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INTRODUCTION

Staunch Darwinists attribute all the complexity of living
things to an algorithm of mutation and natural selection.
The exquisite products of this evolution algorithm are ap-
parent at all levels, from the amazing diversity of life all
the way down to individual protein molecules. Scientists
and engineers who wish to redesign these same molecules
are now implementing their own versions of the algorithm.
Directed evolution allows us to explore enzyme functions
never required in the natural environment and for which
the molecular basis is poorly understood. This bottom-up
design approach contrasts with the more conventional,
top-down one in which proteins are tamed “rationally” us-
ing computers and site-directed mutagenesis. We will de-
scribe how molecular evolution can be directed in the test
tube in order to produce useful biocatalysts. It is not pos-
sible to provide a complete account of all the methods pro-
posed for in vitro evolution; this article therefore intro-
duces methods and strategies used successfully in our
laboratory for directing the evolution of enzymes. Some al-
ternative methods for biocatalyst evolution are also be dis-
cussed. The reader should also be aware that there is a
rather substantial and largely separate literature on com-
binatorial approaches to engineering binding molecules.
Recent advances in the ability to create genetic diversity
and to screen or select for improved functions in large li-
braries of enzyme variants are being combined in a robust
approach to solving difficult molecular design problems.
With directed evolution we now have the ability to tailor
individual proteins as well as whole biosynthetic and bio-
degradation pathways for biotechnology applications.

WHY DIRECTED EVOLUTION?

The Limitations of Nature’s Biocatalysts Present
Insurmountable Challenges to Rational Design

When natural enzymes are recruited for industrial appli-
cations—from serving as catalysts in chemicals synthesis
to additives for laundry detergents—we discover that they
are often not well suited to these tasks. Due to poor sub-
strate solubility, breakdown of unstable products, or com-

peting chemical reactions, the conditions for an enzyme
reaction may be unsuitable for large-scale applications.
Reflecting their participation in complex biochemical net-
works inside living cells, enzymes are often inhibited by
their own substrates or products, either of which may se-
verely limit the productivity of a biocatalytic process. Evo-
lution is usually the culprit: enzymes are optimized and
often highly specialized for specific biological functions
within the context of a living organism. Biotechnology, in
contrast, needs enzymes that are stable and active over
long periods of time (a feature that might clash with the
need for rapid protein turnover inside a cell), are active in
nonaqueous solvents (a feature probably not required in
most biological milieu), and can accept different substrates
(substrates not present in nature).

It is possible to produce new enzymes in recombinant
organisms, altering the amino acid sequence and therefore
the properties through appropriate modifications at the
DNA level. We are hobbled, however, by near complete ig-
norance of how the amino acid sequence affects every as-
pect of enzyme performance, from its ability to be ex-
pressed in a heterologous host to its catalytic activity in
nonnatural environments. Numerous protein engineering
experiments have demonstrated that changes in protein
properties are brought about by the cumulative effects of
many small adjustments, many of which are distributed or
propagated over significant distances. Furthermore, pro-
teins are usually teetering on the brink of instability, with
folded structures that are more stable than unfolded—and
therefore inactive—ones by the equivalent of a few hydro-
gen bonds out of the hundreds that form. Superimposing
on the need to retain this relatively fragile folded state, the
additional requirements of having to fold in the first place,
and the need of maintaining or even reengineering a cat-
alytic site that is affected at some level by virtually any
modification yields a design problem of such complexity
that any rational design effort will require enormous in-
puts of structural, mechanistic, and dynamic information.
Information that is available for but a tiny fraction of in-
teresting catalysts. Even if one trait is successfully de-
signed (e.g., enhanced stability), it is virtually impossible
to predict the cost to another (e.g., catalytic activity or ex-
pression level). The relatively few examples where rational
design has yielded useful enzymes do not negate the view
that rational enzyme design is often a fruitless exercise.

Extending Natural Diversity by Laboratory Evolution

All these hurdles to the rational design of enzymes are by-
passed by evolution. The power of evolution as an algo-
rithm for molecular design is perhaps best appreciated by
studying its products. By constructing the evolutionary
histories of today’s proteins we have learned that they are
highly adaptable molecules, at least on evolutionary time
scales. Well illustrated by the panoply of a/f-barrel en-
zymes (1), enzymes catalyzing very different reactions
have evolved divergently from a common ancestral protein
of the saine general structure, acquiring diverse capabili-
ties by processes of random mutation, recombination, and
natural selection. We also know that enzymes sharing a
common function (for example, all catalyzing a particular



step in a metabolic pathway) in addition to three-
dimensional structure can exhibit widely different prop-
erties (stability, solubility, tolerance to pH, etc.), depending
on where they are found.

Enzymes evolve, and adapt, at the molecular level. The
structures of protein modules are conserved (although the
modules themselves are often shuffled to create new, mul-
tifunctional proteins). Function, however, can vary. Spe-
cific features such as substrate specificity or thermostabil-
ity vary significantly. Amino acid sequences can vary to
such an extent that evolutionary relationships may no
longer be apparent from sequences alone (1).

Evolution is a powerful algorithm with proven ability to
alter enzyme function and especially to “tune” enzyme
properties. It is also an algorithm that can be implemented
in the laboratory for redesign. The challenge is to collapse
the time scale to months, or even weeks.

CHOOSING AN EVOLUTIONARY STRATEGY

Evolutionary mechanisms at work in nature assure adapt-
ability to ever-changing environments. Evolution does not
work toward any particular direction, nor is there a goal;
the underlying processes occur spontaneously during re-
production and survival of the whole organism. In con-
trast, a directed molecular evolution experiment has a
defined goal, and the key processes (mutation, recombi-
nation, and screening or selection) are controlled by the
experimenter. Although there may be multiple ways to
reach a defined goal (i.e., a desired enzyme function), the
approach that minimizes the effort is preferred.

The major steps in a typical directed enzyme evolution
experiment are outlined in Figure 1. The genetic diversity
for evolution is created by mutagenesis and/or recombi-
nation of one or more parent sequences. These altered
genes are inserted into a plasmid for expression in a suit-
able host organism (bacteria or yeast). Clones expressing
improved enzymes are identified in a high-throughput
screen or by selection, and the gene(s) encoding those im-
proved enzymes are isolated and recycled to the next round

1. Select genes(s)
Mutaftion_/
recombmatlon\ 2. Create library of variants

3. Insert gene library into
expression vector

\ 4. Insert gene library/vector
into host microorganism,
which produces enzyme
variants

B. Screen colonies for the

on S

)0 og o property of interest
° QQQQ ‘e
; 2‘29» > & 6. Isolate improved gene(s)
o &% and repeat the process

Figure 1. Key steps of a typical directed enzyme evolution ex-
periment.
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of directed evolution. Approaches for carrying out these
key steps are discussed in some detail in the “Methods of
Directed Evolution” section. Here we focus on more fun-
damental considerations that help to define workable
strategies for directed evolution.

To appreciate the challenge of designing and carrying
out a successful directed protein evolution experiment, it
is important to underscore the powerful combinatorial fea-
tures of this system. A typical enzyme is a linear chain of
N amino acids (V is usually several hundred), and there
are 20 possible amino acids at each position in the chain.
Thus the “sequence space” of possible proteins is huge be-
yond the imagination (20"). Even in 4 billion years, nature
has had a chance to explore but a tiny fraction of these
possibilities. A laboratory exploration of this vast space of
sequences and their corresponding functions must obvi-
ously be severely limited and carefully guided (2). Because
much of sequence space will be devoid of the desired func-
tion, and probably even of folded proteins, it is best to di-
rect the evolution of an existing enzyme rather than look
for function in random peptide libraries.

Evolution is often referred to as a hill-climbing exercise
in the fitness landscape of sequence space (3,4). The fit-
nesses (performance, for laboratory evolution) of the pro-
teins in sequence space make up this landscape, whose
most basic features are still quite unknown. The landscape
for laboratory evolution will be different for each property
or collection of properties undergoing evolution. An uphill
climb in a protein landscape is more likely to be successful
if it can take place in small steps (one or two amino acid
substitutions). The high dimensionality of the surface
(there are 19N one-mutant neighbors of any given se-
quence) offers many opportunities to find improved mu-
tants. Although we may never reach the “global optimum,”
the improvements achieved by taking even a simple ran-
dom up-hill walk via single amino acid mutations often
yield useful results. A widely effective evolutionary strat-
egy, illustrated in Figure 2, is one in which the steps are
small (preferably one or two amino acid substitutions in
each generation), and multiple such mutations are accu-
mulated either sequentially (5) or by recombination (6,7)
to acquire the desired function. Such an approach is com-
patible with a low level of random mutagenesis over the
entire gene. An alternative approach is to direct a much
higher level of random mutation to a relatively small re-
gion of the gene (8). Both approaches have their advan-
tages. Mutagenesis over the entire gene allows discovery
of unanticipated solutions (a common experience). More
intense, directed mutation, however, may yield novel com-
binations of amino acid substitutions, combinations that
would be inaccessible by single-step walks because the in-
termediates are unfavorable. Details of the evolutionary
exploration are ultimately dictated by a combination of
(1) the power of the search tool, (2) the frequency of bene-
ficial mutations (usually small!), and (3) the choice of start-
ing point(s).

A different approach to creating diversity for directed
evolution is the in vitro shuffling of homologous genes, or
“family shuffling” (9), illustrated in Figure 3. Here, recom-
bination of two or more parent genes yields a chimeric gene
library for evolution of the desired features. Because the
recombined sequences are related through divergent evo-
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Figure 2. An effective strategy for directed enzyme evolution is
one in which small changes associated with one or two amino acid
substitutions are accumulated sequentially (a) or by recombina-
tion of improved genes (b).

lution from a common ancestor of similar structure and
function (and therefore the sequence differences are to
some extent neutral with respect to structure and func-
tion), it appears that very large jumps in sequence space
can yield functional proteins (9,10). In vivo recombination
can also yield interesting new chimeric enzymes (11-14).

Good Problems for Directed Enzyme Evolution

There are four requirements for successful directed evo-
lution. (1) The desired function must be physically possi-
ble. (2) The function must also be biologically, or evolution-
arily, feasible. In practice, this means that there exists a
mutational pathway to get from here to there through
ever-improving variants (see earlier discussion). Although
we cannot know a priori that the path exists, a good ex-
periment will maximize the likelihood. (3) One must be
able to make libraries of mutants complex enough to con-
tain rare beneficial mutations. This usually means func-
tional expression in a suitable microorganism such as
Escherichia coli or Saccharomyces cerevisiae. (4) One must
have a rapid screen or selection that reflects the desired
function. Just how rapid the screen must be depends on
how rare mutations leading to the desired property are and
how many must be accumulated to achieve the desired re-
sult. )

Whether directed evolution will solve a particular prob-
lem depends to some extent on how hard natural evolution
has already worked at it. If a particular trait is already
under selective pressure (e.g., catalytic activity), it is un-
likely that further improvements can be obtained in the
laboratory by small mutational steps. However, if biologi-
cal function has imposed additional constraints, for ex-
ample the trait is coupled to another trait that is also un-
der selective pressure (e.g., high thermostability), then
this balance can be altered during laboratory evolution
(15). While selected traits are often difficult to improve,
they should be relatively easy to remove (e.g., product in-
hibition). Many traits are not under selective pressure;
they may be changing as a result of random genetic drift,

Ancestral gene

Figure 3. Homologous proteins are descended by di-
vergent evolution from a common ancestral protein and
share its overall three-dimensional structure. Recom-
bining homologous genes creates chimeras, some frac-
tion of which should also fold into that structure. Such
family-shuffled libraries could be rich in novel function.

Natural evolution (primarily neutral),
\ \ hundreds of millions of years

Species 4
Species 3
Species 2
Species1
l DNA shuffling
T e—

Chimeric genes




they may be vestigial—reflecting the enzyme’s history—or
they may be coupled to selected traits (16). In general, non-
selected traits are easier to improve, but may be more dif-
ficult to remove. It is especially easy to improve traits
never required for biological function, such as stability or
activity in a nonnatural environment or activity toward a
new substrate; there is often much room for improvement,
and small changes in sequence and function can be accu-
mulated. As expected for any hill-climbing exercise, the
number of pathways leading uphill diminishes as a peak
is approached. Thus the ease with which improved mu-
tants are identified (the frequency of improved clones)
should eventually decrease as the sequences move closer
to an optimum.

The preceding discussion focuses only on altering exist-
ing enzyme traits. Evolving a completely new function is a
risky venture because we rarely know how far in sequence
space we have to go in order to create the new function, or
how frequent the solutions will be. If there is good reason
to believe that a new function, for example, activity toward
a substrate not accepted at all by the wild-type enzyme,
can be obtained (at a level measurable during a high-
throughput screen) by making one or two amino acid sub-
stitutions, then evolution makes sense. However, if the
new function requires the simultaneous placement of mul-
tiple new amino acid residues, it is unlikely to appear in a
random library of mutants. Such a problem is probably a
better candidate for a combination of rational design and
combinatorial tuning (17).

Table 1 summarizes the key features of selected di-
rected enzyme evolution experiments. In nearly all cases,
the desired trait(s) was at a measurable, albeit low, level
in the starting enzyme(s). The problems can be roughly
divided into a few major categories: improving function in
nonnatural or extreme environments (where activities or
stabilities are low), improving activity toward a new sub-
strate, tuning specificity (enantioselectivity), and increas-
ing functional expression in a heterologous host.

METHODS OF DIRECTED EVOLUTION

Methods for Generating Genetic Diversity

The first step in a directed evolution experiment is the
creation of a mutant library containing an appropriate de-
gree of molecular diversity. For this, the mutation rate
must be tuned to the power of the sorting method. Useful,
reasonably sized libraries can be created by introducing
multiple mutations in a particular region or across a lim-
ited number of positions (e.g., by combinatorial mutagen-
esis using oligonucleotide cassettes [42]). However, such an
approach excludes the many useful solutions found in un-
expected places. We therefore usually try to evolve the en-
tire gene, rather than target particular positions. Whole-
gene evolution requires a correspondingly lower mutation
rate (see later).

Diversity is created by two operations: point mutagen-
esis and recombination (Fig. 4). Most random point mu-
tagenesis methods create mutations in single bases. Due
to the degeneracy of the genetic code, this provides access
to only about 6 amino acid substitutions instead of 19, sig-
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nificantly reducing the potential diversity. In addition,
many mutagenesis methods are not really random, further
limiting the number of amino acid substitutions actually
accessible in a given experiment. For example, a commonly
used method, error-prone PCR, shows a strong bias for
transitions over transversions (43).

Recombination methods combine sequences from mul-
tiple parent genes. In vitro recombination methods include
DNA shuffling (6,7,44), random-priming recombination
(45), and the staggered extension process (StEP) (46). In
yeast, in vivo recombination is particularly simple (11,14).
All these methods have a (controllable) level of associated
point mutagenesis. Directed evolution can begin from mul-
tiple, closely related starting points rather than a single
sequence. Recombination of existing functional sequences
(i.e., homologous enzymes) will create another level of di-
versity that point mutagenesis cannot generate (9).

Point Mutagenesis. The most important factors in ran-
dom mutagenesis are the mutation frequency and muta-
tion bias. Mutation frequency is the average number of
mutations per gene and is usually reported as a percent-
age. The optimal target mutation frequency can be calcu-
lated from the length of the DNA coding sequence and an
estimate of the desired number of mutations per sequence.
In deciding on the optimal number of mutations, one must
balance the cost of combinatorially searching large librar-
ies against the likelihood of finding mutants with improved
properties. The number of possible variants increases
drastically with the number of mutations introduced. The
number of possible variants that can be produced by si-
multaneously substituting M amino acids in a protein of
length N is 19M[N!/(N — M)!M!] (47). For example there
are only 3,800 possible single mutants, but 7,183,900 dou-
ble mutants, and 9,008,610,600 triple mutants of a protein
of only 200 amino acids. The single-mutant library of an
enzyme is generally within our ability to screen exhaus-
tively. Double-mutant libraries are already on the outer
limit of current screening technology, and triple-mutant li-
braries are well beyond our capability for the foreseeable
future. To these numerical considerations we add the bio-
chemical fact that beneficial mutations are rare, and com-
binations of beneficial mutations are extremely rare. In
light of these considerations it appears that, at present,
single-mutant libraries usually represent the best compro-
mise between search effort and diversity: searching single-
mutant libraries maximizes the chance of finding benefi-
cial mutations in a reasonable amount of time. If
high-throughput screening technology is available, or if
significant fractions of possible mutations are neutral,
then double-mutant libraries may be the optimal choice.
An average of one amino acid substitution per sequence
corresponds to approximately three base substitutions per
gene. Thus for a 1-kb sequence, the mutation frequency
should be ~0.3-0.5%.

Although numerous methods for making random DNA
mutations exist, error-prone PCR is often preferable be-
cause the procedure is simple, rapid, robust, and most im-
portantly, the mutation frequency can be precisely con-
trolled. Error-prone PCR does have some intrinsic bias as
to the location of mutations (mutations at AT base pairs
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Parent
gene

Figure 4. Two general approaches for generating molecu-
lar diversity: random point mutagenesis (a) and in vitro
recombination (b).

occur much more frequently than mutations at GC base
pairs) as well as their type (A is more frequently substi-
tuted with G). PCR modifications reduce bias, but do not
eliminate it (48).

The error-prone PCR method routinely used was origi-
nally outlined by Leung et al. (49) and further examined
by Cadwell and Joyce (43) and Shafikhani et al. (50). Mu-
tation frequencies ranging from 0.11 to 2% have been ob-
tained under different reaction conditions. In particular,
the mutation frequency can be controlled simply by ad-
justing the concentration of manganese ions in the reaction
mixture (48).

Because polymerase fidelity also depends on the nature
of the target sequences, different mutation rates will be
observed on different sequences, even when the exact same
reaction conditions are used. A straightforward way to as-
sess the overall mutation frequency and the nature of mu-
tations is to sequence a few random clones from the am-
plified population. However, sequencing is time-consuming
and expensive. A simple and efficient alternative is to es-
timate the mutation frequency from the fraction of active
clones from the amplified population (51). Activity profiles
of clones sampled from libraries of subtilisin E variants
produced by error-prone PCR with different MnCl, concen-
trations are plotted in Figure 5. The clones are sorted and
plotted in descending order to create local profiles, or land-
scapes, of the enzyme’s fitness. The higher the Mn2* con-
centration, the higher the mutation rate, which manifests
itself in a higher proportion of inactivated clones. Even
though different enzymes show different activity profiles
for different mutation rates, the fraction of active clones is
a convenient index of mutation frequency and can be used
as a diagnostic check for the successful creation of the de-
sired randomly mutated library.

Recombination. When an enzyme is evolved by sequen-
tial generations of random mutagenesis and screening,
only the best variant identified in each generation is used
to parent the next generation. Other improved variants are
set aside and must be rediscovered in subsequent gener-
ations in order to become incorporated. This is wasteful
because screening is time-consuming. If the mutation rate
is high, this approach can also accumulate deleterious mu-
tations, possibly limiting the fitness that can be reached.
“DNA shuffling” (6,7,44) and related in vitro recombination
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Figure 5. Activity profiles of subtilisin E mutant libraries gen-
erated by error-prone PCR with different concentrations of MnCl,.
Mutants are sorted according to activity in descending order. Hor-
izontal line indicates the activity of the wild-type enzyme. Source:
Ref. 51.

methods (45,46,48) can overcome these limitations of the
sequential approach. Recombining parental genes to pro-
duce libraries of different mutation combinations, and
screening for improved variants quickly accumulates the
beneficial mutations, while removing deleterious ones.

The goal is to create gene libraries containing novel
combinations of mutations present in the parent genes
(Fig. 4). This library can be screened in order to find the
combinations of mutations giving rise to the best enzymes.
Screening eliminates unfavorable combinations of muta-
tions. For example, if two point mutations that are bene-
ficial by themselves become harmful when combined, the
variant carrying this combination will be removed during
screening. We now discuss some general considerations for
recombination experiments before describing different re-
combination methods.

Statistics of Random Recombination. When recombining
genes from multiple improved variants it is important to
consider the recombined library size. The various in vitro
recombination methods can recombine any number of par-
ent genes. However, the resulting libraries may be so im-
possibly large that the probability of finding large improve-
ments in function is effectively zero.



For the recombination of N sequences and M total mu-
tations, the probability of generating progeny sequences
containing x mutations is equal to the number of ways a u
mutation sequence can be generated (CX/) multiplied by the
probability of generating any single x-mutation sequence

(22)
1V(N — 1\M#
r = oy 5)

M 1)"(1\7 - 1)’”‘*‘
(M - ! (N N

For recombination of IV single mutants the probability of
generating single-mutant parents or wild-type grandpar-
ents is approximately 75%, and only 25% of the library
consists of new sequences. The probability of generating
individual sequences decreases precipitously with increas-
ing numbers of parents. The least-frequent sequences (of-
ten the most desirable) are those containing the majority
of mutations from the parent population. The rarest se-
quence will be the one containing all mutations (u = M).
The probability P, of generating this sequence is 1/N™.

Some degree of oversampling is required in practice to
maximize the chance of discovering a given variant. The
sampling S required in order to achieve a given level of
confidence of having sampled the rarest variant in a li-
brary is given by (22)

(1 — PypS <1 — (confidence limit)

Generally, for 95% certainty that a specific clone has been
sampled, the oversampling is between 2.6 and 3.0.

Recombination Methods. Stemmer described the first
method for in vitro recombination of DNA sequences,
called DNA shuffling (6,44). This method, illustrated in
Figure 6, involves enzymatic digestion of the parental
DNA into short fragments, followed by reassembly of the
fragments into full-length genes. Because the fragments
are free to associate with complementary fragments from
other, similar genes, mutations from one parent can be
combined with mutations from other parent(s) to generate
novel combinations. The fidelity of this process is not per-
fect, and new point mutations not present in any of the
parents will occur at a finite rate. The original method has
been modified to simplify it and to yield better control over
the associated mutagenic rate (48,52). The mutagenic fre-
quency can be controlled over a wide range, from about
0.05 to 0.7%, by the inclusion of Mn2* or Mg?*, by the
choice of DNA polymerase, and/or by using restriction en-
zyme digestion to prepare the starting DNA (48). The finite
error frequency associated with DNA shuffling has been
used by Stemmer and coworkers to supply point mutations
for recombination and evolution. When starting with a sin-
gle sequence, we prefer to use error-prone PCR under con-
trolled conditions to generate libraries of variants. Im-
proved sequences identified during screening can then be
recombined.

An alternative method for recombination was developed
by Shao et al. (45). In this method the template DNA se-
quences are primed with random-sequence primers, which
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are then extended by DNA polymerase to generate a pool
of short DNA fragments. After removal of the template,
these fragments can be reassembled, as with the Stemmer
shuffling method, to give a library of full-length sequences
containing information from multiple parents. Yet another
method for in vitro recombination, the staggered extension
process (StEP), does not require fragmentation and reas-
sembly of the parent sequences (384). This method is illus-
trated in Figure 7 for recombination of two parent genes.
In StEP recombination the template genes are primed and
very briefly extended before denaturation and reanneal-
ing. The growing fragments can reanneal to different tem-
plates and therefore pick up sequence information from
different parents as they grow into full-length sequences
over hundreds of very brief cycles. StEP (in principle) in-
volves only a single relatively short protocol as opposed to
the multiple steps of fragmentation, isolation, and an-
nealing required in DNA shuffling.

“Family Shuffling”: Recombination of Homologous Genes.
The approaches already described (point mutation and re-
combination of improved variants) allow a local explora-
tion of sequence space. Only sequences that are quite close
to the parent sequence are sampled. One would like to
sample distant regions of sequence space to search for new
functions, but this is not readily accomplished using these
methods. The simultaneous introduction of more than a
few random mutations into a wild-type sequence will al-
most always result in variants that are inactive or un-
folded. The probability that an improved enzyme will be
found is usually much smaller than the screening capacity.
An alternative approach to making large jumps in se-
quence space is by “family shuffling” (9) (see Fig. 3). In this
approach, homologous genes from different organisms are
recombined to create a library of chimeric molecules. Fam-
ily shuffling exploits the fact that the sequence differences
between two homologous proteins are not random. Con-
sider the two proteases subtilisin E and subtilisin ther-
mitase. These two enzymes differ at 157 of their amino acid
positions, and yet they fold to the same overall three-
dimensional structure and catalyze the same proteolytic
reaction. The amino acid substitutions in these and other
naturally occurring subtilisins have been preselected to be
largely neutral with respect to folding and gross function.
Mutations resulting in a misfolded or inactive enzyme
have been eliminated by natural selection. Accordingly, re-
combination of this pool of largely neutral mutations will
be far more likely to result in folded, active proteins than
recombination of purely random mutations. The use of
family shuffling to access remote unexplored regions of se-
quence space may yield proteins with a variety of desir-
able, but not yet found, functions.

Searching for Improved Enzymes

In general, the most time-consuming and expensive part
of directed enzyme evolution is setting up and implement-
ing the search for improved variants. Developing an opti-
mal search strategy is crucial for success. A fundamental
rule of directed evolution, “you get what you screen for,”
specifies that the screen (or selection) should reflect the
desired result as closely as possible.



980 ENZYMES, DIRECTED EVOLUTION

Parent gene(s)

Repeat

Family of related
" DNA sequences

Pool of random
DNA fragments

Recombined
DNA sequences

Detect combinations
of positive mutations

(or DNA shuffling)

l Random mutagenesis
and screening

o o—

-0 O

—0 — O— o—

l Random
fragmentation

——a—— 00—

-0 o

—0 <, O—-0- O—

Select or screen

Eliminate
negative mutations

2% —0—

o—

o
L— o

b
Qc

Figure 6. Recombination of parent genes by

DNA shuffling. Source: Ref. 44. =0

— |
Priming

—_—
=
—_—

ano

! Extension

Denaturation followed by
random priming and extension

Il

Figure 7. Recombination of two parent genes by StEP. Source:
Ref. 34.

Mutant libraries are searched by screening or selection.
In a genetic selection, the ability of an enzyme to perform
the desired function is directly coupled to the survival and
reproduction of the host organism. A straightforward ex-
ample is selection for drug resistance: clones expressing an
enzyme capable of degrading an antibiotic are selected for
their ability to grow on antibiotic-containing plates (53,54).
Another example is the selection of functional mutants of
a human methyltransferase. Active mutants were selected
based on their ability to protect alkyltransferase-deficient
E. coli cells from a methylating agent (26). Such ap-
proaches are attractive in principle because they allow one
to search larger libraries than does screening (10°-107 for
selection, as opposed to 10%-10° for screening). Kast and
Hilvert (55) recently reviewed genetic selections in di-
rected evolution.

However, selections suffer serious drawbacks. The
types of new properties that can be searched for are lim-
ited. For example, enzymes tolerate a number of environ-
ments that cannot sustain life (e.g., organic solvents). It
becomes extremely difficult to tie the desired function to
the survival or growth of an organism when the organism
cannot survive. The main drawback, however, is the com-
plexity of the organisms themselves and the surprising so-
lutions that spontaneously arise during adaptation. Given
our limited understanding of even simple, well-studied or-
ganisms such as E. coli, it is difficult to ensure that im-
proving a particular enzyme is the only way for an organ-
ism to adapt to the selective pressure applied. One may go



through several rounds of selection only to find that the
organism has found some alternate way to solve the prob-
lem.

Various in vitro selections have been proposed based on
column binding or “panning” (56). In these methods, the
proteins are displayed on the surface of a phage or a cell.
Very large libraries (>10°) can be searched based on the
ability of the displayed protein to bind to a substrate im-
mobilized on a column. The greatest limitation to this ap-
proach is that it is not generally applicable to screening for
properties other than binding.

For many problems, and especially those of practical
interest, libraries of variants must be screened rather than
selected. A typical screening strategy involves the con-
struction of an arrayed enzyme library and application of
a rapid assay of the desired property. The screen can be
more or less sensitive, depending on the willingness of the
researcher to accept false positives (and to apply additional
tests) (57).

Prerequisites for an effective screening strategy include
the following:

1. The screen should be sufficiently rapid that large
numbers of clones can be searched in a reasonable
amount of time. It should be feasible to screen at
least a few hundred, and preferably a few thousand,
in a day. For obvious reasons, the screen should not
require purification of the enzyme. A second-level as-
say can eliminate false positives.

2. Only rarely do very large improvements result from
a single amino acid substitution. Directed evolution
most often succeeds by accumulating a number of
modest improvements over several generations.
Therefore a screen must be accurate enough to allow
modest improvements to be identified against the
background variation.

3. The phenotype (the enzyme property that is being
screened) must be physically coupled to the genotype
(the DNA or RNA sequence coding for the enzyme).
This is most often accomplished trivially by the fact
that proteins are expressed in host organisms: the
same cell expressing the enzyme contains the gene
coding for its sequence. Coupling can also be accom-
plished by display on the surface of a virus contain-
ing the genetic information in the form of DNA or
RNA (58). Recently developed in vitro translation
systems such as ribosome display (59) or RNA-
peptide fusions (60) link the enzyme directly to the
genetic information in the form of RNA without us-
ing cells. Tawfik and Griffiths (61) have encapsu-
lated the in vitro translation apparatus and genes
within reverse micelles.

Simple visual screens are widely used when the func-
tion of interest can generate a visible signal. Various oxi-
dases, for example, produce hydrogen peroxide as a by-
product of their oxidation reaction. As illustrated in Figure
8, coupling this to a second enzyme that is easily assayed
colorimetrically (horseradish peroxidase) provides a visual
screen for the oxidase activity. Clones secreting active pro-
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Figure 8. Example data from a visual screen for galactose oxi-
dase activity toward D-galactose. Colonies are grown on agar
plates and transferred to a membrane. Active colonies generate a
purple color when incubated with 2,2'-azinobis(3-ethylbenzothiaz-
line-6-sulfonic acid), horseradish peroxidase, and D-galactose.
Source: M. Yagasaki, unpublished results, 1998.

teases produce a zone of clearing or “halo,” the size of which
is proportional to the hydrolytic activity when the organ-
ism is grown on agar plates containing casein or skim milk
proteins. This simple method has been used extensively in
screening protease libraries (25,62).

Although visual screening based on color or halo for-
mation is rapid and efficient, it is also nonquantitative and
often relatively insensitive. Digital imaging spectroscopy
has been developed to increase the sensitivity and
throughput of filter- and agar-plate-based screens (63).
However, the 96-well microtiter plate remains the stan-
dard format for automated, high-throughput screening.
Screening automation and quantification of the results are
highly desirable; 96- and 384-well plates appear to be the
format most compatible with currently available robotic
arms, liquid handling systems, and plate readers. Data col-
lection and analysis are greatly facilitated by computer-
ized data acquisition (computerized data are easily sorted
into local enzyme fitness landscapes such as those shown
in Fig. 5). Computerized data acquisition will certainly fa-
cilitate exploitation of the enormous amounts of informa-
tion available in protein libraries. Many conventional en-
zyme assays can be readily converted into automated
formats.

If activity against the desired substrate does not result
in an easily detectable signal (such as a change in absorb-
ance or fluorescence), it is sometimes possible to screen
against a surrogate substrate that does. Naturally, this ap-
proach requires caution. It must be verified that activity
against the replacement substrate reflects activity against
the real substrate under the conditions of interest. A suc-
cessful application of this approach is described in the ex-
ample provided later of the evolution of a p-nitrobenzyl
esterase (21).

Enzyme properties other than activity are often tar-
geted for improvement. A convenient approach to screen-
ing for thermostable variants of irreversibly inactivated
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enzymes is shown in Figure 9. Duplicate 96-well plates are
made from a single master plate. One is incubated at high
temperature for-a fixed period. Clones in both are then
assayed for activity, and the ratio of activity after heating
to activity without heating provides a measure of enzyme
stability at the temperature of incubation.

An attractive approach to screening large libraries is to
couple functional complementation with screening. By re-
quiring that at least some of the biological function of the
protein is retained, functional complementation can
greatly reduce the subsequent screening requirements.
The initial selection asks an essentially binary question (is
there any activity? yes or no), and only in the later screen-
ing stage are differences in the level of activity detected.
Loeb and coworkers have applied this strategy to several
enzymes of interest in gene therapy and other applications
(8,26). However, the major limitation is finding or con-
structing an appropriate complementation system. Fur-
thermore, retention of biological function may preclude ac-
quisition of other functions.

Extracting Useful Information from the Results of Evolution

Two major types of information can be extracted from the
results of directed evolution experiments. The first and
most obvious is the information contained in the sequences
of the evolved proteins. The second consists of the overall
activity profiles, or local fitness landscapes, that can be
generated by analysis of the entire screened library.
Clearly, we would like to identify the specific amino acid
substitutions that are responsible for conferring new prop-
erties. In contrast to comparisons of evolutionarily related
proteins found in nature, this identification can be accom-
plished relatively easily in directed evolution experiments.
In nature, related enzymes that are separated by millions

of years of evolution will generally have accumulated a
large number of neutral mutations in addition to those
that are responsible for changes in specific properties. In
contrast, in laboratory evolution we strive to allow only
functional mutations to survive and carry on to the next
generation. A striking example of the difference between
natural and laboratory evolution can be seen in a recent
study in which subtilisin E was converted into a functional
equivalent of the thermophilic enzyme thermitase (33).
Subtilisin E differs from thermitase at 157 positions, but
only eight substitutions were required to turn it into a
thermitase-like enzyme, with an 18 °C increase in its tem-
perature optimum and a 250-fold increase in its half life at
65 °C.

However, it is not always possible to identify functional
mutations simply by examining the sequences of the
evolved enzymes. In the experimental procedures for in-
troducing random point mutations, only the average error
rate can be controlled. Thus, some variants will accumu-
late multiple mutations in a single generation. If a given
variant has multiple mutations, only one of which is func-
tional, the remaining neutral mutations can “hitchhike”
their way into subsequent generations and complicate
analysis of the final evolved sequences. A method for rap-
idly identifying functional mutations by back-crossing
with wild type has been described (64).

It is hoped that detailed structural analysis of evolved
enzymes will provide insight into the underlying physical—
chemical mechanisms responsible for protein adaptation
for new functions or environments. However, the results of
single point mutations can be very subtle, and the analysis
is not straightforward even when the three-dimensional
structure is known. For example, both subtilisin E and
pNB esterase have been successfully evolved for activity
in aqueous organic solvents, but functional mutations in
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the evolved enzymes follow no discernible pattern: large
residues are replaced by small, small by large, charged by
uncharged, uncharged by charged (5,21,25). Further, mu-
tations are found both close to and far from the enzyme
active sites. Numerous studies now attest to the subtlety
of the effects of amino acid substitutions on enzyme struc-
ture and properties (8,24,38,39).

The distribution of fitnesses (defined in terms of activ-
ity, stability, etc.) in a mutant library can provide useful
information for designing evolutionary strategies. One
way to access this information is by presenting the data in
a local fitness landscape such as those shown in Figure 5.
As mentioned previously, the mutation rate can be esti-
mated from the fraction of inactive mutants. More gener-
ally, such a plot represents (at least for single- or double-
mutant libraries) the distribution of fitness in the region
of sequence space immediately surrounding the wild-type
sequence. Most mutants will be equally or less fit than the
wild type; a small number may be better. The fraction of
improved mutants can be used to estimate the evolvability
of the property of interest. When two or more properties
are being evolved simultaneously, plots of one versus the
other can be informative. Typically, single mutations that
simultaneously improve two independent properties are
extremely rare. However, individuals may be recombined
to yield an enzyme with multiple improved properties (Fig.
10) (65).

EXAMPLES OF DIRECTED EVOLUTION APPLICATIONS
Evolution of Lipases with High Activity in Detergent
Solutions

New lipase variants that give greatly improved residual
lipid removal after one wash cycle have been developed by
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Figure 10. Activity and stability to hydrogen peroxide of a ran-
domly mutagenized enzyme library. The individual populations
shown in boxes can be evolved in parallel and recombined to ob-
tain enzymes that are both more active and more stable. Source:
Reproduced with permission from Ref. 65.
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directed evolution (30). Lipases are used as detergent en-
zymes to remove lipid or fatty stains from clothes and other
textiles. A drawback of the known detergent lipases is that
they exert the best lipid-removing effect after more than
one wash cycle, presumably because they are more active
during a certain period of the drying process than during
the wash itself. Therefore at least two wash cycles, sepa-
rated by a sufficiently long drying period, are required to
remove fatty stains.

An intense protein engineering effort involving both
site-directed and random mutagenesis yielded a large
number of variants of Thermomyces lanuginosa lipase that
were strongly improved in multicycle wash performance,
but not significantly improved in one-cycle wash tests.
Random mutant libraries were screened using filter assays
containing detergent and low calcium concentrations, to
mimic wash conditions. Consecutive rounds of mutagene-
sis and screening with increasing amounts of detergent
were performed.

New variants with a strong one-cycle wash effect were
obtained by recombining 20 variants with the best perfor-
mance in multicycle wash tests and screening. The recom-
bination was performed using a simple in vivo method in
S. cerevisiae in which PCR fragments from the 20 variants
mixed with the opened vector are used to transform com-
petent S. cerevisiae cells. Upon transformation, the vector
and fragments recombine and shuffle the variants (14).
Screening yielded seven variants with a strong one-cycle
wash effect; the best of these is now commercially avail-
able.

Evolution of an Esterase for Deprotection of p-Nitrobenzyl
Esters and Enhanced Thermostability

By screening microbial cultures, scientists at Eli Lilly iden-
tified an enzyme in Bacillus subtilis that could remove the
p-nitrobenzyl ester protecting group used during the large-
scale synthesis of certain f-lactam antibiotics. However,
the enzyme’s relatively poor activity, particularly in the
solvents required to solubilize the ester substrate, made it
a poor competitor to the chemical catalyst for deprotection
of a loracarbef synthetic intermediate. The natural func-
tion of B. subtilis pNB esterase is unknown.

Moore and Arnold were able to evolve highly active pNB
esterases that also function well in mixed aqueous—organic
solvents (21,22). A surrogate, chromogenic substrate (the
antibiotic p-nitrophenyl ester) was used in a rapid screen
to identify potential positives. Variants identified during
the rapid screen could be verified during a second-level
screen on the p-nitrobenzyl ester using HPLC. Four gen-
erations of PCR mutagenesis and two rounds of recombi-
nation by DNA shuffling yielded a clone with more than
100 times the total activity of wild type in 15-20% dimeth-
ylformamide (DMF) toward loracarbef-p-nitrobenzyl ester.
The enzyme’s catalytic efficiency increased more than 50-
fold (Fig. 11). The total activity toward the screening sub-
strate (loracarbef-p-nitrophenyl ester) increased more
than 150-fold. Although the contributions of individual ef-
fective amino acid substitutions to enhanced activity were
small (usually approximately two-fold increases in activ-
ity), the accumulation of multiple mutations over a num-
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Figure 11. Evolutionary progression of catalytic efficiency of
pNB esterase (toward LCN-pNB) in 15% DMF through four gen-
erations of random mutagenesis, followed by two rounds of recom-
bination of circled populations. Source: Ref. 66.

ber of generations significantly improved the biocatalyst
for this nonnatural reaction. Moore and Arnold concluded
that none of the mutations accumulated in the evolved en-
zyme are in direct contact with the substrate. Some are as
far away as 20 A. Limiting the search for possible solutions
to residues that line the substrate binding site would have
overlooked important beneficial mutations (and may not
have succeeded).

Directed evolution has also significantly increased the
thermostability of the B. subtilis pNB esterase (15). A sim-
ple screen was developed based on retention of catalytic
activity after incubation at high temperature. Positives
were then subjected to differential scanning calorimetry
(DSC) to verify an increase in melting temperature (T,,)
relative to the parent enzyme. Accumulating mutations
over eight generations of random mutagenesis and DNA
shuffling yielded an increase in T}, of 17 °C (15, A. Ger-
shenson, unpublished results). This large increase in ther-
mostability is equivalent to the difference between pro-
teins from mesophiles and many thermophilic organisms.
Furthermore, because only those variants that retained
their catalytic activity as well were chosen, the increased
thermostability was accompanied by a very significant in-
crease in enzyme activity at elevated temperatures (Fig.
12). Reflecting the fact that the thermostability screen in-
volved activity toward p-nitrophenyl acetate, the resulting
enzymes are highly active toward this substrate and less
active toward the antibiotic substrate and p-nitrobenzyl
esters. The most thermostable pNB esterase variant has
13 amino acid substitutions (out of 490).

Evolution of Herpes Simplex Virus Thymidine Kinase
for Gene Therapy

The Loeb group has pioneered the use of directed evolution
for developing improved enzymes for cancer gene therapy.
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Figure 12. Activities of wild-type and evolved pNB esterases as
a function of temperature. Source: Ref. 15 and A. Gershenson,
unpublished results.

Here, greater activity toward nonnatural substrates is de-
sired, with the goal of selectively protecting bone marrow
cells (26) or sensitizing tumor cells (8) to toxic agents. This
group consistently directs intense mutagenesis of a limited
region of the gene and genetic selection to identify the se-
quences that are still biologically functional. Screening
this much smaller subset of sequences identifies those with
the desired properties (altered substrate specificity, ability
to protect or sensitize cells).

In one study (8), directed evolution was used to create
herpes simplex virus thymidine kinase (HSV TK) variants
that enhance cell killing by the guanine analogs gancyclo-
vir and acyclovir, which terminate DNA synthesis and pre-
vent viral and host cell replication. Mutant HSV TKs that
selectively phosphorylate gancyclovir and/or acyclovir
were obtained after complete randomization of a limited
set of amino acid positions (six) adjacent to the putative
nucleoside binding site and previously identified to toler-
ate some substitution. Of the approximately 108 E. coli
transformants, 426 expressed active TK, as determined by
genetic complementation. These were then assayed for
their ability to enhance the sensitivity of the E. coli to the
guanine analogs. Hamster cells transfected with one of the
improved variants were more than 43 times more sensitive
to gancyclovir and 20 times more sensitive to acyclovir
than cells expressing the wild-type HSV TK. This mutant
contained four amino acid substitutions, all within the TK
active site pocket.

Evolution of Biphenyl Dioxygenases for Bioremediation
of PCBs

Biphenyl dioxygenases (BPDO) are responsible for the ini-
tial oxidation of polychlorinated biphenyls (PCBs) during
their biodegradation by various organisms. In an effort to
create BPDOs with enhanced ability to oxidize a wider
range of PCB congeners, Furukawa and coworkers used
DNA shuffling to create a chimeric library from two genes
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Figure 13. Formation of meta-cleavage yellow products from a variety of biphenyl compounds by
E. coli expressing chimeric biphenyl dioxygenases. BP, biphenyl; 4CIBP, 4-chlorobiphenyl; 2.2'-CB,
2,2'-dichlorobiphenyl; 4,4'-CB, 4,4'-dichlorobiphenyl; 2,5,4'-CB, 2,5,4'-trichlorobiphenyl; MeBP, 4-
methylbiphenyl; DM, diphenylmethane; DF, dibenzofuran. The relative values of yellow products
formed from each compound are plotted for E. coli strains carrying the evolved enzymes. Source:
Reprinted with permission from Ref. 38.
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283 303 319 325 335 . 340 376°
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4 237/ 247/258 /277 /2%7(313) 324?"’%%/ /

/ NFEVIETERTI/AT VT |
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pSHF400 G VTI TFNI
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366

PSHF1008 | S msm Hv [NF wmmo [Efsv AITT
pSHF1012 [ S v FYNVEERED -rsv atm I
pSHF1015 [ S I ol Ay stiEEEv TFN! [ N

Figure 14. Sequence analysis of the shuffled bphAI genes. Twenty different amino acids between
KF707-BphAl and LB400-BphAl are shown. *, Indicates the mutational change (I366T) that oc-
curred during PCR; —, indicates an amino acid lacking in KF707 relative to the LB400 sequence.
Source: Reprinted with permission from Ref. 38.

for the terminal dioxygenases of BPDO (bphA1I) from Pseu-
domonas pseudoalcaligenes KF707 and Burkholderia ce-
pacia LB400 (38). A high-fidelity DNA shuffling protocol
(48) was found to increase the frequency of clones express-
ing active PBDO. The two BphAl protein sequences are
extremely similar, differing only at 20 amino acids. The
genes are 96.4% identical.

E. coli containing the chimeric genes were screened for
their ability to produce yellow meta-cleavage products
from a variety of biphenyl compounds in order to identify
functional chimeras with enhanced activities and altered
activity profiles. Enzymes with greater activity toward
various biphenyl compounds than either parent were iden-
tified (Fig. 13), as were enzymes with relaxed specificity
and enzymes active toward smaller aromatic hydrocarbons
such as benzene and toluene. These latter compounds are
poor substrates for the two parent enzymes.

Sequence analysis of six shuffled functional bphAl
genes demonstrated how the parent sequences recombined
to yield these new enzymes (Fig. 14). A very low level of
point mutagenesis was observed. The specific roles of the
amino acids in determining substrate specificity are diffi-
cult to pinpoint in the absence of a three-dimensional
structure of the enzyme. However, the results are gener-
ally in agreement with previous studies of BPDO chimeras
and site-directed mutagenesis.
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