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An Error-Prone T7 RNA Polymerase Mutant
Generated by Directed Evolution
Susanne Brakmann* and Sandra Grzeszik[a]

Viruses replicate their genomes at exceptionally high mutation
rates. Their offspring evolve rapidly and therefore, are able to evade
common immunological and chemical antiviral agents. In parallel,
virus genomes cannot tolerate a further increase in mutation rate:
Experimental evidence exists that even few additional mutations
are sufficient for the extinction of a viral population. A future
antiviral strategy might therefore aim at increasing the error-
producing capacity of viral replication enzymes. We employed the
principles of directed evolution and developed a scheme for the
stringent positive selection of error-prone polymerase activity. A

mutant T7 RNA polymerase with a nucleotide substitution error
rate at least 20-fold greater than that of the wild-type was selected.
This enzyme synthesized highly heterogeneous RNA products in
vitro or in vivo and also decreased the replication efficiency of wild-
type bacteriophage T7 during infection.
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Introduction

During the past two decades, experiments with a steadily
increasing number of viruses have demonstrated that the
offspring of these viruses within one infected organism are
mutated at such high rates that each virus genome differs from
another in one or more nucleotides on average. A majority of
viruses have also been shown to deviate from the average or
consensus sequence.[1±3] The resulting populations of virus
genomes therefore exist as complex distributions of nonident-
ical, but closely related sequences called ªquasispeciesº.[4, 5] The
inhomogeneous nature of the quasispecies gives virus popula-
tions an enormous flexibility, which supports their rapid
adaptation to less favorable replication conditions, for example
in circumventing the influence of antiviral therapeutics, or, in the
case of a mammalian host, escaping from the organism's
immune response. Obviously, high variability is a tremendous
selective advantage for any virus but, from the medical point of
view, represents a major disadvantage in disease control and in
vaccine development.

The exceptionally high flexibility of virus populations usually
has the disadvantage of leading to a large fraction of partially
defective or even lethal offspring. In fact, it has been established
experimentally that a minor fraction of bacteriophage Qb

population of only 0.7 ± 1.6 % contained infectious particles.[6]

With eukaryotic picorna viruses, the relation of infectious to total
virus particles even decreases to the level of 10ÿ3 ± 10ÿ4.[7] These
findings suggest that virus genomes cannot tolerate many
additional mutations without substantially losing their viability.
Even with a small increase in the mutation rate, virus populations
reach an error threshold beyond which their replication capacity
and infectivity are completely lost. This fact has already been
recognized as an opportune way to influence viral infections[8±10]

and recently led to the finding of proof of ªlethal mutagenesisº
of HIV. This was achieved by decreasing the replication fidelity

with mutagenic deoxynucleoside analogues during sequential
passages in culture.[11]

Considering a future antiviral strategy, a promising and
challenging alternative to the application of mutagenic nucleo-
sides might directly aim at increasing the error-producing
capacity of viral replication enzymes beyond their limiting
threshold. An error-prone polymerase would intrinsically cata-
lyze the transition from ªreadableº genetic information to
ªnonsense messagesº without any ability to control the neces-
sary replication pathways. As a consequence, the virus popula-
tion would die out. Although a true ªerror catastropheº could
only be achieved at the level of genome replication, in certain
cases inaccurate transcription and translation may also lead to
permanent and inheritable changes within the genome. Indeed,
evidence has recently been presented that translational miscod-
ing may give rise to a mutator phenotype in Escherichia coli due
to the production of mutant DNA polymerases lacking proof-
reading activity.[12] Similarly, erroneous transcripts may result in
dysfunctional proteins after translation that are highly delete-
rious in maintaining integrity and stability of the genetic
information.

We started the search for an error-prone polymerase with the
RNA polymerase of bacteriophage T7 (T7 RNAP). This enzyme
has several advantages for use in directed evolution of polymer-
ase function. Unlike the multi-subunit DNA-dependent RNA
polymerases of eukaryotes and prokaryotes, T7 RNAP consists of
a single 98-kDa protein chain that is responsible for the

[a] Dr. S. Brakmann, S. Grzeszik
Evotec Biosystems AG
Schnackenburgallee 114, 22525 Hamburg (Germany)
Fax: (�49) 551-201-1435
E-mail : sbrakma@gwdg.de



Mutation of T7 RNA Polymerase

CHEMBIOCHEM 2001, 2, 212 ± 219 213

transcription of complete phage
DNA. The enzyme initiates transcrip-
tion after stringent recognition of
T7 promoter DNA in vivo and in vitro,
and therefore allows for specific
high-level transcription and expres-
sion of cloned genes.[13] Beyond that,
extensive mutational[14±20] and struc-
tural studies[21±23] with T7 RNAP pro-
vide substantial information for un-
derstanding and exploring the differ-
ences between wild-type enzyme
and its functional variants. These
insights, together with the unique
catalytic features of T7 RNAP, allowed
us to successfully develop a bacterial
in vivo system to select RNA poly-
merases capable of erroneous copy-
ing.

Results

Selection of an error-prone T7 RNA
polymerase mutant

The isolation of an error-prone RNA
polymerase from a plasmid library
containing random sequence substi-
tutions was enabled through a strin-
gent positive selection scheme, that
is, by rewarding inaccurate transcrip-
tion by a T7 RNAP mutant with the
survival of bacteria. Therefore, a
system of two compatible plasmids
was constructed, which couples mu-
tant polymerase genes in a feedback
loop to the essential, but inactivated
tetracycline resistance gene (Fig-
ure 1).

Feedback coupling was achieved
by introducing a T7 promoter up-
stream of the tetracycline resistance
gene of plasmid pACYC184 for ex-
pressing the resistance under the
exclusive control of a T7 promoter.
Bacteria transformed with this con-
struct (pACYC-T7Tet) did not survive
exposure to tetracycline (10 ±
25 mg mLÿ1) without T7 RNAP being present at the same time.
In the presence of wild-type T7 RNAP, however, viable trans-
formants retained resistance to 25 mg mLÿ1 of the antibiotic.
Subsequently, the tetracycline resistance of pACYC184, which is
mediated by a hydrophobic, membrane-associated efflux
pump,[24] was inactivated by the single amino acid replacement
Tyr 100!Pro (Y100P) (Figure 2 B). This mutation is located within
a periplasmic region of the membrane-bound protein which
previously had been identified to be critical for the performance

of resistance.[25] Bacteria transformed with the resulting plasmid
pACYC-T7Nontet, and expressing wild-type T7 RNAP, did not
survive upon exposure to tetracycline (10 mg mLÿ1). This finding
verified that substitution of a single residue abolished the
antibiotic resistance. Genetic analysis of the tetracycline resist-
ance also indicated that functional interactions exist between
the N- and C-terminal domains of the tetracycline efflux pump.[26]

As a consequence of this interaction, a deleterious mutation in
one domain of the protein might be suppressed by some

Figure 1. Positive selection of an error-prone T7 RNA polymerase (T7 RNAP). Plasmid pPolStar contains the ColE1
origin of replication (ori), which is compatible with the p15A ori of pACYC-T7Nontet. Bacteria co-transformed with
both plasmids start expressing a T7 RNAP mutant upon induction with isopropyl-b-thiogalactoside (IPTG). The
enzyme subsequently recognizes the T7 promoter on pACYC-T7Nontet and produces a pool of randomly altered
transcripts among which one or more might exist that encode restored resistance activity, for example as a
consequence of a second-site mutation, and that support the survival of the respective host bacteria. Ampres, Camres,
Tetres� genes for resistance to ampicillin, chloramphenicol, and tetracycline, respectively.

Figure 2. A : Genetic construction of vectors pPolHisTA and pPolStar. B: Genetic construction of pACYC-T7Tet (wild-
type), pACYC-T7Nontet (Y100P), and pACYC-T7N2 (Y100P, G102R). C: Genetic construction of pAlterGFP.
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second-site mutation within the other domain and thus enables
the selection scheme described here.

Selection experiments were performed after co-transforma-
tion of XL1-Blue cells harboring plasmid pACYC-T7Nontet with a
pool of plasmids carrying randomly mutated T7 RNAP genes
(pPolStar). These mutant libraries were generated by either PCR
mutagenesis or mutator strain passage. In accordance with the
error-prone PCR protocol of Joyce and Cadwell,[27] genes were
randomized at frequencies of 0.93� 0.06 % per position over the
total course of amplification. PCR-generated fragments were
submitted to forced cloning (i.e. using two incompatible
restriction overhangs and dephosphorylated vector), or were
ligated directly into a linear T vector.[45] Ligation efficiencies were
limited with both strategies, yielding on average 103 colony-
forming units (cfu) per mg of linearized vector DNA. Therefore,
mutator strain passage of the target T7 RNAP gene cloned into
an expression construct (pPolHisTA) was chosen as an alternative
to the PCR mutagenesis ± cloning procedure. E. coli strain XL1-
Red on average exhibits a mutation frequency of 10ÿ6 per
replication cycle and cell.[28] The overall mutation rate was
increased to a maximum of ca. 10ÿ3 by repeating mutator strain
passage five times. In parallel, however, recombination events
accumulated significantly to reach 5 % after the fourth passage,
and 20 % after the fifth passage.

For selection, a bacterial culture comprising a population of
ca. 106 T7 RNAP mutants (originating from mutator strain
passage) was grown in liquid media containing 40 % of the
standard tetracycline dose. The combined selective constraints
aimed at rewarding bacteria expressing T7 RNAP variants
capable of transcribing both fast as well as with decreased
fidelity. Surviving bacteria emerged immediately and amplified
for 15 h until a steady state was reached. Purification of both
plasmids and the sequencing of the 2.7-kb T7 RNAP gene
fragment of pPolStar demonstrated the predominance of a
single variant with three amino acid substitutions, F11!L,
C515!Y, and T613!A. Sequencing of plasmid pACYC-T7Non-
tet harbored by the same culture revealed that the correct
transcription context, as well as the inactivation of the tet gene,
had been retained. These findings suggested that indeed an
error-prone T7 RNAP mutantÐand not an artefactÐhad been
isolated.

Fidelity of in vitro transcription

Mutant T7 RNAP protein encoded on plasmid pPolStar was
overexpressed in E. coli strain BL21/pRep4 and purified in
accordance with a protocol that was initially developed for the
wild-type enzyme.[29] Both wild-type and mutant T7 RNAP were
tested in run-off transcription experiments by using linearized

plasmid pAlterGFP (rsGFP under T7 promoter control ; see below)
as a template. Differences in amount and composition of RNA
products synthesized by either wild-type or mutant T7 RNAP
already became apparent upon electrophoretic analysis in 1.2 %
(w/v) agarose gels: In contrast to the wild-type enzyme that
synthesized few RNA products of distinct length, RNA resulting
from transcription by mutant enzyme was homogeneously
distributed between DNA marker bands at 500 and 8000 bp,
respectively. Isolation, subcloning, and sequencing of the
appertaining cDNA revealed a nucleotide substitution error rate
of <6�10ÿ5, and an error rate of 6�10ÿ5 for nucleotide
deletions produced by the wild-type enzyme. The implementa-
tion of the same procedure with RNA of comparable mobility
synthesized by mutant enzyme demonstrated a nucleotide
substitution error rate of 1.25� 10ÿ3. The error rate for single-
nucleotide deletions was estimated to be lower than 4�10ÿ5

because frameshift mutations (insertions or deletions) had not
been detected so far (ca. 23 000 bp analyzed; Table 1). Thus, the
frequency of substitution errors produced by the selected
T7 RNAP mutant was increased at least 20-fold as compared to
the wild-type enzyme, whereas the frequency of single-nucleo-
tide deletions remained almost unchanged. Among all substi-
tutions 55 % transversions and 45 % transitions were observed,
which showed almost no preference for a certain sequence
context (Figure 3).

In vivo fidelity assays

In an initial test, the influence of mutant T7 RNAP (F11!L,
C515!Y, T613!A) on the infection cycle of wild-type phage T7
was monitored. This test was based on the finding that
bacteriophage T7 populations that grow on bacterial hosts
harboring a certain T7 gene, for example that coding for RNA
polymerase, tend to be outgrown by phage mutants defective in
the respective part of their genome: These mutants occur by
spontaneous recombination (once in �104 phage replications)
and obtain a substantial advantage by complementation, that is,
by utilizing the host-expressed enzyme which is supplied by a
plasmid. Consequently, the mutants replicate more efficiently
than the wild-type.[30]

Differences between wild-type and mutant T7 RNAP became
apparent upon growth of wild-type bacteriophage T7 in shaker
cultures of host bacteria harboring either of the plasmid-
encoded enzymes. In a normal lytic cycle at 30 8C, lysis of the
bacterial culture begins about 25 min after infection.[31] In our
experiments, the first burst of wild-type phage progeny
appeared 35 ± 40 min after the addition of phage stock solution
and reduced the cell densities to 25 ± 35 %, and to 10 ± 15 % after
a further burst. The remaining bacteria represent a fraction of

Table 1. Mutation frequency and mutation types observed in the run-off transcription assay with the rsGFP gene as a template.

Nucleotide substitutions Single-nucleotide frameshifts
T7 RNAP bp sequenced transitions transversions total mutation frequency insertions deletions total mutation frequency

wild-type 16 750 ± ± ± < 6� 10ÿ5 ± 1 1 6�10ÿ5

mutant 23 076 13 16 29 1.25� 10ÿ3 ± ± ± <4�10ÿ5
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naturally occurring mutants with an altered surface that does not
permit adsorption and penetration of T7 phage. In contrast to
these findings, lysis of the bacteria harboring mutant T7 RNAP
proceeded more slowly and to a lesser extent (Figure 4): About
60 % of the cell density remained after the first infection cycle,
and eventually reached 25 ± 30 %. This observation suggested
that the efficiency of viral replication was significantly influenced
by the mutant T7 RNAP.

In a further test, the transcriptional activity and accuracy of the
isolated T7 RNAP mutant was assayed in vivo by using another
system of two functionally linked plasmids which resembles the
selection system described above: Plasmid pAlterGFP was
constructed for expressing Green Fluorescent Protein (GFP) with

Figure 4. Dependence of bacterial lysis on the presence of plasmid-encoded
T7 RNAP mutant F11L/C515Y/T613A. Wild-type bacteriophage T7 was grown in
25-mL shaker cultures of E. coli XL1-Blue MR cells harboring no plasmid, plasmid
pACYC-T7Nontet with no T7 polymerase encoded, plasmid pAR1219 with wild-
type T7 RNAP, or plasmid pPolStar with mutant T7 RNAP. Following infection the
lysis of cells was monitored by determining the absorbance (OD600) in 30-min
intervals.

a red-shifted (rs) excitation maximum under the control of a
T7 promoter carried on a p15A vector compatible with ColE1
plasmids pPolStar (mutant T7 RNAP) or pAR1219 (wild-type
T7 RNAP), respectively (Figure 2 C). Mutational studies with GFP
variants have recently demonstrated that mutant GFPs usually
retain the overall structural organization of the wild-type, but
often display significant wavelength shifts or alterations of
fluorescence intensity.[32±34] Error-prone transcription by a
T7 RNAP mutant and consequent expression of GFP variants in
E. coli therefore should be detectable by screening bacterial
cultures for changes in fluorescence behavior. Experiments
performed in parallel with cells expressing GFP under control of
either wild-type or mutant T7 RNAP clearly revealed mutator
activity for the selected variant F11!L/C515!Y/T613!A
(Figure 5): Bacterial cultures expressing rsGFP after transcription
by wild-type polymerase showed a uniform (Gaussian) distribu-
tion of fluorescence with an average relative intensity of 7525�
448. In contrast to these, cultures expressing rsGFP following
transcription by the selected polymerase mutant exhibited a
wide, non-Gaussian distribution of fluorescence intensities with
an average relative intensity of 8163� 173. The observed
deviation from standard wild-type behavior was attributed to
contributions of GFP mutants exhibiting wavelength shifts of the
normal excitation wavelength of 485 nm.

Discussion

We have used random mutagenesis together with a genetic
selection scheme to discover active T7 RNA polymerase mutants
with decreased transcriptional fidelity. The wild-type enzyme is
the most commonly used DNA-dependent RNA polymerase for
synthesizing RNA in vitro. Studies of its error rate revealed

Figure 3. Distribution of point mutations generated by T7 RNAP using the rsGFP template.
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estimates of ca. 0.7� 10ÿ5 by using a mutation assay in vivo,[35]

and of ca. 3� 10ÿ5 by using an in vitro system for quantitative
assessment of RNA synthesis.[36] Both findings confirm that the
fidelity of transcription lacks proofreading mechanisms and
therefore is limited by base pairing of base tautomers, leading to
mutation frequencies of 10ÿ4 ± 10ÿ5.[37]

The selective constraints generated with the plasmid-based
selection system described here required erroneous transcrip-
tion for compensating one mutation within the tet gene. The
idea was based on the finding that inactive tetracycline mutants
may be reverted by random second-site mutagenesis.[26] By
compensating one missense mutation, the error rate of potential
T7 RNAP mutants could theoretically reach ca. 0.7�10ÿ3. Indeed,
bacteria surviving the applied selective constraint expressed a
mutant T7 RNAP that exhibited a substitution error rate of 1.25�
10ÿ3. By yielding a variant polymerase with a mutation frequency
of the expected order of magnitude (10ÿ3), the applied selection
system completely fulfilled the expectations. Attempts to obtain
a further increase in the transcriptional error rate by compensat-
ing two missense mutations failed: Surviving bacteria repre-
sented artefacts harboring either no T7 RNAP gene or nonfunc-
tional polymerase fragments.

The selected mutant F11!L/C515!Y/T613!A introduced
base substitutions without significant preference for a certain

type of mutation (Table 1) or a
certain sequence context (Fig-
ure 3). Due to a mutation fre-
quency that is in the range of
error-prone PCR,[38] RNA synthe-
sized by mutant T7 RNAP in vivo
or in vitro is highly heteroge-
neous. This fact had already
been observed by analyzing
the crude RNA products with
gel electrophoresis under native
conditions and, most strikingly,
was demonstrated by detecting
the variance of rsGFP fluores-
cence after transcription in vivo:
Assuming that every cell con-
tained only about 1000 copies
of rsGFP mRNA, at least one
mRNA would have been trans-
lated into a mutant protein with
spectral properties different
from those of the wild-type.
However, the copy number of
rsGFP mRNA is certainly much
higher than 1000: RNA tran-
scription by the host RNA poly-
merase is outrivaled, and almost
all transcription is effected by
T7 RNAP.[13] Indeed, mRNA con-
centrations in cells containing
pACYC-T7Nontet, or pAlterGFP
accumulated to levels observa-
ble by ethidium bromide stain-

ing of electropherograms (ca. 5 mg RNA per mL of culture; data
not shown) and most likely were capable of saturating the
protein-synthesizing machinery of E. coli. Consequently, large
amounts of GFP mutants with spectral properties different from
wild-type rsGFP were synthesized.

To determine the nucleotide substitution errors of comparable
RNA products, transcripts generated in vitro by either wild-type
or mutant T7 RNAP were size-selected by using electrophoretic
separation. Thereby, the broad size distribution of in vitro
transcripts generated by the mutant enzyme became obvious.
This observation might indicate an altered processivity or an
improper termination behavior of the mutant T7 RNAP, in
addition to the increased error rate. Despite this indication, a
major contribution of immature transcripts to the observed in
vivo effects remains doubtful because 3'-end heterogeneity
would result in dysfunctional protein fragments. By studying the
transcription of rsGFP by mutant T7 RNAP in vivo, however, we
observed an increase in the average fluorescence intensity.

Structural considerations

The three mutations that give rise to a T7 RNAP with mutator
phenotype map to three different subdomains of the protein
(Figure 6): Mutation F11!L is located within the N-terminal

Figure 5. Relation between rsGFP fluorescence intensity and transcriptional fidelity of T7 RNA polymerase. Cultures of
bacteria grown overnight at 37 8C in a microtiter format were measured for fluorescence intensity at 535 nm (excitation at
485 nm), and for optical density at 590 nm (OD590). To account for varying amounts of bacteria, all fluorescence intensity
data were normalized by the respective cell densities. A: Fluorescence intensity of rsGFP in dependence of wild-type
T7 RNAP (bars A ± G in row 6 show the background fluorescence intensity of the LB medium). B: Fluorescence intensity of
rsGFP in cells harboring mutant T7 RNAP. C: Gaussian distribution of fluorescence intensities exhibited in cells expressing
wild-type T7 RNAP (n� 32). D: Distribution of fluorescence intensities resulting from mutant T7 RNAP (n� 280).
n�number of clones screened.
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Figure 6. Modified secondary-structure representation of the crystal structure of
T7 RNAP.[23] The coordinates (PDB file 1CEZ) were displayed using the program
VMD[44] on a Silicon Graphics workstation. Residues phenylalanine 11, cys-
teine 515, and threonine 613, which were identified to be mutated, are high-
lighted in orange, residues aspartate 537 and 812 indicating the active site are
highlighted in red, and the C-terminal residues 880 ± 883 are colored yellow.

region, which has been associated with the establishment of
processivity,[22] as well as with binding upstream regions of
promoter DNA[20, 39] and binding of nascent, single-stranded
RNA.[40, 41] The second mutation, C515!Y, can be attributed to
the palm subdomain of T7 RNAP that is central to the catalytic
activity of the protein and involved in the distiction between
rNTP and dNTP substrates.[22] The third mutation, T613!A, is
located in the fingers subdomain, which enables a contact to the
triphosphate moiety of the incoming ribonucleotide sub-
strate.[23]

The T7 RNAP in pPolStar contained a C-terminal six-histidine
tag still present in the selected mutant. Although the C-terminal
four-residue stretch of wild-type T7 RNAP is known to be flexible
in solution,[42] and was only poorly ordered in a crystal of
T7 RNAP complexed with its inhibitor T7 lysozyme,[22] it is not
clear whether the artificial tag affects the increased mutation
rate: On the one hand, mutation of the penultimate residue of
the unmodified enzyme, F882, suggests a role in binding the
elongating rNTP.[14] Also, F882 and A883 of the wild-type protein
were observed to be bound beneath three central b strands in
the recently solved structure of a transcribing complex.[23] On the
other hand, experiments performed by us to control the
selection scheme showed that bacteria harboring the histidine-
tagged T7 RNAP did not survive upon exposure to tetracycline.
Therefore, an exclusive dependence between error rate and
histidine tag seems rather unlikely.

Conclusion and perspectives

Erroneous replication is a necessary prerequisite for the antiviral
concept described above. Our approach represents a promising

model for selecting error-prone polymerase activity that could,
in principle, be adopted to the positive selection of DNA-
dependent DNA polymerases and also, of reverse transcriptases.
Beyond that, the selected T7 RNAP variant may be a valuable
tool for the generation of RNA or DNA mutant libraries, for
example, for in vitro selection by using isothermal amplification
reactions (self-sustained sequence replication, 3SR; nucleic acid
sequence-based amplification, NASBA) or in vitro transcription.
Because of its relaxed interaction with mispaired bases, the
mutant polymerase will probably also facilitate the incorporation
of a series of modified nucleotides into RNA and thus open up
the horizon for generating RNAs with modified properties that
are of interest in the fields of antisense RNA, RNA aptamers, and
ribozymes.

Experimental Section

Generation of functional T7 RNAP mutant libraries: A 2.8-kb
fragment coding for T7 RNAP was PCR-amplified starting from
plasmid pAR1219[43] using the primer pair 5'-AGC TAG CTA GC-
TAAG CTT CGATCATGG CGA CCA CAC CC-3' and 5'-AGC TAG CTA GCT-
GAATTC GAT CCC GGATTTACTAAC TGG AAG AGG-3' (restriction sites
are underlined). Mutagenizing PCR conditions were achieved
according to Cadwell and Joyce.[27] The PCR-generated wild-type
fragment was ligated into pKK223-3 (Pharmacia) yielding plasmid
pPol4-1. For TA cloning and expression of wild-type and mutant
T7 RNAP genes, the upper primer 5'-GGC GTTAGT GAT GGT GAT GGT-
GAT GCG CGA ACG CGA AGT CCG ACT CTA AG-3' introduced the se-
quence coding for a six-histidine tag (underlined) upstream of the
stop codon, and the lower primer 5'-TTG ACA ATTAAT-
CAT CGG CTC GTATAATGT GTG GAATTG TGA GCG GATAAC AAT TTC A-
CA CAG GAA ACA GAATTC GAT CCC G-3' inserted the hybrid tac pro-
moter sequence (underlined) flanking the opposite end of the gene.
Amplification with this primer pair was achieved starting from
template pPol4-1. PCR-generated fragments, either wild-type or
randomized, were directly ligated into linear vector pCR2.1 (Invi-
trogen) yielding plasmid pPolHisTA (wild-type T7 RNAP), or mutant
library pPolStar (randomized gene). Alternatively, the mutant library
pPolStar was produced by submitting the expression construct
pPolHisTA to five successive passages in mutator strain XL1-Red
(Stratagene) by using the supplier's protocol.

Purification of T7 RNA polymerases: Purification of wild-type or
mutant polymerase was achieved by using a standard protocol,[29]

starting from strain BL21 (Stratagene) co-transformed with pREP4
(Qiagen) and a compatible T7 RNAP expression plasmid.

Plasmid-based selection system: A synthetic 208-bp fragment, 5'-
CTA GAT TTC AGT GCA ATT TAT CTC TTC AAATGTAGC ACC TGA AGT-
CAG CCC CATACG ATATAA GTT GCG AAC TTC TGATAG ACT TCG AAA-
TTA ATA CGA CTC ACTATA GGG AGA CCT TAT CAC AGT TAA ATT GCT-
AAC GCA GTC AGG CAC CGT GTATGA AAT CTA ACA ATG CGC TCATCG-
TCATCC TCG GCA CCG TCA CCC TGG ATG C-3', with 49 bp substituting
the original plasmid DNA with the T7 F10 promoter sequence (ÿ41
to �8; underlined) was inserted into pACYC184 (New England
Biolabs) upstream of tet to yield plasmid pACYC-T7Tet. Co-trans-
formation with pPolHisTA (wild-type T7 RNAP) in XL1-Blue MR
(Stratagene) confirmed the correct transcriptional context for the
expression of tetracycline resistance and also the full activity of
cloned wild-type T7 RNAP. For inactivation of the tetracycline
resistance, a synthetic 114-bp fragment, 5'-G ATC CTC CCC GCC-
GGA CGC ATC GTG GCC GGC ATC ACC GGC GCC ACA GGT GCG GTT-
GCT GGC GCC TATATC GCC GAC ATC ACC GAT GGG GAA GAT CGG-
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GCT CGC CAC TTC GGG CT-3', (substituting Tyr 100 (codon TAC) by Pro
(codon CCC; underlined)) was inserted into pACYC-T7Tet substitut-
ing the original sequence. Co-transformation of the resulting plasmid
pACYC-T7Nontet with pPolHisTA (wild-type T7 RNAP) in XL1-
Blue MR, and replica-plating of ampicillin/chloramphenicol-resistant
colonies onto plates supplemented with tetracycline (10 mg mLÿ1)
did not reveal any surviving bacteria over a period of three days.

Selection experiments: Competent cells of XL1-Blue MR/pACYC-
T7Nontet (100 mL) were co-transformed with pPolStar (T7 RNAP
mutant library; ca. 109 molecules; originating from mutator strain
passage). An overnight culture of ampicillin/chloramphenicol-resist-
ant transformants was diluted 100-fold into 2 L Luria ± Bertani (LB)
medium containing standard ampicillin and chloramphenicol con-
centrations, as well as tetracycline (10 mg mLÿ1), and allowed to
incubate. Tetracycline-resistant cells were grown until the stationary
phase after 15 h of incubation. Both plasmids were isolated and
analyzed by sequencing of the T7 promoter ± tetracycline resistance
gene cassette (pACYC-T7Nontet) or the mutant T7 RNAP gene
(pPolStar).

Determination of transcriptional error rates in vitro: Run-off
transcription with either wild-type T7 RNAP or selected mutant
polymerase was performed with linear template pAlterGFP (6 mg)
and enzyme (2 mg) by using standard conditions.[43] RNA of discrete
length was purified by electrophoresis (1.2 % (w/v) agarose),
recovered by electroelution, and reverse-transcribed with Super-
script Reverse Transcriptase (Gibco) and primer 5'-GCT TTG TTA G-
CA GCC GGATCC TCA GTT GTA CAG TTC ATC CAT G-3' (restriction site
underlined). Second-strand synthesis was achieved by adding
Vent Exoÿ polymerase (New England Biolabs) as well as primer 5'-
CTT TAA GAA GGA GAT CTG CAG ATG GCTAGC AAA GGA GAA G-3' (re-
striction site underlined), and followed by PCR amplification of
double-stranded cDNA using Pfu polymerase (Stratagene). The PCR
product was ligated into pUC18, and the ligation reaction was used
to transform XL1-Blue MR. Plasmids from individual clones were
purified and submitted to sequence analysis of the respective GFP
fragment.

Influence of the transcriptional error rate on phage replication: A
logarithmic-phase culture of selected bacteria XL1-Blue MR/pACYC-
T7Nontet/pPolStar was infected with wild-type T7 phage[30] at a
multiplicity of infection of 0.1, and incubation was continued. The
time course of bacterial lysis was followed by monitoring the optical
density at 600 nm (OD600) in 30-min intervals. Analogous experiments
were performed in parallel with XL1-Blue MR (no plasmid), XL1-
Blue MR/pPolHisTA (wild-type T7 RNAP), and XL1-Blue MR/pACYC-
T7Nontet (plasmid; no polymerase encoded).

Assay of transcriptional error rates in vivo: The T7 promoter ±
rsGFP gene cassette from plasmid pQBI63 (ColE1 ori ; Quantum
Biotechnologies) was ligated into plasmid pAlter-Ex2 (p15A ori ;
Promega). Co-transformation of the resulting plasmid pAlterGFP
with pAR1219 (wild-type T7 RNAP) yielded transformants that
exhibited an intense green color upon irradiation with UV light
(352 nm; excitation maximum: 473 nm; emission maximum:
509 nm). The distribution of rsGFP fluorescence among large
numbers of clones was monitored in a 96-well format by using a
fluorescence microplate reader (Tecan Spectra Fluor Plus): Microtiter
plates with 250-mL wells and planar bottom (Costar 3595) were filled
with LB medium containing appropriate antibiotics, inoculated with
individual cultures of XL1-Blue MR/pAlterGFP/pAR1219, and incu-
bated for 15 h. Absorbance was determined at 590 nm, and
fluorescence emission was measured at 535 nm (excitation at
485 nm). Analogous experiments were performed by using plasmid

pPolStar (T7 RNAP mutant) instead of pAR1219. Fluorescence data
were normalized by the respective cell densities.

Nucleotide sequence analysis: Dideoxy-sequencing was performed
by using the Taq dye terminator FS sequencing kit (PE Biosystems)
with resolution of the products on an ABI 373A sequencer.
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