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cycle, and that such thermally-driven motions are rectified to the post-translocated state by the incor-
poration of the incoming NTP (Guajardo and Sousa, 1997). After extensive structural and biochemical 
investigations, it is now generally thought that multi-subunit RNAPs, including bacterial and eukaryotic 
enzymes, function through the Brownian ratchet mechanism (Komissarova and Kashlev, 1997a; Bai 
et al., 2004; Bar-Nahum et al., 2005; Brueckner and Cramer, 2008). This mechanism received further 
support from single-molecule studies, which followed the dynamics of individual transcription elongation 
complexes (TECs) (Abbondanzieri et al., 2005; Bai et al., 2007; Larson et al., 2012). Nonetheless, in 
order to explain the relationship between the elongation velocity and the external force applied 
to RNAP obtained from single-molecule experiments, the classical linear ratchet mechanism 
(Figure 1) had to be modified such that the incoming NTP must also bind to the pre-translocated 
TEC (Figure 1—figure supplement 1) (Abbondanzieri et al., 2005; Larson et al., 2012). In the 
pre-translocated TEC, the primary nucleotide binding site is occupied by the 3′-end of the nascent 
transcript. Thus, the branched Brownian ratchet scheme necessarily requires a secondary NTP binding 
site on the enzyme. However, the precise location of this secondary site and the mechanism by which the 
NTP is transferred to the primary site remain poorly defined.

Pausing is an off-pathway process that plays crucial roles in the regulation of transcription elongation 
(Landick, 2006; Nudler, 2012). In one view of the mechanisms of transcriptional pausing, RNAP first 
enters an elemental pause state (Herbert et al., 2006; Toulokhonov et al., 2007; Sydow et al., 
2009), whose structural evidence was recently presented in bacterial RNAP (Weixlbaumer et al., 
2013). However, similar evidence is lacking for eukaryotic polymerases. These elemental pauses 
can be subsequently stabilized into longer-lived pauses by the formation of a hairpin structure in the 
nascent RNA transcript or by RNAP backtracking (Artsimovitch and Landick, 2000; Herbert et al., 
2008). The backtracking process is caused by upstream movements of the polymerase, displacing 
the 3′-end of the nascent RNA away from the active site into the secondary channel of the enzyme 
(Nudler et al., 1997; Komissarova and Kashlev, 1997b). An alternative view poses that most pauses 
are attributed to backtracking, which can be described as a one-dimensional random walk of the 
enzyme along the DNA template (Galburt et al., 2007; Mejia et al., 2008; Depken et al., 2009; 

eLife digest The production of a protein inside a cell starts with a region of the DNA inside the 
cell nucleus being transcribed to form a molecule of messenger RNA. This process involves an 
enzyme called RNA polymerase that moves along the DNA, reading the bases and making a 
complementary strand of messenger RNA from molecules called nucleoside triphosphates (NTPs). 
Just as there are four different bases in DNA, there are four different natural NTPs. In addition to 
supplying the correct bases for the messenger RNA molecule, these NTPs also provide the energy 
needed to drive the transcription process.

In many species the RNA polymerase oscillates between two neighbouring positions on the 
DNA, with this back-and-forth motion–which is powered by thermal energy–being converted into 
forward movement of the enzyme along the DNA when a new NTP binds to the growing messenger 
RNA molecule. It has long been assumed that the back-and-forth motion occurs much faster than 
the overall reaction of adding one NTP to the messenger RNA. This assumption has now been 
tested by using a single-molecule assay to monitor transcription in real time.

Dangkulwanich et al. measured the elongation velocities of yeast RNA polymerase II (Pol II) on 
bare DNA and on DNA in which a nucleosome–a structure that consists of a segment of DNA 
wrapped around histone proteins–had been placed as a “road block” in front of the enzyme. 
Surprisingly, the rate of the back-and-forth motion was found to be comparable in magnitude to the 
rate for adding one molecule of NTP. Dangkulwanich et al. also measured the rates associated with 
a process called backtracking in which the polymerase moves away from the transcription site to 
“pause” the process. These measurements show that there is a delicate balance between 
elongation and pausing during transcription.

Overall, by revealing the energy landscape associated with transcription, the work of 
Dangkulwanich et al. will bring us closer to the goal of creating a molecular movie of this extremely 
important–and complex–process.
DOI: 10.7554/eLife.00971.002








