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SUMMARY

Universally conserved NusG/Spt5 factors reduce RNA polymerase pausing and arrest. In a widely 

accepted model, these proteins bridge the RNA polymerase clamp and lobe domains across the 

DNA channel, inhibiting the clamp opening to promote pause-free RNA synthesis. However, 

recent structures of paused transcription elongation complexes show that the clamp does not open 

and suggest alternative mechanisms of antipausing. Among these mechanisms, direct contacts of 

NusG/Spt5 proteins with the nontemplate DNA in the transcription bubble have been proposed to 

prevent unproductive DNA conformations and thus inhibit arrest. We used Escherichia coli RfaH, 

whose interactions with DNA are best characterized, to test this idea. We report that RfaH 

stabilizes the upstream edge of the transcription bubble, favoring forward translocation, and 

protects the upstream duplex DNA from exonuclease cleavage. Modeling suggests that RfaH loops 

the nontemplate DNA around its surface and restricts the upstream DNA duplex mobility. 

Strikingly, we show that RfaH-induced DNA protection and antipausing activity can be mimicked 

by shortening the nontemplate strand in elongation complexes assembled on synthetic scaffolds. 

We propose that remodeling of the nontemplate DNA controls recruitment of regulatory factors 

and R-loop formation during transcription elongation across all life.
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Introduction

In all three domains of life, transcription elongation factors from NusG/Spt5 family 

coordinate RNA synthesis with co-transcriptional RNA processing. These proteins are 

composed of an N-terminal domain (NTD) and at least one C-terminal domain (CTD) 

bearing a Kyrpides, Ouzounis, Woese (KOW) motif (Kyrpides et al., 1996). The two 

domains, which are nearly superimposable across this family, are connected by a flexible 

linker and can make simultaneous interactions with the elongating RNA polymerase 

(RNAP) and other cellular partners, coupling transcription to RNA processing, modification, 

and translation (Tomar & Artsimovitch, 2013). While KOW domains interact with a diverse 

set of structurally distinct proteins, the NTDs bind to the same site on the transcription 

elongation complex (EC) and modulate RNA synthesis in the absence of any auxiliary 

factors (Tomar and Artsimovitch, 2013 and references therein).

Escherichia coli RfaH, an operon-specific paralog of NusG, is the best-characterized 

member of this family of regulators. RfaH is recruited to RNAP paused at an ops element, 

an exemplar of a consensus pause signal (Larson et al., 2014, Vvedenskaya et al., 2014), via 

specific interactions of the NTD with the nontemplate (NT) DNA strand exposed on the 

RNAP surface (Belogurov et al., 2007). Following recruitment in the leader region, RfaH 

remains bound to RNAP throughout transcription of the entire operon (Belogurov et al., 
2009) and abrogates Rho-dependent termination, in part by inhibiting pausing 

(Sevostyanova et al., 2011). E. coli NusG and Spt5 proteins from yeast and archaea share the 

ability to reduce RNAP pausing and arrest (Crickard et al., 2016, Artsimovitch & Landick, 

2000, Hirtreiter et al., 2010).

Studies of RfaH identified key contacts with RNAP thought to underpin antipausing activity 

in all NusG-like proteins. In RfaH-NTD, a patch of hydrophobic residues mediates high-

affinity interactions with the tip of the β′ clamp helices (CH), a part of the β′ clamp domain, 

and a separate HTTT motif interacts with the β gate loop (GL; Fig. 1A), a part of the β lobe 

domain (Belogurov et al., 2010). The β′ clamp and β lobe form two pincers of the crab-

claw-shaped RNAP (Zhang et al., 1999) that lie on two sides of the main channel, which 

contains the active site and the nucleic acids in the EC (Kang et al., 2017, Vassylyev et al., 
2007). The clamp domain makes up much of the β′ pincer and undergoes swinging motions 

Nedialkov et al. Page 2

Mol Microbiol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that open the channel to permit entry of nucleic acids during initiation or close the channel 

around the nucleic acids to enable processive elongation (Chakraborty et al., 2012, Feklistov 

et al., 2017, Gnatt et al., 2001). In a long-standing model of RNAP pausing, the clamp was 

hypothesized to open during the EC isomerization into off-pathway states (Zhang & 

Landick, 2016), suggesting that RfaH may inhibit pausing by bridging the RNAP pincers 

across the main channel (Sevostyanova et al., 2011), akin to processivity clamps in DNA 

polymerases.

Subsequent structural analyses and molecular modeling revealed that the NTD-RNAP 

interactions are broadly conserved among bacterial, yeast, mammalian and archaeal factors 

(Klein et al., 2011, Martinez-Rucobo et al., 2011, Turtola & Belogurov, 2016, Yakhnin et al., 
2016, Bernecky et al., 2017, Ehara et al., 2017) and that the clamp opens a paused bacterial 

EC (Weixlbaumer et al., 2013). Together, these data supported a ubiquitous antipausing 

mechanism shared by all NusG homologs.

However, recent findings put this model in doubt and suggest that NusG-like proteins may 

utilize other contacts with the EC to reduce pausing. First, the bridging contacts to GL do 

not appear to be universally important; E. coli NusG does not require GL for antipausing 

(NandyMazumdar et al., 2016) and antibacktracking (Turtola & Belogurov, 2016) activities. 

Second, in cryo-EM structures of the hairpin-stabilized paused E. coli ECs (Guo et al., 2018, 

Kang et al., 2018a), the clamp does not open, and instead undergoes a minor rotation termed 

“swiveling”. Third, the evidence in support of the key roles of direct NTD-DNA contacts has 

been accumulating. E. coli RfaH (Artsimovitch & Landick, 2002), Bacillus subtilis NusG 

(Yakhnin et al., 2016) and Saccharomyces cerevisiae Spt5 (Crickard et al., 2016) have been 

shown to directly contact NT DNA. We proposed that NusG-DNA contacts compensate for 

missing contacts with GL (NandyMazumdar et al., 2016), providing alternative means to 

stabilize the NT DNA-GL-NTD network of interactions. We hypothesized that excessive 

flexibility of NT DNA could be detrimental, and that a factor that restrains NT DNA may 

promote processive elongation (NandyMazumdar et al., 2016); a similar “bubble-chaperone” 

model was proposed for yeast Spt5 (Crickard et al., 2016). Finally, interactions of NusG 

proteins with the upstream DNA duplex and the fork junction may facilitate forward 

translocation to reduce pausing and arrest. Footprinting and crosslinking data suggest that E. 
coli (Turtola & Belogurov, 2016) and Thermus thermophilus (Sevostyanova & Artsimovitch, 

2010) NusGs promote DNA reannealing behind the RNAP. Biochemical analysis 

demonstrated interactions of S. cerevisiae (Crickard et al., 2016) and Methanocaldococcus 
jannaschii (Guo et al., 2015) Spt5 with the upstream DNA. A recent structure of yeast 

Komagataella pastoris EC revealed that Spt4/5 encircles one turn of the duplex DNA behind 

the RNAP in a “DNA exit tunnel” (Ehara et al., 2017). In this work, we set out to investigate 

the contribution of DNA interactions to RfaH effects on the EC. Our results show that RfaH 

stabilizes the upstream fork junction and restricts the mobility of NT DNA. The congruity of 

their binding sites and structures suggests that NusG proteins from all three domains of life 

may utilize similar interactions to control transcription.
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Results

RfaH induces protection of the upstream DNA from exonuclease digestion

We first asked whether RfaH interacts with the duplex DNA to promote strand reannealing 

at the rear end of the transcription bubble. We utilized footprinting with Exo III, an 

exonuclease that digests DNA in a 3′→5′ direction and has been used extensively in the 

analysis of ECs (Kireeva & Kashlev, 2009). We prepared ECs on nucleic-acid scaffolds 

containing the 12-nt ops DNA element in the NT strand (Supporting Information Fig. S1); 

the template (T) strand and the nascent RNA were end-labeled with γ32P-ATP (Fig. 1B). 

Throughout the manuscript, we assign the positions of RNA 3′ ends relative to the ops 
element; U11 corresponds to the position at which RNAP pauses during elongation through 

the ops signal (Belogurov et al., 2007).

We compared ECs in which the 3′ end of the RNA was at G8 and U11. We have previously 

shown that RfaH is recruited to U11 EC assembled on a scaffold or during elongation 

(Artsimovitch & Landick, 2002), but not to G8 EC (see below). As expected based on 

previous reports (Nedialkov & Burton, 2013), in the absence of RfaH, RNAP protected 14 

nts of T DNA upstream from the active site from Exo III digestion (Fig. 1B). Since the 

RNA:DNA hybrid is 9 bp long (Kang et al., 2017), RNAP alone protects 5 bp of the duplex 

upstream from the bubble. In the presence of RfaH, the upstream boundary of U11 EC was 

extended by up to 7 nt, but remained stationary in G8 EC. This protection was observed at 

10 nM RfaH (Supporting Information Fig. S2), at or below its cellular concentration 

(Schmidt et al., 2016).

An upstream shift of the footprint may be indicative of backtracking, reverse translocation of 

RNAP accompanied by the nascent RNA threading into the secondary channel. Although 

ops is an example of a backtracked pause (Artsimovitch & Landick, 2000), we considered 

this explanation unlikely because (i) RfaH-NTD inhibits pyrophosphorolysis, a result 

consistent with an enhancement of forward translocation (Svetlov et al., 2007) and (ii) the 

upstream segment of the nascent RNA in U11 scaffold EC is not complementary to the T 

DNA, a structure expected to inhibit reverse translocation. To exclude a possibility that the 

full-length RfaH promotes backtracking even in mismatched ECs, we probed their 

downstream boundaries (Fig. 1C). We found that RfaH did not alter the downstream Exo III 

protection in G8 and U11 ECs (Fig. 1C), confirming that the ECs in which the RNA cannot 

reanneal with the T strand are resistant to backtracking.

To test RfaH effects on RNAP translocation in complexes which could backtrack, we walked 

G8 ECs to the U11 position in one-nucleotide steps and tested their sensitivity to GreB-

induced cleavage (Supporting Information Fig. S3). We found that G8 and C9 ECs were 

resistant to cleavage, both in the absence and in the presence of RfaH. C10 EC was 

backtracked by 2 nt in the absence of RfaH but became resistant to Gre cleavage in the 

presence of RfaH. Similarly, RfaH counteracted backtracking in U11 EC. We conclude that 

RNAP backtracks while approaching the ops pause site and that RfaH, once bound, inhibits 

backtracking.
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The expanded protection is independent of the RfaH-CTD

What could be the source of an expanded footprint? One possibility is that the observed 

protection is due to RfaH itself. Two RfaH regions could mediate contacts with the upstream 

DNA, the KOW-CTD (residues 112–162) and the β-hairpin mini-domain (residues 32–49). 

The upstream DNA binds to the yeast Spt5 KOW domain (Ehara et al., 2017) and can be 

modeled to interact with the RfaH mini-domain (Fig. 1A); alanine substitution of Lys42 

abolishes RfaH antipausing activity, whereas R43A substitution modestly reduces it 

(Belogurov et al., 2010). To test the contribution of these two elements to RfaH/TEC 

interactions, we carried out Exo III probing in the presence of RfaH-NTD or the K42A 

variant. We found that both proteins protected the upstream DNA from Exo III cleavage 

similarly to WT RfaH (Supporting Information Fig. S4). Thus, the RfaH-NTD is sufficient 

for the observed protection and the substitution of Lys42, the only residue in the mini-

domain shown to be critical for antipausing activity (Belogurov et al., 2010), does not alter 

Exo III accessibility.

RfaH-bound ECs are not scrunched

DNA scrunching would also lead to an enlarged footprint. Scrunching has been observed in 

initiation (Winkelman & Gourse, 2017) and elongation (Strobel & Roberts, 2014, Zhilina et 
al., 2012) complexes in which the σ-DNA contacts stabilize a scrunched intermediate. 

During initial rounds of RNA synthesis, the front end of RNAP moves forward as 

nucleotides are added to the chain, but the rear end is held in place by σ-DNA contacts and 

the unwound DNA is pushed into the active site channel (Winkelman & Gourse, 2017). 

These interactions must be broken to allow escape from a promoter or from σ-dependent 

pause induced by a -10-like sequence. Stress accumulated during scrunching can also be 

relieved by release of a short abortive RNA (Winkelman & Gourse, 2017) or by 

backtracking, followed by cleavage of the nascent RNA and restart (Strobel & Roberts, 

2014, Zhilina et al., 2012). Like σ, RfaH binds to the β′CH and the NT strand 

(Sevostyanova et al., 2008) and induces a pause downstream of the ops element (Belogurov 

et al., 2010), suggesting that it could stabilize a scrunched intermediate.

In RfaH-bound ECs, 5–7 additional bases are protected from Exo cleavage (Fig. 1B), 

suggesting scrunching of 5+ nucleotides. We used two approaches to test this idea. First, we 

assembled ECs in which NT DNA was nicked 2 nt upstream of the active site (Supporting 

Information Fig. S5). While the RfaH-binding region is preserved in this EC, potential steric 

compaction should be relieved. In initiation complexes, the scrunched NT strand is extruded 

into solution (Winkelman & Gourse, 2017) and might not create strain; indeed, NT nicks do 

not affect promoter escape (Samanta & Martin, 2013). In contrast, in the RfaH-bound EC, 

the NT strand is expected to be constrained by contacts to the RfaH-NTD and perhaps to 

GL. We found that RfaH protected the upstream DNA from Exo III cleavage in complexes 

assembled with either intact or nicked NT strand (Supporting Information Fig. S5), 

suggesting either that (i) the RfaH-bound EC is not scrunched or (ii) scrunching does not 

induce steric stress that can be alleviated by a break in the NT DNA.
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RfaH stabilizes the upstream edge of the transcription bubble

The resistance to Exo III, which is specific for the double-stranded DNA, could be explained 

by the duplex DNA distortion at the rear edge of the EC. To probe the upstream fork 

junction (the boundary between the transcription bubble and the upstream duplex) directly, 

we used crosslinking with 8-methoxypsoralen (8-MP). 8-MP specifically intercalates into 

double-stranded 5′-TA-3′ motifs and introduces a T-T inter-strand crosslink upon exposure 

to UV light, and has been used to map the transcription bubble in the E. coli EC (Turtola & 

Belogurov, 2016). We assembled G8 EC on a scaffold with a TA motif positioned nine 

nucleotides upstream of the RNA 3′ end (Fig. 2), with 5′-labeled T DNA and RNA. We 

then walked this complex in one-nucleotide steps to U11 and monitored the inter-strand 

crosslinking efficiency in the absence and the presence of RfaH. In G8 EC, the efficiency of 

DNA:DNA crosslinking was below 10%, as expected because the TA motif is located inside 

the transcription bubble. Upon formation of C9 EC, crosslinking remained low in the 

absence of RfaH, but was increased ~2-fold (from 8% to 19%) upon addition of RfaH; an 

analogous but smaller effect was observed for E. coli NusG (Turtola & Belogurov, 2016). 

Further extension of RNA to G10 and U11 led to increased crosslinking (~30% efficiency), 

as anticipated upon duplex formation, and RfaH effects remained the same (~2-fold 

enhancement) in both ECs. These results show that the upstream boundary of the 

transcription bubble is located at the expected position in ECs moving through the ops 
element. RfaH does not induce bubble expansion; on the contrary, it appears to stabilize the 

upstream fork junction, favoring forward translocation (Fig. 2 and Supporting Information 

Fig. S3). Interestingly, RfaH-mediated enhancement of 8-MP crosslinking is evident at C9, 

two nucleotides ahead of U11, indicating that pausing at the ops site (at U11) is not 

absolutely required for RfaH recruitment as long as RNAP moves slowly or not at all, as is 

the case in scaffold complexes.

The GL-RfaH interactions are required for upstream protection

Together, these results argue that RfaH alters RNAP contacts with DNA. To elucidate the 

basis for the observed protection, we used RNAP variants with changes in four elements 

that, based on the available data, could alter DNA accessibility directly or allosterically. 

First, the β′ lid loop (LL) acts in concert with NusG to surround the upstream DNA and 

inhibit backtracking (Turtola & Belogurov, 2016). RfaH is expected to establish a similar 

crosstalk with the LL that may restrict the DNA accessibility to Exo III directly. Second, 

pause-resistant substitutions in RNAP are insensitive to RfaH and mimic its effect on 

elongation (Svetlov et al., 2007), hypothetically by promoting conformational changes in the 

EC similarly to RfaH. β′ F773V substitution in the bridge helix, a quintessential example of 

this class (Malinen et al., 2014), could be expected to hinder Exo III digestion. Third, 

tightening of the clamp may inhibit Exo cleavage by stabilizing RNAP-DNA interactions. 

The clamp position is linked to movements of the β flap domain, which forms one side of 

the RNA exit channel and the β flap tip (FT) is expected to clash with the approaching Exo 

III (see below). Repositioning of the β flap upon the pause RNA hairpin formation is 

accompanied by the clamp swiveling (Kang et al., 2018a), whereas RfaH exerts an opposite 

effect (Hein et al., 2014). Finally, the GL, whose interactions with the RfaH HTTT motif are 

essential for antipausing activity (Sevostyanova et al., 2011), could stabilize DNA in the 
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RfaH-bound EC through a network of NTD/NT DNA/GL contacts (NandyMazumdar et al., 
2016).

To evaluate if any of these elements contributes to the upstream DNA protection, we tested 

RNAPs with the F773V substitution and deletions of the LL, FT, and GL elements by Exo 

III footprinting (Fig. 3A). Our results indicate that all variant enzymes displayed similar Exo 

III boundaries in the absence of RfaH. Strikingly, the GL deletion eliminated the upstream 

protection by RfaH, whereas other changes had no effect. This observation suggests that the 

antipausing activity and the DNA accessibility, both of which are altered upon the GL 

deletion, are functionally linked.

To confirm that the effect of ΔGL is due to the disruption of the GL-NTD contacts, as 

opposed to contacts with DNA, we used RfaH variants with substitutions in the HTTT motif. 

We found that alanine substitution of each single HTTT residue strongly reduced protection, 

and the quadruple substitution completely eliminated it (Fig. 3B). By comparison, alanine 

substitution of His20, a residue that interacts with DNA, increased susceptibility to cleavage 

only slightly. Although the deletion of GL and HTTT substitutions do not significantly alter 

RfaH binding to the EC (Belogurov et al., 2010, Sevostyanova et al., 2011), we performed 

these experiments at 100 nM RfaH, a ten-fold excess over the WT RfaH concentration that 

confers protection (Supporting Information Fig. S2), to compensate for possible minor 

differences in affinity. We conclude that the upstream DNA protection is due to allosteric 

effects of stabilizing RfaH-GL contacts.

Modeling the effects of DNA conformation on Exo III accessibility

The above results exclude scrunching and backtracking as plausible explanations for the 

upstream DNA protection. We hypothesized that RfaH may restrict the upstream DNA 

duplex conformation, thereby hindering Exo III access, in several ways. First, a five amino-

acid loop of RfaH/NusG faces the upstream fork junction and may alter the trajectory of the 

upstream DNA (Turtola & Belogurov, 2016). Second, the β-hairpin mini-domain could 

contact the upstream DNA duplex to restrict its conformation. Third, the single-stranded NT 

DNA loops around RfaH (Zuber et al., 2018, Kang et al., 2018b), thereby effectively 

shortening the NT DNA tether between the upstream and downstream DNA and 

constraining them in an orthogonal orientation. We refer to a change in the NT DNA 

trajectory by RfaH as a NT DNA lock model.

To evaluate these possibilities, we built models in which Exo III is approaching the EC (with 

or without the bound RfaH) from behind (Fig. 4). A detailed description of the models, 

along with an alternative view (Fig. S6), pdb files, and 3D PDF files are provided in 

Supporting Information. Modeling revealed that Exo III does not clash with any EC 

components when positioned 12 bp upstream of the transcription bubble if the upstream 

DNA is orthogonal to the downstream DNA and lines the β′ clamp (Model 1; Fig. 4). 

However, tilting the upstream DNA towards the β protrusion brings Exo III in contact with 

the protrusion (Model 2; Fig. 4 and Supporting Information Fig. S6). Given that RfaH 

protects 12 upstream bp (Figs. 1A and 3), these results suggest that RfaH restricts the 

upstream DNA in a protrusion-proximal conformation in addition to restricting its 

orthogonal orientation relative to the downstream DNA.
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Next, we considered a possibility that RfaH effect on the DNA trajectory in the EC is 

mediated solely by the NT DNA looping. If this were the case, the upstream duplex DNA 

would be restricted in the orthogonal orientation by physically shortening the NT DNA. By 

in silico modeling, we estimated that minimum of five single-stranded nucleotides is needed 

to tether the orthogonal upstream and the downstream DNA without compromising the 

duplex structures (Model 3; Fig. 4). In a resulting model, Exo III is positioned 9 bp from the 

bubble.

The observation that the upstream protection is largely absent when RfaH-GL contacts are 

compromised (Fig. 3) strongly argues that the NT DNA lock makes the major contribution 

to restricting the upstream DNA flexibility by RfaH. To structurally evaluate effects of the 

loss of RfaH/NT DNA contacts, we constructed a fourth model in which Exo III is 

positioned five bp upstream from the transcription bubble (Model 4), as observed in ECs 

without RfaH or RfaH-GL contacts (Fig. 3). We threaded ten nucleotides of the single-

stranded NT DNA so that it does not clash with RfaH, but did not attempt to loop the NT 

strand around the RfaH surface implicated in interactions with ops (Belogurov et al., 2010). 

The resulting model (Model 4; Fig. 4) shows that a conformation in which Exo III leaves 

only five bp of the upstream DNA undigested is spatially feasible if the NT DNA is not 

required to loop around the RfaH surface.

Shortening the NT DNA mimics RfaH effects on the EC

In the EC, the transcription bubble is 10 nt, and the T DNA strand is held tightly within the 

9-bp RNA:DNA hybrid (Kang et al., 2017). By contrast, the NT strand is very flexible and 

may potentially assume conformations incompatible with processive transcription 

(NandyMazumdar et al., 2016). Modeling suggests that up to five NT DNA nucleotides can 

be deleted without compromising the EC structure (Model 3; Fig. 4), altering the upstream 

duplex DNA trajectory. To test if RfaH-mediated Exo III protection could be mimicked by 

physically shortening the NT DNA, we assembled scaffold ECs in which four or five NT 

DNA nucleotides were deleted (Fig. 5A) while the T DNA and RNA strands were identical 

to those in U11 EC (Fig. 4). These deletions remove the ops bases that interact with RfaH 

(Zuber et al., 2018, Kang et al., 2018b), explaining the lack of RfaH effect on these ECs 

(Fig. 5A). In support of the DNA lock model, four- and five-nt deletions protected seven and 

nine bp of upstream DNA from cleavage, respectively (Fig. 5A). This result is in agreement 

with model 3 (Fig. 4) where Exo III stops nine bp upstream of the transcription bubble when 

the NT strand is 5 nt long, matching the five-nt deletion. Strikingly, forthcoming X-ray, 

NMR, and cryo-EM structures of RfaH bound to the ops DNA and to a complete opsEC 

reveal that the NT DNA forms a short hairpin in which the ops bases are presented for RfaH 

recognition (Kang et al., 2018b, Zuber et al., 2018).

DNA lock promotes elongation in the absence of RfaH

The central element of our model is that locking the NT DNA should reduce pausing 

similarly to, and independently of, RfaH. To test this, we extended RNA in scaffold ops8 EC 

assembled with the full length or Δ5 NT DNA (Fig. 5B). As observed on standard long 

templates, RNAP efficiently paused at the ops site (U17 RNA) on the full-length NT 

scaffold, and a fraction of ECs were paused/arrested at U25, likely due to the lack of 
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downstream duplex ahead of RNAP. On the Δ5 scaffold, the efficiency of pausing at the ops 
site was reduced 2-fold, an effect that quantitatively matches that of RfaH (Belogurov et al., 
2007), and RNAP was arrested at U23 and U25. A block to bubble reannealing behind 

RNAP is a likely cause of arrest. Together, these results argue that constraining the NT DNA 

promotes elongation at an adjacent site, but may hinder transcription at other sites; locking 

the NT DNA by PNAs promotes R-loop formation and inhibits transcription by phage 

RNAPs (D’Souza et al., 2018).

DNA lock is not restricted to ops EC

Is the upstream protection dependent on RfaH interactions with ops, and thus restricted to 

the recruitment step, or is it a general property of RfaH-modified ECs? To answer this 

question, we probed the Exo sensitivity of a non-ops EC upon binding of the RfaH-NTD. In 

the isolated RfaH-NTD, the activation step which is dependent on ops is bypassed, allowing 

sequence-independent recruitment to RNAP (Belogurov et al., 2007). The NTD-bound EC 

thus mimics a post-recruitment RfaH-modified EC. We assembled an EC in which the ops 
bases that specifically interact with RfaH (G5 and T6) are mutated but the residues in the 

RNAP active site (T11 and G12) are preserved (Fig. 6). In this “scrambled ops” EC 

(Belogurov et al., 2007) the NTD, but not the full-length RfaH, conferred the extended 

upstream protection against Exo III cleavage. These results suggest that the NTD is able to 

dictate the DNA trajectory in any and all ECs after recruitment.

DISCUSSION

NusG/Spt5 proteins bind to the elongating RNAP and favor productive RNA synthesis. 

While most discussion has focused on similar interactions of the NTD with RNAP, widely 

assumed to be responsible for the antipausing activity of all members of this family, the role 

of direct DNA contacts has only recently come to light (Crickard et al., 2016, 

NandyMazumdar et al., 2016, Yakhnin et al., 2016). Our present results argue that 

remodeling of the NT DNA and the upstream DNA duplex by RfaH makes a significant 

contribution to its effects on RNA chain elongation. We hypothesize that the ability to 

modulate the NT and duplex DNA trajectories is shared by diverse regulators of 

transcription across all life.

The DNA lock mechanism

Our in silico (Fig. 4) and in vitro (Fig. 5) results support our hypothesis that RfaH-NTD 

restrains the NT DNA strand and the upstream DNA duplex. The latter effect confers 

protection of the upstream DNA from Exo III cleavage. Our modeling argues that the 

orientation of the upstream DNA can modulate Exo III progression (Fig. 4): while the 

parallel duplex orientation allows for the closest approach to the transcription bubble (5 bp), 

the upstream DNA that is orthogonal to the downstream DNA offers the longest protection 

(12 bp). Importantly, RfaH does not impede the Exo III approach unless the upstream DNA 

is restrained (Model 4; Fig. 4).

By looping the NT DNA around, RfaH effectively shortens it. We observe that physical 

shortening of the NT DNA by five nucleotides leads to nine bp protection from Exo III (Fig. 
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5A), a result fully consistent a predicted orthogonal orientations of the upstream and 

downstream DNA duplexes (Model 3; Fig. 4). The longer protection conferred by RfaH (12 

bp) suggests that the upstream DNA is additionally constrained by contacts with RNAP, but 

the structural basis for this effect is beyond the resolution of our models. One possibility is 

that, by folding the NT DNA, RfaH precisely positions the junction point between the 

single-stranded NT DNA and the upstream duplex DNA to bring the latter near the β 
protrusion.

Controlling the NT DNA trajectory during elongation

Other proteins that interact with the NT DNA would be expected to alter the observed 

upstream RNAP boundary on the DNA. Indeed, an upstream block to Exo III cleavage was 

observed in σ-paused ECs (Yarnell & Roberts, 1992, Zhilina et al., 2012). RfaH NTD and σ 
domain 2 (σ2) make topologically similar contacts to the melted NT DNA and β′CH 

(Sevostyanova et al., 2008) and delay RNAP escape downstream from their recruitment sites 

(Artsimovitch & Landick, 2002, Perdue & Roberts, 2011). The isolated σ2 is sufficient to 

delay escape (Zenkin et al., 2007) and induce upstream protection (Zhilina et al., 2012) in σ-

paused complexes, in which the bubble is expanded (Kainz & Roberts, 1992) and the DNA 

is scrunched (Marr et al., 2001, Zhilina et al., 2012). Although the extended Exo III footprint 

in σ-paused ECs could be partially due to scrunching (Zhilina et al., 2012), observations that 

changes in the footprint boundary (6–13 nt) are different between the complexes formed on 

short and long templates and exceed the number of “scrunchable” nucleotides (~4 nt in both 

cases) argue that scrunching alone cannot explain this protection. By contrast, RfaH-bound 

ECs are not scrunched; the upstream fork junction (Fig. 2) and the downstream RNAP 

boundary (Fig. 1C) are indicative of a relaxed EC. However, as in σ-paused ECs, RfaH 

protects the upstream DNA from Exo III cleavage by 5–7 nt (Fig. 1B) and the NTD is 

sufficient for protection (Supporting Information Fig. S3). In the case of RfaH, which makes 

fewer contacts to the NT strand than σ2 (Zuber et al., 2018, Feklistov & Darst, 2011), 

protection is dependent on GL (Fig. 3), which possibly supplements the missing contacts by 

binding to both the NT DNA and RfaH NTD (NandyMazumdar et al., 2016).

NT DNA interactions in other NusG homologs

Initial studies painted a picture in which specific recognition of the ops element arose in 

evolution to direct RfaH to a few specialized operons in the presence of a large excess of 

housekeeping NusG. In contrast to E. coli RfaH, which is recruited to the elongating RNAP 

only at ops sites, E. coli NusG displays no apparent sequence specificity and is able to bind 

to RNAP across the entire genome (Belogurov et al., 2009). However, studies of other 

NusGs suggest that the apparent lack of sequence preferences could be a peculiar feature of 

E. coli NusG. B. subtilis NusG recognizes a specific sequence in the NT DNA and inhibits 

RNAP escape (Yakhnin et al., 2016), similarly to RfaH effects at the ops site (Artsimovitch 

& Landick, 2002). Pause-enhancing properties of Mycobacterium bovis (Czyz et al., 2014) 

and Thermus thermophilus (Sevostyanova & Artsimovitch, 2010) NusGs could also be 

explained by their sequence-specific contacts with DNA.

Identification of DNA elements recognized by the NTD is challenging. The role of ops in 

RfaH recruitment is not limited to direct interactions with RfaH. In the ops-paused EC, no 
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more than six out of 12 ops nucleotides could interact with RfaH, and G5 and T6 mediate 

most contacts with the NTD (Zuber et al., 2018, Kang et al., 2018b). However, substitutions 

of almost every ops base confer strong defects on RfaH function in vivo, including those of 

T11 and G12 located in the RNAP active site and inaccessible to RfaH (Zuber et al., 2018). 

Our results that the effects of T11 and G12 mutations, which inhibit pausing, can be 

suppressed in vitro by reducing NTP concentration to promote pausing (Zuber et al., 2018) 

support a model in which pausing at the ops site extends a time window for RfaH 

recruitment to the moving RNAP. Finally, transient contacts between RfaH and the ops-

paused EC trigger RfaH domain dissociation, which exposes the β′CH binding site on the 

NTD and allows RfaH recruitment to the EC (Belogurov et al., 2007). This activation step is 

unique to RfaH, in which the NTD and CTD tightly interact to stabilize the autoinhibited 

state (Shi et al., 2017). NusG could travel with RNAP, scanning the NT DNA. Given the 

proximity of the NT DNA to the NTDs, it is hard to imagine how NTD-DNA interactions 

can be avoided and that all sequences will be recognized equally. Preferred sequences, 

possibly able to form a secondary structure that could promote base flipping to augment the 

information content of a short NT DNA sequence exposed on the EC surface (Zuber et al., 
2018), would be expected to delay RNAP at a specific site. Consistently, the isolated RfaH-

NTD in which the activation state is bypassed increases RNAP pausing at the ops site as 

efficiently as does the full-length RfaH (Belogurov et al., 2007). Systematic analysis of 

NusG interactions with their cognate ECs would be required to determine if their 

hypothetical interactions with the NT DNA are specific.

Diverse roles of the NT DNA in RNA synthesis

The NT strand has been shown to play many roles in regulating gene expression, from 

controlling properties of promoter complexes to serving as a recruitment platform for 

diverse protein factors, which include AID deaminase during immunoglobulin class 

switching (Pavri et al., 2010), UvrD during transcription-coupled repair (Epshtein et al., 
2014), and C37 during RNAP III termination (Arimbasseri & Maraia, 2015). We propose 

that some of these proteins constrain NT DNA as part of their mechanisms. Our hypothesis 

is based on protection against exonuclease cleavage in complexes assembled on short linear 

templates. What role could folding of the NT strand play in a physiological context? We 

envision several possibilities. First, specific protein recruitment to a NT signal during 

elongation could be challenging because each short DNA segment is exposed on the RNAP 

surface only transiently. Formation of a secondary structure would augment the information 

content of the signal and could transiently slow the EC, thus aiding recruitment. Second, the 

NT strand could be trapped in a nonproductive conformation, hindering rapid elongation. By 

guiding NT DNA along the optimal path, a regulator could support pause-free transcription. 

Third, holding the NT strand in place could modulate DNA reannealing behind RNAP, in 

turn controlling translocation, R-loop formation, and the trajectory of upstream DNA duplex 

that interacts with Spt5 (Crickard et al., 2016, Ehara et al., 2017) and perhaps other 

accessory factors. While relative contributions of NTD interactions with the DNA and 

RNAP may vary, the available data suggest that many if not all NusG-like proteins are able 

to restrict the mobility of the transcription bubble to modify RNAP into a pause- and arrest-

resistant state.
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EXPERIMENTAL PROCEDURES

Reagents and proteins

All general reagents were obtained from Sigma Aldrich (St. Louis, MO) and Fisher 

(Pittsburgh, PA); NTPs, from GE Healthcare (Piscataway, NJ); [γ32P]-ATP and [α32P]-GTP, 

from Perkin Elmer (Boston, MA); PCR reagents, restriction and modification enzymes, from 

NEB (Ipswich, MA) and Roche (Indianapolis, IN). Oligonucleotides were obtained from 

Integrated DNA Technologies (Coralville, IA) and Sigma Aldrich. DNA purification kits 

were from Qiagen (Valencia, CA). E. coli RNAP variants (Svetlov & Artsimovitch, 2015), 

RfaH variants (Belogurov et al., 2007), and GreB (Vassylyeva et al., 2007) were purified as 

described previously.

Exonuclease footprinting

Scaffolds were assembled from oligonucleotides listed in Supplementary Table S1. In all 

scaffolds, the RNA primer was end-labeled with [γ32P]-ATP using T4 polynucleotide kinase 

(PNK; NEB). For the upstream RNAP edge mapping, T DNA oligonucleotide was also 

labeled; for the downstream edge mapping, NT DNA oligonucleotide was labeled. 

Following labeling, oligonucleotides were purified using QIAquick Nucleotide Removal Kit 

(Qiagen). To assemble a scaffold, RNA and T DNA oligonucleotides were combined in PNK 

buffer and annealed in a PCR machine as follows: 5 min at 45 °C; 2 min each at 42, 39, 36, 

33, 30, and 27 °C, 10 min at 25 °C. 12 pmoles of T/RNA hybrid were mixed with 14 pmoles 

of His-tagged core RNAP in 30 μl of transcription buffer (TB) [20 mM Tris-Cl, 5% 

Glycerol, 40 mM KCl (upstream mapping) or 120 mM KCl (downstream mapping), 5 mM 

MgCl2, 10 mM β-mercaptoethanol, pH 7.9], and incubated at 37 °C for 10 min. 15 μl of His-

Select® HF Nickel Affinity Gel (Sigma Aldrich) was washed once in TB and incubated with 

20 μg Bovine Serum Albumin in a 40-μl volume for 15 min at 37 °C, followed by a single 

wash step in TB-40 or TB-120 (for the upstream and downstream mapping, respectively). 

The T/RNA/RNAP complex was mixed with the Affinity Gel for 15 min at 37 °C on a 

thermomixer (Eppendorf) at 900 rpm, and washed twice with TB. 30 pmoles of the NT 

oligonucleotide were added, followed by incubation for 20 min at 37 °C, one 5-min 

incubation with TB-1000 in a thermomixer, and five washes with TB-40/120. The assembled 

ECs were eluted from beads with 90 mM imidazole in a 15-μl volume, purified through a 

Durapore (PVDF) 0.45 μm Centrifugal Filter Unit (Merck Millipore), and resuspended in 

TB-40/120. The EC was divided in two aliquots; one was incubated with 100 nM RfaH and 

the other – with storage buffer for 3 min at 37°C. For each time point, 5 μl EC were mixed 

with 5 μl of Exo III (NEB, 40 U) and incubated at 21 °C. At times indicated in figure 

legends, the reactions were quenched with an equal volume of Stop buffer (8 M Urea, 20 

mM EDTA, 1 × TBE, 0.5 % Brilliant Blue R, 0.5 % Xylene Cyanol FF).

Psoralen crosslinking

G8 and U11 scaffolds were assembled as described for the upstream Exo III mapping; C9 

and G10 ECs were obtained by walking in the presence of a cognate NTP. The ECs eluted 

from beads were re-suspended in TB-40 supplemented with 6.3 % DMSO and 0.92 mM 8-

MP and incubated for 2 min at 37 °C, followed by addition of 100 nM RfaH (or storage 

buffer) and a 3-min incubation at 37 °C. Complexes were then exposed to 365 nm UV light 
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(8W Model UVLMS-38; UVP, LLC) for 20 min on ice. The reactions were quenched as 

above.

Gre-mediated cleavage

R40 oligonucleotide was 5′-end labeled with [γ32P]-ATP and scaffolds were assembled as 

described for the upstream Exo III mapping. Aliquots of the assembled EC were incubated 

with 5 μM NTP substrates to extend the nascent G14 RNA to C15, G16 and U17 for 5 min 

at 37°C. Following three washes with TB-40, complexes were incubated with 50 nM of 

RfaH or storage buffer for 3 min at 37°C. GreB (or storage buffer) was then added to 500 

nM for 5 min at 37°C, and the reactions were quenched as above.

Sample analysis

Samples were heated for 2 min at 95 °C and separated by electrophoresis in denaturing 

acrylamide (19:1) gels (7 M Urea, 0.5× TBE). The gels were dried and the products were 

visualized and quantified using a FLA9000 Phosphorimaging System (GE Healthcare), 

ImageQuant Software, and Microsoft Excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
RfaH interactions with the EC.

A. A model of the RfaH-bound EC. RNAP α (grey), β (blue), and β′ (yellow) subunits and 

RfaH NTD (magenta) are depicted by simplified molecular surfaces; β (with the GL 

labeled) and RfaH NTD are rendered semi-transparent. Nucleic acids are shown as cartoons, 

two Mg2+ ions in the active site – as cyan spheres, and an incoming NTP – as red sticks.

B and C. Footprinting of the upstream (B) and downstream (C) RNAP boundary in G8 and 

U11 ops ECs. Exo III was added to ECs assembled on synthetic scaffolds in which RNAP is 

halted at G8 and U11 positions in the ops element (NT sequence G1GCGGTAG8CGT11G); 

the probed DNA strand (T, panel B; NT, panel C) was 5′-end labeled with [γ32P]-ATP. RfaH 

was present at 100 nM where indicated. Aliquots were quenched at the indicated times (0 

represents an untreated DNA control) and analyzed on a 12 % denaturing gel; a 

representative of three independent experiments is shown. Numbers indicate the distance 

from the RNAP active site.
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Figure 2. 
Probing the upstream fork junction by crosslinking with 8-MP. G8 and U11 ECs containing 

the TA intercalation site (highlighted in yellow) upstream from the ops element were 

assembled with [γ32P]-ATP labeled T DNA and RNA; C9 and G10 ECs were made by 

walking from G8. ECs were supplemented with 100 nM RfaH (where indicated) and 

illuminated with the 365 nm UV light. The products were analyzed on 12 % gels; U11 ECs 

were run on a different gel. The crosslinked T strand (TxNT) migrates much slower that free 

T DNA. Fractions of the crosslinked T DNA were determined in the absence (white bars) 

and presence (black bars) of RfaH. Error bars indicate the SDs of triplicate measurements.
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Figure 3. 
Protection of the upstream DNA by RfaH and RNAP variants.

A. U11 ECs were assembled with [γ32P]-ATP labeled T strand with the WT or altered 

RNAP. Exo III was added following incubation with RfaH (or storage buffer) and the 

reactions were analyzed as above.

B. The WT U11 ECs assembled as in A were probed with Exo III in the presence of selected 

RfaH variants. AAAA is a quadruple mutant in which HTTT residues 65–68 were replaced 

with four alanines.
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Figure 4. 
Modeling Exo III approach to the EC.

Models of the Exo III digesting the upstream duplex DNA in different ECs (see the main 

text and for details). The EC components, RfaH, and Exo III are depicted as in Figure 1. 

Numbers indicate distances from the Exo III active site to the upstream fork junction. 

Supplementary Information Fig. S6 shows alternative views of the models, which can also 

be viewed as 3D PDB models (see Supplementary Information).

Nedialkov et al. Page 20

Mol Microbiol. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Constraining NT DNA inhibits Exo III cleavage and promotes elongation.

A. U11 ECs were assembled on scaffolds with the full-length (FL) NT DNA or NT DNAs 

containing deletions of four or five nucleotides. Exo III probing was carried out in the 

presence and in the absence of RfaH. Numbers indicate the distance from the bubble, to 

facilitate comparison with Fig. 4.

B. ECs were assembled on scaffolds with the FL or Δ5 NT DNA and [γ32P]-ATP labeled 

G14 RNA, and incubated with 10 μM GTP, 150 μM ATP, CTP, UTP for 5–240 sec before 

quenching. RNAs were analyzed on 12% gel. RNA fractions were determined from 3 

replicates (±SD).
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Figure 6. 
The upstream protection is independent of the ops DNA sequence. The scrambled ops ECs 

were assembled on a scaffold shown on top; the NT strand residues in magenta match those 

in ops. The wild-type full-length RfaH does not bind to this EC because contacts with the 

ops element are required to induce RfaH domain dissociation to expose the RNAP-binding 

site on the NTD. The isolated NTD binds to any EC and serves and a model of activated, 

post-recruitment conformation of RfaH. The assembled with the T DNA strand 5′-end 

labeled with [γ32P]-ATP EC was incubated with RfaH or NTD (at 100 nM) and treated with 

Exo III. The reactions were analyzed on a 12% urea-acrylamide gel. Numbers indicate the 

distance from the RNAP active site.
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