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Enzymes offer cheap, environmentally responsible and
highly efficient alternatives to chemical catalysts. The
past two decades have seen a significant rise in the use
of enzymes in industrial settings. Although many natural
enzymes have been modified through protein engineer-
ing to better suit practical applications, these
approaches are often insufficient. A key goal of enzyme
engineers is to build enzymes de novo - or, ‘from
scratch’. To date, several technologies have been devel-
oped to achieve this goal: namely, computational
design, catalytic antibodies and mRNA display. These
methods rely on different principles, trading off rational
protein design against an entirely combinatorial
approach of directed evolution of vast protein libraries.
The aim of this article is to review and compare these
methods and their potential for generating truly de novo
biocatalysts.

Enzymes in industry and the case for de novo enzymes
The use of enzymes for the production of food, textiles,
chemicals, pharmaceuticals and biofuel has been well
established [1]. Expanding the applications of enzymes
will be instrumental in enabling processes for a more
sustainable future and for meeting commercial needs.
The vast diversity of naturally occurring enzymes is a
valuable source of biocatalysts as they are applied to
virtually all areas of biotechnology. Millions of years of
evolution have created biocatalysts that excel in their
ability to catalyze an enormous variety of chemical reac-
tions with high rate enhancements and excellent chemo-,
regio- and stereoselectivities. While the ‘survival of the
fittest’ principle has guided natural selection, the fitness of
enzymes in their natural environment does not necessarily
translate into efficiency in industrial processes. Common
factors that might limit the use of enzymes in industry are
low catalytic activity, substrate specificity or protein
stability, as well as inhibition by substrate or product
and high protein production cost. Therefore, a wide variety
of technologies is routinely used to tailor naturally occur-
ring enzymes to specific applications (Box 1).

However, synthetic chemistry has produced a wealth of
artificial compounds and novel reactions for which no
natural enzymes have been found. To facilitate the use
of biocatalysis for these cases enzymes have to be created
de novo. Here, we define enzymes as being ‘de novo’ if they
are not based on a related parent protein with regard to
substrate or reaction mechanism. Generating enzymes
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from scratch is one of the major challenges in enzyme
engineering. The number of reported examples is limited.
The creation of de novo enzymes has been accomplished by
several different means: (i) entirely knowledge-driven by in
silico rational design; (ii) partially knowledge-driven by
utilizing an understanding of a reaction mechanism and
the diversity of the immune system through catalytic
antibodies; and (iii) entirely combinatorial by empirically
searching vast protein libraries using mRNA display.
This review will discuss and compare these individual
approaches with an emphasis on the mRNA display
technology because computational design and catalytic
antibodies have been reviewed more extensively in the
past [2-5].

Computational design

Linus Pauling hypothesized that enzyme catalysis relies
on the ability of an enzyme to stabilize the transition state
of a reaction, thereby lowering the activation energy [6,7].
This principle implies that all proteins capable of binding
to the transition state could function as enzymes. Pauling’s
concept forms the basis of a computational approach that
has recently yielded several de novo enzymes [2,8,9]. The
first step in this approach is the generation of an in silico
model of the transition state. Next, individual amino acids
are positioned around it to create an active site that
stabilizes the transition state in a computational process
that uses quantum mechanical calculations. Various
protein scaffolds are evaluated for their ability to accom-
modate the de novo active site using molecular mechanics
modeling software such as RosettaMatch [8-10]. These
scaffolds are generated by taking a high resolution struc-
ture of different natural proteins and virtually removing
the amino acid side chains from the ligand binding pocket.
In the final step, the remaining amino acid side chains in
the pocket are computationally redesigned for high sub-
strate specificity and tight transition state binding. This
methodology has been successfully used to generate de
novo enzymes capable of a Kemp elimination and a
retro-aldol reaction [8,9]. Although the retro-aldolase exhi-
bits low stereoselectivity, in theory, the computational
design of highly stereoselective enzymes should be feasible
[11].

In another case of computational design, Faiella et al.
computationally designed not only the active site, but also
calculated the scaffold to accommodate it from first prin-
ciples [12]. To generate a de novo metalloenzyme, a metal
binding site was installed at the interface of a dimeric
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Box 1. Engineering natural enzymes by directed evolution
and rational redesign

The most common engineering goals are thermostability, catalytic
activity, substrate specificity or stereoselectivity [1,28-30]. Two
general strategies are used to optimize natural enzymes: directed
evolution and rational redesign. Usually, a combination of both
methods yields the highest rate of success [31,32].

Directed evolution

Directed evolution mimics the process of Darwinian evolution. In the
initial step, genetic diversity is generated by creating a collection of
mutants, which are then subjected to a screening or selection process
to isolate the variants with beneficial traits. This process of
diversification and selection is repeated until proteins with the
desired properties are obtained. A multitude of techniques has been
developed to generate genetic diversity. Error-prone PCR amplifica-
tion can introduce random mutations, and the recombination of
genes can generate permutations of mutations [33,34]. The likelihood
of finding the desired mutant increases with the number of variants
that are tested. When searching for desired properties, assay
throughput is usually the bottleneck, which can range from 10%-10°
mutants for screening methods to 10°-10" for selection technologies.

Rational redesign

Rational redesign of proteins is a knowledge-guided process. There-
fore, this approach is only used if detailed structural information on
the parental enzyme is available. Ideally, a crystal structure of the
enzyme in complex with its substrate or reaction product is available
in conjunction with a detailed understanding of the reaction mechan-
ism. Under these circumstances, crucial amino acid residues in the
enzyme's active site can be targeted by site-directed mutagenesis.

Semi-rational redesign

If the active site is known but detailed understanding of the
contribution of individual amino acids is lacking, semi-rational
redesign can be a successful alternative. Here, several or all residues
that form the active site are varied by saturation mutagenesis.
Depending on how many mutants can be screened, mutagenesis of
the second shell residues neighboring the active site can also be
considered. In this case, the protein engineer quickly encounters the
common bottleneck of screening capacity. To alleviate this problem,
several clever procedures have been developed to reduce the library
size by increasing the probability of beneficial mutants in a given
library [35,36].

helix-turn-helix motifin silico. Next, the substrate-binding
pocket was incorporated into the scaffold. The resulting di-
iron metalloenzyme exhibited phenol-oxidase activity [12].

The computational design process typically yields a
small number of enzyme candidates that then have to be
evaluated experimentally to identify the functional
enzymes. In recent work, the in silico process narrowed
down 10'® protein variants to <10? enzyme candidates for
empirical testing [9]. Moreover, computational approaches
have also generated de novo enzymes that are capable of
catalyzing reactions that proceed through multiple tran-
sition states, thereby widening the scope of this method [9].
In addition to providing candidate de novo enzymes,
rational design also allows us to test our understanding
of structure—function relations.

Catalytic antibodies

In contrast to the most recent work on de novo enzymes by
computational design and mRNA display, the first reports
of catalytic antibodies (abzymes) date back more than 20
years [13,14]. Pauling’s concept of promoting catalysis
through stabilization of the transition state also forms
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the foundation for generating catalytic antibodies. Based
on Pauling’s idea, Jencks proposed that an antibody
capable of binding to, and thus stabilizing, a transition
state analog (TSA) could function as an enzyme [6,7,15].
The starting point in this approach is the chemical syn-
thesis of a TSA that closely mimics the transition state for
the reaction of interest. Here, the challenge lies in resem-
bling the transition state as closely as possible with an
analog that is stable in solution. Antibodies are either
raised against the TSA, or TSA-binders are selected in
vitro from phage-displayed synthetic antibody libraries
[5,16]. Catalytic antibodies have also been generated using
mechanism-based inhibitors as an alternative to raising
TSA binders [17]. Such approaches have resulted in cata-
lytic antibodies suitable for performing a wide range of
different chemistries (e.g. acyl transfer, Diels-Alder and
cyclization reactions) [5,16].

Unfortunately, natural enzymes routinely outperform
abzymes with regard to catalytic efficiency. Furthermore,
the antibody protein fold is not suited for industrial pro-
cesses owing to its relative low stability and high pro-
duction cost. Therefore, despite the successful generation
of abzymes for many different reactions, catalytic anti-
bodies are not utilized for industrial applications.
Although abzymes might be unfit for industrial catalysis,
they appear promising for in vivo therapeutic applications
owing to a low propensity to elicit a detrimental immune
response. Potential applications of abzymes include anti-
body-directed abzyme prodrug therapy (ADAPT) and treat-
ment of addiction via abzyme-mediated breakdown of
small molecules [4,5].

mRNA display
The two methods discussed above are based on the concept of
catalysis through stabilization of the transition state. These
methods require a substantial amount of prior mechanistic
and structural information and are therefore limited to
cases where this information is readily available. In contrast
to these knowledge-driven approaches, the mRNA display
selection strategy has been recently used to isolate de novo
enzymes by solely relying on the functional diversity
provided by vast libraries of randomized proteins [18].
mRNA display is an in vitro selection method that can
interrogate highly complex protein libraries [19,20]. This
technique has been used in the past to generate proteins
that bind to a chosen target (Box 2). The mRNA display
method has been extended to the selection of enzymes [18].
The key feature of the selection scheme is linking the
substrate of the reaction to the mRNA-displayed proteins.
This link is formed by reverse transcription of the mRNA
into cDNA with an oligonucleotide primer that is attached
to the substrate (Figure 1). The proteins that catalyze the
reaction convert their substrate to the product, which is
then used to isolate the cDNAs that encode active enzymes.
These cDNAs are amplified by PCR and either sequenced
directly or used for the next round of selection. Alterna-
tively, the cDNAs are mutagenized to further evolve the
enzymes. Because product formation is the only require-
ment for the enzyme to be selected, understanding the
mechanism of the reaction or the protein structure is
unnecessary.
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Box 2. mRNA display
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DNA

mRNA display is a technique for the in vitro selection and evolution
of proteins. This method generates proteins that are covalently
attached to their encoding mRNA, effectively rendering each protein
directly amplifiable [19,20]. This feature allows for the selection of
functional proteins from very large libraries of more than 10'?
different mutants in a single test tube — well beyond the limits of
screening technologies and most in vivo and in vitro selection
methods (e.g. cell surface display or phage display, respectively)
[37-39]. Because mRNA display can select from libraries several
orders of magnitude larger than most other methods, it could have a
particular advantage in the search for de novo proteins that are
presumably rare in a given library.

In mRNA display, a DNA library, either chemically synthesized or
of genomic origin, is transcribed into mRNA [40,41]. The key
component in the mRNA display process is the antibiotic puromy-
cin. This molecule mimics a charged tRNA and is therefore
incorporated into the growing polypeptide chain by the ribosome.
A DNA oligonucleotide containing puromycin is attached to the 3'-
end of each mRNA in the library by enzymatic ligation or photo
crosslinking [42]. During the subsequent in vitro translation, the
ribosome synthesizes the protein until it comes to a halt at the RNA-
DNA junction. Before the ribosome dissociates from the complex, it
covalently attaches the puromycin to the protein chain, thereby
generating the mRNA-displayed protein. The resulting mRNA-
protein fusions can then be subjected to an appropriate selection
scheme to isolate binding proteins or enzymes. Reverse transcrip-
tion of the selected mMRNA portion yields cDNA that is either
sequenced directly or used as input for further rounds of selection
and evolution.

mRNA display has been extensively used to isolate binding
proteins and peptides [21,43-46]. In addition, unnatural amino acids
have been readily incorporated into mRNA-displayed peptides,
further increasing the chemical library complexity [47,48].

This general selection scheme has recently been used for
the direct selection of de novo enzymes for bond-forming
reactions: [A]+[B]=-[A-B] (Figure 2a) [18]. Here, substrate
[A] is first attached to the DNA/RNA/protein complex by
reverse transcription. Then, substrate [B] is added, which
carries a selectable anchor group. Those proteins that
catalyze the bond formation between [A] and [B] connect
the anchor group to their encoding cDNA. The cDNA is
isolated by immobilization on a solid support. Using this
approach, de novo RNA ligase enzymes were isolated from
a naive library of 4x10'? proteins. The library was based
on a non-catalytic Zn-finger scaffold with two randomized
loops of 21 random amino acids [21].

To date, mRNA display has only been used for the
isolation of bond-forming enzymes. However, the general
selection scheme can easily be adapted to identify enzymes
for bond-breaking reactions or other transformations
(Figure 2). In each case, the reaction substrate has to be
attached to the DNA/RNA/protein complex through an
appropriate reverse transcription primer. For example,
to select for bond-breaking enzymes, the reverse transcrip-
tion primer links the cDNA to an anchor group via the
substrate. Proteins that cleave the substrate release the
anchor group from the cDNA, which remains in solution,
whereas cDNA that encodes inactive proteins is immobil-
ized (Figure 2b). Enzymes catalyzing chemical transform-
ations (other than bond forming or bond breaking) can be
isolated via a product-specific capture agent (e.g. antibody)
(Figure 2¢). This approach could prove particularly useful
for generating stereoselective enzymes if, for example, an
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Figure 1. General scheme for enzyme selection by mRNA display. A synthetic DNA
library is transcribed into mRNA and modified with puromycin. During the
subsequent in vitro translation, this modification creates a covalent link between
each protein and its encoding mRNA. The library of mRNA-displayed proteins is
reverse transcribed with a substrate-modified primer, thereby attaching the
substrate to the cDNA/RNA/protein complex. Proteins that catalyze the reaction
of the substrate modify their encoding cDNA with the product. Selected cDNA
sequences are amplified by PCR and used as input for the next round of selection.

antibody is used that specifically binds to the desired
product enantiomer only. In addition, mRNA display is
performed in vitro, allowing the enzymes to be evolved
simultaneously for a range of parameters, such as thermo-
stability, pH and tolerance to solvents, inhibitors or pro-
teases. Although mRNA display is the only in vitro
selection method that has successfully produced a de novo
enzyme, alternative methods that can select from equally
large protein libraries, such as ribosome display, have been
reported [22]. These methods can, in principle, be used in a
similar manner.

Comparison of methodologies

Whereas the methods discussed in this review share the
common goal of creating enzymes de novo, the approaches
used by the individual techniques differ significantly
(Table 1). One key difference is the amount of prerequisite
structural and mechanistic knowledge. The first method,
in silico enzyme design, requires detailed mechanistic
information to build the transition state model and, sub-
sequently, the stabilizing active site. This method also
relies on a high-resolution crystal structure to calculate
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Type of reaction Selected gene Discarded gene
(a) Bond forming
Immobilization
of anchor group CDNA {A—B] ONA
Anchor
—A]
cDNA  Primer " group
(b) Bond breaking
Immobilization
g of anchor group cDNA CDNA
CDNA  Primer roup
(c) Transformation
Immobilization with
product-specific —(:)
agent cDNA cDNA
cDNA  Primer
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Figure 2. Selection strategies to isolate enzymes by mRNA display. (a) Bond formation reaction. Substrate [A] is attached to the complex of cDNA and mRNA-displayed
protein via the reverse transcription primer. Substrate [B] carries an anchor group, allowing for the immobilization of cDNAs that encode active enzymes. (b) Bond breaking
reaction. The cDNA is modified with the anchor group via the substrate to be cleaved [A-B]. Genes encoding active enzymes cleave off their anchor group and remain in
solution whereas inactive genes are removed by immobilization (¢) Transformation reaction. An agent (e.g. antibody) that specifically binds to the product (Z) is used to

isolate genes encoding active enzymes.

a set of protein scaffolds that can accommodate the active
site model. The generation of abzymes also necessitates a
thorough understanding of the reaction mechanism to
devise the ideal TSA.

In contrast to these knowledge-driven methods, mRNA
display does not need any mechanistic information. The
only requirement for mRNA display is an appropriate
selection scheme for the reaction of interest (Figure 2).
In such a scheme, product formation is the only selection
criterion regardless of the particular reaction mechanism
or protein structure. Although mRNA display can take
advantage of structural knowledge for the initial library
design, this information is dispensable for a selection. For
example, an entirely unstructured random library of
mRNA-displayed proteins was used to isolate several
artificial ATP-binding proteins [23]. This unique case

Table 1. Comparison of methods for de novo enzyme generation

demonstrates the power of mRNA display to explore the
uncharted regions of protein sequence space. Currently,
research is underway to isolate enzymes from the same
randomized library to investigate the possible origin of
protein enzymes from random peptides.

Library size, or the number of proteins that need to be
experimentally interrogated, is another significant differ-
ence between the methods presented in this review. There
is an inverse correlation between library size and amount
of prerequisite knowledge required to successfully gener-
ate a de novo enzyme. For example, computational design
evaluates a very large number of possible candidates in
silico and therefore only a small number of the best candi-
dates (<10?) are assessed in the laboratory experimentally.
Because these proteins are typically expressed and tested
individually, catalytic efficiency can be investigated

Computational design

Lo

Catalytic antibodies mRNA display

Principle

Prerequisite

Key steps

Experimental
library size

Transition state stabilization

e Reaction mechanism
e Crystal structure of scaffolds

e Model transition state and active site
o Fit active site into scaffold
e Test candidates experimentally

<10?

Transition state stabilization

e Reaction mechanism
e Transition state analogue (TSA)

e Synthesize TSA
o Raise antibodies against TSA
e Screen antibodies for catalysis

107-10°

Product formation

e Selection scheme

e Prepare DNA library
e Devise selection scheme
e Select enzymes

>10"2

343



Trends in Biotechnology Vol.28 No.7

Table 2. Catalytic parameters of enzymes compared by their origin

Computational design®

Catalytic antibodies mRNA display® Nature

Turnover, kgae (min~") 1.7x10" (1072-10")

Catalytic efficiency, kea/Kpm (M~ 's™") 1.6x10? (10°-10%)
Rate enhancement, Keai/kuncat 2.5x10% (10*-10%)

Refs. [8,9,12]

2.2x10% (1072-10?) 1.1x1072 5x10° (10°-10%)

4.5x10° (102-10%) Not available 7x10° (105-108)
2.3x10% (10°-10°) >108

[16,49-51] [18]

7x10"° (106-10"2)

[1,16,50,52,53]

Numbers represent maximum values reported. Numbers in parentheses represent ranges of values that are commonly observed.
?Ranges are based on the best enzyme from each of the three computational design studies discussed in this review, but do not include variants that were subsequently

optimized by directed evolution.
Values represent the only de novo enzyme created by mRNA display to date.

simultaneously along with other parameters. In contrast to
the individual screening of enzymes designed in silico,
abzymes and in vitro-displayed enzymes are isolated via
a selection protocol, which is necessitated by the large
library sizes that these methods use. For example, today’s
biotechnologist routinely isolates target-binding anti-
bodies from libraries of 10"-10° variants. mRNA display
selections sample even larger libraries (>10'?) to increase
the odds of finding a rare functional protein in the naive
starting library. Searching large libraries substitutes the
need for structural and mechanistic information input.

Lessons learned

Several laboratories have now demonstrated the ability to
generate de novo catalysts. This success is regarded as a
major achievement in the field of enzyme engineering.
However, the comparison of rate enhancements reveals
that natural enzymes generally outperform de novo
enzymes (Table 2).

The catalytic activity of an enzyme is dependent on
multiple parameters such as substrate affinity, product
release and turnover. Furthermore, properties such as
stability, structural dynamics and accessibility of the
active site to substrate and solvent all affect enzyme
performance. Unfortunately, the methods for generating
de novo enzymes are generally limited to evaluating an
enzyme by a small subset of parameters. This limitation
imposes a method-specific bias onto the enzyme. For
example, in silico design relies on the ability of an active
site model to stabilize the appropriate transition state; this
computation does not focus on either the substrate or
product affinities. Furthermore, the sampling of poten-
tially beneficial mutations outside the active site is clearly
important for catalytic performance [24,25], protein
dynamics (‘breathing’) and enzyme stability. Yet, this task
is still largely beyond the capabilities of existing compu-
tational methods. The only parameter that dominates the
generation of catalytic antibodies is the binding to the TSA.
This process can result in antibodies that bind — but do not
catalyze — the reaction. Alternatively, abzymes might
exhibit slow product release if the transition state is
similar to the reaction product. In addition, as illustrated
with computational design, many diverse scaffolds are
capable of supporting identical active sites and some might
prove better suited than others [8,9]. Because abzymes are
classically limited to a single scaffold, they could possess
some inherently inferior features relative to natural
enzymes. Finally, in the case of mRNA display, each
new reaction requires the respective substrate to be chemi-
cally linked to the reverse transcription primer, which
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might be challenging for particularly small substrates.
During catalysis, this linkage might interfere with some
potential enzyme-substrate interactions. In addition, the
attachment of the substrate to the mRNA-displayed
protein translates into a high local substrate concen-
tration. The enzymes are therefore not optimized for high
substrate affinity. Furthermore, because a single product
formation event leads the selection of a protein, the
enzymes are not subjected to selective pressure for
multiple turnover. Nevertheless, the enzyme selected by
Seelig and Szostak did show multiple turnover [18].

Despite these limitations, all of the methods for de novo
enzyme creation are capable of producing useful starting
points for further optimization. Although current de novo
enzymes are inferior to natural enzymes (Table 2), their
catalytic efficiencies can be significantly improved via
additional rounds of directed evolution. For example, Roth-
lisberger et al. used seven rounds of random mutagenesis
and shuffling to improve a computationally designed
enzyme more than 200-fold [8,26]. Using a combination of
methods, they successfully optimized amino acid residues
outside of the enzyme’s active site and thus overcame an
inherent limitation of their method. A similar approach of
combining complementary methods is likely to improve
enzymes generated by mRNA display. For example, directed
evolution using in vitro compartmentalization (IVC) could
further optimize a de novo enzyme [27]. This technique can
directly select for properties such as substrate affinity and
turnover. Although IVC is limited to protein libraries sev-
eral orders of magnitude smaller than those used by mRNA
display, the optimization of an existing enzymatic activity is
much simpler than the creation of a novel activity.

De novo enzymes reported to date have undergone 20
selection cycles at most — a number that pales in compari-
son to the evolutionary process of natural enzymes. Taken
into account that bacterial species can double every
20 minutes, one half of a day of bacterial growth under
selective pressure would be equivalent to 36 selection
cycles. Considering the trajectory of random mutagenesis
and DNA recombination used by nature to improve
enzymes, de novo enzymes could achieve similar catalytic
efficiencies if they are subjected to a sufficient number of
additional cycles of selective pressure.

Conclusions and perspective

The de novo enzymes discussed above show that we have
reached a significant milestone in creating tailored cata-
lysts. Future efforts will focus on developing de novo
enzymes with higher catalytic efficiencies by improving
current methods and combining several existing methods.
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Although computational methods will always rely on a
priori knowledge, these methods will improve with increas-
ing processing power and the use of more sophisticated
algorithms that include multiple aspects of catalysis such
as substrate affinity, product inhibition and long-range
interactions of amino acid residues. By contrast, mRNA
display requires no a priori mechanistic or structural
information. With little adaptation, this method can be
expanded from bond-forming reactions to bond-breaking
and other modification reactions. The new enzymes
selected by mRNA display can be further optimized with
established complementary methods of directed evolution.
In summary, combining these methods of directed evol-
ution and rational design holds great potential for the
enzyme engineers of tomorrow.
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