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Summary

Noncoding RNAs (ncRNAs) regulate gene expression in all organisms. Bacterial 6S RNAs
globally regulate transcription by binding RNA polymerase (RNAP) holoenzyme and competing
with promoter DNA. Escherichia coli (Eco) 6S RNA interacts specifically with the housekeeping
a9-holoenzyme (Ea’0) and plays a key role in the transcriptional reprogramming upon shifts
between exponential and stationary phase. Inhibition is relieved upon 6S RNA-templated RNA
synthesis. We report here the 3.8 A resolution structure of a complex between 6S RNA and Ec’0
determined by single-particle cryo-electron microscopy and validation of the structure using
footprinting and crosslinking approaches. Duplex RNA segments have A-form C3”-endo sugar
puckers but widened major groove widths, giving the RNA an overall architecture that mimics B-
form promoter DNA. Our results help explain the specificity of £co6S RNA for Ea’C, and show
how an ncRNA can mimic B-form DNA to directly regulate transcription by the DNA-dependent
RNAP.
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Graphical abstract

Structural analysis of an £. coli 6S RNA/RNA polymerase holoenzyme binary complex shows
how a non-coding RNA can directly regulate transcription by the DNA-dependent RNA
polymerase. Functional parallels between bacterial and eukaryotic non-coding RNA RNA
polymerase regulators suggest that the structural principles delineated here are widely applicable.
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Introduction

Noncoding RNAs (ncRNAsS) play critical and diverse roles in the regulation of gene
expression from bacteria to humans (Gottesman and Storz, 2011; Kaikkonen et al., 2011).
Bacterial 6S RNAs globally regulate transcription by directly binding the RNA polymerase
(RNAP) holoenzyme and competing with promoter DNA (Cavanagh and Wassarman, 2014;
Wassarman and Storz, 2000). Escherichia coli (Eco) 6S RNA, a 184-nucleotide (nt) ncRNA,
plays a key role in the transcriptional reprogramming upon shifts between exponential and
stationary phase by binding with marked specificity to and inhibiting the housekeeping o0-
holoenzyme (Eo’0), allowing for the increased activity of the stationary phase-specific o
factor, o> (Steuten et al., 2014).

Although not conserved in sequence, 6S RNAs are widely conserved among bacteria
through a common secondary structure that includes a transcription bubble mimic (Barrick
et al., 2005; Trotochaud and Wassarman, 2005). Indeed, 6S RNA can serve as a transcription
template during outgrowth from stationary phase, likely due to high NTP concentrations
(Wassarman and Saecker, 2006). Synthesis of an RNA product (pbRNA) induces a structural
rearrangement of the RNA (Figure S1A) that provokes release of Ec’0 from 6S RNA
(Beckmann et al., 2012; Panchapakesan and Unrau, 2012), providing a mechanism for
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rapidly recovering Eo 70 activity in response to nutrient availability (Cavanagh et al., 2012).
How the ncRNA 6S RNA interacts with the DNA-dependent RNAP to outcompete promoter
DNA has not been elucidated at the structural level.

Here we report the cryo-electron microscopy (cryoEM) structure of a complex between an
Eco6S RNA fragment and Ea’? as well as validation of the structure using footprinting and
crosslinking approaches. Our results help explain the specificity of £co6S RNA for Ec70,
and show how an ncRNA can mimic B-form DNA to directly regulate transcription by the
DNA-dependent RNAP. Functional parallels between bacterial and eukaryotic ncRNA
RNAP inhibitors (Wagner et al., 2013; Yakovchuk et al., 2009) suggest that the structural
principles for 6S RNA binding and inhibition of £co RNAP delineated here are widely
applicable.

Structure Determination and Validation

We first employed nucleic acid footprinting approaches to probe 6S RNA/Ec’? interactions
(Figures 1A, S1B). RNase footprints of wild-type £co core RNAP containing full-length a.-
subunits combined with full-length 7% and footprints of core RNAP lacking the a.-subunit
C-terminal domains (Twist et al., 2011) (AaCTD-E) combined with o7° lacking the N-
terminal region 1.1 (A1.1070; Bae et al., 2013) were identical, indicating that the aCTDs and
o9, 1 did not play a role in 6S RNA interactions, at least in the final binary complex studied
here. The footprinting results point to complete enclosure of the 6S RNA CB and DD (see
Figure 1A for definitions of the 6S RNA structural elements) in the RNAP active site cleft.
FeZ*-directed cleavage indicates loading of the transcription start site (TSS), U44, into the
RNAP active site itself (Figure 1A; Wassarman and Saecker, 2006). The RNA upstream of
the CB showed a pattern of alternating protection and hypersensitivity from RNases,
suggesting interaction with the surface of the RNAP. RNase protection did not extend
downstream beyond the DB, indicating that the CS was exposed outside of the RNAP active
site cleft and not important for binding, as observed previously (Shephard et al., 2010).

6S RNA is predicted to exist in two nearly isoenergetic isoforms, even in the absence of
pRNA synthesis (Figure S1A). To generate a homogeneous population for structure
determination we locked 6S RNA into isoform 1 by shuffling the sequence of the DD to
prevent formation of isoform 2. The 6S RNA* (Figure 1A), generated by a combination of
DD sequence shuffling (DD*) and truncation of much of the CS, bound Ec’0 specifically
and initiated transcription from the correct TSS as efficiently as wild-type 6S RNA (Figure
S1C) and was used for structure determination.

We used single-particle cryoEM to determine the structure of the 6S RNA*/AaCTD-E-
A1.1670 (termed 6S RNA/Ea’? here forward) binary complex (Figures 1B-C, S2, S3). The
overall resolution of the cryoEM density map was 3.8 A (Figure S2D) but local resolution
calculations indicated much of the central core of the structure was determined to 3.3 — 3.8
A resolution (Figure S4B). A model of the 6S RNA/Ec’? complex was built and refined into
the cryoEM map (Materials and Methods; Table S1; Figure S2E). The RNA density
downstream of the DD*, as well as for the CB t-strand from nucleotides 48-57, was very
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weak (Figures 1C, S4) so these parts of the RNA were not modeled. Portions of the RNA

upstream of UB2 were also difficult to model due to the low resolution of the map (Figure
S4B) so were modeled with the assistance of MC-fold (Parisien and Major, 2008). The 6S
RNA*/Ea’% model was consistent with the RNA footprinting data (Figures 1A, 2A).

The model was further validated by an extensive dataset of mapped protein-6S RNA
crosslinks from p-benzoyl-L-phenylalanine (BPA) site-specifically incorporated at 35
distinct sites in the RNAP B, B, and o’ subunits (Figures 2B, S5). Biochemical
experiments (see below) provided further validation of the structure.

Duplex Segments of the 6S RNA show an Unusual Nucleic Acid Geometry

As expected, the CB, including the 6S RNA t-strand near the RNAP active site, mimics a
promoter DNA transcription bubble (Figure 3). Strikingly, however, the overall architecture
and path of the 6S RNA phosphate backbone matches that of B-form promoter open
complex DNA (Bae et al., 2015) over essentially the entire length of the RNA (Figures 1C,
1D, 4A). B-form RNA duplex is highly unfavorable, and there are no duplex regions of the
6S RNA that show B-form geometry (Tables S2-S4).

Insight into the origin of the overall ‘B-form’ appearance of the 6S RNA comes from an
analysis of the minor and major groove widths (mgw and Mgw, respectively). In duplex
stretches of the 6S RNA long enough to measure the groove widths (DD*, UD1, UD2, and
UD3)(Lu and Olson, 2008), the mgws conform to A-form nucleic acids while the Mgws
conform to B-form (Figure 4B, Table S2). The sugar puckers (Table S3), intrastrand
phosphate-phosphate distances (Table S4), and twist (Table S2) are characteristic of A-form
nucleic acid duplex, but the rise and pitch (Table S2) are characteristic of B-form. Thus,
overall the duplex regions of the 6S RNA are neither A-nor B-form, but have characteristics
of both.

The segments of duplex 6S RNA with widened Mgws resembling B-form duplex correspond
to regions with extensive 6S RNA/RNAP interactions, which occur almost exclusively with
the 6S RNA phosphate backbone (Figure 4C). It is likely that the considerable binding free
energy of the RNAP drives the distortion of the 6S RNA helix geometry, but a structure of
the RNAP-interacting determinant of the 6S RNA in the absence of the RNAP will be
required to assess whether the RNA structure is predisposed for RNAP binding or if the
RNA structure is distorted through an induced fit mechanism.

6S RNA/Ec’? Interactions

The duplex segments of 6S RNA are interrupted by regions comprising base-pair
mismatches, non-canonical base pairs, and flipped-out bases (CB, UB1, and UB2) that are
conserved in an alignment of 101 enterobacteriaceae 6S RNA sequences (Figure 5A). Base-
specific 6S RNA/RNAP interactions occur nearly exclusively with “flipped-out’ bases from
these regions (C69 of UBL1; G82 of UB2; U135/G136/G143 of the CB nt-strand; Figures 5B-
E).

C69 is flipped out of UB1 and interacts with residues of the RNAP B’ subunit but C69 is not
conserved (Figure 5A). However, the presence of the bulge UB1 seems to be important since
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removing it by introducing complementarity into the RNA reduces 6S RNA binding (Figure
S6A).

Conserved G82 of UB2 (Figure 5A) interacts with BR903 on the flap-tip-helix (Figure 5C).
The residue corresponding to £co RNAP BR903 is 80% identical in an alignment of nearly
1,000 diverse bacterial RNAP B subunit sequences, but is 100% identical among
enterobacteriaceae RNAPs (Lane and Darst, 2010). Substitution of G82 with any other
nucleotide substantially disrupts 65 RNA binding to Ea’0 (Figure S6B).

U135, G136, and G143 of the CB nt-strand are all conserved (Figure 5A) and make
essentially identical interactions with Ea’0 as the corresponding nucleotides of promoter
DNA (Figures 5D-E). U135 interacts with the pocket of 7% normally reserved for the nt-
strand T_; (Figure 5D), one of two nearly absolutely conserved bases of the promoter -10
element (Feklistov and Darst, 2011; Shultzaberger et al., 2007). Likewise, the interactions of
G136 with o7% mimic the interactions of promoter DNA G_g of the discriminator element
(Bae et al., 2015; Zhang et al., 2012). Finally, G143 binds in a G-specific pocket of the
RNAP B subunit normally reserved for the nt-strand G., (the core recognition element,
CRE) (Bae et al., 2015; Zhang et al., 2012). However, base substitutions at these three
positions of 6S RNA have little effect on 6S RNA binding (Figure S6C), indicating that
these base/RNAP interactions may be conserved for other reasons. U135/G136 are involved
in the formation of 6S RNA isoform 2 (Figure S1A), suggesting their binding to RNAP may
stabilize isoform 1 and help prevent the spontaneous formation of isoform 2 and premature
release of 6S RNA from Ea’?, possibly reflecting the importance of the timing of RNAP
release (Beckmann et al., 2012; Panchapakesan and Unrau, 2012).

Although the interactions of U135, G136, and G143 with RNAP mimic interactions of
promoter DNA nt-strand T.7, G_g, and G, the most important and conserved promoter
DNA/RNAP interaction, accommodation of the flipped out -10 element nt-strand A_1; base
in a pocket of o7 (Feklistov and Darst, 2011), is not recapitulated in 6S RNA. Although an
A is conserved at the corresponding position of 6S RNA (A131, 4 nt upstream of the T_7
mimic U135; Figure 5A), A131 is not flipped out of the 6S RNA duplex base stack, does not
interact with RNAP, does not crosslink with BPA-RNAP substitutions that crosslink
promoter DNA near this position (o7434) (Winkelman et al., 2015), and the o’% W-dyad
(absolutely conserved W433/W434) does not switch into the characteristic ‘chair’
conformation that stabilizes the upstream single-strand/double-strand junction of the
transcription bubble (Bae et al., 2015) (Figure 6). The flipping of A_1; out of the promoter
DNA duplex and capture by 70 is thought to be the critical event that initiates transcription
bubble formation (Feklistov and Darst, 2011). Since the 6S RNA CB is ‘pre-melted’, this
interaction is dispensable. In support of this notion, an RNAP-holoenzyme containing a
quadruple-substituted o 70 that is severely defective in initiating and maintaining the
transcription bubble (7%= www; (2001) is completely inactive on T7 Al, a strong DNA
promoter, but is fully active on a pre-melted T7 A1 DNA promoter template and on 6S RNA
(Figure S6D, S6E). Additionally, A131C or A131G substitutions in 6S RNA do not alter
RNAP affinity (Figure S6C).
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6S RNA Specificity for Eg’0

6S RNA shows strong specificity for Ea’0 over EoS (Trotochaud and Wassarman, 2005).
The 679 and oS are the most closely related s factors in £co, with overlapping promoter
specificity (Gaal et al., 2001). A major difference in the two s's is the non-conserved insert
between conserved regions 1.2 and 2.1 (number of residues between regions 1.2 and 2.1:
o709, 248; o5, 3) (Lonetto et al., 1992), but the structure shows that 6S RNA does not interact
with this region of o/, The base-specific interactions of o9 with flipped-out bases of the 6S
RNA all involve highly conserved regions of the two o factors (Figure 7A).

The 079 domain, responsible for recognition of the promoter DNA -35 element, is required
for the 6S RNA/Ec? interaction and has been implicated in mediating 6S RNA specificity
between /0 and oS (Cavanagh et al., 2008; Klocko and Wassarman, 2009). We do not
observe notable base-specific interactions between o9, and 6S RNA, but the binding
determinants for promoter DNA and 6S RNA on o9, define very different surfaces on the
protein (Figure 7B) (Klocko and Wassarman, 2009). The promoter DNA -35 element
perches at the N-terminal end of the 7% helix-turn-helix motif recognition helix, forming
an interface with multiple DNA backbone and base-specific interactions that buries 634 A2
of molecular surface area (Hubin et al., 2017). By contrast, the 6S RNA wraps around o9,
interacting with a large swath of the protein surface (791 A2) (Figure 7B), consistent with
BPA-RNAP crosslinks to 6S RNA (¢79552; Figure 2B) that are not observed to promoter
DNA (Winkelman et al., 2015). Multiple polar interactions are established between the RNA
phosphate backbone and positively charged protein side chains, mostly with residues that are
conserved between o9 and oS (Figure 7A).

Two o7 residues that interact with the 6S RNA backbone, K593 and H600, correspond to
negatively charged Glu residues in o5 (E308 and E315; Figures 7A, S7A). Substitution
o/OK593E is strongly defective for 6S RNA binding (Klocko and Wassarman, 2009) and
substitution of these positions in o with the corresponding residues of o7° (¢S[E308K],
oS[E315H]) increases the transcription activity of the resulting oS-holoenzymes on 6S RNA
~2-fold and 1.5-fold, respectively (Figure S7B), and a double substitution (cS[E308K/
E315H]) increases the transcription activity of the resulting Ec® on 6S RNA ~3-fold. The o
single or double substitutions do not have dramatic effects on activity on a o/0-specific
promoter (T7 A1) nor on a oS-specific promoter (DPS) (Figures 7C, S7B). Thus, the identity
of two residues in o794 (out of an interface that buries ~4,500 A2 surface area and involves
at least 68 residues) account for a significant fraction of the 6S RNA preference for o/? over

oS

Discussion

The A-form major groove of RNA duplexes is too deep and narrow for protein side chains to
reach the major groove edge of base pairs for sequence-specific readout. The bovine
immunodeficiency virus tat peptide forms a p-hairpin that inserts into the major groove of
the TAR RNA, widening the RNA major groove to allow sequence-specific RNA
recognition (Puglisi et al., 1995; Ye et al., 1995). RNAP uses a completely different
mechanism to widen the 6S RNA major groove; RNAP interactions with the RNA backbone
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pry open the major groove, not for the purposes of sequence-specific RNA recognition but in
the service of B-form mimicry (Figure 4).

Direct regulation of RNAP activity by ncRNAs is not limited to the bacterial 6S RNA.
Mouse B2 and human Alu ncRNAs both repress mRNA transcription by binding to RNAP 11
and blocking contacts with promoter DNA (Yakovchuk et al., 2009). Remarkably, RNAP 11
can utilize the B2 RNA as both a transcription template and substrate, using an RNA-
dependent RNAP activity to extend the 3"-end of the B2 RNA in an internally templated
reaction (Wagner et al., 2013). Extension of the B2 RNA in this way destabilizes the RNA
and relieves the RNAP Il inhibition. The functional parallels between the bacterial and
eukaryotic ncRNA RNAP inhibitors suggest that the structural principles for 6S RNA
binding and inhibition of £co RNAP delineated here are also widely applicable.

Star Methods

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, Seth Darst (darst@rockefeller.edu).

Method Details

Protein Expression and Purification

Preparation of RNase-free Eco AaC-terminal domain RNAP: For cryoEM, Eco core
RNAP lacking the aC-Terminal Domain (aCTD) was prepared as described previously
(Twist et al., 2011) but with one modification to obtain RNase-free RNAP. During Bio-rex
70 cation exchange, the protein was washed extensively with TGED buffer [10 mM Tris-
HCI, pH 8.0, 5% (v/v) glycerol, 0.1 mM EDTA, 1 mM DTT] + 100 mM NaCl for 10 column
volumes (CVs), then 10 CVs of TGED + 200 mM NaCl to remove contaminating RNases.
The presence of RNases was detected using the RNaseAlert QC system (Ambion). The final
purified RNAP was buffer-exchanged into storage buffer (10 mM Tris-HCI, pH 8.0, 150 mM
KCI, 1 mM MgCl,, 2 mM DTT) and concentrated to 20 mg/mL by centrifugal filtration
(Millipore) and stored at —80 °C until use.

Preparation of RNase-free Eco full-length and A1.16"%: Full-length and A1.1 070 were
cloned from a pET21 plasmid into a pETsumo vector using EcoRI and HindlIl1 sites. The
primers used to do this cloning were:

Sig70FL_EcoRI_for,
CATCATGAATTCATGGAGCAAAACCCGCAGTCACAGCTGAAACTTCTTGTC;

Sig70deltal.1_EcoRlI_for,
CATCATGAATTCAACGACTGACCCGGTACGCATGTACATGCGTGAAATGG;

Sig70_Hindlll_rev,
ATGAAGCTTTTAATCGTCCAGGAAGCTACGCAGCACTTCAGAACGGCTC.
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The pETsumo expression plasmids were transformed into £co BL21 (DE3) cells
(Invitrogen) and grown overnight on LB-agar plates containing 50 pg/mL kanamycin. Single
colonies were used to inoculate 50 mL LB medium containing 50 pg/mL kanamycin and
grown overnight at 37 °C. Each 2-L fl ask of LB (50 pg/mL kanamycin) was inoculated with
10 mL of cells, induced at OD600 = 0.6-0.8 by the addition of isopropyl p-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM, then grown for 1 h at 30 °C.
Cells were collected by cen trifugation, resuspended in lysis buffer [20 mM Tris-HCI, pH
8.0, 500 mM NaCl, 0.1 mM EDTA, 5% (v/v) glycerol, and 1 mM B-mercaptoethanol] + 5
mM imidazole and lysed in a continuous-flow French press (Avestin). The lysate was
cleared by centrifugation at 27,000 x g for 30 min, then loaded onto a Hitrap IMAC HP
column (GE Healthcare), and eluted with lysis buffer + 250 mM imidazole. The fractions
containing full-length or A1.1670 were pooled (after analysis by SDS/PAGE), dialyzed
overnight into lysis buffer + 25 mM imidazole in the presence of UIP1 protease (1 mg
protease/50 mg of full-length or A1.1679). The cleaved full-length or A1.167° were loaded
onto Hitrap IMAC HP columns (GE Healthcare) to remove Hisg-SUMO tag. Flow-through
from a subtractive IMAC column containing o9 was dialyzed into TGED + 0.2 M NaCl.
The protein was further purified on a Hitrap Heparin HP column (GE Healthcare), eluted
using a gradient to TGED + 1 M NaCl to remove contaminating RNases. Fractions were
assayed for RNase activity using RNaseAlert QC system (Ambion). Fractions containing no
RNases were pooled and further purified by gel filtration chromatography on SuperDex 200
(GE Healthcare; equilibrated with TGED + 0.5 M NaCl). Purified full-length or A1.157°
were buffer-exchanged into storage buffer and concentrated to 10 mg/mL by centrifugal
filtration (Millipore) and stored at —80 °C.

Construction of template plasmids for 6S RNA synthesis—DNA templates for /n
vitro T7T RNAP synthesis of 6S RNA derivatives (6S RNAACS and 6S RNA*) were
generated by gene synthesis (GenScript) into a pUC57 vector with flanking EcoRI and
BamHI restriction sites. The DNA sequences for these 6S RNA variants are as follows:

6S RNAACS:
GGACCAGCCAGTCGGCACATGCGATATTTCATACCACAAGAATGTGGCGCTCCGC
GGTTGGTGAGCATGCTCGGTCCGTCCGAGAAGCCTTAAAACTGCGACGACACATT
CACCTTGAACCAAGGCGTGTACCGTTACAgcGGGTCCCGGGGATCC

6S RNA*:
GGACTCCCAGTCGGCACATGCGATATTTCATACCACAAGAATGTGGCGCTCCGCG
GTTGGTGAGCATGCTCGGTCCGTCCGAGAAGCCTTAAAACTGCGACGACACATTC
ACCTTGAACCAAGGCGTGTACCGTTACAGGGGTC

DNA templates for in vitro T3 RNAP synthesis of 6S RNA and 6S RNA-RV and derivatives
were pT3-6S RNA (Trotochaud and Wassarman, 2005), and derivatives were generated by
quickchange mutagenesis (Agilent). 6S RNA-RV has a 3" extension generated from the
polylinker of the parent vector (pCR-2.1, Invitrogen) from pT3-6S linearized by ECORV to
facilitate primer extension mapping. Oligos used for mutagenesis are available upon request.
Plasmids were maxi-prepped (Qiagen), digested with PpuMI (NEB) and gel purified

Mol Cell. Author manuscript; available in PMC 2018 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 9

(Qiagen) for in vitro T7 RNAP transcription, or digested with Smal (NEB) or EcoRV (NEB)
and ethanol precipitated for /n vitro T3 RNAP transcription.

6S RNA synthesis and purification—For cryoEM, footprinting, and transcription
assays, a mutant T7 RNAP that dissociates more rapidly from the 3’-end of run-off
transcription templates and therefore minimizes non-templated addition of nucleotides to the
RNA transcript 3"-end (T7 RNAP*) was purified from plasmid pRC9 (a generous gift from
W.T. McAllister) as previously described (He et al., 1997). /n vitro transcription of 6S RNA
and derivatives was performed in 30 mM Tris-HCI, pH 8.0, 10 mM DTT, 2 mM spermiding,
12.5 mM MgCl,, 20 mM each NTP, 0.01 mg/ml_T7 RNAP*, 0.2 U/uL SUPERaseln
(Ambion), 1 mU/uL inorganic pyrophosphatase (Sigma), and 70 ng/uL linearized plasmid
DNA. After incubating at 37 °C for three hours, the reaction was directly applied to a
HiTrap Q HP column (GE Healthcare Life Sciences) pre-equilibrated with 20 mM HEPES,
pH 7.5, 300 mM NaCl (Koubek et al., 2013). The following salt gradients (with 20 mM
HEPES, pH 7.5) were used to purify 6S RNAs from the Q column: 300 mM NaCl (5CV),
300 mM-500 mM NacCl (5CV), 500 mM-800 mM NaCl (25CV), 800 mM-1 M NaCl (5CV),
1 M NaCl (5CV). The 6S RNAs elute within the 500 mM-800 mM NaCl gradient. RNA was
precipitated with two volumes of 1:1 ethanol:isopropanol and separated through
centrifugation. The RNA pellet was resuspended in stabilization buffer (10 mM Tris-HClI,
pH 8.0, 1 mM MgCl5).

For crosslinking and 6S RNA binding experiments, 6S RNA and variants were generated by
in vitro transcription with T3 RNAP from linearized pT3-6S RNA templates using T3
megascript kit (Ambion) for large scale unlabelled RNAs or with T3 RNAP (Roche)
according to manufacturer protocols for 32P-labelled RNAs (Trotochaud and Wassarman,
2005). Both unlabeled and labeled RNAs were gel purified on denaturing polyacrylamide
gels, visualized by UV shadowing or autoradiography, cut out and eluted in elution buffer
(0.5 M ammonium acetate, 1 mM EDTA, 0.2% SDS, 10 mM Tris, pH 7.5) O/N at 37 °C.
RNASs were recovered by precipitation with 2.5 volumes of ethanol and centrifugation.
RNAs were resuspended in water and quantified by ODgg (unlabelled) or by cpm
incorporation (labelled).

RNase footprinting—£co Eo’? (100 nM) was incubated with 5”- or 3’-radioactively-
labeled 6S RNA (5 nM) in 10 pL of binding buffer (10 mM Tris-HCI, pH 7.0, 100 mM KCl,
10 mM MgCl,) at 37 °C for 10 min. Subsequently, 1 uL of RNase A (1 ng) or RNase V1
(0.001 U) (Ambion) was added and incubation was continued for 5 min. For the ladder (6S
RNA cleaved at G-residues) 0.1 U of RNase T1 was added to the denatured RNA (according
to Ambion protocol). Cleavage reactions were stopped by the addition of 20 uL of
inactivation buffer (Ambion), and the transcripts were precipitated, suspended in 5 pL of a
formamide-containing sample buffer and analyzed on an 8% polyacrylamide/8M urea
sequencing gel run in 1x TBE.

Hydroxyl radical footprinting—£co Ea’? (100 nM) was mixed with 5”- or 3'-

radioactively labeled 6S RNA (5 nM) in 85 L of binding buffer and incubated for 10 min at
37 °C. The footprinting reaction was initiated by adding 5 uL of 0.6% H,0O5, 5 uL of 20 mM
ascorbic acid, 2.5 pL of 0.4 mM Fe(NH,4)2(SO4)2%6H,0, and 2.5 puL of 0.8 mM EDTA. The
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reaction was stopped after 2 mins by adding 10 L of 0.1 M thiourea. The DNA was
ethanol-precipitated and dissolved in 5 pL of a formamide-containing sample buffer. DNA
fragments were analyzed by PAGE as described above.

Preparation of Eco 6S RNA*/AaCTD-E/A1.167% Complex for CryoEM—Purified
Eco AaCTD-RNAP and Al.167% were mixed at a 1:1.5 molar ratio and incubated for 15
mins at 37°C. The assembled holoenzyme was injected into a Superose6 INCREASE
column (GE Healthcare) equilibrated with 10 mM Tris-HCI, pH 8.0, 150 mM KCI, 1 mM
MgCl,, 5 mM DTT. The eluted protein was concentrated by centrifugal filtration
(VivaScience) to 4 mg/mL protein concentration. 6S RNA* was added in a 1.2 molar excess
(compared with holoenzyme) and incubated at room temperature for 15 mins. The sample
was mixed with 3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate
(CHAPSO, final concentration 8 mM) prior to grid preparation.

CryoEM grid preparation—C-flat CF-1.2/1.3 400 mesh copper grids were glow-
discharged for 10 seconds prior to the application of 3.5 uL of the sample (2.0 - 3.0 mg/ml
protein concentration). The grids were plunge-frozen in liquid ethane using a CP3 (Gatan)
with ~80% chamber humidity at 22°C.

CryoEM of Eco 6S RNA*/AcaCTD-E/Al.16"9%—The grids were imaged using a 300
keV Titan Krios (FEI) equipped with a K2 Summit direct electron detector (Gatan). Images
were recorded with Serial EM (Mastronarde, 2005) in super-resolution counting mode with
a super-resolution pixel size of 0.65 A and a defocus range of -1 ym to -3.5 pm. Data were
collected with a dose of 10 electrons/physical pixel/s (1.3 A pixel size at the specimen).
Images were recorded with a 15-second exposure and 0.3-second subframes (50 total
frames) to give a total dose of 90 electrons/AZ2.

Dose-fractionated subframes were 2x2 binned (giving a pixel size of 1.3 A), aligned and
summed using Unblur (Grant and Grigorieff, 2015). The contrast transfer function was
estimated for each summed image using CTFFIND4 (Rohou and Grigorieff, 2015). From the
summed images, approximately 5,000 particles were manually picked and subjected to 2D
classification in RELION (Scheres, 2012). Projection averages of the most populated classes
were used as templates for automated picking in RELION. Autopicked particles were
manually inspected, then subjected to 2D classification in RELION specifying 100 classes.
Poorly populated classes were removed, resulting in a dataset of 808,484 particles. These
particles were individually aligned across movie frames using direct-detector-alignjmbfgs
software (Rubinstein and Brubaker, 2015). Aligned particles were 3D auto-refined in
RELION using a model of Eco Ec’? (PDB ID 4LK1) (Bae et al., 2013) low-pass filtered to
60 A resolution using EMAN2 (Tang et al., 2007) as an initial 3D template. 3D classification
into eight classes was performed on the particles using the refined model and alignment
angles. Among the 3D classes, the best-resolved class, containing 362,926 particles, was 3D
auto-refined and post-processed in RELION. Local resolution calculations were performed
using blocres (Cardone et al., 2013).

Model building and refinement—To build an initial model of the protein components of
the complex, £coEa’® (PDB ID 4LK1) (Bae et al., 2013) was manually fit into the cryoEM
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density map using Chimera (Pettersen et al., 2004) and real-space refined using Phenix
(Adams et al., 2010). In the real-space refinement, domains of RNAP were rigid-body
refined, then subsequently refined with secondary structure restraints. A model of 6S RNA*
was generated using a combination of manual building using Coot (Emsley and Cowtan,
2004) and Rcrane (Keating and Pyle, 2010) as well as predicted structures (for segments of
the RNA upstream of UB2) from MCfold (Parisien and Major, 2008) that matched the
cryoEM density. The model was real-space refined with the assistance of ERRASER (Chou
etal., 2016; 2013).

Protein/RNA crosslinking and crosslink mapping

Preparation of p-benzoyl-L-phenylalanine (BPA) substituted RNAP: For crosslinking,
BPA substituted £co core RNAP or o0 proteins were purified as described previously
(Winkelman et al., 2015). Briefly, host strains were cotransformed with overexpression
plasmid variants (containing a TAG stop codon at the position for BPA substitution in 8 or B
" [pIA900] or 6’0 [pPRLG13105]) and a plasmid expressing a suppressor tRNA/tRNA
synthetase pair to allow incorporation of BPA at the stop codons (Ryu and Schultz, 2006).
Cotransformants were inoculated into LB containing 1 mM BPA at ODggg ~0.3, grown for 1
hr in the dark at 37 °C (core) or 30 °C (c79), proteins were induced by addition of 1 mM
IPTG (core) or 0.2% L-arabinose (%) and grown for an additional 6-20 hr (core) or 1.5 hr
(79). Cells were collected by centrifugation and proteins purified using Ni-agarose and
heparin affinity chromatography (core) or Ni-agarose (o7%). o’%-holoenzyme was
reconstituted from core and 4-10 fold excess o’°.

Crosslinking of 6S RNA to BPA-RNAP: 6S RNA or 6S RNA-RV (2-20 nM final) was
incubated with BPA-containing Ea’? (~100 nM final) in 20 mM HEPES, pH 7.5, 120 mM
KCI, 0.5 mM MgCly, 5% (v/v) glycerol, and 1 mM DTT for 5 min at room temperature. 25
UL reactions in 1.5 mL Eppendorf tubes were set in a rack that placed the bottom tip of the
tubes directly on the surface of a 15-Watt bulb (365 nm) of a UV transilluminator. Samples
were irradiated for 2 min at room temperature, tubes were removed from the light and the
light turned off for 1 min to prevent overheating, and this cycle (2 mins irradiation, 1 min
rest) was repeated six times (total irradiation time 12 minutes). Efficiency of crosslinking
was determined by use of 32P-labelled 6S RNA and separation in 4-12% NuPage Bis-Tris
polyacrylamide gels and NuPage MOPS SDS running buffer (ThermoFisher). Crosslinked
RNAs ran higher in the gel that uncrosslinked RNAs and the relative crosslinking efficiency
was quantified on a Typhoon phosphorimager (see Figure S4).

Enrichment of crosslinked 6S RNA for mapping: Crosslinked 6S RNAs were enriched to
facilitate primer extension mapping. NaCl (1.2 M final) and total yeast RNA (20 ug) were
added to crosslinking reactions to disrupt non-crosslinked 6S RNA:RNAP interations.
Samples were then incubated for 20 mins at room temperature with 5 ul of Ni-NTA resin
(Qiagen, prewashed 2x with high salt buffer [1.2M NaCl, 50 mM Tris-HCI, pH 7.5]) in
approximately 20 pL of high salt buffer. Resin was collected by centrifugation, incubated for
5 additional mins at room temperature in 500 pL of high-salt buffer and recollected by
centrifugation. This high salt wash was repeated once more, followed by a similar wash with
low-salt wash buffer (0.1 M NaCl, 50 mM Tris-HCI, pH 7.5). To fragment protein
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crosslinked to 6S RNA, resin was then incubated in Proteinase K buffer [10 mM Tris-HCI,
pH 7.5, 100 mM NacCl, 0.5% SDS, 1 mM EDTA, 0.1 mg/ml Proteinase K (Ambion), 10
pg/ml total yeast RNA] for 15 min at 65 °C followed by phenol:chloroform:isoamy! alcohol
(50:50:1) extraction and ethanol precipitation. Selected RNA was resuspended in 12 uL of
water. Alternatively, for many BPA ¢79-6S RNA crosslinks immunoprecipitation was more
efficient for enrichment. In this case, after crosslinking, holoenzyme was denatured by
incubation at 85 °C in 0.5% SDS followed by immunoprecipitation with polycolonal
antisera raised against £co o9 (WI-166) as previously described (Wassarman and Storz,
2000) to enrich UV crosslinks between 6S RNA and RNAP.

Primer extension mapping of crosslink positions in 6S RNA: Different oligonucleotides
(KW1466 [c157-179], KW1469 [c88-111], KW1555[c 138-161], KW1464 [c183-
polylinker]) were used in primer extension reactions to cover the full length of 6S RNA. In
order to map crosslinks near the 3" end of the 6S RNA (~130-184 nt positions in the RNA),
a 6S RNA variant with an extended 3" end was used (6S RNA-RV). Binding and
crosslinking efficiency was identical between 6S RNA and 6S RNA-RV, and crosslinking
positions that could be mapped on both 6S RNA and 6S RNA-RV were indistinguishable.
For primer extension, oligonucleotides were 5” end labeled with 32P by polynucleotide
kinase (NEB). Labeled oligonucleotide (0.01 pug) and RNA (3 vL of crosslinked, selected
RNA) were mixed in cDNA synthesis buffer (Invitrogen) in 8 pL reactions, denatured at
95 °C for 2 mins and allowed to anneal at 65 °C for 5 mins. Extension reactions were
initiated by addition of 2 uL dNTP mix (25 mM DTT, 5 mM dNTPs, 0.5 uL Thermoscript
Reverse Transcriptase [Invitrogen]) and incubated at 60 °C for 15 mins. Reactions were
stopped by addition of 12 mL of urea load buffer {10 M urea, 1x TBE (0.089M Tris base,
0.089M boric acid, 2 mM EDTA, pH 8.3 [National Diganostics]), ~0.01% xylene cyanol,
~0.01% bromophenol blue}. Primer extension reactions were separated on 10%
polyacrylamide, 8M urea, 1x TBE gels (National Diagnostics Urea Gel system). A salt
gradient was applied to the gel to better resolve sequencing ladders over longer ranges (i.e.
the “top” buffer was 0.5x TBE, the “bottom” buffer was 1x TBE with 0.3 M sodium
acetate). Sequencing reactions were generated using Thermo sequenase cycle sequencing kit
(Affymetrix) according to manufacturer protocols using PCR templates (amplified from
pT3-6S with universal and reverse primers) and the same labeled oligonucleotide used for
primer extension.

Native gel electrophoresis binding assay—32P-labelled 6S RNA, wild type (WT) or
variants (as indicated) (1-10 nM final) were incubated with Ea’? (0-40 nM final, Epicentre)
in 10 pL reactions containing 20 mM HEPES, pH 7.5, 120 mM KCI, 0.5 mM MgCl,, 5%
(v/v) glycerol, and 1 mM DTT for 10-15 mins at room temperature as previously described
(Wassarman and Saecker, 2006). Note binding of WT 6S RNA to Ec’? is complete by 1 min
under these conditions (Klocko and Wassarman, 2009). Binding specificity was challenged
by incubation for 2 mins at room temperature with heparin (100 pg/mL final), followed by
addition of equal volume load buffer [50% (v’v) glycerol, 0.5x TBE, ~0.01% xylene cyanol
and bromophenol blue) and immediate loading onto a running native polyacrylamide gel
(5% polyacrylamide (National Diagnostics Protogel, 37.5:1, 5% glycerol, 0.5x TBE) that
had been prerun for 30 min. Electrophoresis was at 200V (15%18cm gel, 1 mm thick) for
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~2hrs at 4 °C. Following electrophoresis, gels were dried and visualized on a Typhoon
phosphorimager. The percentage bound was calculated as the signal of Ec’? bound RNA
compared to the “total” RNA in the bound and the major free fraction. Some 6S RNAS
formed minor alternative structures visible as additional bands in the RNA alone and were
not considered in the quantification of percentage bound. Experiment shown is
representative of binding observed in at least three independent experiments.

Construction and purification of ¢ mutations—Using the full-length o’% pETsumo
construct previously described, point mutations of /% were generated using site directed
mutagenesis by standard PCR. The primers used for mutagenesis of o’% were as follows:

RpoD_F401L, CACCAACCGTGGCTTGCAGCTGCTTGACCTGATTCAGGAAG,;

RpoD_F401L _rev,
CTTCCTGAATCAGGTCAAGCAGCTGCAAGCCACGGTTGGTG;

RpoD_K502E_for,
GCAAAGTGCTGAAGATCGCCGAAGAGCCAATCTCCATGGAAAC;

RpoD_K502E_rev,
GTTTCCATGGAGATTGGCTCTTCGGCGATCTTCAGCACTTTGC;

RpoD_D513E_for,
CATGGAAACGCCGATCGGTGGCGATGAAGATTCGCATCTGG;

RpoD_D513E_rev,
CCAGATGCGAATCTTCATCGCCACCGATCGGCGTTTCCATG;

RpoD_K593E_for, CGTCAGATCGAAGCGGAAGCGCTGCGCAAACTG;
RpoD_K593E_rev, CAGTTTGCGCAGCGCTTCCGCTTCGATCTGACG;

RpoD_HG600E_for,
GCGCTGCGCAAACTGCGTGAACCGAGCCGTTCTGAAGTG;

RpoD_HG600E_rev,
CACTTCAGAACGGCTCGGTTCACGCAGTTTGCGCAGCGC.

The mutant o’ proteins were purified using the same procedure as wild-type o /0.

Point mutants of o were made using the pET29A construct that was previously described
and standard PCR mutagenesis. Primers used for this mutagenesis were as follows:

RpoS_E217K-rev, GTCTACCGAGGTAATGCGTTTGTTAAGACGAAGCATACG,;
RpoS_E217K_for, CGTATGCTTCGTCTTAACAAACGCATTACCTCGGTAGAC;

RpoS_E308K _for,
GTGTTCGCCAGATTCAGGTTAAAGGCCTGCGCCGTTTGCGC;

RpoS_E308K _rev,
GCGCAAACGGCGCAGGCCTTTAACCTGAATCTGGCGAACAC;
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RpoS_E315H_for,
GGCCTGCGCCGTTTGCGCCACATCCTGCAAACGCAGGGG;

RpoS_E315H_rev,
CCCCTGCGTTTGCAGGATGTGGCGCAAACGGCGCAGGCC;

RpoS_G228D_for, GTAGACACCCCGCTGGGTGATGATTCCGAAAAAGCGTTG;
RpoS_G228D_rev, CAACGCTTTTTCGGAATCATCACCCAGCGGGGTGTCTAC,
RpoS_L116F_for, GGCAATCGTGGTCTGGCGTTCCTGGACCTTATCGAAGAG;
RpoS_L116F_rev, CTCTTCGATAAGGTCCAGGAACGCCAGACCACGATTGCC.

Wild-type and mutant o proteins were purified using the refolding method previously
described with the exclusion of gel filtration (Nguyen and Burgess, 1996).

Abortive transcription initiation assays—The T7A1 promoter template was amplified
from T7 genomic DNA using primers, t7al -160 (gacgccttgttgttagec) and t7al +78
(gtgcgacttatcaggctgtctac). The DPS100 promoter template (Grainger et al., 2008) was
amplified from a pRS vector containing the aps gene using primers DPS100for
(gccacctgacgtctaagaaac) and DPS100rev (ggtctacctcaagactccag). The DNA templates were
amplified using standard PCR, then sodium acetate/isopropanol-precipitated and gel-purified

(Qiagen).

Ecofull-length or A1.1670 or o (2.5 pmol) was added to £co AaCTD-RNAP (0.5 pmol) in
transcription buffer (40 mM HEPES, pH 7.5, 100 mM KCI, 0.5 mM MgCl,, 1 mM DTT)
and incubated at 37 °C for 10 mins to for m holoenzyme. 6S RNA or T7A1 (1 pmol)
templates were each added and incubated at 37 °C for 5 mins to allow for binding. To
initiate transcription for T7Al and 6S RNA, 0.1 mM ApU dinucleotide primer (Trilink), 40
UM CTP, and 0.2 uCi a-P32-CTP were added together with 4.5 mM MgCl,. To initiate
transcription for DPS100, the substrates 0.1 mM GpU dinucleotide primer (Trilink), 40 pM
UTP, and 0.2 uCi a-P32-UTP were added together with 4.5 mM MgCl,. Final reaction
volumes were 10 L. The reactions were incubated at 37*0 for 5 mins and then quenched
with 2x stop b uffer (1x TBE, pH 8.3, 7 M urea, 1% SDS, 10 mM EDTA, pH 8.0, 0.05%
bromophenol blue). Samples were analyzed by denaturing PAGE and quantified by
phosphoimagery using the program ImageQuant (GE Healthcare).

Quantification and Statistical Analysis

To quantify the abortive transcription assays (Figures 7C, S7B), mean values and the
standard error of the mean from at least three independent measurements were calculated.
The local resolution of the cryoEM map (Figure S4) was estimated using blocres (Cardone
et al., 2013) with the following parameters: box size 20, verbose 5, maxresolution 2.0 A, and
cutoff 0.5. The quantification and statistical analyses for model refinement and validation
were integral parts of the software algorithms used [MolProbity: (Chen et al., 2010);
PHENIX: (Adams et al., 2010)].
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Data and Software Availability

The accession numbers for the data reported in this paper are PDB: 5VTO0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CryoEM structure of an £. coli6S RNA/RNA polymerase complex at 3.8 A
resolution

Duplex RNA segments have A-form sugar puckers but overall architecture
mimics B-form

6S RNA specificity for o/%-holo over oS-holo is largely determined by two
amino acids

6S RNA mimics B-form DNA to directly regulate transcription by the DNA-
dependent RNAP
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Figure 1. CryoEM structure of the Eco 6S RNA/Eg 0 complex
(A) (top) Secondary structure of wild-type £co6S RNA as observed in the cryoEM

structure. Structural elements of the 6S RNA are labeled (CS, closing stem; DB, downstream
bulge; DD, downstream duplex; CB, central bubble; UD1-3, upstream duplexes 1-3; UB1-2,
upstream bulges 1-2; UTL, upstream terminal loop). The sequence is color-coded according
to the RNase footprinting and localized hydroxyl-radical cleavage results comparing 6S
RNA with and without Ec’? (Figure S1B). RNA positions protected from RNase V1 and/or
RNase A cleavage in the presence of Ea’ are colored green. RNA positions showing
hypersensitivity to RNAse V1 in the presence of Ea’0 are colored red. RNA positions
efficiently cleaved by hydroxyl radicals generated from Fe?* in place of the RNAP active
site Mg2* are boxed in yellow (Wassarman and Saecker, 2006). The position of pRNA
synthesis initiation (U44) is indicated by a bent arrow.

(below) Secondary structure of 6S RNA* used in cryoEM structure determination, generated
by truncating the CS and shuffling the sequence of the DD to give DD* (shuffled sequences
highlighted in the orange box).

(B) The 3.8 A resolution cryoEM density map of £co6S RNA/Ec'0 is rendered as a
transparent surface colored as shown. Superimposed is the final refined model; the RNAP is
shown as a backbone ribbon, the 6S RNA is shown in stick format.

(C) The 3.8-A resolution cryoEM density map with the superimposed model of only the 6S
RNA. Shown for reference is the RNAP active site Mg2* ion (yellow sphere).

(D) Shown is just the promoter DNA after superimposing the Ec’? from the crystal structure
of an open promoter complex (PDB ID 4XLN) (Bae et al., 2015) onto the 6S RNA/Ec’0
structure. The promoter DNA is colored blue but the -35 and -10 elements of the DNA are
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colored yellow. The -6G of the discriminator and the Core Recognition Element (CRE) are
colored violet. Shown for reference is the RNAP active site Mg2* ion (yellow sphere).
See also Table S1 and Figures S1 — S4.
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Figure 2. Correspondence of the 6S RNA/Ec 0 Structure with Footprinting and Crosslinking
Data

(A) Correspondence of the 6S RNA/Ea 0 structure with the RNase footprinting and
localized hydroxyl-radical cleavage results (Figure 1A). The 6S RNA/Ea’0 structure is
shown (RNAP as a transparent molecular surface, 6S RNA in stick format). The RNA is
color-coded according to Figure 1A (green, protected from RNase cleavage by Ec’?; red,
hypersensitive to RNAse V1 cleavage in the presence of Ea’; yellow, efficiently cleaved by
hydroxyl radicals generated at the RNAP active site).

(B) The results of RNAP-BPA/6S RNA crosslink mapping are superimposed on the 6S
RNA/Ea 0 structure. RNAP residues substituted individually with BPA and crosslinked to
the 6S RNA are shown in CPK format. The BPA-substituted RNAPs were crosslinked to the
6S RNA, followed by mapping of the crosslinks on the RNA (Figure S4). The mapped 6S
RNA nucleotides are indicated and color-matched with the crosslinked BPA-RNAP residue.
The matched RNAP residue and corresponding crosslinked RNA nucleotides are circled and
labeled (RNAP residue/6S RNA nucleotides) in the same color. The average minimum
distance between Ca.-positions of crosslinked amino acids and RNA nucleotide for the 36
mapped crosslinks was 9 + 3 A, consistent with the ~7.5 A crosslink distance and
accounting for molecular flexibility. The peak of the crosslink distance distribution was 7.5
A

See also Figures S1 and S5.
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o @0
' ®6SRNA

Figure 3. Active-site density and comparison with promoter DNA
(A) View of the 6S RNA/Ea’0 cryoEM density map (blue mesh) showing the region around

the RNAP active site (Mg?* ion shown as a yellow sphere). The TSS on 6S RNA is U44.
(B) Shown is the 6S RNA/Ea’0 structure near the RNAP active site (Mg2* ion, yellow
sphere). Superimposed on the 6S RNA is the promoter DNA t-strand from the promoter
open complex structure (Bae et al., 2015). The TSS on 6S RNA (U44) and promoter DNA
(DNA +1) are noted.
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Figure 4. 6S RNA mimics B-form promoter DNA

(A) Superimposition of 6S RNA (green) and promoter DNA from an open promoter
complex (blue; PDB ID 4XLN) (Bae et al., 2015). The -35 and -10 elements of the promoter
DNA are colored yellow. For reference the £co o0 from the 6S RNA/Ea’0 structure is
shown (transparent light orange Ca ribbon) and the RNAP active site MgZ* ion is shown as
a yellow sphere.

(B) Major groove (large green dot with black border) and minor groove (small black dot
with green border) widths (Mgw and mgw, respectively) for duplex regions of the 6S RNA,
calculated using 3DNA (Lu and Olson, 2008) but with the van der Waals radii of the
phosphate groups (5.8 A) subtracted, compared with average values (+ standard deviation)
for B-form (blue regions) and A-form (orange regions) nucleic acids (PDB IDs: A-form -
1D4R, 1LNT, 1QCO0, 1RXB; B-form — 1D23, 1D49, 1D56, 1D57, 158D). The average 6S
RNA mgw (11.1 + 0.9 A, shown on the right under ‘averages’) is close to the average mgw
for A-form nucleic acids (10.2 + 1.0 A), while the average Mgw of the 6S RNA (11.9 + 1.7
A) is closer to the average Mgw for B-form nucleic acids (11.8 £ 0.9 A).

(C) Shown is the upstream portion of the 6S RNA (transparent molecular surface with stick
model inside). Yellow indicates duplex regions with widened major grooves, other regions
are colored green. Shown in CPK format are amino acid side chains of RNAP residues that
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interact with the RNA (< 4.5 A; B residues, blue; B’, pink; o7, orange). Selected residues
that make polar interactions with the RNA backbone are labeled.
See also Tables S2 — S4.
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Figure 5. Conserved Interactions and cryoEM density
(A) Shown in the middle is the secondary structure of the wild-type £co6S RNA. On top

and bottom is aligned a sequence logo (Schneider and Stephens, 1990) derived from a
sequence alignment of 101 enterobacteriaceae 6S RNA sequences.

(B) Overall structure of £co6S RNA/Ec’? complex, color-coded as shown in the legend.
The RNAP is shown as a transparent molecular surface, the RNA is shown as green CPK
atoms, with flipped-out bases that interact with RNAP colored magenta, and A131/U135,
positions equivalent to promoter DNA A_11/T_7, colored yellow.

(C) CryoEM density (blue mesh) showing the conserved interaction between RNA
nucleotide G82 (magenta) and RNAP { subunit R903.

(D) CryoEM density (blue mesh) showing RNA nucleotides U135 (yellow) and G136
(magenta) interacting with o’° in the same manner as promoter DNA nt-strand T_7 of the -10
element and G_g of the discriminator (Bae et al., 2015; Zhang et al., 2012).

(E) CryoEM density (blue mesh) showing RNA nucleotide G143 (magenta) interacting with
a G-specific pocket of the RNAP B-subunit in the same manner as promoter DNA nt-strand
G, (core recognition element) (Zhang et al., 2012).

See also Figure S6.
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Figure 6. The o0 W-dyad and 6S RNA

(A) View of cryoEM density (blue mesh) showing RNA nucleotide A131 (yellow) in a
duplex RNA base stack passing over the o0 W-dyad (absolutely conserved W433/W434).
The Trp side chains maintain their edge-on conformation characteristic of o9 alone
(Malhotra et al., 1996) when not interacting with the double-strand/single-strand fork at the
upstream edge of the transcription bubble (Bae et al., 2015).

(B) Comparison of 6S RNA (/ef?y) and promoter DNA (righ?) interacting with the absolutely
conserved /9 W-dyad (o' W433/W434). Shown is only the “nt-strand’ of the RNA or
DNA. Corresponding nucleotides A131/U135 of 6S RNA or conserved A_11/T_; of the
promoter -10 element (Shultzaberger et al., 2007) are colored yellow. In both the RNA and
DNA complexes, U135/T 7 is single-stranded and interacting with a pocket of o/0 (Feklistov
and Darst, 2011). In the promoter DNA structure, the critical A_1; nucleotide is flipped out
of the duplex base stack and o70-W433 takes its place, forming a ‘chair’ conformation with
W434 to stabilize the upstream edge of the newly formed transcription bubble (Bae et al.,
2015). A131 remains in the base stack and the W-dyad maintains the edge-on conformation
characteristic of o9 alone (Feklistov and Darst, 2011). The 6S RNA is pre-melted (Figure
1A) and thus this interaction is dispensable.

See also Figure S6.
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Figure 7. Structural basis for 6S RNA specificity for Eo’? over Eg®
(A) Sequence alignment of £co o’? (RpoD) and oS (RpoS). Identical residues are shaded

black, homologous residues shaded blue. £co o0 residues that interact with 6S RNA are
denoted by a colored dot underneath. The magenta dots indicate positions that are identical
between o/0%/oS. Green dots indicate positions that diverge in sequence. Green dots with red
dots inside are positions that were swapped between o9 and o> but had no apparent effect
on 6S RNA preference (Figure S7). Two loci, denoted in red (o/% K593/H600; oS E308/
E315), altered 6S RNA preference when swapped (see Figure 4C (Klocko and Wassarman,
2009).

(B) Interaction surfaces for promoter DNA (/eff, PDB ID 5WT1) (Hubin et al., 2017) and 6S
RNA (right) on the o4 domain. The RNAP holoenzyme is shown as a molecular surface (j,
light cyan; B’, light pink; o7, orange). The surface of a4 that contacts the promoter DNA is
colored dark yellow (/ef?). Marked with their blue nitrogen atoms are K593 and H600 (using
Eco o’% numbering), which are solvent-exposed. On the right, the surface of o/% that
contacts 6S RNA is colored dark green, illustrating that K593/H600 are engaged with the 6S
RNA.

(C) Histogram showing the normalized abortive transcription initiation activity for the
indicated o's (bottom) on the indicated templates (o /0-specific promoter T7A1; o9-specific
6S RNA; oS-specific promoter DPS). The oS-holoenzyme activities are shown normalized
with respect to wild-type oS, while the o79-holoenzymes are shown normalized to wild-type
o’0. The relative values of the wild-type o’ and o transcription activities on the different
templates (with respect to 6S RNA with o) are listed. The histograms represent the average
of at least three independent measurements, the error bars denote S.E.M.s. Mutation of o5
positions 308 and 315 to the corresponding residues in o/? (o E308K/E315H) increased the
relative activity on 6S RNA with less effect on the relative activity on the other templates.
See also Figure S7.
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