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Milestones in directed enzyme evolution

Haiyan Tao* and Virginia W Cornish?

Directed evolution has now been used for over two
decades as an alternative to rational design for protein
engineering. Protein function, however, is complex, and
modifying enzyme activity is a tall order. We can now
improve existing enzyme activity, change enzyme selectivity
and evolve function de novo using directed evolution.
Although directed evolution is now used routinely to improve
existing enzyme activity, there are still only a handful of
examples where substrate selectivity has been modified
sufficiently for practical application, and the de novo
evolution of function largely eludes us.
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Abbreviations

AATase aspartate aminotransferase

B-ATase  B-branched aminotransferase

DsRed Discosoma red fluorescent protein
FRET fluorescence resonance energy transfer
GFP green fluorescent protein

RE restriction endonuclease

SLIiPE substrate-linked protein evolution

Introduction

Enzymes are able to catalyze a broad range of chemical
transformations, not only with impressive rate enhancements
but also with both regioselectivity and stereoselectivity
and are therefore attractive candidates as practical alternatives
to traditional small-molecule catalysts. With applications as
diverse as chemical synthesis, reagents for commercial
products and biomedical research, and even therapeutics,
there is a great demand for enzymes with both improved
activity and novel catalytic function. In theory, the properties
of an enzyme can be altered by rational design; however,
rational design is greatly hindered in practice by the
complexity of protein function. With advances in molecular
biology, the possibility has arisen that an enzyme with
the desired catalytic property can instead be isolated by
directed evolution.

Mimicking natural evolution, directed evolution aims to
generate a protein with new activity by screening or selecting
for the desired function from a large pool of protein variants
(Figure 1) [1-5]. Having been optimized over the past two
decades, here we look at what can now be achieved with
directed evolution experiments — improving enzyme
fitness for a given application, changing substrate selectivity
and even evolving function @e novo.

Improving robustness and activity

Enzymes generally show optimal activity in aqueous
solution at neutral pH, and often need to be modified for
use in industrial and biotechnology applications. In 1993,
Arnold and co-workers [6] reported that directed evolution
could be used to improve the activity of the protease
subtilisin E in organic co-solvents. Fewer than 105 variants
needed to be screened to generate a subtilisin E variant
whose activity in 60% aqueous dimethylformamide was
improved 256-fold compared with the activity of the wild-
type enzyme. The mutations were introduced randomly
throughout the structure, and 0.1-1% of the mutations
were beneficial. Many experiments have now confirmed
that with an appropriate screen or selection, libraries on the
order of 10% variants are sufficient to improve enzyme
activity at extremes of temperature or pH, in organic
co-solvents, or other desired conditions.

Directed evolution is now used routinely to improve
enzyme fitness for a given application. This past year,
Kichise ez al. [7] reported Aeromonas caviae FA440 synthase
mutants with improved synthesis yields of the biodegradable
polyester polyhydroxyalkanoate. Canada ez «/. [8] improved
the activity of toluene o7#ho-monooxygenase for 1-naphthol
synthesis and degradation of chlorinated ethene pollutants.
Bosma er al. [9] increased the activity of haloalkane
dehalogenase for the degradation of the pollutant
1,2,3-trichloropropane. The activity and thermostability of
B-glucuronidase, endoglucanase EngB and luciferase were
all improved using directed evolution [10-12]. Impressively,
most of these experiments required only two to three rounds
of mutagenesis and library sizes of 103 to 105 variants.

A particularly useful recent example is the generation of a
red fluorescent protein suitable for live cell imaging
[13°,14°]. Green fluorescent protein (GFP) has emerged as
an essential research tool for tracking protein localization
in vivo. A red fluorescent variant would be ideal for
co-localization and fluorescence resonance energy transfer
experiments (FRET), but has proven difficult to engineer.
Discosoma red fluorescent protein (DsRed) showed
promise as such a reagent. There are two major problems
that restrict the use of DsRed, however — its chromophore
maturation is slow and its tetrameric state can perturb the
function and localization of tagged proteins. Bevis and
Glick [13°] used seven rounds of both directed and random
mutagenesis, with library sizes from 103 to 105 variants,
followed by a high-throughput screen for fluorescence to
create DsRed variants that mature 15 times faster than the
wild-type protein. Illustrating a difficulty with directed
evolution experiments, the potential loss of properties not
selected for, the variant with the optimal maturation
half-life has compromised spectral properties. Whereas the
maturation half-life is improved from 11 h to less than 1 h,



Figure 1
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General steps of directed enzyme evolution.
The gene encoding the protein of interest is
mutated to generate a library of mutant genes.
Expression of the mutant genes provides the
library of mutant proteins. The proteins are
screened or selected based on a desired
property, and the variants with modified
activity are sequenced or used for further
rounds of mutagenesis and selection.
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the maximal extinction coefficient is decreased from
52 000 M-tcm-! to 30 100 M-lcm-!, the quantum yield
from 0.68 to 0.42, and the relative brightness from 1.00 to
0.36 compared with the starting DsRed protein. Campbell
et al. [14°] further evolved this DsRed variant to be
monomeric using a combination of structure-based design
and directed evolution. The final variant is a monomer and
has a maturation half-life of less than 1 h, an extinction
coefficient of 44 000 M-lcm~1, and a quantum vyield of
0.25. This evolved DsRed variant should provide the
needed complement to GFP.

Modifying substrate selectivity

Natural enzymes typically are quite specific for their intended
substrates, and it is often necessary to modify or broaden
their substrate selectivity for industrial or biotechnology
applications. The relationship between enzyme structure and
selectivity is complex, however, and modifying the substrate
selectivity of an enzyme is more difficult than improving the
activity of an enzyme in different environments. There are
some impressive examples of modifying enzyme selectivity.
For example, in 1998 Yano ¢ a/. [15] reported the successful
re-engineering of an aspartate aminotransferase (AATase) to a
B-branched aminotransferase (B-ATase) using random muta-
genesis and a cell-based selection for complementation of an
engineered deficiency in the endogenous [B-ATase. Much
larger libraries were required than in the previous examples of
increasing enzyme activity — five cycles of mutation and
selection with 100107 variants in each cycle. An AATase
variant was generated that utilizes 2-oxo acids 10° times more
efficiently than the wild-type AATase, with 4, on the order
of 10% s~1. Despite such successes, however, directed evolution
of substrate selectivity still is far from a solved problem.

A representative area to consider is the directed evolution of
restriction endonucleases (REs) with defined selectivities.
Particularly given the near completion of the human genome
sequencing project, there is strong impetus to develop REs
with a variety of selectivities. Despite significant effort, how-
ever, directed evolution has yet to provide a general solution
to RE engineering. A recent example is an effort to modify
the RE BsfYI, which recognizes the site A/GGATCC/T, to
selectively cleave AGATCT sites [16°]. A genetic selection
and screen for resistance to DNA damage in the presence of
Bg/ll methylase was used to assay 107 random Bs7YI variants.
The best mutations were combined to give a Bs/YI variant
that cleaves AGATCT 12 times more efficiently than either
AGATCC or GGATCT and shows no detectable activity
towards GGATCC. Although encouraging, this selectivity is
not sufficient for biotechnology applications and illustrates
the difficulty in evolving not only activity, but also selectivity.

Related to this, Buchholz ¢z /. [17°°] and Santoro ez al.
[18°] successfully altered Cre recombinase site selectivity
using directed evolution. Cre recombinase is used routinely
for conditional mutagenesis and gene replacement experi-
ments, but applications of Cre are restricted to the natural
loxP sites. Buchholz e a/. [17°*] developed a novel sub-
strate-linked protein evolution (SLiPE) strategy, by which
only recombinases with the desired substrate selectivity
can be amplified by PCR for subsequent rounds of muta-
genesis and selection (Figure 2). Using SLiPE, two Cre
recombinase variants with loxH, but not loxP, site recom-
binase activity were isolated after 35 cycles of selection
with >106 variants per cycle. The evolved Cre variants
displayed dramatically increased activity for loxH sites and
decreased activity for loxP sites, and could be used i# vivo
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Figure 2
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A Cre recombinase variant (Fre22) with loxH, as opposed to the natural
loxP, site selectivity. (a) Substrate-Linked Protein Evolution (SLIPE)
selection. The vector encoding Cre recombinase contains two loxP sites,
two loxH sites, and one Ndel site. PCR primers for amplifying the Cre
recombinase gene after recombination are designed such that
recombination at the loxP site deletes the binding site for the
downstream primer, while recombination at the new loxH sites deletes
the Ndel site. Thus, genes encoding Cre recombinase variants that

selectively cleave the loxH, but not the loxP sites, are preferentially
amplified. (b) lacZ recombination reporter assay. In plasmid pSV-paX the
lacZ reporter gene promoter is flanked by two loxP sites, while in plasmid
pSV-paH the promoter is flanked by two loxH sites. Recombination at the
loxP or loxH sites deletes the promoter, disrupting transcription of the
lacZ reporter gene. Cre recombinase recognizes the loxP sites. The
evolved Cre variant Fre22 recognizes the loxH sites. Adapted from [17*]
with permission. Copyright 2001, Macmillan Publishing.

to selectively recombine loxH sites. Whether because of
the large library size and multiple cycles of evolution or a
powerful selection method, SLiPE appears to provide a
robust method for engineering recombinases with new site
selectivities. Directed evolution has also been used to
modify the site selectivity of a transposase [19].

DNA modification enzymes provide natural selections for
activity — one would expect other types of enzyme activities

to be harder to assay and, hence, evolve. Recent efforts
include modifying the substrate selectivity of 2-hydroxy-
biphenyl 3-monooxygenase and biphenyl dioxygenase
[20,21]. A particularly successful example is the directed
evolution of an orthogonal aminoacyl-tRNA synthetase
suitable for incorporating synthetic amino acids into
proteins via an amber suppressor tRNA 7z vivo [22°°,23°].
"Iyrosyl-tRNA synthetase from Methanococcus jannaschii
was evolved to an efficient O-methyl-L-tyrosine tRNA
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Directed evolution of an orthogonal aminoacyl-tRNA synthetase with
altered amino acid selectivity. (a) Aminoacyl-tRNA synthetase
reaction scheme. The enzyme catalyzes both steps of the two-step
reaction. In the first step, aminoacyl-tRNA synthetase catalyzes the
formation of an activated aminoacyl adenylate. In the second step,
aminoacyl-tRNA synthetase couples the activated amino acid to
tRNA releasing AMP. (b) A general selection for aminoacyl-tRNA
synthetase with altered amino acid selectivity. The key to this
strategy is both a positive selection for incorporation of the unnatural
amino acid and a negative selection against incorporation of the
natural amino acid. First, aminoacyl-tRNA synthetase that can charge
the amber suppressor tRNA with both the natural and unnatural

amino acids are selected for using an antibiotic resistance gene,
chloramphenicol acetyltransferase (CAT), with an amber stop codon
engineered in the coding region. Efficient incorporation of an amino
acid in response to the amber stop codon is required for gene
expression and hence antibiotic resistance. Then, aminoacyl-tRNA
synthetases that utilize the natural amino acid are selected against
using a toxic reporter gene, barnase. Cells expressing the aminoacyl-
tRNA synthetase variants are grown in the presence of only the
natural amino acid; incorporation of the natural amino acid in
response to the stop codon engineered in the barnase coding
sequence is lethal. Part (b) adapted from [23*] with permission.
Copyright 2001, National Academy of Sciences, USA.

synthetase [22°°]. Again, a large library size and a powerful
in vivo selection seem the key to this successful enzyme
evolution experiment. Three generations of 109 variants
were taken through both a positive selection for suppression
of an amber stop codon in the gene encoding chloram-
phenicol acetyltransferase and a negative screen to

eliminate evolved variants with residual activity with tyrosine.
The combination of an assay for the new amino acid sub-
strate and an assay against the natural amino acid substrate
seems critical for ensuring that the evolved synthetase is
selective for its intended substrate. 'T'he negative assay is
refined in subsequent applications (Figure 3) [23°]. The
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evolved tRNA synthetase variant prefers O-methyl-L-tyrosine
to L-tyrosine by 100-fold in catalytic efficiency. The
evolved variant could incorporate O-methyl-L-tyrosine into
dihydrofolate reductase in response to an amber codon
with high fidelity iz vivo.

All of the experiments discussed thus far hinged on an
assay designed specifically for the desired activity.
However, many enzyme activities do not provide an obvious
high-throughput assay for function and developing each
new assay may take several years. An exciting recent
development, therefore, is the introduction of general
selections for enzyme catalysis that theoretically can be
applied to a variety of diverse chemical reactions [1-5]. To
date, these general selections had been demonstrated as
proof-of-principle experiments with well-studied natural
enzymes. But this past year Xia ez /. [24°°] demonstrated
that a general selection method using co-expression of the
enzyme and substrate on the phage surface could be used
to convert a DNA polymerase to an RNA polymerase.
Four rounds of selection were used to assay >108 variants.
DNA polymerase variants were isolated that incorporate
nucleoside triphosphate substrates as efficiently as the
wild-type DNA polymerase incorporates deoxynucleoside
triphosphate substrates, although the evolved variants
have limited processivity.

Evolving activity de novo

Although natural enzymes already catalyze many diverse
chemical transformations, including carbon—carbon bond
forming reactions, hydrolysis reactions and oxidation
reactions, the ultimate goal of directed evolution from both
a practical and an academic perspective is in many ways
the de novo evolution of activity. On the one hand, this goal
has already been achieved with catalytic antibodies
[25,26]. By eliciting an immune response to tetrahedral
phosphinate or phosphonate ester transition-state analogs,
it was shown in 1986 that antibodies could be generated
that catalyzed ester or carbonate hydrolysis, respectively.
Since these first reports, transition-state analogs and other
molecules designed to elicit catalytic residues in the
antibody combining site have been used to evolve anti-
bodies that catalyze not only hydrolysis reactions, but also
the Aldol reaction, the Diels—Alder reaction, the oxy-Cope
reaction, and the enantioselective reduction of ketones.
This research certainly has proven that protein catalysts
can be evolved de novo. However, catalytic antibodies
generally have not achieved the catalytic efficiencies
(#.,/Kyp) observed for natural enzymes, and antibodies are
typically difficult to produce on an industrial scale.

With the advent of iz wvitro approaches for linking
phenotype to genotype, such as phage display, ribosome
display and, more recently, iz vitro compartmentalization,
it seemed obvious that transition-state analogs and other
suitable small-molecule traps could be extended to iz vitro
evolution. Interestingly, this promise has not been
realized. Existing catalytic antibodies have been improved

modestly using phage display, and antibody libraries
generated from mice pre-immunized with the given transi-
tion-state analog have been panned using phage display.
But this approach has been proven difficult to extend to
these i wvitro technologies or to scaffolds other than
antibodies. A good representative example of using iz vitro
evolution to improve the activity of a catalytic antibody is
provided by Wells and co-workers [27]. They grafted the
antigen-binding loop of immunoglobulin G 17E8 onto a
humanized Fab fragment expressed on the surface of
phage. Directed mutations based on the high resolution
structure of 17E8 were then panned against the norleucine
phosphonate transition-state analog originally used to
generate antibody 17E8. Although variants were isolated
with increased affinity for the transition-state analog, none
showed improvements in £,,/Ky; over an order of magnitude
from the starting Fab. Moreover, the authors emphasized
that increases in affinity for the transition-state analog did
not correlate with increases in catalytic efficiency. Other
than a handful of examples of catalytic RNAs [28], transi-
tion-state analogs have not proven useful with 7z vitro
evolution technologies.

There are only smatterings of reports that suggest that
protein catalysts can be generated e novo without the aid
of the immune system. The most success, in fact, has come
with mechanism-based random peptide libraries [29-32].
An Aldol catalyst based on formation of a Schiff base inter-
mediate was evolved by Tanaka and Barbas [32] using
phage display. Miller and co-workers [31] have used
on-bead screens to generate a series of imidazole-based
catalysts for acyl-transfer reactions.

Conclusion

Directed evolution is now used routinely to improve
enzyme fitness for a given application. Libraries on the
order of 10* variants seem sufficient for these applications,
and directed evolution offers a practical route to engineering
protein variants for industrial and biotechnology applications.
Changing the substrate selectivity of an enzyme seems to
be a bigger hurdle. Although there are a few impressive
examples, it remains difficult to achieve the selectivity
required for practical applications. In the most successful
examples of changing substrate selectivity, large libraries
of 100~109 variants have been assayed using powerful iz
vivo selections. Other than in the catalytic antibody field,
the de novo evolution of function remains elusive. An inter-
esting intellectual, as well as practical, question remains:
what is required to create function e novo? Exciting recent
advances include the development of general assays for
enzyme catalysis that can be applied to a variety of chemical
transformations [33-38], and the extension of directed
evolution to whole organisms [39,40].
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