently, computation-

al design was used to create DA_20_00, an artificial enzyme

that catalyzes the enantio-selective and diastereoselective

Diels–Alder reaction between 4-carboxybenzyl-trans-1,3-

butadiene-1-carbamate and N,N-dimethylacrylamide [54]

(recently reviewed in [55]). To further increase the activity

of the Diels-Alderase, eight rounds of error-prone PCR

were performed on DA_20_00 and variants were screened

for increased activity or productivity using a direct MS–MS

assay [56��]. Further optimization of one of the best variants

through the online game Foldit yielded mutant CE6, a

variant of DA_20_10 containing a 24-residue helix-turn-

helix motif that functions as a lid to constrain the substrates

in a productive orientation for reaction. Several additional

rounds of error-prone PCR, followed by more focused

evolution around the engineered helix-turn-helix motif,

yielded the best variant CE20. CE20 displayed a chemical

proficiency of four orders of magnitude greater than the

parent catalyst, making it the fastest artificial Diels-Alder-

ase ever reported, 63 times faster than the only natural

Diels-Alderase characterized to date. In addition, the high

stereoselectivity and minimal product inhibition of the

evolved enzyme enabled preparative scale synthesis of a

single product diastereomer.

Conclusions and future perspectives
In the future, use of directed evolution to engineer

biocatalysts will continue to break new ground to tackle

many of the most challenging synthetic transformations.

However, there are limitations to the current methodolo-

gies and a need for new tools to augment directed

evolution experiments. In terms of library creation, tradi-

tional methods to introduce diversity such as error-prone

PCR and DNA shuffling create too large libraries that

may contain many variants that are either non-functional

or that accumulate non-beneficial mutations. In the ab-

sence of a HTS method, searching such libraries is too

time-consuming. The advent of more stringent libraries

and more productive evolution approaches has partially

addressed this issue. To fully harness the power of

directed evolution, protein engineers are making strides

at optimizing all aspects of directed evolution [57]. New

algorithms are being developed to optimize oligomer

design [58], and to enable PCR-free, fully synthetic

library creation that avoids mutational ‘hot spots’ [59].

Computationally designed libraries [60,61], algorithms

[62,63], and quantum chemical cluster approaches [64]

that minimize screening efforts and increase the speed at

which desired variants are isolated are becoming more

and more accessible. Using experimental data obtained

from directed evolution experiments, researchers can now

train statistical models, such as Gaussian process land-

scapes, to infer various protein sequence properties, in-

cluding functional status, thermostability, enzyme

activity, and ligand binding affinity [65]. Even with the
www.sciencedirect.com
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advances in FACS-based and compartmentalization-

based screening methods, the lack of general screening

platforms, especially when engineering stereoselective

enzymes, limits our ability to cover larger libraries. Ideal-

ly, genetic selections would be preferred to analytical

screening [66]. With all these tools at hand, the design and

optimization of biocatalysts may be limited ultimately by

the imagination of the protein scientist.
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