
6S RNA binding to Eσ70 requires a positively charged surface of
σ70 region 4.2

Andrew D. Klocko and Karen M. Wassarman*

Department of Bacteriology, University of Wisconsin-Madison

SUMMARY
6S RNA is a small, noncoding RNA that interacts with σ70-RNA polymerase and down-regulates
transcription at many promoters during stationary phase. When bound to σ70-RNA polymerase, 6S
RNA is engaged in the active site of σ70-RNA polymerase in a manner similar enough to promoter
DNA that the RNA can serve as a template for RNA synthesis. It has been proposed that 6S RNA
mimics the conformation of DNA during transcription initiation, suggesting contacts between
RNA polymerase and 6S RNA or DNA may be similar. Here we demonstrate that region 4.2 of
σ70 is critical for the interaction between 6S RNA and RNA polymerase. We define an expanded
binding surface that encompasses positively charged residues throughout the recognition helix of
the helix-turn-helix motif in region 4.2, in contrast to DNA binding that is largely focused on the
N-terminal region of this helix. Furthermore, negatively charged residues in region 4.2 weaken
binding to 6S RNA but do not similarly affect DNA binding. We propose that the binding sites for
promoter DNA and 6S RNA on region 4.2 of σ70 are overlapping but distinct, raising interesting
possibilities for how core promoter elements contribute to defining promoters that are sensitive to
6S RNA regulation.

INTRODUCTION
6S RNA is an untranslated, small RNA that was first discovered in E. coli as a highly
abundant RNA [Hindley, 1967]. Although its cellular function remained elusive for many
years, it is now known that 6S RNA regulates transcription through direct interaction with
RNA polymerase (RNAP)[reviewed in Wassarman, 2007; Willkomm and Hartmann, 2005].
Bacterial RNAP contains a multi-subunit core enzyme (β, β′, ω and two αsubunits) and a
specificity subunit (σ) that together form the holoenzyme (Eσ). Although core RNAP can
carry out transcription elongation, the holoenzyme form is required for DNA promoter
recognition and transcription initiation [reviewed in Gross et al, 1998; Murakami and Darst,
2003; Paget and Helmann, 2003]. E. coli has seven σ subunits: the housekeeping σ70 in
addition to six alternative σ factors important during growth in suboptimal environments
[Gruber et al, 2003]. 6S RNA binds specifically and tightly to the Eσ70 form of RNAP and it
accumulates to high levels in late stationary phase where the vast majority of Eσ70 is bound
by 6S RNA [Trotochaud and Wassarman, 2005; Wassarman and Storz, 2000]. 6S RNA
interactions with Eσ70 result in down-regulation of transcription at hundreds of σ70-
dependent promoters, making 6S RNA a global regulator of transcription in stationary phase
[Cavanagh et al, 2008; Trotochaud and Wassarman, 2005; Wassarman and Storz, 2000]. In
addition, cells lacking 6S RNA are altered in cell survival, particularly during competitive
growth in stationary phase and growth at high pH [Trotochaud and Wassarman, 2004;
2006].
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A highly conserved secondary structure is required for 6S RNA binding to Eσ70 [Trotochaud
and Wassarman, 2005][Fig 1]. The RNA is primarily double-stranded with a large central
bulge [Barrick, et al 2005; Trotochaud and Wassarman, 2005] and is reminiscent of the
conformation of DNA within the “open complex” formed during transcription initiation
when the DNA surrounding the start site of transcription is melted. Similar to promoter
DNA, 6S RNA resides within the active site of RNAP and can be used as a template by Eσ70

to synthesize product RNAs (pRNA) [Gildehaus et al, 2007; Wassarman and Saecker,
2006]. pRNA synthesis results in the release of 6S RNA from RNAP, which appears to be a
mechanism to liberate Eσ70 from 6S RNA regulation upon outgrowth from stationary phase
[Wassarman and Saecker, 2006]. However, during stationary phase the 6S RNA:Eσ70

complex is stabilized, potentially due to the inability of pRNA synthesis to occur under low
nucleotide concentrations [Murray et al, 2003; Wassarman and Saecker, 2006; Wassarman
and Storz, 2000]. The presence of 6S RNA within the active site of Eσ70 blocks promoter
DNA from binding to RNAP in vitro [Wassarman and Saecker, 2006]. In addition, the
similarity in overall structure of 6S RNA and promoter DNA, as well as the fact that both
reside in the active site of Eσ70, suggest that 6S RNA-dependent inhibition of transcription
results from direct competition between 6S RNA and promoter DNA for binding to Eσ70.

σ70-dependent promoters contain two core sequences called the -35 element (consensus
TTGACA) and -10 element (consensus TATAAT) based on their approximate distances
from the start site of transcription at position +1 [reviewed in Gross et al, 1998; Paget and
Helmann, 2003]. Some promoters contain an “extended -10 element” that is defined by a
conserved TGn immediately upstream of the -10 element (consensus TGnTATAAT) [Bown
et al, 1997; Voskuil, et al, 1995]. Promoter recognition by Eσ70 is mediated primarily
through interactions with σ70: region 4 of σ70 contacts the -35 element, region 2 contacts the
-10 element, region 3.0 contacts the extended -10 element, and region 1.2 interacts with the
discriminator region between the -10 element and the start site of transcription [Baldwin and
Dombroski, 2001; Barne et al, 1997; Campbell et al, 2002; Dombroski et al, 1992; Gross et
al, 1998; Haugen et al, 2006; Haugen et al, 2008; Lonetto et al, 1992; Murakami et al,
2002A; Paget and Helmann, 2003; Sanderson et al, 2003]. The relative strength of each of
these contacts and their contribution to transcription initiation varies at different promoters.
For example, promoters with extended -10 elements do not require a -35 element or region 4
of σ70 to retain Eσ70 recognition and subsequent transcription initiation [Baxter et al, 2006;
Kumar et al, 1993; Minakhin and Severinov, 2003; Nechaev and Geiduschek, 2006].

Region 4.2 of σ70 uses a canonical helix-turn-helix motif to directly bind the -35 element,
and many of the residues that are important for DNA binding are near the N-terminus of the
second helix (i.e. the “recognition helix”) [Campbell et al, 2002; Gardella et al, 1989;
Kuldell and Hochschild 1994; Siegele et al, 1989]. The C-terminal portion of this
recognition helix, in addition to residues beyond the helix referred to as the “C-tail”,
contributes to regulation of transcription initiation through contact with trans-acting
transcription factors and/or the αsubunit of RNAP [Campbell et al, 2008; Chen et al, 2003;
Dove et al, 2003; Ross et al, 2003]. Additional contacts are made between region 4 and the
C-tail of σ70 with a flexible element in the β subunit called the β-flap. It has been suggested
that this interaction is critical for promoter binding due to its proposed role in positioning
region 4.2 relative to other regions of RNAP that allows appropriate recognition of -35 and
-10 elements simultaneously [Geszvain et al., 2004; Kuznedelov et al., 2002; Murakami et
al., 2002A; 2002B; Vassylyev et al, 2002].

Intriguingly, 6S RNA regulation of transcription in vivo is promoter specific, even during
late stationary phase when the vast majority of Eσ70 is bound by 6S RNA [Cavanagh et al,
2008; Trotochaud and Wassarman, 2004; Wassarman and Storz, 2000]. We have shown that
two promoter features, a weak -35 element and an extended -10 element, contribute
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independently to 6S RNA-sensitivity of σ70-dependent promoters. In contrast, neither
overall promoter affinity for Eσ70 nor the strength of the -10 element contributes to 6S RNA
sensitivity [Cavanagh et al, 2008]. These observations suggest that the mechanism
underlying promoter specific regulation by 6S RNA is likely to be more complicated than
simple sequestration of Eσ70 by 6S RNA such that only strong promoters can compete
efficiently for the reduced pool of free Eσ70.

We have found that the C-terminal region of σ70 (region 4.2 and the C-tail) is required for
6S RNA to form stable complexes with Eσ70 [Cavanagh et al, 2008]. Given that region 4.2
of σ70 mediates binding to the -35 element in promoter DNA as well as 6S RNA, together
with the observation that the -35 element strength is one critical determinant for 6S RNA
sensitive promoters, we have proposed that competition for binding Eσ70 by 6S RNA and
promoter DNA may be mediated through competition for binding region 4.2 of σ70

[Cavanagh et al, 2008]. As shown here, we investigated the role of region 4.2 of σ70 in 6S
RNA binding in more detail by examining the contribution of individual residues throughout
this region. Several residues that are important for binding the -35 element in promoter DNA
also are important for binding to 6S RNA, although their relative contributions to DNA and
RNA binding may be different. We also found that additional residues in σ70 region 4.2,
specifically residues in the C-terminus of the second helix, contribute significantly to 6S
RNA binding but not to binding of a minimal promoter, raising interesting possibilities for
further competition between 6S RNA and transcription factors with Eσ70. Our data
demonstrate that many positively charged residues within the second helix of σ70 region 4.2
define a 6S RNA-binding surface that overlaps with, but is distinct from, the DNA-binding
surface.

RESULTS
Previously, we demonstrated that region 4.2 of σ70 was required for 6S RNA binding to
Eσ70 as indicated by the observation that an Eσ70 variant lacking this region does not bind
6S RNA [Eσ70(1–565); Cavanagh et al, 2008]. To identify the relative importance of
individual residues within σ70 region 4.2 for 6S RNA binding, here we test 6S RNA binding
to Eσ70 variants containing single amino acid substitutions throughout this region [see Fig
2A]. All purified σ70 variants described here were able to form similar levels of Eσ70

holoenzyme when a 5 to 8-fold excess of σ70 over core protein was used in reconstitution
reactions as measured by co-immunoprecipitation (data not shown, see Experimental
procedures) in agreement with previous studies on many of these proteins [Chen et al, 2003;
Lonetto et al, 1998; Ross et al, 2003]. We were able to determine the specific activity of
Eσ70 variants with changes in region 4.2 of σ70 by measuring binding to DNA containing an
extended -10 promoter [Pext-10] (see Experimental procedures), since extended -10
promoters do not require an active region 4.2 of σ70 for binding [Baxter et al, 2006; Kumar
et al, 1993; Minakhin and Severinov, 2003; Nechaev and Geiduschek, 2006]. Reconstituted
holoenzymes had similar specific activities (data not shown, see Experimental procedures),
and Eσ70 levels were normalized in all RNA and DNA binding studies below to include
equal concentrations of active holoenzyme. Note that all work here is using E. coli RNAP,
and therefore we will refer to specific residues in σ70 by the E. coli numbering, even when
referring to crystal structure data from T. aquaticus or T. thermophilus σA (the σ70 homologs
in these species).

Many residues important for DNA binding also are important for 6S RNA binding
Given the model that 6S RNA may mimic DNA interactions with σ70, we first examined
whether alanine substitutions at residues important for binding the -35 element in promoter
DNA also influence 6S RNA binding. The association of 6S RNA with Eσ70 variants was
monitored by native gel electrophoresis [see Fig 3 and 4A]. Binding was done at 18° C to
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slow association to more manageable time frames similar to previous binding studies of
Eσ70 and variants to a consensus extended -10 promoter [Schroeder et al, 2008]. Similar
trends in changes in association of 6S RNA to variant Eσ70 proteins compared to wild type
were observed at both 30° C and 18° C (data not shown). We also monitored DNA binding
of our reconstituted Eσ70 proteins to a promoter with consensus -35 and -10 σ70 elements
[P-35-10] that lacks an extended -10 element; thus efficient E binding to this promoter is
dependent on -35 element contacts within σ70 region 4.2.

As expected from previous work, Eσ70(L573A), Eσ70(R584A), Eσ70(E585A),
Eσ70(R586A), and Eσ70(R588A) had decreased binding to DNA containing a -35 element-
dependent promoter [P-35-10] compared to wild type Eσ70 [Fig 4B; Table S1], presumably
due to decreased -35 element contacts [Campbell et al, 2002;Gardella et al, 1989;Gregory et
al, 2005;Kuldell and Hochschild, 1994;Siegele et al, 1989]. With the exception of
Eσ70(E585A), the Eσ70 variants also had decreased 6S RNA binding activity [Fig 4A;Table
S1] suggesting that these residues contribute to both 6S RNA binding and -35 element-
dependent DNA binding in the wild type protein. For instance, Eσ70(R588A) was the most
defective in binding either RNA or DNA. However, some residues had differential effects
on 6S RNA or DNA binding. For example, while Eσ70(R584A) is very defective for RNA
binding relative to wild type Eσ70, it has less of an impact on DNA binding, and
Eσ70(L573A) is more defective in DNA binding than RNA binding. Eσ70(E585A) is
decreased for DNA binding, yet is not defective for RNA binding and appears to associate
with 6S RNA faster than wild type (see below). Note that DNA binding was performed at
30° C as association of the P-35-10 promoter lacking an extended -10 element used here was
sufficiently slow to measure at this temperature and conditions (2.2 nM active Eσ70 and 0.5
nM DNA), in contrast to previous reports using an extended -10 promoter and higher Eσ70

and DNA concentrations (50 nM Eσ70 and 10 nM DNA) [Schroeder et al, 2008]. As a
consequence of the difference in temperature for NA and DNA binding experiments (18 C
and 30 C, respectively), the differences in actual observed rate constants between wild type
and Eσ70 variants can only be compared for either RNA or DNA binding, and not for a
comparison of association rates of RNA to DNA directly.

Eσ70(E574A) was only minimally, if at all, defective for DNA binding in our assays, in
contrast to our expectations based on the apparent contribution of this residue to DNA
binding inferred from crystal structures [Campbell et al, 2002; Jain et al, 2004].
Eσ70(E574A) was not defective for 6S RNA binding, but instead exhibited faster binding to
6S RNA than wild type Eσ70 (see below).

In addition to region 4.2, other residues of σ70 were observed to be in close proximity to the
-35 element in promoter DNA in crystal structures, including R562 and R554 [Campbell et
al, 2002; Jain et al, 2004]. We found that Eσ70(R562A) and Eσ70(R554A) were moderately
defective in RNA and DNA binding. However, once again the magnitude of change in 6S
RNA binding and promoter DNA binding relative to wild type Eσ70 was not the same:
Eσ70(R554A) was more defective in 6S RNA binding than Eσ70(R562A), while the opposite
was observed for DNA binding.

Additional residues in σ70-region 4.2 are important for 6S RNA binding
Although many of the same residues appear to contribute to both RNA and DNA binding as
observed above [see Fig 4], several residues appear to contribute differentially to RNA and
DNA binding. In addition, the region of 6S RNA predicted to interact with region 4.2 of σ70

does not appear to resemble a -35 element in sequence or structure (see Discussion),
suggesting that recognition of 6S RNA may be quite different than DNA. Therefore, we
expanded our studies to test other residues in region 4.2 of σ70 and found that many residues
more C-terminal in the second helix of region 4.2 were necessary for efficient binding to 6S
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RNA [see Fig 5A; Table S2]. For example, Eσ70(K597A) was particularly defective for 6S
RNA-binding, with levels almost as low as Eσ70(R588A). However, in contrast to
Eσ70(R588A), Eσ70(K597A) bound to promoter DNA [P-35-10] similarly to wild type Eσ70

[Fig 5B; Table S2]. Likewise, Eσ70(K593A), Eσ70(R596A), and Eσ70(R599A) also had
decreased binding to 6S RNA but wild type levels of binding to promoter DNA [Fig 5;
Table S2], indicating that residues in σ70 region 4.2 important for 6S RNA binding extend
beyond residues that contribute to -35 element binding.

Eσ70(L595A) and Eσ70(L598A) were moderately or slightly defective for 6S RNA binding
but also showed similar defects in DNA binding. Since these residues are not in close
proximity to the -35 element within promoter DNA and have not been implicated in direct
DNA binding [Campbell et al, 2002], it is possible L595 and L598 contribute to general
positioning or folding of region 4.2 within Eσ70. Consistent with this model, L595 and L598
are on the face of the helix oriented towards the rest of σ70 and the β-subunit in holoenzyme
crystal structures [Murakami et al, 2002A; 2002B; Vassylyev et al, 2002] and σ70(L598A) is
decreased for competitive binding to core RNAP compared to wild type σ70 [Sharp et al,
1999], although our noncompetitive reconstitution conditions yielded similar levels of
Eσ70(L598A).

Alanine substitutions at H600, S602, and S604 had little or no effect on 6S RNA association
[Fig 5A and data not shown] suggesting these C-tail residues may not be important for 6S
RNA binding. However, other residues within the C-tail might still contribute to 6S RNA
binding or the relative positioning of region 4.2 of σ70 to allow efficient binding, as
suggested by the observation that deletion of the last 5 amino acids of σ70 resulted in a
moderate binding defect [Cavanagh et al, 2008].

A positively charged surface is key for 6S RNA binding
Most of the residues within region 4.2 of σ70 that we have shown are important for 6S RNA
binding are positively charged arginine or lysine residues. To specifically address the role of
charge contributions to 6S RNA binding, we made additional amino acid substitutions at
two lysine residues (K593, K597) [see Fig 6]. We found that neutral glutamine substitutions
were defective for 6S RNA binding at a level similar to the alanine substitutions
[Eσ70(K593Q), Eσ70(K597Q)], while incorporation of a negatively charged residue
essentially eliminated binding [Eσ70(K593E)]. Positively charged arginine substitutions
maintained near wild type binding [Eσ70(K593R), Eσ70(K597R)], but histidine substitutions
only slightly improved binding compared to alanine substitutions at K593 or K597 under
standard binding conditions [Eσ70(K593H), Eσ70(K597H)](see also below). K593 and K597
do not contribute to binding the -35 element in promoter DNA as suggested by crystal
structures [Campbell et al, 2002;Jain et al, 2004]; likewise substitutions to arginine,
histidine, glutamine or glutamic acid did not significantly alter DNA binding at the P-35-10
promoter (data not shown), indicating observed changes in 6S RNA binding reflect changes
in this defined activity.

To further address the potential role of positively charged residues for 6S RNA binding, we
tested if 6S RNA binding to Eσ70(K597H) would be sensitive to pH, since the likelihood
that the histidine R group would be protonated, and thus positively charged, increases with
decreasing pH (pKa ~ 6.0 in free histidine). We found that Eσ70(K597H) binding to 6S RNA
did increase with decreasing pH, reaching near wild type levels of binding at pH 6 [Fig 6C],
further supporting the importance of positively charged side residues for 6S RNA binding.
Wild type Eσ70 binding to 6S RNA was insensitive to pH in the range tested [Fig 6C].

In addition to decreased 6S RNA binding when positively charged residues were
neutralized, we consistently observed that removal of negatively charged residues appeared
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to result in faster 6S RNA binding [i.e. see Eσ70(E574A) and Eσ70(E585A) in Fig 4A].
Reducing the binding temperature to 9° C slowed the association of 6S RNA to Eσ70 enough
to clearly demonstrate that Eσ70(E574A) and Eσ70(E585A) bind 6S RNA faster than wild
type Eσ70 [Fig 7; Table S3]. Substitutions at other negatively charged residues within region
4.2 also enhanced 6S RNA binding [see Eσ70(E591A) and Eσ70(D581G)].

Next, we substituted a naturally occurring alanine residue at position 592 with a basic
(arginine) or acidic (glutamic acid) residue. Consistent with the importance of positive
charges for 6S RNA binding, Eσ70(A592K) bound 6S RNA more rapidly than wild type
Eσ70, while Eσ70(A592E) did not bind 6S RNA [Fig 7]. Replacement of a positively
charged residue with a negatively charged residue at 596 or 593 [Eσ70(R596E),
Eσ70(K593E)] resulted in a further reduction in binding compared to the neutral alanine
substitution [Eσ70(R596A), Eσ70(K593A)][Fig 6A and data not shown]. The effects of these
charge changes appear to be specific for 6S RNA binding as similar trends were not seen for
DNA binding [P-35-10], except for Eσ70(D581G), which bound both 6S RNA and DNA
[P-35-10] slightly faster than wild type Eσ70 (data not shown).

DISCUSSION
Here we have identified residues within region 4.2 of σ70 that contribute to 6S RNA
association with Eσ70 [see Fig 2]. These residues define a positively charged surface on σ70

that is essential for 6S RNA binding. We have found that several residues important for
recognition and binding of the -35 element in promoter DNA also contribute to 6S RNA
binding (e.g. R584, R588). However, the relative importance of each residue for binding
DNA and 6S RNA differs greatly, suggesting that 6S RNA contacts with region 4.2 of σ70

are not the same, or do not contribute to overall binding similarly to DNA binding. Although
the approach used here cannot differentiate residues that directly interact with 6S RNA from
those that are required to maintain a specific structure or orientation of σ70 region 4.2
relative to the rest of RNAP, the fact that different residues contribute to RNA and DNA
binding differently, either through direct or indirect effects, supports our conclusion that 6S
RNA interacts with σ70 region 4.2 in a manner distinct from DNA binding. Moreover,
residues important for 6S RNA binding to Eσ70 extend further C-terminal on σ70 than those
required for DNA binding, and are likely to encompass contacts throughout the second helix
of the helix-turn-helix motif within region 4.2 (e.g. K593, R596, K597)[see Fig 2].
Therefore, although region 4.2 of σ70 is key for recognition of both DNA and 6S RNA, the
manner of recognition and binding to each is distinct, which may contribute to the nature of
the competition between 6S RNA and DNA for binding Eσ70 and, thus, the promoter
specificity of 6S RNA regulation of transcription.

Does RNA mimic DNA structure to bind nucleic acid binding proteins?
Our results strongly support a model where 6S RNA recognition by region 4.2 of σ70 is
different than DNA recognition. For DNA binding, the recognition helix within region 4.2
of σ70 interacts exclusively within the major groove of the double-stranded DNA [Campbell
et al, 2002]. Double-stranded RNA usually adopts an A-form helix with a narrow major
groove that would not allow similar contacts to be made, perhaps hinting that RNA binding
would require different contacts. However, RNA can adopt a B-form helix structure that
mimics a DNA major groove as observed for an RNA aptamer that binds NF-κB [Cassiday
and Maher, 2002; Huang et al, 2003; Reiter et al, 2008]. A crystal structure of the aptamer
RNA:NF-κB complex revealed that the RNA mimics a DNA major groove to such an extent
that protein-nucleic acid contacts are largely conserved. An NMR solution structure
demonstrated that the RNA alone adopts this unusual RNA structure, using non-canonical
basepairing and stacking interactions within an asymmetrical loop. Therefore, the fact that
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6S is an RNA did not preclude the possibility that it could directly mimic DNA interactions
with σ70 region 4.2.

We can predict the general region of 6S RNA that is likely to interact with σ70 region 4.2
based on the location of the active site of Eσ70 in 6S RNA:Eσ70 complexes [Gildehaus et al,
2007; Wassarman and Saecker, 2006] in comparison to the location of the active site and
region 4.2 of σ70 in DNA:Eσ70 complexes (“upstream region”, see Fig 1). The predicted
secondary structures of 6S RNA in the upstream region indicate it does not form a
continuous double-helix of Watson-Crick basepairs [Barrick et al, 2005; Trotochaud and
Wassarman, 2005]. Instead, this region is fairly open with asymmetric loops lacking
significant basepairing potential, which raised the possibility that it could form an unusual
structure, perhaps even as a direct mimic of B-form DNA similar to the NF-κB RNA
aptamer that also has asymmetric loops in simple secondary structure predictions (in
contrast to the actual structure described above)[Reiter et al, 2008]. However, given that 6S
RNA utilizes different contacts than DNA for binding σ70 region 4.2, it would appear that a
direct mimic of DNA in this region is unlikely, although the possibility of an unusual RNA
structure in this region is still quite possible.

Another RNA aptamer (FC) and the murine B2 RNA have been found to interact with
eukaryotic RNA polymerase II and inhibit transcription [Espinoza et al, 2004; Goodrich and
Kugel, 2009; Thomas et al, 1997], perhaps by competing with DNA for binding RNAP in a
manner resembling 6S RNA inhibition of transcription. A variation of the FC aptamer, FC*
RNA, binds in the downstream channel of RNAP where B-form double-stranded DNA
normally resides, but in this case the FC* RNA maintains an A-form helix structure
[Kettenberger et al, 2006]. The FC* RNA and promoter DNA binding sites are overlapping
but not identical, as indicated by a subset of protein residues that are important for both
RNA and DNA binding, and similar to our conclusions about σ70 region 4.2 binding to 6S
RNA and promoter DNA.

It is important to note that although FC* and 6S RNA both bind RNAP, the two sites of
interaction that have been studied in detail (FC* in the downstream channel and 6S RNA
interactions with region 4.2 of σ70) are not the same as they occur in distant regions of
RNAP. Although FC* does not interact with regions of RNAP normally bound by upstream
DNA [Kettenberger et al, 2006], it is possible that 6S RNA makes contacts with E. coli
RNAP in a manner similar to FC* in the downstream channel, especially given the location
of 6S RNA near the active site and the fact that it is used as a template for RNA synthesis,
suggesting that the “downstream region” of 6S RNA is likely to reside in the downstream
channel of RNAP [Gildehaus et al, 2007; Wassarman and Saecker, 2006]. Any such
interactions would be in addition to the contacts with σ70 we have defined here, and we
suggest it is likely that there are multiple interactions between 6S RNA and Eσ70. Further
experiments will be necessary to fully define the 6S RNA:Eσ70 interactions and to
understand the contribution of each to the strength and specificity of 6S RNA binding to
Eσ70.

Region 4.2 of σ70 is a target for transcriptional regulation
Region 4.2 of σ70, particularly the C-terminal portion of the second helix, is a target for
binding of many transcription factors [reviewed in Campbell et al, 2008; Dove et al, 2003].
These proteins often activate transcription by binding specific DNA sequences in promoters
and helping recruit RNAP through interactions with region 4.2 of σ70, the αsubunit of
RNAP, or both. For example, region 4.2 of σ70 is required for CRP regulation at some
promoters as indicated by decreased CRP-sensitivity of Eσ70 variants containing alanine
substitutions at K593, K597 or R599 [Lonetto et al, 1998]. In contrast, other proteins
interact with region 4.2 of σ70 to regulate transcription by preventing or altering σ70 activity
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without directly binding DNA [see Campbell et al, 2008; Dove et al, 2003]. For example,
Rsd, an anti-sigma factor of σ70, binds to region 4.2 of σ70 (in addition to other regions), and
prevents σ70 association with core RNAP [Jishage and Ishihama, 1998; Jishage et al, 2001;
Patikoglou et al, 2007; Westblade et al, 2004, Yuan et al, 2008].

Both classic and nonclassic transcription factors interact with basic residues in region 4.2 (as
well as in the C-tail); however, the identity of which residues are necessary for binding
defines a pattern of recognition specific for each protein [Lonetto et al, 1998]. We propose
that the 6S RNA interaction with σ70 also utilizes a specific pattern that is likely to be
dependent on the structure/shape of the upstream region of 6S RNA. In addition, we suggest
that the interaction with region 4.2 of σ70 is critical for the initial recognition and/or overall
affinity for 6S RNA binding to Eσ70, based on our observations that the association of 6S
RNA with Eσ70 appears to be particularly sensitive to changes in region 4.2 of σ70 as
exemplified by the severe loss of binding of variants such as Eσ70(R588A) and
Eσ70(K597A).

6S RNA and promoter DNA bind to Eσ70 in similar, if not identical, locations at the active
site and σ70 region 4.2, thereby supporting the model that 6S RNA regulates transcription
through direct competition with DNA for binding Eσ70. It is intriguing that the 6S RNA
binding to σ70 region 4.2 includes residues that also mediate interactions with other proteins
such as transcription factors and the α-subunit of RNAP. It is possible the expanded
interaction between 6S RNA and Eσ70 reduces the potential for transacting factors to gain
access to the C-terminal portion of region 4.2 and influence 6S RNA binding. Alternatively,
if 6S RNA acts by displacing Eσ70 from DNA in vivo, the requirement for residues within
593-599 of σ70 for 6S RNA binding may prevent 6S RNA from displacing Eσ70 from DNA
when transcription factors also are bound. Further details of the dynamics of exchange
between 6S RNA and promoter DNA on Eσ70, with and without other factors, is required
before we can fully understand the molecular details underlying 6S RNA regulation of σ70-
dependent transcription.

How is 6S RNA recognized by region 4.2 of σ70?
We have mapped a highly basic region of σ70 region 4.2 that is important for the binding of
6S RNA to Eσ70. Given that the phosphate backbone of RNA is negatively charged, it is
likely that these charge-charge interactions contribute to the high affinity of 6S RNA for
Eσ70 as has been observed for many RNA:protein interactions [Bahadur et al, 2008]. The
location of the basic “patch” is likely to define a path for the RNA that allows the central
region of 6S RNA to access the active site. One might speculate that the larger region of 4.2
of σ70 that contributes to RNA binding may reflect flexibility in positioning the RNA, and
that it primarily provides strength to the interaction. However, we propose that region 4.2 of
σ70 contributes a high degree of specificity to 6S RNA recognition, in addition to affinity.
First, there are specific residues that have quite dramatic effects on 6S RNA binding that are
on different faces and ends of the helix (e.g. R584 and K597), suggesting their contribution
may be a direct interaction rather than a general contribution to a positively charged surface.
Second, the upstream region of E. coli 6S RNA that we believe contacts region 4.2 of σ70 is
particularly sensitive to single nucleotide substitutions, in contrast to the rest of the molecule
where similar changes often have no effect (KMW, unpublished data). This sensitivity to
single nucleotide mutations may indicate these nucleotides are sites for direct contact with
σ70, or that they are required to maintain a precise structure for recognition. If structure is
the key, as might be suggested by the low conservation of sequence in this region [Barrick et
al, 2005; Trotochaud and Wassarman, 2005], we suggest the RNA forms an unusual
structure since many of the single nucleotide substitutions would not dramatically alter
current secondary structure models. A better understanding of the tertiary structure of the
upstream region of 6S RNA, alone or in complex with σ70 region 4.2, will be needed to
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differentiate such possibilities as well as to distinguish the residues mediating direct contact
with 6S RNA from those potentially important for maintaining a precise protein structure or
orientation.

In summary, we have found that 6S RNA interactions with Eσ70 include a strong interaction
with region 4.2 of σ70, mediated largely through charge-charge interactions. Although this
region of σ70 also is important for binding to DNA, we propose the RNA binding site is not
coincident with the DNA binding site. Instead, we suggest the RNA and DNA binding sites
overlap, which results in competition between 6S RNA and promoter DNA as the
mechanism underlying 6S RNA down-regulation of σ70-dependent transcription. In
agreement with this model, the strength of the -35 element is one critical factor in
determining 6S RNA sensitive promoters. Although it is not yet clear how an extended -10
element also determines 6S RNA sensitivity, observations that σ70 region 4.2 interacts with
extended -10 promoters differently than with nonextended -10 promoters [Minakhin and
Severinov, 2003] may suggest that competition for region 4.2 of σ70 also is important at
these promoters [Cavanagh et al, 2008]. In any event, the details of how 6S RNA regulates
transcription and interacts with RNAP continue to reveal surprising results, such as the
finding that 6S RNA binds Eσ70 in a manner that allows it to be used as a template for RNA
synthesis and that it binds through contacts to σ70 region 4.2, but not entirely as a molecular
mimic of promoter DNA.

EXPERIMENTAL PROCEDURES
Plasmids and DNA

pLA4 [Anthony et al, 2003] and derivatives (see below) were used to express σ70 proteins
without additional sequences or tags. Most rpoD derivatives were generated by replacing the
C-terminal region of rpoD in pLA4σ70(1–565) [Cavanagh et al, 2008] with the C-terminal
region from pGEXσ70 and derivatives [Lonetto et al, 1998] or pET-σ70(K593A), pET-
σ70(L595A), and pET-σ70(K597A), [Ross et al, 2003; W. Ross, unpublished] to regenerate
full length rpoD genes with appropriate substitutions. Other rpoD derivatives were
generated by site directed mutagenesis (Quikchange, Stratagene). All rpoD mutations were
confirmed by sequencing. Oligonucleotide sequences are available upon request. pT3–6S
was used to generate 32P-6S RNA as previously described [Trotochaud and Wassarman,
2005]. Promoter DNA duplexes were generated by annealing oligonucleotides in 25 mM
Tris pH 7.5, 50 mM NaCl as previously described [deHaseth and Tsujikawa, 2003;
Schroeder and deHaseth, 2005]. The Pext-10 promoter is as described by Schroeder et al,
2005 (“duplex” promoter), and the P-35-10 promoter is the same except for a G to C
substitution at position -14 to remove the extended -10 element.
CGCACGGTGTTTGACATTTATCCCTTGCTTTCGTATAATTAACGTATGAGCACA
AAAAAGA GGCC is the sequence of P-35-10 with the -35 and -10 elements in bold and the
-14 position in italics.

RNA polymerase
σ70 proteins were purified from inclusion bodies after overproduction, followed by refolding
as previously described [Arthur and Burgess, 1998; Arthur et al, 2000]. Core RNAP
preparations were generous gifts from R.A. Saecker and M.T. Record or T. Gaal and R.L.
Gourse.

Eσ70 and variants were reconstituted from core RNAP and σ70 proteins by incubation in 40
mM Hepes pH 7.5, 240 mM KCl, 2.5 mM DTT, and 28.3% glycerol for 30 minutes at 37°
C, except for experiments testing the effects of pH on 6S RNA binding [Fig 6C], which used
20 mM instead of 40 mM Hepes. The efficiency of σ70 binding to core RNAP was measured
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as the relative co-immunoprecipitation of σ70 with core specific antibodies as previously
described [Cavanagh et al, 2008]. Except forσ70(R562A), a 5-fold excess of σ70 over core
saturated input core and resulted in similar concentrations of reconstituted Eσ70. For
σ70(R562A) 5-fold excess was not sufficient, in agreement with reports that σ70(R562A) did
not bind core as efficiently as wild typeσ70 in a competitive binding assay [Sharp et al,
1999]. However, when σ70(R562A) was at 8-fold excess over core, the level of reconstituted
Eσ70(R562A) was comparable to wild type and therefore 8-fold excess of σ70(R562A) over
core was used in experiments done here while all other σ70 variants were at 5-fold excess
relative to core.

The specific activity of reconstituted Eσ70 and variants was estimated from the minimum
protein concentration required to obtain maximum binding to DNA, as described in Roe et
al, 1984. DNA with an extended -10 promoter was used since region 4.2 of σ70 is not
required for Eσ70 binding [Kumar et al, 1993], and therefore all our Eσ70 variants were able
to bind this promoter. See below for DNA binding conditions. Most reconstituted Eσ70

preparations were very similar in specific activity (~25% active), but Eσ70(L573A),
Eσ70(E585A) and Eσ70(R588A) were somewhat lower (~18% active). Similar results were
observed for at least two independent σ preparations, suggesting the lower activity is
inherent in the protein identities.

6S RNA binding assay
6S RNA binding to Eσ70 and variants was done essentially as described [Trotochaud and
Wassarman, 2005; Wassarman and Saecker, 2006]. Specifically, reconstituted Eσ70 (2.2 nM
active) and 32P-6S RNA (0.5 nM) were incubated in 20 mM HEPES pH 7.5, 120 mM KCl,
14.1% glycerol, and 1.25 mM DTT for 10 sec to 30 min at 18° C [Fig 3–6] or 9° C [Fig 7],
except for experiments examining pH effects [Fig 6C] which were incubated in 50 mM
sodium cacodylate, 120 mM KCl, 1.25 mM DTT, 14.1% glycerol for 10 min at 18° C at pH
5.7 to 7.4 as indicated.

DNA binding assay
Promoter DNA binding to Eσ70 and variants was done essentially as described [Wassarman
and Saecker, 2006]. Specifically, for binding to P-35-10 as shown in Fig 4 and 5, 0.5 nM
labeled promoter DNA was incubated with 2.2 nM active Eσ70 at 30° C for times indicated.
For binding to Pext-10 for specific activity determination, 10 nM labeled promoter DNA was
incubated with Eσ70 (~2 nM to 20 nM active) at 18° C for 30 min. All DNA binding was
done in 20 mM Hepes pH 7.5, 120 mM KCl, 14.1% glycerol, and 1.25 mM DTT.

Native gel electrophoresis
Native gels were as previously described [Trotochaud and Wassarman, 2005; Wassarman
and Saecker, 2006]. All samples from RNA and DNA binding assays were incubated an
additional 2 min at 4° C after addition of heparin (100 μg/ml final concentration), diluted 1:2
with 50% glycerol containing xylene cyanol and bromophenol blue, and immediately loaded
onto running native polyacrylamide gels [5% polyacrylamide (37.5:1)/5% glycerol/0.5x
TBE]. Gels were run at 200V at 4 C for 2 hours after loading of the first time point. Gels
were visualized on a Typhoon Phosphorimager and quantified using Imagequant software.
The fraction of bound RNA or DNA was calculated and the averages from at least three
independent experiments were plotted as a function of time [See Fig 4–7]. Observed pseudo
first-order rate constants (kobs) were determined from the equation y = ymax(1 − e−kobst)
ymax is the maximal level of complex formation using SigmaPlot [Ross and Gourse, 2009;
Schroeder et al, 2008], followed by a correction for proteins that did not reach the same
level of maximal binding as wild type Eσ70, presumably due to reversibility of the reaction,
as described by Saecker et al, 2002 [see Tables S1–S3].
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. E. coli 6S RNA
Schematic of 6S RNA in a secondary structure supported by phylogenetic and experimental
analyses [see Barrick et al, 2005; Trotochaud and Wassarman, 2005]. The sequence in 6S
RNA used as a template for synthesis of an RNA product (pRNA) is highlighted in gray.
The “upstream region” designates a general region predicted to contain the interaction site
for σ70 region 4.2 based on the location of the active site of Eσ70 [Wassarman and Saecker,
2006] and by analogy to promoter DNA.
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Figure 2. The C-terminal region of σ70

(A). The amino acid sequence of the C- terminal end of σ70 with regions 4.1, 4.2 and the C-
tail indicated [Lonetto et al, 1992]. The location of the helix-turn-helix motif is designated
by schematic and the location of alanine substitutions examined here are shown in red. (B
and C). The conformation of region 4.2 of T. aquaticusσA bound to DNA as observed by
crystallography [Campbell et al, 2002] positioned to show the second helix of the helix-turn-
helix motif (N-C is top- bottom). The -35 element DNA (not shown) would be oriented with
the upstream region to the left, and the downstream region to the right. T. aquaticusσA is
very similar to E. coli σ70 in this region, except for residues beyond R599 and thus the C-
terminal region of the structure is not shown. Numbers are based on homologous positions
in the E. coli protein. The relative effects on 6S RNA binding (B) or P-35-10 DNA binding
(C) for alanine substitutions are indicated by color: Red, strong defect in binding; yellow,
moderate defect in binding; and green, increased binding. Position 592 is blue; this residue
is an alanine in wild type E. coli σ70.
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Figure 3. 6S RNA association with wild type or variant Eσ70

0.5 nM 6S RNA and 2.2 nM active Eσ70 (wild type or variant) was incubated at 18° C. At
times indicated (10 sec to 30 min), aliquots were removed and heparin was added to 100 μg/
ml final concentration, samples were incubated for an additional two minutes at 4° C, and
samples were loaded onto native gels. Gels were run continuously through incubation times
and samples were loaded as they were generated; therefore the migration distance for 6S
RNA and complexes are different for different time points. Representative gels are shown;
all experiments were repeated at least three times to generate data shown in Figs 4–7.
Fraction bound was calculated as the signal intensity in the 6S RNA:Eσ70 complex divided
by the sum of the signal intensity in free 6S RNA and 6S RNA:Eσ70 complexes.
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Figure 4. Many residues important for DNA binding to Eσ70 also are important for 6S RNA
binding
(A) Fraction of 6S RNA or (B) fraction of P-35-10 DNA bound to Eσ70 or Eσ70 variants with
alanine substitutions in σ70 at positions indicated as a function of time as assayed by native
gel electrophoresis in experiments similar to those in Fig 3. Data shown are an average of at
least 3 experiments, and error bars correspond to ± standard deviation of the average.
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Figure 5. Residues in the C-terminal portion of the second helix in region 4.2 of σ70 are
important for 6S RNA binding to Eσ70 but not for promoter DNA binding
(A) The fraction of 6S RNA or (B) the fraction of P-35-10 DNA bound to Eσ70 and Eσ70

variants with alanine substitutions in σ70 at positions indicated as a function of time as
assayed by native gel assays similar to those shown in Fig 3. Data shown are an average of
at least 3 experiments, and error bars correspond to ± standard deviation of the average.
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Figure 6. Positively charged residues are critical for 6S RNA association with Eσ70

(A and B) The fraction of 6S RNA bound to Eσ70 and Eσ70 variants with single amino acid
substitutions in σ70 at positions indicated as a function of time as assayed by native gel
assays similar to those shown in Fig 3. (C) 6S RNA binding to Eσ70 and Eσ70(K597H) was
measured as a function of pH (50 mM sodium cacodylate) as assayed by native gel assays
similar to those shown in Fig 3. For comparison, 6S RNA binding to Eσ70 and Eσ70(597H)
under standard conditions (20 mM Hepes pH 7.5) are shown as single points. Data shown
are an average of at least 3 experiments, and error bars correspond to ± standard deviation of
the average.
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Figure 7. Negatively charged residues within wild type σ70 region 4.2 detract from 6S RNA
binding to Eσ70

The fraction of 6S RNA bound to Eσ70 and Eσ70 variants with amino acid substitutions that
neutralize negative charges in σ70 at positions indicated as a function of time assayed by
native gel assays similar to those shown in Fig 3 except that binding assays were done at 9°
C. Data shown are an average of at least 3 experiments, and error bars correspond to ±
standard deviation of the average.
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