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ABSTRACT 

 

Supervising Professor:  Dennis L. Miller, PhD 

 

 

 

The bacteriophage T7 RNA polymerase (T7 RNAP) is the prototype of  the family of single 

subunit RNA polymerases which includes the T3, SP6 and mitochondrial RNA polymerases. It is 

also the most well characterized enzyme of this family of polymerases. T7 RNAP is the primary 

choice in studying the mechanistic aspects of transcription and promoter evolution owing to its 

high specificity for its promoter, requirement of no additional cofactors, and high fidelity of 

initiation from a specific site in its promoter. Although the two groups of single subunit 

polymerases, bacteriophage and mitochondrial, display a remarkable structural conservation, 

they recognize quite dissimilar promoters. Functional domains involved in promoter recognition 

and transcription initiation have been well characterized by thorough mutational studies by 

systematic deletions within these domains. T7 RNAP recognizes a 23 nucleotide (nt) promoter 

which can be divided into several functional domains. T7 RNAP can recognize a range of 

promoter sequences which are closely related to this consensus sequence. The promoter-specific 

recognition is achieved by the 13 nucleotide promoter recognition region which extends from -5 

to -17 and contains sites important for polymerase recognition and positioning.  
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Here, we have developed an in vitro transcription system to study the ability of T7 RNAP to use 

truncated promoters similar to mitochondrial promoters. In this system, we used oligonucleotides 

which are capable of forming intra- and inter-molecular base pairing to produce a recessed 3’end 

on an extended 5’ template. We then systematically deleted nucleotides from the 5’ end of the 

20-nucleotide double stranded region on these oligonucleotides containing the T7 RNAP 

promoter to determine (1) If they would label at the 3’ end of the oligonucleotide, (2) Initiate 

template-dependent de novo transcription, (3) Initiate template-independent and promoter-

dependent de novo transcription or, (4) Fail to incorporate label when supplied with T7 RNAP 

and a single radiolabeled ribonucleotide triphosphate, which can base pair with the first unpaired 

base in the 5’ extension of the template. Under this condition, when a complete or almost 

complete (20 to 16 nt) double stranded T7 RNAP promoter is present, small RNAs are produced 

through template-independent and promoter-dependent stuttering corresponding to abortive 

initiation, which is lost when supplied with a completely scrambled promoter sequence. When 

partial double stranded promoter sequences (10-12 nt) are provided, template dependent de novo 

initiation of RNA occurs but at a site different from the canonical +1 initiation site (-GGG). In 

situations where no promoter is present but the potential exists to form a transient duplex region 

with a recessed 3’ end, the T7 RNAP adds a templated nucleotide to the 3’ end (primer labeling). 

Understanding the mechanisms underlying these observations helps us to understand the roles 

played by promoter elements. The evolution of promoter sequences of the single subunit RNAPs 

and to use this as a technique to synthesize defined RNAs without 5’- sequence constraints are 

discussed.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Bacteriophage T7 RNA polymerase 

The bacteriophage T7 RNA polymerase (T7 RNAP), encoded by gene 1 of bacteriophage T7  is 

required for the transcription of the late phase of the phage life cycle (Tabor & Richardson, 

1985). The T7 RNA polymerase is a prototype of the super family of single subunit nucleic acid 

polymerases, which includes the Phage T3, SP6, and mitochondrial RNA polymerases, is the 

best characterized and understood in its class, and thus is the best choice to study the 

fundamental process of transcription (McAllister, 1993; Sousa, 2004; Tunitskaya & Kochetkov, 

2002). T7 RNA polymerase finds a wide range of application in molecular cloning and gene 

expression studies because of its simple structure and molecular size of ~100 kDa.  One of the 

most important characteristics of T7 RNAP is the high specificity for its promoter (Rong, He, 

McAllister, & Durbin, 1998). Unlike the bacterial and eukaryotic multi-subunit RNA 

polymerases, which require a wide variety of molecular sub-units and accessory transcription 

factors to control the transcription process, and are structurally complex (Borukhov & Severinov, 

2002; Borukhov & Nudler, 2003; Cramer, 2002; Murakami & Darst, 2003), T7 RNA polymerase 

does not require any accessory factors, and is a highly processive enzyme (Processivity in early 

stages of transcription by T7 RNA polymerase). Other than its DNA-dependent RNA polymerase 

activity, T7 RNA polymerase is also able to replicate RNA hairpin loops in an RNA-dependent 

fashion (Arnaud-Barbe, Cheynet-Sauvion, Oriol, Mandrand, & Mallet, 1998). Although T7 

RNAP is structurally homologous to the Pol I family DNA polymerase (DNAP), there are many 
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differences in terms of their functions (Cheetham & Steitz, 1999a). Unlike the DNAPs, RNAPs 

do not require a primer to initiate transcription, but they do have a requirement of a specific 

promoter for initiation. The T7 RNAP catalyzes the formation of a phosphodiester bond with the 

incoming ribonucleoside triphosphates (rNTPs) in the presence of two Mg2+ ions in the active 

site (Steitz, Smerdon, Jager, & Joyce, 1994). The extensive investigation of the crystal structure 

of T7 RNAP has provided a detailed account on mechanistic aspects of transcription by T7 RNA 

polymerase (Sousa, Chung, Rose, & Wang, 1993; Sousa, Rose, Je Chung, Lafer, & Wang, 1989).  

1.2 T7 RNA polymerase promoter structure 

The requirement of a specific T7 RNAP promoter for transcription initiation is an important 

characteristic of this enzyme that provides advantages as a model to study DNA-protein 

interactions (Tang, Bandwar, & Patel, 2005).  The T7 RNA polymerase can recognize a range of 

promoter sequences which are closely related to each other by a consensus sequence (Dunn, 

Studier, & Gottesman, 1983). The T7 RNAP promoter has a 4-partite structure (Figure 1.1), 

which contains a binding region that spans from -17 to -5 base-pairs, which helps in sequence-

specific recognition by the polymerase, and an initiation sequence that spans from -4 to -1 which 

helps in melting the promoter sequence. Base-pairs extending from +1 to +6 represent the 

initially transcribed sequence (Brieba, Padilla, & Sousa, 2002; Sousa, 2013).  The recognition 

region can be further subdivided into the specificity loop region (-12 to -5) and the AT-rich 

recognition loop region (-17 to -13).  

 

Whereas, class I genes are transcribed by E.coli RNA polymerase, two classes of promoters are 

used by T7 RNAP to transcribe class II and class III genes which encode proteins involved in T7 
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replication, and phage structural proteins, respectively (Ikeda, Lin, & Clarke, 1992). The use of 

these promoters also depends on the variables like salt concentration, temperature, and presence 

of denaturing agents, and the conditions that stabilize the DNA helix (McAllister & Carter, 

1980). It has been shown that higher salt concentrations inhibit class II T7 promoters as a 

function of temperature. Measurements of relative efficiencies of class  

 
Figure 1.1. Modular organization of T7 RNA polymerase promoter.  

 

II and class III promoters showed that Class III promoters are shown to be stronger than class II 

promoters, and class III promoters are relatively efficient in converting the initial transcription 

complex into a stable elongation complex (Ikeda, 1992). Other studies found no significant 

difference in the binding efficiency between class II and class III promoters, but the efficiency of 

initiation varied as a function of ionic concentration. Nitrocellulose filter binding assays using 

cloned T7 RNAP promoter were used to characterize the binding efficiency of  T7 RNAP to the 

two classes of promoter (Smeekens & Romano, 1986). The results from this study indicated that 

the relative binding efficiencies by the two classes of promoters were identical based on their 

increase relative to ionic concentration. The initiation efficiencies, though, differed significantly 

in the presence of class II versus Class III promoters. The efficiency of initiation increased 
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initially followed by a decrease when the salt concentration was increased to 25 mM for the class 

III promoters. On the contrary, the efficiency of initiation from class II promoters continuously 

declined as the salt concentration was increased to 25 mM. Consistent with this observation, 

there was a significant increase in the binding efficiency of T7 RNAP to class III promoters in 

the presence of GTP using quantitative foot printing assay compared with class II promoters 

(Gunderson, Chapman, & Burgess, 1987). Transcription initiation using three different class II 

and class III promoters on linear templates showed an apparent contradiction of the earlier 

observed fact that class III promoters are qualitatively much stronger than class II promoters. 

This study showed that although, the class II promoters required a higher promoter concentration 

than that required for the class III promoters to achieve ½ Vmax, there was no significant 

difference in promoter concentration between these promoters to achieve Vmax (Ikeda, Lin, & 

Clarke, 1992). Further, this study also supported the relationship between the formation of a 

stable transcription complex and relative promoter strengths. Linear run-off templates from 

plasmids, containing the different sequences of the two promoter classes in the above study were 

used in run-off synthesis in the presence of excess amounts (200 nM) of T7 RNAP to study the 

relative efficiencies of formation of stable transcription complexes (Ikeda, 1992). The results 

from this study showed that the class III promoters were significantly stronger and able to 

produce strong transcription complexes when compared with class II promoters. Overall, the 

above studies indicate the high promoter binding capacity and efficiency of transcription of class 

III T7 RNAP promoters. 
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1.3 T7 RNA polymerase structure  

The initial effort to clone and express the gene for the T7 RNAP was taken by Stahl and Zinn 

(Stahl & Zinn, 1981). They cloned the gene encoding the T7 RNAP extending from nucleotides 

3127-5821 into the PstI site of the plasmid pBR322. This clone lacked a single nucleotide from 

the termination codon which would produce an aberrant protein with extra amino acids in the 

carboxy-terminus. Subsequently, the complete coding sequence of the T7 RNAP was cloned in 

the BamHI site of pBR322, and expressed abundantly from lac UV5 promoter in Escherichia 

coli (E. coli) (Davanloo, Rosenberg, Dunn, & Studier, 1984). Extensive studies have been 

conducted to determine the three dimensional structure of  T7 RNAP both with single crystals at 

3.3Å (Sousa, Rose, Chung, Lafer, & Wang, 1989), as well as in conjugation with initiation 

complex at 2.4 Å (Cheetham & Steitz, 1999), and elongation complex at 2.9 Å and 3 Å 

respectively (Durniak, Bailey, & Steitz, 2008; Tahirov et al., 2002), and T7 RNAP inhibitors like 

the T7 lysozyme (Jeruzalmi & Steitz, 1998a). These studies have provided an immense amount 

of information not only on the structure of T7 RNAP, but also have enabled an understanding the 

process of transcription initiation, elongation, and transition from initiation complex (IC) to a 

stable elongation complex (EC) (Cheetham, Jeruzalmi, & Steitz, 1999; T. A. Steitz, 2004).  

 

T7 RNA polymerase has a modular organization with different functions of the enzyme 

controlled by specific domains (Figure 1.2). T7 RNAP shares sequence homology with single-

subunit polymerases, like the eukaryotic mitochondrial RNA polymerases (Cermakian, Ikeda, 

Cedergren, & Gray, 1996; Chen, Kubelik, Mohr, & Breitenberger, 1996), and structural 

homology with many evolutionarily distant enzymes like the DNA pol I klenow (Kim et al., 
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1995; T. A. Steitz, 1999) fragment, RNA-dependent DNA polymerase or reverse transcriptase 

(Kohlstaedt, Wang, Friedman, Rice, & Steitz, 1992; T. A. Steitz, 1997), and Thermus aquaticus 

DNA polymerase (Beese, Derbyshire, & Steitz, 1993).  

 

Figure 1.2. Structure of the T7 RNA polymerase with representative domains in complex with 

promoter DNA (template strand in yellow and non-template strand in pink). T7 RNA polymerase 

has a cupped right hand-like structure. The N-terminal domain is represented in grey, palm sub-

domain in red, Thumb sub-domain in green, Fingers sub-domain in blue. The modular 

organization is also shown. [Adapted from: Basu, R.S. and Murakami, K.S. (2014) In Murakami, 

K. S. and Trakselis, M. A. (eds.), Nucleic Acid Polymerases. Springer Berlin Heidelberg, Berlin, 

Heidelberg, pp. 237-250.] 
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Overall, the T7 RNAP consists of two distinct domains, the N-terminal domain (NTD) extending 

from 1-312 amino acids, and a polymerase domain, also known as the C-terminal domain (CTD), 

extending from 313-883 amino acids. The polymerase domain can be again sub-divided into the 

“fingers”, the “palm”, and the “thumb” subdomains; because they exhibit structural analogy to a 

cupped right hand (Jeruzalmi & Steitz, 1998a; Murakami, Trakselis, & SpringerLink, 2014). The 

“palm” sub-domain enclose a deep polynucleotide-binding cleft of 60Å length, 15-25 Å width 

and 25-40 Å depth which can hold two complete turns of the DNA double helix with the 

“fingers” and the thumb sub-domains forming the side walls of the cleft, containing charged 

amino acid residues. The walls are formed by α-helices and the back of the cleft is formed by β-

strands (Tunitskaya & Kochetkov, 2002). This cleft contains the conserved active site aspartate 

residues, D537 and D812 that make coordinate bonds with two divalent Mg2+ ions for the 

formation of a phosphodiester bond during enzyme catalysis (Cheetham et al., 1999). The two 

Mg2+ ions are required to produce the 3’ end for nucleophilic transfer reaction, and to equalize 

the charge distribution of the incoming nucleotide during the transition state (Murakami et al., 

2014). The active site has been characterized in detail by generation of T7 RNA polymerase with 

mutations in the active site residues (D537A, D537S, D812A, D812S, D812N). These mutations 

caused decreased activity and processivity during both the abortive initiation and processive 

elongation phases, as well as an increase in the slippage-dependent poly (G) transcript synthesis 

during initiation (Bonner, Patra, Lafer, & Sousa, 1992; Bonner, Lafer, & Sousa, 1994). Targeted 

mutation of conserved residues in the A, B and C motifs of T7 RNA polymerase and DNA pol I 

Klenow fragment confirmed the proposal that the active sites of these nucleic acid polymerases 

shared similar structural characteristics (Bonner et al., 1992). Using electron paramagnetic 
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resonance (EPR) spectroscopy, the active site mutants D537N and D812N showed no activity at 

all, whereas D537E and D812E had very low activity indicating that the carboxyl groups of these 

aspartate residues are essential to coordinate the divalent metal ion during transcription (Woody, 

Eaton, Osumi-Davis, & Woody, 1996). A sequence alignment study using bacteriophage SPO2 

polymerase, E. coli pol I klenow fragment, T7 and T5 RNA polymerases found that these 

aspartate residues are invariably conserved in all these polymerases and confirmed that these 

active site residues are required for polymerase activity (Delarue, Poch, Tordo, Moras, & Argos, 

1990). These studies support the proposal that the active site provides correct geometry for the 

two-metal ion catalysis. Accessory domains of the T7 RNA polymerase N-terminal domain 

include amino acid residues 93-101 of the N-terminal domain that interact specifically with the 

AT-rich region of the promoter, and residues 232-242 which form the intercalating loop which 

inserts into the promoter DNA holds it in an open conformation. Accessory domains of the CTD 

include amino acid residues 739-770 (extended region of promoter recognition loop), amino acid 

residues 839-883 form a C-terminal loop (“fingers” sub-domain) which interacts with T7 

lysozyme during the phage infection which shuts off transcription from the class II promoters 

(Jeruzalmi & Steitz, 1998; Sousa, 2004).  

1.4 Mechanism of T7 RNA polymerase transcription 

T7 RNA polymerase transcribes a template DNA in three distinct steps- (1) initiation, (2) 

elongation, and (3) termination mediated by the interaction of the promoter and the template 

DNA with different domains of the enzyme (Durniak, Bailey, & Steitz, 2008). 
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1.4.1 Initiation of transcription 

Initiation is invariably the first step of the multi-step transcription, which is also known as the de 

novo RNA synthesis (Kennedy, Momand, & Yin, 2007). The general mechanism of initiation of 

transcription can be outlined as three distinct steps (Cheetham & Steitz, 1999, Ikeda & 

Richardson, 1986).  

1. RNA polymerase binds to the promoter sequence during the promoter recognition step to 

form a closed complex (refer above for a detailed description of promoter).  

2. Formation of an initiation-competent open promoter complex. 

3. Initiation of RNA synthesis (de novo initiation and abortive cycling) and isomerization 

into a transcriptionally competent complex. 

Promoter interaction has been extensively studied employing a range of biochemical methods 

including footprinting using the intercalating agent methidium-propyl-EDTA Fe(II) (Ikeda & 

Richardson, 1986), indicating that T7 RNA polymerase protects a region of -17 to -4 of the 

promoter.  Methidium-propyl- EDTA Fe(II) combines the advantage of a metal chelator and an 

intercalating agent that cleaves the DNA thus providing a good agent for footprinting assays 

(Hertzberg & Dervan, 1984). Methylation and ethylation interference technique was used to 

study the polymerase-promoter interaction (Jorgensen, Durbin, Risman, & McAllister, 1991). 

This study demonstrated that specific residues in the major groove region -12 to -5 are important 

for promoter binding, and a close approach of RNAP to one side of the double helix (Diaz, 

Raskin, & McAllister, 1993).  
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During initiation, the NTD binds to the thirteen base pair sequence -17 to -5 (binding domain) of 

the promoter, followed by the melting of the AT-rich region of the promoter leading to the 

direction of the template strand into the catalytic cleft of the enzyme (Cheetham, Jeruzalmi, & 

Steitz, 1999). Promoter-specific recognition is mediated by interaction between a small insertion 

between the polymerase fingers and the palm sub-domains (739-770), and template bases -8 to -

11 in the major groove. The residues that make specific contacts with the bases are N748, Q758, 

R746, and N748 (Cheetham, Jeruzalmi, & Steitz, 1999c; Rong, He, McAllister, & Durbin, 1998). 

The N748 residue is involved in discriminating bases -10 and -11, and substituting N748 with a 

corresponding Asp residue results in a switch in promoter recognition specificity especially 

between bases -10 and -11 (Raskin, Diaz, Joho, & McAllister, 1992). Q758 makes specific 

contact with the base at the -8 position which is reasonable for its location (Figure 1.3). ΔQ758K 

base substitution led to the altered promoter specificities for Sp6 or K11 polymerases. Consistent 

with this, mutant RNAPs with Q758K and Q758R base substitutions with altered specificities 

also exhibited decreased affinity to synthetic promoters (Rong et al., 1998).  

 

Moreover, residues 93-101 in the NTD, called the AT-rich recognition loop, recognizes the DNA 

sequence -17 to -13 in the minor groove (Cheetham et al., 1999). In addition, the open promoter 

complex is stabilized by a stacking interaction mediated by V237 in the β-intercalating hairpin 

(amino acid residues (232-242) which also plays a role in melting the promoter DNA to expose 

single-stranded template DNA for transcription to start (Brieba & Sousa, 2001). Consistent with 

this observation, mutation of V237 or deletion of amino acids in the hairpin region showed 

smaller amounts of pre-initiation open complex at equilibrium with no effect on affinity of 
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mutants for promoter DNA, indicating an alteration in the rate of change of promoter opening 

and closing steps (Stano & Patel, 2002). Effect of deletion of promoter regions involved in strand 

recognition and opening were also kinetically studied in detail using synthetic promoters, and 

partially deleted non-template strands (Martin & Coleman, 1987; Milligan, Groebe, Witherell, & 

Uhlenbeck, 1987).  Using partially single stranded promoter template which was base-paired 

only from -17 to +1, it was shown that this has no effect in transcription. It was also shown that 

the top strand of the promoter (5’-3’ strand) can be shorter by 3 nucleotides from both the ends 

with no effect on transcription. 

 

 

Figure 1.3. Specificity loop residues N748 and Q758 play a role in specific contacts with T7 

RNA polymerase. (Adapted from: Rong, M., He, B., McAllister, W. T. and Durbin, R. K. (1998) 

Promoter specificity determinants of T7 RNA polymerase. Proc. Natl. Acad. Sci. U. S. A., 95, 

515-519. Copyright © (1998) National Academy of Sciences, USA.) 

 

Moreover, promoter truncation from the non-template strand from bases 17 to -14 and -3 to -6 

does not have any effect on the transcription reaction, showing that T7 RNAP does not require 
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DNA from the non-template strand in this region for activity (Milligan et al., 1987). Kinetic 

analysis using synthetic oligonucleotide-based promoters indicated that removal of non-template 

strand from +1 to +5 positions has little effect on binding while there was a 2-fold increase in 

kinetics. Further deletion through base -4 has no effect on binding, but deletion through base -6 

weakens binding while specific activity is unaffected (Maslak & Martin, 1993).  

 

After successful identification and binding to the promoter sequence, the T7 RNAP melts the 

promoter to initiate transcription by generating single stranded template DNA. As mentioned 

above, this melting process is mediated by specific interaction of V237 in the β-intercalating 

hairpin loop. Once the template DNA is melted at the transcription initiation site, the DNA 

undergoes bending (Tang & Patel, 2006). A similar type of bending followed by promoter 

melting has also been observed in E. coli, where the DNA is bent by 45o near the transcription 

initiation site (Craig, Suh, & Record, 1995; Meyer-Almes, Heumann, & Porschke, 1994; Rees, 

Keller, Vesenka, Yang, & Bustamante, 1993). It is observed that the yeast Saccharomyces 

cerevisiae mtRNA (mitochondrial) polymerase also induces bending after successful binding to 

the promoter DNA, which is correlated to the efficiency of transcription, and bending is an 

integral process during transcription initiation and promoter utilization (Schinkel, Groot 

Koerkamp, Teunissen, & Tabak, 1988). Modeling studies with T7 RNA polymerase using long 

DNA sequences incorporated into the ternary initiation complex observed an 80o bend in the 

promoter DNA centered around the transcription start site. Steady state and time resolved 

fluorescence resonance energy transfer (FRET) was used to measure FRET efficiency using a 

duplex promoter and a pre-melted bubble promoter (Tang & Patel, 2006). The FRET efficiency, 
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and therefore shortening of end-to-end distance, is correlated to the amount of promoter bending. 

FRET efficiency changes were relatively larger when pre-melted bubble promoter bound T7 

RNAP or when the double promoter was supplied along with initiating nucleotides. FRET 

efficiency was smaller when only double promoter was used. In the absence of the initiating 

nucleotide, there is an equilibrium existing between closed and open complex, and the DNA is 

bent <40o in the absence if the initiating nucleotide in the closed complex, but the DNA is bent at 

86o in the open complex. This observation supports the proposal that the promoter opens 

spontaneously when the DNA is bent by gaining the free energy obtained through the 

interactions with the melted promoter (Tang & Patel, 2006).  

1.4.2 De novo initiation and abortive synthesis of short RNAs 

As mentioned earlier, T7 RNAP can initiate RNA synthesis de novo without the presence of a 

primer or co-factors, unlike large multi-subunit RNA polymerases as bacterial or eukaryotic 

RNA polymerases ( Ling, Risman, Klement, McGraw, & McAllister, 1989; Kennedy, Momand, 

& Yin, 2007; T. A. Steitz, 2004). During this phase, the enzyme catalyzes the formation of a 

phosphodiester bond between the first two nucleotides, followed by elongation from this 

dinucleotide. The mechanism of de novo initiation differs considerably from the subsequent steps 

of transcription. Kinetically, the rate of addition of initiating nucleotides is very slow as indicated 

by the rate of formation of first phosphodiester bond at 7.8 s-1, although the rate of formation of 

phosphodiester bond formation during the elongation phase is ~220 s-1. The efficiencies of the 

initiation phase and the elongation phase, therefore, determine the overall yield of the full-length 

transcript (Anand & Patel, 2006). Affinity of the incoming nucleotides also differs substantially 

between the initiation and elongation phases. The affinity of the polymerase to the initiating 
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nucleotide triphosphate (NTP), indicated by the dissociation constant, kd, was found to be 2 mM 

for the initiating NTP (Bandwar, Jia, Stano, & Patel, 2002), whereas the kd value during 

elongation was found to be ~5 µM (Guajardo, Lopez, Dreyfus, & Sousa, 1998). Thus, a higher 

concentration of NTP is required during the initiation process compared with the transcription 

extension during the elongation stage. T7 RNAP has a strong preference for GTP as the initiating 

nucleotide (Kuzmine, Gottlieb, & Martin, 2003).  This choice of GTP as the initiating nucleotide 

is also found in other members of this T7 family like phages T3, SP6 (Basu & Maitra, 1986), as 

well as in many pathogenic viruses like the dengue hepatitis C, and West-Nile viruses (Selisko et 

al., 2006). Sequence alignment of 17 T7 RNAP promoters showed that 15 promoters had GTP at 

the +1 position, whereas two had ATP at the same position (Dunn & Studier, 1983). Nucleotide-

specific pausing experiments with SP6 RNAP demonstrated a marked decrease in the level of 

RNA production on promoters encoded with an A at the +1 site (Nam & Kang, 1988). The basis 

for this strong bias for GTP as the initiating nucleotide, and the differences in the mechanism for 

NTP selection during initiation and elongation were delineated by studying the structures of the 

ternary complexes formed by T7 RNAP with partial duplexes (Kennedy, Momand, & Yin, 

2007). NTP-binding sites and mechanism for selection of the initiating NTP are different during 

the initiation and the elongation stages. While binding of the initiating nucleotide does not 

induce a conformational change, there is a conformational change induced in the fingers domain 

when an elongating nucleotide binds. The initiating nucleotide, in this case, GTP makes specific 

contacts with R425 and Y427 of the polymerase. T7 RNAP takes advantage of these specific 

interactions to stabilize the heteroduplex formation during de novo initiation and shifts the 

reaction equilibrium towards open promoter complex.  
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During de novo initiation, the polymerase enters a phase of abortive initiation during which short 

transcripts of ~2-6 nucleotides (nt) are produced before the initiation complex (IC) transitions 

into the elongation complex (EC) (Tahirov et al., 2002; Yin & Steitz, 2002). After the synthesis 

of 10-12 nucleotides, the reaction transitions from the initiation phase to the elongation phase, 

completing the transcription in a processive manner until termination when the complete RNA 

transcript is released (Steitz, 2004). Abortive initiation has been observed in both E. coli and 

eukaryotic RNA polymerases and therefore it is a fundamental process during early transcription 

in all RNA polymerases  (Martin, Muller, & Coleman, 1988). Several models have been 

proposed to explain the process of abortive initiation (Cheetham & Steitz, 1999). In the 

“inchworming” model (Figure 1.4), during each cycle of abortive initiation, one module in the 

RNAP detaches from the second module using a flexible element. Once the abortive transcript is 

released, this module retracts back to its initial position. In the “DNA scrunching” model (Figure 

1.4), the transcribed template strand collects within the active site pocket of the polymerase 1 

base pair per phosphodiester bond, with the polymerase remaining unchanged (Kapanidis et al., 

2006).  Fluorescence resonance energy transfer (FRET), and confocal optical microscopy using 

alternating laser excitation studies on E. coli RNA polymerase and a consensus E. coli promoter 

lacCONS concluded that initial transcription involves DNA scrunching and not transient 

excursion or inchworming (Kapanidis et al., 2006).  
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Figure 1.4. The three models initially proposed for abortive initiation of E.coli RNAP. As per the 

transient excursion model, the RNAP translocated forward as a unit. In the inchworming model, 

the active center of the RNAP translocated downstream with the rest of the enzyme intact with 

the help of a flexible region. In the Scrunching model, the polymerase accumulates the DNA 

template as a bulging forms and at the end of the cycle, the enzyme extrudes the accumulated 

DNA (Adapted from: Kapanidis, A. N., Margeat, E., Ho, S.O., Kortkhonjia, E., Weiss, S. and 

Ebright, R. H. (2006) Initial transcription by RNA polymerase proceeds through a DNA-

scrunching mechanism. Science, 314, 1144-1147). 

 

Two other models proposed for abortive initiation account for the stress induced by the RNAP 

deformations and DNA scrunching in transition to the elongation state (Tang, Roy, Ha, & Patel, 

2008). In RNAP translation or shifting model, the NTD shifts gradually from the fixed CTD 

during initiation (Theis, Gong, & Martin, 2004; Turingan, Theis, & Martin, 2007). In the rotation 

or twist model, the NTD rotates to provide space for the expanding RNA: DNA heteroduplex 
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which begins when ~4-5 nucleotides are added, and continues until a stable EC is formed 

(Tahirov et al., 2002). 

 

Ensemble and FRET experiments were conducted to investigate the DNA scrunching model and 

rotation of NTD during transcription initiation by T7 RNAP (Kapanidis et al., 2006). In this 

experiment, they, tagged fluorescent donor and acceptor dye pairs at specific sites in the T7 

RNAP promoter consensus sequence. The average donor-acceptor distances calculated from 

observed ensemble FRET using free DNA, RNAP-DNA complex, RNAP-DNA initiation 

complex making 

 

2-7 nucleotide RNA, and RNAP-DNA elongation complex making 10 nt RNA. The mean donor-

acceptor distance decreased from 80 Å in the free DNA to 4 Å in the 2-4 nucleotide state and 

further decreased in complexes making 7 nucleotide RNA. These results indicate that the 

template DNA is scrunched in the initiation complex.  The FRET measurements also concluded 

a 18o±4o rotation of the promoter during 4 to 7 nucleotide synthesis. This degree of rotation is 

small compared to other studies from the crystal structures of IC and EC (Tahirov et al., 2002; 

Yin & Steitz, 2002). Other studies showed the inherent instability of the initiation complexes due 

to DNA scrunching during abortive initiation. Yield and stability measured on stalled complexes 

concluded that the instability of initiation complexes is due to downstream bubble collapse 

(Gong & Martin, 2006). Mutational studies have also been carried out to investigate the 

instability of abortive initiation. A polymerase mutation that reduces this instability during 

initiation has been isolated (Ramirez-Tapia & Martin, 2012). In this study, a mutant P266L was 
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isolated where this mutation was distant from the promoter-binding interface. Fluorescence 

anisotropy was used to compare the binding affinity of this mutant enzyme and the wild-type 

enzyme to a partially single-stranded promoter. It was found that both versions had similar 

binding affinities indicated by Kd values of 4.1µM (P266L) and 4.5µM (wild-type), in contrast to 

a previous study with the same mutation which reported a low binding affinity of the promoter to 

the P266L mutant enzyme promoter (Guillerez, Lopez, Proux, Launay, & Dreyfus, 2005). 

Limited proteolysis studies using the same mutant also showed that the transition to elongation 

takes place at much longer RNA lengths, prompting them to propose a protein “push-back” 

model for the inherent instability during abortive cycling (Ramirez-Tapia & Martin, 2012). This 

model proposed that there is an equal and concomitant pushing occurring on the DNA-RNA 

hybrid and the N-terminal promoter-binding domain of the polymerase. This push back promotes 

a rotation of the N-terminal promoter binding platform that leads to promoter release and 

transition to elongation. The P266L mutant showed a characteristic delay in transition to 

elongation due to a positionally delayed barrier to rotation. Another study explored the effect of 

structure and sequential changes on promoter function (Jiang, Rong, Martin, & McAllister, 

2001). In this study modified promoter sequences were used by introducing nicks between the 

promoter-binding region and the initiation region. It was found that the nicked promoters not 

only showed a greater flexibility in the choice of the initiation site, but also, a reduced synthesis 

of poly (G) products and eliminated the synthesis of abortive products. These studies clearly 

indicate the importance of transitioning from an unstable abortive initiation to a stable 

elongation, and during this transition the polymerase undergoes extensive structural transition.  
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1.4.3 Transition to elongation: Entry into a stable, processive phase 

For the transition from the unstable initiation phase to a more stable and processive elongation 

phase, the polymerase must get promoter clearance and break up all promoter contact. This is 

considered as the most important step in this transition (Martin, Muller, & Coleman, 1988). The 

average length of transition is about 10 base pairs suggesting that this is a basic feature of 

transcription in all RNA polymerases (Liu & Martin, 2002). In the case of T7 RNA polymerase 

transcription, this transition occurs when the RNA-DNA duplex reaches a length of 8-9 base 

pairs resulting in the collapse of the initiation bubble and promoter release (Tahirov et al., 2002).  

Comparing the structure of the initiation complex and elongation complex reveals extensive 

structural alterations in the N-terminal domain (NTD) of the enzyme, and formation of a channel 

that accommodates a 7-bp heteroduplex and a tunnel through which the transcript passes after 

detachment from the heteroduplex, all of which account for the increased stability and 

processivity of the EC (Durniak, Bailey, & Steitz, 2008). Structural studies of the EC have 

revealed a gradual transition from the IC to the EC with majority of the changes happening in the 

NTD which leads to abandoning of sequence-specific contacts with promoter DNA, with 

relatively less changes happening in the CTD (Yin & Steitz, 2002). Structure of a co-crystal 

containing T7 RNAP, transcription bubble, and mRNA was studied at 2.1 Å, revealing a gradual 

transition from initiation to the elongation phase. The NTD underwent notable conformational 

changes leading to altered shape and function (Yin & Steitz, 2002). Most notable of the changes 

include- a rigid body rotation of helices D, E, F, G, I, J and the intercalating β-hairpin loop by 

140o which abrogates the initial contacts of the T7 RNAP with the promoter, leading to promoter 

clearance. The second conformational change occurred in the C1 helix which extended from 22-
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30Ao and this extended C1 helix now protrudes into the space where the six-helix bundle 

previously occupied during initiation. The third conformational change involves a refolding of 

residues 160-190 forming a new subdomain H. This domain moves 70 Å forming an RNA exit 

tunnel. Similar conformational changes in the NTD were also observed at 2.9 Å resolution using 

T7 RNAP elongation complex (Tahirov et al., 2002). These conformational changes exhibited 

multifunctional interactions during elongation. One major role of the NTD conformation during 

the elongation complex is to make sufficient contacts with the template and the non-template 

DNA strands.  

 

At the CTD, the thumb subdomain rotates by 15o from its initial conformation during the 

initiation and along with the H subdomain, it contacts the non-template DNA strand. Another 

change in the CTD involves the specificity loop. The specificity loop makes sequence-specific 

contacts during initiation by interacting with the major groove. This interaction blocks the tunnel 

through which RNA exits. During elongation, the specificity loop makes a turn in such a way 

that it opens the exit tunnel interacting with the 5’ end of the mRNA in the exit tunnel during 

elongation. This conformational change in the specificity loop not only helps in promoter 

clearance, but this stretch of hydrophobic residues is also found to be important in responding to 

termination signals. The specificity loop, therefore, functions differently during the initiation and 

elongation phase.  

1.4.4 Formation and translocation of a mature elongation complex  

Formation of a complete elongation complex occurs when the RNA transcript reaches 8-12 

nucleotides in length, becoming resistant to salt denaturation, and changing the footprint of the 
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enzyme on the template (Mentesana, Chin-Bow, Sousa, & McAllister, 2000). This final step in 

transition has been found to be stabilized by interactions between the displaced transcript with 

the exit tunnel (Tahirov et al., 2002). Whereas the exit tunnel interacts with the displaced 

transcript, the entry pore interacts with the upstream substrate elements which become more 

accessible in the EC due to the 15o movement of the thumb subdomain. Similar entry pore and 

exit tunnel occur in the ECs of multi-subunit RNA polymerases including E. coli RNAP. One 

major contrasting feature between these RNAPs is in the rate of polymerization. Whereas the 

lengths of these pores are longer in multi-subunit RNAPs, they are much shorter in T7 RNAP 

which accounts for a higher rate of polymerization of 200 nucleotides/second for T7 RNAP 

compared with 30 nucleotides/second for E. coli RNAP (Transcription is catalyzed by RNA 

polymerase - biochemistry - NCBI bookshelf.; Tahirov et al., 2002).  

 

At least two distinct steps are involved in the transition to a stable and mature elongation 

complex. First, the nascent transcript associates with the product-binding region in the NTD of 

the polymerase and second, the thumb sub-domain folds to close the DNA-binding site (Bonner, 

Lafer, & Sousa, 1994; Muller, Martin, & Coleman, 1988). By halting T7 RNAP at defined 

intervals downstream from the promoter, it was shown that the transition to a stable elongation 

complex occurs in multiple steps, and the non-template DNA strand plays a major role in 

stabilizing the EC (Mentesana et al., 2000). Wild-type (WT) polymerase, mutant polymerase 

defective in the product binding site (Δ172-173), and polymerase containing mutant thumb 

domain behaved differently with duplex template, partially single stranded template and super-

coiled template. WT enzyme is most stable with duplex DNA, favoring displacement of nascent 
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transcript whereas it is very unstable with super-coiled and PSS templates. Δ172-173 showed 

destabilization with all templates as it could not bind the nascent transcript. The polymerase that 

contained mutant thumb sub-domain could bind the RNA, but was very unstable with the duplex 

DNA, as it lost the residues that contributed to complex stabilization. These observations 

corroborate the importance of the two distinct steps mentioned above in stabilizing the mature 

elongation complex. This finding of the role of the non-template strand in stabilizing the EC was 

in complete contrast to the destabilizing effect of the non-template strand observed on binary and 

initiation complexes (Villemain, Guajardo, & Sousa, 1997).  Analysis of halted ECs at different 

positions on a single template by digestion with exonuclease III, λ exonuclease, RNase T1 and 

KMnO4 digestion revealed that the transcription bubble spans 9 bases in length, and the RNA-

DNA hybrid spans 7-8 base pairs (Huang & Sousa, 2000). Probing the ECs with and without 

NTP revealed that the NTP stabilizes the polymerase in the post-translocated position with 

decreased lateral mobility, whereas in the absence of NTP, the polymerase was free to slide 

along the template (Huang & Sousa, 2000).   

 

Two models have been proposed for the movement of EC during translocation. The power stroke 

mechanism proposes that the EC is propelled along the template by coordinated conformational 

alterations, and the energy for translocation derives from the breakdown of the incoming NTP 

which is then converted into mechanical energy by protein conformational changes which is then 

used for propelling the polymerase down the template (Yin & Steitz, 2004). This model assumes 

that the polymerase has completed all conformational changes and is ready to accept an NTP. 

The second model is called the Brownian ratchet or more commonly known as the passive 
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sliding model, or translocational or positional equilibrium model (Bar-Nahum et al., 2005; Guo 

& Sousa, 2006; Huang & Sousa, 2000; Komissarova & Kashlev, 1997). In this model, the 

polymerase slides back and forth based on its interactions with the RNA and DNA, as well as on 

the relative stabilities of competing conformations between the polymerase and the RNA:DNA 

hybrid or the transcription bubble. The passive sliding model allows for a temporal equilibrium 

that exists between the pre- and the post-translocated conformations. Evidence in support of the 

passive sliding mechanism came from studies involving the use of translocation protein 

roadblocks immediately downstream of the promoter and evaluation of the effects of varying 

NTP concentration (Guajardo, Lopez, Dreyfus, & Sousa, 1998). The roadblock stalls 

translocation by creating a physical barrier for the movement of the ternary complex rather than 

destabilizing it. Supporting evidence for the passive sliding mechanism has also been obtained 

by studying protein roadblocks in E. coli (Abbondanzieri, Greenleaf, Shaevitz, Landick, & 

Block, 2005; Mosrin-Huaman, Turnbough, & Rahmouni, 2004). Such studies also demonstrate 

the important role played by the fluctuations of intracellular NTP concentrations on transcription 

elongation. Exertion of an opposing mechanical force stalls the translocation of the EC (Thomen, 

Lopez, & Heslot, 2005). In this single molecule study, a mechanical force exerted on the EC at 

steady-state transcription elongation condition acted as a competitive inhibitor of NTP binding 

which ultimately affected the translocation rate.  

1.4.5 Transcription termination: dissociation of the transcription apparatus and the 

release of the nascent RNA 

Termination is the final step in transcription where the transcription complex dissociates to 

release the nascent RNA. Termination is characterized by a reversal of steps from the formation 
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of an unstable IC to a stably transcribing EC, the mechanism of which has undergone less 

investigation (Lyakhov et al., 1998; Sousa, Patra, & Lafer, 1992; Zhang & Studier, 1997). 

Termination is a highly specific process because only characteristic configurations of RNA are 

recognized as termination signals, and recognition of these signals alone triggers the reversal of 

the isomerization and dissociation of transcription complex (Macdonald, Durbin, Dunn, & 

McAllister, 1994). T7 RNAP, like E. coli RNAP, is prone to terminate at any GC rich hairpin 

followed a poly-U string (Dunn & Studier, 1983). T7 RNAP will also terminate at its own 

terminator encoded in T7 DNA and at E. coli threonine attenuator (Jeng, Gardner, & Gumport, 

1990).  

 

Two classes of T7 RNAP terminators have been identified- class I and class II termination 

signals. Class I termination signals are typified by T7-Tφ present in the late region of the T7 

DNA (Dunn & Studier, 1983; Sousa et al., 1992). T φ termination sites are characterized by the 

ability to form stable stem-loop structures followed by a stretch of U residues. Such sites are 

reminiscent of Rho-independent termination signals recognized by E. coli RNAP, and many 

similar sites cause termination by both T7 and E. coli RNAPs (Garcia & Molineux, 1995; 

Zavriev & Shemyakin, 1982). The second type of termination site does not involve stem-loop 

formation, and was first identified in a cloned human gene for preproparathyroid (PTH) hormone 

gene (Macdonald et al., 1994; Mead, Szczesna-Skorupa, & Kemper, 1986). The class II site 

contains a conserved 8 bp sequence CATCTGTT and termination occurs 7-8 nucleotides 

downstream of this sequence (He et al., 1998). Another class II termination site is found in the 

concatemer junction (CJ) of the replicating T7 DNA which is required for the normal growth of 
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T7 phage. Consistent with this observation, a mutant polymerase fails to recognize class II 

signals affecting the subsequent packaging and maturation of the phage particles (Lyakhov et al., 

1997).  

 

The reversal of isomerization model for transcription termination was based on observations that 

proteolytically modified T7 RNAP dissociates more readily at natural termination sites (Ikeda & 

Richardson, 1987; Macdonald et al., 1994; Muller, Martin, & Coleman, 1988). A trypsinized T7 

RNAP containing 80 kDa and 20 kDa fragments generates a less stable elongation complex, and 

is blocked at the transition from IC to EC. This instability of forming a ternary complex was 

attributed to the failure of the nicked polymerase to bind single-stranded RNA. However, the 

process of termination was demonstrated to be a highly specific event because the nicked 

enzyme was less efficient in terminating at T7-Tφ and PTH sites (Macdonald, Zhou, & 

McAllister, 1993). Furthermore, insertion of single glycine residues or deleting a stretch of 

amino acids between 177-188 resulted in production of a polymerase that had similar termination 

properties as that of the nicked enzyme (Sousa, Patra, & Lafer, 1992b). The efficiency of 

termination at class I and class II sites depends on the relative rates of dissociation of the 

transcription complex to resuming the elongation conformation (Lyakhov et al., 1998b). The 

mechanism by which the T7 lysozyme inhibits T7 RNAP is by interfering with the 

conformational transition from IC to EC, and by forcing it to pause at termination sites (Kumar 

& Patel, 1997).  
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2.1 Abstract 

RNA polymerases (RNAPs) differ from other polymerases in that they can bind promoter 

sequences and initiate transcription de novo.  Promoter recognition requires the presence of 

specific DNA binding domains in the polymerase.  The structure and mechanistic aspects of 

transcription by the bacteriophage T7 RNA polymerase (T7 RNAP) are well characterized. This 

single subunit RNAP belongs to the family of RNAPs which also includes the T3, SP6 and 

mitochondrial RNAPs. High specificity for its promoter, the requirement of no additional 

transcription factors, and high fidelity of initiation from a specific site in the promoter makes it 

the polymerase of choice to study the mechanistic aspects of transcription. The structure and 

function of the catalytic domains of this family of polymerases are highly conserved suggesting a 

common mechanism underlying transcription. Although the two groups of single subunit 

RNAPs, mitochondrial and bacteriophage, have remarkable structural conservation, they 

recognize quite dissimilar promoters.  Specifically, the bacteriophage promoters recognize a 23 

nucleotide promoter extending from -17 to + 6 nucleotides relative to the site of transcription 

initiation, while the well characterized promoter recognized by the yeast mitochondrial RNAP is 

nine nucleotides in length extending from -8 to +1 relative to the site of transcription initiation.  

Promoters recognized by the bacteriophage RNAPs are also well characterized with distinct 

functional domains involved in promoter recognition and transcription initiation. Thorough 

mutational studies have been conducted by altering individual base-pairs within these domains. 

Here we describe experiments to determine whether the prototype bacteriophage RNAP is able 

to recognize and initiate at truncated promoters similar to mitochondrial promoters.  Using an in 

vitro oligonucleotide transcriptional system, we have assayed transcription initiation activity by 
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T7 RNAP.  When a complete or almost complete (20 to 16 nucleotide) double stranded T7 

RNAP promoter sequence is present, small RNAs are produced through template-independent 

and promoter-dependent stuttering corresponding to abortive initiation. When partial (10 to 12 

nucleotide) double stranded promoter sequences are supplied, template dependent de novo 

initiation of RNA occurs, but at a site different from the canonical +1-initiation site. The site of 

transcription initiation is determined by a recessed 3’ end based paired to the template strand of 

DNA rather than relative to the partial promoter sequence. Oligonucleotides with less than about 

10 nucleotides of promoter do not initiate de novo transcription. However, if the oligonucleotides 

have the potential to form transient duplexes with a recessed 3’ end, template-specific addition of 

a nucleotide at the 3’ end of the oligonucleotides occurs. Understanding the mechanisms 

underlying these observations helps us to understand the role of the elements in the T7 promoter, 

and provides insights into the promoter evolution of the single-subunit RNAPs.  

2.2 Introduction 

The evolution of genetic information depends in part on the coevolution of polymerases that can 

synthesize the informational molecule and at the same time transfer the genetic information in 

the template through the formation of Watson-Crick base pairing.  The earliest polymerases in an 

RNA World are thought to be ribozymes with RNA-directed RNA synthesis.  During the 

transition from the RNA world to an RNA-protein world the ribozymes were replaced by single 

subunit protein polymerases with RNA-directed RNA synthesis [RNA replicase].  The transition 

from the RNA-Protein world through the RNA-DNA Retro world to the modern DNA world 

required a co-evolution of polymerase properties to give RNA-directed DNA synthesis [reverse 

transcriptases], and DNA-directed DNA polymerases [DNA polymerases, DNA Replicases], 
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respectively.  One argument that genetic information has evolved through these different 

“Worlds” is the modern existence of these coevolved single subunit polymerases. All of these 

single subunit polymerases presumably initiated synthesis through a primer extension 

mechanism, since almost all modern single subunit polymerases retain this property. 

 

Polymerases can be classified into four categories based on the type of nucleic acids synthesized 

and templates used: 1] DNA-directed DNA polymerases (DNAPs; DdDp), 2] DNA-directed 

RNA polymerases (RNAPs; DdRp), 3] RNA-directed DNA polymerases (reverse transcriptases 

or RTs), and 4] RNA-directed RNA polymerases (RNA replicase; RdRp) (Ahlquist, 2002; Castro 

et al., 2009; Chen & Romesberg, 2014). These polymerases can be further divided into single 

subunit RNA polymerases and multi-subunit RNA polymerases (Werner & Grohmann, 2011). 

The single subunit RNAPs have motifs in common and are thought to derive from a common 

ancestor but the evolutionary divergence of these polymerases is still obscure (Cermakian et al., 

1997). 

 

A major evolutionary step was the evolution of the promoter which defined genes with specific 

functions from the genetic information, along with the coevolution of domains in RNA 

polymerases which would recognize promoter sequences.  This innovation results in de novo 

initiation of transcription and provides a way to specifically regulate gene expression.  RNAPs 

are distinguished by their ability to recognize promoter sequences and initiate transcription de 

novo, rather than extend from a primer (Cheetham & Steitz, 2000; Kennedy, Momand, & Yin, 

2007; Steitz, Smerdon, Jager, & Joyce, 1994). This initiation phase is transient and generally 
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occurs while the RNAP is bound to the promoter (Gong & Martin, 2006; Liu & Martin, 2002). 

The transition to the elongation phase requires a change in RNAP structure to allow promoter 

release and processive movement on the template (promoter clearance) (Gong, Esposito, & 

Martin, 2004; Martin, Muller, & Coleman, 1988). This initiation phase is unique to RNAPs and 

this ability to recognize promoters and initiate de novo is a key step in the evolution of 

organisms’ ability to transfer specific genetic information from DNA.  

 

The bacteriophage T7 RNA Polymerase is the prototype of the single subunit RNA polymerases.  

It is an ideal model system for studying polymerase and promoter evolution.  It is related to other 

bacteriophage RNA polymerases and the mitochondrial RNA polymerases.  This group of 

RNAPs has very conserved structure and sequence.  However, the mitochondrial RNA 

polymerases generally have different promoter sequences from the bacteriophage polymerases 

(Figure 2.1). Bacteriophage polymerases generally have a 23 nucleotide promoter that overlaps 

the site of transcription initiation by six nucleotides (-17 to + 6).  Mitochondrial RNAPs 

recognize a diverse variety pf promoter sequences which are typically about nine nucleotides in 

length and run from -8 to +1.  In figure 2.1 the well characterized mitochondrial promoter from 

the yeast mtRNAP is used as a reference for comparison with the bacteriophage RNAPs.  The 

yeast promoter sequence has similarity with the -8 to +1 portion of the T7 promoter. 

 

The 23 nucleotide promoter of the T7 RNA polymerase can be divided into several functional 

domains (Figure 2.2).  The initiation region covers the ten nucleotides from - 4 to +6. 

Nucleotides +1 to +6 are called the transcription start site.  The +1 site is conserved as a G in all 
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the bacteriophage promoters.  Sites +1 to + 6 are conserved as purines in the bacteriophage 

promoters. Polymerase contacts in this region are primarily with the pyrimidine in the template 

strand (Weston, Kuzmine, & Martin, 1997).  Substitution of these nucleotides decreases 

promoter strength and initiation efficiency only slightly.   

 

 

Figure 2.1. Comparison of three bacteriophage RNAP promoters and yeast mtRNAP 

(YmtRNAP) promoter. All sequences shown in the 5’-3’ orientation. The -8 to +1 portion of the 

bacteriophage promoter is underlined. The nine-nucleotide yeast mtRNAP promoter sequence is 

aligned with the bacteriophage -8 to +1 sequence to highlight their analogous positions relative 

to transcription initiation.  

 

Figure 2.2. The T7 RNAP promoter showing functional domains 
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The region -4 to -1 is called the unwinding region. Positions -1 [A], -3 [A], -4 [T] are conserved 

among the bacteriophage promoters.  This region is invariably AT-rich presumably to aid in 

melting of the DNA strands at the initiation site, although the conservation of positions -1, -3 and 

-4 may indicate polymerase contact sites. 

 

The promoter recognition region (13 nucleotides) extends from -5 to -17 and consists of 

polymerase interaction sites important for polymerase binding and positioning. These promoter 

contact sites interact with two regions of the polymerase. Promoter positions -5 to -12 interact 

with a T7 RNAP structural domain called the specificity loop, located near the carboxyl terminus 

(Temiakov et al., 2000), while positions -13 to -17 interact with a T7 RNAP structural domain 

called the AT-rich recognition loop located near the amino terminus of the T7 RNA polymerase 

(Imburgio, Rong, Ma, & McAllister, 2000).  

 

The phylogenetic tree depicting the evolutionary relationships among the single subunit RNAPs 

has not been rooted and so the evolutionary sequence of  the two classes of promoter is unknown 

(Cermakian et al., 1997). The T7 RNAP can recognize a range of promoter sequences which are 

closely related to each other by this consensus sequence (Dunn & Studier, 1983; Tang, Bandwar, 

& Patel, 2005). Details concerning the T7 RNAP promoter structure and function were deduced 

from studies on mutant promoter sequences (Ikeda, Ligman, & Warshamana, 1992; Klement et 

al., 1990).  Single base changes either in the recognition region or the initiation domain affects 

the efficiency of promoter recognition and initiation of transcription respectively, but a mutation 

in the recognition region does not affect initiation and vice versa (Ikeda, Ligman, et al., 1992).  
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The promoter region from -17 to -13 is dispensable, and can be deleted with only small effects 

on initiation activity, however, optimal promoter recognition requires contacts within this region 

(Chapman & Wells, 1982; Martin & Coleman, 1987; Osterman & Coleman, 1981).  Comparison 

of the promoter sequences from the three phage promoters T3, T7 and SP6 revealed that all the 

three promoters share a similar core sequence from -7 to +1 pointing to a common role of this 

region in the promoter function (Brown, Klement, & McAllister, 1986; Jorgensen, Durbin, 

Risman, & McAllister, 1991), Figure 2.1). There is considerable sequence divergence from -8 to 

-12 corresponding to the specificity loop-recognition region in the T7 RNAP promoter, 

suggesting that this region plays a key role in sequence-specific contacts. Although there is an 

82% homology in the amino acid sequence between T3 and T7 RNAPs, neither of the enzymes 

can efficiently initiate transcription at promoters used by the other (Klement et al., 1990; Rong, 

He, McAllister, & Durbin, 1998). Promoter specificity studies using base-pair substitutions at -

10, -11, and -12 positions in the T7 RNAP promoter by residues of T3 RNAP promoter revealed 

that base pairs -10 to -12 have an important role with -11 base having a significant role in 

promoter binding (Klement et al., 1990). Base substitutions at positions -7 (A or  G for C), -8 (A 

for T), -9 (A or T for C, -11 (T for G) completely inactivated the T7 promoter (Chapman, 

Gunderson, Anello, Wells, & Burgess, 1988).  Methylation interference studies show that 

binding of T7 RNAP to the promoter was interfered by methylation of the G-residues at -7 and -

9 in the template strand and -11 in the non-template strand suggesting that T7 RNAP makes 

important contacts in the major groove between -7 and -11 (Jorgensen et al., 1991). 
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The yeast Saccharomyces cerevisiae mitochondrial RNA polymerase (YmtRNAP) is 

homologous to the single subunit bacteriophage T3 and T7 RNAPs (Cermakian, Ikeda, 

Cedergren, & Gray, 1996; Masters, Stohl, & Clayton, 1987; Matsunaga & Jaehning, 2004). 

YmtRNAP recognizes the simple nine-nucleotide-long promoter consensus sequence 

ATATAAGTA for transcription initiation, which differs in sequence and length from the phage 

RNAPs (Nayak, Guo, & Sousa, 2009). However, this sequence can be aligned with the -8 to +1 

core region of phage RNAPs (Figure 2.1).  The YmtRNAP has a region analogous to the 

specificity loop of T7 RNAP which by analogy would interact with -8 to -5 [ATAT].  However, 

there is no analogous region in yeast mtRNAP to the A-T rich binding region in T7RNAP and 

so, it is not surprising that the yeast promoter consensus does not extend beyond -8. 

 

To study T7 RNAP’s ability to use truncated promoters similar to mitochondrial promoters, we 

have developed an in vitro transcription system based on the in vitro transcription system 

developed by Milligan, Groebe, Witherell, & Uhlenbeck (1987). Classically, two complementary 

oligonucleotides of equal length containing the T7 consensus sequence (Figure 2.3A and 2.3B) 

could be used to produce run off transcripts in vitro. Milligan et al. (1987) have shown that the 

18 nucleotides, -17 to +1, when double stranded and attached to a 5’ extended template is 

sufficient to act as a promoter in vitro (Figure 2.3C). We have modified their procedure by 

extending the double stranded promoter region to 20 nucleotides (-17 to +3) in order to increase 

initiation frequency.  We further modified this model by creating an oligonucleotide which 

formed a intramolecular double stranded region of the type shown in Figure 2.3D.  Under the 

same conditions it produced an RNA of the same length and composition. 
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We have used this oligonucleotide system to determine whether T7 RNAP in the presence of 

such an oligonucleotide and a single ribonucleotide triphosphate can correctly and efficiently 

initiate transcription on truncated promoter sequences resembling mitochondrial promoters. Here 

we show that T7 RNAP can initiate on truncated promoter sequences similar to mitochondrial 

promoters. However, the site of transcription initiation is not at the canonical initiation site, but 

initiates instead on the first unpaired base in the template. In addition, we show that with 

complete promoters, or mostly complete promoters, and a recessed 3’ end, nontemplated, de 

novo initiated transcripts are produced. In the absence of a promoter and with transiently stable 

hairpin duplexes, the oligonucleotide itself can be labeled at the recessed 3’ end. These results 

are analyzed in the light of T7 promoter flexibility, promoter evolution, and the use of this 

technique to produce defined RNAs without 5’- sequence constraints and 3’- variability. 
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A       5’-TAATACGACTCACTATAGGGXXXXXXXXXXXXX-3’ 

        3’-ATTATGCTGAGTGATATCCCXXXXXXXXXXXXX-5’ 

 

 

 

B       5’-TAATACGACTCACTATAGXXXXXXXXXXXXXXX-3’ 

        3’-ATTATGCTGAGTGATATCCCXXXXXXXXXXXXX-5’ 

 

 

 

C  5’-TAATACGACTCACTATAG-3’ 

        3’-ATTATGCTGAGTGATATCCCXXXXXXXXXXXXX-5’ 

 
 

   AT 

D      A     TAATACGACTCACTATAGGG-3’ 

        C  ATTATGCTGAGTGATATCCCTTTTCAGGCG-5’ 

   GA 

 

Figure 2.3. Oligonucleotides used for run-off transcription with T7RNAP in vitro. 

Panel A shows two complementary oligonucleotides of equal length annealed to create a 20 bp 

double stranded promoter producing a run off transcript with three G nucleotides at the 5’ end. 

Panel B shows two complementary oligonucleotides of equal length annealed to create an 18 bp 

double stranded promoter producing a run off transcript with one G nucleotide at the 5’ end, but 

with slightly decreased initiation frequency. Panel C shows two complementary oligonucleotides 

of different length annealed to produce a double stranded promoter with a recessed 3’ end of the 

type used by Milligan, Groebe, Witherell, & Uhlenbeck(1987).Panel D shows an oligonucleotide 

of the type used in the experiments reported in this paper i.e. a single oligonucleotide internally 

annealed to produce a hairpin loop with a 20 nucleotide double stranded promoter and a recessed 

3’ end.  
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2.3 Materials and methods 

2.3.1 Oligonucleotides, Radiolabeled nucleotide triphosphate and T7 RNAP 

Oligonucleotides designed for this study were procured from Eurofins MWG operon, USA. The 

desiccated oligonucleotides were resuspended in water to a concentration of 100µM. The 

radiolabeled α32P ATP was procured from Molecular Bioproducts, USA. T7 RNA polymerase 

enzyme (50,000 U/mL) was procured from New England Biolabs, USA.  

2.3.2 Reaction conditions 

50µL reaction mixtures containing 5µl of the 100 µM oligonucleotides, 2µL of radiolabeled 

α32P- ATP (3000Ci/mmol), 5µL of 10X RNA polymerase reaction buffer (1X concentrations of 

40mM Tris-HCl, 6mM MgCl2, 2mM spermidine, 1mM dithiothreitol), supplied along with T7 

RNA polymerase, 1µL of RNAase inhibitor-RNasin (Promega, USA) and 1µL (50U) of T7 RNA 

polymerase were incubated at 37oC for 60 minutes. Reactions were stopped and run on 15% 

Polyacrylamide gel at 75V. The gels were then stained with ethidium bromide to visualize the 

nucleic acids, and subsequently exposed to a phosphor screen (Amersham GE Healthcare) for 5 

minutes and scanned using Storm 840 (Amersham GE Healthcare, USA).  

2.3.3 Hairpin Oligonucleotide Nomenclature 

Hairpin oligonucleotides are designated by a three number designation. The first number is the 

total length of the oligonucleotide in nucleotides, the second number is the length of the duplex 

portion of the hairpin in base pairs, and the third number is the length of the retained promoter 
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consensus sequence.  For some oligonucleotides an additional designation indicating the number 

and the type of complementary sequences in the 5’ extended template is added. 

2.4 Results 

The 5’ ends of the 20 nucleotide (-17 to +3) double stranded promoter region on hairpin 

oligonucleotides were systematically deleted to determine if they would (1) label at the 3’ end of 

the oligonucleotide; (2) initiate promoter-dependent, template-independent de novo RNA 

synthesis; (3) initiate promoter-dependent, template-dependent de novo transcription; or (4) fail 

to incorporate label under the conditions of having the T7 RNAP and a single radiolabeled 

ribonucleotide triphosphate. The starting oligonucleotide for the deletion mapping was the 

oligonucleotide shown in Figure 2.3D.  It is able to form intra- and intermolecular base pairing to 

produce a recessed 3’end on an extended 5’ template.  Next to the 3’ end on the unpaired 

template are four T nucleotides that will base pair with the radiolabeled α-32P-rATP used as the 

only nucleotide triphosphate in the experiment.  As the double stranded promoter region is 

removed, the loop length is, in some cases, increased to maintain the overall length. Table 2.1 

shows the results of these experiments and Figure 2.4 shows examples of the four different 

results. 

 

The oligonucleotide shown in Figure 2.3C (56-21-20) has a full 20 base pair promoter sequence 

(-17 to +3).  With all four ribonucleotide triphosphates present T7 RNAP polymerase would be 

expected to initiate at +1 and make a 13 nucleotide RNA run-off transcript starting with GGG. 

With only rATP present T7 RNAP reproducibly makes RNAs that separate upon gel 

electrophoresis as two high mobility, labeled spots (Figure 2.4, lane 5) designated DS for 
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“double spot” in Table 2.1, line 1.  This double spot product is RNAase sensitive (not shown) 

and will be called the “double spot” RNA product below. 

 

Table 2.1.  Results of the sequential deletion of the 5’ end of the double stranded promoter region 

of hairpin loop oligonucleotides 

 
T7 promoter sequence Promoter 

length 

Duplex 

length 

Type of 

labeling 

Representative 

oligonucleotides 

TAATACGACTCACTATAGGG 20 21 DS 56-21-20 

……...ACGACTCACTATAGGG 16 16/20 DS 56-16-16, 56-20-16 

………..CGACTCACTATAGGG 15 20 DS 56-20-15 

………….GACTCACTATAGGG 14 20 DS 56-20-14 

………..CGACTCACTATAGGG 15 15 SS 56-15-15 

………….GACTCACTATAGGG 14 14 SS 56-14-14 

……………ACTCACTATAGGG 13 13 SS 56-13-13 

……………   CTCACTATAGGG 12 12 SS 56-12-12 

………………. TCACTATAGGG 11 12 SS 56-12-11 

………………… CACTATAGGG 10 12 SS 56-12-10 

……………………...CTATAGGG 8 10 SS 50-10-8 

……………………...CTATAGGG 8 8/9 OEL 48-9-8 

…………………………ATAGGG 6 6/7/8 OEL 46-8-6,44-7-6,42-6-6 

…………………………   TAGGG 5 5 OEL 40-5-5 

……………………………. AGGG 4 4 OEL 38-4-4 

……………………………….GGG 3 3 OEL 36-3-3 

…………………………………GG 2 2 NEG 34-2-2 

………………………………….  G 1 1 NEG 36-3-1 

……………………………………... 0 0 NEG 30-0-0 

 

DS = double spot RNA, SS = single spot RNA, OEL = oligonucleotide labeling, NEG = no RNA 

 

Oligonucleotide 66-31-20 is identical to 56-21-20 except that the recessed 3’ end is extended on 

the template strand to produce a 31 bp double stranded region with a full promoter present and a 

blunt end terminus.  This oligonucleotide fails to produce a “double spot” RNA product under 
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the same conditions as with 56-21-20 (Figure 2.4, lane 6) indicating, that under the conditions 

used in our assay, a recessed 3’ end is required to produce the “double spot” RNA. 

A 

 

B 

1. GCGGACTTTTCCCTATCAGACAACGCAAGACCAGCAGATAGGG  44-7-6 

2. GCGGACTTTTCCCTAGACAACGCAAACCAGCAGAAGGG  38-4-4 

3. GCGGACTTTTCCCTATAGGCAGACAACGCAAACCAGCCTATAGGG  50-10-8 

4. GCGGACTTTTCCCTATAGTGAGTCGTAACCAGCAATACCAACGACTCACTATAGGG  56-16-16 

5. GCGGACTTTTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG  56-21-20 

6. GCGGACTTTTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGGAAAAGTCCGC  66-31-20 

 

Figure 2.4. Panel A: Autoradiograph of 15% polyacrylamide gel used to separate the RNA 

labeled products produced from incubation of the various oligonucleotides with T7 RNA 

polymerase and radiolabeled rATP. The oligonucleotides used, listed from left to right (1 to 6) 

are 44-7-6, 38-4-4, 50-10-8, 56-16-16, 56-21-20, 66-31-20. Panel B: The DNA sequences are 

written 5’ to 3’ for the oligonucleotides used in this experiment. Underlines indicate promoter or 

partial promoter sequences, red nucleotides indicate the potential for duplex beyond the promoter 

region, bold letters indicate potential templates for ATP radionucleotides. 

 

Oligonucleotide 56-16-16 is identical to 56-21-20 except that four nucleotides are removed from 

the 5’ end of the double stranded promoter region to remove the AT-rich region. Eight 

1 2 3 4 6 5 
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nucleotides are added to the single stranded loop region to maintain the size of the 

oligonucleotide at 56 nucleotides.  The -13 to +3 region of the promoter is retained (16 

nucleotide promoter). Oligonucleotide 56-16-16 (Table 1, line 2) also produces a “double spot” 

RNA (Figure 2.4, lane 4).  

 

Oligonucleotides with 7, 8, 9, 10, 11, or 12 base pairs of double stranded promoter region 

deleted, to give 13 to 8 bp truncated promoters (from -12 to +3 to -7 to +3), reproducibly 

produce a high mobility, labeled spot designated SC (single spot) in Table 1 and fails to produce 

the “double spot” RNA product, indicating that a 14 bp promoter or larger is necessary for the 

“double spot” RNA and that the failure to produce the “double spot” RNA may allow the 

production of the “single spot” RNA product.  These oligonucleotides lack all or part of the 

specificity loop region, and therefore, most of the recognition region of the promoter.  

Oligonucleotide 50-10-8 (-7 to +3) produces a single spot RNA product (Figure 2.4, lane 3).  The 

“single spot” product is also sensitive to RNAase (not shown) and will be designated the “single 

spot” RNA product below. 

 

Oligonucleotides with 11, 12, 13, 14, 15, 16 and 17 base pairs of 5’ double stranded promoter 

region deleted, to give 3 to 9 bp truncated promoters (from -6 to +3 to +1 to +3), reproducibly 

add a labeled nucleotide to the 3’ end of the oligonucleotide, designated OEL (oligonucleotide 

end labeling) in Table 2.1, and fail to produce “single spot” RNA product indicating that end 

labeling may prevent, or compete with, the production of “single spot” RNA. These 

oligonucleotides have a double stranded region with a recessed 3’ end equal to the truncated 
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promoter length.  Oligonucleotides 44-7-6 (-3 to +3) and 38-4-4 (+1 to +3) label the 3’ end of the 

oligonucleotide (Figure 2.4, lanes 1 and 2). 

 

Oligonucleotides with 18, 19, and 20 base pairs of 5’ double stranded promoter region deleted, to 

give 0 to 2 bp truncated promoters (+2 and +3, just +3, none), do not produce an RNA product or 

label the 3’ end of the oligonucleotide (data not shown). 

2.4.1 Characterization of the “double spot” RNA product. 

An RNA product remarkably similar to the “double spot” has been observed by Ling et al. 

(1989) using T7 RNAP with a full double strand promoter with four ribonucleotide triphosphates 

present (Ling, Risman, Klement, McGraw, & McAllister, 1989).  They ascribed this RNA 

product to abortive initiation.  To determine if the “double spot” is abortive initiation, we 

examined the dependence of “double spot” on both template and promoter.  

 

In order to test the effect of the template portion of the nucleotide on “double spot” RNA 

production, the number of T nucleotides in the template portion of 56-21-20 were varied from 0 

to 8 or substituted with A nucleotides. All of these modified oligonucleotides were able to 

produce the double spot RNA product (Figure 2.5), indicating that double spot RNA synthesis is 

template independent. 
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A 

    

B 

1. GCGGACAAAACCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG    56-21-20 T0A4 

2. GCGGTTTTAACCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG     56-21-20 A2T4 

3. GCGGACAATTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG     56-21-20 T2A2 

4. GCGGACTTTTCCCTATAGTGAGTCGTAACCAGCAATAACCACGACTCACTATAGGG     56-16-16 T4 

5. GCGGACTTTTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG      56-21-20  T4 

6. GCGGTTTTTTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG      56-21-20  T6 

7. GCTTTTTTTTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG      56-21-20  T8 

 

Figure 2.5. Panel A: Autoradiograph of 15% polyacrylamide gel showing double spot RNA 

production after incubation with T7 RNA polymerase and radiolabeled rATP of the 56-21-20 

and 56-16-16 oligonucleotides modified in their template region. Panel B: The DNA sequences 

are written 5’ to 3’ for the oligonucleotides used in this experiment. Underlines indicate double 

stranded promoter regions or partial double stranded promoter sequences, red nucleotides 

indicate the potential for duplex beyond the promoter region, bold letters indicate potential 

templates for ATP radionucleotides.   

 

To determine if promoter sequences are necessary for the production of “double spot” RNA 

product, scrambled promoter sequences were substituted for the promoter sequence. While the 

classic “double spot” nucleotides 56-21-20, and 56-16-16 produced “double spot” RNA product, 

1 2 3 4 5 6 7 
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the oligonucleotides with scrambled promoter sequences did not produce “double spot” RNA 

product (Figure 2.6), indicating that double spot production is dependent on promoter sequence. 

These results indicating that “double spot” RNA production is template independent and 

promoter dependent are consistent with the report that “double spot” RNA is abortive initiation.   

A 

 

B 

1. GCGGACTTTTCCCTATAGTGAGTCGTAACCAGCAATAACCACGACTCACTATAGGG   56-16-16 

2. GCGGACTTTTCGTACTAGATCTGACGTACGCAAGAACCTACGTCAGATCTAGTACG   56-18 Scr 

 

3. GCGGACTTTTCGTACTAGATCTGACGTATAAGCAATTATACGTCAGATCTAGTACG 56-21 Scr 

 

4. GCGGACTTTTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG    56-21-20   

 

Figure 2.6. Panel A: Autoradiograph of 15% polyacrylamide gel showing double spot RNA 

production after incubation with T7 RNA polymerase and radiolabeled rATP with the 56-21-20 

and 56-16-16 oligonucleotides modified to have scrambled promoter sequences. Panel B: The 

DNA sequences are written 5’ to 3’ for the oligonucleotides used in this experiment. Underlines 

indicate double stranded promoter regions or partial double stranded promoter sequences, red 

nucleotides indicate the potential for duplex beyond the promoter region, bold letters indicate 

potential templates for ATP radionucleotides.                  

 

 

 

      1 2 3 4 
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A 

 

B 

1. GCGGACTTTTCCCTATAGTGAGTCGTATTAAGCAATTAATACGACTCACTATAGGG   56-21-20 

 

2. GCGGACTTTTCCCTATAGTGAGTCTATATATGCAATTATATAGACTCACTATAGGG   56-20-14  

3. GCGGACTTTTCCCTATAGTGAGTCGATATATGCAATTATATCGACTCACTATAGGG   56-20-15 

4. GCGGACTTTTCCCTATAGTGAGTCGCCGCGTGCAATCGCGGCGACTCACTATAGGG   56-20-15 

5. GCGGACTTTTCCCTATAGTGAGTCGTTACCTGCAATGGTAACGACTCACTATAGGG   56-20-16 

 

Figure 2.7. Panel A: Autoradiograph of 15% polyacrylamide gel showing double spot RNA 

production after incubation with T7 RNA polymerase and radiolabeled rATP with the 56-21-20, 

56-20-16, 56-20-15 oligonucleotides. The 56-20-16 and 56-20-15 oligonucleotides have 

substituted bases in the AT-rich binding region. Panel B: The DNA sequences are written 5’ to 

3’ for the oligonucleotides used in this experiment. Underlines indicate double stranded promoter 

regions or partial double stranded promoter sequences, red nucleotides indicate the potential for 

duplex beyond the promoter region, bold letters indicate potential templates for ATP 

radionucleotides.  

 

5’ end deletions of 4, 5, and 6 nucleotides (oligonucleotides 56-20-16, 56-20-15, and 56-20-14) 

can produce “double spot” RNA (Figure 2.7).  Oligonucleotide 56-20-15 has the AT-rich 

recognition sequence 5’-TAATA-3’ substituted with 5’-TATAT-3’, a similar sequence.  This 

substitution has little effect on “double spot” RNA production (Figure 2.7, lane 3). To determine 

1     2  3  4  5  4 
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if a GC–rich sequence can be tolerated as a substitute for the AT-rich recognition sequence, the 

sequence CGCGG was substituted in 56-20-15.  This oligonucleotide produces only a very small 

amount of double spot” DNA (Figure 2.7, lane 4), indicating that while the primary sequence of 

the AT-rich region is not critical, the base composition of the region should be AT-rich to give 

optimum double spot RNA production.  

 

Our interpretation of these results is that “double spot” RNA production is equivalent to abortive 

de novo initiation at the recessed 3’ end. A complete 20 nucleotide promoter (56-21-20; -17 to 

+13) or nearly complete 5’ truncated promoters (56-16-16, 56-20-16, 56-20-15, and 56-20-14; -

13, -12, -11 to +13) bind strongly enough so that it cannot leave the promoter during promoter 

clearance during the transition from initiation to elongation. The presence of only a single 

ribonucleotide triphosphate also prevents elongation.  The transcripts produced prior to promoter 

clearance produce the abortive initiation products that we designate “double spot” RNA. 

2.4.2 Oligonucleotide 3’ end labeling 

The labeling of oligonucleotides with recessed 3’ ends by T7 RNA polymerase has been reported 

and characterized by Sarcar & Miller (manuscript submitted) as a type of DNA editing.  They 

report a promoter-independent, template dependent, recessed 3’ end-dependent addition of 

rNTPs to the 3’ end of the oligonucleotide hairpins. A ribonucleotide is added to the 3’ end when 

the 3’ end is positioned  next to a single stranded region where the first unpaired nucleotide is 

complementary to the labeling ribonucleotide triphosphate.  While this process absolutely 

requires a double stranded region with a recessed 3’ end, it is limited by the length of the base 

paired region. 
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A 

 

 
 

B 

1. GCGGACTTTTCCAGACAACGCAAACCAGCAGAGG  34-2-2 

2. GCGGACTTTTCCCAGACAACGCAAACCAGCAGAGGG  36-3-3  

3. GCGGACTTTTCCCTAGACAACGCAAACCAGCAGAAGGG  38-4-4 

4. GCGGACTTTTCCCTAAGACAACGCAAACCAGCAGATAGGG  40-5-5 

5. GCGGACTTTTCCCTATAGACAACGCAAACCAGCAGAATAGGG  42-6-6  

6. GCGGACTTTTCCCTATCACAACGCAAACCAGCAGAGATAGGG   44-7-6   

7. GCGGACTTTTCCCTATAGAGACAACGCAAACCAGCAGACTATAGGG  46-8-8   

8. GCGGACTTTTCCCTATAGGAGACAACGCAAACCAGCAGACCTATAGGG  48-9-8 

9. GCGGACTTTTCCCTATAGGCAGACAACGCAAACCAGCAGAGCCTATAGGG   50-10-8 

 

Figure 2.8. Panel A: Autoradiograph of 15% polyacrylamide gel showing oligonucleotide 3’ end 

labeling after incubation with T7 RNA polymerase and radiolabeled rATP. Each hairpin 

oligonucleotide has a duplex length one bp longer than the previous oligonucleotide. Panel B: 

The DNA sequences are written 5’ to 3’ for the oligonucleotides used in this experiment. 

Underlines indicate double stranded promoter regions or partial double stranded promoter 

sequences, red nucleotides indicate the potential for duplex beyond the promoter region, bold 

letters indicate potential templates for ATP radionucleotides.   

 

1 2 3 4 5 6 7 8 9 
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Oligonucleotides with duplex regions shorter that 3 base pair or longer than about 8 base pairs, 

depending on their base composition, do not label. In our initial detection of oligonucleotide 3’ 

end labeling, we observed labeling of oligonucleotide with duplex potentials of 3 - 9 base pairs 

(Table 2.1).  

 

However, in this initial screen the partial promoter length was equal to, or approximately equal 

to the duplex length of the hairpin oligonucleotide (Table 2.1).  To uncouple these two 

parameters, we made oligonucleotides with a constant 20 bp duplex length, but with variable 

promoter lengths (see for example, 56-20-16, 56-20-15, 56-20-14, Figure 2.7). These showed 

“double spot” RNA production but did not show end labeling since the 20 nucleotide duplex 

length exceeded the 3-9 nucleotide length necessary for end labeling. Conversely, 

oligonucleotides without promoter sequences, but with hairpin oligonucleotides with duplex 

lengths between 3 and 9 bp and recessed 3’ends with complementary sequences, labeled 

efficiently. 

 

Figure 2.8 shows oligonucleotides with constant loop length (15 nucleotides) and template length 

(10 nucleotides) and increasing duplex length from 2 bp to 10 bp. Oligonucleotides with 

duplexes 4 to 8 bp label efficiently; oligonucleotides with duplexes of 3 and 9 bp label slightly. 

Oligonucleotides with smaller or larger duplex length (2 bp and 10 bp) did not 3’ end label 

(Figure 2.8). 
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To determine template dependence in oligonucleotide 3’ end labeling, the 5’ extension/template 

of the 44-7-6 oligonucleotide was systematically altered. Substitution of A nucleotides for T 

nucleotides in the labeling site  resulted in no labeling (Figure 2.9, lanes 1 and 7), indicating that 

the labeling site next to the 3’ end must base pair with the radionucleotide triphosphate used in 

the assay (rATP in this case).  Lanes 2, 3, 4, 5, and 6 of Figure 2.9 have oligonucleotides with a 

variable number of T nucleotides in the labeling site giving the potential for addition of multiple 

A nucleotides to the 3’ end of the oligonucleotide. Although at least one A nucleotide is added in 

each case since labeling occurs, it is unlikely that multiple A nucleotides are added.  This 

conclusion is based on the fact that the intensity of labeling is essentially equal, except for lane 3 

where labeling intensity is decreased not increased for an eight T nucleotide template, and the 

migration of the labeled oligonucleotide is not changed. Addition of multiple nucleotides to the 

3’ end of the oligonucleotide would be expected to change the migration of the oligonucleotide 

in gel electrophoresis, but this is not observed.  Interestingly, there seems to be concurrent end 

labeling and de novo initiation in the autoradiograph of Figure 2.9, and the de novo initiation 

does seem to elongate up to 8 nucleotides (see the similar experiment in Figure 2.13 below). 

2.4.3 Charaterization of the “single spot” RNA product. 

Under the conditions used in these experiments, it was not expected that the oligonucleotides 

would be capable of de novo intiaition, since promotor dependent de novo intiation requires three 

G nucleotides for intiation and rGTP is not provided in these experiments. Nonetheless, a small 

RNA, presumably 5’-pApApApA-3’, was produced when four T nucleotides are positioned next 

to the recessed 3’ end in hairpin oligonucleotides with 5’ truncated promoter sequences between 

10 and 15 nucleotides. 
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A 

 

B 

1. GCGGTTTTAACCCTATCAGACAACGCAAACCAGCAGAGATAGGG  44-7-6A2T4  

2. GCGGACTTTTCCCTATAAGACAACGCAAACCAGCAGATATAGGG   44-7-6 A 

3. GCTTTTTTTTCCCTATCAGACAACGCAAACCAGCAGAGATAGGG   44-7-6 T8 

4. GCGGTTTTTTCCCTATCAGACAACGCAAACCAGCAGAGATAGGG  44-7-6 T6 

5. GCGGACTTTTCCCATACAGACAACGCAAACCAGCAGAGATAGGG  44-7-6 T4.  

6. GCGGACAATTCCCTATCAGACAACGCAAACCAGCAGAGATAGGG  44-7-6 T2  

7. GCGGACAAAACCCTATCAGACAACGCAAACCAGCAGAGATAGGG 44-7-6 T0A4 

 

Figure 2.9. Panel A: Autoradiograph of 15% polyacrylamide gel showing oligonucleotide 3’ end 

labeling after incubation with T7 RNA polymerase and radiolabeled rATP. Each hairpin 

oligonucleotide has a constant length (44 nucleotides), constant duplex length (7 bp), and 

constant loop length (15 nucleotides). The template 5’ extension is a constant length (10 

nucleotides) but has a variable number of T nucleotides at the labeling site or A nucleotide 

substitutions at the site. Panel B: The DNA sequences are written 5’ to 3’ for the 

oligonucleotides used in this experiment. Underlines indicate double stranded promoter regions 

or partial double stranded promoter sequences, red nucleotides indicate the potential for duplex 

beyond the promoter region, bold letters indicate potential templates for ATP radionucleotides.  

1 2 3 4 5 6 7 
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In Figure 2.10 six oligonucleotides with promoter lengths between 10 and 15 are able to produce 

“single spot” RNAs, but scrambling of promoter sequences completely eliminates “single spot” 

RNA production (Figure 2.11), indicating that this activity is dependent on a partial promoter 

sequence.  While the duplex region of the hairpin oligonucleotides requires a partial promoter 

sequence, variable loop lengths do not affect the single spot production (Figure 2.12). 

 

However, the single spot production is dependent on the 5’ extension/template region of the 

oligonucleotide (Figure 2.13). Oligonucleotide 56-12-10 A4 (Figure 2.13, lane 1) has A 

substitutions for the template T nucleotides and does not produce RNA.  This indicates “single 

spot” RNA production is template dependent and requires a complementary base in the site next 

to the 3’ end. The remaining oligonucleotides in Figure 2.13 have 2, 4, 5, 6, and 8 T nucleotides 

in the template region next to the 3’ end.  The RNAs made from these oligonucleotides 

correspond in length to the template, indicating that they can initiate template-dependent de novo 

RNA synthesis from a recessed 3’ end when a partial promoter is present and elongate the RNA 

on the template.  This de novo initiation site is located at +4 in contrast to the classical site of 

transcription initation at +1. 
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A 

  

B 

1. GCGGACTTTTCCCTATAGTGACAGACAACGCAAGAACCAGCAGAGTCACTATAGGG  56-12-11 

2. GCGGACTTTTCCCTATAGTGAGAGACAACGCAAGAACCAGCAGACTCACTATAGGG  56-12-12 

3. GCGGACTTTTCCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG  56-12-10 

4. GCGGACTTTTCCCTATAGTGAGTACGAACGCAAGAACCAGTACACTCACTATAGGG  56-13-13 

5. GCGGACTTTTCCCTATAGTGAGTCCGAACGCAAGAACCAGTAGACTCACTATAGGG  56-14-14 

6. GCGGACTTTTCCCTATAGTGAGTCGGAACGCAAGAACCAGTCGACTCACTATAGGG  56-15-15 

7. GCGGACTTTTCCCTATAGTGAGTCGTAACCAGCAATACCAACGACTCACTATAGGG   56-16-16 

Figure 2.10. Panel A: Autoradiograph of 15% polyacrylamide gel showing oligonucleotide 

“single spot” RNA production with variable length partial promoter sequences (10 – 15 bp) 

labeling after incubation with T7 RNA polymerase and radiolabeled rATP. Oligonucleotides 

with partial promoter sequences longer than 15 bp (56-16-16) produce “double spot” RNA. Panel 

B: The DNA sequences are written 5’ to 3’ for the oligonucleotides used in this experiment. 

Underlines indicate double stranded promoter regions or partial double stranded promoter 

sequences, red nucleotides indicate the potential for duplex beyond the promoter region, bold 

letters indicate potential templates for ATP radionucleotides. 
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A 

 

B 

1. GCGGACTTTTCCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG  56-12-10 

2. GCGGACTTTTCGTACTAGATCTGACGAACGCAAGAACCAGTATCAGATCTAGTACG   56-14  Scr 

3. GCGGACTTTTCGTACTAGATCTGACGAACGCAAGAACCAGCGTCAGATCTAGTACG   56-16 Scr 

Figure 2.11. Panel A: Autoradiograph of 15% polyacrylamide gel showing single spot RNA 

production after incubation with T7 RNA polymerase and radiolabeled rATP. Oligonucleotide 

56-12-10 (lane 1) has a 10 bp partial promoter sequence and produces “single spot” RNA. 

Oligonucleotides 56-14 Scr and 56-16 Scr contain scrambled promoter sequences and do not 

produce single spot RNA. Panel B: The DNA sequences are written 5’ to 3’ for the 

oligonucleotides used in this experiment. Underlines indicate double stranded promoter regions 

or partial double stranded promoter sequences, red nucleotides indicate the potential for duplex 

beyond the promoter region, bold letters indicate potential templates for ATP radionucleotides.   

 

 

 

 

1 

1

1

1

1

1

1

1 

2 

2 

3   

1 

 

2 

 

3 

 

4 



 

64 

A 

    

B 

 
1. GCGGACTTTTCCCTATAGGCAGACAACGCAAACCAGCAGAGCCTATAGGG 50-10-8 (20 bp-loop) 
 
2. GCGGACTTTTCCCTATAGGCAGACGACCAGCAGAGCCTATAGGG 44-10-8 (14 bp-loop) 
 
3. GCGGACTTTTCCCTATAGGCAGACCAGAGCCTATAGGG 38-10-8 (8 bp-loop) 
 
4. GCGGACTTTTCCCTATAGGCTTGCCTATAGGG 32-10-8 (2 bp-loop) 

 
 

Figure 2.12. Panel A: Autoradiograph of 15% polyacrylamide gel showing “single spot” RNA 

after incubation with T7 RNA polymerase and radiolabeled rATP. Each hairpin oligonucleotide 

has a duplex length of 10 bp, a 5’ truncated promoter to 8 bp, and a 10 nucleotide 5’extension. 

Each hairpin oligonucleotide has a different loop length. Panel B: The DNA sequences are 

written 5’ to 3’ for the oligonucleotides used in this experiment. Underlines indicate double 

stranded promoter regions or partial double stranded promoter sequences, red nucleotides 

indicate the potential for duplex beyond the promoter region, bold letters indicate potential 

templates for ATP radionucleotides. 
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A 

  

B 

1. GCGGACAAAACCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG    56-12-10 A4 

 

2. GCGGTTTTAACCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG     56-12-10 A2T4 

 
3. GCGGACAATTCCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG      56-12-10  T2 
 
4. GCGGACTTTTCCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG       56-12-10  T4 
 
5. GCGGTTTTTTCCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG        56-12-10  T6 
 
6. GCTTTTTTTTCCCTATAGTGGCAGACAACGCAAGAACCAGCAGAGCCACTATAGGG        56-12-10  T8 

 

 

Figure 2.13. Panel A: Autoradiograph of 15% polyacrylamide gel showing de novo initiation 

with template directed elongation from oligonucleotides with recessed 3’ ends and partial 

promoter sequences after incubation with T7 RNA polymerase and radiolabeled rATP. Panel B: 

The DNA sequences written are 5’ to 3’ for the oligonucleotides used in this experiment. 

Underlines indicate double stranded promoter regions or partial double stranded promoter 

sequences, red nucleotides indicate the potential for duplex beyond the promoter region, bold 

letters indicate potential templates for ATP radionucleotides.   
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2.5 Discussion 

When presented with an oligonucleotide which can form a hairpin loop with a recessed 3’ end 

and a single ribonucleotide triphosphate, T7RNAP displays several novel activities depending on 

the amount of the promoter sequence retained in the duplex region of the hairpin. When a full 

promoter (20 nucleotides, -17 to +3) or up to a four base pair 5’ deletion of the full double 

stranded promoter (16 nucleotide, -13 to +3) is used in these circumstances a double spot, 

abortive transcript is produced.  Although this de novo initiation can only occur if a recessed 3’ 

end is present, it is template independent and produces the same double spot pattern independent 

of the sequence of the 5’ extension. This is presumably the result of a strong promoter binding 

due to the retention of the -12 to -5 region of the promoter which is bound by the specificity 

loop. 

 

Five to ten base pair deletions of the 5’ end of the double stranded promoter result in hairpin 

oligonucleotides with 15 bp (-12 to +3) to 10 bp (-7 to +3) partial promoters that can initiate de 

novo template-dependent RNA synthesis.  These RNAs initiate at the first unpaired base after the 

recessed 3’ end at a +4 relative to classical full promoter driven transcription.  These partial 

promoters resemble mitochondrial promoters in length, 9 nucleotides (-8 to +1), however, 

mitochondrial promoters initiate at +1.  The minimal T7 RNAP promoter sequence able to 

support de novo initiation at a recessed 3’ end in vivo is 5’-CACTATAGGG-3’. Deletion of 

promoters beyond 10 base pairs results in the loss of de novo initiation.  
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However, hairpin oligonucleotides with recessed 3’ ends and a duplex shorter than about 9 base 

pairs of AT–rich sequence or longer than about 3 base pairs of GC-rich sequence can add a 

Watson-Crick specified ribonucleotide to the 3’ end of DNA oligonucleotides (Sarcar & Miller, 

manuscript submitted), producing a DNA-RNA phosphodiester bond.  The addition of a specific 

ribonucleotide to a DNA oligonucleotide constitutes DNA editing.  This activity may be similar 

to the co-transcriptional, non-DNA templated, insertional RNA editing activity observed for the 

mtRNAP in mitochondria of myxomycetes (Miller, Padmanabhan, & Sarcar, 2017; Miller & 

Miller, 2008; Visomirski-Robic & Gott, 1997).  

 

The one common feature of these three activities is a hairpin oligonucleotide with a recessed 3’ 

end. A recessed 3’ end is sufficient for DNA polymerase binding and primer extension and is 

also sufficient for T7 RNAP to bind oligonucleotides in the absence of a promoter. In the 

absence of a promoter hairpin with duplexes between 3 and 9 depending on base composition 

can bind a NTP at a complementary base at the 3’ end of the oligonucleotide and form a DNA-

RNA phosphodiester bond. Oligonucleotides with stable duplexes greater than about 9 bp do not 

label oligonucleotide 3’ ends. However, duplexes greater than 9 nucleotides containing a partial 

promoter sequence are able to bind T7 RNAP and bind an NTP at a complementary base next to 

the base paired 3’ end. Under these conditions a phosphodiester bond is not formed between 

DNA and RNA. Rather, templated de novo transcription occurs albeit at an ectopic initiation site 

(+4 in these experiments rather than +1). With 15 nucleotides to full promoters, de novo 

initiation can also occur. Here, a NTP can be found by the polymerase without a complementary 
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sequence in the template. Here, “double spot” RNA is repetitively synthesized by a template-

independent mechanism. 

 

The evolutionary relationship of the single subunit polymerases is obscure even though they are 

clearly related through highly conserved motifs.  DNA-dependent DNA polymerases and RNA-

dependent DNA polymerases utilize RNA or DNA primers to initiate DNA synthesis at specific 

sites determined by the complementarity of the primer.  Although primer extension is also used 

during elongation by RNA polymerases, they have uniquely evolved the ability to initiate de 

novo transcription through promoter recognition.  Here we show that in the correct sequence 

context (partial promoters), primers can be used to specify de novo initiation of transcription in 

vitro.  This activity may represent a transitional activity from primer-initiated nucleic acid 

synthesis to promoter-directed initiation in the evolution of RNA polymerases.  

 

In any case, the discovery of primer-specified de novo initiation in vitro suggests a method of 

synthesizing from oligonucleotide hairpin templates, RNAs without G nucleotides at the 5’ end 

and without non-DNA templated nucleotides at the 3’ end.  Experiments to determine whether 

the use of partial promoter sequences similar to mitochondrial promoters will work with T7 

polymerase in vivo are in progress. 
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CHAPTER 3 

DISCUSSION AND FUTURE DIRECTION 

 

 

In this study, experiments were performed to evaluate T7 RNAP’s ability to initiate transcription 

de novo from truncated promoter sequences similar to mitochondrial promoters in an in vitro 

transcription system in which T7 RNAP was supplied with oligonucleotides containing T7 

RNAP promoter which can form inter- and intra-molecular double stranded regions and a single 

radiolabeled ribonucleotide triphosphate. Using this in vitro system, we show that T7 RNAP can 

correctly and efficiently initiate transcription on truncated promoter sequences resembling 

mitochondrial promoters. In order to determine the ability of T7 RNAP to initiate at a truncated 

promoter, the promoter sequence was systematically deleted from the 5’ end of the 20 nucleotide 

double stranded region on the oligonucleotides.  

 

When a complete or almost complete [20 (-17 to +3) to 16 (-13 to +3) nucleotides] double 

stranded T7 RNAP promoter with a 3’ recessed end is present, small double spot RNA products 

are produced through template-independent and promoter-dependent stuttering corresponding to 

abortive initiation. This effect was lost when a scrambled promoter was used. Moreover, 

oligonucleotides containing complete or almost complete promoter with blunt end terminus (66-

30-20) failed to produce a double spot RNA product, showing that a 3’ recessed end is required 

to produce the double spot RNA product.  
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Oligonucleotides with 15 (-12 to +3) to 10 (-7 to +3) bp truncated promoter failed to produce 

double spot RNA products, but instead, reproducibly produced a high mobility band designated 

as single spot RNA product, indicating that a 16-long promoter or higher is required for the 

production of double spot RNA product. The single spot RNA product was sensitive to RNAase. 

When the partial promoter region was scrambled, these oligonucleotides failed to produce the 

single spot RNA product indicating that this activity is dependent on the presence of partial 

promoter sequence and also dependent on the 5’ extension of the template region of the 

oligonucleotide. Consistent with this observation, the single spot RNAs made from 

oligonucleotides containing 2 to 8 T nucleotides in the 5’ extension of the template produced 

single spot RNAs corresponding to the length of the template indicating that the polymerase can 

initiate template-dependent de novo RNA synthesis from a 3’ recessed end. Further, the site of 

the de novo initiation is located at +4 in contrast with the canonical site of transcription initiation 

at +1. These partial promoters resembled mitochondrial promoters in length.  

 

Deletion of promoters beyond 10 base pairs with the duplex length from 2 to 10 base pairs with 

constant loop length results in the loss of de novo initiation, but. In some cases the 3’ end of the 

hairpin oligonucleotide is labeled. This labeling disappeared when the duplex length was below 2 

or above 10. A promoter-independent and template-dependent addition of rNTPs to 

oligonucleotides with recessed 3’ end has been reported and characterized by Sarcar & Miller 

(manuscript submitted). This labeling absolutely requires a double stranded region with a 

recessed 3’ end, but it is limited by the length of the base paired region. The labeling activity was 

also template dependent consistent to what has been reported previously. Systematic alteration of 
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the 5’ extension/template of the 44-7-5 oligonucleotide by substitution of A nucleotides for T 

nucleotides resulted in no labeling showing that the labeling site next to the 3’ end must base pair 

with the radiolabeled ATP. It is unlikely though, that multiple A nucleotides are added as 

labeling intensity was essentially equal with multiple T nucleotides at the 5’ extension/template 

except for 8 T nucleotides where labeling intensity decreased.  

 

The addition of a specific ribonucleotide to a DNA oligonucleotide constitutes DNA editing, 

similar to the co-transcriptional, non-DNA-templated, insertional RNA editing activity observed 

for the mtRNAP in mitochondria of myxomycetes (Miller, Padmanabhan, & Sarcar, 2017; Miller 

& Miller, 2008; Visomirski-Robic & Gott, 1997). The evolutionary relationship of the single 

subunit polymerases is obscure even though they are clearly related through highly conserved 

motifs.  DNA-dependent DNA polymerases and RNA-dependent DNA polymerases utilize RNA 

or DNA primers to initiate DNA synthesis at specific sites determined by the complementarity of 

the primer.  Although primer extension is also used during elongation by RNA polymerases, they 

have uniquely evolved the ability to initiate de novo transcription through promoter recognition.  

we have shown that in the correct sequence context (partial promoters) primers can be used to 

specify de novo initiation of transcription in vitro.  This activity may represent a transitional 

activity from primer-initiated nucleic acid synthesis to promoter-directed initiation in the 

evolution of RNA polymerases. 
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In any case, the discovery of primer-specified de novo initiation in vitro suggests a method of 

synthesizing from oligonucleotide templates, RNAs without G nucleotides at the 5’ end and 

without non-DNA templated nucleotides at the 3’ end.  Experiments to determine whether the 

use of partial promoter sequences similar to mitochondrial promoters will work with T7 

polymerase in vivo are in progress. 
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