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a b s t r a c t

Random mutagenesis methods constitute a valuable protein modification toolbox with applications rang-
ing from protein engineering to directed protein evolution studies. Although a variety of techniques are
currently available, the field is lacking studies that would directly compare the performance parameters
and operational range of different methods. In this study, we have scrutinized several of the most com-
monly used random mutagenesis techniques by critically evaluating popular error-prone polymerase
chain reaction (PCR) protocols as well as hydroxylamine and a mutator Escherichia coli strain mutagenesis
methods. Relative mutation frequencies were analyzed using a reporter plasmid that allowed direct com-
parison of the methods. Error-prone PCR methods yielded the highest mutation rates and the widest
operational ranges, whereas the chemical and biological methods generated a low level of mutations
and exhibited a narrow range of operation. The repertoire of transitions versus transversions varied
among the methods, suggesting the use of a combination of methods for high-diversity full-scale muta-
genesis. Using the parameters defined in this study, the evaluated mutagenesis methods can be used for
controlled mutagenesis, where the intended average frequency of induced mutations can be adjusted to a
desirable level.

� 2009 Elsevier Inc. All rights reserved.
1 Abbreviations used: PCR, polymerase chain reaction; EMS, ethyl methane sulfo-
nate; MNNG, methylnitronitrosoguanidine; ENU, ethylnitrosourea; NH2OH–HCl,
Random mutagenesis is commonly used to generate mutant li-
braries for protein engineering applications with the ultimate goal
of generating protein variants with desired properties [1]. Related
disciplines, such as directed protein evolution studies and func-
tional analyses of uncharacterized open reading frames, also take
advantage of random mutagenesis [2–6]. Decisive for the success
in such endeavors is the quality of the mutant libraries produced,
with the aim most often intending to change each amino acid into
all possible alternatives or to generate multiple mutations within a
single polypeptide. The most important performance criteria for a
random mutagenesis method include an unbiased mutation spec-
trum and a controllable mutation frequency [7].

Random mutagenesis strategies involve methods that create
diversity throughout a given DNA sequence or introduce random-
ization at more specific locations along the sequence [2]. In gen-
eral, the strategies can be classified into the groups of enzymatic
and chemistry- or cell-based approaches as well as their combina-
tions. Enzymatic strategies exploit the properties of DNA-modify-
ing enzymes, and particularly DNA polymerase-based error-prone
ll rights reserved.

.

polymerase chain reaction (PCR)1 protocols have been popular [1].
Error-prone methods are based on intrinsic high error rates of DNA
polymerases, either natural or engineered [8–10], and the fidelity
characteristics can be further modulated by altering the reaction
conditions, for example by unbalancing nucleotide concentrations
[11,12], including nucleotide analogues [13,14], or changing the
divalent cation(s) in the reaction [11,12,15].

Purely chemical methods induce mutations directly with DNA-
modifying reagents, whereas other chemistry-based methods, such
as oligonucleotide synthesis, are more indirect and often used in
combination with other types of methods [1,2]. Traditionally,
chemical modification has been used for in vivo mutagenesis of
plasmids as well as genomes of bacteria and eukaryotes [16–18],
and a variety of reagents have been applied for this purpose,
including ethyl methane sulfonate (EMS), methylnitronitrosogua-
nidine (MNNG), and ethylnitrosourea (ENU). In contrast, only a
hydroxylamine hydrochloride; UV, ultraviolet; PAC, P1-derived artificial chromo-
some; BAC, bacterial artificial chromosome; IPTG, isopropyl-b-D-thiogalactopyrano-
side; X-gal, 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside; 8-oxo-dGTP, 8-oxo-
20-deoxyguanosine-50-triphosphate; dPTP, 20-deoxy-P-nucleoside-50-triphosphate;
LB, Luria–Bertani; Ap, ampicillin; BSA, bovine serum albumin; EDTA, ethylenedi-
aminetetraacetic acid; MAP, mutagenesis assistant program.
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few reagents have successfully been used for in vitro mutagenesis
[19], including EMS [20] and hydroxylamine hydrochloride
(NH2OH–HCl) [1,5,21].

Cell-based mutagenesis methods are based on the increased
rate of DNA replication errors. The methods take advantage of
environmental/physiological stress, such as that caused by ionizing
radiation or ultraviolet (UV) light, or they may exploit defective
replication/repair functions of cells [1], such as bacterial mutator
strains harboring critical mutations in DNA repair pathway genes.
With cell-based methods, mutations are induced simply by in vivo
propagation of the DNA of interest cloned in an appropriate repli-
cative vector such as plasmid, phage, cosmid, P1-derived artificial
chromosome (PAC), or bacterial artificial chromosome (BAC)
[16,22,23]. Commercial Escherichia coli XL1–Red strain is deficient
in three of the primary DNA repair pathways—mutS, mutT, and
mutD [22]—and has successfully been used for effective mutagen-
esis in a number of studies [24–28].

Random mutagenesis methods are continuously evolving for a
better performance, generating the need for studies that would di-
rectly compare different protocols. Several critical reviews and
computer programs are available for the general evaluation of a
variety of methods [7,29,30], but these comparisons are not direct
given that they exploit performance parameters reported previ-
ously from disparate studies. Here we report a comparative evalu-
ation of several commonly used random mutagenesis methods.
These included error-prone PCR protocols with Taq and Mutazyme
II DNA polymerases as well as E. coli mutator strain and NH2OH–
HCl mutagenesis procedures. The data defined the operational
range of each protocol and revealed the corresponding mutation
spectra. The parameters determined are useful for controlling the
efficiency of mutagenesis, and the choice of the mutagenesis meth-
od(s) can be used to adjust the intended mutation pattern(s).
Materials and methods

Enzymes and reagents

Restriction endonucleases, Vent DNA polymerase, and T4 DNA
ligase were obtained from New England Biolabs. Taq DNA polymer-
ase was obtained from Promega. Deoxynucleotide mix and MgCl2

were purchased from Finnzymes. Isopropyl-b-D-thiogalactopyra-
noside (IPTG), 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-gal), dCTP, and dTTP were purchased from Fermentas. 8-oxo-
20-Deoxyguanosine-50-triphosphate (8-oxo-dGTP) and 20-deoxy-P-
nucleoside-50-triphosphate (dPTP) were obtained from TriLink.
MnCl2 was obtained from Merck, NH2OH–HCl was obtained from
Sigma–Aldrich, and sodium hydroxide was obtained from J.T.
Baker.

Escherichia coli strains, culture conditions, plasmids, and DNA
techniques

DH10B [31] was used as a standard cloning host and for routine
plasmid DNA isolation. DH5a (Invitrogen) was used for the deter-
mination of relative mutation frequencies. XL1–Red (Stratagene)
was used for in vivo mutagenesis. For standard use, bacteria were
grown in Luria–Bertani (LB) medium as described previously [32].
Electrocompetent cells were prepared as described previously [33].
Plasmid pUC19 was obtained from New England Biolabs. The
mutagenesis reporter plasmid was constructed as follows. Initially,
the MuA gene (GenBank Accession No. P07636) from pMK591 [34]
was cloned as an NcoI–BamHI fragment into pBADHisA (Invitrogen)
cleaved with NcoI and BamHI to yield pALH6. Next, a PCR fragment
was amplified with Vent DNA polymerase from E. coli genomic
DNA (Cat. No. 14380, USB) using primers HSP489 (50-
GCGCGCAAGCTTGCGCAACGCAATTAATGTG-30) and HSP490 (50-
GCGCCAAGCTTCTCGAGCGCCATTCGCCATTCAGG-30). This DNA seg-
ment encodes the a-complementing protein fragment of b-galacto-
sidase (amino acids M1–R60, Swiss–Prot Accession No. P00722)
and also includes the lac promoter as well two primer-derived
HindIII sites for cloning. Finally, the amplified fragment was
cleaved with HindIII and cloned into pALH6 that had been cleaved
with HindIII to yield pTLH2. Plasmid maintenance was selected
using 100 lg/ml ampicillin (Ap, Sigma) in the growth medium.

Error-prone PCR with Taq DNA polymerase in mutagenic buffer

The reaction conditions for error-prone PCR with Taq DNA poly-
merase in mutagenic buffer were modified from those described
previously [12,35]. Each standard PCR (50 ll) contained 50 ng
(12 fmol) of plasmid pTLH2 as a template, 0.3 lM each of the prim-
ers HSP492 (50-ATCAGACCGCTTCTGCGTTC-30) and HSP493 (50-
GATTAGCGGATCCTACCTGAC-30), 200 lM each of the dNTPs, and
5 U of Taq DNA polymerase in Taq DNA polymerase reaction buffer
(10 mM Tris–HCl [pH 9.0 at 25 �C], 50 mM KCl, 1.5 mM MgCl2, and
0.1% [v/v] Triton X-100). When indicated, 1, 2, 4, 6, 8, or 10 ll of
mutagenic buffer (4 mM dTTP, 4 mM dCTP, 27.5 mM MgCl2, and
2.5 mM MnCl2) was included in the standard 50-ll reaction. PCR
employed initial 2 min at 94 �C, 25 cycles of amplification (1 min
at 94 �C, 1 min at 59 �C, and 2.5 min at 72 �C), and final 10 min at
72 �C. The PCR products were purified by using the QIAquick PCR
Purification Kit (Qiagen), after which the products were digested
with NcoI and XhoI and subjected to preparative electrophoresis
on a 1% SeaPlaque GTG agarose gel (Lonza) in TAE buffer [32].
The approximately 2.3-kb PCR fragment was isolated by using
the QIAquick MinElute Gel Extraction Kit (Qiagen). The gel-purified
PCR products were cloned into pBADHisA cleaved with NcoI and
XhoI.

Error-prone PCR with Taq DNA polymerase and nucleotide analogues

The reaction conditions for error-prone PCR with Taq DNA poly-
merase and nucleotide analogues (8-oxo-dGTP and dPTP) were
modified from those described previously [14]. PCRs were set up
essentially as described above for the standard reaction with muta-
genic buffer. However, instead of mutagenic buffer, 0.2, 1, 2, 10, 20,
100, or 200 lM both 8-oxo-dGTP and dPTP was included in the
standard 50-ll reaction when indicated. Plasmid pTLH2 (260 ng)
was used as a template (corresponding to 100 ng of amplicon) in
PCR amplification that employed initial 2 min at 94 �C, 10 cycles
of amplification (1 min at 94 �C, 1 min at 59 �C, and 2.5 min at
72 �C), and final 10 min at 72 �C. PCR products were extracted from
a preparative agarose gel as described above and further amplified
using Vent DNA polymerase and nonmutagenic reaction condi-
tions. Each amplification reaction (50 ll) contained approximately
40 ng of gel-purified PCR product as template, 0.5 lM each of the
primers HSP492 and HSP493, 200 lM each of the dNTPs, and 1 U
of Vent DNA polymerase in ThermoPol reaction buffer (20 mM
Tris–HCl [pH 8.8 at 25 �C], 10 mM KCl, 10 mM (NH4)2SO4, 4 mM
MgSO4, and 0.1% [v/v] Triton X-100). PCR employed initial 5 min
at 95 �C, 25 cycles of amplification (45 s at 95 �C, 1 min at 59 �C,
and 2.5 min at 72 �C), and final 5 min at 72 �C. PCR products were
purified, digested, gel-isolated, and cloned into pBADHisA as de-
scribed above.

Error-prone PCR with Mutazyme II DNA polymerase

Error-prone PCR with Mutazyme II DNA polymerase was per-
formed using the GeneMorph II Random Mutagenesis Kit (Strata-
gene) as recommended by the supplier. Each amplification
reaction (50 ll) contained 0.5 lM each of the primers HSP492
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and HSP493, 200 lM each of the dNTPs, and 2.5 U of Mutazyme II
DNA polymerase in Mutazyme II reaction buffer (Stratagene). PCR
employed initial 2 min at 95 �C, 30 cycles of amplification (1 min at
95 �C, 1 min at 54 �C, and 2.5 min at 72 �C), and final 10 min at
72 �C. Two separate sets of mutagenic amplification reactions were
conducted. The amount of template amplicon varied in the first set
of experiments (100, 10, 1, 0.1, or 0.001 ng were used). In the sec-
ond set of experiments, 100 ng of template amplicon was used, but
the number of amplification cycles varied (1, 3, 5, 7, 10, 15, or 20
cycles were used). PCR products were treated and cloned into
pBADHisA as above.

Mutagenesis with XL1–Red mutator strain

Selecting for Ap resistance, plasmid pTLH2 (50 ng) was trans-
formed into competent cells of XL1–Red mutator strain (Cat. No.
200129, Stratagene) according to the manufacturer’s instructions.
Approximately 1000 Ap-resistant colonies were pooled and grown
in 10 ml of LB–Ap medium at 26 �C for 24 h (first cycle). The bacte-
rial culture was diluted 1:1000 [36], and culturing was continued
at 26 �C for an additional 24 h in 10 ml of LB–Ap medium (second
cycle). Culturing was repeated, and altogether 10 successive 24-h
cycles were employed. Plasmid DNA was recovered and analyzed
for mutations after each passage.

NH2OH–HCl mutagenesis

NH2OH–HCl mutagenesis was performed as described previ-
ously [37]. Briefly, plasmid pTLH2 (10 lg) was mixed with 500 ll
of freshly made NH2OH–HCl solution (1 M NH2OH–HCl in 0.45 M
NaOH, pH 7.0), and the mixture was incubated at 37 �C for different
time periods (8, 10, 15, 17, 20, 24, and 40 h were tested). Each reac-
tion was stopped by the addition of 10 ll of 5 M NaCl, 50 ll of bo-
vine serum albumin (BSA, 1 mg/ml), and 1 ml of ethanol.
Precipitated DNA was collected by centrifugation and resuspended
in 100 ll of TE buffer (10 mM Tris [pH 7.5] and 0.5 mM ethylene-
diaminetetraacetic acid [EDTA]). DNA was reprecipitated by the
addition of NaCl and ethanol, and following a rinse with ethanol,
DNA was resuspended in 100 ll of TE buffer.

Determination of relative mutation frequencies

Relative mutation frequencies were determined using a lactose
utilization phenotype change on indicator plates. To ensure that
mutagenized plasmid clones represented homoduplexes with seg-
regated wild-type and mutant alleles, following primary culturing
on selection plates, approximately 1 � 104 colonies were pooled
from each mutagenesis experiment and grown in LB–Ap medium
at 37 �C for 2.5 h. DNA was isolated, and 1 ng of purified homodu-
plex plasmid DNA was electroporated into E. coli DH5a. The cells
were then plated on color indicator plates containing Ap (100 lg/
ml), X-gal (80 lg/ml), and IPTG (0.1 mM). The total colony number
ranged from 4.0 � 103 to 1.2 � 104 among experiments. Colonies
were evaluated according to their color, and relative mutation fre-
quencies were determined as the proportion of white and pale blue
colonies from the total number of all colonies. Note that this visual
screen does not detect mutations not affecting lactose utilization
phenotype (e.g., those not changing the respective amino acid).
In cases where a cloning step was included in the protocol, a frac-
tion of white colonies was generated by plasmid clones containing
no inserts, thereby causing a small systematic bias, typically repre-
senting 1 to 2% of total colonies. The bias was eliminated using
control vector ligations and subtracting the control colony num-
bers from the numbers of non-blue colonies in the experimental
samples.
Sequence analysis

DNA sequence determination of selected plasmids was per-
formed at the DNA sequencing facility of the Institute of Biotech-
nology (University of Helsinki) using the primer HSP492. In
general, two blue colonies, one pale blue colony, and one white
colony were chosen for the analysis per time point or PCR con-
dition. The sequencing reads covered the entire lacZa-encoding
region, extending into the MuA-encoding segment. Total read
lengths ranged from 539 to 800 nt. The total number of se-
quenced plasmid clones per mutagenesis method ranged from
15 to 27. A common 500-bp region of mutagenized plasmids
(obtained using the primer HSP492) was used to directly com-
pare the number of mutations induced by different methods.
For the analysis of mutations on protein level, conservative and
nonconservative amino acid substitutions were defined according
to the BLOSUM62 matrix [38].

Results

Experimental outline

We were interested in directly comparing the operational range
and mutation spectrum of several of the most commonly used ran-
dom mutagenesis methods (Fig. 1). Initially, we constructed a re-
porter plasmid that includes a screening system based on the
enzymatic activity of E. coli b-galactosidase encoded by lacZ. The
plasmid includes a gene fragment (lacZa) that encodes an N-termi-
nal peptide capable of complementing an enzyme defect caused by
a deletion mutation in the E. coli chromosome. Mutations in the
plasmid that affect the reporter system can be screened by plating
plasmid-containing bacterial clones on X-gal/IPTG indicator plates.
With regard to the reporter system, critically mutated plasmid
clones generate white or light blue colonies, whereas original
(and noncritically mutated) plasmids yield deep blue colonies,
forming a visual assay to determine relative mutation frequencies.
We also included the MuA gene in our reporter plasmid because
the encoded MuA transposase protein will be mutated in our cur-
rently ongoing projects; it also allowed mutation spectrum analy-
sis along a longer region of protein-encoding DNA. Initially, we
subjected the reporter plasmid to different mutagenic treatments
and then propagated the plasmids in nonmutagenic conditions
for a short time period to ensure segregation of mutated DNA
strands, yielding homoduplexed plasmid DNA for the analyses.
For mutagenesis, we used Taq DNA polymerase with mutagenic
buffer or with a combination of nucleotide analogues (8-oxo-dGTP
and dPTP), Mutazyme II DNA polymerase with variable amplicon
amounts or PCR cycles, mutator strain XL1–Red, and chemical
mutagen NH2OH–HCl. We varied critical parameters and deter-
mined relative mutation frequencies for each of these methods.
In addition, we analyzed the number and spectrum of nucleotide
changes induced, and in cases where a relevant number of muta-
tions were produced, we also analyzed the mutation diversity at
the protein level.

Error-prone PCR with Taq DNA polymerase and mutagenic buffer

Taq DNA polymerase PCR amplification is error prone as such,
and the frequency of mutations generated can be modulated using
mutagenic buffer that unbalances the nucleotide concentrations
and includes MnCl2 in the reaction [12]. The error rate of Taq
DNA polymerase was examined by increasing the proportion of
mutagenic buffer in the PCR (see Materials and methods and
Fig. 2A). Linear correlation was observed between the added vol-
ume of the buffer and the percentage of discernible mutant clones
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Fig. 1. Experimental outline. (A) Construction of mutant plasmid pools. In error-
prone PCR mutagenesis protocols, the target gene fragment in pTLH2, containing
the lacZa marker gene and the MuA gene, was amplified in mutagenic conditions
using the primer pair HSP492/HSP493. The PCR product was digested with NcoI
and XhoI and then cloned into pBADHisA cleaved with NcoI and XhoI to construct
a mutant plasmid pool. In XL1–Red and NH2OH–HCl mutagenesis protocols, the
entire pTLH2 plasmid was subjected to mutagenic conditions to generate a pool
of mutant plasmids. Thus, in error-prone PCR mutagenesis, only the cloned target
gene fragments gain random nucleotide changes. In XL1–Red and NH2OH–HCl
mutagenesis, random nucleotide changes are generated throughout the entire
plasmid. (B) Probing the mutation generation capacity of random mutagenesis
methods. Mutant plasmid libraries were transformed into E. coli, and 1 to 3 � 104

colonies were pooled and propagated in nonmutagenic conditions to ensure
segregation of mutated DNA strands. Isolated plasmid DNA was transformed into
E. coli, and the cells were plated on color indicator plates to determine the
proportion of discernible mutant colonies (pale blue and white colonies) from
the total number of colonies. Sequencing with primer HSP492 was used to
analyze the number of mutations along the target sequence in selected plasmid
clones.
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generated. The proportion of observed mutants ranged from 7 to
56%, and sequence analysis revealed up to 12 mutations per 500
nt analyzed (extrapolated for 1000 bp in Fig. 2A), indicating strong
mutagenic activity and a wide operational range of this mutagen-
esis system, particularly desirable features in cases where simulta-
neous generation of many mutations is needed.
Error-prone PCR with nucleotide analogues

A PCR method that employs the nucleotide analogues 8-oxo-
dGTP and dPTP is one of the most efficient means to introduce
point mutations in DNA [14,39]. The fidelity of Taq DNA polymer-
ase in the presence of these analogues was examined by increasing
their concentration in the PCR (see Materials and methods and
Fig. 2B). Within the range of 2 to 100 lM, the relative mutation fre-
quency observed was proportional to the concentration of nucleo-
tide analogues and ranged from 30% to more than 90%. Sequencing
revealed 2 to 36 mutations within the 500 nt analyzed (extrapo-
lated for 1000 bp in Fig. 2B). Thus, the method has a very high
mutational capacity as well as a wide operational range that man-
ifests particularly at higher mutation frequencies. The data suggest
that nearly one-tenth of the nucleotides can be readily mutated
within a given DNA molecule.

Error-prone PCR with Mutazyme II DNA polymerase

Mutazyme II DNA polymerase is a commercial error-prone
PCR enzyme mixture formulated to provide useful mutation
rates with minimal mutational bias. The mutation rate can be
controlled by varying the initial amount of target DNA in the
reaction or the number of amplification cycles performed
[8,40,41]. We first tested the effect of target DNA amount in
the reaction and used an invariable 30 cycles of amplification
(see Materials and methods and Fig. 2C). The proportion of dis-
cernible mutant clones increased from 10% to nearly 40% when
the target amplicon amount was reduced logarithmically from
100 to 0.001 ng. Sequencing revealed 1 to 9 mutations within
the segment of the 500 nt analyzed (extrapolated for 1000 bp
in Fig. 2C). Next, we tested the effect of amplification cycles
and used an invariable amount (100 ng) of the template ampli-
con (see Materials and methods and Fig. 2D). The proportion
of discernible mutant clones increased from 2% to more than
11% when the number of PCR cycles was increased from 1 to
20. Sequence analysis revealed 0 to 5 mutations within the
500-nt segment analyzed (extrapolated for 1000 bp in Fig. 2D).
The results imply that Mutazyme II DNA polymerase is a power-
ful tool for the construction of low- to medium-rate mutation
libraries.

Mutagenesis with XL1–Red mutator strain

Escherichia coli XL1–Red is a mutator bacterial strain that lacks
three of the primary DNA repair pathways and induces point muta-
tions into a resident target plasmid. The number of generated
mutations can be increased by successive growth cycles [36]. We
tested the mutational capacity of this strain by propagating the re-
porter plasmid for several 24-h passages (see Materials and meth-
ods and Fig. 2E). XL1–Red strain induced 0.6 to 2.0% discernible
mutants when the number of successive passages grew from 1 to
10. Sequencing revealed no mutations or a single mutation along
the sequenced 500-nt segment in selected clones (extrapolated
for 1000 bp in Fig. 2E). All of the detected mutations were in plas-
mid clones generating colonies that grew white or pale blue on
indicator plates. The data imply that whenever a low mutation rate
is needed (e.g., for the generation of single amino acid changes in a
protein encoded by a relative long target DNA segment), the XL1–
Red mutator strain represents an attractive mutagenesis
alternative.

NH2OH–HCl mutagenesis

NH2OH–HCl is a chemical mutagen that can be used for in vitro
mutagenesis [16,21]. The number of generated mutations can be
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Fig. 2. Relative mutation frequencies and numbers of observed mutations. Relative mutation frequency is defined as the percentage of white and pale blue colonies from the
total number of colonies. In each panel, the relative mutation frequency is shown with filled circles connected by black lines with the scale on the left. The scale on the right in
each panel indicates the numbers of mutations per 1000 bp (extrapolated from the 500-bp region analyzed). The number of mutations from blue colonies are shown with
open circles, those from pale blue colonies are shown with open triangles, and those from white colonies are shown with open squares. For clarity, the symbols for the clones
having the same number of mutations are depicted adjacent to each other. (A) Error-prone PCR using Taq polymerase with mutagenic buffer. (B) Error-prone PCR using Taq
polymerase and 8-oxo-dGTP and dPTP nucleotide analogues. (C) Error-prone PCR using Mutazyme II DNA polymerase and variable amounts of the amplicon. (D) Error-prone
PCR using Mutazyme II DNA polymerase and variable numbers of PCR cycles. (E) Mutator strain XL1–Red. (F) NH2OH–HCl mutagenesis.
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increased by lengthening the exposure time [37]. We incubated the
reporter plasmid for different time periods (see Materials and
methods and Fig. 2F) and observed a relative mutation frequency
that ranged from 0.02 to 0.31% when the exposure time was varied
from 8 to 40 h. Sequencing revealed 0 to 2 mutations along the 500
nt analyzed (extrapolated for 1000 bp in Fig. 2F), and all of the
mutations were detected in plasmid clones originating from colo-
nies that grew white or pale blue on indicator plates. Thus,
NH2OH–HCl mutagenesis generates mutations with a low rate,
and so it is most useful in protein modification application where
single amino acid substitutions are needed.

Mutation types at the DNA level

The mutation spectrum generated is an important performance
criterion for a random mutagenesis method, and nonbiased spectra



Fig. 3. Mutation types induced by the evaluated random mutagenesis methods.
Percentages are shown for transitions with white columns, for transversions with
dark gray columns, for deletions with light gray columns, and for insertions with
black columns. An ideal nonbiased method would produce a pattern shown on the
left.
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are generally preferred [1]. We examined, by DNA sequence anal-
ysis, the mutation spectrum of the six evaluated mutagenesis
methods (Table 1 and Fig. 3). The number of clones analyzed per
mutagenesis method ranged from 15 to 27, and the total number
of sequenced nucleotides varied between 12,000 and 21,000 per
method.

Taq DNA polymerase with mutagenic buffer induced nearly all
possible point mutation types (Table 1 and Fig. 3). Transition muta-
tions dominated with nearly 60% prevalence; in particular,
A:T ? G:C transitions were common (�38%). The vast majority
(85%) of mutations were of the type A:T ? G:C, G:C ? A:T, or
A:T ? T:A. Also, 1-bp deletions were found, but no insertions or
G:C ? C:G transversions were detected.

The inclusion of nucleotide analogues biased the mutational
spectrum of Taq DNA polymerase substantially (Table 1 and
Fig. 3). Amplification with nucleotide analogues 8-oxo-dGTP and
dPTP primarily induced transitions (93%), and A:T ? G:C transi-
tions dominated with a 65% prevalence. A small number of
A:T ? T:A and A:T ? G:C changes, as well as a few 1-bp deletions,
were also found.

Mutazyme II induced all possible point mutation types (Table 1
and Fig. 3). Transitions and transversions were detected in equal
numbers, and they totaled 90% of the mutations. Approximately
10% of the induced mutations were 1-bp insertions or deletions.
Very similar results were obtained for both experimental series,
either with a variable amount of amplicon DNA or with a variable
number of amplification cycles.

Both XL1–Red strain and NH2OH–HCl treatment induced very
low levels of mutations (Table 1 and Fig. 3), and most of them were
G:C ? A:T transitions. A few other types of mutations were also
observed, including 1-bp deletions with XL1–Red strain.

Amino acid substitution patterns

The mutation spectrum of a given mutagenesis method influ-
ences the repertoire of changed amino acids at the protein level.
We were able to evaluate the amino acid substitution patterns gen-
erated by the four error-prone mutagenesis protocols using muta-
tion data from the protein-encoding regions in the reporter
plasmid (Table 2). However, the chemical and mutator strain
mutagenesis protocols generated too few mutations, thereby pre-
venting a meaningful evaluation of these methods. Amino acid
substitutions were analyzed from the LacZa sequence (60 amino
acids) and from the C terminus of the MuA sequence (143 amino
acids). The total number of amino acids analyzed ranged from
2998 to 4235 among the different methods. Mutations were dis-
tributed throughout the LacZa and MuA sequences without evi-
Table 1
Mutation spectrum of random mutagenesis methods.

Taq DNA polymerase Muta

Mutagenic buffer 8-oxo-dGTP and dPTP Amo

n % n % n

Transitions 72 57.1 169 92.9 40
A:T ? G:C 48 38.1 119 65.4 12
G:C ? A:T 24 19.0 50 27.5 28

Transversions 48 38.1 11 6.0 39
A:T ? T:A 35 27.8 3 1.6 13
A:T ? C:G 5 4.0 8 4.4 2
G:C ? T:A 8 6.3 0 0 19
G:C ? C:G 0 0 0 0 5

Deletion (1 bp) 6 4.8 2 1.1 4
Insertion (1 bp) 0 0 0 0 3
Total mutations 126 100 182 100 86
Clones sequenced 21 15 19
Nucleotides sequenced 16,510 11,790 14,639
dent bias toward any particular region (data not shown). Because
the spectrum of amino acid changes was similar for both proteins
(data not shown), the final analysis took advantage of the additive
data from both sequences (Table 2). Below, we highlight the most
significant differences among the methods.

Initially, we classified mutations into those that preserved the
corresponding amino acid, changed it, or generated a stop codon.
A clear difference was seen between the polymerases used in
mutagenesis, Taq DNA polymerase versus Mutazyme II DNA poly-
merase. Of the total mutations, Taq DNA polymerase preserved the
amino acid in more than 30% of the cases with both mutagenesis
protocols (mutagenic buffer and nucleotide analogues). With
Mutazyme II DNA polymerase, the amino acid preservation per-
centage was much lower (�13 and 26% with the two separate pro-
tocols). The rate of stop codon generation was also very different
for these enzymes. Whereas Taq DNA polymerase produced less
than 4% of stop codons, Mutazyme II DNA polymerase generated
nearly 15% of them.

Amino acid changes were classified into conservative and non-
conservative substitutions. Conservative substitutions change the
zyme II polymerase XL1–Red NH2OH–HCl

unt of amplicon Number of cycles

% n % n % n %

46.5 15 42.9 6 60.0 12 92.3
14.0 6 17.1 0 0 2 15.4
32.5 9 25.7 6 60.0 10 76.9
45.3 16 45.7 1 10.0 1 7.7
15.1 10 28.6 1 10.0 1 7.7

2.3 1 2.9 0 0 0 0
22.1 5 14.3 0 0 0 0

5.8 0 0 0 0 0 0
4.7 4 11.4 3 30.0 0 0
3.5 0 0 0 0 0 0

100 35 100 10 100 13 100
17 22 27

13,512 15,810 21,485



Table 2
Mutations at protein level.

Taq DNA polymerase Mutazyme II DNA polymerase Nonbiased
methoda

Ideal method

Mutagenic buffer 8-oxo-dGTP and dPTP Amount of amplicon Number of cycles

n % n % n % n % % %

Total mutations 98 100 143 100 56 100 23 100
Preserved amino acid 36 36.7 46 32.2 7 12.5 6 26.1 21.0–25.8
Amino acid change 60 61.2 92 64.3 41 73.2 14 60.9 74.3–69.5
Stop 2 2.1 5 3.5 8 14.3 3 13 4.7

Impact of amino acid change 60 100 92 100 41 100 14 100
Conservativeb 31 51.7 48 52.2 19 46.3 5 35.7
Nonconservativeb 29 48.3 44 47.8 22 53.7 9 64.3

Substitution 62 100 97 100 49 100 17 100
Chargedc 19 30.7 21 21.7 8 16.3 3 17.7
Neutrald 18 29 31 32 16 32.7 9 52.9
Aromatice 4 6.5 3 3 2 4.1 0 0
Aliphaticf 19 30.6 37 38.1 15 30.6 2 11.8
Stop 2 3.2 5 5.2 8 16.3 3 17.6

Stop and Gly/Pro codons 13 20.9 28 28.9 13 26.5 4 23.5 15.8–20.7
Stop 2 3.2 5 5.2 8 16.3 3 17.6 4.7
Gly/Pro 11 17.7 23 23.7 5 10.2 1 5.9 11.1–16.0

Change of chemical group 46 100 66 100 34 100 9 100 100 100
Charged 11 24 11 16.7 5 14.7 2 22.2 24.9 25
Neutral 14 30.4 19 28.8 11 32.4 3 33.4 28.9 35
Aromatic 4 8.7 3 4.5 2 5.9 0 0 5.9 15
Aliphatic 15 32.6 28 42.4 8 23.5 1 11.1 35.6 25
Stop 2 4.3 5 7.6 8 23.5 3 33.3 4.7 0

Analyzed amino acids 4235 2998 3712 3451

a Wong and coworkers [7].
B Conservative and nonconservative amino acid substitutions were defined according to the BLOSUM62 matrix [38]. For comparison, using the matrix for a nonbiased

method, the impact of conservative and nonconservative amino acid changes would give the percentage values of 27.8 and 72.2, respectively.
c Charged amino acids (D, E, H, K, R).
d Neutral amino acids (C, M, P, S, T, N, Q).
e Aromatic amino acids (F, Y, W).
f Aliphatic amino acids (G, A, V, L, I).
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encoded amino acid to a similar amino acid according to certain
criteria. In our analysis, we applied the commonly used BLOSUM62
matrix [38]. Of amino acid changes, Taq DNA polymerase produced
somewhat more conservative substitutions than did Mutazyme II
DNA polymerase. With nonconservative substitutions, the trend
was the opposite, Mutazyme II DNA polymerase yielding more
changes.

Amino acid substitutions can be divided according to their
properties into five groups: charged amino acids (D, E, H, K, R),
neutral amino acids (C, M, P, S, T, N, Q), aromatic amino acids (F,
Y, W), aliphatic amino acids (G, A, V, L, I), and stop codons [1].
Overall, the different mutagenesis methods induced a very similar
substitution pattern, although a degree of variation could be ob-
served in charged amino acid and stop codon substitutions.

For the comparison of random mutagenesis methods, Wong and
coworkers [1] proposed a useful structure indicator that takes into
account Gly and Pro substitutions as well as stop codons. Whereas
Taq DNA polymerase produced proportionally more Gly/Pro substi-
tutions than stop codons, the trend was the opposite with Muta-
zyme II DNA polymerase. Together, these protein structure-
disturbing amino acid substitutions accounted for approximately
25% of total substitutions independent of the method.

Another useful difference indicator among mutagenesis meth-
ods takes into account only those substitutions that result in the
change of the chemically categorized group, including stop codons
[7]. Overall, the patterns were very similar to those obtained when
the total repertoire of substitutions was analyzed except that the
variation between polymerases was not detectable with the
charged amino acid substitution category.
Discussion

Random mutagenesis methods constitute an important protein
modification tool set, with applications ranging from protein engi-
neering to directed evolution studies. Although a vast array of such
methods has been described [1–5,42], larger studies that would
critically evaluate and directly compare the performance parame-
ters of various methods are lacking. We evaluated several of the
most commonly used methods, including error-prone PCR proto-
cols as well as one chemical and one biological mutagenesis meth-
od, and determined their operational ranges. We were particularly
interested in the most important performance criteria for random
mutagenesis—mutation frequency and its controllability. Accord-
ingly, we determined the relative mutation frequencies under dif-
ferent mutagenic conditions for each of the evaluated methods. We
also analyzed the induced mutation spectra at the nucleotide level
and then assessed the diversity of mutation types at the amino acid
level.

The blue/white E. coli colony assay was a convenient means to
directly compare the operational ranges of the methods. This assay
detects those mutations that critically alter the expression or activ-
ity of b-galactosidase, and it yields a quantitative measure for rel-
ative mutation frequencies. The PCR protocols generated
mutations that were targeted to the amplified fragment only.
Although the chemical and biological mutagenesis methods
yielded mutations that were distributed throughout the reporter
plasmid, this difference did not interfere with the interpretation
of the data because of the comparatively much lower mutation fre-
quencies. Sequencing was used to analyze the number and type of



Fig. 4. Controllability of the evaluated random mutagenesis methods. For each
method, the minimum and maximum percentages of discernible mutants obtained
are shown with white and dark gray columns, respectively.
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mutations for selected clones, allowing us to correlate the relative
mutation frequencies to the actual number of mutated base pairs.
It also produced data for the comparison of mutation spectra and
amino acid substitution patterns.

Error-prone PCR methods proved to be highly efficient muta-
genesis techniques with controllable mutation frequencies. Taq
DNA polymerase, particularly with nucleotide analogues 8-oxo-
dGTP and dPTP, was a highly potent mutagenesis inducer and pro-
vided a good control over a wide range of mutation frequencies
(Figs. 2A, 2B, and 4). In previous studies the mutation frequency in-
duced by Taq DNA polymerase has been controlled by the number
of PCR cycles under a constant 400- or 500-lM concentration of
nucleotide analogues, yielding a relatively high initial mutation
frequency [14,39]. Our aim was not only to verify a high-frequency
mutagenesis protocol but also to establish conditions where an
excessive mutation load could be avoided; lowering the concentra-
tion of the analogues proved to be a straightforward means to
achieve the latter goal.

Error-prone PCR with Mutazyme II DNA polymerase appeared
to be a convenient mutagenesis method for the generation of mu-
tant libraries of relatively low to moderate mutation frequency
(Figs. 2C, 2D, and 4). The frequency could be regulated by adjusting
the amount of the amplicon or the number of amplification cycles
in the PCR. There do not appear to be any drastic differences be-
tween the mutation rates of different commercial Mutazyme
DNA polymerase preparations given that our results with Muta-
zyme II were very similar to those obtained previously with the
earlier Mutazyme I version [43].
Table 3
Bias indicators of random mutagenesis methods.

Taq DNA polymerase

Mutagenic buffer 8-oxo-dGTP and dPTP

Ts/Tva 1.5 15.5
A:T ? G:C/G:C ? A:Tb 2.0 2.4
A ? N, T ? N/G ? N, C ? Nc 2.8 2.6

a Ts/Tv is a transition versus transversion ratio. A nonbiased mutational spectrum wo
b A:T ? G:C versus G:C ? A:T mutations. A nonbiased mutational spectrum would yi
C Any change in A or T nucleotide versus any change in G or C nucleotide. A nonbiase
With E. coli XL1–Red strain, the mutation frequency should be
directly proportional to the number of generations that the DNA
of interest has been propagated in the mutator strain, resulting
in an approximately 5000-fold higher mutation rate than obtained
with a wild-type E. coli strain [36]. Accordingly, the mutation rate
of a colE1 origin-containing plasmid, such as pBluescript, is
approximately 1 mutation/2 kb of cloned DNA after 30 generations
of growth in XL1–Red mutator strain [36]. In our study, we at-
tained a relative mutation frequency of 2% after approximately
100 generations (Figs. 2E and 4). In addition, the sequence analysis
revealed a maximum of 1 mutation/500 bp in the selected (white
or pale blue) clones. Although a direct comparison of mutation
rates is not possible between the studies due to different analysis
strategies, the results appear to be very similar. It is clear that to
obtain substantially higher mutation rates with the XL1–Red
mutagenesis protocol, a significant increase in the number of
growth cycles should be implemented.

With the NH2OH–HCl protocol, the maximum yield of discern-
ible mutants (0.3%) was reached following approximately 25 h of
exposure, and no increase was observed with longer incubation
times (Figs. 2F and 4). Previously, a mutant proportion of up to
1.8% was reported in a study involving an experimental setup sim-
ilar to that used in our study [16]. However, this result was
achieved using a somewhat differing protocol (e.g., including pH
6.0 vs. 7.0 in the reaction), possibly explaining the difference. Over-
all, the NH2OH–HCl protocol provided a convenient and cheap
mutagenesis method for the generation of low mutation frequency
libraries.

In general, all random mutagenesis methods developed to date
are biased toward transition mutations, although efforts have been
made to overcome the bias [8,44–46]. Transition bias was also ob-
served in the current study (Tables 1 and 3 and Fig. 3). In this re-
gard, Mutazyme II DNA polymerase was the least biased, yielding
transitions and transversions with roughly equal proportions.
(Note that an ideal nonbiased method would generate two-thirds
of transversions and one-third of transitions [Fig. 3].) All of the
methods generated some insertions and/or deletions, and in most
of the cases the frequency was very low. Somewhat higher fre-
quencies were observed with Mutazyme II protocols and XL1-
Red. With regard to mutation bias between two transition muta-
tions, A:T ? G:C versus G:C ? A:T, the Taq DNA polymerase proto-
cols were biased toward A:T ? G:C mutations and other methods
were biased toward G:C ? A:T mutations (Table 2 and Fig. 5A). A
similar trend among methods was seen in the bias with A and T
versus G and C nucleotide mutations (Table 2 and Fig. 5B). In gen-
eral, the generated types of mutations and biases with all protocols
were similar to those observed in previous studies [14–
16,40,41,43,47], although in some cases apparent differences could
be discerned. For example, Mutazyme II DNA polymerase, with two
separate protocols, showed a difference in mutating A and T versus
G and C nucleotides (Table 2 and Fig. 5B), and XL1–Red produced a
large fraction of deletions (Fig. 3). However, a change, possibly
associated with amplification bias and/or a relatively small num-
Mutazyme II polymerase XL1–Red NH2OH–HCl

Amount of amplicon Number of cycles

1.0 0.9 6.0 12.0
0.4 0.7 0.0 0.2
0.5 1.2 0.2 0.3

uld yield the ratio of 0.5.
eld the ratio of 1.
d mutational spectrum would yield the ratio of 1.



Fig. 5. Biases in the mutation spectra of the evaluated random mutagenesis
methods. Insertion and deletion mutations are not taken into account. (A) Biases
manifested in A:T ? G:C versus G:C ? A:T mutations, also called transition bias. (B)
Biases manifested when any change from A or T nucleotide was compared with any
change from G or C nucleotide.

Table 4
Amino acid substitution patterns for the analyzed LacZa and MuA protein sequences, incl

Charged (%) Neutra

Ideal distribution 25 35

Deviations according to this study
Taq with mutagenic buffera �1.1 �4.6
Taq with 8-oxo-dGTP and dPTPb �8.3 �6.2
Mutazyme II (amplicon) �10.3 �2.7
Mutazyme II (cycles) �2.8 �1.7

Deviations according to MAPc

Nonbiased method +0.9 �4.1
Taq–Pol (Mn2+/unbalanced dNTPs)d +0.9 �7.1
Taq–Pol with 8-oxo-dGTP and dPTPe +5.8 �5.5
Mutazyme IIf �0.2 �5.2

a Taq with mutagenic buffer, in the presence of [Mg2+] = 1.5 to 7 mM, [Mn2+] = 0 to 5
b Taq with 8-oxo-dGTP and dPTP, in the presence of [8-oxo-dGTP] = [dPTP] = 0.2 to 10
c Wong and coworkers [7]. MAP is publicly available at http://map.jacobs-university.d
d Shafikhani and coworkers [15]. Taq in the presence of [Mg2+] = 7 mM, [Mn2+] = 0.5 m
e Zaccolo and coworkers [14], Taq in the presence of [8-oxo-dGTP] = [dPTP] = 500 lM
f Stratagene [40].
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ber of mutations sequenced, may have caused the apparent
disagreements.

At the protein level, the amino acid substitution pattern dif-
fered among the error-prone PCR methods applied (Table 2).
For example, Taq DNA polymerase preserved the amino acid
more often than Mutazyme II DNA polymerase. A similar trend
was also observed with structure-disturbing amino acid changes
(Gly/Pro). However, the most striking difference was observed in
the proportion of stop codon changes, with Mutazyme II DNA
polymerase generating nearly 15% of them as compared with 2
to 4% generated by Taq DNA polymerase protocols. In general,
differences were subtle among the rest of the analyzed amino
acid change categories. All of the observed biases at the amino
acid level conformed with the observed nucleotide changes.
The methods that yielded biases toward A and T nucleotides
had a higher probability of generating stop codons (TAA, TAG,
TGA). Similarly, biases toward G and C nucleotides generated
more Gly codons (GGT, GGC, GGA, GGG) and Pro codons (CCT,
CCC, CCA, CCG) (Tables 1 and 2).

A publicly available mutagenesis assistant program (MAP) [7]
can be used to statistically predict amino acid changes in a given
target protein. It takes into account the protein-encoding nucleo-
tide sequence of the target and the reported mutation spectra of
several mutagenesis methods, including multiple Taq DNA poly-
merase protocols and a Mutazyme II protocol. This gave us the
opportunity to compare the predicted amino acid changes of our
target sequence with the actual amino acid changes observed in
the current study (Table 4). With most of the amino acid change
categories (vs. ideal), the predicted amino acid changes were com-
parable to those observed. However, charged amino acids were
generated somewhat less frequently than predicted with both
the Taq and Mutazyme II protocols. Significantly larger differences
were observed with Mutazyme II DNA polymerase; aliphatic
changes were generated less frequently and stop codons were gen-
erated excessively more frequently than predicted by the program.
The data imply that small differences in the reported mutation
spectra at the nucleotide level nevertheless can have significant
consequences at the protein level.

Our data demonstrate the usability of different random muta-
genesis methods and their operational ranges. In essence, different
methods and parameters constitute a continuum from a very low
to high mutation rate. Defined parameters can be used for con-
trolled mutagenesis, where the frequency of random mutations
can be estimated reliably. To cover the entire sequence space
(i.e., to generate the most variable amino acid substitution reper-
uding ideal distribution and deviations from the ideal.

l (%) Aromatic (%) Aliphatic (%) Stop (%)

15 25 0

�6.3 +7.6 +4.4
�10.5 +17.4 +7.6
�9.1 �1.5 +23.5
�15.0 �13.9 +33.3

�10.0 +9.2 +4.0
�8.6 +10.4 +4.4
�12.5 +10.6 +1.5
�8.5 +8.8 +5.1

mM, [dATP] = [dGTP] = 0.2 mM, and [dCTP] = [dTTP] = 0.2 to 1 mM.
0 lM.
e/MAP.html.
M, [dATP] = [dGTP] = 0.2 mM, and [dCTP] = [dTTP] = 1 mM.

.

http://map.jacobs-university.de/MAP.html
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toire), the use of a combination of differentially biased methods is
warranted.
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