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Abstract
Over the last two decades, directed evolution has transformed the field of protein engineering. The
advances in understanding protein structure and function, in no insignificant part a result of directed
evolution studies, are increasingly empowering scientists and engineers to device more effective
methods for manipulating and tailoring biocatalysts. Abandoning large combinatorial libraries, the
focus has shifted to small, functionally-rich libraries and rational design. A critical component to the
success of these emerging engineering strategies are computational tools for the evaluation of protein
sequence datasets and the analysis of conformational variations of amino acids in proteins.
Highlighting the opportunities and limitations of such approaches, this review focuses on recent
engineering and design examples that require screening or selection of small libraries.

INTRODUCTION
Enzymes are highly versatile and proficient catalysts. Optimized by Darwinian evolution over
millions of years, they can greatly accelerate chemical reactions while ensuring high substrate
specificity, as well as exquisite enantio and stereoselectivity. These performance features make
biocatalysts attractive candidates for asymmetric synthesis in the laboratory and industrial
processes. However, there are often significant discrepancies between an enzyme’s function
in nature and the specific requirements for ex vivo applications envisioned by scientists and
engineers. Enzyme engineering by directed evolution has become the strategy of choice for
tailoring the catalytic, biophysical and molecular recognition properties of target proteins [1].

Traditionally, directed evolution relies on an iterative two-step protocol, initially generating
molecular diversity by random mutagenesis and in vitro recombination, then identifying library
members with improvements in desired phenotype by high-throughput screening or selection.
The approach can be problematic as even protein libraries with millions of members still sample
only a tiny fraction of the vast sequence space possible for an average protein. Biases in the
experimental methods and the degeneracy of the genetic code further skew and restrict the
library design [2]. Rather than addressing these problems through bigger libraries and more
screening or selection, many researchers are moving beyond traditional directed evolution,
instead advocating new strategies for designing smaller, higher quality libraries.

Often referred to as semi-rational, smart or knowledge-based library design, these approaches
utilize information on protein sequence, structure and function, as well as computational
predictive algorithms to preselect promising target sites and limited amino acid diversity for
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protein engineering. The focus on specific amino acid positions translates into dramatically
reduced library sizes while the consideration of evolutionary variability, topological constraints
and mechanistic features to weigh in on amino acid identity can result in libraries with higher
functional content. In addition to the sequence and structure-based design strategies, QM and
MD calculations, as well as machine-learning algorithms have become invaluable tools to
effectively explore the impact of amino acid substitutions on protein structure and stability.
Together, these concepts offer promising predictors for altering protein features such as
substrate specificity, stereoselectivity and stability by enzyme redesign (but leaving the
catalytic machinery of the native biocatalyst intact), as well as the creation of new function by
de novo design.

From a practical perspective, semi-rational protein engineering can significantly increase the
efficiency of biocatalyst tailoring. Besides typically requiring fewer iterations to identify
variants with the desired phenotype, the generation of small high-quality libraries can largely
eliminate the need for high-throughput methods in library analysis. The smaller number of
variants also creates new opportunities for the evaluation of library members by protocols not
amendable to a high-throughput format. Finally, these design strategies provide an intellectual
framework to predict and rationalize experimental findings, taking the field from discovery-
based towards hypothesis-driven protein engineering. To highlight the rapidly growing number
of successful enzyme engineering studies by semi-rational and computer-guided protein
design, this review concentrates (with few exceptions) on recent studies that required libraries
of less than 1000 members (Table 1).

SEQUENCE-BASED ENZYME REDESIGN
A popular strategy to more effectively navigate and identify “islands” of functionality in protein
sequence space has been the use of evolutionary information. Multiple sequence alignments
(MSAs) and phylogenetic analyses have become standard tools for the exploration of amino
acid conservation and ancestral relationships among groups of homologous protein sequences
and structures. Whether these statistics are derived from large natural sequence pools or through
neutral drift experiments in the laboratory, the data is valued by protein engineers for
identifying functional hot spots, assessing local amino acid variability and guiding back-to-
consensus designs. Among the large number of data analysis software [3,4], two new internet-
based computational tools are noteworthy.

The HotSpot Wizard server (http://loschmidt.chemi.muni.cz/hotspotwizard) combines
information from extensive sequence and structure database searches with functional data to
create a mutability map for a target protein [5]. The system’s performance “at the bench” was
demonstrated as part of the engineering of haloalkane dehalogenase (DhaA) from Rhodococcus
rhodochrous [6] (vide infra). Similarly, the commercial 3DM database
(http://3dmcsis.systemsbiology.nl) integrates protein sequence and structure data from
GenBank and the PDB to create comprehensive alignments of protein superfamilies [7]. These
data collections can effectively be searched through a series of built-in filters for evolutionary
features such as correlated mutations and conservation. Furthermore, information on the
functional role of individual amino acid residues, as well as details on their mutability is
accessible. As a bonus for the busy researcher, the 3DM database tracks the literature and
automatically updates itself with new structural and functional information. Its potential
benefits for protein engineering was demonstrated in three recent studies, probing model
enzymes for changes in activity and substrate specificity [8,9], as well as improvements in
enantioselectivity [10•]. The latter study, investigating the impact of specific residues on the
enantioselectivity of Pseudomonas fluorescens esterase, is particularly interesting as control
experiments demonstrate the qualitative advantages of evolution-guided library design. 3DM
analysis on over 1700 members of the α/β-hydrolase fold family was applied to define
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(evolutionarily) allowed amino acid substitutions in four positions near the active site. In lab
experiments, the esterase library comprised of allowed substitutions clearly outperformed two
controls which carried either random or not allowed substitutions, affording functional variants
with higher frequency and superior catalytic performance.

Further advances in enzyme redesign are possible through the combination of sequence-based
information with computational modeling tools. While performing molecular dynamics
simulations to explain moderate functional gains in DhaA variants previously identified in
random mutagenesis and DNA shuffling libraries [11], Damborsky and coworkers noticed that
beneficial mutations did not affect the active site directly but instead improved catalytic
performance through conformational changes in the enzyme’s two access tunnels [12]. These
observations prompted further in silico studies that focused specifically on the product release
through these tunnels as a function of nearby amino acid substitutions which in turn led to the
identification of five key residues located at the tunnel entries and inside the tunnels (Figure
1). Guided by HotWizard, specific substitutions were introduced in two of the positions while
the impact of changing the remaining three amino acid residues on enhanced dehalogenase
activity could easily be evaluated by small site-saturation mutagenesis libraries. The strategy
was not only effective for isolating enzyme variants with significantly higher activity but it
also proved critically important for identifying the most beneficial amino acid substitutions.

Another conceptionally very interesting and effective strategy for the identification of
mutational hotspots was applied for the engineering of prolyl endopeptidase from Shingomonas
capsulata [13]. Aiming to improve enzyme activity at low pH and increase protease resistance,
Khosla and coworkers used a MSA of 100 peptidase homologs to capture the diversity at
individual amino acid positions. The variability at each site was then quantified through the
assignment of so called position and substitution scores and yielded a list of 30 specific,
potentially beneficial mutations. Next, different combinations of these specific amino acid
substitutions were introduced into 47 variants through whole-gene synthesis. Working with
such a small focused library, although more challenging to prepare than traditional
mutagenesis, enabled an in-depth functional evaluation of each candidate without the need for
sophisticated selection or high-throughput screening methods. Analysis of the assay data via
machine-learning algorithms [14,15] ranked 22 of the substitutions as beneficial and, following
a second round of library preparation and functional evaluation, narrowed down the selection
to five amino acid changes that slightly raised the catalytic activity of the endopeptidase while
improving its resistance to pepsin digestion by 200-fold.

Rather than considering only the amino acid diversity in modern-day proteins, the REAP
(Reconstructing Evolutionary Adaptive Paths) method travels back in evolutionary time to
exploit sequence data from ancestral proteins for the creation of focused and functional-
enriched enzyme libraries [16]. The method by Chen et al. uses phylogeny to identify mutations
in gene sequences that emerged during functional divergence from a common universal
ancestor. Arguing that the variation and conservation of individual amino acid positions at
these pivotal moments in evolutionary history could pinpoint functional hot spots in a protein
sequence, the authors explored the split in the phylogenetic tree of Family A DNA polymerases
into viral and non-viral subgroups. Viral polymerases are known for their greater substrate
promiscuity compared to the non-viral enzymes, hence differences in the sequences of the
predicted ancestral polymerase at this evolutionary branching point could account for substrate
specificity changes without infringing on catalytic performance. Of the approximately 100 sites
of interest (~18% of protein sequence) from this evolutionary analysis, 35 positions were
selected based on their proximity to the active site and additional biochemical information.
Finally, the amino acid diversity at these positions was limited to natural variations found in
the phylogeny which reduced the size of the experimental library to only 93 variants! Thirty
of the first-round candidates were functional polymerases - eight of them with greater than
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wild type activity for unnatural dNTPs and two of those with excellent performance for novel
3’-modified dNTPs as substrates.

STRUCTURE-BASED ENZYME REDESIGN
Protein function is usually intimately linked to three-dimensional structure, making the
substitution of one or more amino acids in macromolecules a function of not just sequence
context but also structural topology. The rapidly growing number of protein structures in the
PDB and advances in homology modeling offer valuable assistance for protein engineers to
more effectively locate key residues near active sites and at domain interfaces or hinge regions
which can translate into superior library designs. Three recent novel and innovative examples
of structure-based enzyme redesign are discussed below.

Reaching beyond the mutagenesis of residues near the active site, Reetz and coworkers
explored the potential functional benefits of distal mutations through so-called induced
allostery [17]. Arguing that amino acid substitutions in remote enzyme locations could translate
into changes in structure and dynamics at the active site, the authors focused on the interface
of the FAD and NADP-binding domains of the thermostable Bayer-Villiger monooxygenase
from Thermobifida fusca [18,19]. Structure analysis identified two amino acid positions in a
helical segment located near the two domains’ hinge region which were subjected to saturation
mutagenesis. Activity screening of these monooxygenase variants on a series of 2-substituted
cyclohexanones suggested that substitutions in these distal positions not only increased
catalytic activity but also significantly broadened the range of acceptable substrates. These
performance changes were rationalized with the help of MD simulations which indicated
changes in active site accessibility and backbone movement.

Simultaneously targeting several structural regions within an enzyme, an impressive example
of multi-parameter optimization was the recently reported redesign of ω-transaminase from
Arthrobacter sp. into an industrial biocatalyst for the production of the antidiabetic compound
sitagliptin [20••]. Process specifications demanded a biocatalyst with high activity and >99.5%
enantioselectivity but also required stability to harsh reaction conditions including elevated
temperature (45–50°C), the presence of organic solvent (50% DMSO), and high substrate
concentrations (200 g/L). Faced with the additional challenge that none of the screened wild
type enzymes showed detectable activity for the bulky prositagliptin ketone substrate, Savile
et al. applied a combination of structure-based enzyme redesign and directed evolution to
gradually remodel the Arthrobacter enzyme into a biocatalyst that met the process
specifications (Figure 2A). Molecular modeling and site-saturation mutagenesis were initially
applied to expand the active site binding pocket and establish measurable turnover of
prositagliptin ketone, setting the stage for subsequent rounds of directed evolution to optimize
activity and performance under the desired reaction conditions. Of the 27 mutations found after
eleven iterations, about half were located in the vicinity of the substrate binding site while a
second hotspot was found at the protein-protein interface of the dimer.

If the substitution of a single amino acid is often disruptive to protein structure, it should come
as no surprise that random chimeragenesis, the recombination of peptide fragments from
parental proteins with low sequence identity, typically is highly degenerate. Computational
predictive frameworks for guided chimeragenesis such as SCHEMA [21] have proven very
effective to identify protein fragments that can be interchanged with minimal structural
interference (Figure 2B). Following the successful application of the algorithm for engineering
cytochrome P450s [22] and β-lactamases [23], the SCHEMA-guided recombination of three
cellobiohydrolase genes to search for thermostable chimeras was reported more recently [24,
25]. Keeping the library size to a mere 48 chimeras (out of 38 = 6561 possible combinations),
Arnold and coworkers employed mathematical modeling to analyze the thermostabilities of
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these initial candidates and score individual protein fragments for their contribution. Relying
on the previously established additivity of a protein fragment’s stabilizing effects, the design
of a second set of chimeras was biased towards fragments with higher stability scores which
led to the identification of highly active progeny with substantially elevated thermostability.

COMPUTATIONAL ENZYME REDESIGN
Advances in computational protein design algorithms have made in silico modeling a highly
promising strategy for the tailoring of biocatalysts. Rather than relying on evolutionary
information as a guide for sequence alterations and combinatorial library preparation at the
bench, computational methods can effectively estimate the energetics of amino acid variations
on the overall protein structure through the use of rotamer libraries and backbone
reorganization, hence reducing experimental protein engineering to the evaluation of only a
handful of rational designs. The capabilities of these predictive frameworks to reprogram the
substrate specificity of enzymes was recently demonstrated by two groups.

Chen et al. used their K* algorithm to switch the substrate specificity of the phenylalanine
adenylation domain in the nonribosomal peptide synthetase enzyme gramicidin S synthetase
A [26]. Targeting either Leu or one of the charged amino acids Arg, Lys, Glu or Asp as the
new substrates, initial simulations concentrated on seven residues lining the binding pocket of
the substrate side chain (Figure 3A). For Leu, mutations in two of the seven positions translated
into a 20-fold higher kcat/KM for Leu and 30-fold decline in the catalytic efficiency for Phe,
effectively switching the substrate specificity of the adenylation domain. Interestingly, the
performance shift was largely due to changes in the apparent binding constants for the two
substrates. Subsequently, mutations in other parts of the protein structure were explored to
further boost enzyme activity. To identify sites of interest, the authors computationally assessed
the protein-wide tolerance to mutations and selected variants with superior predicted protein
stability, an effort that in the case of the Leu-specific adenylation domain identified three
additional positions, each improving enzyme performance four-fold. Unfortunately, the
redesign of the substrate binding pocket for the charged amino acids did not match the success
with Leu. Although catalytic activity for the new substrates was detectable (in principle an
infinite improvement over nondetectable activity in wild type enzyme), the overall
performance was roughly four orders of magnitude lower than for the natural substrate.

An excellent demonstration that computational enzyme redesign does not need to be limited
to individual amino acid substitutions but can be applied towards the replacement of entire
loop regions was reported by Murphy et al. [27]. Drawing some inspiration from bacterial
cytosine deaminases, the authors used the Rosetta Design algorithm [28] for remodeling of a
loop region in the active site of human guanine deaminase (hGDA) with the goal to create a
cytosine-specific hGDA variant for potential application in suicide gene therapy. In silico
modeling of simultaneous variations in loop length and amino acid composition identified a
new sequence, glycine-rich and two amino acids shorter than the native loop, which boosted
activity for ammelide (a design-intermediate for cytosine) by 100-fold while diminishing
guanine deamination by four orders of magnitude (Figure 3B).

COMPUTATIONAL DE NOVO ENZYME DESIGN
In the spirit of Richard Feynman’s quote “what I cannot create, I do not understand”, the
ultimate enzyme engineering challenge is not so much about engineering but rational design.
Instead of remodeling an existing enzyme, the creation of biocatalysts from scratch not only
offers potential practical benefits in that it empowers scientists and engineers to build synthetic
enzymes for any chemical transformation, it also presents a testing ground for our fundamental
understanding of the intricacies of protein structure and function.
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Synthetic biocatalysts with novel function
While the two synthetic biocatalysts for the Kemp elimination [29] and retroaldol reaction
[30] are well established in the literature, the most recent de novo design of a Diels-Alderase
(DA) by Baker and collaborators represents another milestone in enzyme engineering [31••].
The latest example expands the concept of computational enzyme design to carbon-carbon
bond formation between two separate substrates, catalyzing an intermolecular Diels-Alder
reaction which requires the concomitant binding of two substrates and their precise geometric
orientation for productive cycloaddition. The DA design followed a similar strategy as was
employed for the two previous biocatalysts, initially using QM simulations to create an
comprehensive theozyme library (~1019 variants) which was fitted into a library of protein
scaffolds by the RosettaMatch software (Figure 4). Approximately 106 feasible theozyme-
scaffold pairs were identified which, after further optimization in RosettaDesign, resulted in
84 designs that were experimentally evaluated and two candidates with detectable DA activity.
Following some additional fine-tuning of residues lining the active site, the catalytic efficiency
of these two synthetic DAs matched the performance of catalytic antibodies raised for Diels-
Alder cycloadditions. Furthermore, the novel enzymes catalyze multiple turnover
cycloadditions and exhibited stereoselectivity and substrate specificity, all hallmarks of true
enzymes.

Beyond the initial design of novel synthetic biocatalysts, studies to explore mechanistic details
of these designer enzymes and address shortfalls in the original designs have highlighted some
of the challenges and exciting opportunities for future de novo enzyme design. For example,
the detailed kinetic and mutational analysis of a top-scoring retroaldol designer enzyme by
Lassila et al. uncovered that the catalyst’s 105-fold rate acceleration could largely be attributed
to favorable hydrophobic interactions with the naphthyl moiety of the substrate [32•]. In
contrast, the postulated catalytic Lys residue in the active site contributed only moderately (10-
fold) while mutations in the binding pocket of an explicit water molecule, believed to
participate in proton transfer, had little to no effect on catalysis.

Separately, Ruscio et al. investigated the proton-transfer reaction of an alternate retroaldolase
design [33]. The molecular dynamics simulations suggested that temporal conformational
fluctuations in the protein interfere significantly with the optimized active site model, hence
compromising the catalytic efficiency of the designer enzyme. To overcome these limitations,
the authors proposed the integration of NMR data as templates for protein design algorithms,
yet the idea’s implementation might be complicated by inherent software biases for
crystallographic data [34]. Along the same lines, the exclusion of conformational heterogeneity
in proteins and conformational changes associated with catalysis in current enzyme designs
could also explain the similar catalytic performance of de novo enzymes and their
corresponding catalytic antibodies [35,36]. Focusing largely on the chemical step in the
catalytic cycle, the reliance on transition state models in the form of actual analogs or simulated
theozymes was argued to not properly account for events such as substrate binding, product
release, and conformational changes, hence caping the performance of present designs.

Directed evolution represents an obvious strategy to improve existing designer enzymes and
to potentially “break” the performance cap. In the case of a Kemp eliminase, seven rounds of
random mutagenesis and DNA shuffling improved the catalytic efficiency by two orders of
magnitude [37]. The functional gains could be linked to a more optimal organization of side
chains in the active site and reduced thermostability which seems to benefit catalysis due to
the increased flexibility in the active site region. Interestingly, attempts to further improve
catalytic performance through additional rounds of directed evolution were however
unsuccessful.
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Recreating existing enzymes by de novo design
Lu and coworkers applied de novo protein design to tackle a very different problem in
biocatalysis [38]. Rather than seeking synthetic enzymes for new catalytic function, the
researchers employed sequence-homology modeling and molecular dynamics simulations to
assemble the presumptive active site metal complex of nitric oxide reductase (NOR) in whale-
sperm myoglobin.

NORs are key players in bacterial denitrification and mammalian signal transduction pathways,
yet detailed structural and mechanistic studies have been impeded by difficulties to obtain
enzyme in sufficient quantity. Assembly of the proposed catalytic site, consisting of a heme
and a putative FeB site, in the myoglobin scaffold established a robust model system to explore
the spectroscopic properties and to validate the catalytic function of the hypothetical metal
complex. Taking advantage of the existing heme prosthetic group in myoglobin, the designers
focused on the computer-guided remodeling of a hydrophobic pocket near the heme cofactor
to establish the new non-heme Fe2+ binding site (Figure 5). The redesigned myoglobin showed
the predicted spectroscopic changes upon Fe2+ binding and crystallographic data confirmed
the accuracy of the calculated structure model. More importantly, the nitric oxide reduction
activity of the artificial metalloenzyme clearly rose above background. The design of a
catalytically active NOR model has created a powerful predictive framework for future
mechanistic studies as demonstrated in more recent experiments by the same group examining
the presumptive functional role of a second, conserved Glu near the metal centers and
evaluating the effects of metal ion substitution in the non-heme metal binding site [39].

CONCLUDING REMARKS
The methodological advances in semi-rational enzyme engineering and de novo enzyme design
in recent years provide researchers with powerful and effective new strategies to manipulate
biocatalysts. As the examples in this review demonstrate, the integration of sequence and
structure-based approaches in library preparation has already proven a potent guide to enzyme
redesign. In the case of computational de novo and redesign methods, current models still tend
to lag behind laboratory-evolved variants in catalytic performance, yet these functional
shortfalls can be rationalized by small (but costly performance-wise) imperfections in active
site topology and a disregard for conformational changes. While some experimental
optimization is possible by directed evolution, refinements in the design algorithm will likely
yield further improvements in the accuracy of structure predictions and hence superior catalytic
performance. Separately, the integration of protein dynamics in future simulations might
deliver additional functional enhancement and at the same time provides an excellent testing
ground for assessing its relevance to biocatalysis. In parallel with the fine-tuning of the
predictive framework, comprehensive biochemical and biophysical studies will be invaluable
to experimentally evaluate the functional contributions of individual design features which in
turn provides critical feedback for improvements in future designs.

In summary, computational protein design has fundamentally changed the way protein
engineers can manipulate biomacromolecules, yet it won’t replace directed evolution as the
method of choice for protein engineering. Instead, researchers should recognize the
complementarity of the two strategies and embrace their integration for the more effective
manipulation of enzymes. The utilization of in silico methods permits the generation of
predictive frameworks for hypothesis-driven protein engineering which can significantly
reduce the complexity of the system and translate into smaller, more focused and functionally-
rich libraries. In turn, directed evolution still represents the most effective strategy to identify
the top-performing candidates in these focused libraries, yet the new design strategies and
technical advances have initiated a departure from the traditional protocols. Whole-gene library
synthesis is replacing shuffling and mutagenesis protocols for library preparation while highly
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specific low-throughput screening assays are increasingly applied in place of monumental
screening and selection efforts of millions of candidates. Together, these exciting developments
are poised to take protein engineering beyond directed evolution and towards practical, more
efficient strategies for tailoring biocatalysts.
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Figure 1.
Mutations at or near the substrate access tunnels can restrict water accessibility in haloalkane
dehalogenase which benefits catalysis by shielding the substrate complex from bulk solvent.
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Figure 2.
Structure-based enzyme redesign. A) Engineering of an ω-transaminase for the industrial
production of silagliptin (figure adapted from [40]). Mutations in the initial redesign (shown
in red) concentrate on the active site while changes by directed evolution (in yellow) are skewed
towards dimer stabilization. B) SCHEMA analysis of three parental cellobiohydrolases
optimizes generation of functional chimera by minimizing recombination of protein fragments
with incompatible topologies.
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Figure 3.
Computational enzyme redesign. A) Mutations (shown in red) change the substrate specificity
of phenylalanine adenylation domain to amino acids with small hydrophobic (leucine) and
charged side chains (arginine). B) Engineering of loop region (red) in the active site of human
guanosine deaminase creates an ammelide-specific deaminase.
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Figure 4.
De novo design of a Diels-Alderase. An ensemble of theozymes (computational models of the
reaction’s presumptive transition state including key amino acids) were matched against a
library of protein scaffolds to identify suitable combinations. Subsequently, design solutions
were refined in silico and tested experimentally (figure adapted from [40]).
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Figure 5.
Converting myoglobin into nitric oxide reductase. Remodeling of a hydrophobic pocket into
a ferrous binding site transforms the oxygen-binding protein into a biocatalyst.
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