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ABSTRACT
To exert their functions, RNAs adopt diverse structures, ranging from simple secondary to com
plex tertiary and quaternary folds. In vivo, RNA folding starts with RNA transcription, and a wide 
variety of processes are coupled to co-transcriptional RNA folding events, including the regulation 
of fundamental transcription dynamics, gene regulation by mechanisms like attenuation, RNA 
processing or ribonucleoprotein particle formation. While co-transcriptional RNA folding and 
associated co-transcriptional processes are by now well accepted as pervasive regulatory princi
ples in all organisms, investigations into the role of the transcription machinery in co- 
transcriptional folding processes have so far largely focused on effects of the order in which 
RNA regions are produced and of transcription kinetics. Recent structural and structure-guided 
functional analyses of bacterial transcription complexes increasingly point to an additional role of 
RNA polymerase and associated transcription factors in supporting co-transcriptional RNA folding 
by fostering or preventing strategic contacts to the nascent transcripts. In general, the results 
support the view that transcription complexes can act as RNA chaperones, a function that has 
been suggested over 30 years ago. Here, we discuss transcription complexes as RNA chaperones 
based on recent examples from bacterial transcription.
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Introduction

Transcription in bacteria is mediated by a multi- 
subunit RNA polymerase (RNAP), with minimal 
core subunit composition α2ββ’ω, and accessory 
factors that serve regulatory functions. During 
transcription, an RNA chain is synthesized 5ʹ-to 
-3ʹ in a stepwise manner. In general, RNA synth
esis is highly processive with transcription rates of 
20 to 80 nucleotides per second [1]. However, 
RNAP frequently pauses along the DNA template 
[2], and the average rate of progression can, there
fore, vary by several orders of magnitude [3]. At 
most pauses, RNAP initially adopts a transient, 
half-translocated, elemental paused state due to 
sequence-dependent interactions with the DNA 
and RNA [4–6]. A consensus elemental pause 
sequence has been delineated [7,8]. An elemental 
paused elongation complex (EC) can rearrange 
into a long-lived paused EC when an RNA hairpin 
invades the RNAP RNA exit channel (class 
I pause), leading to additional conformational 
rearrangements that hinder nucleotide addition 

[4,5], or when RNAP backtracks on the template 
(class II pause), extruding the RNA 3ʹ-end into the 
secondary channel [9]. Recently, a pseudoknot- 
stabilized pause (que/class III pause) in the 
Bacillus subtilis 7-methylamino-7-deazaguanine 
(preQ1) transcriptional riboswitch that is con
verted to a pseudoknot-inhibited pause by effector 
binding has been identified, which shares certain 
characteristics with hairpin-stabilized pauses [10]. 
Here, a pseudoknot structure in the nascent RNA 
stabilizes the paused state and creates a time win
dow for the preQ1 ligand to bind, illustrating that 
pauses frequently represent sites where regulatory 
decisions are made. An additional, well-studied 
example is the bacterial class II operon polarity 
suppressor (ops) pause, which enables anti- 
termination factor RfaH to bind and stabilize the 
paused EC and to subsequently remodel it into 
a pause- and termination-resistant EC [11,12].

As in proteins, RNA function hinges on RNAs 
adopting diverse, and in part complex, 3D
structures. It has long been noted that RNAs 
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start to fold during transcription. First evidence 
for co-transcriptional RNA folding was obtained 
in the early 1980s, when Boyle et al., observed that 
tRNA folding occurs sequentially 5ʹ-to-3ʹ, and 
starts before the entire RNA is transcribed [13]. 
Shortly thereafter, Kramer and Millis discovered 
the formation of initial meta-stable structures that 
rearrange into more stable structures while RNA 
synthesis proceeds [14]. Both the 5ʹ-to-3ʹ direc
tionality of RNA synthesis, due to the order in 
which RNA regions are produced, and transcrip
tion rates can strongly affect folding of the nascent 
RNAs. For example, the 5ʹ-end of a nascent RNA 
can readily adopt local secondary structures before 
the 3ʹ-end has been synthesized [15]. In addition, 
RNAP pausing at key positions creates time win
dows of opportunity for slow-folding RNA struc
tures to form, for proteins to associate with the 
nascent transcript or for the binding of other 
ligands [16]. In pioneering studies, folding rates 
and pathways of the Tetrahymena group I intron 
were found to strongly depend on the order in 
which RNA regions are being transcribed [17,18]. 
While during transcription of wild-type (wt) 
B. subtilis RNase P RNA and circularly permuted 
variants by unmodified ECs, the catalytic domain 
invariably folded at a faster rate than the specificity 
domain, and folding was not affected by the tran
scription speed (modulated via the transcribing 
polymerase or the nucleotide tri-phosphate 
[NTP] concentrations), the presence of the general 
elongation factor, N-utilization substance (Nus) A, 
on Escherichia coli RNAP changed the folding 
pathway of a circularly permuted RNA variant by 
accelerating the formation of the specificity 
domain [19,20]. NusA strongly increased pausing 
at a specific site located 3ʹ of the catalytic domain, 
and the effect was abrogated by employing an 
RNAP variant that was deficient in pausing [20]. 
Native RNase P RNA exhibits several long-range 
helices, and structure probing of the RNA inter
mediate formed at the pause site revealed the for
mation of non-native structures that sequester the 
5ʹ-portions of these helices [21]. Similar intermedi
ates were detected during folding of E. coli signal 
recognition particle RNA and transfer-messenger 
RNA, which likewise adopt long-range helices in 

their native structures. Thus, the strategic position 
of a pause site located between the upstream and 
downstream portions of long-range helices can 
foster the formation of meta-stable, non-native 
structures, that protect the 5ʹ-portions of the 
helices from being trapped within stable, nonpro
ductive structures [21,22].

Co-transcriptional folding of RNAs can be 
monitored, e.g., by the emergence of catalytic 
activities in the case of ribozymes, or via oligonu
cleotide hybridization in combination with RNase 
H digestion [20,21,23]. In addition, elaborate tech
niques have by now been developed to study RNA 
folding in more detail, and to bridge between 
in vitro and in vivo RNA folding mechanisms 
[24–26]. Structure probing in combination with 
high-throughput RNA sequencing has been used 
to resolve RNA folding at nucleotide resolution 
[27,28]. E.g., selective 2ʹ-hydroxyl acylation ana
lyzed by primer extension sequencing (SHAPE- 
seq) combines in vitro chemical RNA structure 
probing, in which modifications occur at flexible 
nucleotides present mostly in unpaired RNA 
regions, with high-throughput sequencing that 
detects the precise sites of modification. A recent 
study combined datasets obtained from SHAPE- 
seq with computational structure prediction algo
rithms, which allowed the simulation of co- 
transcriptional folding pathways [29]. Structural 
probing of elongating transcripts (SPET-seq) 
represents a similar approach in vivo [30], com
plementing other in vivo and genome-wide tech
niques [31,32].

Single-molecule techniques, such as optical- 
trapping assays and single-molecule fluorescence 
resonance energy transfer (smFRET) approaches 
monitor co-transcriptional RNA folding events in 
real time and provide information about the for
mation of native and nonproductive meta-stable 
RNA intermediate structures and their depen
dence on transcription rates and pause sites, 
which previously have escaped detection in folding 
studies based on pre-formed, full-length tran
scripts [22,33–35]. Kinetic studies of RNA folding 
have been primarily performed using T7 RNAP or 
E. coli RNAP. An alternative approach employs 
the helicase Rep-X that unwinds an RNA/DNA 
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hetero-duplex in a kinetically controlled manner, 
mimicking the stepwise release of RNA from 
a transcription elongation complex (EC) [36,37].

Based on such investigations, RNA structure 
formation has been described within a rugged 
free energy landscape, which allows regions of 
RNA molecules to rapidly adopt their native struc
tures, while other portions can become kinetically 
trapped in mis-folded conformations [38]. 
A population of folding RNA molecules can thus 
be envisioned as adopting an ensemble of struc
tures located in the minima of the folding free 
energy landscape that determine their relative 
abundances [25]. Transcription can strongly influ
ence both the shape of the free energy landscape of 
RNA folding, and the RNA ensemble at any time 
of the transcription process, depending on the 
order in which RNA regions are synthesized, the 
transcription kinetics and the co-transcriptional 
interaction of the nascent RNA with proteins and 
other ligands [25].

While a profound influence of transcription on 
RNA folding is by now amply documented, co- 
transcriptionally folding RNAs in turn also signal 
back to transcription [39]. Co-transcriptional RNA 
folding can profoundly impact transcription rates, 
as illustrated by hairpin-stabilized pausing [16]. 
Likewise, co-transcriptional RNA folding can 
influence the transcription outcome, e.g., through 
mechanisms such as attenuation [40] or anti- 
termination [41]. Furthermore, the ability of all 
classes of RNAs to fold co-transcriptionally is 
interwoven with co-transcriptional RNA proces
sing and the assembly of RNA-protein complexes 
(RNPs) [42]. A number of recent reviews cover the 
aspects of transcription directionality and kinetics 
on nascent RNA folding, the impact of co- 
transcriptional RNA folding on transcription and 
co-transcriptional processes as well as methods to 
study these mechanisms [16,42–45].

RNA folding can also be strongly influenced by 
proteins that transiently bind RNAs [38]. Such 
RNA chaperones were initially defined as proteins 
that resolve mis-folded RNA structures in an ATP- 
independent manner [46,47], but the term has 
been expanded to also include proteins that mod
ulate RNA folding, e.g., by binding to an RNA and 
preventing the formation of nonproductive struc
tures, by presenting RNA regions for secondary or 

higher-order structure formation (annealing) or by 
remodeling RNA structures in an ATP-dependent 
manner (unwinding) [48]. RNA chaperones can 
also guide the assembly of RNA-protein complexes 
(RNPs) [49]. Reflecting their diverse modes of 
action, RNA chaperones belong to diverse protein 
families, including cold shock domain proteins, 
such as bacterial CspA, that can prevent mis- 
folding [50]; Sm family proteins, such as bacterial 
Hfq, that can promote RNA annealing [51]; his
tone-like proteins, such as bacterial StpA, that can 
mediate annealing and strand displacement [51]; 
nucleic acid-dependent NTPases/helicases, such as 
DEAD-box proteins, that can unwind RNA 
duplexes [52]; or ribosomal proteins that can 
guide assembly of ribosomal subunits [49], to 
name just a few.

Similar to protein chaperones, RNA chaperones 
are thought to iteratively cycle on and off a client 
RNA, thereby biasing the folding landscape toward 
a productive or native fold [48,53]. Various com
ponents of transcription complexes (TCs) can 
establish such transient RNA interactions, and 
the idea that TCs can act as RNA folding or RNP 
assembly chaperones has been proposed more 
than three decades ago [54]. Recent structural 
and structure-guided functional analyses empha
size such RNA chaperone functions of TCs and 
suggest specific molecular mechanisms underlying 
these activities, as we will discuss in the following, 
resorting to selected examples.

RNA polymerase as an RNA chaperone

Control of RNA entry into the RNA exit channel of 
RNA polymerase during transcription initiation

RNAP is the first protein to contact the nascent 
RNA chain, and thus the earliest determinant of 
the RNA’s co-transcriptional folding pathway. 
A narrow, constrictive RNA exit channel of 
RNAP is formed by its two largest subunits, β 
and β’. Structural elements forming the channel 
include the β flap, β C-terminal domain (CTD) 
and β’ clamp, the latter harboring the RNA- 
binding modules β’ lid, β’ zipper, β’ zinc-binding 
domain (ZBD) and β dock (Figure 1). The β flap 
tip helix (FTH) is located at the rim and constitu
tes a key regulatory element that depending on its 
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position can modulate the width of the mouth of 
the RNA exit channel [4,5,55–59]. The RNA exit 
channel can accommodate both single stranded
(ss) and double-stranded (ds) RNA, with ~10 
nucleotides of ssRNA and five base-paired nucleo
tides of dsRNA following the RNA-DNA hybrid 
[4,5,60]. We will discuss below how the exit chan
nel acts as an RNAP-intrinsic RNA chaperone.

Transcription is initiated by an RNAP holo- 
enzyme formed by association of core RNAP with 
a σ factor that facilitates promotor-specific DNA 
binding and unwinding. Initiation is a multi-step 
process comprising promoter recognition (closed 
complex formation), initial promoter melting, 
open complex formation, start of de novo RNA 
synthesis and promoter escape [61]. These steps 

Figure 1. Semi-transparent surface views of the his-PEC (PDB ID 6ASX) and of the NusA-modified his-PEC (PDB ID 6FLQ). Nucleic 
acids, NusA and elements of the RNA exit channel are shown as cartoon. Color-coding in this and the following figures: RNAP 
subunits, different shades of gray; β’ clamp, pink; NusA, slate blue; template DNA, brown; non-template DNA, beige; RNA, gold. 
dDNA, downstream DNA; uDNA, upstream DNA. Key elements are labeled. All subsequent complexes were superimposed based on 
the β subunits. In this and the following figures, rotation symbols indicate the orientation relative to Figure 1a if not indicated 
otherwise. a. His-PEC structure. The RNA exit channel is formed by the β flap, β CTD and β’ clamp harboring the β’ lid, β’ zipper, β’ 
ZBD and β’ dock. The his-pause hairpin forms an A-form RNA stem along the β flap, β’ dock and β CTD, which provide a positively 
charged surface that complements the negatively charged backbone in the RNA. b. Electrostatic surface view of the β and β’ 
subunits of the his-PEC structure. Positive potential, blue; negative potential, red. RNA residues are shown as sticks and colored by 
atom type. Color code: RNA carbon, gold; oxygen, light red; nitrogen, blue; phosphorus, Orange. c. NusA-modified his-PEC. NusA 
binds to one of the αCTDs and the β FTH via its NTD. A three-helix bundle of NusA NTD and the linker helix connecting the NTD with 
the S1 domain form direct contacts with the β FTH, thereby stabilizing the β FTH above the RNA exit channel and widening the 
channel. The S1 domain contacts the β’ ZBD, and NusA is further stabilized by interactions of the KH domains with the ω subunit. 
The AR2 domain interacts with the other αCTD. PyMOL (Schrödinger, LLC) sessions of structure figures are available as supplemental 
files 1, 2 and 3.
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are accompanied by structural reorganization within 
the holo-enzyme leading to the stepwise release of σ, 
disruption of RNAP interactions with promoter DNA 
and entry into the elongation phase. Some initial 
transcribing complexes are subject to abortive
initiation, during which RNAP releases the short, 
initial RNAs and cycles back to the open complex 
[62]. A pause site encountered after about six nucleo
tide addition steps marks a branch point for the initial 
transcribing complex to either escape the promoter or 
to release the initial RNA [63], and different factors 
influence abortive initiation, including the promoter 
sequence, interactions of RNAP with σ and the initial 
RNA [64]. To allow further RNA synthesis, σ domain 
(σD) 3.2 has to be displaced as it otherwise blocks 
RNA entry into the RNA exit channel [61]. 
Displacement of σD3.2 is driven by collision with 
the 5ʹ-end of the growing RNA chain, accompanied 
by expansion of the RNA:DNA hybrid and accom
modation of downstream DNA in the RNAP active 
site cleft (scrunching) [65]. RNA interactions at the 
exit channel confer stability to the EC and are first 
established during the transition from transcription 
initiation to elongation, when the transcript reaches 
a length of about ten nucleotides [66].

At certain promoters, some ECs are subject to 
promoter-proximal pausing. Here, σ fails to disen
gage from the EC after synthesis of about 15–25 
nucleotides of RNA due to interactions of σD2 and 
σD4 with −10-like and −35-like sequences down
stream of the promoter, respectively [67–70]. 
These paused ECs are prone to backtracking and 
constitute important regulatory intermediates 
[71,72]. Apart from binding the DNA template, 
σD4 also binds the β flap at the outer rim of the 
RNA exit channel in the RNAP holo-enzyme [73] 
and must be displaced after synthesis of approxi
mately 16 nucleotides during early elongation 
when the RNA emerges from the RNA exit chan
nel [74,75]. Therefore, promoter-proximal pausing 
might not only be regulated by σ-DNA interac
tions but also by σD4-nascent RNA interactions at 
the RNA exit channel. Taken together, during 
transcription initiation and early elongation, ele
ments of σ can be considered gate-keepers that 
control entry of RNA into RNAP’s intrinsic RNA 
chaperone, the exit channel.

RNA polymerase chaperoning simple RNA hairpin 
structures

The RNA exit channel is allosterically coupled to 
the RNAP active site, presumably via the β con
nector, a long, two-stranded β-sheet that extends 
from the β flap to the active site [58]. Thus, RNAP 
can “sense” nascent RNA structures via the exit 
channel and respond with altered activity. Prime 
examples for RNA secondary structures that mod
ulate RNAP activity during elongation via exit 
channel-to-active site signaling are hairpin struc
tures on the nascent transcript that can invade the 
RNA exit channel and stabilize RNAP pausing or 
lead to intrinsic termination. Hairpin-stabilized 
pausing has been characterized in diverse bacteria 
[76–78]. Invasion of the RNAP RNA exit channel 
by an RNA hairpin formed eleven nucleotides 
upstream of an elemental pause site in the nascent 
transcript has been shown to increase pause life
times around 10 to 20-fold [58]. During intrinsic 
termination, RNAP pauses when transcribing 
a U-rich region; a preceding stable hairpin struc
ture can lead to transcription termination upon 
invasion of the RNAP RNA exit tunnel [79]. 
Despite different transcriptional outcomes, hair
pin-stabilized pausing and intrinsic termination 
bear mechanistic similarities. In both cases, effects 
on RNAP are elicited via induced allosteric 
changes [58] and both processes are enhanced by 
the general elongation factor, NusA [80,81]. As 
opposed to hairpin-stabilized pausing [82], forma
tion of the terminator hairpin leads to partial dis
ruption of the DNA:RNA hybrid [83,84].

Monitoring the rate of binding and dissociation 
of anti-sense RNA oligos complementary to nas
cent RNA regions located in the exit channel 
revealed that, despite the steric constraints 
imposed by the channel, RNA duplex formation 
in the channel was only moderately reduced as 
compared to annealing free in solution [85]. 
Perhaps even more surprisingly, dissociation of 
an anti-sense oligo annealed within the exit chan
nel was not affected at all [85]. These findings 
suggest that the exit channel has fine-tuned RNA 
chaperone activities that allow efficient duplex for
mation in the exit channel without significantly 
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stabilizing the channel-embedded duplexes. 
A recent cryogenic electron microscopy (cryoEM) 
structure illuminated the configuration of 
a hairpin-stabilized paused EC derived from the 
leader sequence in the his biosynthetic operon 
(his-PEC) [4] (Figure 1a). The structure revealed
molecular details of the conformational rearrange
ments of RNAP associated with its transition into 
an off-state, which include swiveling of a group of 
conserved structural elements (the “swivel mod
ule”). As a consequence, nucleotide addition is 
sterically prevented and the RNA-DNA hybrid is 
maintained in a half-translocated state, a structural 
feature of an elemental pause site [6]. The struc
ture also revealed how RNA secondary structures 
can form within the RNA exit channel without 
perturbing the boundaries of the channel and sup
ported by the configuration of the channel, con
trary to a prior view of RNAP as a rigid body that 
cannot adopt RNA secondary structures within the 
RNA exit channel [84]. An A-form RNA duplex 
can be accommodated based on the arrangement 
of basic amino acid residues within and right out
side the RNA exit channel along the β flap, β CTD 
and β’ dock, which provide positively charged sur
face patches complementary to the negatively 
charged backbone of the RNA [4] (Figure 1b). 
Additionally, the loop of the hairpin and the β 
FTH might interact outside of the channel, but 
both structures were not resolved.

Thus, the properties of the RNA exit channel 
resemble those described for certain RNA chaper
one proteins, which are rich in basic amino acid 
residues and due to electrostatic interactions can 
modulate the stability and dynamics of RNA struc
tures [38,86,87]. In addition, longer RNA helixes 
could be extended co-transcriptionally by the 
emerging duplex corkscrewing along the positive 
path outside the exit channel, which would be 
required for the formation of long terminator 
stem-loops [4]. As the positive charges that line 
the RNA exit channel and surroundings are con
served among bacterial RNAPs [88] it is likely that 
all these enzymes can chaperone formation of 
simple RNA secondary structures within and 
close to their RNA exit channels.

While a structure of an EC at the verge of 
intrinsic termination has not yet been obtained, it 
can be assumed that initial formation of the 

terminator hairpin in the exit channel is supported 
by the same RNA chaperoning functions of RNAP 
as in the case of pause hairpins. However, bio
chemical studies have suggested that hairpin inva
sion is followed by conformational changes in 
RNAP, during which the hairpin visits also other 
sites within RNAP, eventually leading to EC dis
ruption [89,90]. Thus, additional RNAP elements 
likely guide the intrinsic terminators during these 
late steps. Furthermore, both during hairpin stabi
lized-pausing and intrinsic termination, a third 
strand (region 5ʹ of the hairpin formed) has to 
also be accommodated in the exit channel, 
a situation that has not yet been structurally char
acterized in detail. While in cryoEM structures of 
an unmodified [4] or NusA-modified [5] (see also 
below) his-PEC space for this third strand appears 
to be available between the β ZBD, C-terminal 
clamp and N-terminal β’ clamp, accommodation 
of the additional strand may also lead to some 
opening of the exit channel, possibly depending 
on how deep the pause/termination hairpin 
invades the exit channel. Exit channel opening 
has been observed, e.g., in recent structures of 
B. subtilis and Mycobacterium smegmatis RNAPs 
in complex with the recycling NTPase, HelD [91– 
93]. HelD does not directly pry open the RNA exit 
channel, but widens it from a distance by inserting 
a massive protrusion into the primary channel. 
Thus, an opening of the RNA exit channel by 
invading pause or terminator hairpins may like
wise affect RNAP allosterically, possibly further 
supporting adoption of a transcriptional off-state.

RNA polymerase chaperoning more complex RNA 
structures

Apart from simple hairpins, more complex struc
tures emerging co-transcriptionally in nascent 
RNA can modulate RNAP transcriptional activity. 
A prominent example is an RNA-based anti- 
termination system of the lambdoid bacteriophage, 
HK022. In HK022-infected cells, early gene 
expression during the lytic life cycle is mediated 
by ~65-nt RNA elements called polymerase utili
zation (put) sites (Figure 2a) [94]. After its synth
esis, put modifies RNAP so that the enzyme can 
read through intrinsic, ρ-dependent and Nun- 
dependent termination signals [95–97]. The put 
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Figure 2. a, b. Schemes of parts of the HK022 (a) and phage λ (b) genomes (black lines) illustrating early and late control regions. 
Protein-coding genes are indicated in white boxes. Angled arrows along the genomes, promoters; red rhomboid icons, terminators; 
black boxes, positions of put or nut sites; yellow boxes, RNA regulatory elements; cyan box, QBE regulatory region; N and Q, anti- 
termination proteins; angled arrows connecting anti-termination proteins and regulatory DNA or RNA elements, recruitment of anti- 
termination proteins; yellow lines, transcripts. Schemes adapted from [129,130] with changes. c. Semi-transparent surface view of the 
21Q-EC (PDB ID 6P19). 21Q is shown in cartoon and colored in red. It binds along the outer rim and inside the RNA exit channel 
(left). The 21Q NTD forms a lasso-like structure that encircles the nascent RNA transcript, sterically preventing secondary structure 
formation in the exit channel (right). d. Semi-transparent surface view of the λN-EC (PDB ID 6GOV). λN is shown in cartoon and 
colored in red. In this and the following figures: NusB, smudge green; NusE, lime green; NusG, yellow. Upon transcription of a nut 
site, the intrinsically unstructured λN protein builds up a modifying RNP on the surface of RNAP, also comprising NusA, B, E and 
G. The λN protein directly contacts the boxB stem-loop of nut RNA via its N-terminal ARM domain, meanders around the NusA KH 
domains and along the NusA NTD-S1 linker helix, folding locally into α-helical structures, to finally enter the RNAP catalytic cavity 
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element folds into a double-hairpin structure, 
which is required for its anti-termination activity 
[94,98]. Moreover, put exerts a local anti-pausing 
effect at a backtracked pause signal [99]. Anti- 
termination and anti-pausing activities rely on 
put being anchored to RNAP, most likely
involving the β’ ZBD [99–101]. How the put ele
ment exerts its anti-termination and anti-pausing 
effects is presently unclear, but it has been sug
gested that both effects rely on distinct mechan
isms. The anti-pausing effect is limited to a region 
in immediate vicinity of the put-encoding site, 
whereas anti-termination remains active distal to 
the site where put is transcribed [99]. Nascent put 
might suppress backtracking by preventing reentry 
of the nascent RNA due to secondary structure 
formation close to the RNA exit channel and 
anchoring to RNAP, and some interactions may 
be released upon further transcription. To exert its 
anti-termination effect, put needs to stay asso
ciated with transcribing RNAP [94,98]. As part of 
its anti-termination activity, put may be bound in 
vicinity of the RNA exit channel in a way that 
sterically interferes with the formation of 
a terminator hairpin [99]. Irrespective of the pre
cise mechanism of put-mediated anti-pausing and 
anti-termination, co-transcriptional folding is 
a requirement for put function [94,98]. It will be 
interesting to see, e.g., by structural analyses and 
structure-informed mutagenesis in combination 
with RNA structure probing, which RNAP regions 
beyond the RNA exit channel elements may help 
chaperone put into its functional structure(s).

Additional examples of anti-termination sys
tems based on complex RNA structures are 
afforded by the B. subtilis EAR RNA [102] and 
a recently described ρ-antagonizing RNA element 
(RARE) in E. coli [103]. How these RNAs act in 
detail again remains to be tested. It will be inter
esting to compare these different RNA-based anti- 
termination systems not only in terms of the 
mechanisms that they employ to modulate 

RNAP, but also in terms of which RNAP features 
might aid them in adopting their functional struc
tures co-transcriptionally.

RNAP-based chaperoning of co-transcriptional 
RNA folding is likely a pervasive principle during 
riboswitch-dependent transcription control. E.g., 
using single-molecule FRET in combination with 
biochemical and simulation approaches, a recent 
study revealed a crosstalk between the folding of 
the preQ1 riboswitch and pausing of RNAP 
(Figure 3) [10]. The aptamer domain of the 
B. subtillis preQ1 riboswitch adopts a pseudoknot 
structure, and co-transcriptional folding is guided 
by the que (class III) pause located downstream of 
the aptamer domain. Cross-linking studies identi
fied direct interactions of the pseudoknot with 
elements of the RNAP RNA exit channel, which 
not only stabilize the aptamer conformation but 
also increase the pause lifetime of RNAP, an effect 
comparable to hairpin-stabilized class I pause sites. 
In contrast, binding of the ligand results in pause 
escape despite the stabilizing effect of the ligand 
on the pseudoknot structure. How a pseudoknot- 
stabilized pause can be rearranged into 
a pseudoknot-inhibited pause remains to be 
shown, but these results afford another intricate 
example of the transcription machinery cross- 
coupling the regulation of RNA folding and tran
scription kinetics.

Modulated RNA chaperoning functions in 
factor-modified transcription complexes

NusA as an RNAP-associated RNA chaperone

During transcription elongation, RNAP can 
associate with several elongation factors. Some of 
these factors expand the RNA-binding potential of 
ECs and thereby their potential RNA chaperone 
functions. Transcription kinetics provide time 
windows of opportunity for such proteins to 
associate with elongating RNAP and the nascent 

next to upstream DNA. The C-terminal portion of λN runs along the DNA:RNA hybrid into the RNA exit channel, thereby restricting 
the diameter of the channel and altering its electrostatic potential to counteract the formation of RNA secondary structures in the 
channel. e. By acting as a molecular glue, λN repositions NusA from the RNA exit channel through cross strutting with NusB-NusE on 
the boxA element of nut RNA, and with the NusG CTD that is flexibly linked to the NusG NTD, located across the RNAP active site 
cleft. NusA position as observed in a NusA-modified his-PEC structure, magenta.
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RNA, while the ensuing RNA–protein interactions 
themselves may exert a strong influence on co- 
transcriptional RNA folding.

NusA is a highly conserved transcription elon
gation factor in bacteria and archaea [41] and is 
associated with RNAP during transcription of 
many, if not all, transcription units [104]. NusA 
joins the EC shortly after initiation and stays
attached to RNAP throughout the transcription 
cycle [104]. Thus, NusA can be envisioned as an 
additional regulatory subunit of RNAP during 
the elongation phase. Traveling with the tran
scriptional machinery, it directly affects tran
scription kinetics by regulating pausing [2,5,105] 
and intrinsic as well as factor-dependent termi
nation [57,106,107]. NusA can interact with 
a plethora of other regulatory factors that associ
ate with the transcription apparatus [57,106– 
115], constituting a global gene regulator during 
transcription and transcription-related pro
cesses [116].

NusA is composed of six domains, an 
N-terminal domain (NTD), an S1 and two KH 
RNA-binding domains (the SKK module) [117] 

and two acid repeat domains (AR1 and AR2) 
[111,118]. The S1 domain is also found in cold 
shock domain proteins that act as RNA chaper
ones [46]. The NTD binds to the β FTH and to the 
C-terminal region of one RNAP α subunit 
(αCTD), and is flexibly linked to the SKK module 
that in turn can bind the nascent transcript 
[5,57,106,107,113]. The C-terminal AR domains 
are only conserved in γ-proteobacteria, with AR2 
binding to the other αCTD of RNAP [5,119].

Via its pause-modulating properties, NusA can 
have a profound influence on RNA folding [19]. 
However, NusA is also a versatile RNA-binding 
protein, suggesting that its RNA binding activities 
per se might further modulate co-transcriptional 
RNA folding. Indeed, recent studies portray NusA 
also as a co-transcriptional RNA chaperone, 
a function perfectly consistent with its structure 
and location at the mouth of the RNA exit chan
nel [5,16].

NusA supports hairpin-stabilized RNAP paus
ing and intrinsic termination [80,81]. A recent 
cryoEM structure of a NusA-modified his-PEC 
provided insights into the molecular basis by 

Figure 3. Scheme illustrating the folding of the B. subtilis preQ1 riboswitch as revealed by smFRET studies, using prism-based total 
internal reflection fluorescence microscopy [10]. Active ECs were assembled on artificial bubble scaffolds, using RNAs that contained 
the preQ1 RNA aptamer and different portions of the expression platform. ECs were immobilized on polyethylene glycol-passivated, 
streptavidin-coated quartz slides via biotinylated RNAP. The RNA contained the donor fluorophore (Dy547) at the 3ʹ-end of the 
aptamer domain and the acceptor fluorophore (Cy5) within a loop region. High FRET signals were obtained upon formation of 
a docked state from a pre-docked state within the aptamer domain. The docked conformation is further stabilized by binding of the 
preQ1 ligand. The ligand-free but pre-folded riboswitch pseudoknot that stabilizes the paused state through interactions with RNAP 
is a hallmark of the que (class III) pause. Binding of the preQ1 ligand stabilizes a docked conformation different from the que-paused 
state and counteracts pausing.
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which NusA can affect hairpin-stabilized pausing 
by resorting to its RNA chaperoning activity [5], 
which is presumably also the mechanism by which 
NusA can stimulate intrinsic termination. In the 
NusA-his-PEC structure, the NusA NTD binds to 
one αCTD and to the β flap domain, directly 
contacting the β FTH with a three-helix bundle 
of the NTD and the flexible linker helix
connecting the NTD to the S1 domain 
(Figure 1c). NusA stabilizes the β FTH in 
a position above the RNA exit channel, thereby 
widening the channel and extending one wall 
together with the β’ zipper and β’ ZBD. On the 
other side, the channel is further elongated by the 
NusA S1 domain, which sits on top of the β’ ZBD, 
and is additionally stabilized by interaction of the 
adjacent KH domains with the ω subunit. The 
AR2 domain interacts with the other αCTD. 
Therefore, NusA NTD-S1 together with the β’ 
dock and β CTD provide an extended path for 
the nascent transcript emerging from the mouth 
of the RNA exit channel. Although the his-pause 
hairpin RNA folds similarly in the presence and 
absence of NusA [4,5], the structural organization 
of NusA around the RNA exit channel reveals key 
contacts important for the stimulatory effect of 
NusA on RNA folding [85]. First, the NusA-β 
FTH interaction has been shown to suppress the 
effect of the β FTH in delaying duplex formation, 
and positioning the FTH distal to the site of hair
pin formation probably relieves steric interference. 
Second, NusA provides a surface of conserved 
positively charged residues thought to bind the 
nascent RNA [57,106,107,117]. The NusA S1 
domain, the β’ dock and the β’ ZBD form 
a positively charged pore that might provide 
a pathway for the RNA toward the KH domains, 
while the NusA N-terminal linker helix and S1 
domain form a concave, positively charged cradle 
appropriately positioned to bind the RNA hairpin 
loop after hairpin invasion [5]. While the RNA 
loop is again not defined in the structure [5], 
suggesting that it remains dynamic in the NusA- 
modified his-PEC, the structure suggests that 
NusA assists RNA folding by guiding the RNA 
along its S1 domain and stabilizes the RNA hair
pin in the RNA exit channel.

Several conformational states observed for the 
NusA-modified his-PEC [5] revealed a large 

degree of conformational freedom, which allows 
NusA to adopt multiple positions relative to 
RNAP. Cavities formed between NusA and 
RNAP are wide enough to accommodate small 
structured RNAs. The flexibly linked domains/ 
modules in NusA and the flexible anchoring 
points on RNAP (β FTH, αCTD) might allow 
NusA not only to adapt to different RNA hairpin 
lengths during hairpin-stabilized pausing and 
intrinsic termination, but also to more generally 
support co-transcriptional RNA folding. NusA 
might be dynamically repositioned while growing 
RNA structures accumulate outside of the RNA 
exit tunnel, which may explain at least in part 
how NusA can stabilize RNA secondary structures 
and facilitate RNA folding [19,81].

λQ as a fold-delaying co-transcriptional RNA 
chaperone

Investigations of bacteriophages have afforded 
examples of many phage-encoded transcription 
regulators [120], whose further studies have 
revealed basic principles of bacterial transcription 
regulation. For example, lambdoid phages regulate 
their gene expression programs by expressing pro
teins that modulate the pausing and termination 
behavior of RNAP transcribing phage genes 
(Figure 2b). A prime example is the family of 
Q proteins that mediate a switch from middle to 
late gene expression during the lytic life cycle 
[121,122]. Q loads onto RNAP paused at a σ- 
dependent pause element of the transcription 
unit following the Q-coding region. It then accom
panies RNAP during further transcription elonga
tion, rendering it resistant to pausing and 
termination in a highly processive manner. Thus, 
Q represents a textbook example of a transcription 
anti-termination factor.

Recent structural analyses have revealed how 
Q of phage 21 (21Q) loads onto TCs as well as 
the configuration of a 21Q-modified EC (21Q-EC) 
[123,124]. While two 21Q protomers associate 
with paused RNAP and a direct repeat in a DNA 
Q-binding element (QBE) between −35 and −10 
promoter regions in a σ-dependent manner 
[123,124], only the upstream-bound 21Q protomer 
(21Qu) remains associated with the EC after pause 
escape and dissociation of σ [124]. Both in the 
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loading complex and in the 21Q-EC, 21Qu mod
ulates RNAP in a remarkable manner that pro
foundly alters RNAP’s ability to chaperone the 
formation of RNA hairpins in the RNA exit chan
nel. An N-terminal region of 21Qu forms a lasso- 
like structure that binds along the outer rim and 
inside the upper part of the RNA exit channel, 
displacing the β FTH from the rim of the channel
(Figure 2c). It thereby extends the channel and 
restricts its diameter to below 10 Å, which is 
insufficient to adopt double-stranded RNA. The 
21Q-EC structure clearly revealed that nascent 
RNA is threaded in single-stranded form through 
the 21Qu lasso, which thereby effectively prevents 
the invasion of the RNAP RNA exit channel by 
RNA hairpins, counteracting hairpin-stabilized 
pausing and intrinsic termination. The lasso-like 
structure of 21Qu bears a prominence of positive 
charge and interacts sequence-independently with 
the RNA backbone. A serine and threonine residue 
at the narrowest constriction may act as 
a “molecular bearing” that supports continuous 
threading of the transcript upon further elonga
tion. Thus, 21Qu can be regarded as an RNA 
chaperone that acts by delaying the folding of the 
nascent transcript and by preventing RNA chaper
oning functions of the RNAP exit channel to take 
effect.

Q proteins have been classified into different 
sub-families. Members of the 82Q family can 
load onto ECs that contain long transcripts [125], 
a phenomenon seemingly incompatible with end- 
on threading of the transcript through a molecular 
lasso. It will be interesting to see in the future 
whether 82Q-like proteins act by mechanisms dis
tinct from those observed for 21Q. Furthermore, it 
has been shown that λQ directly interacts with 
NusA [110], and it remains to be seen whether 
and how this interaction on a λQ-EC modulates 
NusA’s co-transcriptional RNA chaperoning 
activity.

Modulation of the RNA polymerase RNA 
chaperoning activities by λN

Similar to the 21Q-EC example provided above, 
additional structures of differentially modified ECs 
recently revealed how also other factors can mod
ulate RNAP elements that form part of the RNA 

exit channel and affect NusA [5,57,107,113–115]. 
Thereby, the RNA chaperoning activities of RNAP 
and NusA appear to be strategically modulated to 
alter the effects of regulatory RNA elements on 
RNAP.

One example of these principles is afforded by 
a processive anti-termination complex based on 
the N protein of phage λ (λN). Lambdoid phage 
N proteins constitute a second textbook example 
of transcription anti-pausing/anti-termination fac
tors. They are employed by many lambdoid phages 
to switch from early to middle gene expression 
during their lytic life cycles. N proteins are small 
(about 110 residues) and intrinsically unstructured 
(Figure 2b). Using an N-terminal arginine-rich 
motif (ARM), they recognize a so-called boxB 
hairpin within an N-utilization (nut) signal ele
ment in nascent phage RNA encoded proximal to 
middle gene promoters (Figure 2b) [126,127]. 
Additionally, they contact RNAP and string Nus 
factors A, B, E (equivalent to ribosomal protein 
S10) and G, as well as nut-site RNA, into a higher- 
order RNA-protein complex (RNP) on the surface 
of RNAP that stably modifies RNAP and renders 
the enzyme pause and termination-resistant [128].

The molecular organization and mechanistic 
principles underlying λN-mediated anti-pausing 
and anti-termination have been recently described 
[57,106]. Within the λN-EC, λN remains highly 
elongated, folding locally into α-helical structures 
and interconnecting RNA elements, Nus-factors 
and RNAP (Figure 2d). The NusA KH domains 
additionally contact boxB, a NusB-NusE dimer 
engages a linear boxA motif of the nut site located 
5ʹ to the boxB stem-loop as suggested previously 
[131] and a λN-stabilized NusA-NusG interface is 
built up [57,106].

Among the multi-pronged molecular strategy 
that it installs to achieve anti-pausing and anti- 
termination, λN directly modulates elements of 
RNAP that mediate contacts with the nascent tran
script in other ECs [4,5,16], thereby altering 
RNAP’s ability to chaperone RNA hairpins in the 
RNA exit channel. Running along the modifying 
RNAP, λN enters the RNAP catalytic cavity next 
to the upstream DNA, contacting the β flap, β’ 
ZNB and β’ dock, all of which are involved in 
RNA secondary structure accommodation and/or 
formation [4,5,99]. In particular, together with 
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N-terminal elements of NusA, it restructures the β 
flap tip, such that this element is displaced into the 
RNA exit channel. Moreover, the C-terminal por
tions of λN run along the DNA-RNA hybrid and 
into the RNA exit channel (Figure 2d, right). Via 
these molecular principles, λN leads to restriction 
of the channel diameter and to an alteration of the 
electrostatic potential of the inner channel
surface, sterically and electrostatically hindering 
the formation of RNA helixes inside the channel. 
Thus, λN modulates RNAP RNA chaperoning 
activities in a manner similar to 21Q, but by 
resorting to different molecular principles. In 
addition, it seems to stabilize RNAP in an elonga
tion competent conformation [57], possibly also 
affecting co-transcriptional RNA folding by mod
ulating transcription kinetics.

Modulation of the NusA RNA chaperoning 
activities by λN

In addition to direct modulation of RNAP elements, 
λN-mediated buildup of a modifying RNP on RNAP 
leads to a large-scale repositioning of NusA on RNAP 
(Figure 2e). As part of this repositioning, contacts of 
the N- and C-termini of NusA to αCTDs of RNAP, 
which help position NusA in regular ECs [5], appear 
to be broken. As a consequence, the RNA-binding 
SKK module of NusA is relocated to a position remote 
from the mouth of the RNA exit channel, thus under
mining NusA’s ability to support formation of pause 
and termination hairpins and stabilize them in the 
RNA exit channel [5,57]. Instead, the repositioned 
NusA RNA-binding domains may effectively guide 
nascent RNA regions away from the RNA exit chan
nel, further counteracting their potential pairing with 
complementary regions in the exit channel, as pre
viously suggested as an operative principle in the 
λN-EC [81]. Thus, simply by strategically reposition
ing the RNA-binding domains of NusA, NusA seems 
to be converted from an RNA chaperone that sup
ports RNA hairpin invasion of the RNAP RNA exit 
tunnel to a fold-suppressing RNA chaperone that 
elicits precisely the opposite effect.

λN achieves this large-scale repositioning of NusA 
by acting as a molecular glue that rewires Nus-factor 
interactions, thereby concomitantly subverting reg
ular activities of the other Nus factors as well. NusG 
and relatives represent the only transcription factor 

family that is universally conserved across bacteria, 
archaea and eukaryotes [132]. E. coli NusG is a two- 
domain protein [133]. In NusG-modified ECs, 
including the λN-EC, the NusG NTD binds RNAP 
across the main channel and can contact upstream 
DNA (Figure 2d), increasing RNAP processivity and 
counteracting RNAP backtracking [12,57,134]. Via 
its CTD, NusG can interact with NusE [135] or 
transcription termination factor ρ [136] in 
a mutually exclusive manner. The single-domain 
NusB protein can form a stable complex with NusE 
[137] that is compatible with concomitant binding of 
the NusG CTD to NusE [135]. However, while NusG 
can interact with NusE that is part of a ribosome 
[135,138], the NusB-binding surface on NusE is 
occluded in the small ribosomal subunit [137]. The 
interactions among the Nus factors, RNAP, ρ and 
the ribosome are thought to regulate transcription- 
translation coupling and translational polarity 
[113,135,138]. λN anchors NusA to a NusB-NusE 
dimer on boxA and the C-terminal domain of NusG 
(Figure 2d). It seems to enhance NusG-dependent 
anti-backtracking by running along the opposite sur
face of upstream DNA, and it sequesters the NusG 
CTD from ρ or a trailing ribosome by reinforcing its 
interaction with NusB/E and NusA [57,106]. It may 
thereby further affect co-transcriptional RNA fold
ing by modulating NusG-dependent transcription 
kinetics and/or transcription-translation coupling 
(see below).

As in the Q superfamily, N proteins of lamb
doid phages exhibit significant sequence diversity, 
in particular in C-terminal regions. For example, 
the C-terminal region of the phage H19B 
N protein diverges from that of λN, and biochem
ical structure probing experiments suggested that 
it might closely approach the RNAP active site 
[139]. Thus, in the future it will be of interest to 
conduct comparative structural analyses of diverse 
N-ECs to explore the possible diversity in molecu
lar principles, by which these proteins may mod
ulate RNA chaperoning by RNAP and factors.

A complex RNAP-associated RNA chaperone that 
supports co-transcriptional folding of ribosomal 
RNA

Co-transcriptional RNA folding linked to co- 
transcriptional RNP assembly and RNA processing 
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is a fundamental aspect of the biosynthesis of 
ribosomal (r) subunits [140]. In bacteria, one or 
several rRNA operons encode primary transcripts 
of concatenated 16S, 23S and 5S rRNAs, with
intervening tRNAs, which are processed by several 
nucleases to yield mature 16S, 23S, 5S rRNAs and 
tRNAs [141,142]. In the late 1980s, Miller and 
colleagues studied the synthesis of rRNA using 
negative stain electron microscopy of E. coli chro
matin [143,144]. On so-called “Miller spread” elec
tron micrographs, they observed densely packed 
trains of RNAP on rRNA operons. The nascent 
rRNAs were associated with compact structures 
that were interpreted as RNA-protein complexes 
building up prior to completion of transcription. 
Moreover, they observed discrete transitions from 
long to short transcripts, strongly indicating that 
processing of rRNAs starts before RNAP reaches 
the 3ʹ-end of the operon. A major transition point 
was interpreted to mark cleavage by RNase III, 
generating pre-16S and pre-23S rRNAs [145]. 
Indeed, full-length primary rRNA transcripts can 
only be detected when RNase III is inactivated 
[146]. A major impact of co-transcriptional 
rRNA folding on rRNP assembly and rRNA pro
cessing is also suggested by the observation that 
in vitro subunit assembly based on full-length 
rRNAs is several orders of magnitude slower 
than ribosome biogenesis in vivo probably due to 
rRNA folding problems [147,148].

At about the same time, the composition of 
the transcriptional apparatus responsible for the 
synthesis of rRNAs was also elucidated. In these 
rrnECs, RNAP is distinctly modified compared 
to ECs transcribing other RNAs, in a manner 
reminiscent of N-ECs [149]. Assembly of rrnECs 
is nucleated by a nut-like RNA element encoded 
in the 16S rRNA leader and 16S-23S rRNA 
spacer regions. In the rrn nut-like sites the 
order of boxA and boxB elements is reversed 
compared to the phage λ nut sites, and an addi
tional, linear motif, boxC, is present at the 3ʹ- 
end [150,151]. In addition, the formation of an 
rrnEC depends predominantly on the boxA ele
ment, with boxB being dispensable under most 
conditions [151]. As the λN-EC, rrnECs encom
pass Nus-factors A, B, E and G. However, 
instead of an N protein, several r-proteins have 
been shown to be part of rrnECs [152]. In 

particular, r-protein S4 has been identified as 
a key factor that directly interacts with RNAP 
and elicits NusA-like effects, e.g., shifting ρ- 
dependent termination windows downstream 
[153]. More recently, the inositol mono- 
phosphatase, SuhB, was discovered as another 
essential component of rrnECs. SuhB and nusB 
mutants showed similar phenotypes in vivo 
[154], SuhB can directly interact with RNAP 
[155] and SuhB can modulate the transcription 
behavior of RNAP in dependence of an rrn nut- 
like element and Nus-factors [108].

Further in analogy to the λN-EC, an rrnEC 
transcribes twice as fast as regular ECs, and it 
suppresses RNAP pausing and ρ-dependent termi
nation [149,156,157]. A priori, the fast, pause- 
suppressed rRNA synthesis by rrnECs appears to 
conflict with efficient co-transcriptional rRNA 
folding, as co-transcriptional folding of many 
other RNAs requires strategic pausing of RNAP 
(see above). However, reduced rRNA synthesis 
rates have little or even negative influence on the 
proper folding of the mature rRNAs [158,159], 
suggesting that other mechanisms supporting co- 
transcriptional folding must be at work. The 
observation that rRNA synthesis based on 
a phage RNA polymerase leads to largely inactive 
ribosomes [160] suggests that these mechanisms 
are specific to the endogenous rrnECs.

Nus factors have been proposed to act as rRNA 
chaperones [154,161]. Indeed, recent structural 
and structure-based functional analyses suggested 
that RNA chaperoning by components of rrnECs 
substitute for pausing-mediated co-transcriptional 
folding during rRNA synthesis [107]. In the 
in vitro-assembled rrnECs, Nus-factors and 
a SuhB dimer form a ring-like structure around 
the mouth of the RNA exit channel (Figure 4a). 
Apart from protein–protein contacts, the modify
ing factors are further inter-connected by their 
interactions with boxA (NusB-NusE) and the 
boxA-boxC linker (NusA, SuhB). These protein– 
RNA interactions also fix the 5ʹ-end of the nascent 
rRNA at a channel built up by NusB, NusE, NusA 
and SuhB. When present, r-protein S4 seems to 
cover the channel opposite of NusA and SuhB and 
to contact the RNA at the 3ʹ-end of the nut-like 
site in concert with the NusA S1 domain, probably 
forming a flexible lid (Figure 4b); however, the 
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precise configuration of S4 in the rrnEC should be 
considered tentative due to weak cryoEM density 
in the corresponding regions [107].

Density for sequences of RNA regions 
between the 3ʹ-end of the nut-like site and the 
RNA region located in the RNA exit channel 
was missing, and this part of the nascent tran
script is expected to loop out during ongoing 

transcription. In contrast to the λN-EC, second
ary structure formation within the RNA exit 
channel is not restricted, leaving enough space 
for pause hairpins or other secondary structures 
to form. However, as in the λN-EC, NusA is 
repositioned relative to RNAP, preventing hair
pin stabilization by NusA important for both, 
pausing and intrinsic termination [5]. Indeed, 

Figure 4. Semi-transparent surface views of an rrnEC lacking S4 (PDB ID 6TQN) and an rrnEC containing S4 (PDB ID 6TQO). SuhBA, 
purple; SuhBB, violet; r-protein S4, cyan. a. rrnEC lacking S4. SuhBA and SuhBB are shown as cartoon. Nus factors and a SuhB dimer 
build up a composite RNA chaperone ring around the RNA exit channel. Proteins interact with boxA (NusB-NusE) and the boxA-boxC 
linker (NusA, SuhB). The network of protein-protein and protein–RNA interactions fixes the 5ʹ-nut-like element of the nascent RNA 
next to and within the chaperone ring. b. rrnEC containing S4. SuhBA and S4 are shown as cartoon. S4 adds to one wall of the 
chaperone ring opposite of NusA and SuhB, probably forming a flexible lid that contacts the 3ʹ-end of the nut RNA and sensing RNA 
that loops out from the RNA exit channel. c. Left, structure of the iSpinach RNA aptamer, forming a binding platform for the pro- 
fluorophore, DFHBI (PDB ID 5OB3) [162]. Right, scheme of the DNA template used to study effects of rrnECs on co-transcriptional 
folding [107] (top) and scheme illustrating the experimental setup using a stopped-flow/fluorescence device (bottom).

TRANSCRIPTION 139



NusA-mediated stabilization of hairpin- 
dependent pausing is suppressed in the 
rrnEC [107].

The Nus-factors and SuhB generate a partially 
positively charged crevice, essentially extending 
the RNA exit channel. rRNA sequences down
stream of the nut-like site that fold into diverse 
local structures will thus be guided along elements 
of the RNA exit channel (β’ ZNB, β’ dock, β flap 
and β NTD), NusA-SKK, SuhB and possibly flex
ibly associated S4. This molecular organization is 
consistent with the factors forming a versatile, 
composite RNA chaperone at the mouth of the 
RNAP RNA exit channel. By transiently binding 
RNA regions that emerge from RNAP, the factors 
could prevent such regions from becoming kineti
cally trapped in nonproductive folds. Alternatively 
or in addition, they may present regions of RNA to 
subsequently produced regions, or bind different 
portions of the nascent RNA concomitantly, 
thereby supporting RNA duplex formation, as 
required for efficient rRNA folding [46,48].

Fluorescence-based co-transcriptional RNA 
folding assays based on the fluorogenic RNA apta
mer, iSpinach, in conjunction with structure- 
informed mutagenesis provided direct support 
for this model (Figure 4c). In these assays, real- 
time monitoring of emerging fluorescence served 
as a readout for co-transcriptional folding, as only 
properly folded iSpinach provides a binding plat
form for the pro-fluorophore, DFHBI, which then 
becomes fluorescent. Folding rates were signifi
cantly increased in rrnECs containing or lacking 
S4 compared to unmodified RNAP, and altering 
positively charged or aromatic residues on NusA 
or SuhB exposed to the nascent RNA reduced 
folding efficiency [107].

Thus, transcriptional pausing is not a sine qua 
non for co-transcriptional RNA folding. The mod
ifying factors of rrnECs seem to directly support 
folding by well-known RNA chaperoning mechan
isms. As large structures cannot be accommodated 
within the composite chaperone, it presumably 
supports the nucleation of structures that then 
might be quickly released or “grow” out of the 
folding chamber. Molecular crowding effects that 
increase the local concentration of interacting 
RNA regions might additionally support co- 
transcriptional folding at rrnECs [163]. In any 

case, an RNA folding landscape around the 
mouth of the RNAP RNA exit channel in rrnECs 
is reminiscent of protein biogenesis factors that 
bind the nascent polypeptide at the polypeptide 
tunnel exit of the ribosome, where they mediate 
multiple co-translational processes, including pro
tein modifications, folding, targeting and degrada
tion [164].

The ribosome as a co-transcriptional RNA 
chaperone

In bacteria, transcription is often coupled to trans
lation, as a ribosome can initiate translation while 
the mRNA is still being transcribed. A specific role 
during transcription-translation coupling is 
assigned to the lead ribosome that performs the 
first round of translation and that can physically 
interact with the EC. The lead ribosome appar
ently synchronizes transcription and translation 
rates, can prevent transcriptional arrest and can 
protect the nascent RNA from ρ-dependent termi
nation [165,166]. In contrast to the lead ribosome, 
all following ribosomes, which together with the 
lead ribosome build up a polysome, lack a direct 
interaction with the EC.

Apart from coordinating the molecular machi
neries during bulk transcription/translation, tran
scription-translation coupling can install specific 
regulatory mechanisms, which additionally depend 
on co-transcriptional RNA folding. Transcription 
attenuation constitutes one of the most important 
mechanisms of gene expression control in bacteria 
[40]. Attenuation occurs in the mRNA 5ʹ-leader 
regions of bacterial operons and relies on RNA 
regions that can form an effector-binding domain, 
the target for a metabolite, a protein, an RNA or 
a translating ribosome, and a transcription termi
nator. The presence or absence of the effector 
determines the RNA structure in the effector 
domain, which in turn influences the formation 
of the downstream terminator. Pause-guided co- 
transcriptional folding of the regulatory RNA 
sequences within the leader region was described 
for a variety of transcription units controlled by 
transcription attenuation mediated by ribosomes, 
RNA binding proteins or riboswitches [16], and in 
many cases is supported by NusA. Prominent 
examples include amino-acid biosynthetic operons 
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in enterobacteria, such as the his and trp operons 
[40,77,167]. Leader regions of these his and trp 
operons encode pause hairpins, and RNAP
pausing is envisioned to provide a time window 
for the ribosome to start translation [16]. 
Following translation initiation, the ribosome is 
thought to physically disrupt the pause hairpin 
and release RNAP to continue transcription. 
Subsequently, depending on where the ribosome 
itself will pause on the nascent transcript while 
translating a His-rich or Trp-rich leader peptide, 
which depends on the available levels of amino 
acids, two mutually exclusive RNA structures can 
form, a transcription anti-terminator or 
a terminator hairpin [40].

Recent cryoEM structures of E. coli transcrip
tion-translation coupled complexes (TTCs) 
in vitro [115,168] and in vivo [169] not only 
revealed that NusG can physically bridge the tran
scription and translation machineries, as pre
viously suggested [135,138], but that in particular 
NusA seems to form a “coupling pantograph” 
between RNAP and the 30S ribosomal subunit 
that can maintain contacts between the transcrip
tion and translation machineries, while simulta
neously providing enough flexibility in the 
connections to allow different orientations of 
RNAP relative to the lead ribosome (Figure 5). 
Different lengths of the connector RNA between 
the Shine-Dalgarno sequence and the 3ʹ-end of the 
mRNA induced distinct relative orientations 
between the ribosome and RNAP [115]. 
Furthermore, the NusA NTD and S1 domain in 
the coupled machineries could still engage in elec
trostatic interactions with the nascent transcript 
and thereby assist formation of secondary struc
tures, such as pause and terminator hairpins or 
anti-terminators. Together, these observations sug
gest that the lead ribosome may influence co- 
transcriptional RNA folding, and thus the out
come of certain transcription regulatory events, 
not only by occupying or leaving available RNA 
regions for RNA folding, but also by influencing 
the positioning of RNA chaperones, such as NusA, 
or by otherwise modulating the RNA folding land
scape between the coupled transcription and trans
lation machineries.

In turn, co-transcriptional RNA folding can 
exert an effect on the recruitment of the lead 

ribosome and the establishment of transcription- 
translation coupling, as revealed in a recent study 
of the preQ1-sensing translational riboswitch of 
Bacillus anthracis [170]. This riboswitch deter
mines the rate of translation initiation by control
ling the accessibility to the Shine-Dalgarno 
sequence. In the absence of the preQ1 ligand, the 
Shine-Dalgarno sequence is accessible, allowing 
ribosome binding. PreQ1 binding to the riboswitch 
induces structural rearrangements in the RNA that 
lead to sequestration of the ribosome-binding site 
and decreased 30S subunit binding. Interestingly, 
binding of the 30S subunit was promoted in the 
presence of an EC and further facilitated or con
solidated by the transcription factor paralogs, 
NusG and RfaH, respectively, indicating that co- 
transcriptional folding of the riboswitch and the 
possibility for formation of a physical bridge 
between the EC and the 30S subunit are important 
for establishing a coupled transcription-translation 
complex. While NusG supported 30S recruitment 
in the absence but not in the presence of the preQ1 
ligand, RfaH circumvented the need of a Shine- 
Dalgarno sequence for efficient ribosome recruit
ment, as in the presence of RfaH binding of the 
30S subunit was unaffected by the addition of the 

Figure 5. Semi-transparent surface representation of a NusA- 
coupled TTC (PDB ID 6X7F). Ribosome subunits are shown in 
Orange. NusA act as a “coupling-panthograph” between RNAP 
and the 30S ribosomal subunit. NusA is constantly but flexibly 
linked to RNAP via its NTD and AR2 domains, providing NusA 
with a high degree of conformational freedom between RNAP 
and the S30 subunit, which could facilitate NusA to make 
favorable contacts to the nascent RNA transcript.
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preQ1 ligand [170]. These findings not only reveal 
that co-transcriptional RNA folding can elicit dif
ferential effects on the establishment of coupled 
transcription-translation complexes, depending on 
which coupling factors are present, but also that 
co-transcriptional RNA folding can impact several 
steps along the gene expression process, affecting 
transcription, translation initiation and transcrip
tion-translation coupling.

Interplay of co-transcriptional RNA folding 
and other co-transcriptional processes

Co-transcriptional RNA chaperoning in rrnECs 
may be linked to rRNA processing and rRNP 
assembly

During transcription of 16S rRNA, the 5ʹ-end of 
the nascent transcript folds first, followed by the 
central and 3ʹ-domains [171]. Likewise, in vitro 
reconstruction experiments established that ribo
somal subunit assembly proceeds in a sequential 
and cooperative manner [147,172–176]. Although 
direct links between rRNA transcription and ribo
some assembly have been noticed decades ago 
[143,177], molecular mechanisms underlying the 
elaborate interplay between co-transcriptional 
rRNA folding, rRNP assembly and rRNA proces
sing are still being explored, e.g., by genetics, sin
gle-molecule fluorescence and structural 
approaches [107,158,161,178].

Pioneering studies by the Williamson and 
Woodson groups employed fluorescence-based 
single-molecule techniques, in which they moni
tored co-transcriptional rRNA synthesis and fold
ing with simultaneous r-protein recruitment 
(Figure 6a,b) [158,159,178]. By following the 
assembly of the 5ʹ and 3ʹ-domains of 16S rRNA 
in real time, they observed that primary-binding 
r-proteins S4 and S7 initially bind transiently to 
nascent rRNA and become more stably associated 
in the course of transcription, promoting correct 
rRNA folding [158,159]. Furthermore, formation 
of these primary interactions is chaperoned by 
additional r-proteins originally thought to be 
recruited later in the subunit assembly process, 
which is in contrast to the classical model of 
a strict r-protein hierarchy in subunit assembly.

These single-molecule studies relied on tran
scription by unmodified RNAP or heterologous 
phage RNAP, posing the question of how fully 
modified rrnECs might support further links 
between co-transcriptional rRNA folding, rRNP 
assembly and rRNA processing. A possible impact 
of the modifying factors on rRNA processing was 
suggested by FRET-based RNA annealing assays, 
using oligos complementary to RNA regions 
located at the rrnEC’s composite RNA chaperone. 
These analyses showed that S4 serves as an RNA 
annealing factor, promoting the formation of dou
ble-stranded RNA from regions that are remote 
from each other within the Nus-factor/SuhB fold
ing landscape [107]. Thus, rrnECs might not only 
chaperone local RNA structure formation but also 
some long-range RNA interactions, such as the 
formation of the primary RNase III target site 
formed from complementary regions upstream 
and downstream of 16S rRNA, involving boxC 
[179]. The latter long-range interaction is addi
tionally supported by the topological restraints 
imposed on the nascent rRNA in rrnECs, with 
the nut-like element preceding rRNA regions 
being tightly fastened within the modifying RNP 
[107]. Thus, the boxC region can be efficiently 
“delivered” to its complement downstream of 16S 
rRNA as proposed already several decades 
ago [151].

In further support of a possible functional con
nection between rRNA co-transcriptional folding 
and processing, Bubunenko et al. showed that 
altered translation and accumulation of 30S pre
cursors caused by cold-sensitive mutants of nusA 
and nusB [177] can be suppressed by deletion of 
rnc [161], the gene encoding RNase III. As RNase 
III cleaves dsRNA within an RNA duplex formed 
from regions upstream and downstream of 16S 
rRNA [179], defects in RNA folding caused by 
the nus mutants were suggested to be suppressed 
in a Δrnc strain by artificially stabilizing this RNA 
duplex structure [161].

In the traditional model of rRNP assembly, 
initial RNA folding is chaperoned by primary- 
binding proteins that create the binding site for 
secondary binding proteins. S4 is one of the 16S 
rRNA primary-binding proteins that nucleates 
correct folding and assembly of the 30S ribosomal 
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subunit. S4 binds to a five-way helix junction 
(5WJ) that is formed by a long-range interaction 
between the beginning and end of the 16S 5ʹ- 
domain [180,181]. In that respect, the apparent 
activity of S4 as an RNA annealing factor in the
rrnEC [107] may again be relevant. However, apart 
from exerting co-transcriptional RNA chaperone 

activity by supporting local rRNA folding and 
long-range RNA interactions, rrnECs may also 
have an intriguing, “indirect” chaperoning func
tion, by acting as reservoirs of r-proteins and other 
proteins that may be handed off to nascent rRNPs, 
where they might then chaperone rRNA folding 
and rRNP assembly independent of the rrnEC. 

Figure 6. Schemes illustrating single-molecule fluorescence approaches to study co-transcriptional rRNA folding and rRNP assembly. 
a. Single-molecule co-localization co-transcriptional assembly (smCoCoA) studies of r-protein S4 during 16S rRNA transcription using 
total internal reflection fluorescence microscopy [158]. Stalled ECs were formed on a DNA template containing a Cy3 fluorophore 
upstream of a transcription terminator and were immobilized on a slide surface through a biotinylated DNA tether complementary 
to the 5ʹ-end of the nascent RNA. Transcription elongation by T7 RNAP was started by the addition of NTPs and Cy5-labeled r-protein 
S4 to simultaneously monitor transcription (indicated by a gradual increase in Cy3 fluorescence as the 3ʹ-end of the template 
approaches the surface) and S4 binding. A spike in Cy3 fluorescence intensity marked the end of transcription due to protein- 
induced fluorescence enhancement (PIFE) when T7 RNAP approaches the transcription termination site. S4 binding events were 
detected by co-localization of the Cy5 signal with active Cy3-labeled ECs. b. Single-molecule fluorescence microscopy studies 
monitoring co-transcriptional rRNA folding and assembly of r-protein S7 during transcription of the 3ʹ-domain of 16S rRNA by using 
zero-mode waveguide (ZMW) technology [159]. Stalled ECs were formed on a DNA template containing two Cy3.5 fluorophores at 
the 3ʹ-end and were immobilized on the ZMW surface via a biotinylated DNA tether complementary to the 5ʹ-end of the nascent 
RNA. Transcription by E. coli RNAP was initiated by addition of NTPs, Cy5-labeled r-protein S7 and a Cy3-labeled oligo that can 
hybridize to either terminus of the nascent RNA. Transcription was monitored by the increase in fluorescence intensity while the 
Cy3.5 fluorophores in the DNA template approached the surface of the ZMW. Simultaneous annealing of the Cy3-oligo and binding 
of Cy5-S7 at or close to its specific binding site led to fluorescence resonance energy transfer (FRET) to Cy5-S7.
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Besides S4, NusE/S10 is a long-recognized compo
nent of rrnECs. In addition, r-proteins L3, L4 and 
L13 [153] as well as the heat shock protein YbeY
[182] have been suggested to constitute additional 
components of rrnECs. The hypothesis that the 
very same proteins may initially modulate rRNA 
transcription as subunits of rrnECs and then are 
transferred to nascent rRNPs to exert additional 
rRNA/rRNP chaperoning functions will require 
the development of elaborate co-transcriptional 
rRNA folding and rRNP assembly assays based 
on authentic rrnECs.

Modulations of the rrnEC theme

Topological restraints that might guide co- 
transcriptional RNA folding as observed in rrnECs 
are also implemented in the λN-EC, in which the 
modifying RNP keeps a tight grip on the 5ʹ- 
proximal nut site RNA during further transcription. 
As in the rrnEC, the λN-dependent fixation of the nut 
site at the 5ʹ-end of the nascent transcript may have 
a profound effect on nascent RNA folding by forcing 
subsequent RNA regions to loop out and by present
ing 5ʹ-terminal regions to regions exiting the RNAP 
RNA exit channel later on. In contrast to the other 
Nus-factors, SuhB is excluded from the λN-EC, as it 
would clash with the phage boxB element [57,107]. 
However, in principle N proteins could replace SuhB 
in rrnECs. It would thus be interesting to test if 
N proteins could organize Nus-factors into an rrn- 
like EC based on the rrn nut-like elements, and if the 
resulting N-modified complexes could also support 
co-transcriptional rRNA folding, rRNP assembly and 
rRNA processing. Such a scenario might ensue during 
the lytic life cycle of the phages and maintain efficient 
ribosome production when much of the cell’s tran
scriptional resources are diverted to transcription of 
the phage genome.

RNA chaperoning by NusA may modulate ρ- 
dependent termination

ρ is an NTP-dependent RecA-like hexameric RNA 
translocase/helicase implicated in diverse regula
tory processes that depend on its best known func
tion as a transcription termination factor [183– 
185]. ρ can exist in an open conformation, in 
which it can bind RNA at the center of a ρ spiral, 

and a closed conformation, in which it clamps 
down on the entrapped RNA and can translocate 
5ʹ-to-3ʹ on this RNA in an NTPase-dependent 
manner. Although NusA-mediated contacts 
between ρ and RNAP have been noted long ago 
[186], the question of whether ρ can engage ECs 
without terminating transcription has been 
debated, as the classical model of ρ-dependent 
termination implies that ρ loads onto a ρ- 
utilization (rut) site in the nascent transcript inde
pendent of an EC, subsequently tracks down the 
EC by virtue of its RNA translocase activity and, 
upon encounter, leads to termination by resorting 
to its powerful motor activity [183–185]. Recent 
cryoEM structures in conjunction with structure- 
informed functional analyses strongly support an 
alternative model, in which ρ initially travels on 
ECs independent of RNA contacts and without 
leading to termination, and traps ECs in a pre- 
termination state only at RNAP pause sites 
[113,114]. This model is consistent with observa
tions that ρ seems to traffic on NusA/NusG- 
modified ECs throughout most of the transcrip
tion cycle on almost every transcription unit 
[104,187,188].

ρ binds ECs through extensive contacts to RNAP, 
NusA and NusG in an open ring conformation pla
cing two of its subunits around the RNA exit channel 
(Figure 7). NusA seems to initially inhibit ρ- 
dependent termination by inserting between two ρ 
subunits, thereby keeping ρ in an open conforma
tion, consistent with its effects in biochemical assays 
[113]. In addition, in an initial ρ engagement com
plex, NusA seems to guide exiting RNA away from ρ 
[113], consistent with a previous suggestion based on 
biochemical analyses [189]. Stepwise remodeling, 
including NusA displacement, seems to turn an 
initial ρ trafficking complex [114] into a pre- 
termination complex, in which ρ gains access to the 
nascent transcript, without resorting to its NTP- 
dependent motor function [113]. Thus, NusA 
seems to chaperone RNA engagement by ρ to mod
ulate transcription termination.

ρ has been shown to strongly influence tran
scriptional pausing in vitro [187]. Furthermore, 
a RARE [103] and inhibitory RNAP-binding apta
mers (iRAPs) [190] have been identified that inter
fere with and promote ρ-dependent termination, 
respectively. Also, recent studies revealed
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a hitherto underestimated interplay between ρ and 
small regulatory RNAs (sRNAs) whose functions 
depend on RNA chaperones, such as Hfq (see 
below) [191–193]. Thus, ρ might function as 
a general transcription factor that resorts to RNA 
chaperoning activities in various scenarios [114].

Additional co-transcriptional RNA chaperones

Ribosomal protein S1

S1 is the largest ribosomal protein with 
a molecular mass of around 60 kDa and is 

composed of six S1 domains, as also found in 
NusA [194,195]. S1 exhibits RNA chaperone activ
ity, e.g., during translation initiation, where it 
mediates mRNA binding to the small ribosomal 
subunit and resolves bulky secondary structures 
within the mRNA for the ribosome to start protein 
synthesis [46,196]. Observations that r-protein S1 
co-purifies with RNAP [197,198] hint at the pos
sibility that it might also act as an RNA chaperone 
during transcription. S1 has been observed to pro
mote transcriptional cycling in vitro [199], has 
been suggested to play a role during rRNA anti- 
termination [200] and can bridge RNAP and the

Figure 7. ρ/NusA/NusG-modified EC. Semi-transparent surface representation of the engagement complex (PDB ID 6Z9P). ρ 
subunits, different shades of green/cyan. ρ is recruited to RNAP at the upstream face of the active site, making direct contacts to 
RNAP, NusA and NusG. NusA keeps ρ in an open ring conformation by inserting into the opening of the ρ ring. In the engagement 
complex, NusA is located proximal to the RNA exit channel and seemingly guides the nascent RNA along its RNA binding domains, 
preventing ρ from engaging the transcript.
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30S ribosomal subunit [201]. In addition, S1 is an 
integral part of the bacteriophage Qβ replication 
complex [202] that interacts with NusA [203].

S1 action during transcriptional cycling has 
been proposed to depend on S1’s interaction with 
both RNAP and the nascent transcript [199]. The 
molecular architecture of S1 with its string of 
RNA-binding modules would allow the protein 
to bind to the nascent transcript at several sites 
simultaneously and potentially prevent inhibitory 
interactions to RNAP. Moreover, by binding to 5ʹ- 
untranslated regions (UTRs) of mRNAs, it could 
recruit S1-free ribosomes by forming a bridge 
between RNAP and the translational machinery. 
This model is consistent with S1 being the only 
r-protein that is not stably associated with one of 
the ribosomal subunits. A recent cryoEM structure 
indeed places S1 at the interface between core 
RNAP and the 30S subunit, suggesting that S1 
could guide the mRNA into the entry channel of 
the ribosome, consistent with its role during trans
lation initiation [201]. However, S1 is absent from 
cryoEM structures of active transcription- 
translation coupled complexes [115,168,169].

A role during rRNA transcription and/or pro
cessing has been contemplated based on S1’s affi
nity to the boxA sequence located in the rRNA 
operon leader and spacer regions within the rrn 
nut-like elements [200]. However, S1 would have 
to replace the NusB-NusE dimer in rrnECs [107] 
to exert such a role. As S1 harbors well-recognized 
RNA chaperone activity [48], and as even formally 
late-binding ribosomal proteins can modulate the 
initial steps of co-transcriptional rRNA folding 
and rRNP assembly [158,178], a more sophisti
cated role for S1 as a co-transcriptional RNA cha
perone appears possible, but needs further 
experimental testing.

Ribosomal protein L4

In E. coli, the synthesis of r-proteins is often auto
genously regulated by one of the products of 
r-protein operons at the level of translation initia
tion [204,205]. However, the S10 operon, which 
encodes eleven r-proteins including L4, is unique, 
as r-protein L4 employs two distinct and indepen
dent mechanisms to control gene expression, tran
scriptional attenuation and translational inhibition 

[206,207]. When free L4 protein accumulates in 
the cell, it stimulates premature termination of 
transcription at a specific site in the S10 operon 
leader region, upstream of the first gene in the 
operon [206,208]. L4-mediated transcription ter
mination is strictly dependent on NusA, which 
stabilizes the paused EC at the site of termination 
[209,210]. NusA-stabilized pausing depends on the 
formation of a pause-hairpin at the site of termi
nation, whereas L4 regulatory sequences are 
located within the pause-hairpin as well as in 
a hairpin upstream of the pause site [209–211]. 
A NusA-stabilized hairpin pause is a requirement 
for subsequent termination, and it has been sug
gested that L4-induced structural changes in the 
leader region create a “super-paused” complex that 
leads to termination of transcription [211,212].

As the structure of the NusA-modified his-PEC 
revealed enough space for a terminator hairpin to 
form [5], it is intriguing to speculate that L4 might 
be part of the EC during S10 operon transcription, 
and together with NusA chaperones folding of the 
leader region. While NusA is known to support 
intrinsic termination [105], such a mechanism 
could explain how attenuation of S10 operon tran
scription is rendered dependent on L4.

Hfq

The RNA chaperone Hfq is widely conserved in 
bacteria, in which it acts as a global regulator of 
cell physiology. It is best characterized as a post- 
transcriptional regulator of gene expression during 
stress responses in bacteria [213,214]. As an RNA 
chaperone, Hfq promotes base-pairing between 
small non-coding RNAs (sRNAs) and their 
mRNA targets, acting as an RNA matchmaker 
that controls expression levels of the proteins 
encoded on the target mRNAs. The functions of 
Hfq in post-transcriptional gene regulation and 
the molecular basis of its chaperone activities in 
these contexts have been reviewed extensively 
[48,213–215].

Hfq has also been shown to be associated with 
ECs [197,198], possibly dependent on r-protein S1. 
The structural basis for Hfq-EC interactions is not 
yet known, but a role of Hfq in affecting mRNA 
levels during transcription has been proposed 
[216]. Hfq might promote co-transcriptional
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RNA folding to counteract transcription pausing 
or arrest, thereby modulating attenuation in spe
cific operons [217]. Hfq has also been shown to 
mediate transcription anti-termination at ρ- 
dependent terminators by directly interacting 
with termination factor ρ [218]. Although the 
functional targets of Hfq-mediated anti- 
termination still need to be identified, the potential 
of ρ to be globally associated with RNAP during 
transcription [104] and to directly bind ECs 
[113,114] opens up new mechanistic pathways 
for regulation, in which both, Hfq and ρ, might 
be involved. Interestingly, recent studies indicate 
an effect of sRNAs in the regulation of ρ- 
dependent termination, which might again rely 
on Hfq’s RNA matchmaking activities [193]. In 
addition, Hfq from the opportunistic pathogen 
Pseudomonas aeruginosa has been shown to bind 
co-transcriptionally to hundreds of nascent tran
scripts [219] as does the post-transcriptional reg
ulator RsmA [220]. These observations support the 
notion that the function of nominal post- 
transcriptional regulators as co-transcriptional 
RNA chaperones may be commonplace in 
bacteria.

Conclusion

Based on major advances in cryoEM-based struc
tural analysis, single-molecule approaches and 
RNA/RNP structure probing techniques in combi
nation with RNA sequencing we have deepened 
our insights into how RNAP simultaneously coor
dinates RNA synthesis, folding and processing. 
RNAP provides a chamber, the RNA exit tunnel, 
and most likely additional surfaces on which nas
cent transcripts start folding into secondary struc
tures, co-transcriptionally guiding the RNAs 
toward their functional conformations. An intri
cate interplay is emerging between RNA chaper
oning functions of RNAP, the order in which RNA 
regions are synthesized and transcription kinetics. 
RNA chaperoning by RNAP and transcription 
kinetics can be modulated by additional factors 
that interact with the nascent RNA, with RNAP 
or both, also linking co-transcriptional RNA fold
ing to RNA processing and/or assembly of RNPs.

The core architecture of multi-subunit RNAPs, 
and in particular the structural elements that make 

up the pores and channels important for nucleic 
acid guidance or for granting substrates and reg
ulators access to the active site, are conserved 
throughout all kingdoms of life [88,221], suggest
ing that basic RNA chaperoning functions are 
phylogenetically conserved. However, not only do 
the common subunits of RNAPs from different 
kingdoms show increasing sequence divergence 
in more peripheral regions, there are also species- 
or kingdom-specific subunits and sets of regula
tory factors, suggesting that there will likewise be 
species- and kingdom-specific RNA chaperoning 
in TCs. E.g., within the bacterial kingdom, firmi
cutes contain additional small RNAP subunits, δ 
and ε, implicated in transcriptional recycling and 
structural integrity of RNAP, respectively [93], the 
precise functions of general transcription factors 
can differ between phyla [222–225], ρ-dependent 
termination is not essential in all bacteria 
[222,226] and there are different degrees of tran
scription-translation coupling [227].

Some gaps remain in our understanding of some 
already well-studied transcription regulatory 
mechanisms that involve co-transcriptional RNA 
folding, such as the structural consequences of 
a third strand in the RNA exit tunnel during hair
pin-stabilized pausing or the precise structural basis 
of intrinsic termination. Likewise, it will be interest
ing to further decipher variations of recognized 
themes, e.g., during transcription anti-pausing/anti- 
termination by different members of the families of 
Q and N anti-termination factors. An important 
task will be the experimental delineation of RNAP 
regions beyond the exit channel, as well as of addi
tional TFs and specific TF surfaces, involved in co- 
transcriptional RNA folding, processing and RNP 
assembly. Such surfaces may be involved in the co- 
transcriptional folding of put, EAR, RARE, or iRAP 
elements as well as of riboswitches. In addition, the 
role of RNAP and or TFs in the functional switches 
observed for some of these elements that depend, 
e.g., on transcriptional progression or ligand bind
ing remain to be explored.

Ribosomes will remain major model systems 
to study co-transcriptional RNA folding, proces
sing and RNP assembly mechanisms. Regarding 
rRNA folding and rRNP assembly in bacteria, it 
will be important to clarify the molecular basis 
for the functions of certain r-proteins as subunits
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of rrnECs, and whether precisely the same mole
cules are also used as rRNP building blocks that 
are co-transcriptionally incorporated into nas
cent subunits. To this end, single-molecule 
approaches that make use of authentically mod
ified rrnECs have to be developed. Regarding the 
analysis of the structural basis of co- 
transcriptional rRNP assembly, it would be 
most desirable to investigate endogenous assem
bly intermediates, e.g., by employing cryogenic 
electron tomography on small bacteria or in 
combination with focused ion beam milling. In 
principle, advanced cross-linking/mass spectro
metry approaches also offer an opportunity for 
in situ structural analyses, but a challenge will be 
to attribute observed cross-links to specific 
assembly intermediates. Knock-out/knock-down 
of assembly factors that lead to enrichment of 
certain intermediates may offer a solution, and 
could also be helpful in their ex vivo structural 
analysis by single-particle cryoEM.

Further studies are also needed to unveil how 
the complex functional interplay between tran
scription and translation machineries might be 
influenced by co-transcriptional structure for
mation and how, in turn, transcription- 
translation coupling might impact co- 
transcriptional RNA folding. Given the observa
tion that r-proteins also moonlight as transcrip
tion factors in other scenarios, such as L4 
during transcriptional attenuation in the S10 
operon, a particular challenge will be to disen
tangle the precise roles of r-proteins when con
ducting genome-wide or transcriptome-wide 
studies using, e.g., chromatin immunoprecipita
tion or cross-linking/immunoprecipitation- 
based technologies that target r-proteins. 
While certainly challenging, insights into such 
mechanisms may also open up new avenues in 
the design of transcription-modulatory drugs, 
including novel antibiotics.
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