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We present a screening assay based on ﬂuorescence readout for
the directed evolution of T7 RNA polymerase variants with
acceptance of 2 0 -modiﬁed nucleotides. By using this screening we
were able to identify a T7 RNA polymerase mutant with increased
acceptance of 2 0 -methylseleno-2 0 -deoxyuridine 50 -triphosphate.
Modiﬁed RNA plays a key role in many biochemical and
biophysical techniques for the investigation of RNA structures
and function and for use in cutting edge technologies as an
aptamer or siRNA.1 Among several positions for site-speciﬁc
labeling of RNA, the 2 0 -position of the sugar moiety is of
major interest, since modiﬁcations can be incorporated in both
purine and pyrimidine nucleosides. 2 0 -Modiﬁed RNA is used
for technologies in which increased nuclease resistance and
chemical stability are of great importance and in which naturally
occurring nucleic acids have limitations.2 Furthermore, the
2 0 -ribose position has been shown to be advantageous for the
introduction of selenium into RNA for use in X-ray crystallography.3 In addition to commonly used chemical solid phase
synthesis of modiﬁed RNA using phosphoramidite building
blocks, the enzymatic synthesis of modiﬁed RNA using T7
RNA polymerase and modiﬁed ribonucleoside 5 0 -triphosphates
(NTPs) has been more and more investigated over the past few
years. The demand for T7 RNA polymerase mutants generated
by protein engineering that are able to incorporate modiﬁed
nucleotides more eﬃciently therefore raises the need for new
screening systems for selection of interesting candidates from
mutant libraries.
Directed protein evolution as an iterative process of mutagenesis,
expression and screening or selection has been successfully
used to establish DNA polymerases with altered properties
like the ability to incorporate ribonucleotides,4 modiﬁed
nucleotides like 2 0 -O-methyl ribonucleotides5 or with increased
reverse transcriptase activity6 for a variety of applications.
Several reported selection methods like phage display7 or
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compartmentalized self-replication8 have been developed and
diﬀerent screening platforms based on ﬂuorescence readout of
synthesized DNA have been established to evolve DNA
polymerase mutants with altered properties.9 Regarding the
expansion of the substrate spectra of RNA polymerases, only
a few approaches based on rational design and site-directed
mutagenesis of T7 RNA polymerase have been reported so far.10
Recently, the directed evolution of a T7 RNA polymerase mutant,
referred to as ‘RGVG’ E593G, V685A, with increased acceptance
for 20 -O-methyl NTPs (20 -OMe-NTPs) was reported.11
Previously, we have investigated the applicability of two T7
RNA polymerase mutants for the enzymatic synthesis of
2 0 -methylseleno (2 0 -SeMe) modiﬁed RNA.12 We demonstrated
the eﬃcient enzymatic synthesis of 2 0 -SeMe-modiﬁed RNA
using mutant ‘RGVG’ E593G, V685A and thus provided a
foundation for an alternative derivatization strategy for
RNA structure determination using the multiwavelength
anomalous dispersion technique (MAD). Encouraged by our
previous ﬁndings, we here report the screening of T7 RNA
polymerase mutants with increased acceptance of 2 0 -SeMe-UTP
and 2 0 -OMe-UTP.
We started with the construction of a T7 RNA polymerase
mutant library by randomizing amino acid positions Y639 and
H784. Both residues are located in the active site of the
polymerase and have been shown to be involved in ribose
recognition events and nucleotide discrimination.13 DNA
fragments containing each of the randomized regions were
prepared by PCR using oligonucleotide primers in which the
codons of amino acids Y639 and H784 were randomized. The
fragments were puriﬁed and assembled in a second step by
overlap extension PCR. Afterwards, the assembled PCR
product was cloned into a vector (pGDR11) suitable for
protein expression in E. coli BL21 cells under control of
an IPTG (isopropyl-b-D-thiogalactopyranoside) inducible T5
promotor. Electrocompetent E. coli BL21 cells were transformed with the mutant library and codon randomization was
veriﬁed by sequencing the T7 RNA polymerase gene of several
transformants. We picked 3200 transformants and cultivated
them in 384-deepwell plates for further storage at 80 1C. The
mutants from the library were expressed, E. coli cells harvested
and lysed using lysozyme in 96-well plates as previously
described for the screening of DNA polymerases.9 Cell lysates
containing the overexpressed T7 RNA polymerase mutants
were diluted with buﬀer and directly used for activity screening.
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Fig. 1 General scheme of the screening approach for T7 RNA polymerase activity. Enzyme variants that have RNA polymerase activity (A) are
identiﬁed with the RNA-speciﬁc dye SYBR Green II while inactive mutants (B) are not able to generate a ﬂuorescence signal.

For screening of the T7 RNA polymerase mutant library with highthroughput, we established a screening assay for the detection of
polymerase activity directly from diluted E. coli lysates in 384-well
plates. This assay is based on in vitro transcription using a double
stranded DNA template with the T7 promotor sequence coding for
a 89 nt long transcript, NTPs and transcription buﬀer containing
MgCl2 for enzyme activity. After incubating the reaction mixture
with the lysates at 37 1C to initiate RNA synthesis in the presence of
active mutants, the DNA template was digested using DNase I and
the assay afterwards stopped by the addition of a buﬀered solution
containing EDTA and SYBR Green II, a RNA speciﬁc stain for
subsequent ﬂuorescence readout of synthesized RNA using a
microplate reader (Fig. 1). A similar screening assay was reported
by Kuhlman et al.14 and is also commercially available from
Profoldin. However, omitting the ultraﬁltration step required in
the published assay and the cost-intensive RNase inhibitor simpliﬁes our assay and renders it better suited for screening libraries with
high-throughput. To distinguish between active and inactive mutants, E. coli cells containing the T7 RNA polymerase wild type
plasmid were used as positive control and E. coli cells harboring the
empty pGDR11 vector as negative control. These controls were
expressed along with the mutants in 96-well plates and were present
on all 384-well assay plates during the screening process. Fluorescence measurements revealed a low background activity and
showed a considerable signal-to-noise ratio of about 1 : 10 for
wild type T7 RNA polymerase and of about 1 : 2 for T7 RNA
polymerase mutant ‘RGVG’ E593G, V685A that was used as
control for screening the second mutant library. The signiﬁcant
lower signal-to-noise ratio for mutant ‘RGVG’ E593G, V685A
derives from its lower activity compared to the wild type T7 RNA
polymerase when natural NTPs are assayed. It is worth noting
that an automated pipetting device and the ﬂuorescence readout allowed the screening and evaluation of 384 reactions in
approximately 3 h including the reaction time of 90 min.
Out of the 3200 screened mutants, we identiﬁed 55 active
variants that showed at least 30% activity in comparison to
the positive control using the wild type enzyme as determined
by ﬂuorescence readout (Fig. S1, ESIw). These 55 hits were
again expressed in E. coli and the T7 RNA polymerase
mutants puriﬁed via the 6 histidine tag by aﬃnity chromatography in 96-well plates. Wild type T7 RNA polymerase and
mutant ‘RGVG’ E593G, V685A were puriﬁed along with
the mutants to ensure homogeneity during puriﬁcation. The
55 mutants were adjusted to the same concentration and
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afterwards tested in 32P-based in vitro transcription assays
for activities using NTPs. Additionally, the mutants were
tested for an increased acceptance of 2 0 -OMe- and 2 0 -SeMeUTP in comparison to wild type T7 RNA polymerase and in
comparison to the mutant ‘RGVG’ E593G, V685A.
The transcription reactions were analyzed by denaturing polyacrylamide gel electrophoresis (PAGE) and phosphorimaging.
Thereby, we validated the activity of all 55 tested mutants in
reactions with all natural NTPs verifying that our screening
system is suitable to screen T7 RNA polymerase libraries
for active mutants (data not shown). We could also identify
10 mutants that were able to incorporate 2 0 -OMe-UTP with
increased eﬃciency and 2 0 -SeMe-UTP with moderate but
reasonable eﬃciencies by using 32P-based in vitro transcription
assays as described above. The genes of these 10 selected
mutants were sequenced and analyzed revealing that these hits
were composed of only three diﬀerent variants: the double
mutant Y639F/H784A, the mutant Y639F and the mutant
Y639M. Interestingly, these mutants have already been
characterized and described for their increased acceptance
of 2 0 -modiﬁed NTPs.10,11 PAGE gel analysis indicated that
the 3 mutants can incorporate the 2 0 -OMe- and 2 0 -SeMemodiﬁcation into an 89 nt long transcript, but often stall at
positions where uridine has to be incorporated resulting in a
mixture of truncated transcripts (Fig. S2, ESIw). Thereby, less
full length product was formed in comparison to reactions
with mutant ‘RGVG’ E593G, V685A that can synthesize
modiﬁed full length transcripts without stalling.
Encouraged by these results, we constructed a second
mutant library by randomizing the gene of mutant ‘RGVG’
E593G, V685A by error-prone PCR. Thereby, the gene of the
enzyme was arbitrarily randomized in order to identify new
amino acid positions that might eﬀect processing of 2 0 -modiﬁed
nucleotides. The randomized T7 RNA polymerase mutant
genes were cloned into the pGDR11 vector and E. coli BL21
cells were transformed with the mutant library. A total number
of 1600 transformants were picked, cultivated, expressed and
screened as described above. By doing so, we could identify
38 active hits that showed at least the same level of activity as
the parental mutant (Fig. S3, ESIw). The hits were afterwards
expressed, puriﬁed and tested in 32P-based in vitro transcription assays for activities. We identiﬁed a mutant that showed
incorporation eﬃciencies comparable to the parental mutant
‘RGVG’ E593G, V685A when NTPs and 2 0 -OMe-UTP were
Chem. Commun., 2012, 48, 9870–9872
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Fig. 2 Transcription assays with 20 -modiﬁed UTP using mutant 2P16.
Activity of the mutant was compared to reactions with T7 RNA
polymerase mutant ‘RGVG’ E593G, V685A (M2). Transcripts were
labeled by the inclusion of [a32P]GTP and analyzed by denaturing PAGE.
Lane 1: transcription in the presence of ATP, CTP, GTP and UTP; lane 2:
the same as lane 1, but no UTP; lane 3: the same as lane 2, but with
20 -OMe-UTP; lane 4: the same as lane 2, but with 20 -SeMe-UTP.

twice as much of the 2 0 -SeMe-modiﬁed RNA as the parental
mutant.
Sequencing of mutant 2P16 revealed that this mutant
possesses 7 additional mutations (I119V, G225S, K333N,
D366N, F400L, S661G, F880Y) distributed all over the RNA
polymerase gene along with the initial mutations. Surprisingly, this
number of additional mutations did not change the polymerase’s
ability to use normal ribonucleotides and 2 0 -OMe-UTP as
substrates, but enhances the ability to use 2 0 -SeMe-UTP.
In summary, we have established a high-throughput assay
for screening T7 RNA polymerase mutant libraries based on
ﬂuorescence readout of synthesized RNA. The assay was
successfully used to identify active T7 RNA polymerase
mutants from two diﬀerent libraries. After expression and
puriﬁcation of these mutants, we could identify a candidate,
referred to as 2P16, that showed comparable activities to the
parental mutant ‘RGVG’ E593G, V685A when normal NTPs
and 2 0 -OMe-UTP were assayed, and even slightly better
incorporation eﬃciencies for 2 0 -SeMe-UTP. These results
render our established screening platform promising for
identifying RNA polymerases with increased acceptance for
modiﬁed nucleotides and altered properties, as well as the
discovery of RNA polymerase inhibitors.
We gratefully acknowledge support from the DFG (MA
2288/12) and FWF (I317).

Notes and references

Fig. 3 Time-course experiment for the incorporation of 2 0 -OMeUTP and 2 0 -SeMe-UTP into RNA by T7 RNA polymerase mutants
2P16 and mutant ‘RGVG’ E593G, V685A (M2). The 89 nt long
transcripts were labeled by the inclusion of [a32P]GTP and analyzed
by denaturing PAGE. Aliquots of the reaction mixtures were withdrawn at the corresponding time points and quenched with an equal
volume of stop solution containing 50 mM EDTA.

assayed as substrates (Fig. 2, lanes 1 and 3), as demonstrated
by PAGE gel analysis. This mutant was referred to as 2P16.
When only ATP, CTP and GTP were added to the reaction
mixture, no product formation was observed (Fig. 2, lane 2).
In reactions where 2 0 -SeMe-UTP was present together with
ATP, CTP and GTP (Fig. 2, lane 4), we observed increased
incorporation eﬃciencies of the 2 0 -SeMe-modiﬁcation into the
89 nt long transcript. These results were conﬁrmed by a timecourse experiment in which samples were withdrawn from the
reaction mixture at diﬀerent time points between 5 min and 2 h
and immediately stopped (Fig. 3). Comparing total intensities
of the synthesized full-length products after 2 h of transcription
revealed that mutant 2P16 was able to synthesize approximately
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