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INTRODUCTION

Protein design refers to the ability to alter protein
structure to achieve the desired protein function. Of
the two classes of proteins (binding proteins and
catalytic proteins), catalytic proteins, or so-called
enzymes, are of particular importance to chemical
processing because they can be used as chemical cata-
lysts. Enzymes are able to catalyze a broad range of
chemical reactions with exquisite specificity and selec-
tivity (stereo-, regio-, and chemo-). In addition, most
enzymes are quite efficient catalysts and operate at
mild conditions, resulting in less energy consumption.
In the past several decades, enzymes have been increas-
ingly employed to synthesize chemicals and materials
in the pharmaceutical, chemical, food and agriculture
industries. However, the number and diversity of the
applications are modest compared to the total number
of enzymes identified so far (~4000 enzymes). One
main reason for this discrepancy is that naturally
occurring enzymes are often not functionally optimal
under process conditions in terms of their activity, sta-
bility, specificity, and selectivity. To overcome this lim-
itation, tailor-made biocatalysts must be developed
by protein design. This entry discusses the molecular
tools of protein design and their applications in engi-
neering naturally occurring enzymes into commer-
cially viable biocatalysts for chemical processing.
However, their applications in the development of
therapeutic proteins and monoclonal antibodies are
not discussed.

PROTEIN DESIGNER’S TOOLBOX

Prior to the advent of recombinant DNA technology,
the ability to design proteins was limited to chemical
modification methods in which specific residues in a
protein are modified at the protein level by chemical
agents. Different strategies such as atom replacement
and segment reassembly have been used to alter enzyme
substrate specificity, activity, cofactor requirement, and
stability.!! These methods can introduce a diverse
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range of functionality that does not occur in natural
proteins. However, because only a few protein residues
can be selectively modified chemically and the modify-
ing process is rather tedious and time-consuming, these
tools have not been widely used for the development
of commercial enzymes.

The advent of recombinant DNA technology and
polymerase chain reaction (PCR) technology has
greatly changed the landscape of protein design.
Numerous powerful protein design techniques have
been developed in the past two decades, all of which
target the modifications at the DNA level. Conse-
quently, these protein design methods have been classi-
fied as genetic methods to distinguish them from
the above chemical methods. Apart from this classifi-
cation, all current protein design methods can be cate-
gorized into two general strategies: rational design and
directed evolution. Rational design involves rational
alterations of selected residues in a protein to cause pre-
dicted changes in function. It usually requires detailed
knowledge of enzyme structure, function, and catalytic
mechanism, which represents a bottom-up approach.
In comparison, directed evolution, sometimes called
irrational design, mimics the natural evolution process
in the laboratory and involves repeated cycles of gener-
ating a library of different protein variants and selecting
the variants with desired functions. Due to its
combinatorial nature, it does not require any detailed
structural and functional understanding of the target
enzymes. Nonetheless, further characterization of the
isolated variants may provide insights into protein
structure and function. Thus, directed evolution repre-
sents a top-down approach. It should be noted that both
rational design and directed evolution have been widely
used in protein design.

Rational Design

With the aid of site-directed mutagenesis and the
availability of enzyme structures solved by x-ray crystallo-
graphy, many attempts involving rationally designing
proteins were made in the 1980s. Early successful
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examples such as rational design of tyrosyl-transfer
RNA synthetase and B-lactamase demonstrated the
power of this approach in understanding enzyme cata-
lysis and engineering enzyme activity and specifi-
city.*¥ The numerous studies that followed these
early examples have led to the formation of a new
field—protein engineering.¥ Notable examples include
the design of a T4 lysozyme with increased stability
by engineering disulfide bonds into the protein, the
redesign of a lactate dehydrogenase into a malate
dehydrogenase by introducing a single point mutation,
and the design of subtilisin enzymes with increased
activity and altered pH profiles by engineering surface
charge® However, owing to the sieving effect of
publication (only the successful cases are published),
rational design may look more “rational’’ than it actu-
ally is. The truth is that our current ability of rationally
designing protein is still rather limited. It became
apparent that, owing to the intricate and complex rela-
tionship between protein structure and function,
rationally introduced mutations often have unexpected
disastrous effects on enzyme stability and activity. Thus,
to circumvent the unpredictable effects of individual
residues, methods that are able to assess mutations at
single sites or multiple sites in a large-scale format were
developed in the early 1990s. This new trend ultimately
led to the establishment of directed evolution as a
powerful approach for protein design. The past 10yr
have witnessed many more publications on directed
evolution than those on rational design. Nonetheless,
with recent advances in genomics, bioinformatics and
structural proteomics, our knowledge about proteins
is rapidly expanding. Computational techniques are
also playing an increasingly important role in protein
rational design, especially with the availability of faster
and cheaper computers. Thus, it is foreseeable that the
ability to rationally design proteins will be significantly
improved.

Site-directed mutagenesis

Site-directed mutagenesis is the most powerful and
widely used rational design approach, which entails
the precise modification of specific residue(s) in a given
protein at the DNA level. These residue(s) are typically
identified from the three-dimensional protein structure
obtained by x-ray crystallography or NMR methods.
In the absence of structure, a structural model of the
target protein can be built from the three-dimensional
structure of a related protein sharing high sequence
homology with the target protein using homology-
modeling programs such as Insight II (Accelrys Inc.,
San Diego, CA) and SYBYL®/Base (Tripos, Inc.,
St. Louis, MO). If these options are not available,
sequence analysis programs such as BLAST and
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CLUSTALW (http://workbench.sdsc.edu/) can be
used to identify the residues that are conserved among
a family of homologous proteins, and are therefore
presumed to be functionally important.

A large number of experimental methods have been
devised for site-directed mutagenesis. The methods
developed in the early 1980s all involve the use of
single-stranded bacteriopbage DNA molecules carry-
ing a target gene and chemically synthesized comple-
mentary oligonucleotides containing the desired
nucleotide substitutions. After DNA annealing and
synthesis, the newly synthesized DNA strand contains
the target gene with the desired mutations. Although
these methods are conceptually simple, the generation
of single-stranded DNA is time-consuming and the
mutagenesis efficiency (the frequency of the target
genes with mutations) is relatively low (less than
50%). Thus, a few PCR-based mutagenesis methods
have been developed to overcome these limitations.
One of the most widely used methods is the overlap
extension PCR mutagenesis method.®! As illustrated
in Fig. 1, four primers, A-F, A-R, M-F and M-R, are
used. A-F and A-R correspond to the beginning and
the end of the target gene sequence, respectively.
M-F and M-R cover the region where a point mutation
is desired. First, two independent rounds of PCRs
are performed using the target gene as a template.

AF M-F

37, ‘51
M-R A-R
PCR1l i i

PCR 2

l overlap extension PCR

X X

Fig. 1 Site-directed mutagenesis by splicing overlap
extension (SOEing). Both the target gene and the PCR pro-
ducts are shown in double strands. Primers are shown as
arrows and mutations in primers and products as x. Dashed
arrows indicate the directions of DNA extension by DNA
polymerases.
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Primers A-F and M-R are used as a pair to amplify the
5" end of the target gene, and this amplified product
will contain a point mutation near the 3’ end. Primers
M-F and A-R are used together to amplify the 3’ end
of the target gene, leaving a point mutation near the
5" end of the product. Polymerane chain reaction
products from both the reactions are purified and com-
bined for another round of PCR without additional
primers. This reaction is called overlap extension
because the 3’ end of the first PCR product is compli-
mentary to the 5’ end of the second PCR product,
resulting in these two DNA ends priming each other.
The resulting target gene with a point mutation will
be further amplified by primers A-F and A-R and sub-
cloned into a vector for protein expression.

Domain swapping

Novel protein functions are needed for many applica-
tions. Although site-directed mutagenesis is effective
in altering protein functions, it often results in incre-
mental improvement of protein functions rather than
dramatically improved or novel protein functions
because it can only modify protein sequences at single
or multiple sites. It is expected that the creation of
novel protein functions may require dramatic changes
in protein structures. To address this limitation, one
simple genetic method to introduce novel protein func-
tions is to combine protein domains from different
proteins, or so-called domain swapping. A protein
domain is typically defined as a folding and/or func-
tional unit of a protein. Because many large proteins
contain several functional domains and domains tend
to fold independently, the fusion of domains with
different functions may result in a multifunctional
protein with unique features.

One recent example of domain swapping is the
design of a ligand-regulated DNA recombinase in
which the ligand binding domain of human estrogen
receptor was linked to the Cre recombinase.”’ The
Cre recombinase can integrate a foreign gene into the
LoxP site on the host genome while the human estro-
gen receptor is a nuclear hormone receptor that regu-
lates the action of estrogen in different tissues and
organs. The human estrogen receptor contains at least
three distinct domains: a DNA-binding domain, a
transactivation domain, and a ligand binding domain.
The binding of estrogenic compounds to the ligand
binding domain of the estrogen receptor will cause
conformational changes in the estrogen receptor. The
Cre recombinase and the estrogen receptor are two
completely different proteins, yet the fusion protein
created by domain swapping exhibits a protein
function different from either parental protein: the
recombinase activity is dependent on the ligand binding
of the estrogen receptor. Such a fusion protein was
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used to reduce the toxicity to the proliferating
Drosophila cells caused by the chronic expression of
the Cre recombinase. It should be noted that for a
domain swapping experiment to be successful, it is very
important to define the exact domain boundaries
within a protein. Two main methods have been devel-
oped: one is through sequence alignment of a pool of
homologous proteins, and the other is through deletion
experiments. These two methods usually give a similar
but not identical definition of domain boundary. In
many cases, because of the lack of complete under-
standing of protein functions, these slightly different
definitions may lead to different results.

Directed Evolution

Although rational design has been demonstrated to be
an effective protein design strategy, its success rate is
not very high because of our limited understanding
of protein folding, structure, function, and dynamics.
Moreover, it is rather time-consuming owing to the
need of a high-quality three-dimensional protein struc-
ture for experimental guidance. In contrast, directed
evolution does not use any preconceived ideas about
what is important and only relies on a very simple
algorithm that nature has successfully been using for
eons: diversification coupled with selection. In essence,
directed evolution mimics natural Darwinian evolution
in a laboratory environment. As shown in Fig. 2,
genetic diversity is first introduced into a target gene
through random mutagenesis and/or recombination.
The library of mutant genes is then transformed into
host cells in which the mutant genes are converted into
their corresponding proteins. Functionally improved
mutant proteins are identified through an appropriate
selection or screening strategy. The same process will
be repeated until the goal is achieved or no further
improvement is possible. It should be noted that the
host cells used for protein expression in a directed evo-
lution experiment are laboratory microorganisms such
as Escherichia coli and Saccharomyces cerevisiae.
Expression of foreign proteins in these host organi-
sms is enabled by recombinant DNA technology.
These microorganisms are favored because of their
rapid growth rates, the availability of many genetic
engineering tools, and their well-known genetics.

It should also be noted that both screening methods
and selection methods have their own advantages and
disadvantages. Screening involves physically or chemi-
cally interrogating every mutant protein in a library
individually, and is often implemented in a 96-well
plate format using plate readers. As a result, its
throughput is relatively low (the size of the library that
can be screened is limited to ~10%). However, because
the screens are done in vitro with whole cells, cell
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Target gene(s)
Next round
Improved mutant enzymes
Screening
or
selection A pool of mutant enzymes

in E. colior yeast  Fig. 2 The general scheme of
directed evolution.

lysates, or partially purified enzymes, and often in
much the same way the enzymes are traditionally
assayed, the experimental conditions can be easily
tailored to meet the reaction constraints such as non-
natural environment or substrates, and the screens
can be implemented very quickly. Moreover, multiple
measurements can be made on each sample to check
several key enzyme properties. Thus, screening is the
most flexible sorting method in directed evolution. In
comparison, selection involves linking the survival or
growth of the microorganism to the target protein so
that only the microorganisms possessing the desired
enzyme function can grow. Consequently, a much larger
library of enzyme mutants (>10°) can be assessed
by selection, and the size of the library is limited only
by the cell transformation efficiency. Unfortunately,
it is not an easy task to devise a selection method for
a given protein in most cases because the desired
enzyme function is often nonnatural and cannot be
coupled to the growth and survival of the host organ-
ism. Even when a selection is available, because of the
redundancy and complexity of genetic regulatory

networks, host organisms can often create solutions
that are not related to the targeted enzyme function.
Thus, extra care must be taken to ensure that the
positives are indeed the result of the mutations in
the targeted enzyme. It is often advised to combine
selection and screening if both methods are available.

A successful directed evolution experiment involves
two key components: creating genetic diversity and
developing a screening or selection method. In the past
several years, many experimental methods have been
developed to introduce genetic diversity into the target
gene, all of which can be grouped into two categories:
methods of random mutagenesis and methods of gene
recombination. As shown in Fig. 3, random mutagen-
esis starts from a single parent gene and introduces
new nucleotide substitutions randomly in the progeny
genes, or inserts or deletes one or more nucleotides at
random positions in the progeny genes. In contrast,
gene recombination usually starts from a pool of
mutants from a single gene or a pool of closely related
parental genes of different origin and creates blockwise
exchange of sequence information among the parent

K

— — ,  Fig. 3 The comparison between random

Nl
P

— mutagenesis methods and gene recombina-

tion methods. Random mutagenesis meth-

ods create a library of variants containing
point mutations or insertions/deletions

Selected Methods Selected Methods (represented by x) from a single parental
e Error-prone PCR DNA shuffling gene, whereas gene recombination methods
¢ Mutator strains StEP create a library of chimeric variants via

. Chem@cal mutagens . Family shuffling blockwise exchange of sequence informa-
. Combmatorlal cassette mutagenesis RACHITT tion among the parental genes. A few
* Recursive ensemble mutagenesis ITCHY representative methods that have been

* Scanning saturation mutagenesis

SHIPREC developed so far are listed.
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genes. Recombination in a genetic sense means the
breaking and rejoining of DNA fragments in new com-
binations. Both random mutagenesis and gene recom-
bination are important natural evolutionary processes.
A few of the most commonly used techniques for gen-
eration of diversity will be discussed below. For addi-
tional and more detailed discussions on various
evolutionary methods, interested readers are referred
to a recent review contributed by Zhao and Zha.['”

Error-prone PCR

Because of its simplicity and efficiency, error-prone
PCR is the most widely used random mutagenesis
method. It is essentially a variation of the standard
PCR with slightly modified reaction conditions. The
reaction buffer used for standard PCR contains an
equal molar amount of each dNTP and a certain
concentration of Mg®" (typically 1.5mM). Mg>" is
very important for the activity of Tag DNA polymer-
ase because it is directly involved in catalysis. During
the DNA amplification process in a standard PCR, the
chance of incorporating wrong nucleotides into the
progeny genes by the Tag DNA polymerase is very
low. However, this very small error rate can be drama-
tically increased by modifying the reaction buffer so as
to force the Tag DNA polymerase to incorporate more
incorrect nucleotides during amplification. These
changes include: 1) use of unbalanced concentrations
of dNTPs; 2) addition of MnCl, in addition to MgCly;
and 3) use of a high concentration of Mg”" (typically
7mM). Owing to the limitations on library sorting
imposed by screening or selection and the observation
that most of the mutations are deleterious and benefi-
cial mutations are rare, the mutation rate must be
tuned to the power of the sorting method. Thus, only
one or two amino acid substitutions are usually intro-
duced to the target protein to increase the possibility
of finding mutant proteins with the desired function.
Fortunately, it was found that the error rate of error-
prone PCR can be easily and precisely controlled by
the Mn>" concentration, which makes this method
even more appealing.'!! The main disadvantage of
error-prone PCR is that it can only access about six
amino acid substitutions at a given residue position
because of the degeneracy of the genetic code, thus
reducing the potential diversity significantly. More-
over, the mutations are not truly random. For exam-
ple, a common bias of error-prone PCR is the high
occurrence of AG substitutions.

DNA shuffling and family shuffling

The method of DNA shuffling, also known as
“sexual PCR,” 1is the first and most widely used
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gene recombination method, developed in 1994 by
Stemmer."'? As shown in Fig. 4, a pool of selected
closely related genes containing point mutations are
randomly digested with enzyme DNase I to obtain
small double-stranded DNA fragments (20-50 bp).
These DNA fragments are purified and reassembled
into a full-length gene in a PCR-like reaction (without
primers). Recombinogenic events occur when frag-
ments derived from different parental genes prime one
another. This reassembly mixture is then used as a tem-
plate for a standard PCR reaction with primers flank-
ing the gene of interest. The final amplified product
will consist of a library of full-length genes containing
recombined mutations from different parental genes.
It is noteworthy that these closely related genes are
often mutants derived from a single parental gene.
However, naturally occurring homologous genes
sharing relatively high sequence identity (>70%) can
also be recombined using DNA shuffling under modi-
fied reaction conditions, which is called “family
shuffling.”’!"! It has been demonstrated that family
shuffling can significantly accelerate the rate of func-
tional enzyme improvement in comparison with

l DNase | digestion

Repeated cycles of

denaturation,annealing
and extension

Fig. 4 DNA shuffling. For simplicity, only two homologous
genes are shown. These two double-stranded genes are mixed
in equal molar ratio followed by random fragmentation with
DNase I. These short fragments are reassembled into full-
length chimerical genes in a PCR-like process. The full-length
genes may be amplified by a standard PCR and subcloned to
an appropriate vector.



2472

DNA shuffling or error-prone PCR. The power of
family shuffling may arise from its ability to sparsely
sample a larger portion of sequence space that is func-
tionally rich because the parental genes have been
preselected in nature to be functional and useful.
Generally speaking, compared to error-prone PCR, the
main advantages of DNA shuffling or family shuffling
include its ability to rapidly accumulate beneficial muta-
tions and remove deleterious mutations, and its ability
to explore a larger portion of protein sequence space.

Nonhomologous DNA recombination

DNA shuffling or family shuffling relies on relatively
high levels of sequence identity (more than 70%) to
recombine genes in vitro. DNA shuffling also tends
to generate crossovers only in regions of the highest
sequence identity. In general, if the sequence identity
is less than 70%, most of the shuffled progeny genes
will be the same as parental genes. Given that many
proteins having similar three-dimensional structures
share low or no discernible sequence homology,
homology-dependent methods for recombining genes
may potentially limit the solutions to protein design
problems. In fact, many lines of evidence from rational
design and computational studies have indicated that
functional proteins can be obtained by recombining
genes with low sequence homology.'

Recently, several methods have been developed to
recombine nonhomologous genes. One of them is the
so-called sequence homology-independent protein
recombination (SHIPREC) method."*! As illustrated
in Fig. 5, two parental nonhomologous genes of similar
size are fused together through a DNA linker con-
taining multiple restriction sites. This dimer gene is
digested with DNase I to produce a pool of random-
length fragments. Fragments of a length corresponding
to either of the parental genes are isolated and treated
with nuclease S1 to form blunt ends. These blunt-ended
fragments will then be circularized by blunt-end
ligation, followed by linearization with restriction
digestion in the linker region to create a library of
chimerical genes. The chimerical genes are subse-
quently cloned into an appropriate expression vector
and transformed into a suitable host for further screen-
ing or selection. This method was used to recombine a
membrane-associated human cytochrome P450 (1A2)
and the heme domain of a soluble bacterial P450
(BM3), which resulted in variants of 1A2 enzymes that
are properly folded and more soluble in the bacterial
cytoplasm than the wild-type 1A2 enzymes.'¥ One
limitation of this method is that only two parental
genes are shuffled and there is only one crossover in
every chimerical gene.
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Library of single-cross hybrid mutant enzymes

Fig. 5 Schematic representation of the SHIPREC method.

Hybrid Approaches Combining Rational
Design and Directed Evolution

Although directed evolution is a powerful tool for
protein design, it is limited by the number of protein
variants that can be screened experimentally. As shown
in Table 1, for a protein of typical size (300 amino
acids), the library size of protein variants with each
variant containing three mutations is over 3 x10'°,
which is too large to be examined experimentally.
However, it is possible that even more simultaneous
mutations are needed in a protein to achieve novel
protein activity or drastic improvement of protein
functions. On the other hand, although rational
design has been used for more than two decades, our

Table 1 The potential mutant library size of a
protein with 300 amino acids

Mutations Potential library size®

1 5700

2 16, 190, 850

3 30, 557, 530, 900

4 43, 109, 036, 717, 175

5 48, 489, 044, 499, 478, 440

%The number of enzyme mutants can be calculated by the
simple algorithm N = 19 x 300!/[(300 — M)!M!] where
M is the number of simultaneous mutations in a protein.
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current understanding of protein structure and
function still cannot guarantee the success of rational
design approaches. Nonetheless, rational design may
enable large jumps in the fitness landscape and create
protein variants with novel but poor functions, which
can then be optimized by directed evolution (Fig. 6).
In particular, owing to their high speed, computational
techniques may be used to perform in silico screening
of protein variants with a library size of ~10%° or to
search vast regions of sequence space to identify the
protein sites for more efficient directed evolution.['>!%)
Thus, a hybrid approach combining the best of
rational design and directed evolution may represent
the most powerful approach for protein design.

One such hybrid approach has been recently used to
create TEM-1 B-lactamase mutants with increased
resistance to the antibiotic cefotaxime.'” This
approach involves a computational protein optimiza-
tion algorithm called protein design automation
(PDA) to reduce the sequence space by many orders
of magnitude followed by experimental screening of
these selected sequences. The algorithm starts with
the structure of a target protein, selects all or a speci-
fied set of residues responsible for a specific protein
function and predicts the optimal sequences consistent
with the proper fold. In this study, 19 residues near the
active site of TEM-1 B-lactamase were selected for
optimization, which corresponds to a theoretical
library of 20'° (~7 x 10**) sequences. After computa-
tional prescreen by PDA, this library was reduced
to 200,000 sequences, which were then constructed
and experimentally screened. In a single round, several
variants showing a 1280-fold increase in cefotaxime
resistance were obtained. These variants contained
multiple mutations that have not been discovered
before.

EXAMPLES

The applications of enzymes as biocatalysts for
industrial chemical processes are rapidly expanding.
Like chemical catalysts, the ideal biocatalysts are those
enzymes with high stability, activity, specificity, and/or
enantioselectivity under process conditions. Unfortu-
nately, naturally occurring enzymes are often deficient
in one or more of these important aspects, and
therefore cannot meet the stringent requirements of
process conditions. In addition, because not all the che-
mical reactions can be catalyzed by enzymes, owing to
either the use of unnatural substrates or the limitations
in the chemistry of catalysis, the creation of novel
enzyme functions is highly desired. Protein design
has been used to address these limitations with great
success. Some of these examples will be highlighted
below.
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Increasing Enzyme Activity and Stability

Both enzyme stability and activity are major concerns
in all biocatalytic processes. Poor enzyme stability
requires frequent replacement of catalysts while poor
enzyme activity requires the use of large amounts of
catalysts, both of them resulting in low productivity
and unfavorable process economics. Moreover, a high
reaction temperature is usually desired in a chemical
process because it can result in high reaction rates,
favorable equilibrium, and increased substrate solu-
bility, but it also requires high enzyme stability. As natu-
rally occurring enzymes have been evolved for specific
biological functions under biological conditions (i.e.,
aqueous solutions, neutral pH and mild temperatures
for most of the organisms), their intrinsic activity
and stability are often not high enough for practical
applications that may require enzymes to function at
extreme pHs, high temperatures, or in organic cosol-
vents. Thus, further improvement of enzyme activity
and stability may be required.

Many successful examples using rational design to
engineer enzyme stability or activity have been
reported. One of them is the above-mentioned redesign
of a T4 lysozyme with increased stability by engineer-
ing disulfide bonds into the protein.”’ Another notable
example is the design of a subtilisin BPN’ mutant con-
taining six site-directed mutations, which was 100-fold
more stable than the wild-type enzyme in an aqueous
environment and 50-fold more stable than the
wild-type in anhydrous dimethylformamide.l'”! Subtili-
sin enzymes have been used as additives in laundry
detergents for stain hydrolysis and solubilization,
and catalysts for the synthesis of peptides and enantio-
selective transformation of chiral alcohols, acids, and
amines.

Directed evolution is also very effective in engineering
enzyme stability and activity. Unlike rational design,
which tends to improve one enzyme property at a time
(in fact, attempts to rationally alter one enzyme prop-
erty often disrupt other existing important characteris-
tics), directed evolution may improve multiple enzyme
properties simultaneously. For example, five rounds of
directed evolution consisting of alternate cycles of
error-prone PCR and in vitro gene recombination
coupled with screening led to the isolation of a highly
stable and active subtilisin E mutant.!'"! This mutant
contained eight thermo-stabilizing mutations, which
were located all over the protein structure. It showed
a >200-fold longer thermal inactivation half-life at
65°C, an 18°C higher temperature optima, and a
>5-fold higher activity than the wild-type enzyme.
Another impressive example is the simultancous
improvement of four distinct enzyme properties of sub-
tilisin, including thermostability, activity in organic
solvents, activity at pH 10, and activity at pH 5.5 by
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Fig. 6 Schematic representation of hybrid
approaches combining rational design and
directed evolution. Rational design may allow
a large jump in sequence space from high fit-
ness for function A to a low fitness for novel
function B. The low fitness for function

Sequence space

directed evolution.'® Family shuffling was used to
recombine 26 homologous subtilisin genes to create a
library of chimerical subtilisin genes. Out of 654 active
subtilisins, a few mutants showed significant improve-
ment over any of the parental enzymes for each
individual enzyme property.

Changing Substrate Specificity

Natural enzymes are optimized for their intended
substrates, and often cannot accept nonnatural sub-
strates that are required for a desired chemical process.
In the past two decades, both rational design and
directed evolution have been successfully used to alter
substrate specificity of a large number of common
classes of enzymes such as oxidoreductases, hydrolases,
and transferases. One exemplary enzyme of particular
interest is aspartate aminotransferase which catalyzes
the interconversion of aspartate with its corres-
ponding a-keto acid using pyridoxal phosphate as a
cofactor. E. coli aspartate aminotransferase shares
43% sequence identity with E. coli tyrosine amino-
transferase. Onuffer and Kirsch !'”! used homology
modeling to build a structural model of E. coli tyrosine
aminotransferase based on the solved crystal structure
of E. coli aspartate aminotransferase.l'” Structural
comparison of the active sites of these two enzymes
revealed six different positions between them. Muta-
genesis of all six residues in aspartate aminotransferase
by site-directed mutagenesis of those found in tyrosine
aminotransferase successfully altered the substrate spe-
cificity of aspartate aminotransferase. The reactivity of
the aspartate aminotransferase with phenylalanine was
increased by over three orders of magnitude without
sacrificing the high transamination activity with aspar-
tate observed for both enzymes. In another case, direc-
ted evolution was used to convert E. coli aspartate

B might be readily optimized by directed
evolution.

aminotransferase into a valine aminotransferase.””

A mutant enzyme with 17 amino acid substitutions
was generated that shows a 2.1 x 10°fold increase
in the catalytic efficiency for a nonnative substrate,
valine. The crystal structure of the mutant enzyme
indicated a remodeled active site and altered subunit
interface caused by the cumulative effects of muta-
tions. Most amazingly, only one of the mutations
directly contacts the substrate, which underscores our
limited understanding of enzyme substrate specificity.
These mutations would be difficult, if not impossible,
to be identified and introduced to the mutant enzyme
by a rational design approach.

Improving Enantioselectivity

The production of enantiomerically pure compounds is
of great importance to the chemical and pharma-
ceutical industries. Enzymes are chiral catalysts by
nature and they have incredible potential for creating
enantiomerically pure products. However, many
existing natural enzymes show low degrees of enantios-
electivity, which requires further improvement by
protein design.

Because the molecular basis of enantioselectivity is
poorly understood, directed evolution seems to be an
excellent choice for engineering enantioselective bio-
catalysts. Several impressive examples have been docu-
mented. In a classical study, Reetz and coworkers?!]
used error-prone PCR coupled with a 96-well plate
based colorimetric screening method to increase the
enantioselectivity of a Pseudomonas aeruginosa lipase
toward 2-methyldecanoate.*!! After several rounds of
directed evolution, the enantioselectivity of the lipase
increased from E = 1.04 (2% enantiomeric excess) to
E = 25 (90-93% enantiomeric excess, ee) (E is the
enantioselectivity factor). Using a similar approach,
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Arnold and coworkers even inverted the enantio-
selectivity of hydantoinase from p-selectivity (40% ee)
to moderate L-preference (20% ee at 30% conver-
siton).*?! This evolved mutant is now being evaluated
in an industrial chemical process at Degussa.

With the increasing knowledge of the molecular
basis of enzyme enantioselectivity, rational design has
also achieved some success. In one case, Rotticci et al.
used molecular modeling to study the different binding
modes for alcohol enantiomers in the active site of
Candida antarctica lipase B and proposed a model
for its enantioselectivity.**! Site-directed mutagenesis
was used to alter the active site residues causing
unfavorable interactions between the substrate and
the enzyme. A single mutation, Ser47Ala, resulted in
improvement of the lipase-catalyzed resolution of
l-chloro-2-octanol from E = 14 to E = 28. In
another case, van Den Heuvel, Fraaije, and Van
Berkel® studied the crystal structure of vanillyl-alco-
hol oxidase and identified a few important residues
within the active site that might contribute to the
(R)-selective formation of (R)-1-(4'-hydroxyphenyl)
ethanol from 4-ethylphenol. A double mutant was
constructed by site-directed mutagenesis, which shows
inverted enantioselectivity [(S)-selective with 80% ee].

Creating de novo Catalytic Activity

Although natural enzymes can catalyze numerous
chemical transformations such as oxidation, reduction,
hydrolytic reactions, and carbon—carbon bond forma-
tion reactions, enzymes with novel catalytic activities
are still needed for the application of enzymes in many
industrial biocatalytic processes. The ultimate goal of
protein design is to design de novo catalytic activity
such that a biocatalyst can be readily obtained for
any given chemical transformation. While most protein
design so far has really been protein redesign in which
the existing protein functions have been adapted under
different regimes, a few successful attempts have been
made toward this ultimate goal.

An impressive example is the creation of novel
enzyme substrate specificity and activity by the DNA
shuffling of two highly homologous triazine hydro-
lases, AtzA and TriA.*> These two enzymes catalyze
the dechlorination and deamination reaction of
atrazine and aminoatrazine, respectively. Although
they share limited overlap in substrate preference, they
only differ by 9 out of 475 amino acids. After one
round of DNA shuffling, several variants were found
to hydrolyze substrates that were not substrates for
either of the parental enzymes.

Another impressive example is the directed evolu-
tion of novel ampicillin-resistant activity from a
functionally unrelated DNA fragment.* A DNA
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fragment from the genomic DNA library of Pyrococcus
furiosus was shown to confer very low ampicillin
resistance activity (B-lactamase activity) on E. coli,
while P. furiosus itself does not have any B-lactamase
activity. This ampicillin resistance activity was signifi-
cantly enhanced after 50 rounds of DNA shuffling
and screening at increasing ampicillin concentrations.
The evolved DNA fragments also confer resistance to
other drugs that inhibit bacterial cell-wall synthesis.

By taking advantage of the ever-increasing comput-
ing power, various computational techniques have
been attempted to create de novo protein activity. A
particularly impressive example is the creation of
catalytic activity in a binding (catalytically inert)
protein.?” Mainly owing to its favorable protein expres-
sion properties and thermodynamic stability, rather
than any structural similarity to a natural enzyme,
E. coli thioredoxin was used as a protein scaffold to
create enzyme activity concerning histidine-mediated
nucleophilic hydrolysis of p-nitrophenyl acetate. The
design strategy is based on the physical and chemical
principles governing protein stability and catalytic
mechanism. A protein design software ORBIT was
used to perform an active site scan and identified two
promising catalytic positions and the surrounding
active-site mutations required for substrate binding.
Two candidate mutants were constructed by site-
directed mutagenesis and both of them showed cataly-
tic activity significantly above the background.
Although they are not particularly impressive cata-
lysts, such mutants should be adequate starting points
for directed evolution.

CONCLUSIONS

Protein design or engineering is a rapidly growing field
of academic research and industrial practice. Its goals
include not only addressing fundamental relationships
among protein folding, structure, function, and
dynamics, but also designing proteins with desired
features for applications in pharmaceutical, chemical,
agricultural, and food industries. Of particular interest
to chemical processing is the application of protein
engineering tools to the development of enzyme bioca-
talysts. Two distinct and yet complementary protein
design approaches, rational design and directed
evolution, have been successfully developed to engineer
biocatalysts with altered or novel stability, activity,
substrate specificity, selectivity, cofactor specificity,
reaction chemistry, and pH optima. Recently, a third
approach combining the best of rational design and
directed evolution has also shown great promise in
protein engineering, which will attract increasing
attention in the near future. With recent advances in
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structural genomics and proteomics, and the development
of miniaturized and automated high throughput
screening technologies, protein engineers will be
equipped with more powerful tools to tackle the ever-
challenging protein design problems, which will
certainly accelerate the widespread adoption of
biocatalysts in chemical processing.
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