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THERMOSTABLE T7 RNA POLYMERASE VARIANTS WERE EXPLORED FOR GENETIC ALPHABET EXPANSION TRANSCRIPTION 

INVOLVING THE UNNATURAL DS‒PA PAIR. ONE VARIANT EXHIBITED HIGH INCORPORATION EFFICIENCIES OF FUNCTIONALLY 

MODIFIED PA SUBSTRATES AND ENABLED THE SIMULTANEOUS INCORPORATION OF 2ʹ-FLUORO-NUCLEOSIDE TRIPHOSPHATES 

OF PYRIMIDINES INTO TRANSCRIPTS, ALLOWING THE GENERATION OF NOVEL, HIGHLY FUNCTIONAL RNA MOLECULES.    

RNA molecules exhibit diverse functions, depending 

on their sequences and folded tertiary structures, and 

have been widely used as functional biopolymers in 

various bioengineering applications. Site-specific 

modifications of RNA in its nucleobase and/or sugar 

moieties have further enlarged the chemical diversity 

and capability.1,2 However, the chemical synthesis of 

RNAs with longer chain lengths is currently still 

limited. Furthermore, chemical modification methods 

cannot be readily applied to evolutionary engineering 

experiments and to in vivo systems, in which 

functional RNAs are transcribed from DNA 

templates. Enzymatic RNA synthesis through in vitro 

transcription using T7 RNA polymerase (T7RNAP) 

is simple and convenient for the preparation of longer 

RNAs and various in vivo applications.3 Thus, the 

development of novel RNA technology utilizing T7 

transcription, including site-specific RNA labeling4-6 

and efficient modified nucleotide incorporation using 

T7RNAP derivatives,7-12 has been extensively 

explored to increase the functions and stabilities of 

RNA molecules.  

Fig. 1 (A) Chemical structures of the Ds–Px pair for 

replication, the Ds–Pa pair for transcription, and modified 

Pa substrates for transcription. The Pa substituent groups 

(R) used in this study are summarized in the box. (B) 

General scheme of genetic alphabet expansion 

transcription with the Ds–Pa pair in the presence of a 

modified Pa substrate and sugar-modified natural base 

substrates, using a T7RNAP variant and a Ds-containing 

DNA template prepared by PCR with the Ds–Px pair. 

 

 One of the distinct approaches for the site-specific labeling of RNA is to employ T7 transcription involving an 

unnatural base pair (UBP) system, in which the UBP functions as a third base pair in replication and transcription.5,6,13-21 

Several research groups have developed different types of UBPs,1,22,23 and among them, we have created a two-UBP 

system for both replication and transcription (Fig. 1A).5,24 For replication, the hydrophobic UBP between 7-(2-thienyl)-

imidazo[4,5-b]pyridine (Ds) and 2-nitro-4-propynylpyrrole (Px) exhibits extremely high fidelity in PCR,25-27 and for 



transcription, another hydrophobic UBP between Ds and pyrrole 

2-carbaldehyde (Pa)13 can be used for the site-specific 

incorporation of functionally modified Pa substrates within RNA 

transcripts (Fig. 1A). Several modified Pa 

nucleosidetriphosphates (modified-PaTPs) are chemically 

synthesized by attaching substituents via an amidoalkyl-propynyl 

linker to the Pa base moiety, and are site-specifically 

incorporated into RNA opposite Ds in DNA templates by 

transcription using the wild-type (WT) T7RNAP.5,13-15,24 For 

longer RNA transcription, Ds-containing DNA templates can be 

prepared through enzymatic ligation and PCR amplification 

involving the Ds–Px pair, using chemically synthesized DNA.5, 

24  

 However, two problematic issues have remained for the 

Ds–Pa transcription system: (1) reduced incorporation efficiency 

and selectivity of Pa substrates modified with relatively large 

substituents, such as fluorescent dyes, and (2) reduced Pa 

incorporation efficiency within unfavorable purine-Ds-purine 

sequence contexts in DNA templates.15 Furthermore, to stabilize 

RNA molecules against nuclease digestion, the Pa-containing 

RNA transcripts also require backbone modifications using 2ʹ-

modified ribonucleotides of some natural bases, such as 2ʹ-O-

methoxy- and 2ʹ-fluoro-nucleotides of U and/or C. Thus, toward 

future versatile applications including aptamer and ribozyme 

generation by SELEX, it is essential for the UBP transcription 

system to efficiently incorporate multiple modified substrates, 

using modified-PaTP and 2ʹ-modified natural base substrates, 

into transcripts. 

Fig. 2 Mutations in the T7RNAP variants used in this study are listed and highlighted on the tertiary T7RNAP structure (PDB ID 

1S76). The structure of T7RNAP with the template DNA (cyan), incoming substrate (grey), and RNA transcript (purple), is colored 

according to each sub-domain or module: the N-terminal domain (12 to 325; grey), the thumb (326 to 411; green), the palm (412 to 

449, 528 to 553, and 785 to 837; red), the palm insertion module (450 to 527; orange), the fingers (554 to 739 and 769 to 784; blue), 

the specificity loop (740 to 769, light purple), and the extended foot module (838 to 883, pink). Mutations in M5 and M6 are indicated 

with shadings. The mutation P266L, the additional substitution of M5 in M6, was reported to reduce aborted cycles and facilitate 

promoter clearance.29 

 In this work, to address these problems, we evaluated a series of T7RNAP variants for efficient modified PaTP 

incorporation, as well as for the multiple incorporations of the 2ʹ-fluoro-ribonucleoside triphosphates of U and C (Fig. 

1B). Some representative T7RNAP variants, such as Y639F (F),7 Y639F/H784A (FA),8 and G542V/H772R/H784S 

(VRS) 9 (Fig. 2), were initially developed or screened to increase the incorporation efficiency of pyrimidine 2ʹ-modified-

nucleoside triphosphates. However, there have previously been no investigations as to how these variants affect 

nucleotides containing modified bases. Although the mutations in these variants reduced the transcription activities, even 

with the unmodified natural base substrates, we recently reported that additional mutations of these variants, such as M528 

and M6, which is M5 plus P266L29, conferred increased thermal stability and improved transcription efficiencies.12 For 

the UBP transcription experiments, we chose the following T7RNAP variants: M5, M6, F, F-M5 (which has the mutations 

of both F and M5), F-M6, FA-M5, FA-M6, VRS, VRS-M5, and VRS-M6 (Fig. 2). 

 To evaluate the transcription efficiency of each T7RNAP variant, we prepared several Ds-DNA templates, in 

which one or two Ds bases were embedded in favorable (CDsC in the H1 and H2 strands) and unfavorable (GDsG in the 

L1 and L2 strands) sequence contexts (Fig. S1, ESI†). As controls, we also prepared DNA templates, H0 or L0, consisting 

of only natural bases, in which the Ds bases were replaced with A. The triphosphate substrates of Pa and the modified Pa 

bases with 4-propynyl (Paʹ) and other functional groups, in which biotin (Bio), TAMRA (TMR) or Cy3 was attached to 

Paʹ via an amidoalkyl linker (Fig. 1A), were chemically synthesized.13,15     

First, we performed T7 transcription at 37°C for 3 h with WT-T7RNAP and each of the templates, H0, H2, L0 and L2, 

with 1 mM natural base substrates (NTPs) in the presence or absence    



of 1 mM non-modified PaTP or modified-PaTP. After the incubation, the transcripts were analyzed on a denaturing gel 

(Fig. S1, ESI†). The transcription reactions with H2 and L2 generated only small amounts of the full-length transcripts in 

the absence of the unnatural base substrates, as compared to those in the presence of Pa or modified Pa substrates, 

suggesting that the Pa and modified Pa were specifically incorporated into transcripts opposite Ds in the templates. 

However, the yields of the full-length transcripts (37-mer) with L2 (unfavorable sequence context) were significantly 

reduced, especially in the TMR-Pa and Cy3-Pa incorporations, as compared to those using H2 (favourable sequence 

context). Truncated transcripts clearly appeared at positions 19 and 25, around the unnatural base positions, due to paused 

elongation or premature termination.  

 Using the problematic template L2, we 

then screened the T7RNAP variants to find a 

more suitable polymerase for the modified PaTPs 

(Fig. 3 and Fig. S2, ESI†). As shown in Fig. 3B, 

most of the variants, especially those with the M6 

(M5 plus P266L) mutations, exhibited reduced 

Pa incorporation efficiencies. However, some 

variants (F, F-M5, FA-M5, and VRS-M5) 

retained their incorporation efficiencies, which 

were as high as that of WT-T7RNAP. Among 

them, a remarkable variant was VRS-M5, which 

uniquely exhibited higher incorporation 

efficiencies of the modified PaTPs (Fig. 3A and 

Fig. S2, ESI†) than those of the original PaTP and 

PaʹTP. In general, larger functional group 

modifications of nucleobase moieties, within 

both unnatural and natural base substrates, 

decrease their incorporation efficiencies in 

transcription and replication.15,30 The 

incorporation efficiencies of TMR- and Cy3-

PaTPs by VRS-M5 were 1.3–1.5-fold higher than 

those observed with WT-T7RNAP. (Fig. S2A, 

ESI†). Furthermore, the high specificity of VRS-

M5 was confirmed by two detection methods for 

the transcription, using TMR-PaTP and γ-32P-

GTP (Fig. S2B and S2C, ESI†). The full-length 

transcripts from all of the templates were 

monitored by their 32P radioactivity, and the 

fluorescence of TMR-Pa was detected from only 

the transcripts from the Ds-containing templates, 

L1 and L2 (Fig. S2B and S2C, ESI†) and H1 and 

H2 (Fig. S2C, ESI†). Minimal fluorescence was 

detected from the transcripts using the control 

templates, L0 and H0, supporting the site-specific incorporation of TMR-Pa opposite Ds in the templates. 

 

Fig. 3 (A) T7 transcription scheme to screen T7RNAP variants for efficient modified-Pa incorporation opposite Ds in DNA templates. 

(B) Gel electrophoresis of transcripts from a 58-mer DNA template containing two Ds bases or no Ds base with WT-T7RNAP and each 

T7RNAP variant, in the presence of natural NTPs (1 mM each) and each modified-PaTP (1 mM). The transcripts were labeled at the 5ꞌ-

end through reactions with γ-32P-GTP.
 

 We focused on VRS-M5 for further studies, and next examined the site-specific labeling of longer transcripts 

(106-mer) with Bio-PaTP, TMR-PaTP or Cy3-PaTP (Fig. S3 and S4, ESI†). For the site-specific incorporation of one or 

two modified-Pa nucleotides at position 19 or both 19 and 25 opposite Ds within favorable or unfavorable sequence 

contexts in templates, we enzymatically prepared the longer versions of the H1, H2, L1 and L2 DNA templates (aH1, 

aH2, aL1 and aL2), as well as the aH0 and aL0 as controls, by ligating a chemically-synthesized 69-mer DNA fragment 



with each 58-mer template (Fig. S3, ESI†). We performed transcription with 1 or 2 mM natural NTPs, in the presence 

and absence of 1 mM of each modified-PaTP (Fig. 4 and Fig. S4, ESI†).  

 The transcripts using Bio-PaTP with the unfavorable templates (aL1 and aL2) were analyzed by UV shadowing 

on denaturing gels, and the full-length products, purified from the gel, were subjected to gel-mobility shift assays with 

streptavidin (Fig. S4A, ESI†). The specificity of the Bio-Pa incorporation by VRS-M5 was slightly higher than that by 

WT-T7RNAP, as determined by 

comparing the ratios of the shifted and 

non-shifted band densities of the 

transcripts from aL0 and aL1. We also 

confirmed the high efficiencies (1.5–2-

fold, relative to WT-T7RNAP) and 

specificities of the TMR-Pa and Cy3-Pa 

incorporations by VRS-M5 in the 

transcription reactions using the 

unfavorable templates aL1 and aL2, in 

which the transcripts were detected by 

UV-shadowing and dye fluorescence 

(Figs. S4B, S4C and S4D, ESI†). The 

high specificity of Cy3-Pa incorporated 

by VRS-M5 was confirmed by partial T1-

digestion of transcripts, as described in 

Figure S5, ESI†. 

 

Fig. 4 T7 transcription by VRS-M5 enabled the incorporation of Cy3-Pa and 2ʹ-fluoro-nucleotides of U and C into transcripts with a 

Ds-containing DNA template. (A) Scheme of T7 transcription for the 106-mer RNA. (B) Gel electrophoresis of transcripts generated with 

WT-T7RNAP or VRS-M5 in the presence of the natural or 2ꞌ-fluoro-CTP and UTP and Cy3-PaTP as substrates from the one Ds or no Ds 

template.  (C) Cy3 fluorescent detection of gel-purified transcripts (2 pmol).

 

Furthermore, we demonstrated that the modified-Pa transcription by VRS-M5 can be combined with the modified-

natural nucleotide incorporation, using 2ʹ-fluoro-nucleoside triphosphates of pyrimidines, C and U (Fig. 4). The 

transcription was performed with VRS-M5 or WT-T7RNAP using the aL0 and aL1 templates with several substrate 

combinations of NTPs, 2ʹ-fluoro-CTP and 2ʹ-fluoro-UTP, and Cy3-PaTP (Fig. 4A).  In the transcription using aL1 with 

the substrate combination of ATP, GTP, 2ʹ-fluoro-CTP, 2ʹ-fluoro-UTP, and Cy3-PaTP, only VRS-M5 generated the full-

length transcripts containing Cy3-Pa (lane 2 in Fig. 4B and lane 3 in Fig. 4C).  

 In summary, we screened a panel of T7RNAP variants for the efficient incorporation of modified-PaTPs, using 

the unfavorable Ds-containing DNA templates, and found that VRS-M5, a VRS T7RNAP derivative with additional 

thermostabilizing mutations (M5), exhibited higher incorporation efficiency of modified-PaTPs, especially those with 

large substituents. This is the first indication that T7RNAP variants originally developed to accommodate relatively minor 

sugar modifications allow much more substantial modifications to the nucleobases, as well. Thus, VRS-M5 

simultaneously incorporated the 2ʹ-fluoro-nucleoside triphosphates of C and U, as well as the modified-PaTP, into 

transcripts. This genetic alphabet expansion transcription with the T7RNAP variant could pave the way toward the 

production of novel functional RNA molecules in in vitro and in vivo systems. 

 While two mutations, G542V and H784S, in VRS are located at the active site of T7RNAP, the other H772R 

mutation is not near the substrate recognition domain, but within the finger domain, close to the phosphate backbone of 

the DNA template (Fig. 2 and Fig. S6, ESI†), and it might stabilize the interaction between the DNA template and 

T7RNAP. Previous studies revealed that H772R can restore the transcription activities reduced by the G542V and H784S 

substitutions.12 In addition, the crystal structure of the M5 variant suggested that M5’s mutations might strengthen  the 

inter-domain interaction, which is important for the thermal stability of T7RNAP.12 As shown in Fig. 3 and Fig. S2A, 

ESI†, when using VRS-M5, the amounts of truncated transcripts appearing around the unnatural base positions were 

clearly reduced, as compared with those of WT-T7RNAP and the other variants. These results indicated that the VRS 

mutations and the additional stabilizing M5 mutations might synergistically enhance the bulky modified-Pa incorporation 

opposite Ds within the unfavorable sequence contexts, by stabilizing the interaction between T7RNAP and the substrate, 

as well as the interaction with the DNA template, in the Ds–Pa transcription system. These findings further confirm that 

stabilized T7 RNA polymerase variants have a generally broader substrate specificity not only for 2ʹ modifications12 but 



for base modifications, and provide further information for future engineering of DNA and RNA polymerases for genetic 

alphabet expansion. 
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