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ABSTRACT OF THE DISSERTATION 

 

Single-molecule studies of different steps in human RNA polymerase II and 

bacterial RNA polymerase transcription 

 

by 

 

Yazan Khalaf Alhadid 

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology 

University of California, Los Angeles, 2018 

Professor Shimon Weiss, Chair 

 

  Transcription of genomic DNA of all organisms is carried out by members of the 

multi-subunit RNA polymerase family.  Regulation of RNA polymerase localization and activity 

underlies cellular homeostasis, division, and response to environmental cues.  The catalytic 

mechanism, overall architecture, and many sequence and structural features of bacterial RNA 

polymerase are conserved in its Archaeal and Eukaryotic counterparts.  The human RNA 

polymerase II (Pol II) is responsible for transcription of all protein-coding and many non-coding 

genes.  The majority of current knowledge on RNA polymerases and their mechanism at 
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different steps in transcription derives from extensive work done using classical biochemical, 

genetic and structural biology methods.  However, the use of single-molecule approaches 

addressed crucial questions on the function and mechanism of RNA polymerases during 

transcription, which were not possible to answer with ensemble-based approaches due to 

averaging effects.  A useful fluorescence-based single-molecule technique to measure distances 

on the molecular scale and monitor dynamics is Förster resonance energy transfer (FRET).  Here, 

I report on the development of diffusion-based single-molecule FRET (smFRET) methods to 

investigate different steps in transcription by the in vitro reconstituted human Pol II system.  

Using an assay that monitors the FRET changes between fluorescent dyes in the unwound region 

of promoter DNA (transcription bubble), I demonstrated the effect of certain components of the 

reconstituted system on the relative size of the transcription bubble.  I also detail the 

optimizations done to enhance the affinity of single-stranded DNA (ssDNA) FRET probes to 

complementary target sequences.  These ssDNA FRET probes were used to investigate the effect 

of certain components of the reconstituted system on Pol II activity by measuring the relative 

levels of RNA product.  In addition to studies on the Pol II system, I report on the effect of the 

5’-group of nascent RNA on the stability of the Escherichia coli RNA polymerase (RNAP) 

transcription bubble.  I show how the presence of a 5’-monophosphate appears to destabilize the 

open bubble while a 5’-hydroxyl has no effect.  Finally, I describe the work done on a project I 

took part in that identified a previously uncharacterized RNAP paused complex in initiation.  We 

demonstrate that RNAP complexes undergoing initial transcription can enter the inactive paused 

state by backtracking.  I also demonstrate how the presence of a 5’-triphosphate rapidly enhances 

entrance of RNAP complexes undergoing initial transcription into an inactive paused complex. 
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Plan of the dissertation 
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The topics presented in this dissertation consist of the application of a single-molecule 

fluorescence based spectroscopy technique to the study of the Escherichia (E.) coli and human 

transcription systems reconstituted in vitro.  The primary method used is based on the 

phenomenon of Fӧrster resonance energy transfer (or FRET), which is a widely used technique 

at both the ensemble and single-molecule (smFRET) scales.  Gene transcription is a fundamental 

process in every domain of life that uses a multi-subunit RNA polymerase enzyme to generate 

RNAs that are identical in sequence to a transcribed DNA region or gene. The evolutionarily 

related E. coli RNA polymerase (RNAP) and human RNA polymerase II (Pol II) are both 

responsible for the transcription of all protein-encoding genes and many non-coding genes as 

well for Pol II. 

In chapter 2, I briefly highlight certain contributions of smFRET to the study of different 

steps in RNAP and Pol II transcription.   

Chapter 3 details the development of new smFRET methods for studying different steps 

in transcription by the reconstituted human Pol II system.  This work was done in collaboration 

with Dr. Benjamin Allen and Charli Fant from the laboratory of Dr. Dylan Taatjes (University of 

Colorado, Boulder).  I describe the optimization of the affinity of single-strand DNA (ssDNA) 

FRET probes to complementary ssDNA and RNA target by reducing secondary structures in 

probe and target and by measuring probe hybridization in buffer containing different 

concentrations and types of salts.  Also, using the successfully reconstituted Pol II system, we 

identified distinct conformations in the transcription bubble at different steps in transcription 

initiation.  We then were able to detect transcripts generated by a minimal set of factors that form 

the pre-initiation complex using a ssDNA FRET probe.  In both the DNA conformation assay 

and the RNA detection assay, TFIIH enhanced the activity when ribonucleotide triphosphate 
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(NTPs) substrates were added.  Finally, the progress towards measuring Pol II pausing and pause 

escape using smFRET are mentioned.  I also provide my thoughts on the future experiments that 

could be done.  

The focus of chapter 4 is on studying the effects of different 5’ RNA moieties on RNAP 

transcription initiation.  The propensity for RNAP to pause and backtrack during initial 

transcription was evaluated for transcripts initiated with dinucleotides containing either a 5’-

triphosphate or a 5’-hydroxyl.  I show that the kinetics of entering into the paused state is 

significantly faster with the 5’-triphosphate.  I then demonstrate the effect of 5’-monophosphate 

dinucleotides (pNpNs) on the stability of RNAP open complexes by monitoring the 

conformation of the transcription bubble with smFRET.  The fraction of RNAP open complexes 

decreases in the presence of the pNpNs and is more pronounced at an elevated temperature of 37 

°C, while no such effect was observed for dinucleotides with a 5’-hydroxyl.  This work was done 

in consultation with Dr. Sergei Borukhov’s (Rowan University), who performed some analogous 

experiments using the permanganate footprinting assay to monitor the fraction of open 

complexes. 

In chapter 5, the identification and characterization of a previously hypothesized paused 

RNAP complex in transcription initiation is detailed.  I participated in a collaborative effort 

between our group and the Dr. Dylan Taatjes, Dr. Sergei Borukhov, and Dr. Terence Strick 

(Institut Jacques Monod) groups.  I participated with Dr. SangYoon Chung, Dr. Eitan Lerner, 

Shijia Lu and Logan Grimaud in performing a quenched kinetics assay to measure RNA 

production with smFRET.  I also helped in optimizing the conditions to enhance the affinity of 

FRET probes to targets with Dr. SangYoon Chung. Dr. Benjamin Allen from the Taatjes group 

demonstrated using radioactive polyacrylamide gel electrophoresis the profile of abortive RNAs 
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in the presence and absence of GreA (prepared by Dr. Jookyung Lee from the Borukhov group), 

a factor that regenerates active RNAP complexes by cleaving the extruded portion of 

backtracked RNAs.  Finally complementary single molecule assay using magnetic tweezers done 

by Dr. Shuang Wang (Dr. Terenece Strick group) identified the long-lived paused initiation 

complex in the presence of all NTPs at physiological concentrations.  
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Chapter 2: 

 

 

Contributions of fluorescence-based single-molecule techniques to the study of transcription by 

bacterial RNA polymerase and human RNA polymerase II 
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Introduction: 

 Transcription is used by all living organism to convert the DNA sequence information in 

genes to complementary RNA molecules.  This process is carried out by the multi-subunit RNA 

polymerase (msRNAP) family of proteins, members of the two-barrel nucleic acid polymerase 

superfamily (1), found in all domains of life.  All msRNAPs have a similar overall shape, 

resembling a crab-claw, with many structural and sequence features, especially around the active 

site, conserved through evolution (Figure 1A) (1–5).  The ~400 kDa bacterial RNAP (RNAP) 

core enzyme is composed of five subunits (αI, αII, β', β, ω) that can be grouped into three 

functional classes: assembly platform subunits that nucleate RNAP assembly (αI, αII), catalytic 

subunits (β', β), and an auxiliary function subunit (ω) (3, 6).  Each subunit of RNAP has an 

analogous evolutionarily-conserved counterpart in the larger msRNAPs, from Archaea and 

Eukarya (Pol I, II, III), that occupy relatively similar positions within the complex (2, 4, 5).  The 

three different eukaryotic polymerases transcribe different groups of genes; with Pol II being 

responsible for all protein-coding and many non-coding genes.  RNA synthesis by msRNAPs is 

achieved via the nucleotide addition cycle, in which each iteration incorporates an incoming 

ribonucleoside triphosphate (NTP).  Incoming NTPs are selected based upon sequence 

complementarity to the DNA template.  The nucleotide addition mechanism for msRNAPs 

employs two Mg2+ ions for catalysis.  The tightly bound Mg2+ is coordinated by a conserved 

triad of aspartic acid residues in a highly conserved NADFDGD motif within the largest subunit 

(β’ for RNAP, RPB1 for Pol II) while a second Mg2+ associates with the incoming NTP (2, 4–

6).  The cleft and channels formed between catalytic subunits (β’and β for RNAP, RPB1 and 

RPB2 for Pol II) includes (i) the duplex DNA-binding clamp where downstream DNA is bound, 

(ii) the primary channel that holds the RNA-DNA hybrid, and (iii) the RNA exit channel 
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(reviewed in (6)) (Figure 1A).  The active site for RNA polymerization is located at the base of 

the cleft between the catalytic subunits (pincers of the crab-claw).  Several mobile elements of 

the largest catalytic subunit, including the bridge helix and trigger loop, divide the primary 

channel and form a secondary channel through which diffusing NTPs can access the active site 

(Figure 1B).   

The msRNAP complexes are catalytically competent for transcription elongation alone; 

however, sequence-specific recognition of promoter DNA requires the action of specificity 

factors.  These transcription factors are responsible for binding DNA sequence elements (or 

motifs), which collectively makeup the core promoter, to properly orient and position msRNAPs 

for accurate transcription initiation.  In addition to promoter recognition, specificity factors 

function to (i) separate the strands of duplex DNA to generate a local region of ‘melted DNA’ in 

the msRNAP cleft, (ii) load the template strand along the base of the cleft, and (iii) select the 

transcription start site (TSS) from which to begin RNA synthesis.  In bacteria, promoter 

recognition by RNAP requires association with a sigma (σ) factor to form a holoenzyme (Eσ) 

before promoter binding (Eσ structure reviewed in (7, 8)).  Bacteria typically have one major σ 

factor (σ70 in E. coli) that drives expression of ‘housekeeping’ genes and varying numbers of 

alternative σ factors (6 in E. coli, but up to 60 in Streptomyces coelicolor) that direct expression 

of genes in response to specific environmental conditions or stress (2, 9–11).  The σ70 subunit 

consists of four domains (R1-4), connected by flexible linkers, that interact with separate DNA 

sequence elements in the promoter (9).  For Eukaryotic organisms, a set of general transcription 

factors(GTFs)—Transcription Factor(TF)IID, TFIIA, TFIIB, TFIIF, TFIIE, and TFIIH—form an 

assembly with Pol II on core promoter DNA, the pre-initiation complex (PIC) (12, 13).  While 

RNAP holoenzyme formation is obligatory prior to promoter binding, experiments have 
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supported two models for PIC formation—the sequential assembly model and the holoenzyme 

model of PIC formation (12–15).  The sequential model of PIC assembly involves individual 

GTFs sequentially binding in an ordered manner, beginning with the initial binding of TFIID, 

TFIIB and TFIIA on the upstream region of promoter DNA to form the upstream promoter 

assembly (UPA), which is responsible for promoter recognition.  The TFIIF-Pol II subcomplex is 

then recruited by the UPA before incorporation of TFIIE and TFIIH, which are required for 

promoter melting (16), completes PIC assembly.  In contrast, the holoenzyme model describes 

association of GTFs with Pol II in a holoenzyme prior to promoter DNA binding (14).             

 Transcription can be divided into three major stages: initiation, elongation, and 

termination (Figure 2A).  Each stage is a multistep process that offers multiple targets for 

regulation.  Initiation is the most regulated step in transcription; for bacterial RNAP it begins 

with Eσ binding to promoter DNA to form the Eσ-closed promoter complex (RPC), in which the 

DNA remains double stranded.  The RPC undergoes a series of conformational changes 

(reviewed in (9)) resulting in the unwinding of ~13 bp DNA near the transcription start site 

(TSS) (17, 18).  This forms an Eσ-open promoter complex (RPO) either spontaneously (σ70) or 

with assistance of ATP hydrolysis (σ54) (19).  The unwound region of DNA (open bubble) in the 

RPO has the template strand placed at the wall of the primary channel with the DNA base 

corresponding to TSS (+1) positioned at the active site, and an initiating NTP (iNTP) and a 

second NTP can bind to the 'i' and 'i+1' sites of the enzyme, respectively.  Phosphodiester bond 

formation between the initial two NTPs leads to a transition from RPO to the initial transcribing 

complex (RPITC) that extends the RNA in the 5’ to 3' direction.  After reaching a length of 4-5 

bases (17, 18, 20, 21), the RNA 5'-end begins to sterically and electrostatically clash with the σ 

factor at the “σ finger” or σR3.2 domain (for σ70).  This σR3.2 domain blocks access to the 



 

9 
 

RNA exit channel, resulting in either the ejection of the RNA through the secondary channel 

(abortive initiation) or structural re-organization of the σ factor (regions σR3.2 and σ70-R4) to 

open the RNA exit channel (22).  Structural re-organization marks the entry of RPITC into 

elongation through the process of promoter escape.  The highly processive ternary RNAP-DNA-

RNA elongation complex (RPE) eventually terminates transcription and releases the RNA 

product either after reaching an intrinsic termination signal encoded in the DNA template, or by 

the action of termination factors such as Rho.  In the case of Pol II, PIC assembly results in the 

closed complex (Pol II-CC) where duplex DNA is held above the cleft (23, 24).  For linear DNA 

templates in vitro and many promoters in vivo (25, 26), melting the DNA to form the open 

complex (Pol II-OC) requires TFIIH translocase activity on DNA downstream of the TSS to 

increase the torsional strain on the DNA situated above the Pol II cleft (27).  This ATP (or 

dATP)-dependent translocation of ~ 1 turn of the DNA helix induces a similar sized unwound 

region of DNA in the Pol II cleft—forming the Pol II-OC (27).  Negative supercoiling obviates 

the need for TFIIH activity on certain promoters, with a 'minimal or basal' system of factors—

TATA-box binding protein (TBP, a subunit of TFIID), TFIIB, and TFIIF sufficing in driving 

accurate transcription by Pol II (28–30).  The evolutionarily conserved microenvironment of the 

Pol II active center binds and polymerizes NTPs through a mechanism that is nearly identical to 

that of RNAP (1, 6).  During initial transcription, the growing RNA chain will eventually clash 

with a region of TFIIB (B-reader region), which is analogous to the bacterial RNAP σR3.2 

domain (31).  This clash (RNA ≥ 6 nucleotides [31]) destabilizes the TFIIB-Pol II interaction, 

which weakens until TFIIB release when the RNA reaches 12-13 nucleotides in length (32).  

Disruption of numerous contacts within the PIC, collapse of the upstream bubble region and 

TFIIB release result in Pol II clearing the promoter to form an elongation complex (33), while 
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leaving behind a scaffolding complex responsible for binding the next Pol II for re-initiation (34, 

35).    

Much of what we understand about transcription derives from ensemble-averaged 

experiments; however, single-molecule (sm) experiments performed over the past decade have 

also contributed significantly.  The application of sm techniques was driven by their utility in 

providing mechanistic information that is typically concealed in the averaged data from 

ensemble measurements.  In particular, information about rare sub-species, transient interactions 

between biomolecules, distinct subpopulations, or states for static or dynamic heterogeneous 

populations has been revealed through sm approaches (36–39).  A variety of sm methods have 

been applied in the study of bacterial RNAP (40–51) and Pol II(15, 27, 52–63). 

In fluorescence microscopy and spectroscopy, FRET (Förster Resonance Energy 

Transfer) is a valuable tool for distance-dependent measurements.  FRET is the non-radiative 

transfer of energy from a donor fluorophore excited by a higher energy photon to an adjacent 

acceptor fluorophore.  FRET is calculated by the ratio of acceptor photons to the sum of donor 

and acceptor photons.  FRET occurs if the following conditions are met: i) the respective 

orientation of the donor and acceptor dipoles is not orthogonal, ii) the donor and acceptor 

fluorophores are within a 2-10 nm range for resonance energy transfer, and iii) there is an 

overlap between the donor emission and the acceptor excitation spectra (64).  A powerful 

advancement for smFRET (single-molecule FRET) was the development of alternating laser 

excitation (ALEX), in which the excitation source is continuously alternated between donor and 

acceptor excitation wavelengths by acoustic optical modulation (64–66).  Application of 

smFRET-ALEX enables separation of subpopulations based on the stoichiometry of 

donor/acceptor fluorophore labeling. 
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 Here, we review and highlight contributions mainly from diffusion-based smFRET-

ALEX and some other sm techniques that have further elucidated key steps in RNAP 

transcription initiation and contribution of single molecule fluorescence microscopy to human 

Pol II transcription initiation.  These include transcription bubble opening and dynamics related 

to TSS selection, the mechanism of DNA scrunching, changes in RNAP clamp conformation 

during the transcription cycle, the characterization of a paused-backtracked state in initiation, and 

retention of σ70 in early elongation.  

 

Open Complex Formation and TSS Selection 

 

Promoter Search 

 Transcription of a particular set of E. coli genes requires the proper σ factor to position 

RNAP at specific promoter sequences.  Determining the mechanism by which Eσ scans the 

genome for target promoters is a challenge.   Although the precise mechanism remains obscure, 

sm techniques have contributed to the elucidation of molecular mechanisms that govern this 

process.  Facilitated diffusion or random 3-dimensional (3D) diffusion mechanisms have been 

proposed (67, 68).  Potential facilitated diffusion mechanisms include: (i) a series of local Eσ-

DNA binding and unbinding events, called 1-dimensional (1D) 'hopping, (ii) the directional 

movement of Eσ along DNA without dissociation, called 1D sliding, and (iii) the movement of 

Eσ from one DNA site to another that is juxtaposed through DNA looping, called intersegmental 

transfer (discussed in (40, 48)).  Facilitated diffusion of RNAP has been demonstrated using a 

variety of sm techniques including AFM and sm fluorescence microscopy (48, 69–71).  

However, the random 3D diffusion of Eσ is assumed to be the predominant mechanism (72, 73). 
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 The strength of the Eσ-promoter interaction is primarily determined by the sequence 

properties of the promoter.  Different promoter elements interact with different regions of σ or 

core RNAP.  The six nucleotide-long (hexameric) -10 and -35 elements with “TATAAT” and 

“TTGACA” consensus sequences (74), respectively, and the length of the spacer between them, 

are the major determinants of promoter strength (74) (Figure 2B).  Additionally, the UP element 

located upstream of the -35 element to which the α subunits of RNAP bind, is required for 

efficient transcription from some promoters (74, 75).  A summary of contacts between Eσ70 and 

different promoter elements is shown in Figure 2B and are extensively reviewed elsewhere (74, 

76). 

 The primary roles of Pol II core promoters, spanning a region ~50 bp upstream to ~50 bp 

downstream with respect to the TSS, are to serve as a platform for PIC assembly, to dictate the 

position of the TSS and the level of transcripts produced (77).  In the genomic context, the basal 

transcriptional activity of core promoters is regulated by distal regulatory DNA elements called 

enhancers (77).  Sequence analysis of native eukaryotic promoters has led to the identification of 

several DNA motifs within the core promoter that are bound by the PIC, including the highly 

conserved TATA box, the upstream and downstream TFIIB recognition elements (uBRE and 

dBRE respectively), the initiator (Inr) element that encompasses the TSS, the motif ten element 

(MTE), the downstream promoter element and some additional elements reviewed in (78).  

TFIID, a complex of TBP and ~ 13 TBP-associated factors (TAF1-13), engages in the majority 

of contacts with promoter DNA, with TBP binding to TATA box while several TAF subunits 

bind the Inr, MTE and DPE (78).  An smFRET study by Blair et. al. (62) on the interaction 

between TBP and DNA, labeled with a FRET dye pair, containing either a consensus or mutant 

(lower affinity) TATA box, challenged some conclusions from previous ensemble-based studies 
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(reviewed in (79)) and gave new insight into this process.  They utilized total internal reflection 

fluorescence (TIRF) microscopy (details on TIRF reviewed in (80)) to track changes in FRET 

over time for individual DNAs, immobilized on a glass surface, in the presence or absence of 

TBP alone or TBP and TFIIA (which is known to stabilize the interaction of TBP with DNA).  

Contrary to earlier studies, they demonstrated that the extent of DNA bending following TBP 

binding is similar for both consensus and mutant TATA box.  In addition, as they observed 

individual DNA templates undergo multiple bent-unbent transitions in the presence of TBP, they 

identified two conformationally similar (same mean FRET) bent-DNA populations with distinct 

kinetic properties in returning to the unbent state that they suggest could be of functional 

significance (62).  Prior to this work, similar smFRET experiments by Schluesche et al. (57) shed 

light on the mechanism through which transcription initiation is regulated by negative cofactor-2 

(NC2), a complex known to bind TBP-DNA complexes and either positively or negatively 

impact gene expression for many genes (reviewed in (81)).  TIRF-based smFRET-ALEX 

experiments, with donor dye-labeled TBP (yeast) and DNA labeled with an acceptor dye at a 

position upstream relative to the TATA box, were done to further probe the peculiar effect of 

NC2 on TBP-DNA complexes observed through ensemble-based assays [85].  DNA footprinting 

results showed that the TATA box region protected by TBP against DNase I digestion is reduced 

in the presence of NC2, despite the interaction of TBP with DNA to over an order of magnitude 

greater than TBP alone (electrophoretic mobility shift assays or EMSA) (57).  The two 

mechanisms suggested to explain this behavior were that either the ring-structure formed by NC2 

and TBP opens to provide access to DNase I or that the NC2 mobilizes TBP along DNA (57).  

Addition of NC2 to TBP-DNA resulted in the FRET signal changing from a steady pattern with 

well-defined states to a very dynamic pattern alternating rapidly between different states, which 
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is consistent with DNA footprinting results.  Subsequent ensemble-based assays validated the 

hypothesis that NC2-TBP complexes move along the DNA (57).  Their smFRET data also 

validated the EMSA results showing long residence times of NC2-TBP complexes on DNA as 

the NC2-induced dynamic FRET signal was observed continuously for up to four hours (57).  A 

previous TIRF-based study by Zhang et. al. (82) demonstrated that while TFIID and TFIIA form 

stable associations with promoter DNA, TFIIB forms transient weak interactions (~1.5 second 

residence time) that are only strengthened after recruitment of the Pol II-TFIIF complex.  

 Another sm TIRF-based study by Horn et al. (15), investigated the effect of a minimal 

Pol II system (TBP, TFIIB, TFIIF, Pol II) or different subsets of assembled PICs, with one or 

more GTFs missing, on interaction with heteroduplex DNA labeled with two fluorophores 

(mismatch from -9 to +3 region with respect to TSS) and on transcriptional activity.  To assess 

the effect of individual and different subsets of PIC on promoter binding, they immobilized Pol 

II and then either flowed in doubly-labeled DNA or flowed in different PIC factors before 

flowing in DNA.  They observed very efficient binding by Pol II alone to heteroduplex DNA, but 

only slight effects with PIC subsets.  Only exclusion of TFIIB significantly reduced promoter 

binding.  This contrasted with their results demonstrating a strong dependence of transcriptional 

activity on GTF presence.  They monitored transcriptional activity by co-localizing green spots 

(Cy3, labeled at upstream region of template), observed before and after NTP addition, with red 

spots (Cy5, labeled at downstream region of template) that emerge after NTP addition.  The 

emergence of the Cy5 fluorescence is due to the removal of an adjacent quencher on a nicked 

fragment of DNA that is removed by a transcribing Pol II.  Transcriptional activity was 

especially dependent on TBP and TFIIB.      
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Characterizing the RNAP clamp domain conformation during RPO formation using smFRET-

ALEX 

 Ensemble and sm experiments have uncovered many kinetic and structural details of the 

RPC transition to RPO.  The mechanism for transcription initiation at all σ70 promoters is 

proposed to entail a three-step promoter opening process.  Initially, the isomerization of RPC to 

RPO was thought to be a single step process (83); however, recent biophysical and biochemical 

data points to the existence of relatively unstable intermediate complexes (reviewed in (9)).  

During the isomerization of RPc into the first intermediate complex (RPi1), the DNA upstream of 

the -35 element wraps around Eσ, while the DNA downstream of the -10 element bends towards 

and into the RNAP cleft (9).  DNA unwinding in the RNAP cleft then leads to formation of a 13-

base DNA bubble, converting RPi1 into a second intermediate complex, RPi2.  Finally, additional 

conformational changes in the RNAP clamp that binds downstream DNA forms stable RPO from 

RPi (46, 84).  Crystal structures of RNAP-DNA complexes revealed critical conformational 

changes in RNAP that occur during transcription initiation (85, 86).  Among these, the most 

prominent structural transformations involved the RNAP clamp, a large mobile domain within 

the β' subunit that is connected to the “β’ switch-2” hinge region at the base of the β' pincer (9). 

Conformational changes in the β’ switch-2 region enable the β' clamp to swing relative to 

the β pincer, which leads to either opening or closing of the pincers.  Depending on 

crystallization conditions, the β’ clamp adopted different conformations, varying from an open to 

a closed state due to clamp swinging by at least 20° (86).  To confirm that the clamp 

conformations were not artifacts of crystallization, and to probe their functional relevance, the 

clamp conformations at different steps of transcription were examined using diffusion-based 

smFRET-ALEX (86).  Changes in spatial organization of the clamp domain were monitored by 
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measuring shifts in FRET efficiency—a function of the distance between two FRET dyes 

positioned at the tips of the RNAP pincers.  For example, swinging of the β’ clamp away from 

the β pincer would result in a relative decrease in FRET efficiency, as the distance between the 

two pincers would increase.  The smFRET-ALEX measurements by Chakraborty et al. (86) 

identified three different clamp conformations, each with a characteristic mean FRET, based on 

Gaussian fitting of FRET efficiency histograms.  The three clamp conformations corresponded to 

an (i) open, (ii) closed (inward rotation by ~14°), and (iii) collapsed clamp, with the collapsed 

clamp reflecting a conformation more closed than any crystal structure had shown (inward 

rotation by ~22°).  Given the short lifetime of Eσ70 RPC and its rapid isomerization to RPO at 

room temperature, the ATP hydrolysis-dependent Eσ54 mechanism for bubble opening was used 

to monitor changes in clamp conformation for RPC, RPi1, and RPi2.  After initial promoter 

binding, E-σ54 remains in RPC until an AAA+ ATPase (e.g. NtrCl) mediates the transition to 

RPO.  The RPi1 and RPi2 intermediates were trapped using ATP analogs that mimic the ground 

(ADP-BeFx) and transition state (ADP-AlFx) intermediates during ATP hydrolysis.  The RNAP 

clamp exhibited an open conformation for all initial steps until formation of RPO, in which a 

closed clamp conformation was observed.  However, the flexibility in clamp conformations 

during the early steps of transcription initiation was implied by the minor subpopulations in the 

FRET histogram corresponding to the closed clamp (86).  An open clamp conformation for Eσ 

up until RPi2 is consistent with the hypothesis that opening of the RNAP pincers permits DNA 

loading into the RNAP cleft and for subsequent conformational changes in DNA until formation 

of RPO.  The closed clamp conformation in RPO suggests an interaction between the positively 

charged inner surface of the RNAP cleft and the negatively charged backbone of the single 

stranded DNA (ssDNA) in the bubble. 
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A smFRET-ALEX Assay for Measuring Open Bubble Formation and Dynamics 

 RPO formation is a common rate-limiting step in transcription initiation.  RPO stability is 

controlled by various factors, including the global transcription regulators guanosine (penta- or 

tetra-) phosphate ((p)ppGpp) and DksA (87, 88).  To measure promoter opening kinetics, several 

ensemble and sm approaches have been used, including chemical perturbation footprinting 

assays (discussed in (89, 90)), DNA topology assays (89), magnetic tweezers (91), and sm 

fluorescence techniques (discussed in (51)).  To sense conformational change in the transcription 

bubble during RPO formation, a modified diffusion-based smFRET-ALEX assay (90) with a 

FRET dye pair positioned in the transcription bubble was used to conduct end-point and real-

time monitoring experiments.  In this FRET assay, the donor/acceptor dye pair was placed on 

opposite DNA strands within a region that would form an open bubble in initiation (90).  

Importantly, the dyes were in such close proximity (2 bp apart) that one dye quenched the 

fluorescence of the other, whereas quenching was abolished upon bubble opening (90).  We 

modified this assay by generating a library of DNA probes carrying donor/acceptor dyes at 

various positions within the transcription bubble and monitored the FRET changes in different 

regions of the bubble.  This library of FRET dye DNA probes can be a powerful tool for 

elucidating the conformational dynamics of transcription bubble opening during Eσ70 RPO 

formation. 

 Several analysis methods have expanded upon the information obtained from FRET 

histograms to identify the dynamic behavior of single molecules in the millisecond and sub-

millisecond time-scales.  Burst variance analysis (BVA) is one such method (92).  Due to photon 

counting statistics (shot-noise), a smFRET measurement of any molecule with a fixed distance 
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between donor and acceptor results in a distribution of FRET efficiencies instead of a single 

value.  The width of the distribution increases as the number of photons decreases.  The expected 

width (standard deviation, σE) of a distribution only broadened by shot-noise can be computed 

from the binomial law.  A distribution broader than the shot-noise limited width indicates the 

superimposition of multiple heterogeneities in a FRET distribution.  This heterogeneity could 

either be due to the presence of multiple species with distinct FRET efficiencies (static 

heterogeneity) or a single species dynamically interconverting between different states (dynamic 

heterogeneity).  BVA determines if these heterogeneities are static or dynamic.  BVA achieves 

this by equally dividing each burst into smaller sub-bursts for which a FRET efficiency is 

computed.  The standard deviation of sub-bursts from the FRET efficiency of the burst is then 

computed (si).  Shot-noise due to the lower number of photons per sub-burst predicts a 

distribution of si around σE.  For static heterogeneity, the distribution of si is consistent with σE.  

However, if the broadening is caused by dynamic heterogeneity, then the distribution of si is 

deviated from σE.  Application of BVA by Robb et al.(93) demonstrated that FRET efficiency 

for the RPO transcription bubble fluctuated more than the expected shot noise limit.  This 

indicated that the millisecond time-scale dynamics of the transcription bubble could be 

associated with dynamics that are important for TSS selection.  Both eukaryotic and bacterial 

RNAPs can initiate transcription from different TSSs on the same promoter.  Promoter sequence 

characteristics play an important role in TSS selection, which in turn could affect abortive RNA 

synthesis, RNA stability, and translation efficiency.  For bacterial RNAPs, transcription is 

primarily initiated by purine NTPs at sites located 4-12 bp downstream of the -10 element.  The 

process of alternative TSS selection is thought to proceed through a scrunching and anti-

scrunching mechanism (93–95).  For start sites located downstream of the canonical TSS, 



 

19 
 

scrunching of the transcription bubble unwinds additional downstream DNA, incorporating it 

into the transcription bubble while bringing it towards the active site.  However, positioning of 

registers upstream to the canonical TSS in the active site requires rewinding of DNA at the 

downstream edge of the bubble (93).  Recently, the correlation between TSS position and 

scrunching was demonstrated using a high-throughput approach termed MASTER (massively 

systematic transcript end readout), which relied on next generation sequencing to report on the 

TSS and transcript yields generated from a library of DNA templates (96).  The increase of 

downstream TSSs for negatively supercoiled DNA templates, which promote DNA unwinding 

and bubble expansion, suggested a scrunching mechanism for downstream TSS selection(96).  

Further evidence implicating DNA scrunching dynamics for TSS selection came from combining 

leading edge and trailing edge RNAP crosslinking to the DNA template with MASTER (95).  

 

Transcription initiation proceeds through a scrunching mechanism and can generate a 

paused, backtracked state 

 

The mechanism of initial transcription and detection of abortive initiation 

 RNAP can form very stable RPO complexes because of the high binding affinity between 

Eσ and promoter elements.  However, strong Eσ-promoter interactions may impede promoter 

escape.  A characteristic of such promoters (LacUV5, λPR, T5N25) is the increased production 

of short abortive RNA products (2 - 10 nucleotides for lacUV5 promoter (97)).  Initial 

transcription by RPITC ultimately results in promoter escape or abortive initiation, in which the 

abortive products are released through the secondary channel.  Determinants of abortive 

initiation include i) the stability of the RNA-DNA hybrid (dictated by the sequence and the 
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length of the nascent transcript), ii) repulsive interactions between the nascent transcript 5’ end 

and the σR3.2 finger that blocks the RNA exit channel (17, 21, 98), and iii) the interactions 

between Eσ and promoter DNA (99–101).  Abortive initiation returns the complex to RPO, which 

can continue to undergo multiple initial transcription/abortive initiation cycles until promoter 

escape occurs. 

RNAP abortive initiation has been observed by equipping a total internal reflection 

(TIRF) optical microscopy setup with smFRET-ALEX and imaging surface-immobilized Eσ70 

complexes labeled with a FRET dye pair (102).  FRET changes between the leading edge of 

Eσ70 and downstream DNA were evaluated for RPO and different RPITC states; these states were 

achieved through NTP starvation (i.e. by excluding one or more NTPs from the reaction) to 

reach a specific RPITC state (e.g. ITC 2, 4, or 7).  The mean FRET efficiency increased gradually 

in going from RPO (or earlier ITC states) to later RPITC states, which suggested that longer 

nascent RNAs increasingly reduce the distance between the downstream DNA and the leading 

edge of RNAP (102). 

 Insight into the mechanism of initial transcription by RPITC was offered in early DNA 

footprinting studies (97, 103–105), in which three possible models were proposed: [1] transient 

excursions, [2] RNAP inchworming, and [3] scrunching.  The transient excursion model 

proposed that RNAP translocates downstream during initial transcription before returning back 

to the TSS following abortive initiation.  The inchworming mechanism hypothesized structural 

flexibility in RNAP that would permit the leading edge of RNAP to translocate downstream and 

return, while the trailing edge of RNAP remained stationary.  The scrunching mechanism 

hypothesized that a stationary RNAP reeled downstream DNA into the RNAP cleft during 

initiation, resulting in a larger 'scrunched' bubble that recoils and returns to the original bubble 
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size during abortive transcript release (106).  These mechanisms were studied by smFRET-

ALEX experiments in solution, which supported a scrunching mechanism (106). 

 The smFRET-ALEX experiments tested different configurations of FRET pairs on RNAP and 

DNA: [1] the leading edge of RNAP and downstream DNA, [2] the trailing edge (σ70-R4) of the 

Eσ70 and upstream DNA, [3] the trailing and leading edges of Eσ70 relative to the spacer 

element (position -20 relative to TSS), and [4] upstream and downstream DNA.  The transient 

excursion model was refuted because during initial transcription, no changes in FRET were 

observed in the upstream DNA-RNAP trailing edge configuration for RPITC≤7 compared to RPO; 

by contrast, a shift toward lower FRET was expected according to the model.  The inchworming 

model was ruled out based on the absence of FRET changes between the spacer region and the 

leading edge of the Eσ70 (for RPITC≤7 compared to RPO).  The inchworming model, however, 

predicted decreased FRET between the leading edge of RNAP and the promoter spacer region.  

The observed FRET changes in the downstream DNA-leading edge and the upstream-

downstream DNA configurations supported the scrunching model.  The scrunching mechanism 

has also been demonstrated by Revyakin et al. using a different sm method, DNA 

nanomanipulation with magnetic tweezers (91).  Subsequent studies showed viral and eukaryotic 

RNA polymerases also perform initial transcription through DNA scrunching (107, 108).  Thus, 

DNA scrunching may be a universal mechanism for initial transcription throughout all domains 

of life. 

 Despite significant progress in our understanding of transcription initiation mechanisms, 

many details remain obscure.  One major open question is how extra ssDNA in the scrunched 

states are accommodated by RNAP.  The structural data on transcription initiation complexes 

suggest that the internal space within the RNAP cleft is the main limiting factor (17) for 
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accommodation of ssDNA.  However, analysis of the size distribution of abortive products from 

strong promoters shows the presence of abortive products of significant length (up to 18-25 nt) 

(93, 95, 96, 98, 103).  A recent RNAP-DNA crosslinking and footprinting study demonstrated 

that the initiation complex may accommodate the additional scrunched bases of the nontemplate 

strand by extruding them out of the cleft and into the solvent (109).  Moreover, Ploetz and Lerner 

et al. reached the same conclusion using sm experiments that simultaneously involved FRET and 

protein-induced fluorescence enhancement (PIFE) measurements (51).  These experiments 

utilized the Cy3 dye, which increases its fluorescence in response to a rise in local viscosity or 

steric restriction.  Internally labeled bases on the nontemplate strand at position +1 or +3 

(relative to the TSS) acted as FRET donors to an acceptor positioned within the spacer element 

of the template strand.  According to Winkelman et al.(109), the nontemplate base at position +1 

should be exposed to solvent during scrunching, hence the steric restriction should be reduced.  

Increased FRET for the +1-Cy3 reported on open bubble formation and the intensity of Cy3 

fluorescence also increased (i.e. the PIFE effect) upon RPO formation, indicating that the +1-Cy3 

was in close proximity to RNAP.  Upon further extension of the nascent RNA, the PIFE effect 

increased for +3-Cy3 (i.e. became part of the bubble owing to scrunching); however, the PIFE 

effect decreased for +1-Cy3 due its extrusion into solution. 

 

Initial transcription by RPITC can produce a paused and backtracked intermediate 

 Extension of the RNA chain by RPITC involves a series of concerted motions in the 

holoenzyme and DNA (6).  Nucleotide addition occurs in the active site of RNAP (see Figure 1), 

which is comprised of several β' and β subunit domains, including: the α-helical bridge helix 

(BH) that bifurcates the cleft into the primary and secondary channels, the mobile trigger loop 
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(TL) that controls access to the active site from the secondary channel, the F-Loop, and the 

catalytic loop (β'), which coordinates a Mg2+ ion (6, 76) (see Figure 1B).  The BH and TL are 

the primary actors during nucleotide addition and play a central role in RNAP translocation.  The 

nucleotide addition cycle can be generally described as a sequence of four repeating events: (1) 

RNAP translocation along DNA, which moves the newly incorporated NTP from the insertion 

site (i+1) to the 'i' site, (2) incoming NTP binding in the 'i+1' site, (3) phosphodiester bond 

formation between RNA 3'-end in 'i' site and the NTP in 'i+1' site, and (4) pyrophosphate release 

(6, 110).  Completion of a nucleotide addition cycle results in an RNAP conformation termed the 

pre-translocated state, in which the 3'-end of the newly incorporated base occupies the insertion 

site. RNAP translocation relative to DNA shifts the RNA 3'-end from the 'i+1' site to the 

upstream 'i' site to form the post-translocated state (forward translocation).  Alternative 

translocation states, defined by the relative position of the RNA 3'-end to the active site, are 

believed to alternate through rapid thermal (Brownian) fluctuations that transpire on the 

microsecond timescale.  The driving force for forward translocation is suggested to be the 

stabilization energy provided by correct nucleotide binding (6, 110).  The backward translocation 

of the pre-translocated state results in formation of a 'backtracked' state in which the RNA 3'-end 

enters the secondary channel. 

For certain promoters (e.g. lacUV5 (111), phage T5 N25 (112), malT (113, 114)), the 

rate-limiting step in transcription initiation is promoter escape.  Despite efficient RNAP binding 

and formation of stable open complexes, these promoters exhibit an increase in the amount and 

size distribution of abortive products, with a reciprocal decrease in promoter escape efficiency.  

Previous studies suggested the existence of a paused, backtracked state in initial transcription 

(22, 103, 115–125). 
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Lately, we confirmed the existence of a paused-backtracked intermediate in RNAP 

transcription initiation.  A paused-backtracked intermediate was characterized using a single-

round quenched kinetics assay and DNA nanomanipulation with magnetic tweezers (126).  The 

single-round quenched kinetics assay utilized the diffusion-based smFRET-ALEX technique to 

detect transcripts over time, until terminated (quenched) at different time points.  Because 

smFRET-ALEX is a sm technique, single-round quenched kinetics assays allowed accurate 

quantification of transcripts generated by RNAP-DNA complexes.  To confirm the existence of 

the paused state in RNAP initiation, the promoter escape kinetics, starting from different RPITC 

states, were monitored by single-round quenched kinetics assays.  The assays revealed a delay 

(~3.5 times slower) when starting from RPITC≤7 compared to RPITC=2.  This delay was nearly 

abolished by inclusion of GreA, indicating a paused-backtracked intermediate during initiation.  

This finding was corroborated with DNA nanomanipulation assays with magnetic tweezers, 

which can detect changes in DNA topology (e.g. changes in the size of transcription bubble) in 

real time.  Importantly, DNA nanomanipulation assays demonstrated RNAP transcription 

complexes could be paused-backtracked during initial transcription in the presence of all four 

NTPs at biologically relevant concentrations.  A modified transcription initiation model was 

suggested that included the paused-backtracked Eσ.  This paused-backtracked intermediate in 

RNAP initiation was also reported by Duchi et al. using ALEX-TIRF techniques (127).  In their 

report, Duchi et al. showed that RPITC could form a stable paused-backtracked intermediate and 

σR3.2 played a key role in controlling the properties of this intermediate.  

 

Promoter escape; σ70 retention into elongation; Pol II activity assays 
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 For the RPITC complex, the nascent RNA eventually reaches a required length (~9-15 

bases) for promoter escape.  The process of promoter escape requires an extensive set of 

conformational changes to allow Eσ to disengage from the promoter and form the processive 

RPE complex.  The most notable structural transitions underlying promoter escape include the 

following: [1] Displacement of σR3.2, which otherwise impedes the nascent RNA 5'-end; 

removal of σR3.2 together with σR4 allows nascent RNA to enter the RNA exit channel.  [2] 

Weakening of RNAP interactions with σ, mainly through destabilization of the σR4-β interaction 

(7, 128).  [3] Breaking σ70 interactions with the promoter (σR2.3-R2.4 with the -10 element, 

σR4.2 with -35 element).  [4] And finally, reannealing of the upstream edge of the transcription 

bubble to form a 12-base pair transcription bubble, which is characteristic of elongating RNAP. 

 It was previously hypothesized that σ release from RNAP during promoter escape was 

obligatory, and a 'σ cycle' was proposed in which σ associates with RNAP for initiation and is 

released when RNAP enters elongation (cited in (129)).  However, the harsh separation 

techniques (e.g. gel electrophoresis and chromatography) used to test for σ presence in 

elongation could also promote σ dissociation.  Several studies conducted in the last ten years 

have provided sufficient evidence for σ retention during transcription elongation.  Kapanidis et 

al. demonstrated σ retention in RPE up to position +50 from the TSS using diffusion-based 

smFRET-ALEX (129).  Retention of σ70 in early elongation complexes was also observed 

during investigation of the mechanism of σ70-dependent promoter-proximal pausing (130, 131). 

 In a study by Revyakin et al. (52), the transcriptional activity of human Pol II from 

immobilized and fluorescently labeled DNA was monitored by co-localization of fluorescent 

probes that are complementary to transcripts with the labeled template.  To ensure Pol II stalling 

after entering into elongation, the super core promoter was oriented to direct Pol II towards the 
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immobilized end of the DNA, which would enable co-localization of labeled probe bound to 

nascent transcript with template DNA.  Using this approach they were able to investigate the 

effects of TFIID and mutations in different promoter elements on transcriptional activity.  No 

transcriptional activity was observed in the absence of TFIID and transcription was attenuated in 

the promoter with a mutated Inr relative to the normal super core promoter.     

 

Concluding Remarks and Future Perspective 

 RNAP has been and continues to be among the most extensively studied biomolecular 

machines, which is a testament to its complexity and its fundamental importance in biology.  

Over the past decade, sm assays have resolved heterogeneities in molecular distributions and 

have revealed fundamental mechanisms through which RNAP and Pol II functions. In this 

review, we highlighted some of the contributions of sm fluorescence, mainly diffusion-based 

smFRET, and other sm approaches that have uncovered RNAP and Pol II transcription 

mechanisms. 

The future questions and challenges facing the sm transcription field are numerous; many 

questions surround the rapid transformations that occur from the promoter search mechanism to 

the formation of RPO.  Interestingly, the process of TSS selection, which was linked to bubble 

dynamics in the millisecond timescale (93), was postulated to also occur through a scrunching 

mechanism.  Furthermore, it was proposed that DNA scrunching and anti-scrunching may 

underlie alternate TSS selection in the absence of NTPs (94, 95, 132).  This implies that the 

millisecond bubble dynamics are primarily caused by DNA scrunching dynamics in RPO.  If 

correct, additional BVA experiments will be important to define different conformational modes 

and their potential contribution to the bubble dynamics. 
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 The intermediate-resolution structure of a paused, backtracked bacterial RNAP 

elongation complex has been reported (133), but the structure of a paused-backtracked initiation 

complex (126, 127) remains unavailable.  It is assumed that the “ratcheted” form of RNAP is a 

structural feature common to all paused and backtracked RNAPs.  A 'ratcheted' form of RNAP is 

distinct from the processive RPE in the conformations of several prominent structural elements of 

RNAP (133) (e.g. a kinked/bent BH, a partially open TL, an open clamp, and expansion of 

DNA:RNA hybrid binding site).  Whereas heterogeneity among a population of paused, 

backtracked RNAP complexes will complicate any structural analysis, recent advances in 

cryoEM (134, 135) may allow detailed structural information to be uncovered. 

 Despite the increasing capability of other techniques--such as single particle cryo-EM, 

immobilized smFRET imaging, and magnetic or optical tweezers--to resolve structural 

intermediates hidden in ensemble data, diffusion-based smFRET maintains several advantages. 

For example, diffusion-based smFRET is better at characterizing structural dynamics and the 

kinetics in going between different intermediates than cryo-EM. It is also higher a throughput 

method with greater temporal resolution (a few milliseconds) in comparison to immobilized 

FRET imaging (tens of milliseconds) and magnetic or optical tweezers (~ 1 second). 
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Figure 1.  High‐resolution structure of Thermus aquaticus core RNAP (PDB 1HQM).  Figure 

generated using PyMol.  (A) The five RNAP subunits are represented with different colors: The 

two α subunits are blue, β′ is grey, β is orange, and ω is magenta.  Two orientations (related by 

∼180° rotation) are shown, with the LEFT showing the trailing edge of RNAP facing upstream 

DNA and the RIGHT showing the leading edge facing downstream DNA.  The cleft between the 

β′ clamp and β lobes (the pincers) forms the primary channel, while the secondary channel is 

arranged on the opposite face of RNAP.  (B) The catalytic magnesium (cyan sphere), bridge 

helix (red), trigger loop (green), and F‐loop (yellow) of the active site can be seen from the 

downstream facing side of RNAP. 
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Figure 2.  Schematic of transcription cycle and σ70 interactions with promoter DNA.  (A) 

Association of σ (green) with core RNAP forms the RNAP holoenzyme (grey).  The secondary 

channel (darker grey highlight) and the RNA exit channel (medium grey highlight) are 

represented on the right side and left side of the RNAP cartoon, respectively.  σR3.2 and σR4 is 

shown protruding into the primary channel and occupying the RNA exit channel, respectively.  

HoloRNAP associates with promoter DNA (template strand in blue, and nontemplate strand in 

cyan) to form RPC, which isomerizes to RPO.  Initial transcription by RPITC produces short 

abortive RNA products.  Nascent RNA can displace σR4 from the RNA exit channel by clashing 

with σR3.2 and can enter the RNA exit channel to form the elongation complex.  Eventually, 
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RPE undergoes transcription termination resulting in RNAP dissociation from DNA.  (B) 

Evolutionarily conserved structural domains and conserved regions of σ are shown as numbered 

and color‐coded boxes.  Promoter DNA is shown underneath, with arrows indicating interactions 

between promoter DNA sequence elements and regions of σ or RNAP. 
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Development of diffusion-based single-molecule FRET methodologies to study different steps in 

human RNA polymerase II transcription  
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Introduction: 

 All living organisms use a multi-subunit DNA-dependent RNA polymerase to synthesize 

RNA, encoding genomic information, as it translocates along DNA during the process of 

transcription (1).  In humans, the ~516 kDa RNA polymerase II (Pol II) complex, consisting of 

12 subunits (Rpb1-12), transcribes the genes encoding proteins and many noncoding RNAs (2).  

Despite being able to independently perform transcription from certain DNA templates, 

heteroduplex templates (with a mismatched region mimicking a transcription ‘bubble’) in the 

presence of an initiating RNA dinucleotide (3) and oligo-(dC) templates (4), Pol II requires the 

action of transcription factors to specifically bind the correct region (core promoter) on double-

stranded DNA (dsDNA).  A set of basal transcription factors (TF)s—TFIIA, -IIB, -IID, -IIE, IIF, 

and –IIH—recruit and assemble with Pol II on the proper core promoter (~100 nucleotide region 

from among the ~ 3 billion nucleotides (nts) of genomic DNA) to form the preinitiation complex 

(PIC) (5).   

A sequential model of PIC assembly is hypothesized (5) to begin with TFIID, a complex 

of TATA-box binding protein (TBP) and ~ 13 TBP-associated factors (TAFs).  TFIID nucleates 

PIC assembly by binding the core promoter.  Subsequent TFIIA binding stabilizes the interaction 

of TFIID (5–7) with core promoter before TFIIB can bind to form the upstream promoter 

complex (UPC) (8).  TFIID and TFIIB are the only PIC factors that have been demonstrated to 

bind known core promoter sequence motifs with subunits of TFIID recognizing the TATA box, 

initiator (Inr), motif ten element (MTE) and downstream promoter element (DPE); while TFIIB 

recognizes the upstream and downstream TFIIB recognition element (uBRE & dBRE, 

respectively) (5, 8, 9).  The UPC can then recruit the Pol II-TFIIF complex to core promoter 

through interactions between the N-terminal zinc ribbon domain of TFIIB and Pol II (10) to form 
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a PIC that is capable of initiating transcription at the correct transcription start site (TSS) (11).  

This PIC (Pol II-CC) is analogous to the closed promoter complex of bacterial RNA polymerase, 

with dsDNA running along the top of the cleft, and is capable of spontaneously separating the 

strands of dsDNA for negatively supercoiled DNA in a region encompassing the TSS to form the 

open complex (Pol II-OC).  However, for linear DNA in vitro (12) and many promoters in vivo 

(13), the inclusion of TFIIE and TFIIH is required for Pol II-OC formation.  The energy-

dependent unwinding of promoter DNA by TFIIH was shown to mediated by the Xeroderma 

pigmentosum complementation group B (XPB) subunit, which derives energy from hydrolysis 

ATP/dATP β-γ phosphate bond for its 5’ to 3’ translocase activity along ~10 nts of the non-

template strand (14).  The combination of TFIID/TBP holding upstream DNA while XPB twists 

and shuttles ~ 1 turn of downstream DNA towards the PIC induces sufficient strain to separate 

the DNA strands during Pol II-OC formation.  TFIIB, TFIIE and TFIIF then interact with melted 

DNA strands to trap it in the open state. 

Initial transcription begins with the formation of the 1
st
 phosphodiester bond between the 

first two ribonucleotide triphosphates (NTPs) and frequently results in the release of unstable 

short RNAs (2-3 nts) during abortive initiation (15, 16).  Eventually the growing nascent 

transcript clashes with the TFIIB region blocking the RNA exit channel until displacing TFIIB 

during promoter escape (RNA ~ 8 nts (17)).  Numerous structural rearrangements during 

promoter escape transform the initial transcribing Pol II complex (Pol II-ITC) into a processive 

elongation complex (Pol II-EC), with the surface of Pol II previously occupied by initiation TFs 

being bound by the highly conserved elongation factor DSIF (short for 5,6-dichloro-1-β-d-

ribofuranosylbenzimidazole (DRB) sensitivity-inducing factor) (18).  Following promoter 

escape, it has been shown that some PIC TFs remain bound in the promoter region as a scaffold 
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that facilitates the rapid binding and promoter escape of another Pol II in a process called re-

initiation (19, 20).  For a large number of metazoan genes, Pol II-EC associated with DSIF and 

negative elongation factor (NELF) stalls in early elongation (RNA between 20-80 nts).  These 

promoter-proximal paused complexes represent an important regulatory intermediate for many 

genes, with establishment of the paused complex occurring prior to gene activation (further detail 

reviewed in (21, 22).  Cellular signaling culminates in positive transcription elongation factor b 

(P-TEFb) inducing Pol II pause escape through its kinase activity (21, 22).  The Pol II-EC 

continues processive transcription, interrupted occasionally by other regulatory pauses, until 

eventually reaching the gene 3’-end where a large complex of cleavage and polyadenylation 

factors recognize poly(A)-sites in the transcript before slowing down pol II and resulting in 

termination through several mechanisms (23).  

The current mechanistic knowledge of the different steps of Pol II transcription derives 

largely from extensive work done using traditional biochemical and genetic studies, both in vitro 

and within the cellular context.  High resolution structural snapshots of Pol II, individual PIC 

factors, their assemblies at different stages of initiation (Pol II-CC, OC, ITC) (2, 8, 24–27) and 

elongation (18, 28, 29), and recently of a promoter-proximal paused Pol-II (30) have been 

especially impactful in understanding how the numerous and complex network of molecular 

interactions facilitate transcription by Pol II.  Despite the contributions of these methodologies, a 

common limitation is their reliance on interpretation of averaged data, which can overlook 

transient intermediates or subspecies from a heterogeneous sample that could be functionally 

relevant.  Single-molecule (sm) analysis from fluorescence-based (31, 32) or force-based (33, 

34) (magnetic or optical tweezers, atomic force microscopy) methodologies provide a means to 

characterize these subpopulations hidden in the averaged data from ensemble measurements.  
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Another advantage of sm methodologies is in the real time monitoring of structural dynamics or 

interactions between biomolecules over different time scales—from sub-seconds for magnetic 

and optical tweezers, and from nanoseconds to tens of milliseconds for fluorescence microscopy 

and spectroscopy (35).   

Fluorescence-based sm techniques can be divided into two general categories depending 

on whether the labeled target is surface immobilized or freely diffusing (36).  For the former, the 

use of total internal reflection (TIRF) microscopy (reviewed in (37)) provides a platform for 

tracking molecules over time to extract time-trace trajectories and enables co-localization 

analysis, however, surface-induced perturbations, rapid fluorophore photobleaching due to the 

high intensity of excitation light, and difficulty in achieving statistical significance due to its 

low-throughput nature are technical challenges (31, 36).  The latter approach avoids the 

limitations of immobilization-based approaches by measuring the fluorescence of a large number  

of molecules diffusing individually into a small observation volume (~ 1 fL)  (31).  However, a 

low sample concentration (~ 100 pM) is required to prevent the simultaneous diffusion of 

multiple molecules through the observation volume and the period for observing dynamics is 

limited by the residence time within the excitation volume (31, 36).  A common tool of 

fluorescence-based methods is Fӧrster resonance energy transfer (FRET or smFRET for sm 

methods), which reports on the molecular distance between a pair of fluorophores (38).  An 

excited fluorophore (donor) can either fluoresce (shorter wavelength photons detected in donor 

channel) or transfer its energy (via a non-radiative pathway, FRET) to an adjacent fluorophore 

(acceptor) if the donor-emission spectrum and acceptor-excitation spectrum overlap, the 

respective dipoles of the dyes are not orthogonal, and the distance is within the FRET permissive 

range (2-10 nm) (38).  The excited acceptor eventually fluoresces (longer wavelength photons 
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detected in acceptor channel).  The efficiency of FRET (E) is sensitive to the inter-dye distance 

(E is inversely proportional to sixth power of the inter-dye distance) and is computed as the ratio 

of photons in the acceptor channel to the sum of photons in the donor and acceptor channels.  

The development of alternating laser excitation (ALEX) smFRET—where the observation 

volume is continuously exposed to donor and then acceptor excitation wavelength (alternating on 

a microsecond timescale)—allowed for the sorting of the signal from dually-labeled 

(donor/acceptor) species from that of contaminating singly-labeled species (39–41).            

 To date, most sm studies of Pol II transcription used the yeast system (42–60), however, 

several studies have been done using human proteins (61–64).  Here, we report on the 

development of new diffusion-based smFRET methods with ALEX (smFRET-ALEX) for the in 

vitro study of transcription using purified human Pol II transcription factors.   We report on 

optimizing conditions for RNA detection by single-stranded DNA FRET probes and on the 

development of smFRET-ALEX assays for (1) monitoring conformational changes in promoter 

DNA at different stages in initiation, (2) measuring transcriptional activity, and (3) on measuring 

the promoter-proximal pausing of Pol II.     

 

Results 

Optimization of FRET probe hybridization efficiency for single-molecule assay 

 All FRET probes used in our smFRET assays are short (~20 nt) antisense 

(complementary to RNA) single-stranded DNAs (ssDNA) that are labeled with a donor and 

acceptor dye pair.  They adopt distinct FRET signatures in the hybridized versus unhybridized 

forms.  We have previously employed FRET probes for the in vitro detection of transcripts 

generated by the highly active E. coli RNA polymerase holoenzyme (65).  However, preliminary 
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results (data not shown) for transcription reactions with HeLa cell nuclear extract in combination 

with the basal Pol II system (TBP or TFIID, TFIIB, TFIIF, Pol-II, TFIIE, TFIIH, Pol II) and 

plasmid DNA gave no detectable low FRET signal (probe hybridized to transcript) unless the 

activator VP16 was used in the presence of Mediator (66), which substantially enhances in vitro 

transcription in conventional radioactive gel assays.  The biophysical properties governing 

oligonucleotide hybridization—including the sequence, length, structure, and buffer 

conditions—has been extensively studied due to the broad application of oligonucleotide probes.  

Reducing secondary structure was previously shown to enhance binding between probe and 

target oligonucleotides (63, 67).  To evaluate the effect of oligonucleotide secondary structure on 

FRET probe binding, we compared the fraction of HP7 FRET probe—containing a hairpin 

structure—bound to complementary ssDNA containing either a stable (DNA-T1) or an unstable 

(mut-DNA-T1) secondary structure (Figure 1).  The difference between the two ssDNA targets is 

in the second nucleotide from the 5’-end (G in DNA-T1, T in mut-DNA-T1), which is not 

included in the region bound by HP7.  smFRET-ALEX measurements of HP7 with target DNA 

yielded FRET histograms with two well-separated distributions (Figure 1A), a population with a 

higher FRET efficiency (unbound HP7) and a population with a lower FRET efficiency (HP7 

hybridized to ssDNA target) that emerges in the presence of ssDNA target.  The fraction of 

hybridized probe (%LF), calculated as the population of low FRET HP7 over the total number of 

HP7 detected (low FRET + high FRET), was greater when incubated with unstructured mut-

DNA-T1 compared to DNA-T1 (Figure 1B).  We also always observed increases in the 

hybridized probe fraction, for different FRET probes, when samples were heated (to melt 

secondary structures) and then cooled (data not shown).  These results demonstrate that 
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secondary structure in target DNA or RNA present an obstacle for probe binding, which is 

consistent with current knowledge in the field (68). 

 Another experimentally controllable parameter to optimize probe-target hybridization 

other than DNA sequence is buffer composition.  A thermodynamic barrier to association of two 

oligonucleotides is the electrostatic repulsion between their negatively charged phosphate 

backbones, which can be shielded by monovalent or divalent cations to facilitate intermolecular 

association (69, 70).  To optimize buffer conditions for hybridization of a FRET probe (RP1) to 

its ssDNA target (DNA-T2), we tested the effect of varying the concentration of different salts 

(NaCl, KCl, MgCl2, CaCl2) and denaturants (Urea, Guanidinium Chloride or GdCl) on the 

fraction of hybridized RP1 (Figure 2).  As expected, addition of salt enhanced the low FRET 

fraction (Figure 2A-i, ii).  The greater charge density of the divalent cations, relative to 

monovalent, significantly enhanced probe binding (Figure 2A, i, ii vs iii, iv).  Increasing the 

ionic radius (Ri) of the cation (Ri-Li
+
 < Ri-Na

+ 
< Ri-K

+
, data not shown for LiCl) generally 

increased the low FRET fraction (comparison of CaCl2 vs MgCl2 showed slight enhancement 

with CaCl2, especially at lower target ssDNA concentrations—data not shown) (Figure 2A).  

Interestingly, GdCl better enhanced RP1 hybridization to DNA-T2 in comparison to the other 

monovalent salts—NaCl and KCl—possibly due to its ability to disrupt secondary structure. 

Urea only slightly enhanced hybridization in comparison to buffer with no salt, however, its 

effect was significantly lower than that of the other salts and increasing the concentration of urea 

decreased RP1 binding (Figure 2A-v).  Combining GdCl and CaCl2 in the same buffer enhanced 

the low FRET fraction to a greater extent than for buffer containing either alone (Figure 2B).  

Control measurements (data not shown) testing RP1 affinity to non-complementary ssDNA 
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under conditions that optimally enhanced RP1 affinity to target ssDNA demonstrated that the 

hybridization was specific.   

Analogous experiments were done using electrophoretic mobility shift assay (EMSA) to 

analyze the mobility of ssDNA target with complementary ssDNA probe under different 

conditions.  The ssDNA target used (ss-HSP70-80nt) had the same sequence as the first 80 nts of 

the HSPA1B transcript; while a set of short anti-hsp70 probes (ah70-probes, table 1) were 

designed to sequentially target regions differing by 1 bp (ah70-probe 1 binds nucleotides 1-20 of 

ss-HSP70-80nt, while ah70-probe 2 binds nucleotides 2-21 of ss-HSP70-80nt, etc.).  The 

migration speed for the ss-HSP70-80nt band (Figure 3, lower band) was reduced following probe 

binding (Figure 3, upper band), likely due to disruption of the predicted secondary structure for 

ss-HSP70-80nt.  Similar to results with smFRET-ALEX, increasing MgCl2 concentration (Figure 

3, green dashed box) resulted in the complete shift of the faster migrating ss-HSP70-80nt-alone 

band to the slower hybridized band (for ah70-probes1-4), while two bands are apparent (with 

ah70-probes 2-4) for the buffer without MgCl2 (Figure 3, blue dashed box).  Control reactions 

done by heat denaturing and cooling ah70-probes with ss-HSP70-80nt showed complete binding 

(similar to lanes with MgCl2 in buffer), which indicates the secondary structure of probe and 

target affecting hybridization (Figure 3).         

 

Monitoring transcription bubble conformation and dynamics with smFRET-ALEX 

 smFRET studies were previously used to report on the conformation and dynamics of 

promoter DNA bound by bacterial RNA polymerase (71–77) and the yeast initiation machinery 

(45, 55).  However, no reports are available for the conformational dynamics of promoters bound 

by the human PIC.  We therefore set out to develop a diffusion-based smFRET-ALEX assay to 
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monitor such changes.  Initial strategies for labeled promoter DNA used fully complementary 

nontemplate and template strands bearing the adenovirus-2 major late promoter (78) (generously 

provided by Dr. Richard Ebright) that were labeled—at several different positions—within the 

Pol II-OC bubble.  Radioactive gel and smFRET-ALEX measurements (data not shown) of 

transcription reactions with the minimal Pol II system (TBP, TFIIB, TFIIF, TFIIE, TFIIH, Pol II) 

failed to produce any RNA products (abortive or runoff) or FRET changes for these templates.  

To increase the chances of achieving detectable signal, heteroduplex DNA templates with 

different lengths of internal mismatched DNA regions (different artificial bubble sizes) were 

tested since they have been shown to enhance in vitro activity of Pol II ~100 fold (11).  These 

DNA templates contained a super core (SC) promoter (79) identical in sequence to that in the 

cryo-EM structure of the human PIC (26).  Following smFRET-ALEX experiments that screened 

different FRET-labeled heteroduplex DNAs—labeled at different positions in the promoter 

region—only one template (SCP-HD1) yielded discernable changes in FRET at different steps in 

initiation (Figure 4, 6).  SCP-HD1 contains an internal 18-bp mismatched ‘bubble’ region and is 

labeled with donor (nontemplate strand) at the +4 register and acceptor (template strand) at the 

+7 register with respect to the TSS.  Comparison of 1D-FRET histograms for SCP-HD1 alone 

(top left panel of Figure 4) and SCP-HD1 incubated with the minimal Pol II system before 

(middle left panel of Figure 4) and after (bottom left panel of Figure 4) NTP addition, revealed 

distinct changes in different regions of the FRET histogram.  The 1D-histogram for SCP-HD1 

alone gave a high FRET population (HF) (mean proximity ratio or E* = 0.95) with a narrow 

distribution (σ = 0.05) (Figure 4, A).  SCP-HD1 incubated with the minimal system and an RNA 

primer (6 nts) resulted in the emergence of a new population with a slightly lower FRET (MF) 

(mean E* = 0.8) and broader distribution (σ = 0.11).  The addition of NTPs to the PICs (just 
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before measuring) gave rise to the third FRET population with the lowest apparent FRET (LF) 

(E* = 0.48) and broadest distribution (σ = 0.15).  The FRET histograms were fitted with a model 

that is the sum of three Gaussians (Figure 4), each representing a subpopulation (HF, MF, LF) 

(Figure 4: A, B, C respectively).  These initial experiments that characterized distinct 

subpopulations in initiation, however, had low transcriptional activity—described here as the 

relative increase in the LF fraction—in the presence of NTP (compare middle and bottom 1D 

FRET histograms from Figure 4).   

The detectable signal did however enable the eventual optimization of conditions that 

enhance the LF fraction.  Surprisingly, it was found that incubating Pol II in buffer (pre-

incubation) before combining with the remaining TFs and SCP-HD1 significantly enhanced the 

LF subpopulation (Figure 5).  Comparing the relative change—difference in the subpopulation 

fractions for each condition in the presence and absence of NTP (Figure 5A)—for either not pre-

incubating Pol II or pre-incubating for different times (30, 60 mins), revealed that the LF 

fractions increases with increasing Pol II pre-incubation time (Figure 5B).  However, pre-

incubation times greater than 60 mins did not yield any further enhancement (data not shown). 

Use of the minimal Pol II system (TBP, TFIIB, TFIIF, and TFIIE) allows for controlling 

of the PIC composition and through the exclusion or addition of factors, the roles of individual 

factors can be dissected.  Inclusion of TFIIH in the PIC enhanced the LF fraction significantly 

(Figure 5B, Figure 6).  In contrast, addition of DSIF after PIC assembly reduced both the LF and 

MF fractions (Figure 6).  The inclusion of a short (6 nt) RNA primer (same as in the ITC6 

structure (26)) during PIC assembly caused a drastic increase in the LF subpopulation for 

different sub-assembly PICs in the presence of NTPs, relative to controls in the absence of NTPs 
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(Figure 7A).  Interestingly, comparing the MF fraction (assembled PIC) in the absence of NTPs, 

showed no change with or without RNA (data not shown). 

It was previously demonstrated by smFRET studies that the transcription bubble exhibits 

dynamics on the millisecond time scale, which is believed to be important for TSS selection and 

initial transcription (73, 76, 77).  To evaluate if similar dynamics occur for the human PIC 

bubble, burst variance analysis (BVA) (80) was done on the smFRET-ALEX data on SCP-HD1 

(Figure 7B).  Contour BVA plots demonstrate that the standard deviation (Figure 7B, triangles) 

of all sub-bursts within a given binned region (0≤ E
*
 ≤1, 20 bins) deviates from the theoretical 

(dashed line in Figure 7B) standard deviation, predicted for a given FRET efficiency based on 

shot noise, for the LF and MF subpopulations.  This deviation suggests dynamics for these 

subpopulations in the millisecond timescale.  The HF subpopulation did not exhibit such 

dynamics.                                          

 

Measuring transcription activity using smFRET-ALEX 

 Prior to optimizing the smFRET-ALEX conditions in the transcription bubble assay, 

many attempts were made to detect RNA, with different FRET probes, produced by the 

reconstituted Pol II system to no avail.   The results of the smFRET-ALEX assay monitoring the 

transcription bubble indicated the conditions enhancing the NTP-dependent LF population that 

could be incorporated into the assay for measuring activity.  Figure 8 shows a schematic for the 

protocol used to perform the smFRET-ALEX transcription activity assay.  Different 

heteroduplex DNA templates were designed to be identical to SCP-HD1, except for the having a 

random sequence for the nontemplate strand mismatch region (instead of poly-dT) and a terminal 

downstream region that encoded sense sequences complementary to corresponding anti-sense 
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FRET probes (Figure 9).  The FRET probe that succeeded in detecting transcripts contained a 

highly unstructured poly-dT sequence (20dT probe), which was used previously for transcription 

activity assays with bacterial RNA polymerase (65, 81).  20dT alone gives a high FRET 

population that shifts to a lower FRET population after hybridizing to target (Figure 8).  The 

fraction of bound 20dT (TE) was computed as the population of detected 20dT with low FRET 

over the total detected 20dT in a measurement (calculation of TE shown in Figure 8).  

Transcription activity was observed with three heteroduplex templates that differ in the size of 

the internal mismatch—13, 16, and 19 that are denoted as SCP-13rsb, SCP-16rsb, and SCP-

19rsb, respectively (Figure 9).   

Historically, polyacrylamide gel electrophoresis (PAGE)-based in vitro assays with the 

reconstituted system revealed the sensitivity of transcription activity to the concentration of 

template DNA.  The effect of SCP-19rsb concentration on transcription activity was evaluated by 

monitoring the relative increase in the low FRET fraction (bound 20dT probe) after NTP 

addition to PICs (calculation for activity shown in Figure 10).  The activity of the minimal Pol II 

system peaked at 0.75 nM of SCP-19rsb and decreased at lower or greater DNA template 

concentrations (Figure 10A).  Also, for each template concentration, increasing the transcription 

reaction time (from 20 to 40 mins) resulted in more RNA production (Figure 10A).  This is likely 

due to multi-round synthesis of RNA from the same DNA template.  As in the smFRET-ALEX 

bubble conformation assay, pre-incubation of Pol II in buffer (Figure 8) resulted in an 

enhancement in activity for transcription with all 3 templates (Figure 10B). Finally, it was also 

shown that inclusion of TFIIH resulted in greater activity (Figure 10C), which is consistent with 

TFIIH’s known role in enhancing promoter escape (82).  
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Development of an in vitro smFRET-based Pol II pausing/pause release assay 

We selected the human HSPA1B gene, coding for heat shock protein 70 (HSP70), as our 

model for developing an smFRET-ALEX Pol II pausing/pause release assay because it is a well-

characterized promoter that is regulated by Pol II promoter-proximal pausing (83–86).  Also, our 

collaborators (Dylan Taatjes lab) have successfully reconstituted Pol II pausing on the HSPA1B 

gene in vitro using a gel based assay (data not shown, unpublished).  The strategy for detecting 

in vitro Pol II pausing with smFRET involves targeting two regions of the RNA transcript at 

positions upstream and downstream of the DNA regions where Pol II pauses (between 20 to 90 

nts downstream of the TSS) (Figure 11).  We designed two doubly-labeled ssDNA FRET probes 

(Figure 11) that target sequences upstream (+4 to +23, USP probe) and downstream (+318 to 

+338, DSP probe) of the HSPA1B gene pause sites.  The USP probe design was selected based 

on the relative affinity of ah70-probes to ss-HSP70-80nt (ssDNA identical in sequence to the 

first 80 nts of the HSPA1B transcript) using the gel shifting assay (example in Figure 3, data not 

shown for all ah70-probes).  To avoid disrupting the native secondary structure of the transcript, 

which could be important for Pol II pausing, trinucleotide regions in the transcript that are likely 

to be unstructured were targeted (67).  Due to the low in vitro activity of the HSPA1B promoter 

with the reconstituted Pol II system, the HSPA1B gene was engineered downstream of a strong 

promoter for E. coli RNA polymerase (RNAP) that we have previously used (81), the LacCONS 

promoter, in order to test USP and DSP binding against Hsp70 transcript.  Both USP and DSP 

probes were demonstrated to bind to transcripts generated from reactions with 500 pM RNAP 

open complexes (Figure 11).      

   

 

 

 



 

60 
 

Conclusion and Future Direction 

 Over the past decade, several TIRF-based studies were done, with immobilization of 

DNA template to a surface, using the human reconstituted transcription system (61–64) 

(reviewed in (87)).  Here we report on the development of diffusion-based smFRET methods for 

studying different steps in transcription by the reconstituted human Pol II system.  Measuring the 

fluorescence of molecules transiting an illuminated confocal spot offers several advantages to 

immobilized-based approaches; it allows for a higher throughput screening of molecules since 

~10 molecules (depending on concentration) pass through the confocal volume every second; it 

simplifies the experimental approach by avoiding the immobilization and surface passivation 

steps; it avoids complications that can arise due to the interaction between the surface and 

biomolecules, such as the inactivation of TFIID by the surface in a previous study that was 

alleviated by treatment of the surface with an additional polymer (63); and it also exceeds the 

temporal resolution for most of immobilization-based studies (~10~100 ms), reaching a few tens 

of microseconds resolution (88). The immobilization-based approach on the other hand has the 

advantage of directly tracking the trajectory of the same molecules over time (up to minutes), 

while the diffusion-based approach can only monitor when an individual molecule resides in the 

detection volume (~ms) or relies on the observation of a population of molecules.  We reported 

here on the (1) optimization of FRET probe design and solution conditions to enhance specific 

targeting of FRET probes to their targets, (2) development of an smFRET-ALEX method to 

observe dynamic changes in promoter DNA conformation during transcription initiation by the 

human Pol II system, (3) development of an smFRET-ALEX method to quantitatively assess the 

transcriptional activity of the minimal Pol II system, and (4) proof-of-principle results on 

developing an smFRET-ALEX assay for studying Pol II pausing and pause release. 
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 The affinity of two FRET probes to complementary ssDNA was enhanced by either 

disrupting the secondary structure of ssDNA target through a single nucleotide alteration or by 

including different salts in solution, with the higher charge and larger radius cations stimulating 

hybridization to a greater extent.  We have also observed that reducing the secondary structure in 

the FRET probe enhances hybridization (20dT > RP1 or HP7, data not shown), which was also 

observed previously with other fluorescent probes (63).  The optimized probe hybridization 

conditions were adapted for the Pol II smFRET-ALEX assay measuring RNA product of 

transcription reactions. 

 The conformational change and dynamics of the fluorescently-labeled transcription 

bubble was monitored at different steps in transcription initiation with Pol II.  Three distinct 

populations were identified—the high FRET population for DNA alone or Pol II-CC, the 

medium FRET population for the open bubble with bound PIC, and the NTP-dependent low 

FRET population for a more open state of the bubble.  Comparison of these relative fractions 

under different conditions revealed an enhancement in the low FRET (more open state of the 

bubble) population by incubating Pol II in buffer prior to mixing with other PIC factors and by 

inclusion of TFIIH, while DSIF seemed to have the opposite effect in lowering the low FRET 

population.  The effects of TFIIH and DSIF are consistent with their known functions in 

promoter opening and in facilitating reannealing of the upstream edge of the transcription bubble 

during promoter escape (88), respectively.     

Immobilized-based smFRET was previously used to detect transcripts produced by the 

reconstituted human Pol II system and evaluate the effect of promoter mutations and an activator 

(Sp1) on transcriptional activity (63).  Here we demonstrated an smFRET-ALEX assay for 

measuring the transcriptional output of the reconstituted human Pol II system.  The technical step 
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of incubating Pol II in buffer before combining with the remaining factors for PIC assembly was 

shown to enhance activity, which is consistent with the enhancement in the low FRET 

population of the transcription bubble assay.  We also showed TFIIH-dependent enhancement in 

activity that further supports the previous findings that the XPB subunit of TFIIH enhances 

promoter escape (82). 

 These new smFRET methods establish a platform to dissect out the contributions of 

promoter DNA elements, individual PIC factors, and regulators of the PIC (Mediator, 

transcription factors) to different steps in transcription.  The effect of TFIIH in maintaining the 

transcription bubble in a more open state offers interesting avenues for investigating a possible 

role of TFIIH and other PIC factors in transcription re-initiation.  Inclusion of B2 RNA, which 

can bind free Pol II, will be done in the future to ensure that any transcription is restricted to 

already pre-formed PICs and not any re-initiation events.  The increased transcription activity at 

40 mins vs. 20 mins (Figure 10) provided further evidence for possible re-initiation. Current 

work is also being undertaken to identify the TFIIH subunit responsible for the enhancement in 

transcription activity.  The inhibitors triptolide (89) and THZ1 (90) are currently being tested 

using the smFRET-ALEX Pol II activity assay to determine if the XPB helicase or CDK7 kinase 

is responsible, respectively.  Work is also currently being done to transition to the use of fully 

complementary DNA templates instead of the heteroduplex templates used so far, especially 

given the important role of transcription bubble reannealing in promoter escape (91).  

Furthermore, experiments monitoring the conformational change of promoter DNA labeled at 

additional sites (Figure 12) are currently being undertaken to better characterize the 3D dynamic 

structure of the transcription bubble, as was recently done in bacteria (76).   
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Methods 

FRET probe hybridization to ssDNA target. 

The ssDNA FRET probes, containing a hairpin HP7 (5’-

GCTAATTTTTTCTCCATTTTAGCTTCCTTAG-3’) and without a hairpin RP1 (5’- 

CTCCATTTTAGCTTCCTTAGCT-3’), dually labeled with tetramethylrhodamine (TMR, 

donor) and Alexa647N (acceptor) were ordered from Lumiprobe Corporation.  The unlabeled 

ssDNA oligonucleotides DNA-T1 (5’-AGCTAAGGAAGCTAAAATGGAGAAAAAAAT-3’), 

mut-DNA-T1 (5’-ATCTAAGGAAGCTAAAATGGAGAAAAAAAT-3’), and DNA-T2 (5’-

AGCTTGGCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAAT-3’) were 

ordered PAGE purified from Integrated DNA Technologies, Inc. (IDT). 

Hybridization reactions were performed by incubating 100 pM of RP1 with different 

concentrations of DNA-T2 target in either TB-S0 buffer (50 mM Tris-pH 8.0, 1 mM DTT, 5% 

glycerol, 100 µg/mL Bovine Serum Albumin (BSA)) alone or in TB-S-X (TB with salt set to X 

mM, e.g. TB-NaCl-200 being TB with 200 mM NaCl) in a total volume of 20 µL for 20 minutes 

(min(s)) at room temperature (rt).  Hybridization of 100 pM HP7 with 1 nM of DNA-T1 or mut-

DNA-T1 was done using TB-KCl-100. After incubation, samples were immediately pipetted 

onto a glass coverslip (Fisher Scientific Company) and made into a chamber (to prevent 

evaporation) before loading on the smFRET-ALEX setup and measuring for 15 mins (532 nm 

and 638 nm lasers were set to 160 µW and 70 µW, respectively).        

 

EMSA for probe hybridization to ssDNA target. 

 All ssDNA oligonucleotides, ss-HSP70-80nt (5’- 

GGAAAACGGCCAGCCTGAGGAGCTGCTGCGAGGGTCCGCTTCGTCTTTCGAGAGTGACTCCC

GCGGTCCCAAGGCTTTCC-3’) and ah70-probes (ah70-probe 1: 5’-CCTCAGGCTGGCCGTT 
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TTCC-3’; ah70-probe 2: 5’-TCCTCAGGCTGGCCGTTTTC-3’, ah70-probe 3: 5’- CTCCTCAG 

GCTGGCCGTTTT-3’, ah70-probe 4: 5’- GCTCCTCAGGCTGGCCGTTT-3’), were ordered 

from IDT.  Hybridization of 67 µM of ss-HSP70-80nt with 100 µM of an ah70-probe was done 

in TE50 (10 mM Tris-pH 8.0, 50 mM NaCl, 1 mM EDTA) or TE50-100MgCl2 (TE50, 100 mM 

MgCl2) in a total volume of 15 µL at rt for 15 mins.  For samples testing heat denaturation on 

hybridization, tubes were incubated in a thermocycler at 95 °C for 3 mins before cooling down 

to 10 °C at a rate of 0.1 °C/second.  Sample were each mixed with 3 µLs of 70% glycerol before 

loading into a 15% TBE (45 mM Tris, 45 mM Borate, 0.5 mM EDTA) polyacrylamide gel, 

which was run at 90 V for 1.5-2 hours.  Gels were then stained with SYBR gold (Thermo Fisher 

Scientific) for 20 mins and imaged using a Biorad Molecular Imager FX Pro Plus.      

 

In vitro Transcription Assay with labeled promoter DNA. 

 The fluorescently labeled nontemplate strand of SCP-HD1 (5’- 

GAAGGGCGCCTATAAAAGGGGGTGGGGGCGTTTTTTTTTTTTTTTTTTTTCGAACACT

CGAGCCGAGCAGACGTGCCTACGGACCATGGAATTCCCCAGT-3’, Atto550 at 

underlined residue) and template strand of SCP-HD1 (5’-

ACTGGGGAATTCCATGGTCCGTAGGCACGTCTGCTCGGCTCGAGTGTTCGATCGCGA

CTGAGGACGAACGCGCCCCCACCCCCTTTTATAGGCGCCCTTC-3’, Atto647N at 

underlined position) and the 6-nt RNA primer (5’-AGUCGC-3’) were ordered (PAGE and 

reverse HPLC purified) from IBA Lifesciences.  SCP-HD1 was prepared by combining 

equimolar ratios of each strand in TMK buffer (10 mM Tris-pH 8.0, 100 mM KCl, 2 mM MgCl2) 

and using a thermocycler programmed with the following parameter: (1) heating to 95 °C for 3 

minutes; (2) for the temperature range TTm+5°C to TTm-5°C  (TTm+5°C is 5 °C greater than Tm, TTm-
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5°C is 5 °C less than Tm), a 10 minute incubation at each temperature (1 °C intervals); (3) 

incubation at 3 minutes at each temperature (1 °C intervals) until reaching 45 °C; and finally (4) 

the thermocycler was cooled to 4 °C (All cooling steps were set at a rate of 0.1 °C/second). 

     All components of the reconstituted human transcription system (Pol II, TBP/TFIID, 

TFIIB, TFIIF, TFIIE, TFIIH, NELF, DSIF) were provided by our collaborators at the Dylan 

Taatjes Lab (University of Colorado, Boulder).  The Taatjes lab previously established the in 

vitro reconstituted human Pol II system (92) and provided technical information on what final 

amounts of Pol II and each factor to include in the transcription reaction, by titrating each newly 

purified factor, using radioactive PAGE gel analysis, to determine the amount needed to produce 

the maximum levels of RNA product.  Dilution of TBP, TFIIB, TFIIF, Pol II, and the larger 

subunit of TFIIE (56 kDa (92)) were done in DB(100) buffer (20 mM Tris-pH 7.9, 100 mM KCl, 

1 mM dithiothreitol (DTT), 20 µg/mL BSA, 20% (v/v) glycerol).  A 2 nM stock of SCP-HD1 

and 100 µM stock of 6-nt RNA were prepared in DB(100) buffer.  Transcription reactions 

without any Pol II pre-incubation step were initiated by adding 1 µL of 2 nM SCP-HD1, 100 µM 

6 nt RNA, and HDM buffer (160 mM Hepes-pH 7.6, 64 mM MgCl2, 1 mM DTT) to 13 µLs of 

factor mix (DB(100)+components of the minimal system) (16 µLs reaction volume) and 

immediately incubated for 20 minutes at 30 °C to assemble PICs.  Reactions that included Pol II 

pre-incubation, were initiated by incubating Pol II and DB(100) (total 5 µL) at 30 °C for a given 

time before adding 8 µLs of factor mix (DB(100)+remaining components of the minimal system) 

and then 1 µL of 2 nM SCP-HD1, 100 µM 6 nt RNA, and HDM buffer before incubating for 20 

minutes at 30 °C to assemble PICs. For reactions including TFIIH, DSIF, and NELF; these 

factors were added, along with DB(100) if needed, after the incubation step for PIC assembly to 

bring the reaction volume to 19 µLs before mixing.  Then either 1 µL of DB(100) buffer (no 
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NTP control) or 1 µL of 4 mM NTP (in DB(100) buffer) was added before mixing and 

immediately transferring to a glass cover slip (Fisher Scientific, Premium Cover Glass), 

assembling a chamber and quickly starting the smFRET-ALEX measurement.  Measurements 

were done for 20 mins (532 nm and 638 nm lasers were set to 170 µW and 70 µW, respectively).              

 

In vitro Transcription Activity Assay with antisense FRET probe. 

 The SCP-13rsb, SCP-16rsb and SCP-19rsb heteroduplex DNA templates were prepared 

by hybridizing the same template strand (5’- CCGCTTTTTTTTTTTTTTTTTTTTGCACGTCT 

GCTCGGCTCGAGTGTTCGATCGCGACTGAGGACGAACGCGCCCCCACCCCCTTTTAT

AGGCGCCCTTC-3’) with the SCP-13rsb nontemplate (5’- GAAGGGCGCCTATAAAAGG 

GGGTGGGGGCGTCAAGCAGGCTTCTCGCGATCGAACACTCGAGCCGAGCAGACGTG

CAAAAAAAAAAAAAAAAAAAAGCGG-3’), SCP-16rsb nontemplate (5’- GAAGGGCG 

CCTATAAAAGGGGGTGGGGGCGTCAAGCAGGCTTCTGCCGATCGAACACTCGAGCC

GAGCAGACGTGCAAAAAAAAAAAAAAAAAAAAGCGG-3’), and SCP-19rsb nontemplate 

(5’- GAAGGGCGCCTATAAAAGGGGGTGGGGGCGTCAAGCAGGCTTCTGAGATTCGA 

ACACTCGAGCCGAGCAGACGTGCAAAAAAAAAAAAAAAAAAAAGCGG-3’).  The 

hybridization method was the same as that for SCP-HD1 (above section). 

 Transcription reactions were performed identically to that described for the with the SCP-

HD1 template (above section) until the step of either NTP or DB(100) addition.  However, an 

additional incubation, following NTP or buffer addition, was done at 30 °C for 20 mins.  

Transcription reactions were then quenched by adding 3 µLs of Stop solution (4 M GdCl, 0.67 M 

MgCl2).   1 µL of 20dT probe to a final concentration of 100 pM before incubating at rt for 20 

mins..  Solutions were then either immediately measured by smFRET-ALEX, as mentioned 
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above for SCP-HD1, or thawed in liquid nitrogen for measurement at a later time.  Freezing 

samples in liquid nitrogen did not affect FRET histogram (data not shown).  

 

In vitro Pol II pausing/pause release assay 

 The DNA template containing the LacCONS promoter and HSPA1B gene sequence to 

position +360 (downstream of TSS) was ordered from SGI-DNA, Inc.  Preparation of RNAP 

open complexes with E. coli RNAP holoenzyme (NEB, M0551S) was done as previously 

described (81).  Transcription reactions were carried out by addition of either transcription buffer 

(81) or NTPs to a final concentration of 100 µM to 0.5 nM of open complexes (calculated based 

on template DNA concentration) in a final volume of 40 µL before incubating at 37 °C for 20 

mins.  The reaction was then quenched by adding 4 µLs of 6M GdCl, followed by addition of 

either USP or DSP to 100 pM final concentration in a total of 48 µLs and incubating for 20 mins 

at rt.  smFRET-ALEX were done for 10 mins (532 nm and 638 nm lasers were set to 170 µW 

and 70 µW, respectively).    

    

smFRET setup and analysis 

 Details on the ALEX-FAMS setup used for all measurements are described in (81).  The 

FRETbursts software package was used for all analysis (93).  Analysis of dual-colored time 

stamps obtained from the ALEX-FAMS was analyzed using the same burst search algorithm and 

parameters described before (81).  The dual channel burst search to isolate the FRET only 

subpopulation was also performed as described before (81), however, the threshold for each 

channel was set to 20 instead of 25: 
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i) (𝑛𝐷𝐴 − 𝑙𝑘 ∙ 𝑛𝐷𝐷 − 𝑑𝑖𝑟 ∙ 𝑛𝐷𝐷) + 𝛾 ∙ 𝑛𝐷𝐷 ≥ 20 

ii) 𝑛𝐴𝐴 ≥ 20 

     

All FRET histograms for the transcription activity measurements are globally fitted to a sum of 

two Gaussians.  For FRET histograms of the transcription bubble conformation, the 

measurements are globally fitted to a sum of three Gaussians.  In the global model, the means 

and widths of the subpopulations are constrained to be constant as a function of time (i.e., the 

same for all datasets), whereas the amplitudes are left free to vary for each time point.   

 

Illustrations 

 All illustrations were done using Inkscape software. 
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Figure 1. Effect of ssDNA structure on FRET probe hybridization. (A) Extraction of 

hybridization efficiency from 1D-FRET histogram. Histogram data were fitted to the sum of two 

Gaussians (black solid line), a lower FRET (red dotted box) and a higher FRET (blue dotted box) 
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populations are for hybridized and unhybridized probes, respectively. The %LF or relative 

fraction of hybridized HP7 probe was computed as the ratio of the area of the low FRET 

population to the total fitted area. (B) Left: Predicted secondary structure and Tm (UNAfold 

software(94, 95) on IDT website) for ssDNA targets DNA-T1 and mut-DNA-T1.  Right: Bar 

graph showing the hybridization efficiency (%LF) of HP7 probe binding to either DNA-T1 or 

mut-DNA-T.  
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Figure 2. Effect of different salts on RP1 probe hybridization to ssDNA. (A) Bar graphs 

showing the hybridized probe fraction (%LF) of RP1 binding to  500 pM DNA-T1 at different 
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salt concentrations for (i) NaCl, (ii) KCl, (iii) MgCl2, (iv) CaCl2, (v) Guandinium Chloride 

(GdCl), and (vi) urea. (B) The hybridized probe fraction of RP1 binding to 100 pM DNA-T1 for 

GdCl, CaCl2, and GdCl+CaCl2. 
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Figure 3. Effect of MgCl2/heat denaturation on probe-target hybridization analyzed using 

EMSA. Different ah70-probes (top: ah70-probe #) were tested against ss-HSP70-80nt target (* 

indicates lanes with ss-HSP70-80nt) under different conditions: in TE50 buffer at rt (blue box), 

TE50+100 mM MgCl2 buffer at rt (green box), and TE50 buffer at 95 °C before cooling to 10 

°C (red box). Oligonucleotides were separated through a 15% TBE PAGE gel and stained using 

SYBR Gold. Arrows indicated band for ss-HSP70-80nt ssDNA (black arrow) and for ss-HSP70-

80nt hybridized to probe (magenta arrow). Band size was determined in reference to 25-bp 

Ladder from Invitrogen (DNA size in bp shown).     

 

 

 



 

74 
 

 

Figure 4. Three proposed states in initiation for labeled promoter DNA. To assess promoter 

structure during transcription initiation, DNA (SCP-HD1) containing super core (SC) promoter 

was labeled on the non-template (+4 relative to TSS, donor) and template (+7 relative to TSS, 

acceptor). Left: Schematic for the 3 proposed states of SCP-HD1 DNA: (A) relatively closed 

transcription bubble SCP-HD1 alone, (B) slightly open transcription bubble after PIC assembly, 

and (C) expanded transcription bubble following NTP addition. Right: 1D-FRET histograms 

from smFRET-ALEX measurements of different stages of initiation; histograms were fit as the 

sum of 3 Gaussians with each subpopulation (LF: lower FRET; MF: middle FRET; HF: Higher 



 

75 
 

FRET subpopulations) having a mean FRET efficiency (vertical dotted lines). E* is the 

proximity ratio.   
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Figure 5. The NTP-dependent LF (lower FRET) state (more open state of transcription bubble) 

is enhanced by TFIIH and by pre-incubating Pol II (incubating Pol II in buffer before addition of 

DNA template and other TFs). (A) To compare different transcription reactions conditions, the 

change in each subpopulation (LF, MF, HF) after NTP addition was determined with respect to 

corresponding controls lacking NTP. The relative change for each subpopulation is calculated as 

the difference in the amplitude (or area) of each subpopulation (s.p.) in the presence or absence 

of NTP. The total number of bursts and the amplitude for each subpopulation is shown in the 

upper left of each histogram. E is the proximity ratio. (B) The relative change for each 

subpopulation for transcription reactions performed under different conditions. Pol II was either 

mixed simultaneously with TFs and DNA to assemble the PIC (w/o PreInc) or it was incubated 

in buffer at 30 °C for different times (PreInc) before adding the TFs and DNA.  Inclusion of 

TFIIH to the minimal PIC resulted in the greatest shift of the histogram to the LF subpopulation.      
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Figure 6. TFIIH appears to maintain a more open promoter; DSIF appears to promote re-

annealing. Top: labeled SCP-HD1 heteroduplex DNA template (containing mismatch region 

mimicking initiation bubble) with SC promoter used.  A-D) smALEX-FRET assays. Low-FRET 

population (red line) proposed to represent distinct open state. Addition of NTPs (B) increases 

low-FRET state, and this is increased further with TFIIH (C). By contrast, DSIF markedly 

reduces low-FRET state (D). 
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Figure 7. 6-mer RNA primer enhances transcriptional activity; MF and LF subpopulations 

exhibit millisecond dynamics. (A) Relative change in LF subpopulation for different PICs (Pol II 

alone vs Pol II+TFIIA vs Pol II+TFIIB+TFIIF vs Pol II+TFIIA+TFIIB+TFIIF+TFIIE) is 

enhanced by inclusion of an RNA primer. (B) Contour plot for BVA analysis of smFRET-ALEX 

measurements of SCP-HD1 promoter DNA alone, SCP-HD1 with the Pol II minimal system 

with and without NTP, and SCP-HD1 with a minimal system that includes TFIIH in the presence 

of NTP. Triangles in the BVA plot represent calculated standard deviations of all sub-bursts 

(containing 5 photons) in the binned regions (0≤ E
*
 ≤1, 20 bins), from their mean E* in order to 

increase the statistical power of BVA (80). In addition, to focus on fluctuations from the sample 

dynamics (rather than photo-physicals of fluorophores), only binned regions, which contain 

bursts more than or equal to thresholds (5% of total number of bursts) are considered for the 

calculated standard deviations.  
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Figure 8. In vitro smFRET-ALEX activity assay schematic. Components of the Pol II minimal 

system are mixed with heteroduplex template to form PIC.  Additional factors (TFIIH, NELF, 

DSIF) are added just before NTP addition.  Transcriptional efficiency (TE%) is calculated 

according to equation. 
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Figure 9. Heteroduplex templates with super core promoter used for smFRET-ALEX activity 

assay. The SC promoter contained the following consensus elements: TATA box, the upstream 

and downstream TFIIB Recognition Element (BREu and BREd respectively), Initiator Element 

(Inr), Motif Ten Element (MTE), and Downstream Promoter Element (DPE).  The 3 

heteroduplex templates (SCP-13rsb, SCP-16rsb, SCP-19rsb) differed in the size of the internal 

sequence mismatch (13, 16, and 19 nts).  The TSS is indicated by the dashed box. Transcription 

reactions with each template done with the minimal Pol II system gave activity (Increase in 

lower FRET peak).  

 

 

 



 

86 
 

 



 

87 
 

Figure 10. Optimizing the activity of the minimal Pol II system; TFIIH enhances promoter 

escape. The transcription activity is the relative increase in the low FRET population in the 

presence of NTPs (Top: equation for calculating relative activity). (A) Different DNA template 

(SCP-19rsb) concentrations were used to optimize assay conditions. (B) 30 min incubation of Pol 

II in buffer before the addition of the remaining factors to assemble minimal system PICs (DNA, 

TBP, IIB, IIF, IIE) enhances the transcription activity for the 3 heteroduplex templates (all at 0.5 

nM final concentration) in comparison to standard protocol of simultaneous mixing of factors. 

(C) TFIIH enhanced transcription activity for all 3 heteroduplex DNAs. All reactions included a 

30 min Pol II pre-incubation. Error bars are shown for measurements done more than once (n is 

number of replicates). 
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Figure 11. Development of smFRET-based Pol II pausing/pause release assay. Top: Upstream 

probe sequence containing 4 locked nucleic acids (LNA) labeled with Atto550 donor and 

Atto647N acceptor; downstream probe sequence labeled with Atto488 donor and Atto647N 

acceptor. Middle: Schematic for DNA template used in transcription reactions with E. coli 

RNAP to generate RNA for proof-of-principle tests of pausing assay probes. Bottom: smFRET-
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ALEX data for probe alone (left panels), probe in the presence of RNAP open complex before 

(middle panels) and after NTP addition (right panels).   
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Figure 12. Studying the structural dynamics of the human Pol II transcription bubble in 

initiation. (A) Human PIC structure showing the accessible volumes (AVs) of the donor (Cy3B, 

green, position -8 on NT)  and acceptor (Atto647N, red, position +17 on T) dyes on the NT 

(marine blue) and T (black) strands of the promoter DNA. PIC components: Pol-II (grey), TBP 

(red), TFIIB (magenta), TFIIF (light green), and TFIIE (orange). (B) Dye AVs for donor (-8 NT) 

and acceptor (+17 T) shown as in (A), while some additional candidate labeling positions for 

either the donor (green spheres) or acceptor (red spheres) on the NT and T, respectively. AVs 

were generated for donor and acceptor dyes at each position on the T and NT strands, both in the 

context of PIC and for free DNA, using FRET-restrained positioning and screening software 

analysis (96). Candidate positions for labeling promoter DNA with FRET pairs of dyes, within 

the PIC footprint, were selected based on minimal spatial restriction of the PIC structure on the 

dye AVs. Figure generated using PyMOL ((26), PDB 5IY7). 
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Investigating the effect of different 5’-RNA moieties on E. coli RNA polymerase transcription 
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Introduction 

Transcription of the bacterial genome is implemented by a multi-subunit RNA 

polymerase (RNAP) enzyme.   RNA synthesis by RNAP is achieved via the nucleotide addition 

cycle, in which each iteration incorporates an incoming ribonucleoside triphosphate (NTP) (1).  

Incoming NTPs are selected based upon sequence complementarity to the DNA template. The 

370 kDa E. coli RNAP core enzyme is composed of five subunits (αI, αII, β', β, ω).  The core 

RNAP is catalytically competent for transcription elongation; however, sequence-specific 

recognition of promoter DNA requires association with a sigma (σ) factor to form a holoenzyme, 

holoRNAP (RPσ) (2).  Bacteria typically have one major σ factor (σ70 in E. coli) that drives 

expression of ‘housekeeping’ genes and varying numbers of alternative σ factors that direct 

expression of genes in response to specific environmental conditions or stress (2). 

Transcription can be divided into three major stages: initiation, elongation, and 

termination.  Initiation is the most regulated step in transcription; it begins with RPσ binding to 

promoter DNA to form the RPσ -closed promoter complex (RPC), in which the DNA situated 

above the cleft remains double stranded.  The RPC undergoes a series of conformational changes 

that unwinds ~13 bp DNA around the transcription start site, which transforms into a stable RPσ-

open promoter complex (RPO) following additional structural adjustments—mainly in 

downstream DNA(3).  Two initiating NTPs can then bind to complementary bases in the DNA 

template strand in the RPO active site.  Phosphodiester bond formation between the initial two 

NTPs leads to a transition from RPO to the initial transcribing complex (RPITC).  When the RNA 

reaches a length of ~5 nucleotides (nts), the 5’-end of the RNA clashes with the σ3.2 loop, which 

blocks the entrance to the RNA exit channel (4).  The strain induced by the clash increases as 

more NTPs are incorporated into the RNA until either the RNAP backtracks to generate a paused 
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initiation complex (5, 6) or the σ70 regions obstructing the RNA exit channel are removed—

allowing the RNA to enter the channel and the process of promoter escape to begin.  One factor 

governing the outcome of the interplay between the σ3.2 loop and RNA is the moiety at the 5’-

end of the RNA.  Canonical 5’-moietyies of the ribose carbon five include the unphosphorylated 

hydroxyl or  a mono-, di-, or triphosphate group (7).  Some non-canonical moieties were shown 

to be incorporated during transcription initiation (8).  We previously demonstrated that whether 

using dinucleotide primers containing a hydroxyl or triphosphate at the 5’-end to initiation 

transcription, RNAP pausing occurs in initiation (5).  It was even shown that a triphosphate 5’-

end enhances escape from the paused state in initiation (9).  Eventually RNAP escapes the 

promoter to form the highly processive ternary RNAP-DNA-RNA elongation complex (RPE). 

In bacteria, cyclic dinucleotides (CDN) are a ubiquitous class of signaling molecules that 

regulate many biological processes (10).  Bis-(3’-5’)-cyclic diguanylic acid (c-di-GMP) and 

3’,5’-cyclic di-adenosine monophosphate (c-di-AMP) are the most well characterized CDNs in 

bacteria and are synthesized by cyclases from GTP and ATP, respectively (10).  Hydrolysis of c-

di-GMP and c-di-AMP into their nucleoside monophosphates—GMP and AMP, respectively—is  

achieved by several different phosphodiesterases (PDE) (reviewed in (10)) in bacteria with some 

PDEs only partially hydrolyzing CDNs to form linear dinucleotides with a 5’ monophosphate 

(pNpN), which are 5′-phosphoadenylyl-(3′-5′)-guanosine (pGpG) and 5′-phosphoadenylyl-(3′-

5′)-adenosine (pApA), respectively (10, 11).  Increased levels of pGpG was shown to stimulate 

biofilm formation in bacteria (10), while pApA has been demonstrated to inhibit the activity of 

the PDE hydrolyzing c-di-AMP (12). 

 In fluorescence microscopy and spectroscopy, FRET (Förster Resonance Energy 

Transfer) is a valuable tool for distance-dependent measurements (13, 14).  FRET is the non-
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radiative transfer of energy from a fluorophore excited by a higher energy photon (donor) to an 

adjacent fluorophore (acceptor).  A major advance for smFRET (single-molecule FRET) 

technology was the development of alternating laser excitation technology (ALEX), in which the 

excitation source is continuously alternated between donor and acceptor excitation wavelengths 

using an acoustic optical modulator (15).  The smFRET-ALEX technology enables the virtual 

separation of subpopulations based on the stoichiometry of donor/acceptor fluorophore labeling 

(donor-only labeled, acceptor-only labeled, donor- and acceptor-labeled) (16). 

Using smFRET-ALEX, we investigated the effect of the RNA 5’-end on transcription 

initiation.  We demonstrate an apparent destabilization of RPO induced by pApA and pGpG 

binding, which bind to complementary bases in the +1/+2 and -1/-2 sites with respect to the 

canonical TSS.  We also demonstrate an enhancement in the entrance to the paused state for 

initiation RNAs containing a 5’-triphosphate.  

 

Results and Discussion 

Entrance kinetics into the paused-backtracked state in initiation is enhanced by RNA 5’-

triphosphate 

 We previously characterized the kinetics of RNAP that paused and backtracked in 

initiation (5).  We also demonstrated that the kinetics of promoter escape starting from a later 

initiation stage—(RPITC7) generated by adding a  5’-triphosphate (pppApA) or a 5’-hydroxyl 

(ApA) dinucleotide primer along with a subset of NTPs—was delayed in comparison to starting 

from RPITC2 (5).  To determine what effect the 5’-triphosphate has on the rate of entering into the 

paused-backtracked state, the entrance kinetics (5) was determined for RPITC2 complexes made 

by incubating either pppApA or ApA with RPO  (RPσ + LacCONS_20dA DNA template, Figure 
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1: top panel)  with.  The entrance kinetics was performed by incubating RPITC2 (pppApA) or 

RPITC2 (ApA) with a subset of NTPs—that permits a maximum RNA length of 7 nts (described 

in (5))—for different lengths of time before adding the missing NTPs.  Reactions were quenched 

after 15 minutes and the 20dT FRET probe was added to measure RNA production (5).  The 

entrance kinetics for RPITC2 containing pppApA was significantly faster than similar RPITC2 

containing ApA (Figure 2). 

 This result provides interesting insight into the effect of the negatively charged 

phosphates at the 5’-end of the RNA when clashing with the negatively charged σ3.2 loop.  

Although the steric clash between σ3.2 loop and the 5-hydroxyl of RNAs initiated from ApA is 

sufficient to induce RNA backtracking and RNAP pausing; the additional electrostatic repulsion 

between the negative phosphates and the conserved aspartic residues of the σ3.2 loop (17) 

significantly enhances RNAP pausing.  

 

Reduction in fraction of open complexes in the presence of pApA and pGpG 

While performing experiments on the effect of the 5’-end moiety on the propensity for 

entering the backtracked state in initiation, RPITC2 complexes with pApA were exhibiting a 

gradual loss in activity over time (data not shown), which was not observed for RPITC2 

complexes with pppApA or ApA.  To investigate the possible cause, we employed a previously 

used smFRET method reporting on the conformation of DNA in the region where the DNA 

strands are separated in RPO (5, 18, 19).  Two template DNAs with alternative labeling 

configurations were used (Figure 1, middle and bottom panel),  for the -5NTD-8TA_DNA 

template the nontemplate(NT) -5 and template (T) -8 position relative to TSS are labeled donor 

and acceptor, respectively; while for the -8NTD-3TA_DNA template the NT -8 and T -3 
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positions relative to TSS were labeled(Figure 1).  These templates were previously used to report 

on the transcription bubble opening (18, 19).  In the double stranded (ds) form of the labeled 

DNA, the relatively close proximity of the FRET dyes results in a population with a higher 

FRET efficiency (reported here as an uncorrected FRET efficiency or proximity ratio (E*))  from 

the donor to acceptor fluorophores (Figure 1, left 1D-FRET histogram for middle and bottom 

panel).  Upon formation of RPO and separation of the DNA in the promoter region results in a 

population with a lower FRET efficiency (Figure 1, right 1D-FRET histogram for middle and 

bottom panel).    

Comparing the smFRET-ALEX results of RPO with -8NTD-3TA_DNA template after 

incubating for 7.5 minutes with either 2.5 mM GpG (5’-OH) or 3 mM pGpG reveals a relative 

decrease in the lower FRET (RPO) population, which is more pronounced at 37 °C than room 

temperature, for pGpG (Figure 3, compare C vs D and E vs F).  No apparent effect was observed 

for GpG (Figure 3, C and D vs B).   

Similar experiments using RPO with -5NTD-8TA_DNA revealed the same effect for 3 

mM pGpG and 2 mM pApA in decreasing the lower FRET RPO population to a greater extent 37 

°C versus room temperature (Figure 4; compare B to E/ F and G/H).  To ensure the FRET dyes 

in the transcription bubble are not interfering with RNAP activity, the effect of NTP addition was 

evaluated for RPO with -5NTD-8TA_DNA (Figure 4D) and -8NTD-3TA_DNA (not shown).  

For both templates, addition of NTP resulted in a decrease in the lower FRET fraction.  To 

determine if the apparent effect is allosteric or through active site binding, we tested the effect of 

pApG on RPO stability.  Unlike, pApA and pGpG, pApG is not complementary to any sequence 

in the transcription bubble.  No significant decrease in the RPO population was observed for 

pApG (Figure 4C).   
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The effect of pApA on the fraction of RPO was also monitored over time at room 

temperature and 37 °C (Figure 5A).   The fraction of RPO at each time following pApA addition 

was normalized to the RPO fraction without pApA.  The fraction of RPO decrease by ~30% over 

30 minutes following pApA addition (Figure 5A).  Fluorescence correlation spectroscopy (FCS), 

which provides a measure of the diffusion time for fluorescent molecules diffusing through the 

laser excitation volume, of RPO incubated pApA indicates dissociation of RPO after incubation 

with pApA (Figure 5B).  Addition of pApA caused the FRET labeled DNA to diffuse as quickly 

as DNA alone control, instead of the diffusion profile of RPO. 

 

Methods 

Entrance kinetics assay 

The LacCONS_20dA T and NT strands were ordered from IDT and prepared as described in (5).  

The entrance kinetics was also performed as in (5). 

 

smFRET-ALEX assay measuring fraction of RPO with labeled DNA 

The NT and T strands for -5NTD-8TA_DNA and -8NTD-3TA were ordered (IBA life 

sciences) with PAGE and reverse HPLC purification.  -5NTD-8TA_DNA and -8NTD-3TA were 

prepared by combining equimolar ratios of each strand in TMK buffer (10 mM Tris-pH 8.0, 100 

mM KCl, 2 mM MgCl2) and using a thermocycler programmed with the following parameter: 

(1) heating to 95 °C for 3 minutes; (2) for the temperature range TTm+5°C to TTm-5°C  (TTm+5°C is 5 

°C greater than Tm, TTm-5°C is 5 °C less than Tm), a 10 minute incubation at each temperature (1 
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°C intervals); (3) incubation at 3 minutes at each temperature (1 °C intervals) until reaching 45 

°C; and finally (4) the thermocycler was cooled to 4 °C (All cooling steps were set at a rate of 

0.1 °C/second). 

Preparation of RPO is as described before in (5).  Before testing the effect of different 

dinucleotides on RPO stability, a working stock for all reagents—1 mM NTPs (GE Healthcare, 

high purity 100 mM original stock), 10 mM for pApA/pGpG/GpG/pApG—was prepared in 1X 

transcription buffer [40 mM Hepes KOH, 50 mM KCl, 10 mM MgCl2, 1 mM dithiotreitol 

(DTT), 1 mM 2-mercaptoethylamine-HCl (MEA), 100 μg/mL BSA, pH 7]. In a total volume of 

20 μLs, 100 pM of RPO (calculated based on concentration of DNA template) was incubated 

with different concentrations of pNpNs or NpNs in 1X transcription buffer for a given time at 

room temperature or 37 °C  before measuring with smFRET-ALEX.  For transcription reactions, 

NTPs were added to a final concentration of 100 μM in 20 μL total volume containing 100 pM 

of RPO before immediately incubating the reactions at 37 °C for 15 minutes.  Reactions were 

then immediately measured with smFRET-ALEX.  All smFRET-ALEX measurements and 

analysis were done as previously described (5), with the only difference being the threshold for 

performing the dual channel burst search was identical to what is described in the third chapter of 

this dissertation.    

 

FCS measurements 

All FCS measurements were performed at 25 °C using a home-built confocal microscope 

based on an Olympus IX71 with CW laser at 532nm (Melles Griot Inc., Carlsbad, CA).  The 

emitted photon stream from the labeled complexes was split by a dichroic mirror (635LP, 
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Chroma, VT) into two different color channels (one for the fluorescence from Atto550, and the 

other one for the fluorescence from Alexa647) equipped with SPADs (Perkin Elmer Inc., 

Waltham, MA, USA).  Detected fluorescence signals were sent to an ALV-6000 MultiCorr 

digital real-time correlator and then cross-correlated to eliminate the unwanted signal from singly 

labeled species and detector after-pulsing. 
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Figure 1.  Unlabeled and Labeled DNA templates used for smFRET-ALEX assays.  LacCONS 

promoter highlighted in blue.  Top: linear DNA template used for investigating effect of 5’-RNA 

dinucleotide moiety on entrance kinetics into backtracked ITC7 state.  Middle: -5NTD-8TA 

DNA template labeled at positions  -5 (donor, Cy3B, NT) and -8 (acceptor, Atto647N, T) 
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relative to TSS.  1D FRET-histogram of DNA alone and after incubating with RNAP to form 

RPO.  Bottom: -8NTD-3TA DNA template labeled at positions  -8(donor, Cy3B, NT) and -3 

(acceptor, Atto647N, T) relative to TSS.  1D FRET-histogram of DNA alone and after 

incubating with RNAP to form RPO. 
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Figure 2.  Entrance kinetics into the RNAP-paused backtracked state is enhanced for 5’-

triphosphate RNAs relative to 5’-OH RNAs.  RPITC2 (pppApA or ApA) was incubated with a 

subset of NTPs for different times before adding the missing NTP and measuring RNA after 

running transcription reactions for 15 minutes.  The fraction of hybridized 20dT at each 

incubation time was normalized to the fraction of hybridized 20dT without any NTP starvation 
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step (5).  (A) Entrance kinetics for RPITC2 with ApA.  (B) Entrance kinetics for RPITC2 with 

pppApA.    
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Figure 3.  1D-FRET histograms showing the effect of 5’-monophosphate vs 5’-hydroxyl linear 

dinucleotides on the population of open complexes (lower FRET peak) at different temperatures.  

All measurements include the -8NTD-3TA_DNA template labeled with Cy3B (NT, -8 relative to 

TSS) and Atto647N (T, -3 relative to TSS).  (A) DNA alone, (B) RPO.  (C-F) smFRET-ALEX 

measurements done after incubating RPO for 7.5 minutes with GpG (5’-OH) or  pGpG (5’-

monophosphate) at room temp. (rt) or 37 °C.   
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Figure 4.  1D-FRET histograms showing the effect of 5’-monophosphate linear dinucleotides on 

the population of open complexes (lower FRET peak) at different temperatures.  All 

measurements include the -5NTD-8TA_DNA template labeled with Cy3B (NT, -5 relative to 

TSS) and Atto647N (T, -8 relative to TSS).  (A) DNA alone, (B) RPO.  (C-H) smFRET-ALEX 

measurements done after incubating RPO with the non-complementary pNpN (pApG), NTP, and 

complementary pNpNs (pApA, pGpG).  Incubation time and temperature indicated.  
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Figure 5.  Fraction of open complexes (lower FRET pop. in Fig. 2,3) decreases over time in the 

presence of 4 mM pApA at different temperatures; pApA results in dissociation of the open 

complex. (A) Fraction of RPO (lower FRET) incubated at different times with 4 mM pApA 

before smFRET-ALEX measurement relative to RPO without any pApA.  Incubations were done 
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at room temp. (r.t., blue dashed line, filled in squares) and 37 °C (red dashed line, filled in 

circles).  Measurements done with the -8NTD-3TA_DNA template.  (B) FCS curves of -5NTD-

8TA_DNA (DNA only, red) only, RPO in the presence (blue) and absence (black) of 4mM 

pApA.  FCS curves show that after 25 minutes incubation with 4 mM pApA, diffusion profile of 

RPO becomes similar to that of DNA only.         
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Backtracked and paused transcription initiation intermediate of Escherichia coli RNA 

polymerase 
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