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Abstract

All aspects of DN A metabolism—including transcription, replication, and

repair—involve motor enzymesthat movealong genomic DN A. T hesepro-

cessesmust all takeplaceon chromosomesthat areoccupied by alargenum-

ber of other proteins. H owever, very little is known regarding how nucleic

acid motor proteinsmove along the crowded DN A substrates that are likely

to exist in physiological settings. T hisreview summarizesrecent progress in

understanding how DN A-binding motor proteins respond to the presence

of other proteinsthat lie in their paths. W ehighlight recent single-molecule

biophysical experimentsaimed at addressing thisquestion, with an emphasis

placed on analyzing the single-molecule, ensemble biochemical, and in vivo

data from a mechanistic perspective.
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Figure 1

DN A replication, transcription, and repair must occur simultaneously on a crowded nucleic acid substrate.

Conflicts between these molecular machines must be resolved rapidly to maintain cell viability and to avoid

genomic instability.

H elicases: motor

proteins that exhibit

N T P-driven

movement along

dsDN A or RN A,

resulting in unwinding

of duplex to generate

single-stranded nucleic

acids

N T P: nucleotide

triphosphate

Stripases: motor

proteins that can

couple N T P-driven

movement along

nucleic acids to the

displacement of bound

proteins

Replisome:

a complex

macromolecular

machine comprising

numerousprotein

components that work

together to replicate

DN A

DSB: double strand

break

dsDN A:

double-stranded DN A

ssDN A:

single-stranded DN A

potential for observation and manipulation of biochemical reactions with unprecedented spatial

and temporal resolution, thuscapturing transient intermediates that are obstructed by traditional

ensemble-averaging approaches.

In thisreview, wesummarize recent developmentsin understanding how DN A-binding motor

proteins function in crowded environments. W here possible, we focuson single-molecule studies

that have revealed new insights into protein-protein collisions on DN A, and we integrate these

results with findings that have arisen from ensemble biochemical and in vivo–based methods.

T hus, a combination of complementary bulk biochemistry, single-molecule biophysics, and in

vivo approaches is helping unravel the puzzle of how multiple DN A-metabolism activities occur

simultaneously on a crowded DN A lattice.

H ELICASES

H elicases are enzymes that hydrolyze nucleotide triphosphates (N T Ps) to translocate along a

nucleicacid track, andcatalyzetheunwindingof duplexRN A or DN A into individual singlestrands

(87). H elicases participate in nearly all aspects of nucleic acid metabolism, including ribosome

biogenesis, RN A folding, DN A replication, repair, and transcription (87, 90). T his large group of

enzymes has been organized into subfamilies based on structural, biochemical, and mechanistic

classifications (93).

Early biochemical studiesestablished that somehelicasesarecapableof unwinding duplexDN A

that is decorated with other DN A-binding proteins (46, 72). H elicases have even been found to

disrupt abiotin-streptavidin interaction, which isoneof the strongest noncovalent linkagesfound

in nature (15, 72). In fact, many enzymesthat contain canonical helicase motifsor display helicase

activity in vitro may be primarily involved in the removal of other proteins from nucleic acids in

vivo. Enzymesthat are able to remove other proteins from anucleic acid track are now frequently

referred toasstripases(82). H elicasesmayalso associatewith larger macromolecular machinessuch

as the replisome, where they act as stripases to help clear protein obstacles that would otherwise

interfere with DN A replication (see Replication, below) (10, 67).

In this section we highlight recent advances in understanding how DN A helicases respond

to protein obstacles in their path. W e highlight single-molecule studies of three enzymes that

show different behaviors when they are challenged with protein obstacles: (a) RecBCD, an

E. coli helicase/nuclease involved in DN A double-strand break (DSB) repair, pushes and evict

roadblocks as it moves along double-stranded DN A (dsDN A) (28); (b) PcrA, a monomeric heli-

casefrom Bacillusstearothermophilus, translocatesalongsingle-strandedDN A (ssDN A)anddisrupts

RecA-ssDN A nucleoprotein filaments (76); and (c) XPD, a helicase involved in nucleotide exci-

sion repair, translocates along replication protein A (RPA)-bound ssDN A without displacing the

protein obstacle (43).
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Central Dogma in Molecular Biology

Template

decodes genetic  message,

Machine

polymerizes a hetero-polymer using another hetero-polymer template.

A motor that moves along hetero-polymer track,
Product



750 VOLUME 17 NUMBER 6 JUNE 2010 NATURE STRUCTURAL & M O LECULAR BIO LO GY

A RTI C LES

a factor of 2–3 compared with that from a single RNAP alone. This 

is consistent with at least partial eviction of histones by the leading 

RNAP as evidenced by the lack of pausing sites after RNAP moves 

beyond the dyad region of interactions (Fig. 2).

DISCUSSION

This work provides a coherent picture of transcription through a 

nucleosome (Fig. 6c–g). As an RNAP encounters a nucleosome bar-

rier, it must sequentially overcome the histone-DNA interactions 

within the nucleosome. The locations and strengths of these inter-

actions dictate the pausing pattern of the RNAP, yielding pausing 

behaviors that are characteristic of these interactions. Pauses occur 

approximately every 10 bp (when RNAP encounters DNA minor-

groove interactions with the core histone surface), with the strongest 

pausing at around −60 bp before the dyad (upon encountering the first 

off-dyad region of strong interactions) and at around −30 bp before 

the dyad (upon encountering the dyad region of strong interactions), 

but no pausing occurs once the leading edge of the RNAP passes the 

dyad region (possibly due to histone dissociation). At each pause site, 

before reaching the dyad region, RNAP may backtrack to a variable 

distance, and the mean backtracking distance is ~10–15 bp. Such a 

large backtracking distance makes it difficult for RNAP to resume 

active elongation. Thus, any mechanism that would reduce backtrack-

ing should facilitate the escape of RNAP from a nucleosome-induced 

backtracking pause. A trailing RNAP, which initiates from the same 

or a different promoter, may then catch up with a leading RNAP and 

interact with it to facilitate its exit from the backtracked state and its 

entry into productive elongation. Once the leading RNAP overcomes 

the dyad region of interactions, it may then proceed forward with little 

resistance. The current work used E. coli RNAP, but many findings 

here may also be more generally applicable to Pol II.

First, we showed that E. coli RNAP has a characteristic 10-bp perio-

dic pausing pattern when encountering the promoter-proximal half of 

the nucleosome. Such periodicity has not been explicitly reported for 

Pol II or E. coli RNAP, and the apparent lack of reported periodicity 

may be due to nucleosome positioning heterogeneity. The 5S rRNA 

NPE generates several major and minor nucleosome positions40, 

and in previous studies where it was used4–6, nucleosome-specific 

pauses might have been masked by multiple sequence-specific pause 

sites enhanced by the presence of the nucleosome. The 601 and 603 

NPEs can position a nucleosome more uniquely, but the positioning 

accuracy may still be influenced by the length of the DNA template 

used and the position of a nucleosome relative to the DNA ends7,8. 

Nonetheless, there have been hints of the presence of a 10-bp paus-

ing periodicity of Pol II from previous studies that used 601 and 603 

NPEs7,8. Also, the 10-bp pausing periodicity was observed for Pol III3 

but was interpreted as a restricted rotation of Pol III due to DNA loop 

formation. Our work offers an alternative and much simpler explana-

tion. Despite the evidence discussed above, we cannot fully exclude 

the possibility that the lack of strong 10-bp pausing periodicity  

during Pol II transversal of a nucleosome could be due to a difference 

between bacterial and eukaryotic RNA polymerases.

Second, we found that the strongest pause sites occurred at around 

−60 bp and −30 bp before the dyad. Essentially identical pausing 

regions were identified for Pol II, albeit with a lack of distinct (or with 

less pronounced) periodicity6–8. This again suggests a high degree of 

similarity in the nature of the nucleosome barrier encountered by E. coli  

RNAP and Pol II, as has been previously reported5.

Third, we have provided direct evidence for E. coli RNAP back-

tracking upon encountering a nucleosome barrier. We have further 

shown that the mean backtracking distance is ~10–15 bp and that 

RNase T1 can facilitate transcription through a nucleosome. These 

findings are consistent with previous work that showed cleavage sen-

sitivity of transcripts to transcription factor IIS for Pol II6. However, 

the current work has provided a more direct method to quantitatively 

determine the extent of backtracking.

The nucleosome barrier encourages the RNAP to backtrack exten-

sively, and the backtracked state may be further stabilized or ‘trapped’ 

Figure 6 Transcription efficiency comparison 

and cartoon illustrating the mechanism of 

transcription through nucleosomal DNA. 

(a) Transcription runoff efficiencies versus 

transcription time. A runoff efficiency was 

represented by the percentage of DNA template 

that showed an absence of RNAP during  

DNA-unzipping experiments; error bars, s.e.m. 

Smooth curves passing through the data points 

for each transcription condition were drawn for 

ease of comparison (not fits). Naked DNA runoff 

efficiency (black) was obtained from PAGE  

gel analysis and is shown for comparison.  

(b) Bar plot of relative transcription rates 

through nucleosomal DNA. The rate of a single 

RNAP transcribing through a nucleosomal 

template is used as a reference. The initial rates 

were estimated from the slopes of linear fits  

to the near-zero transcription times ( 1 min).  

Note that because the trailing promoter is  

about 162 bp upstream of the leading promoter,  

a 10-s time delay was taken into account for the 

trailing RNAP transcription rate calculation.  

The 50% runoff rates were the reciprocal of the  

time to achieve 50% runoff. (c–g) Cartoon 

illustrations of the mechanism of transcription 

through a nucleosome. As an RNAP approaches a nucleosome (c), it encounters histone-DNA interactions in a nucleosome which induce RNAP pausing 

(d) and likely backtracking (e). The arrival of a trailing RNAP (f) exerts an assisting force on the leading RNAP, rescuing the leading RNAP from its 

backtracked state. The two RNAPs, working synergistically, eventually evict downstream histones, resulting in the removal of the nucleosomal barrier 

and the resumption of efficient transcription (g). Regions of strong histone-DNA interactions in the nucleosomal DNA are indicated in red and pink.
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Jin et al. Nat. Struct. Mol. Biol. 
17, 645 (2010)

Beneficial effects of Traffic Congestion

Following RNAP can push the leading stalled RNAP 
assisting it in dislodging the nucleosome proteins thereby 
resuming Transcription.



the lack of genetic manipulation that is required for this 

approach make ribosome profiling highly adaptable to 

cells or tissues from essentially any organism, with mod-

est modifications. Organisms that have been investigated 

thus far by ribosome profiling include a variety of bacte-

ria, yeast, parasitic protozoa, zebrafish, flies, nematodes, 

mice, rats, plants, viruses and human cells7,10–12,19,23–30. 

Even mitochondrial translation within human cells has 

been effectively assayed by this method31, and a similar 

approach has been applied to chloroplasts in plant cells32. 

Many of these data sets have been compiled and made 

readily accessible for data mining and comparison33.

Nature Reviews | Molecular Cell Biology
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Figure 2 | Qualitative and quantitative data provided by ribosome profiling. a | A diverse sample pool of mRNAs, 

distinguished by colour, is shown, together with a corresponding representative genome browser plot of ribosome profiling 

data derived from this pool. Note that ribosome profiling facilitates experimental determination of translated regions, 

including short open reading frames (sORFs), which may be an important newly identified source of cellular peptides, and 

upstream ORFs (uORFs), which are thought to be largely regulatory. Pausing during translation elongation may result in 

peaks in ribosome footprint reads within ORFs. b | Overlaid gene annotations and mRNA sequencing (mRNA-seq) data for 

the examples in part a are shown. c | The graphs show examples of quantitative data derived from parts a and b. Note that 

transcript abundances may not correlate closely with the instantaneous protein synthesis rates. The collection of 

quantitative data for both transcript abundances and protein synthesis rates enables the relative translation efficiencies to 

be inferred. These can vary over several orders of magnitude within a given organism in a given state. The translation 

efficiency can also change over time for a given mRNA, reflecting dynamic regulation at the level of translation.
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Polysome: Ribosome Traffic on a single mRNA
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Fig. 1 (Color figure online) Pictorial depiction of the elongation cycle in the SC model (see the text for

details)

ribosome with respect to the small subunit and simultaneous reversible transitions of

thetRNAsbetween theso-called classical and hybrid states. Thesecond, and thefinal,

step of translocation, driven by hydrolysis of another molecule of GTPby EF-G com-

pletes the cycle irreversibly. More detailed stochastic models of mechano-chemical

kinetics of each elongation cyclehavebeen developed [see, for example, Xie(2013a),

Kinz-Thompson et al. (2015)]. However, in order to capture some other aspects of

translational kinetics, we describe the kinetics of elongation cycle by the simpler SC

model. Nevertheless, thestrategy of modeling followed herecan beimplemented also

using the more detailed descriptions as the basic models of elongation cycle.

TheSC model wasused further to account for thestochastic alternating pause-and-

translocation kinetics of a single ribosome (Sharma and Chowdhury 2011a) as well

as for analyzing collective spatio-temporal organization of ribosomes in a polysome

(Sharma and Chowdhury 2011b). Because of the extreme simplicity of the SC model

model, noclear distinction could bemade, in termsof different rateconstants, between

processes involving near-cognate and non-cognate tRNAs. More importantly, the SC

model captured the possibility of mis-sense error arising from only mis-reading of

thecodons; it wasnot possible to incorporate thecontributions from both mis-reading

and mis-charging errors explicitly. The non-trivial extension of the SC model that

we present here does not suffer from any of the above-mentioned limitations of the

original SC model.

Webeginformulationof themodel withthefour alternativeelongationcyclesshown

in Fig.2 which correspond to thefour different mutually exclusivepathwaysthat open

up with the arrival of (a) correctly charged cognate tRNA, (b) incorrectly charged

cognate tRNA, (c) correctly charged near-cognate tRNA, and (d) correctly charged

non-cognatetRNA. Notethat eachof thesecyclesisformally identical to theonly cycle

that appeared in theoriginal SC model. However, by opening up thepossibility of four

123
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The discrete mechano-chemical states of the machine form the vertices of 

a network (graph) while the directed edges denote the allowed transitions.

Machine operation, i.e., its stochastic kinetics, is modeled as a Markov 

process in a heat bath at a constant temperature and it is formulated in 

terms of master equations.

Sharma and Chowdhury, 
Phys. Biol. (2011)

Dutta and Chowdhury, 
Bull. Math. Biol. (2017)



A. A. Markov

dPn(t)/dt = ∑m Pm(t) W(m → n)  - ∑m’ Pn(t) W(n → m’)

GAIN terms Loss terms

Master equation: general form for “States and Rates”

Pn(t) = Probability of finding the “particle” in the discrete state n  at time t.

W(n → m) = Probability of transition n →m per unit time 

(“rate constant”).  

Markov Process: 
Frog in a Lily Pond
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GSI: Classically- configured tRNA, 
Non-rotated s.u., 
Open L1 stalk

GSII:  Hybrid- configured tRNA, 
Non-rotated s.u., 
Closed L1 stalk

Fluctuating kinetics of PRE until 
EF-G-catalyzed Translocation



The selective expansion and collapse of individual sections of 
translation into more or less fine>grained reaction systems has become 
a convenient strategy to consider as much detail as is required for any 
particular analysis, without incurring unnecessary computational cost 
by modelling everything in detail. This approach has also been 
extended to include or exclude additional reactions, such as mRNA 
transcription and decay [41], ribosome>induced peptidyl>tRNA 
hydrolysis in response to translational errors (“ribosome editing”, 
[64]), ribosomal slow>down at mRNA secondary structures [61], and 
aminoacyl>tRNA synthesis [69]. 

 
Results from modelling studies and their impact on 
experimentalists 
 

Throughout all of the studies cited above, the aims of 
computational and mathematical biologists have remained remarkably 
constant and centred around two important themes. 

To aid in the interpretation of experimental data. The very first 
modelling studies were conducted with the stated aim of exploring the 
relationship between polysome profiles and translational rate 
constants, because it was realised that the relationship between the 
two was complex, but that the establishment of any defined 
relationships between the two would be a useful tool for 
experimentalists. 

To investigate rate>limitations in the process of translation. Since 
the first studies on protein synthesis, the search for “the rate>limiting 
step” of translation was an important problem that attracted interest 
from theoreticians and experimentalists alike. Although recent results 
indicate that the control of translation is highly distributed and the 
idea of a single rate>limiting step is thus likely to be an 
oversimplification [57,70], discussions on the role of individual 
translation factors as rate>limiting or not rate>limiting constitute an 
important part of the literature on translation [71>77]. 

Among the most successful findings from modelling studies, at 
least as judged by the numbers of citations received, was Lodish’s 
prediction that message>specific translational control could be exerted 
by canonical translation factors [18]. It probably helped the success of 
this study that the author provided experimental evidence for the 
correctness of his model>derived predictions in the same paper as the 
model. Another study by Rapoport et al [23] analysed signal 
recognition particle (SRP)>mediated pausing during the translation of 
secreted proteins. The principal findings from this study were that 
SRPs arrest ribosomes individually (rather than arresting an entire 
polysome at a time), and that the translational arrest would only have 
functional consequences under conditions of strongly limiting SRP 
abundance. These findings were later confirmed experimentally, and 
remain widely cited. 

Initial modelling studies focussed in particular on the question 
whether initiation or elongation activity limited protein production 
rates. For individual mRNAs and physiological ratios of initiation to 
elongation rates, initiation appeared clearly limiting [16]. This view 
was strongly taken up by the experimental community, and many 
recent papers still contain general statements referring to translation 
initiation as the rate limiting step of translation. However, later 
modelling studies clearly showed that relatively small changes to 
models can transfer control from initiation to elongation and/ or 
termination [19]. 

A parameter that is particularly important in this context is the 
availability of free ribosomes. Formal control analyses showed that as 
the levels of available (non>translating) ribosomes approach zero, 
control over cell>wide translational activity is quantitatively 
transferred from initiation to elongation [19]. This is because under 

ribosome>limiting conditions, initiation events cannot occur unless 
translating ribosomes finish synthesizing the last protein and become 
available for initiation on the next message. Under such conditions, 
faster or slower average translation elongation rates can significantly 
control rates of subsequent initiation events. 

It is interesting to note that all current computational models 
envisage that a ribosome which has finished translating an mRNA 
exchanges with the cytoplasmic ribosomal pool, and selection of the 
next mRNA to be translated by that ribosome occurs in a strictly 
stochastic manner. However, recent experimental results show that 
eukaryotic ribosomes may translate mRNAs in multiple cycles before 
entering the free ribosome pool [78]. This would affect the control of 
translation profoundly, and compared with single>cycle models, it 
could transfer significant levels of control to the elongation stage. 

At what level of ribosome depletion control is transferred to 
elongation depends in complex ways on the codon composition of the 
genome. The average speed of translation is not only a function of the 
numbers of slow codons in a message, but also of their distribution 
[45,79]. A particular role is played by the first codons following the 
start codon, which need to be translated in order to physically liberate 
the start codon for the next initiation event. Slowly decoded codons 
within the first ten codons of an ORF can significantly modulate 
translation initiation rates via this mechanism [62]. 
 

 
 
 
 
 
 
 
 
 

A particular take on the question of protein synthesis limitations 
is provided by the TASEP>based approaches. Since the earliest studies 
by MacDonald and Gibbs, it was predicted that different 
combinations of initiation, elongation and termination rates result in 
distinct phases of ribosome densities and protein synthesis rates on an 
mRNA template [16]. Typically, low initiation rates result in low 
ribosome densities (LD phase), whereas low termination rates result 
in high ribosome densities (HD phase). High initiation and 
termination rates compared to elongation rates result in intermediate 
ribosome densities (MC phase), but this last phase carries the highest 
protein synthetic capacity. Importantly, the transition between the 
three phases is predicted to be not gradual but relatively sharp (Figure 
4), and the exact location of the phase boundaries for an individual 

Figure' 4.' The' relationship' between' ribosome' density' and' protein'
synthesis,!as!predicted!by!TASEP!models.!The!left!panel!shows!ribosome!

densities! as! a! function! of! different! ratios! of! I,$ E! and! T! (initiation,!
elongation! and! termination! rates)! under! the! standard! TASEP!
assumptions!of!a!uniform!elongation! rate!and!of!unlimited! ribosome!
supply.!The!right!panel!shows!the!corresponding!protein!synthesis!rates.!
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The selective expansion and collapse of individual sections of 
translation into more or less fine>grained reaction systems has become 
a convenient strategy to consider as much detail as is required for any 
particular analysis, without incurring unnecessary computational cost 
by modelling everything in detail. This approach has also been 
extended to include or exclude additional reactions, such as mRNA 
transcription and decay [41], ribosome>induced peptidyl>tRNA 
hydrolysis in response to translational errors (“ribosome editing”, 
[64]), ribosomal slow>down at mRNA secondary structures [61], and 
aminoacyl>tRNA synthesis [69]. 

 
Results from modelling studies and their impact on 
experimentalists 
 

Throughout all of the studies cited above, the aims of 
computational and mathematical biologists have remained remarkably 
constant and centred around two important themes. 

To aid in the interpretation of experimental data. The very first 
modelling studies were conducted with the stated aim of exploring the 
relationship between polysome profiles and translational rate 
constants, because it was realised that the relationship between the 
two was complex, but that the establishment of any defined 
relationships between the two would be a useful tool for 
experimentalists. 

To investigate rate>limitations in the process of translation. Since 
the first studies on protein synthesis, the search for “the rate>limiting 
step” of translation was an important problem that attracted interest 
from theoreticians and experimentalists alike. Although recent results 
indicate that the control of translation is highly distributed and the 
idea of a single rate>limiting step is thus likely to be an 
oversimplification [57,70], discussions on the role of individual 
translation factors as rate>limiting or not rate>limiting constitute an 
important part of the literature on translation [71>77]. 

Among the most successful findings from modelling studies, at 
least as judged by the numbers of citations received, was Lodish’s 
prediction that message>specific translational control could be exerted 
by canonical translation factors [18]. It probably helped the success of 
this study that the author provided experimental evidence for the 
correctness of his model>derived predictions in the same paper as the 
model. Another study by Rapoport et al [23] analysed signal 
recognition particle (SRP)>mediated pausing during the translation of 
secreted proteins. The principal findings from this study were that 
SRPs arrest ribosomes individually (rather than arresting an entire 
polysome at a time), and that the translational arrest would only have 
functional consequences under conditions of strongly limiting SRP 
abundance. These findings were later confirmed experimentally, and 
remain widely cited. 

Initial modelling studies focussed in particular on the question 
whether initiation or elongation activity limited protein production 
rates. For individual mRNAs and physiological ratios of initiation to 
elongation rates, initiation appeared clearly limiting [16]. This view 
was strongly taken up by the experimental community, and many 
recent papers still contain general statements referring to translation 
initiation as the rate limiting step of translation. However, later 
modelling studies clearly showed that relatively small changes to 
models can transfer control from initiation to elongation and/ or 
termination [19]. 

A parameter that is particularly important in this context is the 
availability of free ribosomes. Formal control analyses showed that as 
the levels of available (non>translating) ribosomes approach zero, 
control over cell>wide translational activity is quantitatively 
transferred from initiation to elongation [19]. This is because under 

ribosome>limiting conditions, initiation events cannot occur unless 
translating ribosomes finish synthesizing the last protein and become 
available for initiation on the next message. Under such conditions, 
faster or slower average translation elongation rates can significantly 
control rates of subsequent initiation events. 

It is interesting to note that all current computational models 
envisage that a ribosome which has finished translating an mRNA 
exchanges with the cytoplasmic ribosomal pool, and selection of the 
next mRNA to be translated by that ribosome occurs in a strictly 
stochastic manner. However, recent experimental results show that 
eukaryotic ribosomes may translate mRNAs in multiple cycles before 
entering the free ribosome pool [78]. This would affect the control of 
translation profoundly, and compared with single>cycle models, it 
could transfer significant levels of control to the elongation stage. 

At what level of ribosome depletion control is transferred to 
elongation depends in complex ways on the codon composition of the 
genome. The average speed of translation is not only a function of the 
numbers of slow codons in a message, but also of their distribution 
[45,79]. A particular role is played by the first codons following the 
start codon, which need to be translated in order to physically liberate 
the start codon for the next initiation event. Slowly decoded codons 
within the first ten codons of an ORF can significantly modulate 
translation initiation rates via this mechanism [62]. 
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Ribosome Traffic on a single MRNA

A Driven Markov Process that 
reaches NON-Eq Steady State 
(NESS).



Spatio-temporal organization of Ribosomes on mRNA track 

during Translation: 

effects of mechano-chemical cycles of individual Ribosomes 

on Polysomes
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Regulation of Ribosome Traffic on mRNA template and 

Control of Unconventional Translation: 

Consequences of Programmed Error and Recoding



Next we explore the regulatory roles of the 
secondary structures of mRNA on Ribosome Traffic

“Unlike DNA, which universally adopts a double helical conformation, RNA has 

extensive intramolecular interactions that cause it to fold into an array of 

complex structures. RNA structure is highly dynamic and is governed by 

factors such as temperature, cellular energy state, ……. RNA structures 
enable a myriad of functions, which include encoding genetic information…..”

Lewis et al., Nat. Rev. Mol. Cell Biol. (2017).



Nature, 413, 115 (2001)

“Nature does not exhaust itself for the sake of 
fidelity and perfectionism. Rather, errors are 
made, often repaired or discarded, but always 
tested as the source of blind innovation during 
the continuous adaptation to unpredictable 

environmental changes and challenges.”

For polymerase motors, 
accuracy is as important, 
if not more, as the speed. 



Atkins & Baranov, Nature 503, 478 (2013)
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NO need for START

Skip STOP

“Programmed” Errors: Unconventional Translation From: Nature Education

Dinman et al. 
TIBSTECH (1998)
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Non-canonical Elongation: Frameshifting

HIV

Dinman et al.TIBSTECH (1998)
Slip of grip of a molecular motor on a crowded track etc.

Fig. 2: (Color online) A schemat ic depict ion of themodel where

a secondary st ructure of the mRNA (a cartoon of a pseudo-

knot ) is shown. The mapping of the tortuous contour of the

mRNA template onto a linear (one-dimensionl) chain is shown

explicit ly. Each sit e of t he chain represents a single nucleot ide.

The first seven sit es of the segment I I form a “ slippery” se-

quence while the next 2–3 nucleot ides would correspond to the

spacer region whereas the remaining part of the segment I I re-

mains folded in the pseudoknot . From the specific site L 1 + 1

programmed − 1 frameshift can take place. The segments I

and I I I are the segments of the mRNA that are located before

and after, respect ively, of the pseudoknot .

to test some of the new predict ions made in this paper on

the basis of our theoret ical calculat ions.

M odel . – In our model mRNA is t reated as a linear

chain (also called a lat t ice) of sites, each of which rep-

resents a single nucleot ide. Each nucleot ide is ident ified

with an integer index j . The total length of the chain is

L + ℓ − 1, in the units of nucleot ide length, although only

the segment start ing from j = 1 to j = L gets t ranslated

by the ribosomes. A specific site S on this chain denotes

the second nucleot ide of the slippery sequence [6]. A ri-

bosome is modelled as a rigid rod of length ℓ also in the

units of nucleot ide length, i.e., each ribosome can cover

simultaneously ℓ successive nucleot ides on its mRNA tem-

plate. According to the convent ion followed consistent ly

throughout this paper, the instantaneous posit ion of a ri-

bosome on the mRNA template is denoted by the integer

index that labels the leftmost site covered by the ribo-

some at that instant of t ime. We make a clear dist inct ion

between the terms occupied and covered: A site j is oc-

cupied by a ribosome, i.e., its instantaneous posit ion is

j , if the ribosome is decoding the triplet of nucleot ides

j , j + 1, j + 2, while all the sites j , j + 1, . . . , j + ℓ − 1

remain covered by it simultaneously at that instant .

In this generic model developed here for ribosomal

frameshift the lat t ice is divided into three segments. The

segment I is ranging from site 1 to site L 1 − 1 (1 ≤ j ≤

L 1 − 1), segment I I from site L 1 to site L 2 (L 1 ≤ j ≤ L 2)

and segment I I I from site L 2 + 1 to site L + ℓ − 1 (L 2 + 1 ≤

j ≤ L + ℓ − 1) (see fig. 2). The segment I I represents

the stretch of the mRNA template that is folded in the

form of the pseudoknot . All the numerical data presented

here have been obtained with the choice L 1 = 399 and

L 2 = 450. Inside segment I I seven nucleot ides, from site

j = L 1 to j = L 1 + 6 represent a slippery sequence whose

second site (i.e., j = L 1 + 1) is the special site from where

the ribosomal frameshift is assumed to take place. The

next 2–3 nucleot ides would correspond to the spacer re-

gion between the slippery sequence and the pseudoknot

while the remaining nucleot ides of segment I I form the

pseudoknot . The choice of the numerical value 41 nu-

cleot ide for the length of the mRNA in the pseudoknot is

only a typical one that lies between est imated lengths of

the smallest and largest pseudoknots [9].

Translat ion init iat ion is captured in this model as fol-

lows: If the first ℓ sites of the lat t ice areempty, a ribosome

can occupy the posit ion j = 1 (and, thus, cover the sites

1, 2, . . . , ℓ ). This event occurs with a rate (i.e., probabil-

ity per t ime unit ) α. Similarly, terminat ion of t ranslat ion

is described as the detachment of the ribosome from the

lat t ice when its posit ion is L , i.e., it covers the last ℓ sites

of the lat t ice that are labelled by L , L + 1, . . . , L + ℓ − 1;

the rate of this event is β.

During the elongat ion stage a ribosome moves forward

by three nucleot ides upon successful complet ion of each

elongat ion cycle. However, at the site S, which represents

the second nucleot ide of the slippery sequence, a ribosome

can slip backward on its t rack by one singlenucleot ide; the

rate of this − 1 frameshift event , that we define below, is

normally much less than unity. So far as the terminat ion

of t ranslat ion by a frameshifted ribosome is concerned, we

assume, for the sake of simplicity, that the ribosome de-

taches from the lat t ice when its posit ion is L − 1, i.e.,

it covers the sites L − 1, L , . . . , L + ℓ − 2. Thus, in this

model the full length of a protein synthesized using the

non-shifted frame and that of a fusion protein would con-

sist of the same number of amino acids.

In this scenario the overall rate of t ranslat ion of each

codon in the original (unshifted) frame is captured by an

“ effect ive rate” W of “ hopping” of a ribosome by three

steps in the forward direct ion, i.e., from posit ion j to

j + 3. In principle, the effect ive rate W can be expressed

in terms of the actual rates of the individual t ransit ions

among the five dist inct mechano-chemical states in the

elongat ion stage (for details please see the supplementary

informat ion given in ref. [29]).

Next we assume that the effect ive hopping rate W in

the pseudoknot segment I I gets reduced exponent ially to

the value Ws , i.e.,

Ws / W = γ = exp(− b ∆ G̃), (1)

where − ∆ G̃ is a dimensionless parameter. This choice

is mot ivated by the plausible ident ificat ion ∆ G̃ =

(∆ G)/ (kB T) where ∆ G is the free energy barrier against

forward movement of the ribosome by a single nucleot ide

within the pseudoknot region. Since a typical pseudoknot

68005-p3
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Abstract – The correction of errors 
during transcription involves the 
diffusive backward translocation 
(backtracking) of RNA polymerases 
(RNAPs) on the DNA. A trailing 
RNAP on the same template can 
interfere with backtracking as it 
progressively restricts the space 
that is available for backward 
translocation and thereby ratchets 
the backtracked RNAP forward. We 
analyze the resulting negative 
impact on proofreading 
theoretically using a driven lattice 
gas model of transcription under 
conditions of dense RNAP traffic.
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Internal Ribosome Entry Site (IRES): 
An Unconventional mode of Translation

Non-canonical Initiation: IRES
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Translational Interference?
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Riboswitches

Regulatory elements within an 

mRNA that directly affect gene 

expression through specific 

binding of a ligand which 

induces structural alterations.

Aptamer

An oligonucleotide that 

specifically binds a target 

molecule. RNA-based 

aptamers form the 

ligand-binding domains of 

riboswitches.

Shine–Dalgarno sequence

The primary ribosome-binding 

site of bacterial mRNAs, 

located 6–10 nucleotides 

upstream of the AUG start 

codon, in the 5  ʹuntranslated 

region. It is complementary  

to the 3  ʹend of the 16S 

ribosomal RNA of the 30S 

ribosome. The Escherichia coli 

consensus sequence is 

AGGAGG.

tRNAfMet

The initiating tRNA, charged 

with a methionine that has the 

amino terminus blocked by a 

formyl group, thus defining the 

start and synthesis direction of 

the nascent polypeptide chain.

syn–anti base pairing

Non-Watson–Crick base 

pairing, in which one base is 

rotated from the typical anti 

position (relative to the ribose 

ring) to a syn position.

the 1 °C scale12. For several RNATs that detect heat shock, 

it has been shown that the biological response correlates 

with the severity of the heat shock12,13.

In some respects, RNATs resemble metabolite- 

sensing riboswitches14,15, whereas in others they are clearly 

different. Both types of regulatory device comprise com-

plex RNA structures that undergo a conformational 

change when a particular chemical or physical signal 

is present. Typical RNATs control translation initiation 

by forming a secondary structure that traps the RBS; an 

increase in temperature destabilizes the structure, liber-

ates the RBS and permits formation of the translation 

initiation complex11. Biochemical evidence suggests that 

RNATs act in an RNA-only manner, without the aid of 

additional factors. A hallmark of the ‘gradual melting’ 

principle is the zipper-like opening along a temperature 

gradient13,16. However, a zipper-like mechanism is clearly 

not compatible with responses that activate gene expres-

sion at low temperatures (which elicit the formation of 

stable RNA structures)17. In these cases, other mecha-

nisms, more similar to those found in riboswitches, must 

operate (FIG. 1).

In this Review, we describe the zipper-like and 

switch-like RNATs that control a variety of biological 

functions in bacteria, and introduce several principles 

that provide the molecular basis for precise temperature 

measurement by these thermosensors. We also discuss 

the physiological importance of bidirectional thermo-

sensors (which act as OFF–ON–OFF regulators) and the 

biotechnological potential of synthetic RNATs.

Common RNATs: principles of molecular zippers

In contrast to riboswitches, which are characterized by 

a fairly conserved metabolite-binding aptamer domain, 

RNATs have little, if any, sequence conservation and are 

difficult to predict from genome sequences. Moreover, 

the mechanisms by which RNATs precisely register 

changes in a narrow temperature window are largely 

unknown. Therefore, the bioinformatic prediction and 

rational design of functional RNATs has remained a 

major challenge18–21. An overview of experimentally tested 

RNATs is given in Supplementary information S1 (table). 

To illustrate general principles for these sequences, 

below we discuss three classes of RNATs for which the 

molecular details of the zipper-like action are known at 

base pair resolution (FIG. 2).

ROSE elements. The most common class of RNAT is the 

ROSE (repression of heat shock gene expression) fam-

ily. Shortly after their discovery in rhizobia22,23, ROSE 

elements were found in numerous alphaproteobacteria 

and gammaproteobacteria24. All known ROSE elements 

control the expression of small heat shock genes, such as 

the E. coli inclusion body-binding protein A gene (ibpA; 

see below).

With a length ranging from 60 to >100 nucleotides, 

ROSE-type structures are composed of two, three or 

four individual hairpins. The 5 -ʹmost hairpins remain 

stable under heat shock conditions25, but the 3 -ʹmost 

hairpin that pairs with the Shine–Dalgarno sequence 

(SD sequence) is only stable at low temperatures26. 

Temperature-induced local melting in this hairpin 

exposes the SD sequence, facilitating ribosome binding. 

The other hairpins probably ensure proper folding of the 

labile hairpin during transcription22,26. With its gradual 

response to temperature alterations in vivo and in vitro26, 

the ROSE element acts like a typical zipper. Although the 

SD region is occluded at 30 °C, partial melting occurs 

at 37 °C, leading to low levels of translation, whereas 

an increase to 42 °C facilitates the mRNA–ribosome 

interaction owing to full liberation of the SD and AUG 

start codon, granting better access of the initiator tRNA, 

tRNAfMet, to the A site of the 30S ribosomal subunit16,22.

All ROSE thermometers contain a conserved short 

stretch of nucleotides — U(U/C)GCU — in close vicin-

ity to the SD sequence. The central residue (G83) in this 

motif of ROSE1 (the founding member of the ROSE fam-

ily, found upstream of the Bradyrhizobium japonicum 

heat shock protein A gene (hspA); FIG. 2a) was initially 

predicted to exist as a bulge opposite the SD sequence26 

(as in the ibpA prediction shown in FIG. 3a). Circular 

dichroism melting experiments showed that the melt-

ing temperature of the RNA increases by almost 10 °C in 

the absence of G83 (REF. 26). NMR spectroscopy revealed 

that G83 is not bulged and exposed, but engaged in  

syn–anti base pairing with G94 (in the SD region)16. 

At least four features are crucial for the temperature- 

sensing and zipper function of ROSE elements (FIG. 2a): 

the non-canonical G83∙G94 pair; a region containing 

a triple base pair, in which U96 donates one hydrogen 

bond each to C80 and U81, interrupting the regular base 

stacking in the helical structure and serving as the ori-

gin for zipper-like melting; another non-canonical base 

pair (U79∙U97) that is involved in the initial melting pro-

cess; and a weak pairing that occurs between the AUG 

start codon and the opposing C71–G72–U73 triplet 

Figure 1 | RNA zippers and RNA switches. a   i er li e 

RNA thermometer (RNAT) is in equilibrium between  

closed and open conformations. It gradually melts as  

the temperature increases, and adopts the structured 

conformation when returned to lower temperatures.  

b  contrast  t e s itc  mode consists o  t o m t all  

exclusive structures that depend on the ambient temperature.

REVIEWS

256 | APRIL 2012 | VOLUM E 10  www.nature.com/reviews/micro

© 2012 Macmillan Publishers Limited. All rights reserved

Kortmann and Narberhaus, Nat. Rev. Microbiol. 10, 255 (2012)

Bacterial RNA thermometers



Spatio-temporal organization of RNAP motors on DNA track 

during Transcription: 

effects of mechano-chemical cycles of individual RNAPs 
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Theoretical model of RNAP and RNA synthesis

Transcription-elongation complex (TEC) 

= RNAP + DNA template 

+ mRNA transcript

Mechano-chemistry of each RNAP 

+ Steric interactions



Regulation of RNAP Traffic on DNA template strand

with overlapping genes: 

Consequences of Transcriptional Interference



Transcriptional noise

Random fluctuations that are 

intrinsic to the gene expression 

process and that cause 

differences in the levels of 

specific RNAs among cells  

in a clonal population.

Cryptic promoters

Weak promoters, the use of 

which is associated with 

disruption of chromatin 

structure. Transcripts produced 

from such promoters often 

have unknown functions.

Head-to-head

Pertaining to two transcripts 

that are divergently oriented 

and have overlapping  

5′ regions.

Tail-to-tail

Pertaining to two transcripts 

that are convergently  

oriented and have  

overlapping 3′ regions.

In contrast to protein-coding mRNAs, which accu-

mulate in the cytoplasm25, antisense transcripts pref-

erentially accumulate in the nucleus26. However, some 

antisense transcripts have been found to be associated 

with chromatin27,28 and in a range of distinct locations, 

including the mitochondria and the cytoplasm25.

The expression of some antisense transcripts is 

linked to the activity of neighbouring genes29,30, whereas 

many others have distinct expression patterns during 

different processes, such as cellular differentiation and 

cancer progression31, in different environmental condi-

tions or on different genetic backgrounds29. Although 

the apparently low fidelity of transcription initiation 

suggests that some antisense transcripts arise from  

transcriptional noise32, it is clear that many others carry 

out specific functions2–7,33. Before discussing the func-

tional potential of antisense transcripts, it is necessary 

to understand how they are generated and their intrinsic  

characteristics.

Expression of antisense transcripts. Antisense transcripts 

arise from promoters, and their expression is often  

subject to similar regulation as for other genes. They can 

arise from independent promoters, bidirectional pro-

moters of divergent transcription units30,34–37 or cryptic 

promoters38–41 (BOX 1). In gene-dense regions, promoter 

bidirectionality can give rise to a large proportion of 

antisense transcripts; for example, in yeast, most anti-

sense transcripts seem to originate from bidirectional 

promoters34,35. Promoter bidirectionality, which, until 

recently, was considered exceptional, has been found 

to be widespread in species that range from yeast34,35 to 

humans30,36,37, although the degree of bidirectionality is 

species-dependent; for example, low levels of bidirec-

tionality are observed in Drosophila melanogaster 42. The 

bidirectional activity of each promoter is influenced by 

other factors such as the three-dimensional organiza-

tion of chromatin43 and the density of polyadenylation 

signals that surround the promoter 44,45. Finally, some 

Box 1 | Classification of antisense transcripts

Antisense transcripts can be classified according to different criteria, such as their origin, genomic orientation, 

mode of action, length, stability and even the species in which they are expressed. These transcripts have been 

found to originate from independent promoters, shared bidirectional promoters or cryptic promoters that are 

situated within genes (see the figure). According to their orientation with respect to sense genes, they can be 

further classified as head-to-head, tail-to-tail or internal (that is, when they are fully covered by the sense transcripts). 

Antisense transcripts can exert their function locally, distally, in cis or in trans, and they can also function in mult iple 

subcellular compartments. Cis-acting mechanisms of these transcripts can act either locally (for example, in 

promoter–gene interactions) or distally (for example, in enhancer–gene interactions). Trans-acting mechanisms can 

also act either locally (for example, antisense transcripts affecting the allele from which they originated and/or any 

addit ional allele) or distally (for example, antisense transcripts affecting other genes). Moreover, antisense 

transcripts can be classified into short (<200 nucleotides) and long (>200 nucleotides) non-coding RNAs (ncRNAs), 

and stable or unstable RNAs.

Short ncRNAs are accepted as fundamental players in gene regulation. Although they are widespread among 

eukaryotes, relevant differences exist among species; for example, PIWI-interacting RNAs (piRNAs) are found in 

animals but not in plants or fungi (reviewed in REF. 12). In this Review, we focus on the much less studied long 

antisense ncRNAs. Species-specific differences in mechanisms of action might be expected when these mechanisms 

depend on an accessory machinery, such as the RNA interference machinery, that is not present in all species. As an 

example, the pairing of sense–antisense transcripts and their consequent degradation by RNase III in Gram-posit ive 

bacteria are not seen in Gram-negative bacteria, which suggests a different processing pattern of double-stranded 

RNAs108. Similarly, any effect of an antisense transcript that is mediated by DNA methylation75,76 is not expected to 

function in Saccharomyces cerevisiae, in which the appropriate DNA methylation machinery is lacking125. However, 

mechanisms of action that are based on the general and highly conserved transcription machinery — for example, 

transcript ional interference by chromatin modifications — are more likely to be conserved across species. TABLE 1 

provides several examples of antisense transcripts with mechanisms that are found in mult iple species. So far, few 

direct comparative studies have been done. It  would be interesting to carry out systematic comparative studies that 

focus on the commonalit ies and differences of each particular mechanism between species.
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Classification of Anti-Sense Transcripts

Pelechano and Steinmetz, Nat. Rev. Genet. 14, 880 (2013)

• Antisense transcripts are transcribed from the strand opposite to that of the sense transcript. 

• Like transcription factors, these are also regulators of gene expression. 

• These can establish on-off (bi-stable) switches.

AT-rich regions provides a pool of UA-rich 

transcripts that provide a starting point for 

the generation of nRNAs. Strikingly, it was 

recently shown that spurious promoters 

within AT-rich H-NS-bound regions of the 

E. coli chromosome generate short (9–14 

nucleotide) transcripts that have no known 

function39. Such aborted transcripts would 

be ideal candidates for the generation of 

nRNAs, but this hypothesis remains to be 

tested.

Potential roles of pervasive transcription

The existence of cooperative mechanisms 

that suppress pervasive transcription and 

the apparent detrimental effects of this 

process suggest that it negatively affects 

fitness. As such, even though bacterial 

chromosomes are not necessarily ‘finished 

products’ and are constantly evolving, it 

is still surprising that the genetic signals 

that promote pervasive transcription have 

not been selected against. In some cases, 

this may be because spurious promoters 

have become ‘fixed’ within genes owing 

to the constraints that are imposed by the 

need to encode a functional protein. This 

may explain why pervasive transcription is 

still evident in the genomes of eukaryotic 

organelles, which have been streamlined by 

more than 1.5 billion years of evolution40. 

Sequence conservation is often used as an 

indicator of functional importance. Anti-

sense TSSs are relatively poorly conserved 

between E. coli and Salmonella enterica 

subsp. enterica serovar Typhimurium13. 

By contrast, many intragenic TSSs are 

conserved among Shewanella spp.41, par-

ticularly for RNAs that are positioned in 

the sense orientation relative to the overlap-

ping gene. These intragenic sense RNAs 

outnumber asRNAs by more than two to 

one, they often have conserved promoter 

elements, and upstream sequences are 

enriched for motifs that are associated with 

transcription-factor binding41, which sug-

gests that they are under positive selection. 

Strikingly, these promoters are enriched at 

both the 5  ʹand 3  ʹends of genes, which sug-

gests that some of them may either be pro-

moters for mis-annotated genes or promoters 

for the downstream gene, resulting in an 

mRNA that has an unusually long 5  ʹUTR. 

By contrast, asRNAs are less well-conserved 

among Shewanella spp., which suggests that 

asRNAs in general might lack specific func-

tions41. That said, it is important to note that 

a lack of conservation does not necessarily 

indicate a lack of function. Moreover, as 

discussed below, although some individual 

RNAs may not be functional, the process 

of pervasive transcription itself may have 

important global functions.

Gene regulatory effects. Widespread tran-

scription of both the sense and antisense 

DNA strands implies that many mRNA 

species have one (or more) cognate non-

coding asRNA that pairs with the mRNA. 

This prediction was recently directly tested 

using a novel immunoprecipitation tech-

nique that involves the isolation of double-

stranded RNA (dsRNA) from E. coli42. This 

analysis revealed that more than 300 dis-

tinct genomic loci have a double-stranded 

transcriptome. Thus, in this single growth 

condition (that is, Luria–Bertani medium), 

many E. coli mRNAs have the potential 

to base pair with a cognate asRNA. In 

addition, thousands of complementary 

mRNAs and asRNAs have been identified 

in S. aureus14. The formation of an asRNA–

mRNA duplex has several possible effects, 

including alterations in mRNA translation 

(for example, via ribosome occlusion), 

targeting of the dsRNA for degradation 

by RNases (such as RNase III) and altered 

termination of transcription43,44 (FIG. 3). 

Therefore, rather than being transcriptional 

noise, pervasive antisense transcription 

might be an important regulatory phe-

nomenon. There are several examples of 

individual asRNAs that regulate the expres-

sion of an overlapping gene43. Importantly, 

these asRNAs can sometimes exert effects 

even if they are unstable. In E. coli, the 

unstable transcript that is produced from 

an intragenic antisense promoter in the rplJ 

gene downregulates the expression of the 

rplJ mRNA10. Furthermore, the expression 

of overlapping sense and antisense RNAs 

is negatively correlated in B. subtilis31. In 

many of these cases, decreased mRNA 

stability as a result of base pairing with 

an asRNA is probably due to the action 

of RNase III, which degrades dsRNA14,42. 

Interestingly, RNase III-mediated degrada-

tion of dsRNAs seems to be more prevalent 

in Gram-positive bacteria45.

Importantly, the regulatory effects of 

asRNAs go beyond the negative regula-

tion of overlapping genes; for example, 

excludons, which are unusually long 

asRNA s that can overlap oppositely ori-

ented genes, function as mRNAs for the 

sense genes and as regulatory RNAs for the 

antisense genes46,47. Thus, these asRNAs 

Figure 3 | Mechanisms by which pervasive antisense transcription 

modulates gene expression. Antisense RNA (asRNA) transcripts can 

modulate the translation of mRNAs by at least two distinct mechanisms. 

a | By base pairing to the mRNA, the asRNA can occlude the ribosome 

binding site (RBS) and thus reduce the efficiency of translation initiation.  

b | The RNA duplex that forms between an asRNA and an mRNA is tar-

geted by RNase III for degradation. As many pervasive transcripts overlap 

and are antisense with respect to the sense strand, pervasive transcripts 

might funct ion as regulators of gene expression on a genome-wide  

scale.
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Antisense transcripts as regulatory hubs. Owing to the 

ability of transcription factors to recognize short DNA 

sequences that are present in the promoters of their tar-

get genes, they are generally better suited than antisense 

transcripts for globally coordinating the expression of 

groups of genes. However, antisense transcription can 

also coordinate gene expression of multiple genes both 

in cis and in trans. In addition, antisense transcripts are 

established as hubs for gene regulation by the ability of 

antisense-mediated regulation to integrate diverse types 

of regulatory signals, including both transcriptional and 

post-transcriptional ones, and to function at multiple 

steps of the gene expression process. One of the factors 

that allow antisense transcripts to integrate these diverse 

signals is the intrinsic modular flexibility of ncRNAs10,11. 

An illustrative example is HOTAIR, which regulates 

gene expression both by binding to diverse loci across 

the genome27,28 and by recruiting chromatin-modifying 

machinery3. Antisense transcripts, such as HOTAIR, 

can also function as scaffolds for chromatin-associated  

complexes. Most components of the chromatin- 

modifying machinery lack sequence specificity, but 

RNAs can bind to specific sequences and therefore 

recruit and scaffold chromatin-associated complexes 

into larger functional units10–12,56,84. In addition, ncRNAs 

can scaffold complexes that are bound to different 

regions of the genome, thus bringing them together. 

Therefore, another attractive hypothesis is the role of 

antisense transcripts in remodelling three-dimensional 

chromatin structure, as described for the human HOXA 

distal transcript antisense RNA (HOTTIP)109.

Another way in which antisense transcripts can act 

as regulatory hubs is by locally spreading regulatory  

signals to neighbouring genes. This has been observed 

in antisense transcripts that originate from bidirectional 

promoters in organisms with compact genomes, such 

as in budding yeast29 and fission yeast110. For example, 

upon galactose induction in budding yeast, the anti-

sense transcript that originates bidirectionally from the 

GAL80 promoter runs upstream into the promoter of 

SUR7, thereby repressing its activity. In this manner, the 

regulatory signals that impinge on the GAL80 promoter 

are spread to the promoter of SUR7 (REF. 29) (FIG. 4a). 

Such local crosstalk also occurs in bacteria, in which 

some protein-coding transcripts have long UTRs that 

silence the expression of neighbouring operons encod-

ing opposing cellular functions16. Local transcriptional 

crosstalk is not limited to organisms with compact 

genomes and can also affect larger genomic regions. 

For example, in mice, upon growth factor stimulation, 

 | Biological implications of antisense expression. a | Antisense transcripts can transmit regulatory signals  

to neighbouring promoters29

activation pathway induces the expression of GAL80 and an antisense transcript that originates bidirectionally from  

its promoter. This antisense transcript runs upstream into the promoter of SUR7 and represses its activity, thereby 

spreading GAL80 regulatory signal to both genes. b | Sense–antisense pairs can be regarded as self-regulatory  

 

c

ultrasensitive

 d | Antisense or non-coding RNA transcription can ‘rewire’ regulatory 

networks, which inverts the final effect of a transcription factor. A transcription factor that activates gene expression 

 

a is modified, with permission, from REF. 29 ©

Macmillan Publishers Ltd. All rights reserved.
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The pair can form a 

bistable switch: it can 

be in either  ‘ON’ state 

(first gene is expressed 

and second gene is 

repressed) 

or in an ‘OFF ’ state 

(first gene is repressed 

and the second gene is 

expressed) 

. 
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RNAPs that allow immobilization on solid matrices, we have determined
that a T7 elongation complex (EC) may be advanced past a halted T3 EC,
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During transcription, RNA polymerases (RNAPs)
encounter many obstacles as they move along the
template DNA. These include, for example, nucleo-

somes, repressors, replication forks, and other
RNAPs. There are frequent occurrences of over-
lapping transcription units in which RNAPs may
collide either in a codirectional manner (rear-end
collision) or in an opposing manner (front-end
collision). It is therefore of interest to determine
how polymerases handle these situations.

Earlier studies involving single-subunit and multi-
subunit bacterial RNAPs focused on the conse-
quences of rear-end coll isions. In the case of the
multisubunit bacterial RNAPs, it was found that the
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“To allow two polymerases to move toward 
one another in a controlled manner, a 
template was constructed that contains a 
promoter for T7 RNAP and a promoter for T3 
RNAP arranged in opposite directions.” 

T7 could advance past halted T3 EC and  after 
collision halted T3 EC could resume transcription. 

Since RNAPs moving in opposite directions use two different strands of the DNA as their 
templates, it seems likely that they manage to pass by one other by temporarily releasing 
their non-template strand while maintaining association with their template strand. 
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Collision of RNAP motors and Replisome on DNA track 
during simultaneous Transcription and Replication: 

resolution of transcription-replication conflict
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Genome wide Transcription and Replication: 
Conflict Resolution
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a  Co-directional replisome and RNAP
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Figure 1 | Co-directional and head-on orientations  

of RNA polymerase and the replisome. a | In  

the co-directional orientation, the transcribed strand is the 

leading-strand template for replication. b | In the head-on 

orientation, the transcribed strand is the lagging-strand 

template. Positive supercoils (+SCs) accumulate ahead of 

replisome; +SCs and negative supercoils (–SCs) accumulate 

ahead of and behind the RNA polymerase (RNAP), 

respectively. Nascent DNA and RNA are indicated as solid 

and dashed red lines, respectively; arrowheads indicate  

the 3′ ends of DNA strands. RNA polymerase is represented 

in blue, and the replisome is represented in yellow.

Non-transcribed strand

(NTS). The NTS is 

complementary to the 

transcribed strand and has  

the same sequence as the  

RNA (except that it contains 

thymine instead of uracil);  

it is often referred to as  

the coding strand, whose 

sequence is given as standard.

Replisome

The multi-protein complex that 

contains all of the proteins  

that are required for DNA 

replication. This includes the 

DNA polymerases, factors that 

increase the processivity of 

DNA synthesis and a helicase 

to unwind duplex DNA.

Two-dimensional gels

These are used to visualize 

replication fork progression 

across a defined segment of 

DNA. DNA is separated by  

size in the first dimension  

and by shape in the second; 

the fragment of interest is 

visualized by Southern blot 

analysis. Linear fragments run 

on a diagonal; fragments that 

run off the diagonal correspond 

to replicating or branched 

molecules.

and recombination each reflect a normal mechanism for 

dealing with DNA damage. The initial assumption was 

that there might be a single source of the transcription- 

associated damage underlying TAM and/or TAR. Indeed, 

early studies indicated that TAM primarily reflects 

damage to the non-transcribed strand (NTS) of the DNA 

template, whereas TAR is largely due to transcription– 

replication conflicts. However, recent studies have made 

it apparent that there are multiple mechanisms that con-

tribute to TAM and TAR. Importantly, transcription 

can affect stability of the template by mechanisms that 

are separate from DNA replication, potentially making 

transcription-associated alterations a key contributor to 

genetic changes in non-dividing cells.

In the following sections, we begin by considering 

the importance of replication–transcription conflicts 

to genetic instability and how persistent association 

of the RNA transcript with the template DNA strand 

exacerbates these conflicts. Next, we summarize recent 

studies that highlight how the primary sequence of 

actively transcribed DNA — in particular, its propen-

sity to form non-B secondary structures — contributes 

to instability. Finally, our current knowledge of factors 

that contribute to TAM will be summarized. An impor-

tant point to be borne in mind throughout is that even 

though an experimental observation or mechanism 

may currently be limited to a single organism, the high 

evolutionary conservation of DNA structure and of 

basic DNA metabolic processes makes it likely that doc-

umented mechanisms of TAM and TAR will be broadly  

applicable.

Transcript ion and replicat ion collisions

Transcription and replication occur on the same tem-

plate, making conflicts between these two processes 

inevitable. Whereas replication copies both strands of 

duplex DNA, only one strand is typically transcribed 

by RNA polymerase (RNAP); the transcribed strand 

can thus correspond to either the leading- or lagging- 

strand template of replication (FIG. 1). When the lead-

ing strand of replication is the transcribed strand, the 

replication and transcription forks move in the same 

direction; when the lagging strand is the template for 

transcription, the forks converge. We will refer to the 

resulting RNAP–replisome conflicts as co-directional col-

lisions and head-on collisions, respectively. In addition 

to direct conflicts between transcription and replication, 

positive supercoils accumulate ahead of both machiner-

ies, thereby posing an additional problem for head-on 

collisions. Such unresolved helical stress can trigger 

replication fork reversal10, giving rise to a ‘chickenfoot’  

structure that can be enzymatically processed into a 

recombination-initiating double-strand break11.

The cost of head-on collisions. The relevance of RNAP–

replisome collisions to genome instability has been 

extensively reviewed11–13, and the general consensus is 

that head-on collisions are more destabilizing because 

they impede replication to a greater extent than co-

directional collisions. An early indication that head-on 

collisions are more problematic came from the striking 

co-directional orientation of all seven of the highly 

expressed ribosomal RNA (rRNA) operons in the E. coli 

genome14 — a pattern that has been observed in over 

80 bacterial species15. Importantly, it was recently dem-

onstrated that reversing the orientation of rRNA genes 

in Bacillus subtilis negatively affects fitness16,17. In bud-

ding yeast, rRNA transcription units are insulated from 

head-on collisions by replication fork barriers, which 

physically block forks from entering the distal end of 

transcription units18. Finally, within 50 kb of putative 

human replication origins, it has been estimated that 

genes that are co-directionally transcribed with repli-

some movement outnumber those with a head-on  

orientation by eightfold19. Although genome instability 

can result from transcription-associated disruptions in  

replication, it should be noted that the disruption 

of transcription caused by replication can also be  

potentially costly for fitness.

What happens when a replication fork approaches 

an actively transcribed gene? At least in in vitro studies 

with purified E. coli components, a replisome moving 

in either direction appears to dissociate RNAP from the 

template as it passes12. As for the effect on replication, 

analysis of forks using two-dimensional gels has detected 

discrete replisome pausing with the head-on RNAP–

replisome orientation, but not with the co-directional 

orientation, in both E. coli 20 and yeast21–23. More recently,  
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Ribosome Drop-off Model
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“Like cities, cells have developed diverse transport systems to ensure that the right 
components are delivered to, or manufactured at, the right location at the right time. What 
are these transport systems? What are the intracellular roads or tracks, what are the engines 
and motors, and how do they operate? How are the various types of cargo shipped, and how 
is such transport tailored to demand? What determines whether it is the finished product that 
is shipped, or rather smaller parts or subunits for local on-site assembly? How are such 
mechanisms regulated to maintain cellular function, react to physiological stimuli, and ensure 
flexible adaptation to changing environments?”                    Tiedge et al., PNAS (2001)

Times of India, Feb 16 (2007) 



Polyglutamylation

Modification by addition of 

multiple glutamate residues 

onto a protein.

Bardet–Biedl syndrome

A ciliopathy that is 

characterized by obesity, 

retinitis pigmentosa, 

polydactyly and cognitive 

disability.

IFT complex proteins. IFT particles were first isolated 

from C. reinhardtii flagella and were found to consist of 

two large, biochemically distinct complexes, termed IFT 

complex A and complex B48,49. IFT complex A and com-

plex B seem to move together within the cilium, but they 

can be dissociated from each other in vitro. Subsequent 

studies have identified additional IFT protein constituents 

of these complexes. IFT particles are constructed from 

at least 20 proteins; IFT complex A contains six known 

proteins (IFT43, IFT121, IFT122, IFT139, IFT140 and 

IFT144) and IFT complex B contains 14 known proteins 

(IFT20, IFT22, IFT25, IFT27, IFT46, IFT52, IFT54, IFT57, 

IFT70, IFT74 (also known as IFT72), IFT80, IFT81, IFT88 

and IFT172) (TABLE 1 and reviewed in REFS 27,28). The 

majority of these IFT proteins are conserved among 

ciliated organisms and are enriched in protein–protein 

interaction domains50,51. The phosphoprotein IFT25 was 

recently identified52–54 and shown to interact with IFT27, a 

small GTPase of the RAB family55. In C. elegans, the IFT22 

homologue (IFT-associated 2 (IFTA-2)) is a RAB-like pro-

tein that is not required for ciliogenesis, but it was recently 

shown to be required for signalling by the insulin-like 

growth facto r pathway56. IFT70, a homologue of C. elegan s 

abnormal dye-filling 1 (DYF-1) (REF. 57) and zebrafish 

Fleer (also known as Ttc30a)6, was recently identified as an 

integral component of IFT complex B in C. reinhardtii58. 

IFT70 is also required for tubulin polyglutamylation and 

the formation of the outer doublet B tubule in C. elegans, 

zebrafish and Tetrahymena6,59.

The two IFT complexes play complementary but 

distinct parts in the transport of ciliary proteins. IFT 

complex B contributes to anterograde transport and is 

essential for the assembly and maintenance of cilia and 

flagella (FIG. 2). In most cases, loss of any IFT complex B 

protein results in short or absent cilia55,60–67. By contrast, 

IFT complex A is required for retrograde transport that 

returns proteins to the cell body for turnover, but it does 

not appear to be necessary for ciliary assembly68–73. For 

example, C. reinhardtii with mutations in fla15 and 

fla17 (that encode IFT144 and IFT139, respectively) do 

assembl e flagella, but these have abnormal bulges that 

contain accumulated IFT complex B proteins68,73,74. It 

is currently unknown whether IFT complexes A and B 

carry distinct sets of cargo proteins, and the specific roles 

of most IFT proteins remain uncharacterized.

IFT complex accessory proteins. Although IFT proteins 

have been conventionally defined as proteins that were 

identified through the biochemical analysis of purified 

IFT particles48–50, some studies have identified puta-

tive IFT particle components independently of this type 

of analysis. In this Review, we classify these additional 

IFT proteins as IFT complex accessory proteins. The pro-

tein products of C. elegans dye-filling-defective mutants 

dyf-3 and dyf-13 were identified as IFT complex B acces-

sory proteins by genetic and bioinformatic analyses75–78. 

DYF-13 may be required to activate the OSM-3 Kinesin-2 

by docking this motor onto IFT complex B57. The dyf-3 

mutation was also mapped to the qilin (also known as 

cluap1) zebrafish cystic kidney mutant66.

Tubby-like protein 3 (TULP3) interacts with IFT com-

plex A and promotes the ciliary localization of a subset of 

G protein-coupled receptors (GPCRs), such as somato-

statin receptor 3 (SSTR3) and melanin-concentrating  

hormone receptor 1 (MCHR1)79.

Some Bardet–Biedl syndrome (BBS) proteins, products 

of BBS genes, have been shown to undergo IFT-like move-

ment along the ciliary axoneme57,78,80,81. In C. elegans, loss-

of-function mutations in bbs-7 and bbs-8 lead to structural 

and functional ciliary defects. This might be because 

Figure 2 | Intraflagellar transport machinery. The canonical anterograde intraflagellar transport (IFT) motor, 

heterotrimeric Kinesin-2, transports IFT complexes A and B, axonemal proteins and cytoplasmic dynein 2 (previously known 

as cytoplasmic dynein 1b) to the tip of cilium. During this anterograde motion, Kinesin-2 is active and the retrograde motor, 

cytoplasmic dynein 2, is somehow kept inactive to allow smooth processive anterograde movement. At the tip of cilium, 

anterograde IFT trains release axonemal proteins and rearrange their conformation for retrograde IFT. Cytoplasmic dynein 

2 is activated and transports retrograde IFT trains to the cell body. Subsets of IFT trains are involved in transporting 

membrane proteins and the BBSome (a complex comprised of at least seven Bardet–Biedl syndrome proteins).
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Intraflagellar Transport (IFT)
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