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The Diversity Challenge in Directed Protein Evolution
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Abstract: Over the past decade, we have witnessed a bloom in the field of evolutive protein engineering which is fueled
by advances in molecular biology techniques and high-throughput screening technology. Directed protein evolution is a
powerful algorithm using iterative cycles of random mutagenesis and screening for tailoring protein properties to our
needs in industrial applications and for elucidating proteins’ structure function relationships.

This review summarizes, categorizes and discusses advantages and disadvantages of random mutagenesis methods used
for generating genetic diversity. These random mutagenesis methods have been classified into four main categories
depending on the method employed for nucleotide substitutions: enzyme based methods (Category I), synthetic chemistry
based methods (Category 1), whole cell methods (Category III) and combined methods (Category I-1I, I-III and II-III).
The basic principle of each method is discussed and varied mutagenic conditions are summarized in Tables and compared
(benchmarked) to each other in terms of: mutational bias, controllable mutation frequency, ability to generate consecutive
nucleotide substitutions and subset diversity, dependency on gene length, technical simplicity/robustness and cost-
effectiveness. The latter comparison shows how highly-biased and limited current diversity creating methods are. Based
on these limitations, strategies for generating diverse mutant libraries are proposed and discussed (RaMuS-Flowchart;
KISS principle).

We hope that this review provides, especially for researchers just entering the field of directed evolution, a guide for
developing successful directed evolution strategies by selecting complementary methods for generating diverse mutant

libraries.
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INTRODUCTION

Directed protein evolution represents the most versatile
method for tailoring protein properties to the needs in
industrial applications and to elucidate structure-function
relationships. Inspired by an experiment from Spiegelman
and coworkers [1] who introduced the concept of “evolution
in a test tube”, we have seen a blossom of the evolutive
protein engineering field [2-4]. Success stories include the
field of biotransformations for chemical syntheses [5-7],
biosensors [8], bioremediation [9], vaccines [10], therapeutic
proteins [11], protein structure-function relationships [12]
and many others. Progress has been fueled by rapid
advancements in molecular biology techniques as well as
high-throughput screening technology.

Today, the field of protein engineering by directed
evolution is confronted with two fundamental challenges: a)
the diversity challenge: how to create unbiased diversity and
how to scan through a statistically meaningful fraction of the
generated sequence space, and b) the recombination
challenge: how to shuffle DNA with sequence identity below
60 %. State of the art DNA recombination methods are
capable of combining two parental genes with 1-3 crossovers
per hybrid gene [13-16]. Recombination methods [11,17]
and advances in screening technologies [18-20] have been
extensively reviewed and will not be discussed in this
review.
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The purpose of this review is to summarize, categorize
and discuss current methods for generating genetic diversity.
We hope to provide, especially for researchers just entering
the field of directed evolution, a guide for choosing
mutagenic methods wisely and for designing own directed
evolution strategies. In addition, we aim to create awareness
that our biased diversity methods hamper the progress in
understanding structure-function relationships; especially
when screened library sizes are small and affinity based
methods cannot be used for identifying improved protein
mutants.

PERFORMANCE CRITERIA FOR A RANDOM
MUTAGENESIS METHOD

The Ideal Mutagenesis Method

For objectively comparing advantages and limitations of
mutagenesis methods, it is important to define criteria for
benchmarking. The ultimate goal of any mutagenesis method
is to replace any amino acid of a polypeptide chain by the
other 19 amino acids in a statistical manner without limiting
protein expression in the host organism. A superb method to
randomize the gene of interest should therefore receive full
marks in seven categories: 1) Unbiased mutational spectrum,
2) Controllable mutation frequency, 3) Consecutive
nucleotide substitutions or codon-based substitutions, 4)
Enable subset mutagenesis (e.g. introducing mainly
positively or negatively charged amino acids), 5)
Independent of gene length, 6) Technically simple and
reproducible, and 7) Economical.

© 2006 Bentham Science Publishers Ltd.
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Non-Bias Mutational Spectrum: Transition and
Transversion Indicators

A widely accepted way of assessing bias in mutational
spectra is to analyze the ratio of transitions (Ts; nt
substitutions: purine to purine or pyrimidine to pyrimidine)
to transversions (Tv; nt substitutions: purine to pyrimidine or
pyrimidine to purine). Since there are four possible
transitions and eight possible transversions, a non-bias
mutational spectrum will have a Ts/Tv ratio of 0.5 and an
AT—GC/GC—AT ratio of 1 (Table 1).

Table 1. Definitions and Criteria for the Quality of a Mutant

Library (Bias Indicator, Transition and Trans-

Version)
Value

Bias indicator
Ts/Tv 0.5
AT—>GC/GC—AT 1
A—-N, TSN 50 %
G—>N, C->N 50 %
Transitions
A—G, T-C (AT—>GC) 16.67 %
G—A, C-T (GC—AT) 16.67 %
Transversions
A>T, T>A (AT—>TA) 16.67 %
A—C, T-G (AT—CG) 16.67 %
G—C,C>G (GC—CG) 16.67 %
G-T,C-A (GC—>TA) 16.67 %

Some changes produced in random mutagenesis methods
are equivalent. For example, a mutation in the G:C base pair
during error-prone PCR (epPCR) can occur at either the G in
the upper strand (sense strand) or the C in the lower strand
(anti-sense strand). A C— A mutation and a G—T mutation
would lead after subsequent PCR cycles, to an identical T:A
pair. It is therefore reasonable to combine mutational
combinations leading to equivalent mutations (Table 1).
Each of the possible six combinations has a statistical
occurrence of 16.67 %. Experimental results confirm these
conclusions for large mutant libraries within statistical errors
[21,22]. However, mutating the upper or lower nt of a pair
causes a different amino acid substitution profile due to
codon’s usage nature. For example, C— A mutations in the
first nucleotide of a codon in sense strand lead to amino acid
changes from (Leu, Pro, His, Gln, Arg) to (Arg, Ser, Lys,
Asn, Thr, Met and Ile) whereas G—T mutations in sense
strand prefer changes from (Gly, Glu, Asp, Ala, Val) to (Phe,
Leu, Ser, Tyr, Cys, Trp, Stop codon).

Mutation Frequency

For a successful directed evolution experiment, it is
important to fine tune mutation frequencies to the tolerance
of protein structure and the protein property aimed to be
improved. Being able to adjust the mutation frequency in
directed evolution experiments is therefore important. For
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directly understanding protein structure-function
relationships, a mutation frequency inducing one amino acid
change per gene seems most desirable. Most directed
evolution studies aiming to improve activity or stability of
enzymes employ however higher mutation frequencies
inducing 1-4 amino acid changes (2-7 nucleotide
substitutions) per gene [23]. Those conditions are often
chosen and limited by practical considerations. For instance
many university labs can handle or afford only to screen in
liquid culture small libraries of 2000-20000 clones. In order
to have a sufficient number of active mutated clones
mutation frequencies are empirically adjusted to 40-60 % of
active clones.

As a result, there is still insufficient experimental data to
draw conclusions about which strategies are best in terms of
mutation frequency, library size and property of interest.
Encouragingly, proteins with improved performance have
also been isolated from highly mutagenized libraries
exhibiting up to 20 mutations per gene [24]. Moreover,
affinity based ultra-high throughput screening/selection
systems are well elaborated and have successful been used at
high mutation frequencies [25]. Control over the mutation
frequency in the whole gene of interest is thus an important
feature of a versatile random mutagenesis method.

Subsequent Mutations and Subset Mutations

Having high mutation frequencies of 2-7 nucleotides per
1000 base pairs is not sufficient to explore sequence space
efficiently due to the redundancy of genetic code. Three
subsequent nucleotides, one codon, encode one amino acid;
for saturating one amino acid position it is often required to
change two or all three subsequent nucleotides of a codon.
High mutation frequencies of 2-7 nucleotides per 1000 base
pairs cause in most cases only single nucleotide substitution
in the mutated codons. With a chance of 7 in 1000 per
nucleotide position, it is an unlikely event to substitute two
or three subsequent codon positions, especially in small
libraries (2000-20000 clones). Being able to perform
consecutive nucleotide substitutions or even codon-based
substitutions is an important feature for generating diverse
libraries. Single nucleotide substitutions particularly T—C or
A—G transitions in the third nucleotide position of a codon
do not usually change the encoded amino acid [26]. The
genetic code is structured such that a single nucleotide
substitution in a codon causes predominantly an amino acid
substitution between amino acids with similar properties.
This “structural fidelity” is believed to be an adaptation of
genetic code during evolution [27].

Being able to manipulate the mutational spectrum by
introducing desired mutational subsets would enable novel
directed evolution strategies and generate functionally
enriched mutant libraries. Examples of desired subset
comprise: a) introducing mainly charged amino acid
substitutions for increasing solubility of proteins or
crystallization, b) bypassing stop codons, proline as well as
glycine residues, or ¢) avoiding codon substitutions that limit
protein expression.

Practical Considerations

It is trivial but worth a mention that an important
benchmark of a mutagenesis method is its reproducibility,
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Fig. (1). Classification of random mutagenesis methods.

technical simplicity and cost-effectiveness measured by
time-consumption and consumable expenses.

CLASSIFICATION & SUMMARY OF RANDOM
MUTAGENESIS METHODS

Classification

Methods for generating randomized genes can be divided
into three Categories (I-III) depending on the method
employed for nucleotide substitutions (Fig. 1); Category I
comprises the enzyme based methods, Category II the
synthetic chemistry methods, and Category III whole cells
methods.

Enzyme based methods (Category 1) encompass in vitro
techniques for mutagenesis that use DNA polymerases or
DNA modifying enzymes such as ligases, restriction
enzymes and nucleases. For example, error-prone
polymerase chain reaction (epPCR) protocols fall into this
category. Synthetic chemistry based methods (Category II)
generate mutations via oligonucleotide-based synthesis,
methods employing nucleotide analogues or DNA-
modifying chemicals. /n vivo random mutagenesis methods
(Category III) use mutator strains or “mutator proteins” for
generating mutations in host organisms.

In Fig. 1 diversity methods are arranged according to
Categories I-11I. Only a few whole cell and purely chemical
methods have been developed; most diversity methods use
enzymatic or combined chemo-enzymatic approaches for
mutagenesis. Sequence Saturation Mutagenesis (SeSaM)
[28] is, for example, a chemo-enzymatic method that
saturates every single nucleotide position in a target gene
through a chemical nucleotide analog (degenerate or
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universal bases) that will, through a polymerase chain
reaction (enzymatic step), be replaced by a standard
nucleotide.

I. ENZYME BASED METHODS
PCR Methods Under Low Fidelity Conditions

A technically simple and elegant method to introduce
mutations in DNA is employing thermostable DNA
polymerases exhibiting low fidelity during amplification of
DNA in PCR. The workhorse in directed protein evolution
experiments is Taq DNA polymerase from Thermus
aquaticus that lacks a 3°-5 proofreading exonuclease
activity [21,29,30]. Taq polymerase is a robust polymerase
with an intrinsic high error rate (8.0 x 10°
mutation/bp/duplication, [31]). An inaccuracy of 1
substitution per 125000 bp per PCR cycle is however still
insufficient for randomizing genes that seldom exceed 5000
bp in length. Most prominent methods to increase error rates
are a) Addition of MnCl, [29], and b) Unbalanced nucleotide
concentrations [29]. Further possibilities with minor
mutagenic effects include c¢) Increased concentration of Tag
DNA polymerase [29], d) Increased extension time [29] and
e) Increased concentration of MgCl, [29]. A further
important parameter in adjusting mutation rates is the
number of PCR cycles. The influence of unbalanced
concentrations of dNTPs and Mn®" ions on the Tag DNA
polymerase fidelity are summarized in Table 2. The
mutational spectra of Tag DNA polymerase remains under
error-prone conditions highly biased to transitions.

Instead of varying parameters (a-e), it is possible by
protein engineering to increase the inaccuracy of Tag DNA
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Table 2. Mutational Spectra of Random Mutagenesis Methods: The Mutational Spectra of a) “Bringer” Strategy, b) Enzymatic
Method Using Klenow Fragment, c) E. coli XL1-Red Mutator Strain, d) Mutator Plasmid, e) Heavy Metal- [e.g. Co”] and
Organic Solvent- [e.g. Propan-1-o0l] Mediated epPCR have not been Reported and are Therefore not Included in the
Table 2

Category 1 1 1 1 1 1 1 1 1 1
Mutational Taq-Pol Taq-Pol Taq-Pol Taq-Pol Taq-Pol Taq-Pol Taq-Pol | Mutazyme | Muta- | Pfu-Pol
Spectra (Unbalanced (Mn?/ (Mn**/Un | (Mn*'/Un (Mn?/ (Mn?/ 1614K 1[33] zZyme (ex0)
dNTPs)” Balanced balanced balanced | Unbalanced | Unbalanced [32] I D473G
dNTPs)" | dNTPs)” | dNTPs)" dNTPs) dNTPs) [35] [34]
[21] [136] 22]
Transitions
A—-G, T->C 333 63.2 42.7 74.0 27.6 60.9 41.5 10.3 17.5 19.2
G—oA, C->T 8.3 9.5 11.5 4.9 13.6 18.1 23.6 43.7 25.5 22.0
Transversions
A-T, THA 16.7 16.1 26.0 13.8 40.9 11.4 24.5 11.1 28.5 28.0
A—-C, T->G 27.8 4.0 8.3 4.1 7.3 33 2.8 4.2 4.7 7.4
G-C, C->G 0.0 1.4 0.0 1.6 1.4 43 3.8 8.8 4.1 7.3
G-T,C->A 0.0 33 6.3 0.8 4.5 1.8 2.8 20.0 14.1 10.3
Insertion 2.8 Not 2.1 0.0 0.3 Not reported Not 0.8 0.7 2.9
reported reported
Deletion 11.1 1.5 3.1 0.8 4.2 Not reported 0.9 1.1 4.8 2.9

*Tag-Pol and [dATP] = [dCTP] = [dTTP] = 0.2 mM, [dGTP] = 0.24 mM.
°Tag-Pol in the presence of [Mn*'] =
“Tag-Pol in the presence of [Mn*'] =

0.25 mM and four standard nucleotides (each 0.02 mM).
0.64 mM and [dATP] = [dCTP] = [dTTP] = 0.2 mM, [dGTP] = 0.24 mM.

Tag-Pol in the presence of [Mn*"] = 0.64 mM and [dATP] = [dCTP] = [dTTP] = 0.2 mM, [dGTP] = 0.40 mM.
¢Tag-Pol in the presence of Mn*>" and [dATP] = [dGTP] = 0.2 mM, [dCTP] = [dTTP] = 1 mM.

Tag-Pol in the presence of [Mn*"] = 0.5 mM and [dCTP] = [dATP] = 0.03 mM, [dGTP] = [dTTP] = 1 mM.
“Values adapted from the user manual of the Diversify PCR Random Mutagenesis Kit (Clontech).

(Table 2) contd.....
Category 1 I I1&1I I1&1I 1& 111 I & 11T I & 11T I & 11T I & 11T
Mutational Enzymatic E. coli Taq-Pol Error-prone Pol I Chemical | Chemical Chemical Chemical
Spectra Method Expressing (Nucleotide Rolling Method | Mutagen | Mutagen Mutagen Mutagen
Employing mutA Analogues Circle [107] (Nitrous (Formic (Hydrazine) (Ethyl
Reverse Allele of dPTP and 8- | Amplification Acid) Acid) [109] Methane
Transcriptase glyV gene 0x0dGTP)® [79] [109] [109] Sulfonate)
[38] [62] [137] [111]
Transitions
A—>G, T-C 30.83 5 78.3 7.0 34.7 29.1 21.7 60.4 342
G—A, C->T 36.25 23 132 60.6 44.9 65.5 8.7 229 42.1
Transversions
A>T, T->A 19.17 21 0.2 7.0 14.3 1.8 13.0 4.2 0
A—-C, T-G 8.34 13 8.4 1.4 2.0 0 6.5 8.3 0
G—C,C->G 0.42 5 0.7 5.6 0.0 3.6 13.0 2.1 23.7
G-T,C-A 5 20 0.0 9.9 4.1 0 37.0 2.1 0
Insertion Not reported 5 ~0 8.5 Not Not Not Not reported Not
reported reported reported reported
Deletion Not reported 8 ~0 0.0 Not Not Not Not reported Not
reported reported reported reported

£Tag-Pol in the presence of Mg”', four standard nucleotides (0.5 mM) and two non-natural mutagenic bases 8-oxodGTP and dPTP.

polymerase

(Tag-Pol 1614K) [32] or to use other

and coworkers [34]. Table 2 summarizes the mutational

polymerases with high-error rates such as the Mutazyme
polymerase (introduced by Stratagene in the GeneMorph
Random Mutagenesis Kit, [33]) or an engineered Pfu
polymerase (Pfu-Pol (exo) D473G) reported by Connolly

spectra of these polymerases under different mutagenic
conditions. All polymerases are highly biased and especially
the transversions (A—C, T—>G); (G—>C, C—G)) are highly
underrepresented substitutions. A blend of both Mutazyme
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and Taq mutant named Mutazyme II is used in the
GeneMorph II Kit to improve the transition to transversion
ratio, the transversions ((A—C, T—G); (G—C, C—G)) are
however still strongly underrepresented in a highly biased
mutational spectra [35] (Table 2). Pfu DNA polymerase
mutant (Pfu-Pol (exo) D473G) [34] is in its mutational
spectra more balanced than Tag polymerase or Mutazyme.
The occurrence of the rarest transversion pair (G—>C, C—QG)
is 7.3 % compared to 0.0-2.8 % of various 7aq polymerases
and 4.2 % (A—C, T—>G) of Mutazyme (Table 2).

The “Bringer” strategy can be regarded as a variation of
Stratagene’s QuikChange method [36] in which the number
of amplification cycles is increased from 12-18 cycles to 29
cycles [37]. Under these conditions, the high-fidelity
PfuTurbo DNA polymerase (error rate 1.3 x 10°
mutation/bp/duplication, [31]) accumulates mutations during
amplification of ring-closed plasmids. The whole-plasmids
amplification is advantageous and disadvantageous at the
same time. On the one hand, the method is fast and no
restriction digest and subsequent ligation step limit the
library generation; on the other hand the whole plasmid is
subjected to mutagenesis and unfavorable mutations might
occur in other parts of the plasmid such as promoter or
selection marker.

Enzymatic Methods Employing Reverse Transcriptase or
Klenow Fragment

In the 1980s, Knowles and coworkers [38] and Shimura
and coworkers [39] developed independently two
conceptually similar random mutagenesis methods.
Mutagenesis is initiated by generating a pool of target DNA
fragments with random length distribution by limited primer
elongation [38] or time-controlled random exonuclease III
digestion [39]. At the 3’-termini, a “mutagenic” nucleotide is
misincorporated deliberately by reverse transcriptase [38] or
Klenow fragment [39]. After tailing the 3’-termini, the
fragments are elongated to full-length genes by employing a
single-stranded template and cloning into an appropriate
vector. These conceptually appealing techniques aim to
generate single base substitutions at every single nucleotide
position in a target gene; a feature which is hardly attainable
in epPCR or GeneMorph Random Mutagenesis due to the
polymerase bias. The general use of reverse transcriptase or
Klenow fragment is hampered by a non-even length
distribution of the DNA fragments after exonuclease III
digestion [39], a low percentage of mutated to non-mutated
genes (40-60 % [38], 37.5 % [39]), and a significant
mutational bias (T—G, T—>A, C—G and G—T substitutions
are underrepresented with occurrence of lower than 5 %,
[38]) caused by the template assisted elongation that favors
transitions due to base pairing properties.

II. SYNTHETIC CHEMISTRY BASED METHODS

Chemical synthesis of DNA enables us to synthesize
complete genes. Gene synthesis offers potentially freedom
over genetic diversity including control over mutation
frequency, mutational spectrum, and compensation for codon
redundancy. The ability to synthesize routinely, in fully
automated manner, single-stranded DNA fragments has
enabled numerous applications in molecular biology and
biotechnology and has been a main driver for progress in
research. Companies such as BioSpring (http://www.
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biospring.de/) or Geneart (http://www.geneart. com/) offer to
produce synthetic genes of kb length based on customers’
demand within weeks. Main applications of synthetic gene
synthesis have been in enhancing protein expression levels
[40,41] in heterologous hosts by optimizing codon usage
[42], increasing mRNA stability and translation efficiency
[43-45] (e.g. introducing mRNA stem loop, [46]), and
introducing restrictions sites to facilitate further gene
manipulations for example by cassette mutagenesis [45].

The use of synthetic chemistry for generating random
mutant libraries over a whole gene has to our knowledge not
been reported yet. We assume that the use of synthetic
chemistry methods is limited by: a) expenses in synthesis, b)
yield and time required for synthesizing a whole gene, and c)
technological challenges including how to generate a random
and average of 1 to 5 amino acid changes per gene.

Randomization of Codons

Randomization of a codon to encode all 20 amino acids
using a base by base synthesis for the three subsequent
nucleotides (NNN) results in a statistical equal amount of A,
T, G and C at each positions and 64 possible codons. Due to
the codon usage of host organisms, some amino acids will be
overrepresented such as Ser and Arg (6 codons) whereas
amino acids such as Met and Trp will be strongly
underrepresented (1 codon). Additionally, three stop codons
increase the number of inactive clones in a mutant library
and hamper the total number of positions that should
simultaneously be saturated with limited screening
throughput. The latter NNN-strategy was improved in terms
of bias and number of stop codons by making use of the
redundancy in the third position of many codons. Using all
four nucleosides in the first two codon positions, but only G
and C or A and T in the third position (NNG/C or NNA/T)
results in 32 triplets encoding all 20 amino acids with only
11 redundant codons and 1 stop codon [47].

In 1991, Knapps and coworkers described a “one-bead,
one-peptide” approach [48] in which 20 codons were
synthesized in separate columns. After synthesis the beads
were mixed, and split again into 20 columns to synthesize
the next codon. In this iterative process, codon redundancy
and stop codons were eliminated. Monaci and coworkers
[49] achieved a randomized codon-based synthesis using 4
parallel columns and seven dimer-phosphoramitides. More
recent methods such as the Fmoc-protected trinucleotide
phosphoramidites [50] is based on the use of 20 pre-
synthesized codons as monomeric units for each amino acid
circumventing mutational bias, stop codons and low
expression mutations. Using the Fmoc-protected
trinucleotide phosphoramidites, a region encoding for nine
amino acids of the bacterial enzyme TEM-1 B-lactamase was
mutated and structurally interesting mutants in the omega
loop were obtained [50]. Further mutagenesis methods
employing trinucleotides phosphoramidites used automated
DNA synthesis methodologies [51,52]. An alternative
approach was introduced by Hine and coworkers who
generate a synthetic gene template that is NNN-randomised
at specific sites [53]. For each NNN-saturated position, a
pool of 20 oligos is synthesized that hybridizes at the 3’-end
“mainly” with the corresponding codon that is
complementary and highly expressible. Three DNA-
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contacting residues of a synthetic zinc finger protein were
randomised using this “selectional hybridization approach”,
NNN and NNG/T randomization [53]. This approach is
promising for encoding functional subset of amino acids
(e.g. acidic, basic and amide-containing side-groups) but
differ for certain amino acids significantly from the ideal 5
% occurrence per amino acid [53]. The number of
simultaneously mutated amino acid positions is limited by a
ligation step [53].

In summary, chemical synthesis for generating diverse
gene libraries is, despite its huge potential, still in an infant
stage of development. Chemical synthesis methods are
however a valuable alternative to chemo-enzymatic
saturation mutagenesis methods, especially for saturating
“longer” peptides [54-56].

III. WHOLE CELLS BASED METHODS

Cells maintain during DNA replication, a high fidelity
with error rates as low as one substitution/10"
bp/generation/cell [57]. Fidelity can be reduced by mutations
in genes required for DNA replication or repair (mutator
strains), in response to “mutator proteins”, and
environmental as well as physiological stress.

Mutator Strains

A vector harboring the gene of interest is transformed
into a mutator strain that is deficient in major DNA repair
pathways. During cell cultivation, mutations are accumulated
in the genomic DNA of the mutator strain, the vector, and
the gene of interest. Mutagenized vectors are subsequently
isolated, re-transformed into a standard expression host with
low mutation frequency and screened for beneficial variants.

E. coli XL1-Red, a popular commercialized mutator
strain from Stratagene, has been mutated in three DNA
repair pathways (mutS (error-prone mismatch repair), mutD
(deficient in 3°-5° exonuclease activity of DNA polymerase
III) and mutT (prevents removal of 8-0xodGTP in
mismatches involving A:G, resulting in mainly AT—>CG
transversions [58])). As a result, the mutation rate was
increased by ~5000 fold compared to the unaltered E. coli
strain (one mutation/10" bp/generation/cell) [59]. After 24
generations of growth, a spontaneous mutation frequency of
5 x 10 mutation/bp was reported for E. coli XL1-Red [59].
Another report indicates after 30 generations of growth an
average mutation frequency of 5 x 10™* [60]. Mutations in
mutS, mutD and mutT result in a transition (85 %) biased
mutational spectrum with few transversions (10 %) and
frameshifts (5 %) [61].

A further target to boost mutation rates is the mutA4 allele
that differs from the wild-type g/yV gene by a base
substitution in the anticodon such that the resulting tRNA
misreads certain amino acid codons. The base substitutions
in E. coli cells expressing the mutA4 allele of gly} under
stress-induced conditions are elevated by ~17-fold including
all mutations and 23-fold for base substitutions [62]. An
overall relatively low error rate of 4.8 x 107 was achieved;
interestingly transversions increased significantly higher
than transitions (35-fold compared to 13-fold) [62] and
become predominant with a ratio of 2.1 to 1.
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E. coli mutator strains have been the preferred hosts in
directed evolution experiments due to rapid growth and
established molecular biology protocols. Mutator strains
have been established for a variety of organisms. Yeast
mutator strains for example with mutant alleles of POLI,
POL2, and POL3 encoding replicative DNA polymerases
(Pola, Pold and Pole) are attractive candidates [63,64].

Mutator Plasmids for Directed Evolution of Host
Organisms

Mutator plasmids allow us to temporarily convert a
bacterial strain into a mutator strain by inducing temporarily
the recombinant expression of a “mutator protein” [65,66].
The mutator plasmid carries for example a temperature-
sensitive origin of replication that allows, after diversity
generation, to remove the mutator plasmid during cultivation
yielding a genetically stable and “evolved” strain that can
directly be used for protein expression and screening.

The system from Schellenberger and coworkers [66]
employs such a temperature-sensitive mutator plasmid based
on the mutD gene (two amino acid substitutions) that
encodes the proofreading function of DNA polymerase III.
Induction exhibits in three investigated bacterial strains (E.
coli MM294, E. coli W1485 and E. blattae EB33429) a
strong mutator phenotype with a significantly increased
mutation frequency of 0.46-9.3 x 10” compared to 0.8-4.2 x
10® in the corresponding wild-type strains [62,66]. After
growing at elevated temperature, the bacteria lose mutator
plasmids and the mutation frequencies decrease to a value of
1.5-2.5 x 10™® which is close to mutation frequencies prior to
evolution. Using this approach an E. coli MM294 strain was
evolved that grows in DMF/water mixture containing up to
80 g/l DMF [66].

Environmental As Well As Physiological Stress

When a population of microorganisms is subjected to
nonlethal selections (environmental or physiological stress
for instance fluoroquinolone resistance of E. coli [67], heavy
metal resistance of Candida albicans [68], organic solvent
resistance of E. coli [69] and many others), more tolerant
variants with better growth are isolated. This adaptive
process allows evolution of microorganisms that tolerate
non-natural environments [70] and are useful for industrial
biotransformation.

Advantages and Limitations of In Vivo System for
Generating Diversity

The beauty of mutator strains is their simplicity in
handling that requires little experience in molecular biology
techniques and makes these systems attractive for
researchers entering the field of directed protein evolution.
Handicaps limiting the versatile use of in vivo systems are: a)
a highly biased mutational spectrum [62], b) a non-specific
mutagenesis accumulating mutations in the host organism as
well as the plasmid [59], and c) a reduced growth rate and
transformation efficiency of the host organism [59] due to
inactivation of multiple major DNA repair pathways. In
addition, it is difficult with mutator strains to obtain multiple
or subsequent mutations in one gene and to control the
mutation frequency that is dependent on the target gene
length, plasmid copy number, number of generations and
origin of replication [59]. Mutator plasmids have, in contrast



The Diversity Challenge in Directed Protein Evolution

to mutator strains, mainly been used to improve host
organisms and not properties of enzymes. In order to
mutagenize mainly the gene of interest, in vivo systems have
been developed that employ for example Pol I polymerase.
These systems are discussed in the section: combined
enzymatic and whole cell methods.

MIXED METHODS
CATEGORY I & 11

Mutagenesis methods combining enzymatic and synthetic
chemistry steps represent in terms of number the major
population. Chemo-enzymatic methods can be categorized
into seven subcategories: 1) PCR with nucleotide analogues,
2) Chemical mediated epPCR, 3) Cassette mutagenesis, 4)
Random elongation, insertion and deletion mutagenesis, 5)
Sequence Saturation Mutagenesis, 6) Site-directed
hybridization mutagenesis and 7) Codon-based mutagenesis.

PCR Methods Employing Nucleotide Analogues

Loakes has summarized in an excellent review [71] the
use of universal DNA base analogues in hybridization
experiments. Universal base analogs can base-pair with all
four standard nucleotides and are used for sequencing and in
PCRs as probes and in form of primers. For generating
unbiased diversity, universal base analogs should: a) pair
“equally” with all four natural bases when opposite them in
an oligonucleotide duplex, b) be a substrate for polymerases
as 5'-triphosphate, c¢) be elongated at the 3’end after
incorporation by polymerase using dNTPs as substrates, d)
allow incorporation of dNTPs opposite them in a template-
based polymerase synthesis, and e) be amenable to nuclease
digest and cloning.

For the use of universal bases in epPCR, polymerases
have to exhibit both “read” and “write” activities during
PCRs [72]. “Read” is defined as a polymerase catalysed and
template-directed extension of DNA fragments containing a
universal base at 3’-termini. “Write” is defined as
polymerase catalysed incorporation of standard nucleotides
opposite to the template site harboring a universal base.
Reports using universal bases in epPCRs have been rare due
to polymerase performances that are limited by write and/or
read activities [72]. Limited write and/or read activities result
often in meager PCR product yields and low mutation
frequencies. 5-Nitroindole is a prominent example of a truly
universal base that cannot be amplified efficiently (write
activity) by polymerases [73]. An exception to which
polymerases exhibited an acceptable read and write activity
is the universal base deoxyinosine (dI) [72] that has been
used in epPCR [74]. By limiting one nucleotide to 7 % of the
dITP concentration, a mutation frequency of 3.75 x 10~ per
bp was achieved by Kuipers and coworkers [74]. The
mutational spectrum was, as expected from base pairing
properties [75], biased to (AT—GC) transitions.

In Table 3, we have summarized base-pairing properties
of nucleotide analogues on which polymerases exhibit
read/write activities and have been used in random
mutagenesis experiments. Recent development of engineered
DNA polymerases capable of using base analogues such as
S-nitroindole [73] likely open opportunities for epPCR
methods employing universal bases. The lack of subsequent
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mutations will however hardly be solved by incorporating
single nucleotide analogue.

Heavy Metal and Organic Solvent-Mediated epPCR
Methods

The influence of low fidelity conditions in PCR has been
summarized in Table 2 and described in section 1. Enzyme
based methods, section PCR methods under low fidelity
conditions. Valuable supplements are the reports from Loeb
and coworkers who studied intensively the effect of the
heavy metal ions (Mn®>" and Co®") and Mg®" ions on the
fidelity of PCR during DNA reflication [76-78]. Mutation
frequencies higher than 5 x 10™ were achieved with heavy
metal ion addition [76-78] and 4.4 x 10 with elevated
concentrations of Mg*" ions [76-78]. Combining unbalanced
dNTP concentrations with low mM concentrations of heavy
metal ions boosted mutation frequencies up to 1 x 107 and
provides awesome control over mutation frequencies [76-
78]. In a commercialized kit from Clontech (Diversify PCR
Random Mutagenesis Kit), mutation frequencies are adjusted
similarly by varying Mn®" and dGTP concentrations.

Recently, Hayashi and coworkers [79] combined epPCR
employing 0.5-2 mM MnCl, with the Rolling Circle
Amplification (RCA) technology [80] that has been
commercialized as TempliPhi DNA Amplification kit [81]
by Amersham Biosciences. Rolling circle amplification
(RCA) uses bacteriophage ¢$29 DNA polymerase to
exponentially amplify single- or double-stranded circular
DNA templates [80]. This isothermal amplification produces
microgram quantities of DNA within 4-6 h and does not
require a thermocycler. The generated DNA can directly be
transformed or used for sequencing. Hayashi and coworkers
[79] achieved a mutation frequency of 3.5 x 10~ after 24 hrs
of reaction time and in the presence of 2 mM MnCl,. Extent
of template bias was low even without any purification step
and mutation frequencies can be adjusted by varying reaction
times [79]. epRCA-method does not require a restriction
digest or ligation step making the epRCA-method a valuable
alternative to mutator strains. The mutational spectrum is
highly biased (transitions 67.6 % vs transversions 23.9 %
[79], Table 2) and subsequent nucleotide substitutions will
be difficult to obtain.

The influence of urea, isopropanol, propan-1-ol, and
butan-1-ol on PCR fidelity and yield was investigated for
three DNA polymerases by Beauregard and coworkers [82].
A mutagenic effect was observed with Vent (exo) DNA
polymerase in the presence of 7-8 % (v/v) propan-1-ol,
achieving error rate up to 9.8 x 10~ mutation/bp/PCR. Under
alcohol-mediated condition, a bias towards replacements of
Gs and Cs was observed (86 % G/C—N, 14 % A/T—N)
[82]. This bias differs interestingly from Mn*"-mediated
epPCR that favors substitution of As and Ts (75 % A/T—N,
25 % G/C—-N) [82].

Cassette Mutagenesis

Completely or partially randomized oligonucleotides that
have been synthesized chemically (see synthetic chemistry
based methods) can be introduced by ligation into the gene
of interest that has been digested with restriction enzymes
[83]. The randomized region has in general been selected by
sequence alignments, crystallographic information and/or
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Table 3. Summary of Nucleotide Analogues on which Polymerases Exhibit Read/Write Activities
Nucleotide Analogues Symbol Purine/Pyrimidine Behavior
Analogue
2’-deoxyinosine 1 Purine analogue Behaves as G (Bias not
reported) [74,138]
N6-methoxy-2,6-diaminopurine K Purine analogue Behaves as A (87 %) and G
(13 %) [139,140]
N6-methoxyaminopurine 4 Purine analogue Weakly mutagenic (Bias not
reported) [140]
6-(2-deoxy-B-D-ribofuranosyl)-3,4-dihydro-8H-pyrimido-[4,5-C][ 1,2 ]oxazin-7-one P Pyrimidine analogue | Behaves as T (60 %) and C (40
%) [137,139,141,142]
N4-aminodeoxycytidine cm Pyrimidine analogue | Behaves effectively as C, but
less effectively as T (Bias not
reported) [143]
5,6,7,8-tetrahydropyrimido[4,5-c]pyridazine H Pyrimidine analogue | Behaves effectively as C, but
less effectively as T (Bias not
reported) [144]
8-0x0-2’-deoxyguanosine 8-0x0G Capable of base- Behaves as T and G equally
pairing with A and C | [137,142]
5-bromo-2’-deoxyuridine BrU Not reported Bias not reported [138]
2'-deoxyribosyl pyrrole 3-monocarboxamide M Capable of base- Behaves as A and C (Bias not
pairing with T and G | reported) [145]
2'-deoxyribosyl pyrrole 3,4-dicarboxamide D Capable of base- Behaves as A and C (Bias not
pairing with T and G | reported) [145]
2-hydroxy-2’-deoxyadenosine 2-0x0A Capable of base- Behaves as A and C (Bias not
pairing with T and G | reported) [146,147]

previous mutagenesis studies [84]. Cassette mutagenesis
allows scanning of all possible amino acid substitutions at
any position within the randomized region in “relatively”
small libraries. It permits rapid screening of catalytically and
structurally important residues for beneficial variants [85].
Randomization of 6 to 8 amino acids have been performed
successfully [84]. Other success stories include active site
engineering of the phosphotriesterase for enhanced
degradation of chemical warfare agents [86], reshaping a
ligand pocket of bilin-binding protein for fluorescein binding
[87] and replacing the omega loop of a class A PSE-4 -
lactamase with loops from TEM-1, SHV-1 and Streptomyces
albus enzymes [88]. Cassette mutagenesis is limited by the
distance between amino acids selected for randomization in
the protein of interest and the synthetic oligos have to be
designed carefully to minimize secondary structure
formation. Furthermore, cassette mutagenesis requires a
hypothesis or an educated “guess” for property-determining
residues and it is often necessary to introduce restriction site
in the gene of interest. Low time consumption and high
diversity of mutant libraries make cassette mutagenesis a
valuable method for gene randomization, especially if
structure-function relationships have been elucidated.

Random Insertion and Deletion (RID) Mutagenesis

In 2000, a general method named random insertion and
deletion (RID) mutagenesis was introduced by Sisido and
coworkers [89-91] for inserting and/or deleting sequences of
defined length. RID enables deletion of an arbitrary number
of consecutive bases (up to 16 bases) at random positions
and, at the same time, insertion of a specific sequence or

random sequences of an arbitrary number to the same
position. RID can be regarded as advanced version of
cassette mutagenesis over the whole gene of interest. The
single-stranded gene of interest is first fragmented by
Ce(IV)-EDTA treatment [92], followed by a low efficiency
single-stranded ligation introducing two anchor sequences
with restriction sites that will subsequently be used for
insertion and deletion of an arbitrary number of consecutive
bases. RID mutagenesis has successfully been used to
generate novel GFP variants, a yellow fluorescent protein
and an enhanced green fluorescent protein, as well as several
DsRed variants with altered fluorescence properties [89,90].
RID is one of the most advanced gene randomization
methods; its universal use is hampered by its complexity and
high demand on handling skills: a) RID comprises five
ligation steps, which can be problematic and of low
efficiency especially in the case of single-stranded DNA, and
b) good handling practice is required to have, after multiple
purifications, sufficient DNA left in the 9" RID step for
library generation and to control homogeneity and preferably
single random cleavage of single-stranded gene of interest by
Ce(IV)-EDTA [89]. In summary, RID is a powerful and
technically demanding method.

Random Elongation Mutagenesis (REM) and Codon-
Based Mutagenesis

Urabe and coworkers reported a random mutagenesis
method named random elongation mutagenesis (REM) for
adding peptide tails with random sequences to the C-termini
of enzyme molecules [93,94]. As in cassette mutagenesis,
chemically synthesized random sequences are ligated to
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restrictive digested plasmids that encode the C-termini of the
truncated enzymes. In their studies, Urabe and coworkers
subjected a triple mutant of catalase I (1108T/D130N/1222T)
to REM yielding 44 elongation mutants that regain or exceed
the thermostability of wild-type catalase [93]. Though REM
represents a novel concept, it is technically simple and
evolutionary interesting (has nature evolved proteins by
random elongation?). From a structural point of view, it is
limited to adding amino acids at either the N- or C-terminus
of a protein. How important can these amino acids and the
relayed interactions from these amino acids be for the
stabilization of a protein or its catalytic activity [95]?
Structural limitations might likely impede the general use of
REM, as indicated by a lack of further REM success stories.

In a method termed “Codon Shuffling” [96], T4 DNA
ligase is used to ligate a pool of 6 bp-DNA duplexes of
random sequences forming a library of DNA fragments with
varied length. The DNA fragments were subsequently
ligated to a truncated DNA sequence of a -lactamase. The
truncated B-lactamase was inactive and regained activity
after “Codon Shuffling” [96]. The mutations found differed
in length and the corresponding gene sequences were highly
diverse [96]. “Codon Shuffling” uses random libraries of
high quality and is limited by ligation efficiencies and to
selection based directed evolution experiments. Codon-based
random deletion (COBARDE) is a complementary method
to “Codon Shuffling” and REM and permits deleting
complete codons in a random and combinatorial mode [97].

Sequence Saturation Mutagenesis (SeSaM)

Sequence Saturation Mutagenesis (SeSaM) [28] was
introduced in 2004 as a conceptually novel and technically
simple method that randomizes a target sequence at every
single nucleotide position. A SeSaM experiment can be
accomplished within 2-3 days and comprises four main
steps: 1) Generating a pool of DNA fragments with random
length; 2) “Tailing” the DNA fragments with universal bases
using terminal transferase at 3’-termini; 3) Elongating DNA
fragments in a PCR to the full-length genes using a single-
stranded template; and 4) Replacing the universal bases by
standard nucleotides. Random mutations are created at
universal sites due to the ambivalent base-pairing property of
universal bases.

In order to prove that the generated mutations can be
attributed to the SeSaM method, adenosine positions were
targeted with a phosphorothioate nucleotide dATPaS and
deoxyinosine was selected as universal base due to write and
read activity of Tag DNA polymerase [74,98]. The pool of
random fragments (SeSaM step 1) can be created using each
of the four dNTPaS separately and mixed in equal amount
after quantification in order to target every single nucleotide
position of a gene of interest (unpublished results). SeSaM
circumvents thereby the mutational bias of DNA
polymerases. Mutational spectrum of SeSaM (“write” mode)
can be adjusted via the use of different universal bases or
degenerate bases with distinctive base-pairing properties
(Table 3). Read and write activities of Tag polymerase for
universal bases can be improved by directed evolution as
shown for S5-nitroindole [73]. Moreover, the mutation
frequency in SeSaM experiments can be tuned by varying
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the concentration of sodium chloride and/or sodium
hydroxide in the DNA melting solution (SeSaM step 1) [99].

SeSaM is capable of fully randomizing each nucleotide
of a gene of interest. Improvements in read and write
activities of polymerases for universal bases offer
opportunities to further develop the method and thereby
eliminating mutational bias and introducing consecutive
nucleotide substitutions (SeSaM step 2).

Site-Directed Hybridization Mutagenesis

For site-directed mutagenesis various rapid and
technically simple methods have been developed. Site-
directed mutagenesis has become an invaluable tool for
studying protein structure-function relationships. These
techniques allow, due to the synthetic oligos employed, a
site-directed mutagenesis of a selected position or region.

Starting in the 80ies, M13-based bacteriophage vectors
have been used in site-directed hybridization mutagenesis
studies. One of the most comprehensive procedure was
outlined by Kunkel [100], in which the gene of interested is
cloned into a M13 vector and transformed into an E. coli dut
ung  strain. This strain is deficient in the dUTPase (product
of ung gene), resulting in accumulation of intracellular dUTP
and subsequent incorporation into the newly synthesized
single-stranded DNA (template DNA). A synthetic
oligonucleotide containing the desired mutation(s)
hybridizes to uridinylated-template DNA, will be elongated
by T7 DNA polymerase and subsequently ligated to form
circular DNA. The DNA-product is introduced into
proficient uracil-glycosylase strain that removes uracil bases
and creates abasic site in the original DNA-strand. The
DNA-strand synthesized by T7 DNA polymerase does not
contain uracil and is predominantly amplified. Based on this
principle, Bio-Rad introduced a commercial kit (Muta-Gene
M13 in vitro Mutagenesis Kit) and guaranties mutation
frequencies higher than 50 % (BioRad instruction manual).
The efficiency of the protocol has been widely proven [101],
however it is more time consuming compared to the
QuikChange Site-Directed Mutagenesis Kit from Stratagene.

The QuikChange kit is to our knowledge the most
commonly used site-directed mutagenesis protocol [102].
QuikChange procedure utilizes a double-stranded DNA
vector containing the gene of interest and a pair of
complementary synthetic oligonucleotides with mutated
positions in the middle of the primer pair. Each
oligonucleotide amplifies one template strand of the vector
resulting in nicked DNA products. The PCR product is not
methylated or hemi-methylated in contrast to the parental
vector template. By Dpnl digest, the methylated or hemi-
methylated parental DNA is degraded and the remaining
mutated nicked DNA is transformed into E. coli. The whole
procedure including PCR and transformation can be
completed within one day. Key for success is to reduce the
template concentration to values below 50 ng for efficient
Dpnl digest. The principle was extended to create
simultaneously point mutations at different sites in a gene of
interest (Stratagene QuikChange Multi Site-Directed
Mutagenesis Kit) [103]. Efficiencies >50 % have been
reported for randomizing three different positions
simultaneously [103].
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The QuikChange protocol has also been used in costly
studies to saturate one by one all codons of a gene. It proves
thereby to be very useful in identifying structurally important
residues [104] and to broaden our knowledge about
evolution strategies [105].

CATEGORY I & I

Methods Employing Whole Cells and Enzymatic
Methods for Generating Diversity

A major disadvantage of mutator strains employing a low
fidelity DNA polymerase 111 (Pol III) is the accumulation of
mutations in chromosomal DNA leading to genetic
instability of these E. coli cells [106]. Polymerase I (Pol I) is
a repair polymerase in E. coli and Pol I variants with low
fidelity have been reported [106,107]. Mutations can be
directed into the gene of interest by overexpressing a low
fidelity Pol I polymerase and introducing the gene of interest
on a vector after a preferred Pol I binding region [107].

Wild-type Pol I has a relatively high mutation frequency
of 1.4-1.9 x 107 [107]. The mutation frequency was further
increased to 2.1 x 107 in a triple mutant (D424A/I709N/
A759R) under optimized conditions [107]. Control over the
mutation frequency is achieved through cultivation time. A
major drawback of Pol I systems was the relatively short
gene length that could be amplified and mutagenized (~500
bp-1 kbp downstream of the ori then a switch to the more
accurate Pol III occurs). Loeb and coworker were able to
amplify and mutagenize fragments up to 3 kbp, an important
prerequisite for a general use of Pol I systems [107]. The
distribution of mutations over the gene remains however
uneven, especially in the low fidelity variants of Pol I with a
mutation frequency decrease of at least one order of
magnitude after the first 650 nt [107]. Pol I methods are, as
other epPCR methods, highly biased {56 % transitions (39 %
A—>G; 17 % T—C), 9 % transversions} with an unusually
high number of frameshifts (35 %) [106]. Overall, simple
and robust protocols (only plasmid transformations [107])
make the Pol I based mutagenesis methods appealing
alternatives to epPCR and chemical mutagens.

CATEGORY II & III

Methods Employing Whole Cells and Chemical
Mutagenesis for Generating Diversity

Before PCR based methods for random mutagenesis
became popular in the early 90ies, a myriad of chemical
methods had been developed from the 70ies to early 90ies
for chemical mutagenesis of gene sequences.

Table 4.
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In Table 4, selected examples are summarized by
employed compounds and generated mutational spectra.
Most chemical mutagens were deaminating agents (e.g.
sodium bisulfite [108], nitrous acid [109] and hydroxylamine
[110]) and alkylating agents (e.g. ethyl methane sulfonate
[111]). Mutations are generated by incubation of the single-
and/or double-stranded DNA with the DNA-modifying
mutagen followed by the synthesis of complementary
strands, e.g. by reverse transcriptase [108,109]. The mutation
frequency can be controlled by exposition time of DNA to a
chemical mutagen and the mutagens’ concentration.
Protocols resulting in uracil formation require an E. coli
strain deficient in uracil-DNA glycosylase [108].

A valuable feature of chemical mutagenesis methods and
UV-induced deaminations of cytosine [112] is the generation
of subsequent mutations (e.g. CC—TT transitions). A main
drawback of chemical modification is the often strong bias
that originates from the specific base-targeting nature of the
chemical mutagen. Methoxylamine, for example, reacts
specifically with cytosine [108] resulting in mainly GC—AT
transitions [108]. Overall, chemical mutagenesis of DNA is
simple and well established [113]; it is therefore surprising
that chemical mutagenesis methods have barely been used
for directed protein evolution. One exception is a recent
publication from Wu and coworkers [111] who randomized
the gene of a serine protease with the chemical mutagen
ethyl methane sulfonate, yielding 76.3 % transitions
((GC—>AT); (AT—>GC)) and 23.7 % transversions ((G—C);
(C—>G)). The treatment of DNA with the ethyl methane
sulfonate reduced the transformation efficiency by only 40 %
[111].

SUMMARY
Performance of Current Random Mutagenesis Methods

An ideal mutagenesis method replaces any amino acid of
a polypeptide chain by 19 different amino acids in a
statistical manner without limiting protein expression in the
host organism. We stated seven important benchmarks for a
valuable random mutagenesis method: unbiased mutational
spectrum, controllable mutation frequency, consecutive
nucleotide substitutions or codon-based substitutions,
enables subset mutagenesis (e.g. introducing mainly
positively or negatively charged amino acids), is independent
of gene length, technically simple and reproducible, and
economical.

Summary of Chemical Mutagens Used in Random Mutagenesis

Chemical Mutagens

Mode of Action

Mutations Observed

Sodium bisulfite [108]

Deaminates cytosine to uracil

Mostly G—A, C>T

Nitrous acid [109]

Deaminates cytosine to uracil, adenosine to hypoxanthine and guanosine to xanthine

See Table 2

Hydroxylamine [110]

Deaminating agent

Mostly G—A, C>T

Ethyl methane sulfonate [111] Alkylating agent See Table 2
Methoxylamine [108] Reacts with cytosine to give N4-methoxycytosine Mostly G—A, C>T

Formic acid [109] Depurines DNA by breaking N-glycosyl bonds of purine bases See Table 2

Hydrazine [109] Opens pyrimidine rings See Table 2
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Table 5. Performance of Random Mutagenesis Methods in Benchmark Form
Category Method Unbiased Controllable Consecutive Subset Independent | Technically Economical
Mutational Mutation Nucleotide Mutations of Gene Simple and (1-inexpensive
Spectrum Frequency Substitution Length Robust 2-fair
or Codon- 3-costly)
Based
Substitution
I PCR methods under No Easy No No Yes Yes 1
low fidelity conditions
I Enzymatic methods No Difficult No No Yes Yes 1
employing reverse
transcriptase or
Klenow fragment
I Randomization of Yes Easy Yes Yes No Yes 3
codons
111 Mutator strains No Difficult No No Yes Yes 2
I Mutator plasmids for Likely no* Difficult No No Yes Yes 1
directed evolution of
host organisms
I Environmental as well Likely no* Difficult No No Yes Yes 1
as physiological stress
1&1I PCR methods No Easy No No Yes Yes 2
employing nucleotide
analogues
1&1I Heavy metal and No Easy No No Yes Yes 1
organic solvent-
mediated epPCR
methods
I&10 Cassette mutagenesis Yes Easy Yes Yes No Yes 2
1&1I Random insertion and Yes Not required Yes Yes Yes No 2
deletion (RID)
mutagenesis
1&1I Random elongation Yes Not required Yes Yes Yes Yes 2
mutagenesis (REM)
and codon-based
mutagenesis
I&10 Sequence Saturation Yes Easy Rare event No Yes Yes 2
Mutagenesis (SeSaM)
1&1I Site-directed Yes Not required Yes Yes Yes Yes 2
hybridization
mutagenesis
1 & 11T Methods employing No Difficult No No No Yes 1
whole cells and
enzymatic methods for
generating diversity
I & 11T Methods employing No Difficult Rare event No Yes Yes 1
whole cells and
chemical mutagenesis
for generating diversity

* Not reported.

We summarized the pro and cons of each method in
Table 5 (overview form) and in Table 6 (detailed outline).
None of the current methods scores high in all benchmark
criteria. Diverse libraries of high quality can for example be
created by RID or synthetic gene synthesis, but they lack
either the technical simplicity of epPCR and in vivo methods
or the cost-effectiveness of Pol I methods.

Strategies for Generating Genetic Diversity

Depending on the property of interest, various strategies
for generating diversity at the gene level can be applied

[114]. Current success stories do not allow us to rank
different diversity strategies according to enzyme fold,
enzyme property or enzyme reaction. The main reason lies in
a lack of reports that screened statistically significant
numbers of clones, in a manner that diversity methods can be
compared objectively. We have therefore tried, in Fig. 2 the
RaMuS flowchart (Random Mutagenesis Strategy
flowchart), to provide a guide that helps especially
researchers entering the field of evolutive protein design to
achieve success and avoid pitfalls. We will further discuss in
a broader prospective which requirements have to be
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Table 6. Performance of Random Mutagenesis Methods in Pros and Cons Form
Category Method Principle Main Advantages Main Disadvantages Comments
1 PCR methods Mutagenic Reducing fidelity of DNA - Technically simple - Transitions favored Most commonly
under low PCR (Mn** polymerases during DNA and robust used method for
fidelity and/or amplification in PCRs - Tunable mutation directed evolution
conditions unbalanced frequency by varying
dNTPs) concentration of Mn*"
GeneMorph Employing low fidelity - Technically simple - Biased mutational Alternative to Tag
Random polymerases (Mutazyme I and robust spectra; especially DNA polymerase
Mutagenesis and Mutazyme II) for - Tunable mutation (AT—-CG) and in epPCR
Kit DNA amplification in frequency by varying (GC—CQG) are
PCR initial amount of target | underrepresented
DNA
“Bringer” Variation of Stratagene - Technically simple - Mutations not
strategy QuikChange method by - No subcloning step targeted to gene of
increasing number of PCR interest
cycles
I Enzymatic Enzymatic Using reverse - Low mutation
methods method transcriptase to efficiency (40-60 %)
employing employing incorporate a “mutagenic” - Transitions favored
reverse reverse nucleotide to a random
transcriptase and | transcriptase fragment pool created by
Klenow limited primer elongation
fragment
Enzymatic Using Klenow fragment to - Low mutation
method incorporate a “mutagenic” efficiency (37.5 %)
employing nucleotide to a random - Non-even length
Klenow fragment pool created by distribution of
fragment time-controlled random random DNA
exonuclease III digestion fragments after
exonuclease III digest
I Randomization Synthetic gene | Chemical synthesis of - Allows optimizing - Costly Application
of codons synthesis DNA codon usage for higher mainly in industry
expression
- Allows introducing
restriction sites
- Allows introducing
affinity tags or to
remove inverted repeats
111 Mutator strains XL1-Red Transforming plasmids - Technically simple - Mutations not Suitable for
into E. coli strain deficient | _No subcloning step limited to gene of researchers
in major DNA repair interest entering the field
pathways - Host is genetically of protein
not stable engineering
I Mutator Temporarily inducing - Technically simple Suitable for
plasmids recombinant expression of | _ Plasmid curing allows directed evolution
“mutator protein” to restore a genetically of host organisms
stable and improved
strain
I&10 PCR methods Taking advantages of - Technically simple - Biased mutational
employing nucleotide analogues - Tunable mutation spectrum depending
nucleotide exhibiting promiscuous frequency by adjusting on base-pairing
analogues base-pairing properties in nucleotide analogue properties of
PCR concentrations nucleotide analogues
1&11 Heavy metal and | Error-prone Reducing fidelity of - Technically simple - Transitions favored
organic solvent- rolling circle bacteriophage $29 DNA - No subcloning step
mediated epPCR | amplification polymerase during rolling - Tunable mutation
methods circle amplification of frequency by adiustin
DNA using Mn** quency by aqusting
reaction time
1&10 Alcohol- Reducing fidelity of - Technically simple - Biased to Mutational bias
mediated polymerases during DNA replacement of Gs and | opposite to Tag
epPCR amplification in PCR by Cs DNA polymerase
supplementing alcohols that favors
replacements of
As and Ts
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(Table 6) contd.....
Category Method Principle Main Advantages Main Disadvantages Comments
I1&10 Cassette Ligating completely or - Allows scanning of - Requires hypothesis Useful for
mutagenesis partially randomized amino acid of structure-function screening of
oligos into digested substitutions in a relationship structurally or
plasmids selected protein region catalytically
important
residues
I&10 Random Insertion and/or deletion - Highly diverse mutant | - Technically Suitable for
insertion and of sequences of defined libraries demanding (many advanced users
deletion (RID) length at random positions ligation steps)
mutagenesis
I&10 Random Random Elongating random - Technically simple - Limited by
elongation elongation peptide tails to C-termini elongation at either C-
mutagenesis mutagenesis of truncated enzymes termini or N-termini
(REM) and (REM)
codon-based
mutagenesis
“Codon A pool of 6 bp-DNA - Technically simple
Shuffling” duplexes of random
sequences are ligated to
longer fragments and
subsequently fused to
truncated gene of interest
Codon-based Random or combinatorial - Technically simple
random deletion of codons in-
deletion frame within a target
(COBARDE) region
I&10 Sequence Saturating every single - Every single Suitable for
Saturation nucleotide position of a nucleotide position is creating highly
Mutagenesis target gene with all 4 subjected to diverse libraries
(SeSaM) standard nucleotides by mutagenesis
using universal bases - No polymerase bias
- Consecutive
mutations have been
observed
I&10 Site-directed Employing synthetic - Technically simple - Requires hypothesis | Useful for
hybridization oligos carrying desired of structure-function investigating
mutagenesis mutations to synthesize relationship structure-function
circular DNAs relationship,
modifying vectors
and introducing
restriction sites
1& 11 Methods Pol I method Generating random - Technically simple - Transitions favored
employing mutations in the gene of - Cost-effective method | - More mutations are
whole ce_lls and interest using DNA accumulated at
enzymatic polymerase I mutant(s) position < 650 nt
methods for
generating
diversity
& III Methods Exposing gene of interest - Technically simple - Transitions favored
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considered and have to be fulfilled for a promising directed
evolution experiment (Fig. 3).

The RaMusS Flowchart

Before starting a directed evolution experiment, it is
important to ensure that a suitable starting point has been
selected in order to minimize the number of properties that

have to be improved by directed evolution. Many researchers
were hit hard by Murphy during directed evolution since
improving the property of interest (e.g. activity) came at the
expense of reduced thermal resistance or reduced total
turnover number making the catalyst unsuitable for industrial
applications. Having a good starting point is a very important
consideration before initiating a time-consuming and costly
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Fig. (2). RaMuS (Random Mutagenesis Strategy) flowchart: A guide for picking a suitable random mutagenesis method.

directed evolution experiment. It should further be noted that
by introducing only 1 to 3 amino acid changes per round of
directed evolution, it is unlikely to improve more that one
property at once. The few amino acid changes would have to
be responsible for multiple properties for example improving
activity and stability at once; this is unlikely.

After deciding on a good starting, it should be
investigated whether structural information and reports
identifying important residues are available for the property
of interest. If so, this information should be exploited using
site-directed mutagenesis that allows us to rapidly saturating
these positions [115,116]. Screening can in the worst
scenario be performed with universal low-throughput
systems such as GC, HPLC or TLC. This approach can lead
within a few weeks to valuable results. It is much faster than
developing and validating a screening system for directed
evolution that takes often 6 to 8 months.

The Screening System

The next step in the RaMuS flowchart represents the
heart of every directed evolution experiment: the screening
system. The ultimate goal should be a reliable and high-
throughput screening (HTS) system that eliminates rate

limiting steps such as centrifugation or removal of cell debris
by filtration [117]. For affinity screens, powerful HTS
systems have been developed and summarized in reviews
[25,118] as well as book chapters [119]. For activity
measuring screening systems in liquid culture, a reliable
protocol has to be established by a) optimizing growth and
expression conditions, b) minimizing evaporation at the rim
of microtiter plates, and c¢) improving activity as well as
detection limits for example by permeabilizing cells with
polymyxin B [23,120] and dissolving cell debris with
NaOH/SDS [23]. In one of our directed evolution
experiment improving the organic solvent resistance of a
monooxygenase [23], we achieved without any re-screen hit
rates of 65 %. The pNCA-screening system has standard
deviations below 12 % [120,121]. Directed evolution on a
monooxygenase and on glucose oxidizing enzyme using
screening systems with standard deviations up to 20 %
resulted in our cases in improved variants after screening
small libraries (2000-8000 clones). A rescreen or double
rescreen of improved variants was in all cases highly
advisable in order to eliminate the majority of false positives.

Standard deviations for reliable screening systems might
differ from enzyme to enzyme class or property of interest
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and should only be regarded as thumb values and not as
strict rules. A rescreen is often advisable to compare the
putatively beneficial variants in a single 96-well plate.
Developing a reliable screen requires persistence in reducing
standard deviations and control experiments to stay within
the linear detection range of the screening system. It takes
additionally self-discipline to withstand the temptation of
rushing screen development and hunting for improved
variants before the screen is validated. The latter usually
results only in wasting time and resources. Screening
systems should constantly be adjusted to improved
properties. Activity improvement can for example lead to
substrate limitations in the detection system or to product
formation that exceeds the linear detection range of the
screening systems. Achieved improvements per round of
mutagenesis would as consequence diminish.

The Diversity Strategy

When selecting a strategy to construct a mutant library,
various considerations have to be balanced: the mutant
library size should fit the screening capacity, reflect the
required diversity of the library, stay within the available
time frame and budget, and match the molecular biology
experience of the researcher.

Subcloning-free methods such as Pol I methods or
mutator strains are simple in handling and well used for
validating screening system and initial rounds of directed
evolution. Beneficial positions should in general be
randomized in a subsequent step using saturation or cassette
mutagenesis to overcome the mutational bias. In many cases
(e.g. improvement of the organic solvent resistance of P450
BM-3 [23]), saturation mutagenesis of positions identified in
epPCR leads often to a further improvement in the property
of interest that is comparable to the results of a full round of
directed evolution [23]. In addition an efficient in vitro
recombination method such as multiplex-PCR-based
recombination (MUPREC) could be used for combining
point mutations [122].

Often 3 to 5 rounds of directed evolution are performed
to improve the property of interest significantly; thereby a
larger number of mutations (8-10 mutations per gene) are
accumulated in the gene of interest. Beneficial mutations can
in these cases be distinguished from neutral or non-
contributing substitutions with the Staggered Extension
Process (StEP) [123,124] by “breeding” the mutagenized
gene(s) with the wild-type gene. During the StEP reaction,
the average number of mutations per gene is reduced and
important substitutions can be identified by sequencing of
clones maintaining their improvement. Such an approach is
much faster than changing positions one by one with site-
directed mutagenesis.

After a few rounds of directed evolution using the same
method for mutant library preparation, observed
improvements per round can diminish. It is fruitful to
revalidate the screening system as described and to change
the diversity generating method (e.g. from Taq to Mutazyme
in epPCR or a combination of them [125]); thereby
counteracting the mutational bias.
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DESIGNING THE RIGHT STRATEGY FOR
DIRECTED EVOLUTION EXPERIMENTS

Directed protein evolution is from a protein engineer’s
point of view the most universal method for tailoring
properties to industrial demands or to elucidate structure-
function relationships. Directed evolution eliminates
deficiencies of enzymes by altering directly the biocatalyst
performance and not by developing technologies to cope
with poor enzyme performance or insufficient catalyst
properties. Being so universal comes however with a price
tag: directed evolution is, compared to enzyme
immobilization, rational design and other methods, a time-
consuming and expensive method. Results can often not be
transferred from one biocatalyst to even a structurally or
functionally similar one. The high investment in time and
costly screening in combination with an often narrow
substrate spectrum of enzymes hamper the rapid
development of biocatalysis. Before starting a directed
evolution approach, one must be aware that development and
validation of a novel screening system might take 6-8
months. Depending on the property to be improved,
alternative approaches such as enzyme immobilization might
result in comparable results within a shorter time frame.

In Fig. 3, we outlined a generic strategy for directed
evolution which demands answers to three decisive aspects:
a) Finding a suitable point for directed evolution, b)
Deciding on a screening system, and c) Selecting a method
for generating diversity at the gene level. The later question
has been discussed in detail in the previous chapter and the
RaMusS flowchart (Fig. 2).

Directed evolution is an iterative adaptation process and
the prime directive for designing a directed evolution
strategy should follow the KISS principle (Keep It Simple
and Smart).

Finding a Good Starting Point

Finding a good starting point for directed evolution is
imperative. During a directed evolution experiment, one
should bare in mind that while improving one property other
properties including stabilities can diminish despite all
efforts to mimic application conditions. For finding a
suitable biocatalysts (starting point) one could perform data
mining in databases (in silico screening) [126], screening
natural diversity (e.g. metagenome screening [127]) or
searching the literature. In cases where protein expression is
low and the standard deviation of the assay is high, one
should consider optimizing the enzyme expression by
constructing a synthetic gene [41]. After having a good
starting point for directed protein evolution, it is advisable to
focus on the screening system first and to use a technically
simple method for mutant library generation and screen
validation.

Deciding on a Screening System

A valuable screening system should allow a high
throughput at moderate expenses, and be reliable as well as
reproducible. Eliminating inactive mutants increases the
probability of success; screens based on selection should
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therefore be favored over non-selective ones. Independently, ACKNOWLEDGEMENTS

it should be explored whether FACS [128], display
technologies [129,130], in vitro evolution systems based on
compartmentalization [131,132] or solid phase screening
systems [133] could be employed before choosing liquid
culture screens with limited throughput in 96- or 384-well
format.

OUTLOOK

By summarizing the diversity methods for directed
evolution experiments, we aimed to provide researchers a
guide to develop their own strategy in randomizing gene
sequences in their directed evolution experiments. We hope
that further rapid methodological progress in high-
throughput screening technology and methods for generating
diversity will close the gap between directed evolution
success stories and rational understanding of structure-
function relationships in evolved mutants. By creating less
biased mutant libraries and screening increased numbers of
clones, we expect more directed evolution experiments
reporting mutations that are not located on a protein surface
and can rationally be explained within the time frame of
simulations. Semi-rational design by randomizing substrate-
binding sites is a valuable complementary approach to
understand structure-function relationships as shown by
Kazlauskas [134] and others [115,135]. The same effort and
dedication that have been fueling directed protein evolution
methods and technologies is now required for elucidating
structure-function relationships. Bridging this gap will shed
the light on principles for evolutive protein design and will
lead to superior directed evolution strategies that may
depend on the protein fold as well as on the property of
interest. Until then, follow in directed evolution experiments
the KISS principle (Keep It Simple and Smart).
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