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NusA stabilizes paused RNAP elongation complex through interactions
with RNAP and creating a positively charged cavity above the RNA hairpin

Highlights
e Two cryo-EM reconstructions of paused RNAP elongation
complexes bound by NusA

e NusA provides positively charged cavity for RNA structures
and stabilizes pause

e Asymmetric translocation intermediate explains
transcriptional pausing

e Dynamic process of pausing reflected by RNAP global
conformational changes
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In Brief

Guo et al. present cryo-EM structures of
paused RNAP bound to NusA. NusA
interacts through four points with RNAP
and forms a positively charged cavity
above the pause-stabilizing RNA hairpin.
An asymmetric, half-translocated RNA-
DNA hybrid (RNA post-translocated,
template DNA pre-translocated) explains
transcriptional pausing. NusA further
stabilizes the paused RNAP.
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SUMMARY

Transcriptional pausing by RNA polymerases (RNAPs)
is a key mechanism to regulate gene expression in
all kingdoms of life and is a prerequisite for transcrip-
tion termination. The essential bacterial transcription
factor NusA stimulates both pausing and termination
of transcription, thus playing a central role. Here,
we report single-particle electron cryo-microscopy re-
constructions of NusA bound to paused E. coli RNAP
elongation complexes with and without a pause-
enhancing hairpin in the RNA exit channel. The struc-
tures reveal four interactions between NusA and
RNAP that suggest how NusA stimulates RNA folding,
pausing, and termination. An asymmetric transloca-
tion intermediate of RNA and DNA converts the
active site of the enzyme into an inactive state,
providing a structural explanation for the inhibition
of catalysis. Comparing RNAP at different stages of
pausing provides insights on the dynamic nature
of the process and the role of NusA as a regulatory
factor.

INTRODUCTION

DNA is transcribed into RNA by a protein enzyme called RNA po-
lymerase (RNAP) in all three kingdoms of life. In bacteria, five
protein subunits (a2fB’ w) form a universally conserved core ar-
chitecture and harbor the functionally relevant sites. Transcrip-
tion is divided into initiation, elongation, and termination phases
(Figures 1A and S1A).

During elongation, RNAP translocates along DNA, progressing
through several states. However, elongation is frequently interrup-
ted by offline states, which compete with nucleotide addition.
These are called transcriptional pauses (Figure 1B). Pausing regu-
lates gene expression on many levels: (1) it affects RNA synthesis
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rates and synchronizes transcription and translation (Landick et al.,
1985); (2) it facilitates RNA folding (Pan et al., 1999); (3) it enables
transcription factor binding to elongation complexes (ECs) (Artsi-
movitch and Landick, 2002); (4) it plays a role in the regulation by
riboswitches (Wickiser et al., 2005); (5) it is a prerequisite for termi-
nation (Gusarov and Nudler, 1999; Kassavetis and Chamberlin,
1981); and (6) itis animportant, rate limiting step in early elongation
of many genes in metazoans (Core and Lis, 2008). Pausing is trig-
gered by the underlying DNA sequence and genome-wide studies
identified a consensus pause sequence in E. coli (Larson et al.,
2014; Vvedenskaya et al., 2014). Kinetic studies suggested
pausing occurs through at least two distinct mechanisms
that share a common intermediate called the elemental pause.
Class | pauses are stabilized by nascent RNA hairpin structures
within the RNAP exit channel. Class Il pauses cause RNAP to
backtrack along DNA (Artsimovitch and Landick, 2000). One of
the best-characterized class | pauses is found in the leader region
of the E. coli his operon (his-pause). The his-pause synchronizes
transcription and translation, and an active-site rearrangement
was proposed to inhibit nucleotide addition (Toulokhonov et al.,
2007). Transcription elongation factors further modulate pauses.
One of these essential factors, which is conserved in Bacteria
and Archaea, is called NusA (Ingham et al., 1999; Shibata et al.,
2007). NusA has been studied for over 40 years, and its gene
was identified as a requirement for phage lambda protein N-medi-
ated antitermination (Friedman and Baron, 1974). Likewise, NusA
is @ component in antitermination complexes required for rRNA
transcription (Vogel and Jensen, 1997). NusA has also been impli-
cated in facilitating RNA folding (Pan et al., 1999). However, the
most apparentrole of NusAis to stimulate class | (hairpin stabilized)
pauses and intrinsic as well as Rho-dependent termination (Artsi-
movitch and Landick, 2000). Although structural approaches have
been used to shed light on the diverse roles of NusA in complex
with RNAP (Said et al., 2017; Yang et al., 2009), we lack high-
resolution information to gain mechanistic insights.

NusA is a flexible, multi-domain protein (Figure S1B; Worbs
et al., 2001). The N-terminal domain (NusA-NTD) is necessary
and sufficient to enhance pausing (Ha et al., 2010). It was pro-
posed to interact with the B subunit flap-tip helix (FTH) and with
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the pause enhancing RNA hairpin loop (Ha et al., 2010; Mah
et al., 1999; Yang et al., 2009). Three RNA binding domains
(81, and two K-homology, KH1 and KH2) follow and some
bacterial species, including E. coli, have two C-terminal acidic
repeats (AR1, AR2). AR2 can bind the C-terminal domain of
one of the RNAP o subunits (2-CTD). This binding releases
an auto-inhibitory interaction between AR2 and KH1 and pro-
motes RNA binding to NusA (Mah et al., 2000; Schweimer
et al., 2011).

X-ray crystallography provided insights into pausing interme-
diates. This includes backtracked eukaryotic RNA polymer-
ase |l and bacterial RNAPs proposed to be in the elemental
pause (Cheung and Cramer, 2011; Wang et al., 2009; Weixl-
baumer et al., 2013). However, we lack an understanding of
hairpin-mediated pause stabilization and its modulation by tran-
scription factors. Active site extrusion of the RNA 3’ end inter-
rupts transcription in a class Il pause, but we do not know
what halts catalysis in a class | pause. Here, we report single-
particle electron cryo-microscopy (cryo-EM) reconstructions of
functional, paused E. coli RNAP ECs at the his-pause bound
by NusA with and without a hairpin in the RNA exit channel at
3.6 and 4.1 A resolution, respectively. The structures explain
the inhibition of catalysis and how RNAP accommodates a
hairpin in the exit channel and allow us to propose how NusA
stimulates RNA folding and stabilizes the paused state. The
structures also define new interactions between NusA and
RNAP, which we biochemically verified. In addition, the results
allow us to speculate about translocation and how NusA may
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Figure 1. Schematics of Transcription and
Cryo-EM Reconstruction of hisPEC-NusA
(A) Transcription occurs in three distinct phases.
During initiation bacterial RNAP binds Sigma factor to
bind promoter DNA (top left). After initiation, RNAP
enters the elongation phase (right). During elongation
transcription factors like NusA (yellow) join. In bacteria,
two pathways lead to termination (bottom). Atintrinsic
terminators, a hairpin in the nascent RNA destabilizes
the EC. At Rho terminators, Rho ATPase causes
transcript release. NusA stimulates both pathways.
(B) In a post-translocated EC, the RNA 3 end
(position —1) occupies the i-site, while the i+1-site
holds the +1 tDNA base and is open for the next
NTP substrate to bind (left). Once the correct NTP
substrate (red) is bound (top) catalysis can take
‘ place leading to a pre-translocated EC, where the
RNA 3 end now occupies the i+1-site (right).
Translocation moves RNAP along the DNA by one
base pair. When RNAP pauses, it enters an offline
state that competes with elongation (green circle).
(C) Overview of hisPEC-NusA cryo-EM structure
with RNAP in gray, tDNA in orange, ntDNA in blue,
RNA in black, and NusA in yellow envelope.
(D) Representative cryo-EM density (blue mesh) for
RNA-DNA hybrid and RNA hairpin is shown with
cartoon model superimposed (tDNA orange, ntDNA
blue, RNA black).
(E) Representative cryo-EM density (blue mesh) for
the active site revealed side chains of the bridge
helix (pink) and nucleotides of tDNA (orange) and
RNA (black).
See also Table 1 and Figures S1, S2, and S4.

stimulate intrinsic, hairpin-mediated transcription termination,
and its role in the process of transcriptional pausing.

RESULTS

Assembly of a Functional, Paused E. coli RNAP EC

In Vitro

E. coli RNAP ECs were formed using nucleic acid scaffolds (short
DNA and RNA oligonucleotides mimicking a transcription bub-
ble) upstream of the well-characterized his-pause and extended
to the pause site to adopt a paused state (hisPEC) (Figure S1C;
Chan and Landick, 1993; Kyzer et al., 2007). Pause escape can
be measured when GTP is added to extend the RNA further (Fig-
ures S1C and S1D). In presence of NusA (hisPEC-NusA), pause
dwell times increased 3- to 4-fold, consistent with previous re-
ports (Figure S1E; Artsimovitch and Landick, 2000; Kyzer et al.,
2007; Toulokhonov et al., 2001).

For structural studies we assembled hisPECs directly at
the pause site in buffer conditions used for grid freezing and pu-
rified them by size-exclusion chromatography. Pause escape ki-
netics of directly reconstituted hisPECs recapitulate the features
observed when walking the EC to the pause site, including the
effects of NusA (Figures S1F-S1H and S2A).

Structure Determination of the E. coli hisPEC-NusA
Complex

An EM reconstruction of the hisPEC-NusA (see STAR Methods
for details) revealed electron density attributable to upstream
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Table 1. Refinement and Model Statistics for the Two
Reconstructions of hisPEC-NusA and PEC-NusA, Related to
Figure 1

Data Collection

Particles 1,038,883

Pixel size (A) 1.1

Defocus range (um) 0.8-3.5

Voltage (kV) 300

Electron dose (e” A2) 53

hisPEC-NusA PEC-NusA

Model composition

Non-hydrogen atoms 30,201 26,512

Protein residues 3,868 3,184

RNA bases 21 10

DNA bases 70 70

Ligands (Zn®*/Mg?*) 2/1 2/1
Refinement

Resolution (A) 3.6 4.1

Map sharpening 142.4 130.4

B-factor (A2)

Average B factor (A?) 119 182
Root-mean-square
deviations (RMSDs)

Bond lengths (A) 0.007 0.002

Bond angles (°) 0.927 0.506
Ramachandran plot

Favored (%) 90.38 93.65

Allowed (%) 9.54 6.29

Outliers (%) 0.08 0.06
Molprobity

Clash score 3.65 8.81

Rotamer outliers (%) 0.40 0.04

Overall score 1.69 1.89

and downstream DNA, the RNA-DNA hybrid, the RNA hairpin in
the RNA exit channel, NusA on top of the RNA exit channel,
and details of the active site (Figures 1C-1E and S2). The den-
sity for NusA was resolved to lower resolution compared to the
rest due to its flexibility. 3D classification led to five reconstruc-
tions, of which four show different conformations of NusA rela-
tive to RNAP. Reconstruction 5 (PEC-NusA) refined to 4.1 A
resolution, lacked hairpin density, and showed weak density
for NusA (Figure S3). Reconstruction 1 (hisPEC-NusA) could
be refined to 3.6 A overall with higher resolution at the center,
resolving ordered amino acid side chains and base pairs, and
lower resolution at the periphery (Figures 1E and S4A-S4C;
Table 1). It represents a conformational average of NusA
and is the reconstruction we used for most of our analysis
(Figure S3B).

Global Conformational Changes in the hisPEC-NusA
Complex

Global conformational changes occurred in all five subunits of
RNAP comparing the hisPEC-NusA with a canonical EC struc-

818 Molecular Cell 69, 816-827, March 1, 2018

ture using the RNAP core module as a reference (Table S2;
Kang et al., 2017). Most prominently the RNAP clamp and shelf
rotate relative to the core module by ~4.8° and tilt the down-
stream DNA relative to the upstream DNA accordingly. The
central rotation axis crosses shelf and core and is approxi-
mately parallel to the bridge helix (Figure 2A; Movie S1). While
the RNAP B1 domain moves away from the main nucleic
acid binding channel, B2 moves closer bringing the tips of
the B and B’ subunit pincers closer together (Figure 2A;
Movie S1). Although not resolved in our maps, this could lead
to interactions between residues in the 2 domain sequence
insertion | (SI1) and residues in the trigger loop insertion SI3
(Figure 2A; Table S2). Deletions in SI3 (B'AT1045-L1053,
’AM1040-1048), which might disrupt these interactions,
reduce his-pause half-lives 10-fold (Conrad et al., 2010). The
global conformational changes appear to be critical for the
his-pause and lead to changes on the local level, which we
will discuss in the following sections.

Conformational Heterogeneity of NusA in the hisPEC-
NusA Complex

Classification led to 4 reconstructions with clear density for
NusA. Superposition showed conformational heterogeneity
was restricted to NusA and upstream DNA (Figure 2B). How-
ever, no distinct states were identified where NusA would refine
to high resolution after 3D classification (Figure S3). Compared
to the rest, the local resolution in regions corresponding to
NusA is lower. In particular, the C-terminal portion can only
be seen at low contour level and in low-resolution maps (Fig-
ure S3). However, crystal and nuclear magnetic resonance
(NMR) structures of all E. coli NusA domains readily fit into
the density and allowed us to assess the conformational
freedom for the factor (Said et al., 2017; Schweimer et al.,
2011). NusA rotates around a pivot point close to the N termi-
nus and close to one of the primary interaction points with
RNAP (see next section). In addition, the NTD, S1, KH1, and
KH2 domains are flexibly linked with each other and undergo
bending motions. The combination of these movements results
in displacements of up to 10 A in the head domain of NusA-
NTD and of up to 23 A at the C-terminal end of KH2 (Figure 2G;
Movie S1). The extent of displacement must be even larger for
AR1 and AR2, but those regions are disordered in some clas-
ses. In summary, NusA has a large conformational freedom in
the hisPEC-NusA due to its intrinsic flexibility consistent with
previous structural studies on the isolated protein (Drogemdiller
et al., 2015; Ma et al., 2015; Worbs et al., 2001).

NusA Interacts with the hisPEC through at Least Four
Contact Points

Low-resolution maps revealed extra density on the N and C ter-
minus of NusA. On the C terminus, the NMR structure of a com-
plex between NusA-AR2 and the CTD of an RNAP o subunit
(1-CTD) could be fit (PDB ID: 2JZB; Schweimer et al., 2011; Fig-
ures 3Aand S5A; Movie S1). Additional density extended from the
second RNAP o subunit («2-CTD) toward NusA-NTD. We were
able to fit «2-CTD (Figures 3A, S5A, and S5B), revealing an inter-
action with NusA-NTD not seen before (Figure 3B; Movie S1). At
low contour levels, the linker between the N- and CTDs of a2
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Figure 2. Conformational Changes in the hisPEC-NusA and Structural Heterogeneity of NusA

(A) Superposition of hisPEC-NusA and EC (PDB ID 6ALH) (Kang et al., 2017). Difference in the RNAP clamp and shelf, 3, B’ subunit pincers are shown (hisPEC-
NusA clamp, light green; shelf, dark green; B, cyan; ', pink; EC, gray). The RNAP clamp and shelf rotate by 4.8° relative to the core (left). The tips of the pincers are
closer, possibly allowing interactions between the  and ' subunits (right, f” M1040 to L1053 identified in mutational study are highlighted).

(B) Superposition of three reconstructions shows that RNAP is stable, while NusA and upstream DNA are flexible.

(C) Overlay of three models of NusA orientations (from reconstruction 2, 3, 4) and NusA in antitermination complex (PDB ID 5MS0) (Said et al., 2017). NusA needs
to rotate more than 40 degrees from hisPEC to antitermination complex. The rotation axis is highlighted.

See also Figure S3.

becomes visible. The a-CTDs are flexibly linked and support
NusA'’s large conformational freedom (Figures 2B and 2C).

A further interaction occurs between the C-terminal end of the
RNAP o subunit and the interface between the two KH domains
(Figures 3A and S5C). The C-terminal residues of w are often
disordered in RNAP structures (Kang et al., 2017; Murakami,
2013) but are stabilized through their interaction with NusA.

Near the RNA exit channel, we observed density for the highly
mobile FTH, which is often disordered in ECs (Kang et al., 2017;
Vassylyev et al., 2007). The FTH is stabilized in a position distal to
the RNA exit channel. It inserts its hydrophobic face (residues
L901, L902, 1905, and F906) into a hydrophobic cavity created
by the a1, a2, and a4 helices of NusA-NTD. This requires a
conformational change in the NTD, consistent with data from so-
lution studies (Figures 3B, 3C, S5D, and S5E; Movie S1; Ma
et al., 2015).

In the RNA exit channel, density for the 5-bp stem of the RNA
hairpin was evident, but the loop region is disordered (Figure 1D).
NusA-NTD and S1 extend the exit channel and form a concave,
positively charged cradle above the hairpin (Figures 3D and 3E).
Interestingly, modeling suggests that NusA could accommodate
longer, folded RNA structures, like terminator hairpins, in the
present conformation (Figure 3F). Together with NusA-S1, the
’-dock and B’-zinc finger (Table S2) form a positively charged
pore providing a path for the nascent transcript leading to the
KH domains (Figure S5F).

RNAP «-CTD Is Essential for NusA-NTD-Mediated
Enhancement of Hairpin Pauses

We wanted to test whether the interaction between NusA-NTD
and «2-CTD plays a role in pause enhancement. NusA-NTD is
sufficient to enhance pauses, lacks the auto inhibitory AR2
domain, and thus should not require the RNAP a-CTDs unless
the interaction with the NusA-NTD is important (Ha et al,
2010). We purified a mutant RNAP without a-CTDs (RNAP-
Aa-CTD) (Twist et al., 2011). While NusA-NTD enhanced
the his-pause of wild-type RNAP, it failed to do so for RNAP-
Aa-CTD (Figures 4A and 4B). Thus, at least for NusA-NTD, the
interaction with «2-CTD is important for the enhancement of
the hairpin pause.

The RNA Exit Channel Accommodates the Pause Hairpin
The RNA exit channel, formed by the RNAP shelf, clamp, and
B-flap modules, is wider in the hisPEC-NusA complex compared
to an EC to accommodate the RNA hairpin. Structural super-
position shows the hairpin stem would clash with protein ele-
ments in the channel of ECs (Figure 5A; Movie S1). The FTH,
which is usually highly flexible in ECs, has previously been shown
to delay RNA duplex formation in the exit channel but the effect
was relieved by NusA (Hein et al., 2014). Our structure shows
NusA stabilizes the FTH in a position distal to the RNA hairpin,
explaining how NusA relieves steric interference of duplex for-
mation by the FTH (Figure 5B).
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Figure 3. Interactions between NusA and
hisPEC

(A) Surface representation of hisPEC-NusA. RNAP a1
subunit (forest), a2 subunit (lime), w subunit (wheat),
B flap tip helix (cyan), NusA (yellow), RNA hairpin
(black), and upstream and downstream DNA (tDNA
orange, ntDNA blue) are indicated. The four interac-
tion points are (1) RNAP o1-CTD and NusA-AR2; (2)
RNAP 2-CTD and NusA-NTD; (3) RNAP w and NusA-
KH1/KH2; (4) RNAP FTH and NusA-NTD.

(B) Cartoon representation of the interaction be-
tween o2-CTD (lime), B-flap region (cyan), and
NusA-NTD (yellow). Secondary structure elements
and residues identified in mutational studies are
labeled.

(C) Comparison of NusA-NTD bound to the hisPEC
(yellow) with the solution structure of NusA-NTD
(gray) (PDB ID 2KWP). Dashed arrow indicates

B o4 2 c D usANTI conformational changes of helix a4 as a result of
O L o i NS e binding to RNAP.
(‘\/f"{\ >) B e 2g)) ; ﬁg’g{' QS‘(\*‘:B (D) Cartoon representation of NusA-NTD and S1
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L-¢ k\:];‘} " ) FTH Vol ‘ (;f» : L modeled hairpin loop (gray).
‘ 11&7” ﬁ?ﬁ{} . 5 (E) Electrostatic surface potential of NusA above
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B lap By A - stem gions (blue). The modeled loop is shown in gray.
;if P (F) Like (E) but with the model of a terminator hairpin
E F superimposed on the pause hairpin. A much longer
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The RNA-DNA Hybrid Adopts a Conformation Different
from ECs

We used the structurally rigid core module to compare the
hisPEC-NusA to EC structures (Kang et al., 2017; Vassylyev
et al.,, 2007). We noticed two critical differences for the
RNA-DNA hybrid in the hisPEC-NusA reconstruction: (1) The
RNA-DNA hybrid contains 10 bp. The terminal base pair
upstream of the RNA-DNA hybrid (position —10; RNA G20,
template DNA (tDNA) C25) is shifted upstream relative to its
position in pre- or post-translocated states (Figures 6A and
S6A). The lid loop, which is part of the RNAP clamp module,
moved upstream as a result of global conformational changes
and provides space for the —10 bp (Figures 6B and SEB). (2)
The overall conformation of the RNA-DNA hybrid is different
compared to ECs. In the hisPEC-NusA, the hybrid base pairs
are tilted to various degrees. The RNA strand adopts a post-
translocated state, yet the base in position —10 (G20) still
pairs with the tDNA. The tDNA on the other hand has
not fully translocated and appears in an intermediate, half-
translocated position (Figures 6A and 6B). A16 of the tDNA
(position —1) moved between the nucleoside triphosphate
(NTP) binding site (i+1-site) and the i-site but pairs to the
3’ end of the RNA, which moved to the post-translocated po-
sition (i-site) (Figures 6A-6C, and S6A; Movie S1). The next

820 Molecular Cell 69, 816-827, March 1, 2018

terminator hairpin could be easily accommodated
by NusA and would align with a positively charged
surface of NusA.

See also Figure S5.

00 tDNA base downstream (C15, position +1)
is still paired to the non-template DNA
(ntDNA) strand (G25). It cannot enter the
active site, is separated from it by the bridge helix, and thus
cannot bind any incoming NTP substrate. The bridge helix
connects the RNAP core and shelf modules and is more
kinked in the hisPEC-NusA compared to ECs as a result of
the global conformational changes. This active site conforma-
tion halts the nucleotide addition cycle and provides a struc-
tural explanation for the inhibition of catalysis (Figure 6C).
Importantly, the same half-translocated hybrid conformation
is observed in the hisPEC without NusA by Kang et al., 2018
(this issue of Molecular Cell). Thus, it is not an effect
of NusA binding but is likely characteristic for any hairpin
stabilized paused state. Kang et al. also propose that
SI3 (Table S2) cannot adopt the position required for trigger
loop folding in the hisPEC conformation. This provides an
additional obstacle for catalysis (Kang et al., 2018).

For 14% of our particles density for NusA was weak (Fig-
ure S3A, reconstruction 5, PEC-NusA, 4.1 A). At low contour
levels density corresponding to NusA-NTD can be seen, and
we assume NusA adopts a wider range of conformations in
this subset (Figure S3B). No hairpin is visible and the conforma-
tion of RNAP is an intermediate between hisPEC-NusA and EC
(shelf and clamp rotated by ~2.6°; Table S1). The RNA-DNA
hybrid is still half-translocated and thus RNAP is paused
(Figure S6C).
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Figure 4. Wild-Type RNAP and RNAP-A«-CTD Respond Differently
to NusA-NTD

(A) Wild-type RNAP (RNAPwt) hisPECs were elongated with GTP in the
absence (green) or presence (olive) of NusA-NTD. RNAP-Aa-CTD hisPECs
were elongated with GTP in absence (pink) or presence (purple) of NusA-NTD.
Assays were carried out as described in STAR Methods. Representative gels
are shown.

(B) The fraction of RNA29 remaining from at least three independent experi-
ments was plotted as a function of reaction time. The rate of pause escape was
determined by nonlinear regression of [U29] versus time using a double
exponential decay. Double exponential decay suggested two kinetic species
of RNAP with different pause half-lives (t1,0) as seen in the table. For RNAPwt,
NusA-NTD enhanced pausing for both species 3- to 4-fold, but this is not true
for RNAP-A«-CTD. Data are represented as mean + SEM.

The Half-Translocated State Appears to be a
Translocation Intermediate

We modeled pre- and post-translocated ECs using available
crystal and EM structures (Kang et al., 2017; Vassylyev
et al., 2007). Structural superposition of the models with the
hisPEC-NusA suggests an asymmetric translocation progress
of the RNA-DNA hybrid relative to RNAP. The upstream
tDNA, and downstream RNA are leading, while the down-

stream tDNA, and upstream RNA are lagging (Figures 6A
and S6A).

We compared the RNAP contacts with the RNA-DNA hybrid in
different states. RNAP forms equivalent contacts to the hybrid
between a pre- and a post-translocated complex, except they
are shifted downstream by one nucleotide respectively (Fig-
ure 6A, compare top to bottom; Kang et al., 2017).

However, RNAP conformational changes in the hisPEC-NusA
altered the contacts with the hybrid: (1) Some contacts are the
same as for a post-translocated EC, consistent with the notion
that these regions have finished translocation. (2) Others made
by residues K334, Q335, and R339 from Switch 2 (Table S2) to
the downstream tDNA and upstream RNA are the same as in a
pre-translocated EC, consistent with the notion that parts of
the hybrid have not finished translocation (Figure 6A). Inter-
estingly, regions contacted by Switch 2 have not completed
translocation and, as a result, the RNA-DNA hybrid moved in
an asymmetric fashion (Figure 6B).

DISCUSSION

Here, we report a 3.6-A cryo-EM structure of a hairpin stabilized
paused RNAP EC bound to the essential transcription elongation
factor NusA (hisPEC-NusA, Figures 1C-1E). A subset of particles
allowed us to obtain a 4.1 A reconstruction of a paused complex
without hairpin and more loosely bound NusA (PEC-NusA, Fig-
ure S3). The hisPEC-NusA structure explains why catalysis halts
in the paused state, provides insights into its dynamic nature,
and allows us to propose how NusA prolongs the pause. The
structure also provides an opportunity to speculate about trans-
location of RNAP and about the role of NusA in transcription
termination.

Implications of NusA as a Regulatory Factor of
Transcription

Our structure revealed four protein-protein interaction points be-
tween the hisPEC and NusA (Figure 3A). First, NusA-CTD inter-
acts with the RNAP «1-CTD in agreement with previous findings
(Figures 3A and S5A; Mah et al., 2000; Schweimer et al., 2011).

Second, NusA-NTD binds a2-CTD (Figures 3B and S5B). This
interaction is consistent with results from NMR titration studies
(Drogemuller et al., 2015), except it was interpreted as an inter-
action between the B’ subunit and the NusA-NTD head
(helix a3, sheets B3, B4, and the N-terminal part of $2). We
confirmed the functional relevance of this interaction to enhance
the hairpin pause (Figure 4). Presumabily, it increases the overall
affinity and restricts the conformational freedom of NusA-NTD.

Third, the C-terminal end of the RNAP « subunit binds be-
tween the two NusA KH domains (Figures 3A and S5C). Consis-
tent with this observation, truncation of both KH domains affect
NusA affinity for RNAP but not function in E. coli (Ha et al., 2010).
Importantly, RNA binding to the KH domains, as seen in previous
crystal structures, likely requires to break this interaction (Beuth
et al., 2005; Said et al., 2017).

Fourth, the NusA-NTD binds the RNAP FTH, which has also
been established by cross-linking, low-resolution negative stain
EM, NMR, and mutagenesis (Ha et al., 2010; Ma et al., 2015; Tou-
lokhonov et al., 2001; Yang et al., 2009). Furthermore, deletion of
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Figure 5. Conformational Changes in the RNA Exit Channel
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(A) Conformational changes of RNA exit channel from EC (gray) (PDB ID 6ALH) (Kang et al., 2017) to hisPEC-NusA (B flap, cyan; shelf, forest; clamp, lime). Dashed
circle indicates clash between EC and hairpin stem (left). RNA exit channel (blue area) expands from EC to hisPEC-NusA (right).

(B) Comparison of the FTH (cyan) in the hisPEC-NusA and EC structures. In ECs, the FTH is usually flexible (one possible orientation close to the RNA hairpin is
shown here). Binding of NusA-NTD (yellow) to the FTH stabilizes it in a distal position to the RNA hairpin.

the FTH abolished the pause enhancing effect of NusA-NTD (Ha
etal., 2010; Toulokhonov et al., 2001). Our structure is consistent
and provides a more detailed picture of the FTH interaction with
a hydrophobic pocket in NusA-NTD (Figures 3B, S5D, and S5E).
Mutations R104A and K111A in NusA helix a4 led to total loss of
NusA activity to enhance pausing (Ma et al., 2015). Although not
resolved in our reconstruction, K111 could interact with the FTH,
while R104 could interact with one of the linkers connecting the
FTH to the flap domain (Figure 3B).

The elongated structure and flexibly linked domains of NusA
result in a large degree of conformational freedom (Figures 2B,
2C, and S3). In addition, NusA rotates relative to RNAP around
a pivot point close to the FTH interaction, consistent with the
flexible nature of the FTH. Likewise, to reach the NusA orienta-
tion observed in a AN-dependent antitermination complex, it
needs to rotate by ~43° around the same rotation axis (Figure 2C;
Said et al., 2017). We suggest the interaction with the FTH serves
as an important anchor point to provide NusA with enough flex-
ibility to interact with a plethora of factors involved in pausing,
termination, anti-termination, and DNA repair (Cohen et al.,
2009; Said et al., 2017).

Apart from these interactions, NusA provides a surface of
positively charged residues known to bind RNA (Beuth et al.,
2005; Said et al., 2017). The RNA exit channel widens into a posi-
tively charged funnel at the surface of RNAP formed by the
p’-zinc finger, the B’-dock, and the B-flap. NusA-NTD extends
this positively charged channel using conserved residues (Fig-
ure S5G). The cavities formed by NusA can accommodate struc-
tured RNA and may facilitate RNA folding (Figure 3E). This would
explain NusA effects on termination and cotranscriptional RNA
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folding (Gusarov and Nudler, 2001; Pan et al., 1999). The hairpin
loop is disordered, but modeling suggests the positively charged
cavities formed by NusA-NTD and S1 would surround it (Figures
3E and S5@G). This explains how NusA is able to protect the loops
of pause hairpins from RNase cleavage (Ha et al., 2010; Toulo-
khonov and Landick, 2003). Furthermore, the p’-zinc finger, the
p’-dock, Switch3, and the C-terminal residues of the B subunit
form a positively charged groove through which the RNA may
be guided along the positively charged surface of NusA (Figures
S5F and S5G).

Pause hairpin modifications that shift the stem upstream and
increase the available surface for NusA to interact with (longer
stem, longer spacer between hairpin and hybrid, or formation
of long RNA duplex using antisense oligonucleotides) all in-
crease the effect of NusA (Kolb et al., 2014; Toulokhonov et al.,
2001). Opposing changes (shorter loop or no hairpin) reduce
the effect of NusA (Ha et al., 2010; Toulokhonov et al., 2001).
Thus, any change that may increase NusA-RNA interactions en-
hances the effect of NusA on pause duration. Interactions with
structured RNA could restrict and/or stabilize NusA in a confor-
mation required for pause enhancement. This is supported by
our PEC-NusA reconstruction, where NusA is even more flexible
without a hairpin.

Strikingly, in the PEC-NusA, RNAP adopts an intermediate
conformation between EC and hisPEC-NusA presumably
caused by NusA binding (relative to an EC, the clamp and shelf
rotated ~4.8° for hisPEC-NusA but only ~2.6° for PEC-NusA,
Figure 7A; Table S1).

Comparing a reconstruction of a hairpin stabilized hisPEC
without NusA (Kang et al., 2018) with our hisPEC-NusA shows
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Figure 6. RNA-DNA Hybrid Comparison between hisPEC-NusA and
EC Structures

(A) Schematic illustration of polar interactions between RNAP and the RNA-
DNA hybrid in pre- (top), and post-translocated states (bottom), and for the
hisPEC-NusA (middle). Hybrid movement of the hisPEC-NusA was estimated
using the ribose moieties of the pre- and post-translocation complex as ref-
erences. Ribose sugars are shown as circles, bases, and phosphates are
shown as lines. Arrows indicate polar interactions. Residues of the RNAP
Switch 2 are underlined.

(B) Comparison of Switch 2 (green), clamp helices (gray), lid loop (blue), and
bridge helix (pink) between EC (transparent) and hisPEC-NusA (solid). A su-
perposition of a modeled pre-translocated hybrid (gray transparent) and the
hybrid of the hisPEC-NusA is also shown (color). In the hisPEC-NusA, the lid
loop moved upstream providing space for the —10 base pair. Switch 2,
connected to the lid loop through the clamp helices, also moved upstream
but maintained contacts to the downstream tDNA and upstream RNA bases it

only modest conformational changes in RNAP (clamp and shelf
rotate an additional ~1.2°). This suggests NusA binding to a
paused complex with pre-formed hairpin mostly stabilizes the
existing conformation and does not induce major further
changes (Figure 7A).

Finally, using antisense RNAs, Hein et al. noticed that NusA
stimulates the rate of RNA duplex formation in the exit channel.
Deleting the FTH had the same effect (Hein et al., 2014). This sug-
gests binding of NusA prevents the FTH from interfering with
duplex formation.

In summary, we propose two roles for NusA in this context.
(1) By guiding the nascent RNA along the positively charged
surface, stabilizing the FTH and preventing it from interfering
with duplex formation, NusA stimulates formation of hairpin
structures in the RNA exit channel (Figure 5B). (2) NusA aids
in forming and stabilizing the pause conformation of RNAP
by protein-protein interactions with RNAP and electrostatic
interactions with the RNA hairpin, thereby increasing pause
lifetime.

Implications for the Role of NusA in Transcription
Termination
At intrinsic terminators ECs pause at a U-tract and dissociate,
and this depends on the formation of a terminator hairpin in the
nascent transcript (Gusarov and Nudler, 1999). Unlike for pause
hairpins, the terminator hairpin stem extends into the upstream
region of the RNA-DNA hybrid. Consequently, it was proposed
the terminator hairpin competes with and destabilizes the up-
stream end of the RNA-DNA hybrid (Gusarov and Nudler, 1999).
NusA stimulates intrinsic termination. Genome-wide studies in
B. subtilis suggest that NusA has the most dramatic effect at
terminators with weak hairpins and/or distal U-tract interruptions
(Mondal et al., 2016). We anticipate that NusA stimulates intrinsic
termination similarly to pausing. Thus, NusA could (1) increase
the lifetime of the paused state; (2) stimulate terminator
hairpin formation; and (3) stabilize terminator hairpins by
providing a complementary, positively charged surface (Figures
S5F and S5G).

Implications for Translocation

Different hypotheses have been proposed for the mechanism of
RNAP translocation (Gelles and Landick, 1998; Komissarova
and Kashlev, 1997), but transient intermediates are difficult to
capture. To date, translocation intermediates have been pro-
posed for a yeast RNA polymerase Il a-amanitin complex
(Brueckner and Cramer, 2008) and for single-subunit viral
RNA-dependent RNAP where the two RNA strands where
captured in an asymmetric translocation intermediate (Shu

would contact in the pre-translocated state. The bridge helix is slightly
kinked.

(C) Active site comparison between the post-translocated EC structure
(hisPEC sequence modeled based on PDB ID 6ALH; (Kang et al., 2017) and the
hisPEC-NusA. The substrate-binding site is highlighted (red). In contrast to a
post-translocated state (EC, left), the next incoming tDNA base (C15) has not
yet accommodated in the active site in the hisPEC-NusA because of the half-
translocated hybrid.

See also Figures S6 and S7.
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(A) The shelf and clamp module rotate relative to their position in a EC (left). The extent of rotation is different for various intermediates determined in this work

(PEC-NusA, hisPEC-NusA) and by Kang et al. (2018) (ePEC, hisPEC).

(B) Model for RNAP entering the hairpin and NusA stabilized state at the his-pause. RNAP may convert to an ePEC when it encounters a pause sequence with a
half-translocated RNA-DNA hybrid. Conformational changes in clamp and shelf module can be trapped by hairpin formation. Binding of NusA induces minimal
additional changes and stabilizes paused conformation (top). Alternatively, NusA can bind an EC (resulting RNAP conformation unknown) or ePEC with half-
translocated hybrid. RNAP adopts an intermediate conformation as a result of NusA binding. Hairpin formation (stimulated by NusA) leads to the final paused
RNAP conformation (bottom). Active site schematics are shown (note that a pre-translocated EC was modeled based on 6ALH).

See also Table S1.

and Gong, 2016). Similar but different in details to the viral
RNAP, the half-translocated RNA-DNA hybrid reported here
also suggests to be a translocation intermediate resulting
from asymmetric movement, where RNA leads, while tDNA
lags behind (Figure 6A). Interestingly, the downstream DNA fol-
lowed the shelf and clamp module and contacts are similar to a
pre-translocated state, consistent with the observation that the
tDNA strand has not fully translocated (Figures 6B and S7).
Clamp and shelf rotation led to movement of Switch 2, which
bridges the RNA-DNA hybrid by interactions with upstream
RNA and downstream tDNA. Similarly Switch 2 may be involved
in moving the hybrid during translocation. Switch 2 is, both
spatially and in terms of primary sequence, in close proximity
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to the lid loop, which moved upstream to provide space for
the —10 bp (Figures 6B and S6B). In the case of the his-pause,
formation of an RNA hairpin and binding of NusA stabilized
RNAP in a conformation where Switch 2 is in a position that cor-
responds to incomplete translocation. To finish translocation,
Switch 2 needs to break its interactions and re-establish the
equivalent ones to the corresponding bases downstream. In
addition, the base pairs at position —10 and +1 need to melt
so the tDNA base enters the active site. Interestingly, the
consensus pause sequence predicts GC base pairs in
both —10 and +1 positions and, as suggested by Vvedenskaya
et al., may favor the observed state (Larson et al., 2014; Vve-
denskaya et al., 2014).



Implications for Transcriptional Pausing

Temporary inhibition of catalysis is a key feature of a paused
complex, but how does RNAP achieve this? The current model
for transcriptional pausing proposes that RNAP first adopts an
elemental paused state (ePEC) triggered by a pause inducing
sequence and then isomerizes to more stable paused states
like the hisPEC (Herbert et al., 2006; Neuman et al., 2003).
Both reconstructions (hisPEC-NusA and PEC-NusA) show the
same half-translocated RNA-DNA hybrid (Figure 6), which
rendered RNAP catalytically inactive and provides the struc-
tural basis for the his-pause. It may likely be a feature of
paused RNAP in general including the ePEC. In agreement,
Kang et al. propose the RNA-DNA hybrid can adopt a half-
translocated state with only minimal rotation of shelf and clamp
module based on a 5.5 A reconstruction (Figure 7; Kang
et al., 2018).

Discrepancies to Previous Paused RNAP Structures
Three crystal structures of two bacterial RNAPs (T. thermophilus
and T. aquaticus) were proposed to correspond to an ePEC
(Weixlbaumer et al., 2013). A large rotation of the clamp module
was observed, which is orthogonal to the one observed in the
present reconstruction. Crystal packing interactions in the three
crystal forms may have caused this difference. Other conforma-
tional changes in those structures are reminiscent of changes in
the current one. This includes RNA exit channel expansion,
bridge helix kinking and an intermediate translocation state.
However, the details are different. For example, unlike in the pre-
sent EM reconstruction, the bridge helix in the crystal structures
was more strongly kinked and blocked the active site. As aresult,
the tDNA was post-translocated but the +1 tDNA base could not
enter the active site.

Importantly, minimal scaffolds were used for the crystal struc-
tures (no upstream DNA duplex, no ntDNA bubble), which ex-
hibited the expected biochemical behavior but lack the base in
the tDNA to form a —10 bp. This likely affects the hybrid and
active site conformation and could explain the differences.
Finally, we cannot exclude species-specific differences.

A Model for Entering the his-Pause during Translocation
Immediately after catalysis RNAP is pre-translocated (Figure 1B).
When it encounters the his-pause (or any sequence resembling
the consensus pause), the —10 base pair in the hybrid and
the +1 base pair in the downstream DNA duplex are GC base
pairs. Melting and thus complete translocation is delayed and
RNAP enters an otherwise transient, intermediate, half-translo-
cated state, which halts nucleotide addition and corresponds
to the ePEC (Figure 7B). One feature distinguishing the ePEC
from an EC is the half-translocated hybrid, which halts nucleo-
tide addition. High-resolution reconstructions of an ePEC in
absence of transcription factors will be required to confirm that
clamp and shelf rotation do not correlate with the half-translo-
cated hybrid.

Global conformational changes, including clamp and shelf
rotation, and exit channel expansion, as observed in the pre-
sent reconstruction, could simply occur as a result of Brow-
nian motion. Nucleation of a hairpin could block the exit
channel and stabilize RNAP in the paused, half-translocated

state. Additional binding of NusA would increase the lifetime
of the paused state further (Figure 7B, top). Alternatively,
NusA could bind an EC or ePEC and induce an intermediate
state. The presence of NusA would stimulate hairpin formation
and lead to the same end result (Figure 7B, bottom). Concom-
itant local changes like kinking of the bridge helix, movements
of Switch 2 and the lid loop stabilize the asymmetric hybrid
conformation.

To escape from the pause, the RNA-DNA hybrid needs to
adopt a post-translocated state so a substrate can bind. Pre-
sumably, the equilibrium is strongly shifted to the paused state.
However, in presence of NTPs, competition between NTP bind-
ing to a short-lived post-translocated state and the paused state
may determine the rate of escape.

Conclusions

We have reconstituted a functional paused EC of E. coli RNAP at
the well-characterized his-pause stabilized by the transcription
elongation factor NusA. The complex shows how RNAP accom-
modates an RNA hairpin in the exit channel and explains why
catalysis is inhibited, why a nascent hairpin stabilizes the paused
state, how NusA prolongs the pause, and how it may aid RNA
structure formation. We also speculate about translocation and
the role of NusA at intrinsic terminators.

Follow-up studies will be of great interest. How does NusA
interact with a EC or how can elongation factors like NusG
reduce pausing? Mutational studies will allow us to test sugges-
tions with respect to translocation and termination.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli LACR Il rna’, rnb™ (E. coli LOBSTR
RNase | and Il knock-out strain)

Escherichia coli BL21(DE3)rpoA_HRV3C_CTD(His)o
(E. coli BL21(DES3) strain with HRV3C site in linker
between o-NTD and «-CTD and a C-terminal
decabhistidine tag

Escherichia coli BL21(DE3) rna’, rnb” (E. coli BL21
RNase | and Il knock-out strain)

Andersen et al., 2013; and
to be published

Twist et al., 2011

Subbarayan and Deutscher, 2001

Chemicals, Peptides, and Recombinant Proteins

pVS11_rpoA_rpoB_rpoCHRV3C(His)1o_rpoZ (E. coli

RNAP co-expression plasmid for a-, B-, C-terminally
Hisqo-tagged B’-, and w-subunits)

PACYC_Duet1_rpoZ (E. coli RNAP w-subunit expression
plasmid)

pVS10 (E. coli RNAP co-expression plasmid for o subunits
with C-terminal (His);o-tag and an HRV3C site in linker
between o-NTD and a-CTD, B-, B’-, and w-subunits)

Twist et al., 2011

Twist et al., 2011

Twist et al., 2011

pET15b_10His_HRV3C_Ec_NusA _FL (E. coli NusA with This work

cleavable N-terminal (His);o-tag)

pPET15b_10His_HRV3C_Ec_NusA_NTD (E. coli NusA-NTD This work

with N-terminal (His)m-tag_)

Deposited Data

E. coli hisPEC-NusA This work PDB ID: 6FLQ

hisPEC-NusA density maps (hisPEC-NusA, 3 NusA This work EMD-4275

orientations, low-res map used to place AR2-01-CTD)

E. coli PEC-NusA This work PDB ID: 6FLP

PEC-NusA density map This work EMD-4274

Experimental Models: Organisms/Strains

Escherichia coli

Oligonucleotides

Template DNA (tDNA): CTCTGAATCTCTTCCAGCACAC This work

ATCGGGACGTACTGACC

Non-template DNA (ntDNA): GGTCAGTACGTCCCGTCG This work

ATCTTCGGAAGAGATTCAGAG

RNA27: CCUGACUAGUCUUUCAGGCGAUGUGUG This work

RNA29: CCUGACUAGUCUUUCAGGCGAUGUGUGCU This work

Software and Algorithms

Blocres Cardone et al., 2013 https://Isbr.niams.nih.gov/bsoft/
programs/blocres.html

CCP4 suite Winn et al., 2011 http://www.ccp4.ac.uk/

COOT v0.8.3 Emsley and Cowtan, 2004 https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

CryoSPARC Punjani et al., 2017 https://cryosparc.com

CTFFIND4 Rohou and Grigorieff, 2015 http://grigoriefflab.janelia.org/ctffind4

EMAN v2.2 Tang et al., 2007 http://blake.bcm.edu/emanwiki/EMAN2
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Motioncor2 Zheng et al., 2016 http://msg.ucsf.edu/em/software/
motioncor2.html

Phenix suite Adams et al., 2010 https://www.phenix-online.org/

PyMOL Schrodinger, 2015 https://pymol.org/2/

Relion v2.0 Scheres, 2012 https://www2.mrc-Imb.cam.ac.uk/
relion/index.php/Main_Page

UCSF Chimera v1.11.2 Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

download.html

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Albert
Weixlbaumer (albert.weixlbaumer@igbmc.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For plasmid construction, we used the Escherichia coli (E. coli) TOP10 strain (Invitrogen). For recombinant protein expression, we
constructed an E. coli strain, called LACR Il (Low Abundance of Cellular RNases). LACR Il is derived from the E. coli LOBSTR strain
(Andersen et al., 2013) with additional RNase deletions to lower the amount of RNase contamination in purified protein samples (de-
tails to be published elsewhere); E. coli strain BL21(DE3) rna” rnb™ (Subbarayan and Deutscher, 2001) with RNase | and Il knock out
was a generous gift from the Deutscher lab; E. coli strain BL21(DE3)rpoA_HRV3C_CTD(His)1q (Twist et al., 2011) with a HRV3C site in
the linker between the o subunit CTD and NTD was a generous gift from the Darst lab.

METHOD DETAILS

Purification of RNAP, NusA, DNA and RNA
E. coli RNAP core enzyme with a C-terminally Hisio-tagged B’-subunit was overexpressed from pVS11_rpoA_rpoB_
rpoCHRV3C(His)1o_rpoZ in E. coli LACR Il. To avoid substoichiometric amounts of w, LACR Il was co-transformed with
pACYC_Duet1_rpoZ. For expression, 6 L of culture in LB (100 pg/ml Ampicillin, 34 pg/ml Chloramphenicol) were induced at an
ODggo of 0.6-0.8 with 0.5 mM IPTG for 2 hours at 37°C. To purify E. coli RNAP-Aa-CTD, E. coli BL21(DE3)rpoA_HRV3C_CTD(His)1g
was co-transformed with pVS10 and pACYC_Duet1_rpoZ. 6 L of culture in LB (100 pg/ml Ampicillin, 34 png/ml Chloramphenicol)
were induced at an ODggg of 0.6 with 0.5 mM IPTG for O/N at 18°C. E. coli RNAP lacking the a-CTDs was prepared as described
previously with minor modifications (Twist et al., 2011). For both wild-type RNAP and RNAP-A«-CTD purification, cells were har-
vested by centrifugation, resuspended in 5 volumes of lysis buffer (50 mM Tris-HCI, pH 8.0, 5% glycerol, 1 mM EDTA, 10 mM DTT,
0.1 mM PMSF, 1mM benzamidine, 10 uM ZnCl,, DNase | (0.5 ng/250 g cell), EDTA-free protease inhibitor cocktail (Sigma-Aldrich
cOmplete, 1 tablet/50ml) and lysed using sonication. The lysate was cleared using centrifugation at 40,000 g. The RNAP compo-
nents in the cell lysate were fractionated by polyethyleneimine precipitation followed by ammonium sulfate precipitation as
described previously (Vassylyeva et al., 2002). The precipitate was resuspended in IMAC buffer (20 mM Tris-HCI, pH 8.0, 1 M
NaCl, 5% glycerol, 5 mM B-mercaptoethanol, 0.1 mM PMSF, 1 mM Benzamidine, 10 uM ZnCl,), passed over a 20 mL Ni-
IMAC Sepharose HP column (GE Healthcare) and eluted using a step-gradient into IMAC buffer plus 250 mM imidazole (0 mM
Imidazole for 2CVs, 5 mM Imidazole wash for 2CVs, gradient from 5 to 40 mM Imidazole over 1 CV, 40 mM Imidazole for 5CV,
and finally step to 250 mM Imidazole). Peak fractions were pooled, and dialyzed overnight in the presence of His-tagged
HRV3C (PreScission) protease (1 mg HRV3C per 8 mg of protein) into dialysis buffer (20 mM Tris-HCI, pH 8.0, 1 M NaCl, 5% glyc-
erol, 5 mM B-mercaptoethanol, 10 uM ZnCl,). Uncleaved protein, the cleaved Hisqo-tag and HRV3C were selectively removed us-
ing the IMAC column and collecting the flow-through (containing cleaved RNAP). The sample was then dialyzed into Bio-Rex
buffer (10 mM Tris-HCI, pH 8.0, 5% glycerol, 0.1 mM EDTA, 0.1 M NaCl, 1 mM DTT, 0.1 mM PMSF, 1 mM Benzamidine,
10 uM ZnCly) until conductivity was < 10 mS/cm. RNAP was then loaded on a 50 mL Bio-Rex 70 column (BIO-RAD) and eluted
using a linear gradient into Bio-Rex buffer plus 1 M NaCl over 5 column volumes. The peak was concentrated and further purified
by gel filtration using a HiLoad Superdex 200 PG 26/600 column (GE Healthcare) equilibrated with GF buffer (10 mM HEPES,
pH 8.0, 0.5 M KCI, 1% Glycerol, 2 mM DTT, 0.1 mM PMSF, 1 mM benzamidine, 10 uM ZnCl,, 1 mM MgCl,). The final protein
was dialyzed into EM buffer (10 mM HEPES, pH 8.0, 150 mM KOAc, 2 mM DTT, 10 uM ZnCl,, 5 mM MgOAc), concentrated
to > 50 mg/ml and aliquots were flash frozen and stored at —80°C.

E. coli NusA or NusA-NTD with N-terminal Hiso-tags were overexpressed in E. coli BL21 (rna” rnb’) strain by inducing 6 L of culture
in LB (50 pg/ml Ampicillin) at an ODggg of 0.7 with 1 mM IPTG for 3 hours at 37°C. Cells were harvested by centrifugation, resuspended
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in 5 volumes of lysis buffer (50 mM Tris-HCI, pH 8.0, 0.5 M NaCl, 10 mM imidazole, 2 mM B-mercaptoethanol, 0.1 mM PMSF, 1mM
benzamidine, DNase | (0.5mg/250 g cell), EDTA-free protease inhibitor cocktail (Sigma-Aldrich cOmplete, 1 tablet/50ml) and lysed
using sonication. The lysates were cleared by centrifugation at 40,000 g for 30 minutes and loaded onto 2 x 5 mL HiTrap IMAC
HP column (GE Healthcare) and eluted using a gradient into lysis buffer containing 250 mM imidazole over 10 CVs. Peak fractions
were pooled, and dialyzed overnight in the presence of His-tagged HRV3C (PreScission) protease into lysis buffer plus
50 mM NaCl. Uncleaved protein, the His-tag and protease were selectively removed using the IMAC column and collecting the
flow-through (containing cleaved NusA). The sample was then loaded on a 5ml HiTrap Q HP column (GE Healthcare). NusA was
eluted using a gradient over 10 CVs into lysis buffer plus 1 M NaCl. The peak was concentrated and further purified by gel filtration
using a Superdex 75 16/60 column equilibrated with GF buffer (10 mM HEPES, pH 8.0, 0.15 M NaCl, 0.1 mM EDTA, 1 mM DTT). The
final protein was concentrated to > 50 mg/ml, aliquots were flash frozen, and stored at —80°C.

DNA (TriLink) and RNA (Dharmacon) oligonucleotides were chemically synthesized and gel purified by the manufacturer. RNA was
deprotected following the protocols provided by the manufacturer. Both DNA and RNA were dissolved in RNase free water and al-
iquots were stored at —80°C.

Pause assays

E. coliRNAP or E. coli RNAP-A«-CTD pause assays were carried out by a minimally modified limited step reconstitution assay (Kyzer
et al., 2007). Nucleic acid scaffolds for pause assays were reconstituted using a 2-fold molar excess of ntDNA and tDNA over RNA27
(5 M RNA final, Figure S1C), mixing them in reconstitution buffer (RB, 10 mM Tris-HCI, pH 8.0, 40 mM KCI, 5 mM MgCly),
incubating them for 2 min at 95°C, shifting to 75°C for 2 min followed by a shift to 45°C and slowly cooling them to 25°C in a PCR
machine (1°C/min). ECs were formed 2 base pairs upstream of the E. coli his pause site (Figure S1C) in elongation buffer (EB,
10 mM HEPES-KOH pH 8.0, 100 mM KOAc, 5 mM MgOAc, 10 uM ZnCI2, 150 uM EDTA, 5% glycerol, 1 mM DTT) by mixing
0.5 uM scaffold with 1 uM RNAP in the presence of 20 ug/ml BSA. The RNA was labeled by first incubating with 32P-o-CTP
(30 pCi) at 37°C, followed by addition of cold CTP (2 uM final) and UTP (100 uM final) resulting in a 29 nt long RNA (U29). To monitor
the effect of NusA on the halted hisPEC (RNA29, position U29), NusA or NusA NTD (4 uM final) or elongation buffer EB was added and
the complex was incubated for 5 min at 37°C. Transcription pause kinetics were determined by adding the next nucleotide (GTP,
10 uM final) at room temperature, taking samples at predetermined times and quenching with an equal volume of loading buffer
(8 M urea, 20 mM EDTA pH 8, 5 mM Tris-HCI pH 7.5, 0.5% bromphenol blue, and 0.5% xylene cyanol). Samples were chased by
adding 1 mM GTP and analyzed using denaturing polyacrylamide gels.

For cryo-EM studies, scaffolds were formed with tDNA, ntDNA and RNA29 directly at the his pause site (Figure S1F). To confirm
functional complexes in cryo-EM studies, we used a direct reconstitution pause assay (Kyzer et al., 2007). RNA29 was 5'-labeled with
32p_y-ATP using T4 polynucleotide kinase (NEB) and annealed with a 2-fold molar excess of tDNA, and ntDNA by incubating them in
buffer RB for 2 min at 95°C and slowly cooling them to room temperature in a water bath. The hisPEC was formed directly at the his
pause site (Figure S1F) in EM buffer plus 8 mM CHAPSO (EB2) by mixing 0.5 uM scaffold with 1 uM RNAP in the presence of 20 ng/mli
BSA. To monitor the effect of NusA on the hisPEC (RNA29), NusA (4 uM final) or EM buffer was added and the complex was incubated
for 5 min at 37°C. Transcription pause kinetics were determined by adding the next nucleotide (GTP, 10 uM final) at room temper-
ature, taking samples at predetermined times and quenching with an equal volume of loading buffer (8 M urea, 20 mM EDTA pH 8,
5mM Tris-HCI pH 7.5, 0.5% bromphenol blue, and 0.5% xylene cyanol). Samples were chased by adding 1 mM GTP and analyzed by
separating on denaturing polyacrylamide gels.

For data analysis, gels were exposed to storage phosphor screens and quantified using a Typhoon Phosphorimager and
ImageQuant software (GE Healthcare). The RNA species in each lane were quantified as a fraction of the total RNA in each lane
and corrected for the non-reactive fraction remaining in the chase lane. To monitor the effect of NusA on hisPECs the rate of pause
escape was determined by nonlinear regression of [U29] versus time (http://plasma-gate.weizmann.ac.il/Grace/) using a double
exponential decay (Figures 4B, S1E, and S1H).

Preparation and cryo-EM analysis of hisPEC-NusA

The hisPEC-NusA complex was assembled by mixing E. coli RNAP, nucleic acid scaffold (tDNA, ntDNA, RNA29, Figure S1F) and
NusA with molar ratio of RNAP:scaffold:NusA = 1:3:5 in EM buffer (10 mM HEPES, pH 8.0, 150 mM KOAc, 2 mM DTT,
10 uM ZnCl,, 5 mM MgOAc) and incubated for 15 min at 37°C. Excess proteins and scaffold were removed by gel filtration using
a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated in EM buffer. Before freezing, 8 mM CHAPSO was added
to the samples. C-flat CF-1.2/1.3 400 mesh holey carbon grids were glow-discharged for 30 s prior to the application of 4 uL of the
sample, and plunge-frozen in liquid ethane using a Vitrobot Mark IV (FEI) with 95% chamber humidity at 10°C. Images were recorded
on a 300 keV Titan Krios (FEI) equipped with a K2 Summit camera (Gatan, Inc., Pleasanton, CA) operated in super-resolution counting
mode with a super-resolution pixel size of 0.55 A. The detector was placed at the end of a GIF Quantum energy filter (Gatan, Inc.),
operated in zero-energy-loss mode with a slit width of 20 eV. To minimize the effects of coincidence loss, the dose rate used was
~8 e’/pixel/s (equivalent to ~6.6 e /A2 /s at the specimen level). The total exposure time was 8 s and intermediate frames were re-
corded every 0.2 s giving an accumulated dose of ~53 e/A? and a total of 40 frames perimage. A total of 4,957 movies were recorded
with a defocus range from —0.8 to —3.2 um in super resolution mode. Nominal Magnification was 105,000x. Motion correction and
dose weighting was performed using Motioncor2 (Zheng et al., 2016). Parameters of the contrast transfer function (CTF) of each
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micrograph were estimated with CTFFIND4 (Rohou and Grigorieff, 2015). In a first step, ~20,000 particles were picked with the semi-
automated swarm method using EMAN2 (Tang et al., 2007). Relion (Scheres, 2012) was used for the image processing workflow un-
less stated otherwise. Reference-free 2D classes were generated, five of which were used for template-based auto-picking after
filtering them to 20 A. After removing bad particles by 2D classification, 476,563 particles were used for 3D refinement. E. coli
core RNAP derived from a crystal structure of E. coli holoenzyme (PDB ID 4YG2) (Murakami, 2013) was low pass filtered to 60 A
and used as a reference to yield an initial reconstruction. The reference did not contain any nucleic acids, or any additional ligands,
and a ~100-residue large domain (a part of sequence insertion 3, SI3; also known as B’i6; (Lane and Darst, 2010) was missing. Initial
3D classification using 4x4 binned particles without alignment resulted in several classes. Two contained weak NusA density and no
hairpin density (PEC-NusA). Several other classes contained hisPEC-NusA with different orientations of NusA relative to the hisPEC
(Figure S3). We merged 65966 particles without hairpin density, and used them in the program cryoSPARC (Punjani et al., 2017) for ab
initio 3D classification and refinement. This yielded a structure (reconstruction 5, PEC-NusA) at 4.1 A with weak density for NusA and
no density for the RNA hairpin. During initial classification, one class (reconstruction 6) showed better density for NusA AR2 and
RNAP o1 CTD, it was refined to 3.9 A and low-pass filtered to 10 A for model fitting. 379918 particles that showed density for
both hisPEC and NusA were merged for subsequent refinement and 3D classification. Subsequent 3D classification using 2x2 binned
particles without a mask yielded four classes with differences in densities corresponding to NusA and the upstream DNA duplex (Fig-
ure S3). Among these four classes, one major class (reconstruction 1) showed density that we consider being the average of NusA
movements, while three other classes (reconstruction 2, 3, 4) represent extremes of the NusA orientations relative to the hisPEC (Fig-
ure S3B). The major class containing 157,100 particles was refined in cryoSPARC to a final resolution of 3.6 A using the gold-standard
Fourier shell correlation (FSC) 0.143 criterion. The three classes with extreme NusA orientations contained 10,381, 34,632 and 50,210
particles and were refined to 6.5 A, 42Aand 4.2 A, respectively (Figure S3A). To avoid influences from the upstream DNA duplex on
classification, we performed another 3D classification of the same particles with a mask excluding density from upstream DNA. This
yielded four classes with differences only in the NusA orientations, without influence from upstream DNA duplex flexibility. These
classes with different NusA orientations resembled those from unmasked 3D classification (data not shown) Local resolution calcu-
lation was performed using blocres (Cardone et al., 2013).

Structural modeling of hisPEC-NusA

To generate a model of hisSPEC-NusA, we started by using models derived from the cryo-EM structure of E. coli RNAP core (PDB ID
B6ALH), the crystal structure of E. coli NusA NTD, S1, KH1, KH2, and AR1 (PDB ID 5LM7), and an NMR structure of E. coli NusA AR2
domain in complex with Yersinia pseudotuberculosis RNAP a-subunit CTD (PDB ID 2JZB) (Kang et al., 2017; Said et al., 2017;
Schweimer et al., 2011). The initial model was fit in COOT and refined using Phenix real-space-refine (Adams et al., 2010). Initially,
RNAP and NusA domains were placed and refined as rigid bodies. Subsequently, after visual inspection and rebuilding, the model
was further refined using secondary structure restraints. RNA-DNA hybrid and downstream DNA duplex were built de novo in COOT
and real-space refined (Figures 1C—-1E). Density for the RNA hairpin revealed only the 5 base pair stem but no defined density for the
loop (Figure 1D). The 5 base pair hairpin stem was built de novo in COOT, while the 8-nucleotide long loop was modeled using existing
loop structures with Rloom (Schudoma et al., 2010) and placed above the stem in COOT (Figure 1D). Due to conformational hetero-
geneity, the quality of the density for NusA was variable. Density for the NusA-NTD and RNAP «2-CTD allowed us to clearly identify
secondary structure elements and place them followed by rigid-body refinement (Figure S5B). In contrast, the density for NusA S1,
KH1, KH2 is poorly resolved and only allowed us to place these domains as rigid bodies. Density for NusA AR1 AR2 and RNAP a1
CTD are only visible in low-resolution maps where we could also fit crystal and NMR structures based on the shape and size of the
density (Figure S5A). In the final five reconstructions with or without NusA, RNAP core adopted the same conformation. The map,
which refined to 3.6 A was used for model building. NusA was split into 6 rigid bodies based on its domain definition and were sepa-
rately fitted and adjusted in COOT into the four reconstructions containing NusA. Model overfitting was evaluated by refining the
models in one of the two independent half maps. The original atom positions were randomly displaced up to 0.5 A and refined
with restraints in Phenix against one of the two-independent half maps prior to FSC calculations. FSC curves were calculated be-
tween the resulting model and both the half maps, independently, for cross-validation (Figure S4F). Figures were prepared with
UCSF Chimera (Pettersen et al., 2004) or PyMOL (Schrodinger, LLC, 2015).

DATA AND SOFTWARE AVAILABILITY

The accession number for the five cryo-EM reconstructions (hisSPEC-NusA, three different NusA orientations, and the low-resolution
reconstruction that allowed us to place the AR2-21-CTD interaction using PDB: 2JZB) reported in this paper is EMD: 4275. The
accession number for the PEC-NusA reconstruction reported in this paper is EMD: 4274. The accession numbers for the fitted
models reported in this paper are PDB: 6FLQ (all atom model for hisPEC-NusA except for NusA and the two a-CTDs, which are
modeled as Poly-Alanine) and 6FLP (all atom model for PEC-NusA except NusA was not modeled).
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