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Screening mutant libraries of T7 RNA polymerase for
candidates with increased acceptance of 2’-modified
nucleotides

Vanessa Siegmund, Tobias Santner , Ronald Micura and Andreas Marx

Materials.

2’-O-Methyluridine was purchased from Molekula. The E. coli codon optimized gene for T7
RNA polymerase wildtype was ordered from Geneart. E. coli BL21 cells were from
Amersham Biosciences. Oligonucleotides were obtained from Metabion and Biomers.
Primers with randomized positions were obtained from Purimex. Regular ribonucleotides
were purchased from Fermentas and Roche. Phusion High-Fidelity DNA polymerase was
from Finnzymes. Tag DNA Polymerase was from Fermentas. Restriction endonucleases and
T4 DNA Ligase were obtained from Fermentas or New England Biolabs. Pipetting steps
during screening were performed with a Microlab Star automated liquid handling device from
Hamilton. SYBR Green II RNA gel stain was obtained from Sigma Aldrich. Fluorescence
readout was performed using a Polarstar Optima microplate reader from BMG
Labtechnologies GmbH. [a-*P]JGTP was purchased from Hartmann Analytics.
Phosphorimaging was done on a Molecular Imager FX (BioRad). Sequencing was done at

GATC Biotech.

Synthesis of 2’-O-Methyl-2’-deoxyuridine 5’-triphosphate = 2’-Methylseleno-2’-
deoxyuridine 5’-triphosphate

2’-O-Methyl-2’-deoxyuridine 5’-triphosphate was synthesized starting from the commercial
available nucleoside according to a method reported by Kovacs and Otvés.! 2°-Methylseleno-

2’-deoxyuridine 5’-triphosphate was synthesized as described before.’

Construction of mutant library by saturated mutagenesis.
The T7 RNA polymerase wildtype gene was cloned into the expression vector pGDR11°
which is a derivative of the pQE31 vector carrying the laclg gene as described before.” The
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library was constructed by randomizing the T7 RNA polymerase wildtype gene at positions
Y639 and H784. DNA fragments containing each of the randomized regions were made by
PCR using primers in which the codons encoding amino acids Y639 and H784 were
randomized by NNK, where N stands for all four bases and K for T and G. PCR reactions (1%
Phusion HF buffer, 500 nM of each primer, 200 uM dNTPs, 100 pM template, 0.02 units/puL
Phusion DNA polymerase) were performed using Phusion DNA polymerase. The PCR
products containing the randomized regions were purified by agarose gel electrophoresis and
assembled by overlapping PCR (1 % Phusion HF buffer, 1 nM of each DNA fragment, 500
nM flanking primers, 200 uM dNTPs, 0.01 units/uL. Phusion DNA polymerase). The flanking
primers were designed to introduce Ndel and HindlIll restriction sites. The assembled
fragment was cloned into pGDR11-Ndel, a vector where the outer Ndel restriction site was
removed by introducing a silent mutation using site directed mutagenesis. Electrocompetent
E. coli BL21 cells were transformed with the resulting library and cells grown on LB-agar
plates supplemented with 100 pg/mL carbenicillin overnight. 3200 single colonies were
picked and separately grown overnight at 25 °C in 384 deepwell plates containing 150
uL/well LB medium (100 pg/mL carbenicillin). 100 pL/well glycerol was added to a final

concentration of 20% (v/v) for storage at -80 °C.

Construction of randomized mutant library by error-prone PCR.

Mutant ‘RGVG’, E593G, V685A (Y639V, H784A, E593G, V685A) was generated as
described before.” Random mutagenesis was done by error-prone PCR using the gene of T7
RNA polymerase mutant ‘RGVG’, E593G, V685A as template. The gene was amplified by
PCR using 0.05 units/uL. of Tag DNA polymerase, 1xreaction buffer (10 mM Tris-HCI pH
8.8, 50 mM KCl, 0.08% (v/v) Nonidet P40, 7 mM MgCl,, 0.1 mM MnCl,) 200 nM of each
primer (FP: 5-GGATCCGCATGCAATTGAAGGTCGCATGAATACC-3’; RP: 5’-
CAGGAGTCCAAGCTCAGCTAATTAAGCTTTTA-3’), 1 mM dCTP/ATTP, 0.2 mM
dATP/dGTP and 20 pM template in a total reaction volume of 50 puL according to the
following program: 95 °C for 2 min followed by 15 cycles of 95 °C for 1 min and 72 °C for 4
min and a final extension step at 72 °C for 5 min. The obtained PCR product was gel purified
by electrophoresis using 0.8% TAE agarose and cloned into the pGDR11 vector using Sphl
and HindlII restriction sites. Electrocompetent E. coli BL21 cells were transformed with the
resulting library and cells grown on LB-agar plates supplemented with 100 pg/mL

carbenicillin overnight. 1600 single colonies were picked and separately grown overnight at
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25 °C in 384 deepwell plates containing 150 pL/well LB medium (100pg/mL carbenicillin).
For storage at -80 °C, 100 puL/well glycerol was added to a final concentration of 20% (v/v).

Library expression and screening.

Expression and screening of the mutant libraries was established according to previously
described procedures. T7 RNA polymerase variants were expressed in parallel in 96-
deepwell plates for 5 h at 37 °C. For this purpose, cells were grown in 1 mL LB-medium
(100pg/mL carbenicillin) to an ODggo of 0.6-0.7 and expression induced by the addition of
IPTG to a final concentration of 1 mM. Cells were harvested by centrifugation (4.500 x g for
20 min, 4 °C) and lysis conducted by the addition of 300 puL/well lysis buffer (50 mM Tris-
HCI pH 8.0, 300 mM NaCl, 0.1% (v/v) Triton X-100, 0.1 mg/ml lysozyme) for 20 min at
25°C. Afterwards, lysates were diluted by the addition of 1.2 mL dilution buffer (50 mM Tris-
HCI pH 8.0, 100 mM NaCl, 5 mM DTT) and cleared by centrifugation (4.500 x g for 45 min,
4 °C). Supernatants containing RNA polymerase mutants were directly used for screening. As
control reactions, cells harboring the T7 RNA polymerase wildtype plasmid and cells
containing the pGDR11 vector were present on all plates. For screening of the randomized
mutant library, cells containing the plasmid of mutant ‘RGVG’, E593G, V685A (Y639V,
H784A, E593G, V685A) were also used as control. Transcription reactions for screening were
performed in an overall volume of 20 uL in 384 well plates. The reaction mixtures for library
screening contained 5 uL of supernatant and 1x transcription buffer (40 mM Tris-HCI pH 8.0,
2 mM spermidine, 10 mM 1,4-dithiothreitol (DTT), 6 mM MgCl,), 0.2 uM dsDNA template
(5’-CGTTGGTCCTGAAGGAGGATAGGTTGATTTTCTGCAGTCCTCTGTCCAC
GGCGGCGCGTGCTGCGCGACGGCACAGCTGACGGTCTCCCTATAGTGAGTCGTAT
TAGGAGGC-3’) and 1 mM NTPs. After an incubation time of 1.5 h at 37 °C, DNA
templates were digested by the addition of 2 units of DNasel in 5 pL buffer (50 mM Tris-HCl
pH 7.5, 10 mM CaCl,). Digestion was performed for 30 min at 37 °C and the reactions
stopped by the addition of 45 pL/well SYBR Green II containing stop solution (50 mM Tris-
HCI pH 8.0, 25 mM EDTA, 4 x SYBR Green). After 5 min of incubation, fluorescence
intensities were determined by fluorescence readout using a microplate reader with excitation

at 485 nm and emission at 520 nm.
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Purification of selected mutants.

Mutant T7 RNA polymerases were expressed and purified as described before via the N-
terminal polyhistidine (6 x His) tag by nickel ion affinity chromatography. Enzymes were
>95% pure as determined by colloidal Coomassie blue stained SDS-PAGE gel (12%). Protein
concentrations were determined by Bradford protein assay and adjusted to the same level.
Wildtype T7 RNA polymerase and mutant ‘RGVG’, E593G, V685A were expressed and

purified simultaneously for control reactions.

Incorporation assays.

Transcription assays using regular NTPs and 2’-modified NTPs were performed for 1-2 h at
37 °C in 1x transcription buffer (40 mM Tris-HCI pH 8.0, 2 mM spermidine, 10 mM 1,4-
dithiothreitol (DTT), 6 mM MgCl,) with 0.2 uM double-stranded template DNA (5°-
CGTTGGTCCTGAAGGAGGATAGGTTGATTTTCTGCAGTCCTCTGTCCACGGCGGC
GCGTGCTGCGCGACGGCACAGCTGACGGTCTCCCTATAGTGAGTCGTATTAGGAG
GC-3’), 1 mM of each NTP and 250 nM RNA polymerase in a final reaction volume of 20
uL. Transcripts (89nt: 5’-GGGAGACCGUCAGCUGUGCCGUCGCGCAGCACGCGCC
GCCGUGGACAGAGGACUGCAGAAAAUCAACCUAUCCUCCUUCAGGACCAACG-
3’) were body labeled by the inclusion of 0.75% (v/v) 3000 Ci/mmol [a-*P]GTP. Reactions
were quenched by adding an equal volume of 90% (v/v) formamide, 50 mM EDTA, 0.01%
(w/v) bromophenol blue and 0.01% (w/v) xylene cyanol and transcripts resolved by
electrophoresis on 10% denaturing polyacrylamide gels. Analysis was done by

phosphorimaging.

Time course experiment.

Transcription reactions were done as described above. Aliquots (2 uL) were withdrawn from
the reaction mixture at the corresponding time points and added to an equal volume of 90%
(v/v) formamide, 50 mM EDTA, 0.01% (w/v) bromophenol blue and 0.01% (w/v) xylene
cyanol. Transcripts were resolved by electrophoresis on 10% denaturing polyacrylamide gels

and visualized by phosphorimaging.
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Figure S1: Fluorescence readings from a representative 384-well plate resulting from the screening of the library
in which amino acid positions Y639 and H784 were randomized. Fluorescence intensities were determined by
fluorescence readout using a microplate reader with excitation at 485 nm and emission at 520 nm. (A)
Represented values show arbitrary fluorescence units of a 384-well plate that were calculated by subtracting the
mean fluorescence of the assay blank (pGDR11) from all readings. Positive controls (T7 RNA polymerase
wildtype) were present in columns 1, 7, 13 and 19 in rows A-H. Negative controls (pGDR11) were present in
columns 1, 7, 13 and 19 in rows I-P. 320 mutants were present in the remaining wells of the 384-well plate.
Positive hits that showed at least 30% activity relative to the mean value of the wildtype positive controls were
selected and are highlighted in gray. (B) Bar chart depicting the results from the representative 384-well plate.
Mutants labeled with an asterisk (*) showed at least 30% activity relative to the mean value of the wildtype
positive controls and were selected.



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012

T7 RNAP T7BNAP  T7RNAP T7 RNAP  T7 RNAP

Y639F, H784A Y639F Y639M WT M2
nt 1234 1234 1234 1234 1234
150
S L B - . -
80 - - - -
= e "
50

"

#

Figure S2: Transcription assays with 2’-modified UTP using selected mutants from a library of T7 RNA
polymerase where the positions Y639 and H784 were randomized. Activity of the mutants was compared to
reactions with T7 RNA polymerase wildtype (WT) and mutant ‘RGVG’, E593G, V685A (M2). Transcription of
an 89 nt long RNA sequence was done for 2 h at 37 °C. Transcripts were labeled by the inclusion of [a**P]GTP
and analyzed by denaturing PAGE (10%). Lane 1: Transcription in the presence of ATP, CTP, GTP and UTP;
Lane 2: Transcription in the presence of ATP, CTP and GTP, but no UTP; Lane 3: Transcription in the presence
of ATP, CTP, GTP and 2°-OMe-UTP; Lane 4: Transcription in the presence of ATP, CTP, GTP and 2’-SeMe-
UTP. Reactions with all four NTPs (lane 1) were diluted tenfold prior to loading for ease of analysis.
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Figure S3: Fluorescence readings from a representative 384-well plate resulting from the screening of the
second mutant library that was constructed by randomizing the gene of mutant ‘RGVG’ E593G, V685A by
error-prone PCR. Fluorescence intensities were determined by fluorescence readout using a microplate reader
with excitation at 485 nm and emission at 520 nm. (A) Represented values show arbitrary fluorescence units of a
384-well plate that were calculated by subtracting the mean fluorescence of the assay blank (pGDR11) from all
readings. Controls with T7 RNA polymerase wildtype were present in columns 1, 7, 13 and 19 in rows A-D.
Positive controls (mutant ‘RGVG’ E593G, V685A) were present in columns 1, 7, 13 and 19 in rows E-L.
Negative controls (pGDR11) were present in columns 1, 7, 13 and 19 in rows I-P. 320 mutants were present in
the remaining wells of the 384-well plate. Positive hits that showed at least the same level of activity as the mean
value of the positive control with parental mutant ‘RGVG’ E593G, V685A were selected and are highlighted in
gray. (B) Bar chart depicting the results from the representative 384-well plate. Mutants labeled with an asterisk
(*) showed at least the same level of activity as the parental mutant ‘RGVG’ E593G, V685A and were selected.
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