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Abstract: Naturally occurring enzymes are truly remarkable catalysts. However, many are not suitable for practical synthetic chemistry 
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1. INTRODUCTION 

Enzymes are biocatalysts with numerous potential applications 
in industry and medicine [1-3]. Compared to chemical catalysts, 
one of the most important advantages of a biocatalyst is its high 
selectivity, namely stereoselectivity, regioselectivity, and chemose-
lectivity. Such high selectivity is desirable in chemical synthesis as 
it may reduce or eliminate the use of protecting groups, minimize 
side reactions, simplify separation, and reduce environmental prob-
lems. Other advantages of a biocatalyst include high catalytic effi-
ciency and mild operational conditions (pH, temperature, and pres-
sure). 

Unfortunately, many naturally occurring enzymes are not suit-
able for industrial applications because of their poor selectivity, low 
stability in organic solvents, slow reaction rates, and substrate or 
product inhibition [4]. To overcome these limitations, two comple-
mentary enzyme engineering approaches, rational design and di-
rected evolution, have been developed over the past decades. Ra-
tional design involves site-specific alterations of selected residues 
in a protein to cause predicted changes in function, whereas di-
rected evolution mimics the natural evolution process in the labora-
tory and involves repeated cycles of generating a library of protein 
variants and selecting the variants with desired properties.  

Largely due to its high success rate and general applicability, 
directed evolution has become the preferred engineering approach 
to generate tailor-made enzymes [5, 6]. The two key steps of di-
rected evolution are generating molecular diversity and identifying 
improved variants through screening or selection. In order to gener-
ate molecular diversity, numerous methods of random mutagenesis 
and in vitro gene recombination have been developed [2, 7]. For 
random mutagenesis, error-prone PCR (epPCR) is the most conven-
ient method, whereas DNA shuffling [8] and staggered extension 
process (StEP) [9] are the two most widely used in vitro gene re-
combination methods. In parallel to the development of these li-
brary creation methods, numerous high throughput screening or 
selection methods have been reported [4, 10, 11]. Screening in-
volves examining every variant individually for the desired enzyme  
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property and usually relies on colorimetric or fluorogenic substrates 
or products. In contrast, selection links the survival of the host with 
the desired enzyme property. 

Hundreds of articles on enzyme engineering have been pub-
lished between 2003 and 2009, and cannot be covered here. In this 
review, we focus on protein engineering of enzymes for selective 
catalysis, including altering substrate specificity, altering substrate 
and product selectivity (enantioselectivity and regioselectivity), 
engineering enzymes that catalyze carbon-carbon bond formation 
(aldolases) and carbon-oxygen bond cleavage and formation (gly-
cosidases and glycosyltranferases), and engineering of multi-
function enzymes such as polyketide synthases (PKSs). The latter 
two topics are included as separate categories because unlike the 
enzymes in the first two topics, these enzymes utilize multiple cata-
lytic reactions or more than one substrate.  

2. ALTERING SUBSTRATE SPECIFICITY  

Altering substrate specificity is one of the most frequently re-
quired property changes in protein engineering of enzymes for se-
lective catalysis, as enzymes in nature usually do not exhibit a wide 
substrate range or high catalytic activity towards various substrates. 
Since enzymes are highly specific both in the nature of the substrate 
they utilize and the type of reaction they catalyze, the need to mod-
ify the enzymes to show broad substrate specificity is industrially 
important and falls into three categories: completely switching the 
specificity towards novel substrates, expanding, and narrowing 
substrate specificity. Directed evolution and rational design ap-
proaches have been widely successful in such endeavors. We will 
highlight the most recent examples in the following sections.  

Switching Substrate Specificity 

Cytochrome P450 monooxygenases are versatile biocatalysts 
that introduce oxygen into a vast range of molecules. They are truly 
remarkable “workhorses”, capable of introducing atomic oxygen 
into allylic positions, double bonds, or even into non-activated C–H 
bonds in a regio- and stereo- selective manner (Fig. 1A) [12-14]. 
The cytochrome P450 BM-3 from Bacillus megaterium catalyzes 
the sub-terminal hydroxylation of long-chain (C12–C20) fatty acids. 
Due to its high activity and catalytic self-sufficiency (heme and 
diflavin reductase domains are fused in a single polypeptide chain) 
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[12, 13], the P450 BM-3 makes an excellent platform for biocataly-
sis.  

Arnold and coworkers successfully engineered the P450 BM-3 
enzyme, through successive rounds of laboratory evolution, to cata-
lyze the selective hydroxylation of the unnatural short alkane pro-
pane with native-like activity and coupling efficiency [15], a reac-
tion for which no practical catalysts are available [16]. An initial 
round of mutagenesis afforded the P450 BM-3 variant 139-3 that 
showed low activity towards propane [17]. A domain-based protein 
engineering strategy was used, in which the heme, flavin mononu-
cleotide (FMN), and flavin adenine dinucleotide (FAD) domains 
were evolved separately in the context of the holoenzyme, and 
beneficial mutations were recombined in a final step. Mutant librar-
ies were created by random mutagenesis and site-directed mutage-
nesis. Two mutants, P450PMO R1 and R2, containing mutations in 
both the reductase and heme domains, could catalyze propane oxi-
dation with high total turnovers (35,600 and 45,800 for R1 and R2, 
respectively), while maintaining close to 98% coupling efficiency. 
This work highlights a complete re-specialization of the P450 BM-3 
to a propane monooxygenase P450PMO achieved by a profound re-
shaping and partitioning of the substrate access pathway (Fig. 1B) 
[18]. In P450PMO, little trace of the original P450 BM-3 activity 
remained.  

Through saturation mutagenesis, Arnold and coworkers altered 
the chemoselectivity of P450 BM-3 by engineering of the heme 
domain to create two mutants, RH-47 and SH-44, for the selective 
epoxidation of simple terminal alkenes (Fig. 1B) [19]. The two 
mutants show inverted enantiospecificity (toward an enantiomer of 
product), with the RH-47 variant forming the (R)-epoxide, while the 
(S)-epoxide is formed by the SH-44 variant. Up to 83% enantiomet-
ric excess (ee), high catalytic turnovers (up to 1,370) and high ep-
oxidation selectivities (up to 95%) were obtained. The authors per-
formed saturation mutagenesis on 11 residues located in a radius of 
5Å around the substrate active site of the P450 BM-3 wild-type 
crystal structure in complex with N-palmitoylglycine and combined 
beneficial mutations to yield the positive mutants [20]. Further-
more, using a biocatalytic system with E. coli lysates containing 
P450 variants as the epoxidation catalysts and an in vitro NADPH 
regeneration system, each of the epoxide enantiomers was gener-
ated in high yields. This exemplifies an alteration of enzyme che-
moselectivity, in addition to switching substrate specificity from 
alkanes and alkenes, since minimal hydroxylation reaction products 
were observed. In separate works, ethane conversion to ethanol was 
achieved using two different P450s, P450 BM-3 [21] and P450CAM 

[22]. Both variants, however, show total turnover numbers towards 
ethane and coupling efficiencies (the percentage of NADH con-
sumed that lead to product formation) that were still too low for 
practical purposes.  

Using epPCR, Kim and coworkers altered the substrate speci-
ficity of the Thermus caldophilus GK-24 ADP-glucose pyrophos-
phorylase, an important enzyme for the enzymatic synthesis of acti-
vated sugars, towards enantiomeric substrates [glucose-1-phosphate 
(G-1-P) + uridine triphosphate (UTP)] and [N-acetylglucosamine-1-
phosphate (GlcNAc) + UTP] to produce uridine diphosphate 
(UDP)-glucose and UDP-N-acetylglucosamine, respectively [23]. 
ADP-glucose-1-phosphate adenyltransferase is a major regulatory 
enzyme in the biosynthesis of -glucans in bacteria and plants [24]. 
From 656 colonies screened, two colonies showed UDP-glucose 
pyrophosphorylase (UGPase) activity, while three had UDP-N-
acetylglucosamine pyrophosphorylase (UNGPase) activity.  

A few rational design approaches have been reported in recent 
years. Edmiston and coworkers used a rational design approach to 
change the substrate specificity of the rabbit muscle creatine kinase 
(CK) from creatine to glycocyamine [25]. Although creatine and 
glycocyamine have similar structures that differ only by a single 
methyl at the -N of the guanidine group, wild-type creatine and 
glycocyamine kinases (GK) exhibit high levels of substrate speci-
ficity. As glycocyamine is a metabolic precursor for creatine, the 
authors wanted to investigate the binding determinants that have 
evolved to yield such substrate discrimination. Structural informa-
tion obtained from sequence alignment of various CK and arginine 
kinases provided insight into the conserved residues of the two 
flexible loops that sequester the bound substrates from bulk solvent 
at the active site. A CK mutant created by site-directed mutagenesis 
exhibited a 2,000-fold change in substrate specificity for glyco-
cyamine versus creatine; however, a large drop in enzymatic activ-
ity ensued in all cases.  

To switch the substrate specificity of the eukaryotic holoen-
zyme protein phosphatase 2A using site-directed mutagenesis, the 
catalytic subunit C of the enzyme was modified by the removal of 
leucine 309 at the carboxy-terminus of the C subunit [26]. This 
abolished the binding of the catalytic subunit C towards subunits 
B/PR55 and modified the holoenzyme composition and subsequent 
substrate specificity. The abolishment of B/PR55 binding decreased 
the holoenzyme activity towards cdc-2-phosphorylated histone H1, 
while still being active towards the general substrate phosphoylase 
A. This is one of the few examples where protein engineering has 
been employed to study multi-subunit enzymes in mammalian cells.  

One of the key problems in utilizing xylose for ethanol produc-
tion is the cofactor imbalance created by the coenzyme specificities 
of xylose reductase (XR; NADPH) and xylitol dehydrogenase 
(XDH; NAD+) from the xylose utilization pathway [27]. Lin and 
coworkers achieved complete reversal of coenzyme specificity of 
the XR from Pichia stipitis by site-directed mutagenesis from 
NADPH to NADH [28]. In a similar work, Watanabe and cowork-
ers performed a complete reversal of coenzyme specificity of the 
NAD+-dependent XDH from P. stipitis [29]. Although the double 
mutants obtained still retained NAD+ activity, the triple and quad-
ruple mutants showed 4,500-fold higher activity with NADP+ than 
the wild-type enzyme, comparable to the wild-type activity with 
NAD+.  

Expanding Substrate Specificity 

Using an in vivo selection method, Arnold and coworkers 
evolved the medium chain alkane hydroxylase AlkB from Pseudo-

monas putida GPo1 and P450 enzyme CYP153A6 from Mycobac-

terium sp. strain HXN-1500 for the terminal hydroxylation of bu-
tane to 1-butanol [30]. Previous work on alkane hydroxylases, 
P450CAM [22] and P450 BM-3 [15], has yielded variants that hy-
droxylate propane and higher alkanes at the more energetically 
favorable subterminal positions; highly selective terminal hydroxy-
lation is difficult to achieve by engineering a subterminal hydroxy-
lase. Terminal alkane hydroxylase activity of propane- and butane-
oxidizing enzymes was selected based on enhanced growth com-
plementation of an adapted P. putida GPo12 (pGEc47_B) strain. In 
addition, E. coli mutator strains, rather than epPCR, were used to 
generate randomly mutated plasmids encoding AlkB or CYP153A6 
in order to afford a larger library for the selection. Several mutants 
were obtained that showed high rates of 1-butanol production from 
butane and maintained their preference for terminal hydroxylation.  
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Fig. (1). A) Major P450 reactions [94, 95], B) Examples of evolved P450 BM-3 mutants obtained from the wild-type fatty acid hydroxylase by directed evolu-
tion [15, 17].  
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Similar to the above studies, Arnold and coworkers used di-

rected evolution to expand the substrate scope of the P450 BM-3 
from B. megaterium [17]. The resulting 139-9 mutant not only sup-
ported higher turnover rates on C3-C8 alkane chains than the wild-
type, but also showed higher turnovers on the wild-type substrates 
lauric acid and palmitic acid. Of the 11 residue changes that re-
sulted from this engineering work in the heme domain, surprisingly, 
only residue 87 was in the active site of the enzyme. Furthermore, 
starting with the P450 139-3 mutant, Peters and coworkers used a 
combination of epPCR, DNA shuffling, and site-directed mutage-
nesis to evolve a P450 mutant capable of hydroxylating linear al-
kanes regio- and enantio- selectively using atmospheric dioxygen as 
an oxidant [31]. Two variants, 9-10A-A328V and 1-12G, hydroxy-
late alkanes larger than hexane primarily at the 2-position to form 
S-2-octanol (40% ee) and R-2-octanol (40-55% ee), respectively.  

Enantiomerically pure chiral amines are valuable synthetic in-
termediates. Various methods have been developed for the purifica-
tion of chiral amines, including resolution-based procedures [32-34] 
and asymmetric approaches [35] that can, in theory, deliver the 
product with 100% yield and 100% ee. Alexeeva and coworkers 
expanded the substrate range of the Type II monoamine oxidase 
from Aspergillus niger (MAO-N) by increasing its activity and 
enantioselectivity to effectively deracemize -methylbenzylamine 
[36]. This deracemization method involves the stereoinversion of L-

-methylbenzylamine to D- -methylbenzylamine by repeated cycles 
of enzyme-catalyzed oxidation to the imine. This is followed by the 
nonselective reduction back to the amino acid using reductants such 
as sodium cyanoborohydride or ammonium formate with Pd/C. 
MAO-N, whose natural substrates are simple aliphatic amines such 
as amylamine and butylamine, showed barely detectable activity 
towards L- -methylbenzylamine. Using a colorimetric 96-well plate 
based screening assay for amine oxidase activity by capture of the 
hydrogen peroxide produced using 3,3’-diaminobenzidine with 
peroxidase, the enzyme mutant N336S showed 47-fold higher activ-
ity towards -methylbenzylamine. Furthermore, the selectivity to-
wards L- -methylbenzylamine versus D- -methylbenzylamine was 
increased 5.8 fold (from 17:1 for the wild-type enzyme to 100:1 for 
the evolved enzyme).  

Reetz and coworkers recently provided a remarkable example 
of expanding the substrate specificity of an enzyme [37]. The 
authors applied CASTing (combinatorial active site testing, see also 
Increase in Enantioselectivity) to expand the substrate acceptance 
of the lipase from Pseudomonas aeruginosa as a catalyst in the 
hydrolysis of carboxylic acid esters, so that it would include the 
wild-type triglycerides or fatty acid esters such as palmitic acid p-
nitrophenyl ester and more sterically demanding substrates. Three 
thousand colonies from each of five libraries were subjected to a 
multisubstrate screening (11 different esters simultaneously).  

The use of an in vitro cofactor regeneration system provides an 
economic incentive in enzyme reactions that use equimolar 
amounts of expensive cofactors [38, 39]. Of the enzymatic NADH 
regeneration systems, the most widely used enzyme is formate de-
hydrogenase (FDH) from Candida boidinii [40]. In order to expand 
the toolset of regeneration systems, Zhao and coworkers engineered 
the phosphite dehydrogenase (PTDH) from Pseudomonas stutzeri, 
an enzyme which may have kinetic and practical advantages over 
FDH in certain applications [41], to relax its cofactor specificity 
[42]. Site-directed mutagenesis was performed to create mutations 
E175A and A176R, both separately and in combination to yield 
three mutants, all exhibiting significantly better catalytic efficiency 
for both cofactors. The double mutant showed the highest kinetic 

parameters, namely a 3.6-fold higher catalytic efficiency for NAD+ 
and a 1,000-fold higher efficiency for NADP+. This work highlights 
the creation of a dual cofactor enzyme, with efficiencies higher than 
the wild-type enzyme for both cofactors.  

Narrowing Substrate Specificity 

In literature, there are very few examples of enzymes engi-
neered to have a narrowed substrate range. Recently, Nair and Zhao 
used a combination of semi-rational design approaches, namely 
targeted site-saturation mutagenesis (TSSM), and epPCR to engi-
neer a xylose-specific xylose reductase (XR) [43]. XRs catalyze the 
conversion of D-xylose to xylitol, a sweetener and a platform 
chemical for the production of industrially important chemicals 
[44]. However, XRs are promiscuous and can reduce a number of 
pentoses and hexoses, including L-arabinose to L-arabinitol, an 
undesired by-product. In their work, the authors presented an engi-
neered XR with increased preference for D-xylose over L-arabinose. 
The mutagenic libraries were subjected to positive selection pres-
sure linking cell growth on D-xylose to the assimilation of D-xylose 
through the presence of an active XR in a constructed selection 
strain. A negative selective pressure by L-arabinose against promis-
cuous XR resulted in the accumulation of toxic arabinitol phosphate 
and led to growth inhibition. The epPCR library yielded several 
mutants, including mutant Q (L109Q), which had 8.9-fold prefer-
ence for D-xylose. Iterative rounds of TSSM identified additional 
mutations and finally yielded mutant VMQCI, which showed a near 
complete loss of activity towards L-arabinose (KM >2000 mM) 
compared to the wild-type enzyme (KM = 40 mM), along with a 
slight decrease in affinity towards D-xylose (430 mM compared to 
34 mM for the wild-type XR). However, this loss of affinity was 
compensated by a higher catalytic activity. Most recently, Gupta 
and Farinas converted the laccase CotA from Bacillus subtilis from 
a generalist, an enzyme with broad specificity, to a specialist en-
zyme with narrowed specificity [45]. 

3. ALTERING SUBSTRATE AND PRODUCT SELECTIVITY 

Reaction steps requiring >95% selectivities are quite difficult to 
obtain by any chemocatalysis. Such high selectivities are of particu-
lar interest to pharmaceuticals to ensure minimal production of 
potentially toxic or antagonistic isomeric byproducts. High product 
purities are also mandated by regulatory authorities like FDA (Food 
and Drug Administration) to ensure product safety and minimal 
drug side effects. Therefore, use of biocatalysts in the pharmaceuti-
cal industry has been steadily growing with increasing ability to 
create a large and diverse set of chiral molecules due to the ability 
to engineer and discover new enzymes more readily. 

Many indirect methods of controlling the enantioselectivity of a 
biocatalyst have been described in the past [46-48]. These primarily 
involve altering either reaction conditions (pH, pressure, tempera-
ture, etc.) or solvent properties (polarity, hydrophobicity, ionic 
strength, etc.) to control enzyme-substrate interactions. While these 
techniques have had success, the circuitous nature of the enanti-
omeric control makes them less than ideal methods. Enzyme engi-
neering, particularly directed evolution, is a more direct and power-
ful method to alter enantioselectivity. It has been used to not only 
increase the natural selectivity of certain enzymes, but also com-
pletely invert the selectivity of other enzymes.  

Increase in Enantioselectivity 

The moderate enantiomeric excess produced by naturally occur-
ring enzymes is usually insufficient for industrial application. Pre-
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dicting the exact mutations required to increase the enantioselectiv-
ity of an enzyme can be difficult considering the complex nature of 
enzymes. Not only would this require a high resolution crystal 
structure to predict free energies of molecular interactions, but also 
entropic calculation, a factor demonstrated to play a significant role 
in determining an enzyme’s enantioselectivity [49]. Unfortunately, 
these calculations cannot be made if high resolution crystal struc-
tures are unavailable, as is the case in many situations. Conse-
quently, most improvements in enantioselectivity of enzymes have 
resulted from directed evolution experiments. In this section, we 
will outline some of the recent successes in this area.  

The Acinetobacter sp. NCIMB 9871 cyclohexanone monooxy-
genase is only moderately enantioselective (14% ee) in creating a 
chiral (R)-sulfoxide center by oxidizing methyl-p-methylbenzyl 
thioether. Using epPCR, Reetz and coworkers created a library of 
random mutants and screened ~10,000 clones, a number large 
enough to provide near complete coverage of the entire library [50]. 
With the help of automation, they implemented a medium-
throughput screen able to handle microtiter-plate format for cell 
growth, product extraction, and analysis by chiral HPLC. They 
were able to isolate three mutants with >98% ee for the (R)-
sulfoxide in just a single round of screening. In a similar example, 
Reetz and coworkers improved the enantioselectivity of Aspergillus 

niger epoxide hydrolase from E = 4.6 to 10.8 [51]. Again, they used 
epPCR to introduce mutations in the wild-type gene and screened 
~20,000 mutants for hydrolytic kinetic resolution of glycidyl phenyl 
ether. The best mutant carried three mutations, two of which were 
distant from the active site. Although they were able to solve the 
crystal structure of this mutant, they were unable to rationalize the 
mode of action of the distant mutations. Such results, however, are 
not uncommon in directed evolution experiments, further highlight-
ing the difficulty in trying to rationally design altered function into 
an enzyme. 

Using gene site saturation mutagenesis (GSSM™) for library 
creation, DeSantis and coworkers engineered a nitrilase for enanti-
oselective hydrolysis of 3-hydroxyglutaronitrile to (R)-4-cyano-3-
hydroxybutyric acid, a precursor to the cholesterol-lowering drug 
Lipitor® [52]. The enantioselectivity of parent enzyme (ee = 87.6%) 
was insufficient for industrial application, and therefore an im-
proved mutant with an ee of 98.5% was isolated after screening 
>30,000 clones. A high-throughput screen was implemented such 
that an (R)-15N labeled substrate was hydrolyzed, resulting in the 
formation of the desired (R)-product and radiolabeled ammonia. 

An alternative to GSSM™ is to first perform epPCR to identify 
“hot-spots” that improve the desired property and then perform 
saturation mutagenesis on those sites. While not as thorough as 
GSSM, fewer clones need to be screened due to the smaller library 
size. Using this strategy, Reetz and coworkers evolved a lipase 
from Pseudomonas aeruginosa to catalyze enantioselective hy-
drolysis of 2-methyldecanoic acid p-nitrophenyl ester. The wild-
type enzyme exhibits a selectivity of E = 1.1, a value far too low for 
application in the fine chemicals industry where lipases are rou-
tinely used for kinetic resolutions [53]. After six iterative rounds of 
library generation by epPCR and screening, they were able to in-
crease E to 13.5 in favor of the (S)-acid. Dissatisfied with the im-
provement over six rounds of engineering, they switched to satura-
tion mutagenesis for further rounds. Each site identified by epPCR 
was thereafter randomized using saturation mutagenesis and 
screened for improved enantioselectivity. The best mutant identi-
fied had an E = 25.8, a significant improvement over the final mu-
tant identified by epPCR. 

From their previous work, Reetz and coworkers realized that 
epPCR may not be the ideal mutagenesis technique to improve 
enantioselectivity. Revisiting the same Pseudomonas aeruginosa 
lipase, they applied combinatorial saturation mutagenesis to a few 
“hot-spot” residues [54]. After screening only 5,000 clones, they 
found a mutant with E = 30, which is superior to the best mutant 
they identified previously. From these findings, Reetz and cowork-
ers discerned that focused mutagenesis at these “hot-spots” is more 
likely to result in improved mutants. Channeling these insights into 
a generalized scheme, they developed a technique called CASTing 
(combinatorial active site testing) for rapid creation of enantioselec-
tive enzymes [55].  

To demonstrate the power of this methodology, Reetz and co-
workers revisited the Aspergillus niger epoxide hydrolase, an en-
zyme that they had previously engineered by epPCR (above) [51]. 
Remarkably, they were able to increase the enzyme’s selectivity 
from E = 4.6 to 115 in favor of the (S)-diol after screening a rela-
tively small number of mutants [55]. Compared to the best mutant 
identified by epPCR (E = 10.8), this newly identified mutant is far 
superior, and yet required screening of the same number of clones 
(20,000). 

Reversal of Enantioselectivity 

While it would be generally ideal to start with an enzyme hav-
ing at least a marginal desired enantioselectivity, there may be 
situations where such an enzyme does not exist. Reversing the en-
zyme selectivity may then be one of the only available options.  

Optically pure amino acids are in demand for synthesis of many 
antibiotics and drugs. L-5-(2-Methylthioethyl)hydantoin can be 
converted to L-methionine using a hydantoinase. However, all 
known hydantoinases are selective for D-5-(2-methylthioethyl) 
hydantoin rather than the L-enantiomer. To improve the productiv-
ity of L-methionine, Arnold and coworkers inverted the enantiose-
lectivity of the hydantoinase from Arthrobacter sp. DSM9771 [56]. 
After isolating a slightly L-selective mutant (ee = 7% compared to -
40% for the wild type enzyme) from a library created by epPCR, all 
attempts to further improve the enantioselectivity by a second round 
of random mutagenesis failed. Subsequently, they switched to satu-
ration mutagenesis and focused on a residue identified in their first 
round of mutagenesis. The mutant identified had an ee = 20%, 
which albeit low, was accompanied by a 5-fold increase in specific 
activity. 

Reetz and coworkers were more successful in isolating an en-
zyme with high and reversed enantioselectivity in a single round of 
epPCR. While screening for (R)-specific mutants of cyclohexanone 
monooxygenases from Acinetobacter sp. NCIMB 9871 (see In-

crease in enantioselectivity), Reetz and coworkers also identified 
(S)-specific mutants with ee > 95% [50]. These mutants had a larger 
number of substitutions than the highly (R)-specific enzymes, indi-
cating that a larger change in structure may be required to reverse 
enantioselectivity than what is required to simply increase it. This is 
also demonstrated in another work, where Reetz and coworkers 
used epPCR with a relatively high mutagenic rate to find enzymes 
with inverted selectivity [57].  

Another excellent example was demonstrated by Boersma and 
coworkers [58]. By altering the length of the active-site-lining loop 
in Bacillus subtilis 168 lipase A, they hoped to invert its enantiose-
lectivity. In one of the rare examples of rational design, they mod-
eled the effect of grafting loops from other similar proteins, and 
followed through with experimental evidence demonstrating the 
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inversion of enantioselectivity (Fig. 2). To further improve the 
enantioselectivity, they switched over to iterative saturation 
mutagenesis and randomized two residues predicted to interact 
directly with the substrate. The best mutant exhibited an ee of 
57.4% for 1,2-O-isopropylidene-(S)-glycerol, compared to the wild-
type enzyme’s preference for the (R)-enantiomer (ee = 12.9%). 

Modification of Regioselectivity  

In addition to controlling the enantioselectivity of a biocatalyst, 
many enzyme engineering efforts are focused on the modification 
of regioselectivity. For example, C-H bonds are usually quite unre-
active, which makes catalysts capable of activating this bond very 
useful in organic syntheses. Traditionally, organometallic catalysts 
containing precious metal centers are required to initiate this reac-
tion by inserting between the two atoms. Monooxygenases and 
oxidases are able to perform similar C-H bond activation, quite 
often in a regioselective manner. In addition, they are able to per-
form these reactions using common transition metals like iron or 
copper. Realizing that these classes of enzymes can be very useful 
in difficult syntheses, several groups have used protein engineering 
tools to make them more amenable for industrial use. 

Alkanes are quintessential nonreactive compounds, yet cyto-
chrome P450 are able to hydroxylate them at various positions. To 
perform controlled oxidation of linear alkanes, Lentz and coworkers 
engineered the cytochrome P450 CYP102A3 from Bacillus subtilis 
for terminal hydroxylation [59]. By first using epPCR to generate 
genetic diversity, they isolated a mutant with the ability to produce 
1-octanol from octane. The authors then backcrossed the mutations 
with the parent in order to find the essential mutations, as well as 
reduce instabilities caused by disruptive mutations. Their final mu-
tant primarily oxidized the terminal position, although residual 
activity toward the internal position could not be completely elimi-
nated. 

Synthesis of the potent semisynthetic insecticide Emamectin 
benzoate requires regioselective oxidation of the 4’’ alcohol of the 
natural product avermectin, followed by the reductive amination of 
the resulting key intermediate 4’’-oxo-avermectin. Unfortunately, 
the large number of groups that can be activated results in forma-
tion of many unwanted byproducts. Using a proprietary method 

called GeneReassembly™, Diversa Corporation engineered a cyto-
chrome P450 oxidase to perform regioselective oxidation of aver-
mectin [60]. By incorporating the genetic diversity present in 17 
Streptomyces cytochrome P450 enzymes in a combinatorial man-
ner, and screening for improved regioselectivity, they were able to 
eliminate non-selective oxidative activity in their chimeric mutant 
(Fig. 3). 
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Fig. (3). Using GeneReassembly™, Diversa Corporation incorporated the 
genetic diversity present in 17 Streptomyces cytochrome P450 enzymes to 
create a regioselective hybrid that was able to oxidize the 4”-hydroxyl to 
produce the oxo-avermectin intermediate for avermectin synthesis [60].  

O
O

OH

O
O

OH

O
O

O
R

O

O
O

O
R

O

O
O

O
R

O

(+)-IPG

(-)-IPG

(-)-IPG ester

(+)-IPG ester

rac-IPG ester

wt

mutant

 

Fig. (2). The wild-type (wt) Bacillus subtilis 168 lipase A resolves the racemic ester in favor of the (R)-(+)-enantiomer (ee = 12.9%), whereas the mutant 
forms primarily the 1,2-O-isopropylidene-(S)-(-)-glycerol (IPG) enantiomer [58]. The mutant was created by first altering the active site loop in contact with 
the substrate to affect steric interactions, followed by saturation mutagenesis.  
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Cytochrome P450s in humans, among other functions, play an 
important role in drug metabolism and clearance, as well as in hor-
mone synthesis. Due to their clinical relevance, several high-
resolution crystal structures have been solved, which enables ra-
tional design of these proteins by comparative analysis. Following 
this strategy, Kumar and coworkers engineered an enzyme with 
high activity and 80% regioselectivity for position 21 on progester-
one [61]. Starting with cytochrome P450 2B1, a progesterone 16 -
hydroxylase, they introduced mutations to model its active site after 
cytochrome P450 2C5, a progesterone 21-hydroxylase. Using the 
best mutant for the next round of site-directed mutagenesis, they 
gradually converted the low-affinity hydroxylase to a highly re-
gioselective 2C5-like enzyme over four rounds. 

A final example is the engineering of tetrachlorobenzene di-
oxygenase from Ralstonia sp. PS12 for hydroxylation of sites not 
oxidized by the wild-type enzyme [62]. Halogenated aromatics are 
usually toxic pollutants and certain microbes, including Ralstonia 
sp. PS12, are able to metabolize them, making them good candi-
dates for bioremediation. Tetrachlorobenzene dioxygenase is the 
first step in the aerobic biodegradation of chlorinated toluenes and 
supports the growth of Ralstonia sp. PS12 on these substrates. Us-
ing the crystal structure of the homologous enzyme naphthalene 
dioxygenase, and mechanistic insights from studies in nitrotoluene 
dioxygenase, the authors changed the regioselectivity of tetra-
chlorobenzene dioxygenase using a single substitution. The mutant 
was able to produce various novel dichloromethylcatechols. 

4. ENGINEERING ENZYMES CATALYZING CARBON-

CARBON BOND FORMATION 

Carbon-carbon (C-C) bond formation is one of the most power-
ful synthetic reactions for the industrial synthesis of chiral and 
asymmetric compounds [63, 64]. Known as a cornerstone of mod-
ern organic chemistry, the reactions lead to the formation of a new 
carbon-carbon bond and up to two new stereogenic centers under 
mild conditions [63]. C-C bond forming reactions have been widely 
used in the stereo-controlled synthesis of natural products and bio-
active small molecules using various metal enolates, as well as 
metal-complex-catalyzed and organocatalytic methods [65]. In 
addition, several enzyme classes have been shown to catalyze C-C 
bond forming reactions, including the transketolases, oxynitrilases, 
and aldolases [63], as well as other thiamine pyrophosphate (TPP) 
independent enzymes [66]. By modifying or expanding the sub-
strate repertoire and by modifying the stereochemical properties, 
alternative stereoisomeric products can be synthesized. The most 
recent directed evolution examples have mainly been geared to-
wards aldolases and transketolases. Few successes have been 
achieved with oxynitrilases and TPP dependent enzymes in C-C 
bond formation.  

Directed evolution of aldolases with new and improved proper-
ties has been achieved by two methods. First, promiscuous aldo-
lases have been created that are able to accept more than one 
stereoisomeric substrate in order to prepare more than one stereoi-
someric product through the choice of the substrate provided. Sec-
ond, a genuinely selective enzyme has been generated that is capa-
ble of catalyzing the formation of a diastereoisomeric product, us-
ing the same substrates as the wild-type enzyme [64].  

Among the aldolases shown to be useful in selective catalysis is 
the 2-deoxy-D-ribose-5-phosphate aldolase (DERA) from E. coli. In 

vivo, DERA catalyzes the reversible retro-aldol degradation reac-
tion of 2-deoxy-D-ribose-5-phosphate to D-glyceraldehyde-3-
phosphate and acetaldehyde, although the equilibrium lies on the 2-

deoxy-D-ribose-5-phosphate side (Fig. 4A) [67]. Unlike other aldo-
lases that catalyze the aldol addition of an aldehyde and a ketone, 
DERA catalyzes the asymmetric aldol addition of two aldehydes. In 
light of this novel property, Wong and coworkers used rational 
design to expand the substrate scope of DERA towards the unnatu-
ral nonphosphorylated substrate D-2-deoxyribose [68]. Of five mu-
tants created by site-directed mutagenesis, the S238D mutant 
showed a 2.5-fold improvement over the wild-type enzyme in the 
retro-aldol reaction of D-2-deoxyribose. Moreover, this mutant ac-
cepted 3-azidopropinaldehyde as a substrate to form deoxy-
azidoethyl pyranose, which is a precursor for LipitorTM (Fig. 4B) 

[68].  

DERA is also a potential biocatalyst for the industrial synthesis 
of (3R, 5S)-6-chloro-2,4,6-trideoxyhexapyranoside, a versatile pre-
cursor for statin drugs like LipitorTM [63]. However, low affinity 
towards chloroacetaldehyde and enzyme deactivation by high alde-
hyde concentration limit the enzyme’s usefulness for industrial 
applications. Using independent high throughput screens for 
chloroacetaldehyde resistance and activity, several mutants from a 
random mutagenesis library were identified [63]. By combining the 
beneficial mutations leading to improved stability or catalytic prop-
erties of DERA, a triple mutant showed the highest chloroacetalde-
hyde tolerance, while being an efficient catalyst of the precursor 
(Fig. 4C) [63]. 

Directed evolution has also proven to be successful in the engi-
neering of the 2-keto-3-deoxy-6-phosphogalactonate (KDPGal) 
aldolase from the shikimate pathway [69, 70]. Ran and Frost de-
vised a new strategy to synthesize 3-deoxy-D-arabino-heptylosonic 
acid 7-phosphate (DAHP), originally catalyzed by DAHP synthase 
in the first step of the shikimate pathway, by using the KDPGal. 
Yields of microbially synthesized chemicals are limited due to the 
competition between DAHP synthase and the sugar-transporting 
phosphoenolpyruvate: carbohydrate phosphotransferase system 
(PTS) for cytoplasmic supplies of phosphoenolpyruvate. In this new 
strategy, the E. coli KDPGal, which normally catalyzes the cleav-
age of KDPGal to pyruvate and D-glyceraldehyde-3-phosphate, was 
evolved by directed evolution to catalyze the reversible condensa-
tion of pyruvate and D-erythrose-4-phosphate to form DAHP. By 
utilizing pyruvate (a PTS byproduct), the KDPGal synthesis of 
DAHP completely avoided competition for phosphoenolpyruvate 
from the PTS system [70]. A combination of epPCR, DNA shuf-
fling and multiple site-directed mutagenesis yielded KDPGal vari-
ant NR8.276-2, which showed a 60-fold improvement in catalytic 
efficiency relative to the wild-type KDPGal aldolase in catalyzing 
the addition of pyruvate and D-erythrose-4-phosphate to form 
DAHP [69]. This study shows high applicability in the industrial 
production of shikimic acid [71], a relevant starting material for the 
manufacture of a plethora of commodity chemicals.  

In a similar study, using a combination of epPCR and DNA 
shuffling, Wong and coworkers evolved the E. coli D-2-keto-3-
deoxy-6-phosphogluconate (KDPG) aldolase into one with im-
proved catalytic efficiency, altered substrate specificity and stereo-
selectivity [72]. By screening a small library (10,000), some aldo-
lases evolved the capability to accept both the D- and L-
glyceraldehyde in the non-phosphorylated forms as substrates for 
the reversible aldol reaction. This provides a new direction in the 
enzymatic synthesis of D- and L-sugars.  

In another related study, N-acetylneuraminic acid aldolase 
(Neu5Ac aldolase) catalyzes the aldol condensation of N-acetyl-D-
mannosamine and pyruvate to give N-acetyl-D-neuraminic acid (D-
sialic acid). By using epPCR, Wong and coworkers generated mu-
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tants with improved activity towards L-configured substrates in-
cluding N-acetyl-L-mannosamine and L-arabinose [73]. Ten thou-
sand colonies in each round were screened for their ability to accept 
3-deoxy-L-manno-octulosonic acid (L-KDO) using a coupled assay 
based on the reduction of pyruvate to lactate by lactate dehydro-
genase. The evolved aldolase, containing three mutations, showed 
an inverted enantioselectivity towards the formation of L-sialic acid 
and L-KDO. In particular, a >1,000-fold improvement in the ratio of 
the specificity constants [kcat/KM (L-KDO)]/[kcat/KM (N-acetyl D-
neuraminic acid)] was observed for this mutant.  

In addition, Williams and coworkers showed that the configura-
tion of the product of an aldolase-catalyzed reaction can be varied 
by altering the stereochemical course of carbon-carbon bond forma-
tion through directed evolution of the E. coli N-acetylneuraminic 
acid lyase (NAL) [74]. Starting from the E192N NAL mutant, the 
stereochemical control of an aldolase-catalyzed reaction was altered 
by epPCR, followed by an intense structure-guided program of 
saturation and site-directed mutagenesis. A complementary pair of 
variants were identified that were approximately 50-fold more se-
lective towards the cleavage of the alternative 4S- and 4R-
configured condensation products, respectively, from the same 
starting material as used for the wild-type enzyme [74]. 

As a final example, directed evolution was used to create a 
variant of the thiamine diphosphate-dependent enzyme benzoyl-
formate decarboxylase (BFD) from Pseudomonas putida that ac-
cepts ortho-substituted benzaldehyde as a donor substrate [75]. Two 
identified mutants could selectively catalyze the formation of enan-
tiopure (S)-2-hydroxy-1-(2-methylphenyl)propan-1-one (>93% ee) 
with high yields (99%) - a reaction not catalyzed by the wild-type 
enzyme. Different ortho-substituted derivatives such as 2-chloro-, 
2-methoxy-, or 2-bromo-benzaldehyde were also accepted as donor 
substrates to form the corresponding (S)-2-hydroxy-1-(2-
methylphenyl)propan-1-one derivatives [75].  

5. ENGINEERING ENZYMES CATALYZING CARBON-

OXYGEN BOND CLEAVAGE OR FORMATION 

Glycosidases (also called glycoside hydrolases or sacchari-
dases) catalyze the selective hydrolysis of glycosidic bonds be-
tween sugar molecules (Fig. 5). While they have found extensive 
use primarily in the food, textile, and paper industries, recent trends 
for biofuels production has made them attractive targets for ligno-
cellulose disassembly. There have been many examples of glyco-
side engineering for improved thermal stability, stability at extreme 
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Fig. (4). A) DERA catalyzed aldol reaction between the natural donor acetaldehyde and acceptor D-glyceraldehyde-3-phosphate to generate D-2-deoxyribose-
5-phosphate [67]. B) The S238D DERA variant is able to accept nonphosphorylated substrates as acceptors and catalyzes a novel sequential aldol reaction 
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under industrially relevant conditions [63].  
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pH conditions, improved catalytic activity, etc., making them more 
suitable for the aforementioned applications. Biocatalytic hydroly-
sis of oligosaccharides, while industrially relevant, is somewhat 
uninteresting for synthetic chemistry. However, synthesis of bioac-
tive glycosides with either medicinal or microbicidal properties is 
of great interest to pharmaceuticals and biotech companies.  

Glycosidases have a minor transglycosidase activity whereby 
they can link activated sugars to form di- or oligosaccharides in a 
regioselective manner (Fig. 5). Unfortunately, transglycosylation is 
a thermodynamically unfavorable reaction and products are hydro-
lyzed quickly back to monosaccharides. To address this limitation, 
Dion and coworkers engineered the Thermus thermophilus -
glycosidase for improved -transglycosidase activity. The wild-type 
enzyme has 50% efficiency for self-condensation, but only 8% 
efficiency for transglycosylation on unactivated sugar. Using 
epPCR and combinatorial saturation mutagenesis on identified 
sites, they were able to significantly reduce the hydrolytic activity, 
thereby improving the overall yield of transglycosylation. For some 
of the best mutants, self-condensation was nearly quantitative, 
whereas transglycosylation to cellobiose or maltose reached 60-
75% yield. 

Similar work was subsequently performed by Osanjo and co-
workers, who engineered -l-fucosidase from Thermotoga maritima 
with improved transferase/hydrolysis kinetic ratio [76]. The wild-
type -l-fucosidase can catalyze the regioselective -(1 2) trans-
glycosylation of pNP-fucoside (para-nitrophenyl-fucoside) donor to 
pNP-galactoside with 7% yield. Using epPCR followed by combi-
natorial site-directed mutagenesis on their most promising mutants, 
they were able to isolate a variant with improved transglycosidase 
activity. It was able to catalyze formation of pNP-Gal- -(1 2)-Fuc 
with 60% yield starting with equimolar amounts of glycosides. 

Even though the success with engineering transglycosidase ac-
tivity was promising, Withers and coworkers were not content with 
just reducing hydrolytic activity. By mutating the active site nu-
cleophile (glutamate) to alanine, they were able to completely 
eliminate hydrolytic activity, creating a new family of glycosidase 
mutants called glycosynthases (Fig. 5) [77]. These mutants are able 
to transfer a glycosyl fluoride with the opposite anomeric configu-

ration to their natural substrate onto a suitable acceptor molecule. 
The first glycosynthase created was from Agrobacterium sp. -
glucosidase/galactosidase with the hydrolytic glutamate replaced 
with alanine. Using this variant, they were able to synthesize Gal-

(1,4)-Glc- (1,4)-pNP-Glc starting from -galactosyl fluoride and 
pNP- -cellobioside with 92% yield. 

Cornish and coworkers took this approach a step further by 
looking for a more suitable substitution for the hydrolytic glutamate 
[78]. Using the glycosidase from Humicola insolens rather than the 
Agrobacterium sp., they randomized the active site residue respon-
sible for hydrolysis and selected for an appropriate mutant using a 
high-throughput selection. By linking the glycosynthase activity to 
the transcription of an essential gene in yeast, they developed a 
three-hybrid assay. The best variant with serine substitution had a 
5-fold higher synthase activity than the alanine substituent. 

While glycosynthases and transglycosidases are variants of gly-
cosidases that have been engineered to catalyze the “reverse” of 
their natural reaction, nature’s catalysts for these reactions are gly-
cosyltransferases (GTs) (Fig. 5). Much effort has been put into 
engineering the substrate range of GTs in hope of creating non-
natural glycosides with novel bioactive properties – a process called 
glycorandomization. Unfortunately, the inability to screen for vari-
ants with promiscuous activity in a high-throughput manner has 
limited the success of most such undertakings. Thorson and co-
workers developed a high-throughput screen in order to find these 
elusive promiscuous GTs. In their screen, they searched for mutants 
able to transfer a sugar onto a surrogate substrate (a fluorescent 
coumarin). Successful GT activity with this substrate would result 
in quenching of fluorescence, providing a detectable output. Start-
ing with the GT OleD from Streptomyces antibioticus involved in 
decorating the antibiotic oleandomycin, they performed epPCR to 
generate a library of mutants in hope of finding variants with pro-
miscuous activity. By combining mutations from positive hits in a 
combinatorial manner, they identified a mutant with three substitu-
tions that could accept 15 sugar nucleotides with improved or novel 
activity compared to the parent enzyme. Realizing that the three 
mutated residues may be “hot-spots” for promiscuous activity, 
Thorson and coworkers also tried to find mutants with the ability to 
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Fig. (5). Reactions catalyzed by various enzymes involved in breaking and forming bonds between sugars. Glycosidases catalyze the hydrolysis of glycosidic 
bonds between sugar molecules. Transglycosidases are a minor and thermodynamically unfavorable activity of glycosidase, whereby activated glycosides (like 
para-nitrophenyl sugars) can be linked to an acceptor sugar. Glycosynthases are glycosidases with a mutated active site residue that renders them unable to 
perform hydrolysis. They are however, able to transfer a glycosyl fluoride with the opposite anomeric configuration onto an acceptor sugar molecule. Glyco-
syltransferases are naturally occurring enzymes that catalyze the formation of glycosidic bonds between glycosylnucleotides.  
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decorate the nonnatural acceptor novobiocic acid with nonnatural 
sugars [79]. Using saturation mutagenesis on the three “hot-spot” 
sites, they created a library of mutants and screened through them 
using their previously developed assay for promiscuity. Surpris-
ingly, even though they screened for transferase activity with non-
natural donors, their final mutant was promiscuous even for accep-
tor molecules and decorated novobiocic acid with several hundred 
fold higher efficiency. 

Realizing the modular nature of certain GTs, Park and cowork-
ers tried to combine fragments from different proteins to create 
chimeras with novel activity [80]. Since the N-terminus domain 
recognizes the acceptor while the C-terminus domain recognizes 
the donor sugar nucleotide, they created chimeras of kanamycin GT 
(KanF) and C-terminal fragments of vancomycin GT (GtfE). They 
found that the most active mutant was able to transfer the glycone 
substrate of GtfE onto the aglycone acceptor of KanF. However, in 
a fortuitous turn of events, they found that the hybrid was also able 
to accept substrates not natural to either parent protein. 

6. ENGINEERING SINGLE-CHAIN POLYKEKETIDE SYN-

THASES  

Polyketides are a class of secondary metabolites that encompass 
a wide range of biological functions, including antibiotic, antitu-
mor, antifungal, immunosuppressive, and roles in defense against 
predators, amongst others. Among the most well known polyketides 
are lovastatin, doxorubicin, rapamycin S, erythromycin A, and 
various tetracyclines. As a result, this group of molecules consti-
tutes a vast resource for the discovery of novel bioactive and thera-
peutic compounds. Like for most bioactive compounds, chemical 

modification of polyketides has been used to diversify them in or-
der to find variants with improved activity. However, certain func-
tional groups are resistant to functionalization due to inability to 
activate them selectively. In such cases, modification may have to 
be introduced during their biosynthesis. Within cells, polyketides 
are produced by polyketide synthases (PKSs), a family of proteins 
closely related to fatty acid synthases. Although they have been 
discovered in a variety of organisms, those from plants, fungi, and 
bacteria are most well known and closely studied. PKSs are divided 
into three groups based on their structure and function. Type I PKSs 
are large polypeptides with multiple domains, each with its own 
catalytic site and function. Type II PKSs are complexes of smaller 
associated proteins, each with its own distinct function. Type III 
PKSs, unlike the other two, are not modular in nature, but consist of 
one polypeptide with a single active site. In all three cases, 
polyketide synthesis begins with a starter unit onto which elonga-
tion units are added in stepwise condensation reactions. Other do-
mains are responsible for modifying the carbonyl groups, and in 
certain cases, prior to product release the polyketide may be circu-
larized. 

With the aim of creating novel molecules with biological activ-
ity, several groups have undertaken efforts to understand and engi-
neer PKSs. Taking advantage of the modular nature of Type I 
PKSs, Leadlay and colleagues grafted the loading module of the 
avermectin-producing PKS onto that of the erythromycin-producing 
protein [81]. Since the module from the avermectin PKS has a 
much more relaxed substrate preference, with the ability to accept 
more than 40 starter carboxylic acid units, their hybrid was able to 
produce various erythromycin derivatives (Fig. 6). Amazingly, they 

 

Fig. (6). The modular nature of type I polyketide synthases is demonstrated by 6-deoxyerythronolide B synthase (DEBS) from Saccharopolyspora erythraea. 
The wild type enzyme accepts propionyl-CoA (coenzyme A) as a starter unit and extends the polyketide with acetyl groups. The replacement of the loading 
domain of DEBS with that from the avermectin-producing polyketide synthase of Streptomyces avermitilis, allows for a wider range of starter units such as 
acetyl-CoA and isobutyryl-CoA [81]. AT = acyltransferase, ACP = acyl-carrier protein, KS = ketosynthase, KR = ketoreductase, DH = dehydratase, ER = 
enoyl reductase, and TE = thioesterase. 
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did not need to perform any linker engineering considering com-
munication via interdomain sequences is essential for proper chain 
elongation. 

Patel and coworkers took this approach a step further and made 
even more extensive grafts to a Type I PKS [82]. To make derivates 
of the anticancer drug geldanamycin with substitutions at nonreac-
tive functional groups, they exchanged six out of the seven acyl-
transferase domains of the corresponding PKS. Since acyltrans-
ferases are responsible for loading starter and elongation units, they 
reasoned this would create derivatized geldanamycin. Four of these 
substitutions resulted in fully functional proteins that produced 
geldanamycin derivates. Of these one had a higher affinity for the 
drug target (Hsp90), thus promising an even more potent anticancer 
activity.  

With a similar aim, Tang and coworkers aimed to create a more 
potent epothilone anticancer agent. Instead of swapping acyltrans-
ferase domains, they inactivated certain ketoreductase domains. 
Since these domains are responsible for reducing carbonyl groups 
to hydroxyl groups, inactivation of their active site would result in 
oxo-derivates. In addition to finding these expected compounds, 
they also found some unexpected variants suggesting alternate ac-
tivities for domains based on the identity of bound substrate. Frost, 
Zhao and coworkers used a similar strategy to produce triacetic acid 
lactone (TAL), an intermediate in the production of the energetic 
compound 2,4,6-trinitrobenzene [83]. They inactivated the ke-
toreductase module of 6-methyl sialic acid synthase (6-MSAS), a 
type I PKS, using a single point mutation. The loss of reducing 
activity led to the premature lactonization of linear triketide with 
the formation of their desired product. 

Since type I PKSs are modular proteins, altering product speci-
ficity is conceptually simpler thanks to the ability to inactivate or 
modify a single domain whilst leaving the others unperturbed. 
However, as exemplified by 6-MSAS, where loss of ketoreductase 
activity resulted in premature lactonization, mutations can have 
unexpected results. Such cases are even more common for type III 
PKSs that have a single active site. Abe and coworkers demon-
strated this by creating various mutations at a single position and 
found that it had a profound effect on the product [84]. Using the 
type III PKS from aloe, they found that mutation of the small amino 
acid glycine at position 207 to larger residues like tryptophan, me-
thionine, leucine, or phenylalanine resulted in change of product 
profile from octaketides to tri- through hepta-ketides. Finally, they 
also found that changing a large residue of a pentaketide synthase, 
also from aloe, to small amino acids resulted in the formation of 
octaketides [85]. Furthermore, additional mutations to increase 
active site volume changed the PKS to a nonaketide synthase. 

FUTURE PROSPECTS 

The age of genomics has ushered in an exciting time for bio-
catalysis. The availability of metagenomic data and bioinformatic 
resources has significantly accelerated the pace of new enzyme and 
pathway discovery. This is particularly helpful since laboratory 
cultivation is no longer a necessity for such identifications, which 
would have otherwise limited scientists and engineers to culturable 
organisms only. Armed with the ability to find new pathways and 
enzymes, the challenge has now shifted on how to use this data to 
create industrially and medically relevant proteins and compounds. 
To that end, directed evolution has played a significant role in ex-
pediting the timeline from discovery to application. As described in 
the preceding sections, protein engineering has been used to engi-
neer enzymes with a variety of properties to make them more ame-

nable for catalysis. Substrate specificity, enantioselectivity, regiose-
lectivity, and the range of products have all been altered to varying 
degrees using directed evolution. Although rational design has been 
used in some cases, there are far fewer reports of its successful 
application compared to directed evolution primarily because it 
requires structural or mechanistic data that are unavailable for most 
proteins. Directed evolution’s bottom-up approach has minimized 
the requirements to engineer a protein significantly – the only ca-
veat is the requirement for a medium-to-high throughput screen. 

To some degree, this issue has been addressed by limiting se-
quence space explored using semi-rational design techniques like 
combinatorial saturation mutagenesis [86] or CASTing [55]. In 
addition, newer screens and selections are constantly being devel-
oped, as are inventive ways to adapt assays to high-throughput 
methods like FACS (fluorescence activated cell sorting) to a wide 
variety of enzymatic assays [86]. 

Not content with stepwise evolution of naturally occurring en-
zymes, many groups have been looking into creating synthetic en-
zymes. Schultz and coworkers have shown that noncanonical amino 
acids can be efficiently incorporated into proteins using designer 
organisms [87]. This can be used to extract new chemistry not 
available through the standard twenty amino acids. Others like 
Reetz and Ward have created hybrid enzymes, i.e., metalloenzymes 
with nonnatural metal centers [88, 89], thereby trying to combine 
the interesting chemistry afforded by organometallic catalysts with 
the high specificity offered by enzymes. Lu and coworkers have 
combined the two aforementioned ideas to generate proteins with 
unnatural amino acids as well as heavy metal centers [90]. Catalytic 
antibodies are another avenue that has been explored to impart cata-
lytic activity to the innately highly selective antibodies [91]. Baker 
and coworkers have used computational techniques to create active 
sites designed around a specified reaction and grafted them onto 
naturally occurring scaffolds to create proteins with novel activities 
[92, 93]. 

Yet current research has barely scratched the surface of these 
fields. Their incorporation into protein engineering for industrial 
use is still in its nascent stages. Future prospects for protein engi-
neering, and particularly its synergy with synthetic enzymes, should 
lead to an expansive set of catalysts for use in chemistry and indus-
try. 
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