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Abstract

In the past two decades, protein engineering has advanced significantly with the emergence
of new chemical and genetic approaches. Modification and recombination of existing pro-
teins not only produced novel enzymes used commercially and in research laboratories,

but furthermore, they revealed the mechanisms of protein function. In this chapter, we will
describe the applications and significance of current protein engineering approaches.

Introduction
The ultimate goal of protein engineering is to create proteins that are perfectly suited to

particular biological applications. Proteins, polymers consisting of 20 distinct amino acids,
play a pivotal role in many biological activities such as catalysis, signal transduction, structural
reinforcement and cell motility, to name a few. The diversity in the choice of amino acids and
total length of proteins (ranging from tens to thousands of amino acids) allows for a tremen-
dous combinatorial sequence space. Through evolutionary pressure over time, organisms have
found specific sequences of amino acids that fold into unique molecular structures that deter-
mine their biochemical functions. The molecular structures of over thirty thousand proteins
have been solved and this number continues to grow steadily alongside new initiatives in struc-
tural proteomics. Nevertheless, the total number of distinct proteins found in nature represents
only a small fraction of the possible polypeptides that could be permutated with the 20 amino
acids. By exploring the combinatorial sequence space around these natural proteins, many
current approaches in protein engineering can create novel proteins with desirable properties.
In this chapter, we will discuss these approaches and their diverse biological applications.

Random Mutagenesis
Random mutagenesis is the process of introducing random point mutations to generate a

diverse gene library for screening desired protein properties. It has been successfully used to
identify key residues in proteins as well as to improve or alter protein activities.1-12 Random
mutagenesis samples the local sequence space of the starting protein (Fig. 1A). As a result, the
properties of the mutants will not diverge far from their parents. If the mutation rate is too low,
the diversity in the resulting library may be insufficient, as quite often, biological advantages
are conferred from multiple cooccurring mutations. On the other hand, if the mutation rate is
too high, potentially advantageous mutations may be silenced by mutations that destroy the
protein function altogether. Thus, the rate of mutation is a very important parameter to study
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Bio-Applications of Nanoparticles2

Figure 1. Sequence space representations of different protein engineering approaches. The solid
black dots represent the locations of parent genes; the grey dots, mutants. Distance between the
dots represents extent of divergence between their corresponding sequences. (A) Random mu-
tagenesis samples the sequence space isotropically to generate a library of mutants with a
Gaussian distribution centred at the parent gene. (B) Site-directed mutagenesis samples small and
predefined regions close to the parent gene. (C) DNA recombination on mutagenesis libraries
results in a larger divergence of mutants around the parent gene than compared to random
mutagenesis alone. (D) DNA recombination of three distinct genes results in even greater se-
quence space coverage by including the sequence space between regions. (E) Directed evolution
can reach far from parent gene by following the path of generations of improved sequences.
Starting from the parent gene at G0 (Generation 0), mutagenesis and recombination is used to
generate a library of mutants. The mutant with the most improved properties is selected as the
parent gene for the next generation - G1. This process is repeated for subsequent generations until
the desired improvement of enzymatic properties is achieved. (F) Introduction of noncanonical
amino acids adds new dimensions to the existing sequence space. The horizontal plane shows
the canonical sequence space, where the vertical axis illustrates the new dimension created by
noncanonical amino acids.
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3Current Approaches for Engineering Proteins with Diverse Biological Properties

and fine tune in mutagenesis experiments. In this section, we summarize three commonly used
techniques in random mutagenesis: error-prone polymerase chain reaction (PCR), bacteria
mutator strains and chemical mutagens.

Error-prone PCR is an in vitro technique to increase the DNA copy error rate by altering
the PCR conditions. For example, high Mg2+ concentration stabilizes base-pair mismatch, the
addition of Mn2+ reduces base-pair specificity, imbalanced nucleotides (dNTP) enhance the
mismatching probability during PCR and a higher concentration of Taq DNA polymerase
encourages elongation of mistakenly primed termini. Statistics show that under normal condi-
tions, PCR reactions using Taq DNA polymerase has an error rate of ~0.01%, while under the
error-prone PCR conditions, the error rate increases to ~1%. Of the total mutations, 90% are
nucleotide substitutions and of these mutations, ~30% are silent and ~70% result in amino
acid substitutions. The remaining 10% of mutations are insertions or deletions, which usually
result in frame shifts and subsequently, incorrect gene expressions. Multiple cycles of error-prone
PCR can further control the amount of mutations introduced to the template. This technique
has recently helped identify key residues in the M3 muscarinic acetylcholine receptor, epider-
mal growth factor receptor (EGFR) and Saccharomyces cerevisiae Hal3 salt tolerance regula-
tor.1,2,4 From the engineering/design aspect, PCR random mutagenesis has been used to im-
prove enzymatic properties of subtilisins E, Thermus aquaticus amylomaltase, cyclodextrin
glucanotransferase and Rhizopus niveus lipase.5-8

Random mutations can also be introduced in vivo by mutator bacteria strains such as
mutD5-FIT and XL1-Red (Stratagene).13,14 These Escherichia coli strains have mutations in
genes (such as the mutD, mutS, mutL, mutH and mutT) found in the DNA repair pathway
which increase the rate of mutation to over a thousand fold higher than the wild type strain.15,16

It is estimated that the error rate after 30 cell generations is ~0.05%. The advantage of this
technique is in its simplicity - transform and harvest. Although the mutation rate is not as high
as error-prone PCR, it is proven sufficient to generate diversity in many studies.3,9,17-19 Ran-
dom mutagenesis with mutator strains was used to identify the essential residues responsible
for the function of Erm(B) rRNA methyltransferase.3 A 5-fold improvement of enzymatic
activity using this technique was demonstrated for polyhydroxyalkanoate (PHA) synthase.9 In
another example, mutator strains also helped alter protein properties as seen in the conversion
of oxidosqualene-cycloartenol synthase specificity to that of oxidosqualene-lanosterol cyclase.12

A third way to introduce random mutations in DNA is by chemical mutagens. One class of
chemical mutagens are DNA base analogs such as 5-bromo-deoxyuridine (5BU), which exist
in two tautomeric forms, mimicking cytosine (C) and thymine (T). Therefore, when mutagens
in this class are introduced to the cells during DNA replication, the mutagens are likely to be
incorporated into the DNA, causing mutations to occur. Another class of mutagens are alkylators
such as ethyl methane sulfonate (EMS), which reacts with certain bases on the DNA. Other
mutagens such as sodium bisulphite converts cytosine to uracil, achieving substitution directly
on the target DNA.20

Site-Directed Mutagenesis
Site-directed mutagenesis allows the introduction of a mutation to a specific location on a

gene. It is commonly used for studying the effects of individual point mutations and designing
novel proteins with key mutations (Fig. 1B). There are in vivo and in vitro site-directed mu-
tagenesis techniques and among them, two common techniques will be summarized here:
oligonucleotide mismatch mutagenesis and PCR based mutagenesis.21-23 The in vivo oligo-
nucleotide mismatch mutagenesis was originally proposed by Michael Smith in 1979, who
later won the Nobel Prize in 1993. This technique incorporates a point mutation to an oligo-
nucleotide whose sequence is otherwise complementary to the region of mutation on the gene
of interest. This oligonucleotide is then annealed to the gene of interest and the full-length
plasmid DNA is synthesized with mismatching double strands at the point of mutation. Then,
cells are transformed with this plasmid DNA, which replicate the mismatching gene into two
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Bio-Applications of Nanoparticles4

species of proteins - one containing the mutation and the other retaining the natural form (Fig.
2). Site-directed mutagenesis can also be performed in vitro by PCR. Primers with desired
point mutations first amplify regions of the parental DNA on both sides of the mutation site,
which creates two portions of the parental DNA with overlapping regions (Fig. 3). Then a
PCR is performed using the mixture of the two overlapping portions to create the full length
DNA, which now contains the point mutation.

Site-directed mutagenesis studies provide valuable information on the structure-function
relationship of a protein as shown in numerous recent examples.24-29 In addition to learning
about proteins, site-directed mutagenesis is applied to the rational design of proteins based on
the knowledge of structure-function relationships. For example, improvements on catalytic
activities were shown in the Aspergillus niger NRRL 3135 phytase and Bacillus protease by
targeted mutations of residues in the catalytic sites revealed by their molecular structures.30,31

Alteration of enzymatic properties has been demonstrated in the 150-fold change of relative
substrate specificity of the oncoprotein v-Fps by mutating the recognition element at the argi-
nine residue at position 1130 (Arg1130).32 Similarly, the excitation and emission spectra of
green fluorescent protein (GFP) was red-shifted by replacing the Thr203 with Tyr or His to
promote aromatic interactions with the fluorophore.33

Non-Canonical Amino Acid Substitution
The introduction of noncanonical amino acids provides a new perspective to engineering

proteins by expanding the combinatorial sequence space (Fig. 1F). Most natural organisms can
only synthesize and incorporate the 20 canonical amino acids as the building blocks for their
proteins. By substituting noncanonical amino acids for natural residues, we overcome this
limitation. In general, there are two types of noncanonical amino acid substitutions:
residue-specific and site-specific. In residue-specific substitution, a specific type of amino acid
is replaced by a noncanonical one. For instance, the replacement of tryptophan in the barstar

Figure 2. Oligonucleotide mismatch mutagenesis. The cross “×” donates a point mutation on a
primer or strand of DNA.
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5Current Approaches for Engineering Proteins with Diverse Biological Properties

protein by a noncanonical pH sensitive aminotryptophan created a pH sensor.34 In site-specific
substitution, the amino acid at a particular location is replaced by a noncanonical amino acid.
Similar to site directed mutagenesis, this facilitates protein engineering based on structure-
function relationships. The challenge of noncanonical amino acid substitution lies in the syn-
thesis of the modified proteins. Measures must be taken when synthesizing proteins with
noncanonical residues in vivo to ensure the proteins of the expression host do not acquire the
noncanonical amino acids, which could be fatal to the host cell. Furthermore, in site-specific
substitution, one must also ensure that only specific amino acids on the protein are targeted.

Common approaches in residue-specific substitution rely on gene expression in an aux-
otroph grown in a media containing the noncanonical amino acid.35 Auxotrophic bacteria lack
the ability to synthesize a certain amino acid, hence relying on the supply of that amino acid in
the growth media. To maximize expression of target protein with noncanonical amino acids,
auxotroph bacteria are first grown in media with the natural amino acids. During this stage, the
expression of the target protein is strongly repressed to minimize its expression with natural
amino acids. After the cell density threshold is reached, the expression of the target protein is

Figure 3. PCR-based site-directed mutagenesis. The cross “×” donates a point mutation a primer
or strand of DNA.
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Bio-Applications of Nanoparticles6

induced in a new growth media containing the noncanonical amino acids. Using this tech-
nique, noncanonical amino acids were incorporated into enhanced cyan fluorescent protein
(ECFP) to produce “gold” fluorescent protein (GdFP) that had an emission spectrum red-shifted
by 69 nm.36 The noncanonical protein expression level can be further improved by
over-expressing the corresponding aminoacyl-tRNA synthase (aaRS) to the replaced natural
amino acid. The 20 aaRS, one for each type of amino acid, create tRNA amino acid complexes
between particular amino acids and tRNAs according to the genetic code. Since the rate at
which aaRS incorporates noncanonical amino acids is over a thousand-fold less than that for
natural amino acids, over-expression of the particular aaRS would produce more tRNA amino
acid complexes and hence allow the cell to incorporate noncanonical amino acids in target
proteins more efficiently.

There are other techniques for incorporating noncanonical amino acids to target proteins
including modifications to aaRS that favor recognition of noncanonical amino acids and inac-
curate hydrolytic editing.37 Alternatively, heterologous aaRS and tRNA from other organisms
that have different codon usage can be introduced into the host organism.38 Hence, the codon
degeneracy is broken as long as the noncanonical amino acids and tRNA do not interfere with
the tRNA synthesis pathway of the host. This technique allows for a codon-specific substitu-
tion. Global noncanonical amino acid substitution can also be achieved by in vitro
post-translational chemical modifications.39

To achieve site-specific substitution of a noncanonical amino acid, one approach is by breaking
the codon degeneracy using 4-base or 5-base codons to code for the noncanonical amino acid
through in vitro protein synthesis.40-44 The specificity and efficiency is increased by using these
4- and 5-base codon systems. One example is the incorporation of a fluorescent noncanonical
amino acid to a specific site of streptavidin by 4-base codons.40,41 The fluorescence of the
incorporated amino acid is highly sensitive to the binding of biotin, which can be used for low
concentration detection. In another example, the Tyr66 of GFP was mutated to 18 distinct
noncanonical aromatic amino acids by the 4-base CCCG codon tRNA, resulting in two
blue-shifted mutants.43

DNA Recombination
Novel protein characteristics can be created by swapping the regions of one gene with an-

other in a process called DNA recombination. This process samples a larger sequence space
compared to mutagenesis alone (Fig. 1D). In many cases, mutagenesis and recombination are
used together to create gene libraries with even greater diversity. It can enhance or alter protein
activities by preserving advantageous mutations while removing disadvantageous ones.45,46 Here,
we discuss two DNA recombination techniques: DNA shuffling and the staggered extension
process.

In 1994, William Stemmer introduced the DNA shuffling technique to create a chimera of
β-lactamase with a 32,000-fold increase in tolerance to its inhibitor.47,48 In DNA shuffling, a
library of homologous genes is first randomly digested by DNase I (Fig. 4). Then, DNA frag-
ments with sizes from 10 to 50 base pairs are isolated. PCR amplification of the gene library
with these isolated fragments as primers will produce many PCR products from different ho-
mologous templates. For this step to be effective there must be significant homology (> 70%)
in the gene library. Next, an additional PCR step is performed to extract the desired genes
using primers that define the start and end of a full-length gene. Finally, these PCR products
are inserted into vectors, expressed and screened for desired properties. Using 3 cycles of DNA
shuffling on a GFP mutant library, a combination of three mutations were discovered that
improved folding properties and increased fluorescence intensity by 45-fold.49 A family of
serum paraoxonases were recombined and screened to create a variant with 40-fold higher
enzymatic activity and over 2000-fold specificity.50 Applying DNA shuffling to eight cefE
homologous genes in combination with directed evolution created chimeras with 118-fold
increased activity.51 In another example, Lipase B protein homologs from three organisms were
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7Current Approaches for Engineering Proteins with Diverse Biological Properties

subjected to DNA shuffling, resulting in a chimera with improved stability and a 20-fold higher
hydrolysis activity towards diethyl 3-(3',4'-dichlorophenyl)glutarate.52

In 1998, Zhao and colleagues proposed another in vitro recombination technique called
the staggered extension process (StEP).53 The recombination was achieved in one PCR reac-
tion with optimized conditions. Similar to DNA shuffling, a library of homologous genes is
used as the template. The annealing and extension steps in each PCR cycle are replaced by an
extremely short annealing step (~1s) (Fig. 5). This short annealing step amplifies only a frac-
tion of the template. Since a mixture of templates is used, the partly extended primer will
randomly anneal to a different template in the next thermal cycle. Consequently, the primers
are extended to full length by fragments from each of the homologous genes. Next, these
fragments are inserted into the expression vector and screened. StEP was used to recombine the
aroA gene from Salmonella typhimurium and Escherichia coli, creating 4 chimeras with a 2 to 10
fold increase in activity.54 In another study, by combining random mutagenesis and StEP, the
1,6 regioselectivity of AgaB gene from Bacillus stearothermophilus was removed and 1,3
regioselectivity was retained.55

Directed Evolution
DNA mutagenesis and recombination alone are often insufficient to yield desired enzy-

matic properties because the sequence space is sampled around the parent genes. However, the
coding sequence of the desired enzymes may be significantly divergent from the parent.

Figure 4. DNA shuffling. There are three homologous parental genes identified by their distinct
shades. The white dots labelled on each gene fragments represent their relative order to the
parental gene, which is preserved after reassembly from the self-PCR process. Only the full length
reassembled genes can be amplified using primers that specify the two ends of the gene.
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Bio-Applications of Nanoparticles8

Directed evolution creates a path in the sequence space to guide mutagenesis and recombina-
tion (Fig. 1E). There are four essential steps involved in directed evolution (Fig. 6). First, a large
and diverse gene library is generated by mutagenesis or recombination from parent genes.
Second, the library of genes is expressed by cells or phages. Third, cells exhibiting more desired
properties are selected through either a manual process of choosing colonies from agar plates or
an automated process such as flow cytometry. Note here that it is important to devise an evolu-
tionary pressure in the selection process that is strong enough to reduce the selection cycles, yet
sensitive enough to discriminate between proteins with small differences in properties. Lastly,
the genes from the selected cells are amplified and extracted before they are used as parents in

Figure 5. Staggered Extension Process (StEP). There are three double-stranded homologous
parental genes that are distinguished by their shade and used as PCR templates. In the first PCR
cycle, the primer anneals to the single-stranded parental template after melting. Following
annealing, the extension time of the PCR reaction is short enough to allow only partial extension
of the primer on the parental gene. The same process is repeated in subsequent cycles until the
extended primer reaches full length as the parental genes.

Chan(Truong) 9/25/06, 11:45 AM8
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9Current Approaches for Engineering Proteins with Diverse Biological Properties

the next cycle. Several cycles of this process may be necessary to generate proteins with signifi-
cantly enhanced properties.

Directed evolution has been successfully applied to enhance or create enzymatic activity,
cellular pathways, molecular switches and fluorescence properties. Recently, directed evolution
has been used to enhance enzymatic activity and thermal stability.56-63 In other examples, di-
rected evolution was applied to alter properties of proteins involved in cellular pathways. For
instance, modified proteins were introduced into cells to create cellular pathways that form
disulfide bonds; in another case, proteins in the carotenoid biosynthetic pathways were altered
to create new carotenoid products.64,65 Molecular switches were also created by evolving the
hybrid of maltose binding protein and β-lactamase.66-68 After applying mutagenesis and 3
generations of directed evolution to the EcoRV restriction endonuclease, a variant was created
with altered DNA substrate specificity.11 Recently, a superfolder GFP was created with a 50-fold
brighter fluorescence and a higher tolerance to circular permutation and chemical denatur-
ants.45 This superfolder GFP was created by screening for brighter GFP mutants that were
fused with a poorly folded peptide, which effectively targeted the folding properties of GFP.

Fusion Proteins
Fusion proteins are created by joining two or more proteins at their N- and C- termini (Fig.

7A), thereby forming a single protein with the combined functions of the components. By

Figure 6. Directed evolution. The cross “×” donates a point mutation; a grey dot, colony on a
culture plate. The first generation of genes contains the parental gene and/or its homologs as
identified by distinct shades. Then, mutants are created, expressed, selected and amplified for
subsequent generations.
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Bio-Applications of Nanoparticles10

exploiting the intramolecular interactions among components, fusion proteins can create
biosensors and molecular switches. As genetic engineering of fusion proteins can be tedious, a
fluorescent cassette technique was introduced to make fusion proteins more efficiently.69

Fluorescent protein biosensors represent a major class of fusion protein applications. For
example, the N- or C-terminal fusion of a fluorescent protein (FP) to a target protein (Fig. 7B)
allows tracking of the target protein’s expression, localization and movement inside cells. By
fusing a sensor protein to the middle of a FP gene, researchers have created split-FP biosensors
whose fluorescence is modulated by stimulus-induced conformational change of the sensor
protein (Fig. 7C). For example, when maltose is bound, the adjacent N- and C-terminal of
maltose binding protein (MBP) allows two halves of FP to fold together, hence fluorescence
increases; when maltose is released, the large conformational change of MBP separates the two
halves of FP and decreases fluorescence.70 Another class of biosensors is based on the principle
of fluorescence resonance energy transfer (FRET) where the distance and orientation between
a donor and an acceptor FP governs their fluorescence emission spectral properties. Typically,
the donor and acceptor FP are fused to the N- and C-termini of a sensor protein that responds
to a biological event with a large protein conformational change. This conformational change
alters the relative position between the donor and acceptor FP and hence a change in FRET
efficiency is correlated to the biological event (Figs. 7D, E). FRET biosensors based on the
intrinsic conformational change of the sensor proteins have been demonstrated using IP3 re-
ceptors, cGMP-dependent protein kinase I, MBP and bacterial periplasmic binding proteins
(Fig.7D).71-74 Alternatively, conformational change caused by the conditional binding of a
protein to its peptidal substrate can also induce FRET efficiency changes (Fig. 7E). A classic
example is the Ca2+ biosensor. Calmodulin and its Ca2+-dependent binding peptide M13 are
fused and sandwiched between cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP). When Ca2+ increases, the binding of calmodulin to M13 shortens the distance between
CFP and YFP and hence FRET efficiency increases.75-77 Using similar concepts, FRET biosensors
have also been created to detect protein kinase activities.78-81

Protein fusion was also used to create molecular switches. Since the function of a protein is
closely related to its conformation, the simplest approach to engineer a protein switch is by an
allosteric effect (Fig. 7F). This can be achieved by fusing an effector protein with a sensor
protein. For example, circularly permutated β-lactamase (BLA) was inserted into specific loca-
tions in MBP such that the enzymatic site of BLA is distorted by the conformational change of
MBP upon the release of maltose, resulting in the loss of BLA activity.66-68

One drawback of fusion proteins is that the functions of proteins are not always preserved.
Fusing proteins together may cause one or more of the fusion partners to fold improperly. It
has been experimentally observed that well folded proteins make the fusion protein fold better,
whereas poorly folded proteins could destabilize the entire fusion. Steric restrictions between
fusion partners may also cause the loss of function. In addition, fusion proteins are more prone
to aggregate due to their large size and flexibility, destroying their activities as well. Besides the
limited guidelines provided by semi-rationally studying the protein structure of each fusion
partner, fusion protein engineering is still a trial-and-error process.

Circular Permutation
Circular permutation of a protein creates new N- and C- termini at nonnatural locations on

the protein by fusing together the natural N- and C- termini (Fig. 8A). This can be achieved
easily by fusing two copies of the target gene in tandem and then amplifying at specific circular
permutation locations by PCR (Fig. 8B).82 Circular permutation has been used to study the
biochemical properties of proteins such as folding and functional elements. In one example,
dihydrofolate reductase was circularly permutated systematically to break its backbone at each
amino acid and the resulting variants were tested for functionalities. The correlation between
the circular permutation location and the activity of the variant helped to determine the re-
gions crucial for folding and function.83,84 In addition to identifying critical regions of a
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11Current Approaches for Engineering Proteins with Diverse Biological Properties

protein, circular permutation was used to engineer proteins with enhanced properties.
The catalytic activity of Candida antarctica Lipase B was improved in its circularly permutated
variants due to better active site accessibility and backbone flexibilities.85 In another example,
circular permutation of yellow fluorescent protein improved the dynamic range of FRET Ca2+

biosensor because it changes the orientation factor between the donor and acceptor fluorescent
proteins.86

Figure 7. Fusion protein and application mechanisms. The grey cylinder represents CFP, while
the white, YFP. Arrows entering the cylinder represent excitation light, while arrows leaving the
cylinder represent emission light. (A) The concept of a fusion protein. (B) FP tagged fusion protein.
(C) Split-FP biosensor modulates fluorescence by the conformational change of the sensor pro-
tein. (D) FRET of the biosensor is increased by the conformational change of the sensor protein
that brings the FRET pairs together. (E) FRET of the biosensor is created when the sensor binds to
the substrate and vice versa. (F) An example of the protein switching mechanism. The white and
black boxes are the substrate and converted substrate of the effector enzyme. Stimulation changes
the conformation of the sensor protein, which alters the enzymatic site of the effector enzyme
that allows enzymatic activities to be carried out and hence turns it “on”.
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Conclusions and Perspectives
Nature tinkers with new protein designs by random processes that alter genomic DNA such

as mutations, insertions, deletions, inversions, gene fusions and translocations. Then through
natural selection arising from environmental conditions, the best protein designs are discov-
ered. These natural evolutionary mechanisms have inspired the techniques discussed in this
chapter. Random mutagenesis and DNA recombination can create random gene libraries that
can then be screened through successive generations by directed evolutionary techniques for
incrementally better designs. Protein fusion, another natural evolutionary mechanism, can com-
bine functions from two different proteins. Furthermore, by hijacking the natural processes for
protein translation, we can expand protein design by introducing noncanonical amino acids.
Finally, with a strong understanding of protein structure-function relationships, site directed
mutagenesis provides the most direct route to protein design.

These techniques, however, are restricted by the starting templates - the natural proteins.
This limits the functions of engineered proteins to those similar to natural proteins. In order to
engineer proteins with truly novel structures and customized functions, we need to be able to
predict the structure and function of a protein from its primary structure. This requires over-
coming two major hurdles in understanding: first, how proteins fold into unique
three-dimensional structures and second, how structure determines biochemical function. As a
deeper insight is gained into sequence-structure-function relationships, rational protein design
will become more feasible. Looking ahead, protein engineering will play increasingly
important roles in making new molecular tools, in designing better industrial enzymes, in
producing biomaterials with novel properties and in rewiring cellular pathways related to hu-
man diseases.

Figure 8. Circular permutation. A) Four possible circular permutations from the original protein.
N1-4 and C1-4 are the newly created termini. B) A technique to generate circular permutations
of a gene. Each pair of primers with the same shade will be used in a PCR reaction to create
circular permutation at that location.
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