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Summary 

During transcription initiation by bacterial RNA 
polymerase, the σ subunit recognizes the −35 and −10 
promoter elements; free σ, however, does not bind DNA. 
We selected ssDNA aptamers that strongly and 
specifically bound free σA from Thermus aquaticus. A 
consensus sequence, GTA(C/T)AATGGGA, was 
required for aptamer binding to σA, with the 
TA(C/T)AAT segment making interactions similar to 
those made by the −10 promoter element (consensus 
sequence TATAAT) in the context of RNA polymerase 

holoenzyme. When in dsDNA form, the 
aptamers function as strong promoters for the 
T. aquaticus RNA polymerase σA holoenzyme. 
Recognition of the aptamer-based promoters 
depends on the downstream GGGA motif from 
the aptamers’ common sequence, which is 
contacted by σA region 1.2 and directs 
transcription initiation even in the absence of 
the −35 promoter element. Thus, recognition of 
bacterial promoters is controlled by 
independent interactions of σ with multiple 
basal promoter elements. 

Introduction 
Initiation of transcription in bacteria is carried out 
by the RNA polymerase (RNAP) holoenzyme, a 
complex of the core enzyme (subunit composition 
α2ββ′ω) and a specificity subunit, σ. Bacteria 
contain several σ subunits, each responsible for 
transcription from different types of promoters. 
Most promoters of house-keeping genes are 
recognized by holoenzyme containing the primary 
σ subunit, called σ70 in Escherichia coli. Analysis 
of promoter sequences from E. coli and other 
bacteria identified two elements with consensus 
sequences TTGACA and TATAAT that are 
centered, respectively, 35 and 10 base pairs 
upstream of the transcription start site. The so-
called “extended −10” promoters contain an 
additional TG motif located one base pair upstream 
of the −10 element; these promoters often lack the 
−35 element (Gross et al., 1998). 

Primary σ subunits contain four conserved regions, 
which can be further subdivided (Gross et al., 
1998). In the RNAP-promoter complex, the −10, 
the extended −10, and the −35 elements are 
recognized by σ conserved regions 2.4, 2.5, and 
4.2, respectively. RNAP interactions with the −10 
element play a crucial role in RNAP-induced 
promoter melting (Fenton et al., 2000; Gross et al., 
1998; Juang and Helmann, 1994; Tomsic et al., 
2001). RNAP recognizes the −10 element through 
base-specific interactions of σ with the 
nontemplate DNA strand (Roberts and Roberts, 
1996). The holoenzyme, but not free σ, is also able 
to recognize the nontemplate strand of the −10 
element in single-stranded oligonucleotides 
(nontemplate oligos) (Kulbachinskiy et al., 1999; 
Marr and Roberts, 1997; Savinkova et al., 1988; 
Young et al., 2001). 
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Although σ plays the main role in promoter recognition by 
RNAP, free σ does not recognize promoters or nontemplate 
oligos (Burgess et al., 1969; Callaci and Heyduk, 1998; 
Gross et al., 1998). The intrinsic ability of σ to recognize 
DNA is revealed upon the holoenzyme formation and is due 
to structural rearrangement(s) in σ induced by the core 
binding (Callaci et al., 1998, 1999; Callaci and Heyduk, 
1998; Gross et al., 1998; Marr and Roberts, 1997). Crystal 
structures of RNAP holoenzymes from T. aquaticus (Taq) 
and T. thermophilus revealed that σ contains three domains 
connected by flexible linkers (Murakami et al., 2002b; 
Vassylyev et al., 2002). The relative positions of these 
domains in free σ and in the holoenzyme differ. In 
particular, binding of σ70 to RNAP core is accompanied by 
a large increase in the interdomain distance between σ 
regions 2 and 4 (Callaci et al., 1998). A short fragment of 
the β′ subunit corresponding to the major σ binding site on 
the core enzyme induces a similar change in σ70, allowing it 
to recognize the −10 element and initiate promoter melting 
(Young et al., 2001, 2004). However, the detailed nature of 
these conformational changes remains unknown. 

Here, we used systematic evolution of ligands by 
exponential enrichment (SELEX) (Gold et al., 1995) to 
study DNA binding by free Taq σA. We obtained ssDNA 
aptamers that bound σA with high affinity and exquisite 
specificity. The aptamers contain a −10 element-like 
sequence followed by an additional, previously unidentified 
four-nucleotide motif that is contacted by σA region 1.2 and 
is required for binding. Binding of aptamers causes a 
significant increase in the interdomain distance between σA 
regions 2 and 4. Thus, the interaction of free σA with 
aptamers simulates two crucial processes in promoter 
recognition, i.e., conformational changes in σ and specific 
interactions with DNA. We further demonstrate that the 
additional aptamer motif functions as a basal promoter 
element and allows promoter recognition by Taq RNAP 
holoenzyme in the absence of the −35 promoter element. 
Similar promoter elements may govern promoter 
recognition in other bacteria. 

Results 

Structural Features of Aptamers Specific 
to Free Taq σA 
ssDNA aptamers interacting with Taq σA were selected 
from a library of 75 nt-long ssDNA containing a 32 nt 
random central region (Figure 1Afig1). Like E. coli σ70, 
free Taq σA does not interact with double-stranded 
promoters or nontemplate oligos (data not shown). 

Therefore, as expected, the initial ssDNA pool 
exhibited poor σA binding (Kd > 10 µM). Selection 
of aptamers was performed at 25°C; in each round 
of selection, the library was allowed to bind to 
immobilized σA, and bound DNA was eluted, 
amplified, and used in the next round of selection. 
After 12 rounds, the affinity of the enriched library 
significantly increased (apparent Kd ~10 nM). The 
enriched library was cloned, and sequences of 33 
clones were determined. Representative sequences 
are shown in Figure 1B. Individual aptamers bound 
Taq σA with high affinity (Kd ~7–14 nM) but did 
not bind E. coli σ70 or σA from Deinococcus 
radiodurans (Kd > 1 µM). We therefore named 
these aptamers sTaps (for sigma Taq aptamers). 

All sequenced sTaps contain a 11 nt long 
conserved region with a consensus sequence, 
GTA(C/T)AATGGGA (Figures 1B and 1C). In 
most aptamers, this sequence is located close to the 
center of the randomized region of the initial 
library. The underlined sequence is similar to the 
primary σ −10 promoter element consensus 
sequence (TATAAT) derived from the analysis of 
housekeeping bacterial promoters (Gross et al., 
1998). The G immediately upstream of the −10-
like sequence and the GGGA tetranucleotide 
located downstream of it do not correspond to 
known promoter elements. The presence of the −10 
promoter motif in the aptamers suggests that Taq 
σA recognizes the same −10 element consensus 
sequence as the E. coli σ70. The distribution of 
individual nucleotides within the consensus sTap 
sequence is shown in Figure 1C. Nucleotides at the 
first, second, and last positions of the 
TA(C/T)AAT motif are identical in all aptamers. 
Other positions are less conserved. In particular, 
more than half of sTaps contain a C instead of a T 
found at the third position of the −10- consensus 
element. Interestingly, similar preference for a C at 
this position was observed among E. coli RNAP 
binding sequences selected from a pool of 
promoter DNA with the randomized −10 element 
sequence (Xu et al., 2001). 

One of the aptamers, sTap1, was studied further. 
Several shortened sTap1 variants were designed 
and tested for interaction with σA. The shortest 
sTap1 variant that bound σA with high affinity was 
35 nt long and contained the entire 11 nt conserved 
region. A putative secondary structure of the 
minimal sTap1—a short imperfect hairpin with a 4 
nt loop—is shown in Figure 1D. The first four 
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nucleotides of the −10-like element are single stranded, 
whereas the last two nucleotides base pair with the 3′ part 
of the aptamer. Other aptamers can be folded into similar 
structures (data not shown). The unpaired nucleotides 
within the hairpin are essential for σA binding because 
substitutions that increase complementarity within the 
hairpin impair σ binding (data not shown). 

Probing sTap1 with KMnO4, an agent specific for single-
stranded thymines, supported the proposed sTap1 structure 
(Figure 1D and Figure S1 available in the Supplemental 
Data with this article online). When the aptamer was 
incubated with σA at 20°C, a condition when efficient 
binding occurs, the first two thymines from the conserved 
region became protected from KMnO4, indicating formation 
of close DNA-protein contacts. In contrast, a thymine in the 
loop became hyperreactive, apparently as a result of 
structural distortions caused by σA binding (Figure 1D and 
Figure S1). No changes in the aptamer structure were 
observed when the experiment was repeated at 70°C, 
indicating that σA does not bind the aptamer at high 
temperature. 

To determine the sites of sTap1 that are in close contact 
with σA, we performed hydroxyl radical footprinting. 
Almost every position of the minimal sTap1 aptamer was 
protected, with two adjacent adenines from the −10-like 
element and several 3′ end-proximal nucleotides being 
notable exceptions. The strongest protection was observed 
for the second A and the last T of the −10-like element, for 
the GGGA element, and for several nucleotides in the 
3′ end-proximal half of the aptamer (Figure 1D and Figure 
S2). These nucleotides likely form very tight contacts with 
σA. 

The −10-like Element in Aptamers Is 
Recognized by Region 2 of σA 
We investigated the role of individual elements within the 
conserved sTap region in aptamer binding by studying 
several variants of minimal sTap1. In the first variant, the 
upstream G nucleotide was replaced with C, in the second, 
the −10-like TATAAT sequence was replaced with 
ATCTCG (an “anticonsensus” sequence; [Marr and 
Roberts, 1997]), and in the third, the GGGA motif was 
replaced with CCCT. None of the mutant aptamers bound 
σA (Kd > 4 µM), and therefore, all nucleotides from the 
conserved region are important for aptamer recognition by 
σA. 

Sequence similarity between the sTap −10-like element and 
the −10 promoter consensus element suggests that they 
make identical contacts with σ in binary σ-sTap complex 

and the open RNAP-promoter complex, 
respectively. A nontemplate adenine at the second 
position of the −10 promoter element is critical for 
promoter opening, and substitution of this base 
with 2-aminopurine inactivates a model promoter 
(Lim et al., 2001). The σA affinity of sTap1 mutant 
harboring a corresponding substitution was 
drastically reduced (Kd > 4 µM). Thus, adenine at 
the second position of the −10-like element is 
essential for efficient aptamer recognition by σA. 

The primary role of E. coli σ70 region 2.4 in 
recognition of the −10 element was initially 
revealed in genetic screens for σ70 mutants that 
suppressed substitutions in the −10 element (Gross 
et al., 1998). Specifically, it was shown that a 
holoenzyme carrying σ70 with a Gln to His change 
at position 437 efficiently transcribed from a 
promoter with a T to C downmutation at position 
−12 (Waldburger et al., 1990). We generated a 
homologous Gln → His substitution in σA position 
260 (Q260H), which corresponds to the σ70 
position 437. Control experiments demonstrated 
that the mutation suppressed a T to C substitution 
at the first position of the −10 promoter element 
during transcription with the Taq σA RNAP 
holoenzyme (data not shown). We then tested the 
ability of the mutant σA to recognize an sTap1 
variant bearing a T → C substitution at the first 
position of the −10-like element (Figure 2fig2). 
The Q260H σA bound the wild-type sTap1 with the 
same affinity as the wild-type σA. At the same 
time, its affinity for the mutant aptamer was higher 
(Kd ~100 nM) than the wild-type σA affinity (Kd > 
1 µM). The effect of the Q260H substitution was 
position specific because it did not suppress 
changes at other positions of sTap1 (data not 
shown). Thus, Q260H is a “relaxed-specificity” 
mutation that allows efficient recognition of 
various nucleotides at the first position of the −10-
like element of sTap. The identical effects of 
Q260H substitution on the recognition of mutant 
promoters and sTaps argue strongly that the −10-
like element of sTaps and the −10 element of 
promoters interact with σ in the same way. 

The GGGA Motif in Aptamers Is 
Recognized by Region 1.2 of σA 
To identify σA regions that interact with the GGGA 
motif of aptamers, we performed crosslinking with 
sTap1 bearing a photoactivatable crosslinkable 6-
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thio-guanine at the second position of the GGGA motif. 
Control experiments demonstrated that the modification did 
not interfere with σA binding. Irradiation of the σA-aptamer 
complex with uv light (365 nm) resulted in formation of a 
crosslink between the aptamer and σA with high (2%) 
efficiency (Figure 3Afig3, lane 1). The crosslink was 
specific because no crosslink was formed in the presence of 
an excess of unmodified sTap1 (lane 2), whereas a control 
oligo of the same length did not affect the crosslink (lane 
3). 

Available models of open promoter complex (Murakami et 
al., 2002a) indicate that nontemplate DNA downstream of 
the −10 promoter element may be contacted by conserved 
region 1.2 (amino acids 88–125) of σA (see Figure 7 and 
also the Discussion). To test whether this region is involved 
in the recognition of the GGGA motif, we created two σA 
derivatives. The first derivative lacked N-terminal amino 
acids 1–91 (corresponding to conserved region 1.1); the 
second, S132C, contained a substitution of serine at 
position 132 by cysteine (note that there are no cysteines in 
the wild-type σA sequence). 

The 92–438 σA fragment bound the aptamer with the same 
affinity (Kd 5 nM) and crosslinked to derivatized sTap1 as 
efficiently as the wild-type σA (Figure 3A, lane 4 and data 
not shown). Thus, region 1.1 of σA is not required for 
aptamer recognition, and the crosslink must be located C-
terminal of σA amino acid 92. The S132C mutant also 
efficiently crosslinked to derivitized sTap1 (Figure 3A, lane 
5). Treatment of crosslinked complexes with NTCBA, a 
chemical protease that specifically cleaves polypeptide 
chains at cysteines, resulted in the appearance of an 
additional radioactive band on SDS gels, which migrated 
faster than the marker σA fragments (amino acids 92–438 
and 1–390) (Figure 3B). This indicated that the labeled 
band corresponds to N-terminal cleavage product 
(calculated molecular weight 28 kDa) and that the crosslink 
is located N-terminal of σA residue 132. Thus, the data 
position the crosslink between amino acids 92 and 132 of 
σA. We therefore conclude that the GGGA motif is 
contacted by σA region 1.2. 

Aptamers Induce a Conformational 
Change in σA 
Distance measurements using luminescence resonance 
energy transfer (LRET) technique revealed large 
conformational changes in E. coli σ70 upon binding to 
RNAP core (Callaci et al., 1999). Presumably, these 
changes are required for promoter binding by σ. Because 
sTaps bind σA with high affinity in the absence of the core, 
we tested whether sTaps could induce conformational 

changes in σA. To this end, a σA mutant containing 
a pair of cysteines in regions 2 and 4 was created. 
The resultant double mutant σA (N263C, G406C) 
was fully functional (data not shown). It was 
double labeled with luminescence donor and 
acceptor probes and used for LRET measurements. 
The results are shown in Figure 4fig4 and Figure 
S3. The apparent interdomain distance between 
regions 2 and 4 in free σA was similar to that 
measured in free σ70 (Callaci et al., 1999). The 
addition of sTap1 increased the apparent distance 
between regions 2 and 4. However, the increase 
was less than that caused by the core binding 
(Figure 4). A control nontemplate oligo containing 
the TATAAT sequence but lacking other specific 
aptamer sequences did not cause any changes in 
the interdomain distance (data not shown). Thus, 
the binding of sTap to σA induces a conformational 
rearrangement of the protein, which may unmask 
the DNA binding sites of σ (see Discussion). 

The distance between the two domains of σA 
measured by LRET in the presence of core (53 Å) 
was somewhat shorter than the distance between 
the corresponding residues of σ observed in the 
Taq holoenzyme structure (68.9 Å, see Figure 7) 
(Murakami et al., 2002a). This distance most likely 
corresponds to the distance of the closest approach 
of donor and acceptor fluorophores in the course of 
LRET measurement, which is likely to be shorter 
than the distance observed in the structure due to 
local and segmental motions of the protein in the 
solution (Callaci et al., 1999). 

Double-Stranded DNA Fragments 
Based on σA Aptamers Function as 
Promoters for σA Holoenzyme 
The apparent similarity of interactions between σA 
and the −10 consensus element in aptamers and 
natural promoters suggested that sTap sequences, 
when present in double-stranded form, may 
function as promoters. To test this hypothesis, we 
prepared double-stranded DNA fragments 
containing sequences of several aptamers and 
determined their ability to support transcription in 
vitro (Figure 5Afig5). As can be seen, every sTap-
based DNA fragment tested supported robust 
synthesis of a single major RNA product by Taq 
holoenzyme (Figure 5B). Primer extension 
indicated that, in each case, transcription initiated 
six to seven nucleotides downstream of the 
aptamer’s −10 element-like element, demonstrating 
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that this element in fact functions as a bona fide −10 
element (data not shown). However, double-stranded DNA 
sTap fragments were completely inactive when the E. coli 
σ70 RNAP holoenzyme was used instead of the Taq σA 
holoenzyme. This is an unexpected result, because 
heretofore no differences in promoter recognition by the E. 
coli σ70 and Taq σA RNAP holoenzymes have been reported 
(Minakhin et al., 2001; Xue et al., 2000). 

The sTap-based promoters contain a −10 element but no 
recognizable −35 element. The absence of apparent 
homology between sequences surrounding the 11 nt-
conserved aptamer region in sTap-based promoters (see 
Figures 1A and 5A) suggested that this region alone was 
responsible for promoter function. Several derivatives of 
one sTap-based promoter, sTap2, were created to determine 
(1) elements responsible for efficient recognition by Taq σA 
holoenzyme and (2) elements that need to be introduced to 
allow recognition by the E. coli σ70 holoenzyme. The sTap2 
promoter contains a TG-dinucleotide upstream of the −10 
element that is similar to the extended −10 promoter motif 
but is not separated from the −10 element by an additional 
nucleotide. In an sTap2 derivative called “−TG,” the TG 
dinucleotide was substituted by AC (Figure 5A). In the 
“−GGGA” derivative, the downstream GGGA motif was 
substituted by CCCT. The sTap2 derivative named “+35” 
had a consensus −35 element introduced 18 bp upstream of 
the −10 element. In the “+35 −TG” derivative, the −35 
element was present but the TG dinucleotide was 
substituted by AC. Finally, the “+35 −GGGA” promoter 
was a derivative of the +35 template with a CCCT instead 
of the GGGA motif. Equal amounts of sTap2 promoter 
fragment or its derivatives were used in a multiple-round 
transcription assay with Taq σA or E. coli σ70 holoenzymes. 
The substitution for the TG motif significantly decreased 
transcription by Taq RNAP (Figure 5C, top, lanes 1 and 2). 
This indicates that TG can be specifically recognized by 
Taq RNAP despite its position being different from the 
position in the extended −10 promoters. The substitution for 
the GGGA motif abolished activity of the sTap promoter 
(Figure 5C, top). E. coli RNAP was inactive at all three 
promoters (Figure 5C, bottom, lanes 1–3). The introduction 
of the −35 element led only to a small stimulation of 
transcription by the Taq enzyme but strongly stimulated 
transcription by E. coli RNAP (Figure 5C, lane 4). When 
the −35 promoter element was present, removal of the TG 
motif had little effect on transcription by either enzyme. 
Removal of the GGGA motif in the presence of the −35 
element had a slight stimulatory effect on E. coli RNAP but 
inhibited transcription by the Taq enzyme. Thus, our results 
demonstrate that the GGGA motif located downstream of 
the −10 element allows promoter recognition and/or open 

promoter complex formation by Taq RNAP when 
both the −35 element and the TG motif are absent. 
In the case of E. coli RNAP transcription, the −35 
element is strictly required for promoter utilization, 
whereas GGGA plays no role or may be slightly 
inhibitory. 

KMnO4 probing revealed that the lack of 
transcription from sTap2 or its derivatives was due 
to the absence of open promoter complex 
formation (Supplemental Data and Figure S4A). At 
the same time, gel retardation experiments 
demonstrated that removal of the GGGA motif in 
the −GGGA promoter did not impair closed 
complex formation by Taq σA holoenzyme 
(Supplemental Data and Figure S4B). It is 
therefore likely that this motif is not essential for 
initial promoter binding but is important at later 
stages of the open complex formation. 

To further understand the role of the GGGA motif, 
additional point mutations were created and tested 
in an in vitro transcription assay with Taq RNAP 
(Figure 5D and Figure S5). The GGGA motif was 
not sufficient for promoter utilization in the 
absence of the −10 element, because changing the 
−10 element to the anticonsensus sequence (in the 
“anti-10” derivative) abolished promoter function 
even when the GGGA motif was intact. Within the 
GGGA motif, every position was important, 
because substitution of any base pair with its 
complement (in the “−6C”, “−5C”, “−4C”, and 
“−3T” derivatives) strongly decreased 
transcription. However, the effect of the 
downstream A:T base pair substitution was less 
drastic. As the point mutations did not change the 
G/C content of the GGGA region, the effect of the 
mutations was likely due to changes in specific 
RNAP-DNA contacts rather than to changes in 
stability of the DNA duplex. 

To reveal the functional role of the GGGA 
element, we compared stability of promoter 
complexes formed by Taq RNAP on sTap2, the 
+35, and +35 −GGGA promoters. Promoter 
complexes of Taq RNAP rapidly dissociate in the 
presence of DNA competitors such as heparin, 
making direct measurements of open complex half-
life impossible (Fabry et al. [1976], Kulbachinskiy 
et al. [2004a], Kuznedelov et al. [2003], Schroeder 
and deHaseth [2005], and data not shown). We 
therefore tested the stability of promoter complexes 
by performing transcription at different ionic 
strengths. At low ionic strength (40 mM KCl), all 
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three promoters were efficiently utilized by Taq RNAP, as 
expected (Figure 5E, top). However, in the presence of 130 
mM KCl, only the +35 promoter was active (Figure 5E, 
bottom). Thus, neither the GGGA motif nor the −35 
element on their own is sufficient for transcription at 
elevated salt concentrations. However, when both elements 
are present, efficient promoter utilization in high salt 
becomes possible. 

To test whether the sTap-based promoters can be 
recognized by RNAPs from other bacteria, we studied 
transcription on the sTap2 promoter by RNAPs from B. 
subtilis, T. thermophilus, and D. radiodurans. B. subtilis 
RNAP was active on the +35 promoter but was inactive on 
the wild-type sTap2 promoter (Figure 5F). At the same 
time, RNAPs from T. thermophilus and D. radiodurans 
were active on both promoters (Figure 5F and data not 
shown). The fact that the sTap2 promoter is efficiently 
recognized by RNAPs from T. aquaticus, T. thermophilus, 
and D. radiodurans, which is the closest mesophilic relative 
of Thermus, indicates that the ability to utilize this type of 
promoters is not related to thermal adaptation but may be 
specific for Thermus/Deinococcus group of bacteria. 

Natural Taq Promoters Contain the GGGA 
Motif 
The question arises whether the GGGA motif discovered 
through in vitro analysis is relevant for understanding of 
promoter utilization in Thermus and related bacteria. 
Analysis of annotated Thermus promoters reveals that some 
of them contain sequences similar to the GGGA motif 
immediately downstream of −10 elements (Figure 6Afig6 
and Supplemental Data). Preliminary analysis of intergenic 
sequences from the genome of Thermus thermophilus also 
suggests that sequences immediately downstream of −10 
elements of predicted promoters are enriched with guanines 
in the nontemplate strand (see Supplemental Data for 
details). To show that in natural Thermus promoters the 
GGGA motif has a function similar to that in sTap-based 
promoters, we analyzed transcription from T. thermophilus 
dnaK promoter that contains the −35 element and the 
GGGA motif (Osipiuk and Joachimiak, 1997). The dnaK 
promoter was efficiently utilized by Taq σA holoenzyme as 
judged by its higher activity compared to the activity of a 
control T7 A1 promoter (Figure 6B, lanes 1 and 5). In 
contrast, the E. coli σ70 holoenzyme was poorly active on 
dnaK but was highly active on T7 A1 (Figure 6B, lanes 6 
and 10). Several derivatives of dnaK similar to the sTap2 
promoter derivatives described above were created and 
tested for their ability to support transcription by both 
holoenzymes (Figure 6B and Figure S5). As can be seen, 
substitution of the GGGA motif with CCCT in the −GGGA 

derivative dramatically decreased the efficiency of 
promoter utilization by Taq RNAP, and 
substitution of both −35 and GGGA elements 
(“−GGGA −35”) completely inactivated the 
promoter. At the same time, the mutant lacking the 
−35 element (“−35”) was transcriptionally active, 
though the level of activity was strongly reduced 
(Figure 6B, lanes 2–4). Thus, the GGGA motif of 
the dnaK promoter can direct transcription 
initiation by Taq RNAP even in the absence of the 
−35 element. Substitution of the GGGA motif did 
not cause any changes in the efficiency of 
transcription by E. coli RNAP, whereas 
substitution of the −35 element decreased the 
promoter activity to undetectable levels. 

To test whether the GGGA motif can increase the 
efficiency of transcription by Taq σA holoenzyme 
on other promoters, we created two variants of the 
T7 A1 promoter in which four nucleotides 
immediately downstream of the −10 element 
(TACT) were replaced with GGGA or CCCT 
(Figure S5). These substitutions had opposite 
effects on promoter utilization by Taq RNAP. 
Whereas the presence of GGGA significantly 
stimulated RNAP activity, the CCCT substitution 
had an inhibitory effect on transcription (Figure 
6C, lanes 1–3). Both mutations had only minor 
effect on the activity of E. coli RNAP (Figure 6C, 
lanes 4-6). 

Discussion 
In this work, we show for the first time, to our 
knowledge, that a primary RNA polymerase σ 
subunit can bind DNA with high affinity and 
specificity. Analysis of the mechanism of aptamer 
binding demonstrated that Taq σA recognizes a 
continuous 11 nt long DNA region containing a 
−10 element sequence flanked by additional 
conserved motifs. Several lines of evidence suggest 
that recognition of the −10-like sequence in the 
context of aptamers by free σ is very similar to 
recognition of the −10 element by RNAP 
holoenzyme and that, therefore, σ on its own 
specifically recognizes all six nucleotides of the 
−10 element. First, the frequency profile of 
individual bases within the sTap −10-like element 
corresponds to that observed in natural promoters 
of E. coli and T. thermophilus, with nucleotides 
located at positions corresponding to the −10 
element positions −12, −11, and −7 being the most 
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conserved (Harley and Reynolds, 1987; Maseda and 
Hoshino, 1995). Second, mutations in the −10 element have 
a dramatic effect on both the recognition of promoters by 
RNAP holoenzyme and the interaction of aptamers with σ. 
Third, a T → C mutation at the first position of the −10-like 
element of sTap1 is suppressed by the Q260H substitution 
of Taq σA. An identical substitution at the corresponding 
position of E. coli σ70 (Q437H) allows RNAP holoenzyme 
to recognize promoters and single-stranded nontemplate 
oligos containing a T → C mutation at the first position of 
the −10 element. Therefore, the same amino acid residue of 
σ interacts with the first nucleotide of the −10 element in 
promoters, nontemplate oligos, and sTaps. Thus, the simple 
σ-aptamer complex is a good model for functional and 
structural understanding of promoter recognition. 

Previous studies demonstrated that a conformational change 
in σ induced by the core polymerase is required for efficient 
recognition of promoters or nontemplate oligos. As 
aptamers obtained in this work are specifically recognized 
by free σA, we propose that they induce conformational 
changes in σ that may be in some aspect similar to those 
induced by RNAP core and thus allow specific interaction 
with DNA. Indeed, direct measurements of interdomain 
distances demonstrated that aptamer binding increases the 
distance between σA regions 2 and 4, although to a lesser 
extent than core RNAP. This indicates that region 4 may 
mask DNA binding sites in free σ and that it must be 
moved away from region 2 to allow DNA recognition. 

The principal result of this work is the demonstration that a 
tetranucleotide motif, GGGA, downstream of the −10 
element plays an essential role in promoter recognition by 
Taq σA holoenzyme. The GGGA motif (together with the 
−10 element) allows transcription even in the absence of the 
−35 element or the extended −10 motif. Analysis of known 
Thermus promoters revealed that some of them contain 
such a motif and that it has an important role in promoter 
function. In particular, a substitution of the GGGA motif in 
the dnaK promoter leads to a dramatic decrease in promoter 
activity. Conversely, introduction of the GGGA motif in the 
T7 A1 promoter strongly stimulates transcription by Taq 
RNAP but has only a small effect on the activity of E. coli 
RNAP. 

Using site-specific DNA-protein crosslinking, we 
demonstrated that, in a complex of the sTap1 aptamer with 
σA, nucleotides from the GGGA motif interact with σA 
region 1.2. Apparent homology of recognition of the −10 
element in aptamers by free σ and in promoters by RNAP 
holoenzyme suggests that recognition of the GGGA motif 
in promoters also occurs through specific interactions 
between region 1.2 of σA and the nontemplate DNA strand. 

Indeed, DNA-protein crosslinking experiments 
revealed close contacts between σ70 and 
nontemplate DNA between the −10 element and 
the transcription start point in the lacUV5 promoter 
open complex (Brodolin et al., 2000; Naryshkin et 
al., 2000; Simpson, 1979). Analysis of the structure 
of Taq RNAP σA holoenzyme complex with a fork-
junction promoter DNA template also suggests that 
nontemplate strands downstream of the −10 
element (not present in the structure) may interact 
with σ conserved region 1.2 (Murakami et al., 
2002a). In a model of open promoter complex 
based on this structure, the closest distance 
between this DNA segment and σ region 1.2 is less 
than 4Å (Figure 7fig7) (Murakami et al., 2002a). 
Interestingly, in a model of open promoter complex 
proposed by Artsimovitch and coauthors 
(Artsimovitch et al., 2004), the corresponding 
segment of the nontemplate strand is placed too far 
from σ to make direct contacts. Thus, the σ-
aptamer complex and RNAP-fork-junction 
complex may correspond to an intermediate of the 
open complex formation pathway, and the position 
of the nontemplate strand downstream of the −10 
element may change as RNAP contacts with DNA 
downstream of the transcription start point develop. 

The position of the GGGA motif coincides with the 
position of G/C rich “discriminator” found in some 
E. coli promoters that are regulated by stringent 
response (Travers, 1980). However, whereas 
mutations in the discriminator sequence were 
shown to increase stability of open promoter 
complex (Gourse et al., 1998; Lamond and 
Travers, 1985; Pemberton et al., 2000; Haugen et 
al., 2006), mutations in the GGGA motif have an 
opposite effect and destabilize the complex. It was 
proposed that discriminator acts by increasing the 
stability of the DNA duplex and thus destabilizing 
the open complex (Gourse et al., 1998; Jung and 
Lee, 1997; Lamond and Travers, 1985; Pemberton 
et al., 2000). Our data suggest that the overall 
stability of the open complex may also depend on 
direct contacts of σ with DNA between the −10 
element and the transcription start point. In this 
case, the destabilizing effect of discriminator may 
be explained by the absence of favorable σ70-DNA 
contacts that facilitate promoter melting. In fact, 
Gourse and colleagues (Haugen et al., 2006) have 
demonstrated that a base on the nontemplate strand 
two nucleotides downstream of the −10 hexamer 
crosslinks to E. coli σ70 region 1.2; the identity of 
this base affects the lifetime of the promoter 
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complex with RNAP in vitro and regulation of rRNA 
promoter activity in vivo. 

Interestingly, mutations downstream of a −10-like element 
sequence that induces a σ70-dependent pause during 
transcription elongation were shown to decrease pausing 
efficiency (Ring and Roberts, 1994; Ring et al., 1996). The 
finding suggests that the σ70 subunit might also specifically 
recognize sequences downstream of the −10 element during 
transcription elongation. Downstream elements of varying 
sequence may be present in promoters and regulatory pause 
sequences from different bacteria and may control promoter 
complex formation and promoter-proximal pausing through 
specific interaction with σ region 1.2. Selection of aptamers 
specifically interacting with σ subunits from different 
bacteria, coupled with bioinformatic searches of bacterial 
genome sequences, could be a powerful approach for 
uncovering such elements. 

Experimental Procedures 

Proteins 
Wild-type and mutant Taq σA and E. coli σ70, and Taq and 
E. coli holoenzyme RNAPs were obtained by standard 
procedures, as described in the Supplemental Data. 

Selection of Aptamers to Taq σA 
The selection was performed at 25°C essentially as 
described previously (Kulbachinskiy et al., 2004b). 
Determination of equilibrium Kd values for binding of 
aptamers to RNAP was done either by using the 
nitrocellulose binding method or by measuring fluorescence 
quenching of a 5′-fluorescein-labeled sTap1 aptamer. 
Detailed description of the procedures can be found in the 
Supplemental Data. 

Crosslinking Experiments 
Modified sTap1 containing 6-thio-guanine at the second 
position of the GGGA element was purchased from Oligos 
Etc. (Wilsonville, OR). Crosslinking experiments and 
cysteine-specific cleavage of σ were performed as 
described in the Supplemental Data. 

LRET Distance Measurements 
The double-cysteine mutant of σA was labeled with 
europium chelate and Cy5 and purified as previously 
described for σ70 (Callaci et al., 1999). Distance 
measurements were conducted as described in the 
Supplemental Data (Heyduk and Heyduk, 2002). 

In Vitro Transcription 
Double-stranded DNA fragments containing 
promoter sequences were prepared by PCR as 
described in the Supplemental Data. The sequences 
of all studied promoters are shown in Figure S5. 
Transcription was performed in a buffer containing 
40 mM HEPES (pH 7.9), 40 mM KCl, and 10 mM 
MgCl2. Holoenzymes were prepared by incubating 
the core enzyme (100 nM) with σ (500 nM) for 5 
min at room temperature. Promoter DNA fragment 
was added to 20 nM, and the samples were 
incubated for 10 min at either 65°C (for Taq 
RNAP) or 37°C (for E. coli, D. radiodurans, and 
B. subtilis RNAPs). Samples were supplemented 
with 25 µM of each rNTPs (in run-off transcription 
experiments) or CpA primer (10 µM) and UTP (25 
µM) (in abortive transcription assays) and 
incubated for 10 min at the same temperature. In 
both cases, RNA products were labeled by the 
addition of 2.5 µCi of α-[32P]-UTP (3000 Ci/mmol, 
NEN). The reactions were terminated by the 
addition of 10 µl of 8 M urea, 20 mM EDTA, 2× 
TBE, and the products were separated by 15% 
denaturing PAGE and analyzed by 
PhosphorImager (Amersham BioSciences). 

Supplemental Data 
Supplemental Data include Supplemental Results, 
Supplemental Experimental Procedures, 
Supplemental References, and six figures and can 
be found at the end of this article. 
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Figure 1. Single-Stranded DNA Aptamers against Taq RNAP σA 
(A) Random ssDNA library used in the selection experiment. 
(B) Sequences of several representative aptamers. Only central 32 nt long regions of the aptamers are shown. The 
conserved aptamer motif is gray. 
(C) Frequency of bases at individual positions of the conserved motif in 33 cloned aptamers. The consensus sequence is 
shown on the top. 
(D) The proposed secondary structure of sTap1. The structure was predicted by using the RNA Structure 3.7 software. 
The −10-like element is boxed. The regions of sTap1 protected from hydroxyl radicals in the σA-sTap1 complex are 
shown by a gray line; the thickness of the line corresponds to the degree of protection (see Figure S2). Thymine residues 
modified by KMnO4 are encircled (Figure S1). Two thymines protected from modification in the σA-sTap1 complex are 
marked with dashed circles; the residue that becomes hyperreactive in the presence of σA is shown by a double circle. 
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Figure 2. Recognition of the −12C Mutant sTap1 by the Wild-Type and the Mutant Q260H σA Subunits 
Wild-type or mutant sTap1 was incubated in the presence of increasing concentrations of σ, and the binding was 
measured by nitrocellulose binding method (see Experimental Procedures). For each aptamer, binding is shown as a 
percentage of the maximum binding observed for Q260H σA. 
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Figure 3. Site-Specific Crosslinking of sTap1 with the σA Subunit 
(A) Crosslinking of 6-thio-guanine-modified sTap1 with wild-type σA (lanes 1–3), the 92–438 fragment (lane 4), and the 
S132C mutant (lane 5). 5′-labeled-modified sTap1 and the σ subunits were present at 0.1 and 1 µM, respectively. In the 
control samples, crosslinking was performed in the presence of either unmodified sTap 1 (lane 2) or a control 
nonspecific oligonucleotide (lane 3); both oligonucleotides were present at 1 µM. 
(B) Cysteine-specific cleavage of S132C σ in the complex with radioactively labeled 6-thio-guanine-sTap1 (lane 2). The 
sample on lane 1 is a control without NTCBA cleavage. Positions and molecular weights of markers used for the 
analysis (full-length σA, 92–438, and 1–390 σA fragments and the crosslinked σA-sTap1 complex) are indicated on the 
left of the gel. The position of the radiolabeled N-terminal cleavage product is shown on the right of the figure. Predicted 
position of the C-terminal 132–438 peptide in the complex with sTap1 (calculated Mr 46.2 kDa) is shown on the right 
by a dashed line. 
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Figure 4. Apparent Interdomain Distances in the σA Subunit Measured by LRET 
Apparent distances between the donor and acceptor fluorochromes introduced to cysteine residues at positions 263 and 
406 of the σA subunit were measured as described in the Experimental Procedures. Averages and standard deviations 
from three to five experiments are shown. Data for apparent interdomain distances between regions 2 and 4 in the E. coli 
σ70 subunit are taken from Callaci et al. (1999). 
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Figure 5. Transcription Properties of Double-Stranded DNA Fragments Containing Aptamer Sequences 
Transcription was performed at 65°C for Taq RNAP and at 37°C for E. coli, D. radiodurans, and B. subtilis RNAPs. 
Transcription buffer contained 40 mM KCl unless otherwise indicated. 
(A) Sequences of sTap promoters used in transcription experiments. Shown are nucleotides from −40 to +5 relative to 
the starting point of transcription; the full-length sequences are presented in Figure S5. The numbering of sTap clones 
corresponds to Figure 1B. The conserved aptamer motif is shown in gray. Nucleotides corresponding to the −10 and 
−35 promoter elements are boxed. The starting point of transcription is indicated by an arrow. Nucleotides changed in 
the mutant derivatives of sTap2 are bold underlined italics. 
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(B) Synthesis of run-off RNA transcripts on several aptamer-based promoters. Abbreviation: T, Taq RNAP; E, E. coli 
RNAP. 
(C) Transcription from sTap2 derivatives by Taq (top) and E. coli RNAPs (bottom). 
(D) Effect of mutations in the conserved aptamer sequence on the utilization of sTap2-based promoter by Taq RNAP. 
(E) Salt sensitivity of transcription by Taq RNAP from the sTap2 promoter. Transcription buffer contained either 40 
mM (top) or 130 mM of KCl (bottom). 
(F) Transcription on the wild-type (lane 1) and “+35” (lane 2) sTap2 promoters by RNAPs from B. subtilis (Bsu) and D. 
radiodurans (Dra). 
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Figure 6. Role of the GGGA Motif in the Recognition of Natural Promoters 

(A) Sequences of annotated T. thermophilus promoters containing GGGA-like motifs. The data are from Leontiadou 
et al. (2001), Maseda and Hoshino (1995), Osipiuk and Joachimiak (1997), and Sato et al. (1988) (see 
Figure S6 for the complete list of promoters). The nucleotides identical to the −10 promoter consensus element are 
shown in red, the nucleotides of the GGGA-like motif are green, and the nucleotides of the −35 element are blue. 
(B) Transcription from the dnaK promoter variants by Taq and E. coli RNAPs. The T7 A1 promoter was used as a 
control template. 
(C) Effect of the GGGA motif on the efficiency of abortive synthesis by Taq and E. coli RNAP on the T7 A1 promoter. 
Position of abortive product CpApU is indicated by an arrow. Transcription was performed with the wild-type promoter 
and two derivatives containing either GGGA or CCCT downstream of the −10 promoter element. The temperature of the 
reaction was 65°C in the case of Taq RNAP and 37°C in the case of E. coli RNAP. 
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Figure 7. DNA Recognition Regions of the σ Subunit 
The model illustrates contacts of the Taq σA subunit with a fork-junction DNA fragment containing the −35 and −10 
promoter elements. The figure is based on the model of the open promoter complex of Taq RNAP (Murakami et al., 
2002a). The double-stranded part of DNA shown on the figure includes the −35 element, the spacer between the −10 
and −35 elements, and the first T of the −10 element (shown in yellow); the single-stranded 3′ extension of the 
nontemplate strand corresponds to the remaining five nucleotides from the −10 element (yellow) and four downstream 
nucleotides corresponding to the GGGA motif (light green). The σA regions involved in the recognition of the promoter 
elements are colored as follows: region 4.2 (amino acids 397–424), dark green; regions 2.3 and 2.4 (amino acids 242–
257 and 258–276), red; and region 1.2 (amino acids 92–125), dark blue. In the model, the distance between the second 
nucleotide of the GGGA motif and Leu108 from σ region 1.2 is ≤4Å. The position of the Q260H mutation is shown in 
yellow. Amino acids changed in the double-cysteine mutant of σ used in LRET measurements are light blue (N263C 
and G406C). The figure was generated with the ViewerLite 4.2 software (Accelrys Inc.). 
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Supplemental Results 

Formation of open and closed complexes by Taq  RNAP on the sTap2 promoter 

To study the role of the GGGA motif in open complex formation, we performed KMnO4 probing of promoter complexes 

formed by Taq RNAP on sTap2 and its mutant derivatives at 65 °C (Figure S4A). As can be seen, Taq RNAP melted the 

wild type and “+35-GGGA” promoters with similar efficiencies (Figure S4A, lanes 2 and 5). The most efficient 

modification was observed in the case of the “+35” promoter indicating that the presence of both the GGGA and -35 

motifs further stimulated open complex formation (lane 4). In contrast, no open complexes were formed when both the -

35 and the GGGA motifs were absent (lane 3). This indicated that the absence of activity of Taq RNAP on the “-

GGGA” promoter could be explained by its inability to form open complex on this template.  

To test whether the GGGA motif could be important for formation of a closed promoter complex on sTap2, gel 

retardation experiments with the wild type and “-GGGA” sTap2 promoters were performed at 4 and 20 °C. As was 

shown previously, Taq RNAP does not form open promoter complex at these temperatures (Kuznedelov et al., 2002; 

Kulbachinskiy et al., 2004a). No significant difference in the complex formation was observed between the wild type 

and mutant promoters when the experiment was performed at 4 °C (Figure S4B, lanes 2 and 4). In contrast, the mutation 

of the GGGA motif impaired promoter complex formation when the experiment was repeated at 20 °C. In particular, the 

efficiency of the complex formation was about 10 times lower on the mutant promoter than on the wild type sTap2 

(Figure S4B, lanes 6 and 8). We therefore speculate that the complexes formed at 4 °C correspond to the closed 
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promoter complex while those formed at 20 °C may represent intermediate promoter complexes containing partially 

bent/distorted DNA (Saecker et al., 2002). Thus, removal of the GGGA motif impairs formation of the open and, 

presumably, intermediate promoter complexes, but does not affect closed complex formation by Taq RNAP. This 

finding is in agreement with a structural model of the closed complex in which DNA segment downstream of the -10 

element, corresponding ot the GGGA motif, is not contacted by RNAP (Murakami et al., 2002). In the intermediate 

complex formed at 20 oC, promoter DNA may be bent by RNAP thus allowing specific interactions of the GGGA motif 

with σ region 1.2  (Saecker et al., 2002; Sclavi et al., 2005).  Further experiments are required to establish the complete 

pathway of open complex formation by Taq RNAP.  

 

Analysis of promoter regions in the T. thermophilus genome 

Analysis of literature and public databases reveals a limited number of experimentally defined promoter sequences from 

Thermus bacteria almost all of which come from T. thermophilus. A compilation of published sequences of T. 

thermophilus -10/-35 promoters is presented on Figure S6. As can be seen from the figure, two of the promoters contain 

the full GGGA-motif found in the σA aptamers and a considerable fraction (6 out of 22) contains the GGG-sequence 

downstream of the -10 element. In contrast, only one of the promoters contain the complementary CCC-sequence. 

Although the limited number of analyzed promoters does not allow to make statistically significant conclusions, this 

may indicate that the GGGA-like sequences play an important role in recognition of natural Thermus promoters.   

To further analyze the occurrence of the GGGA-like motifs in Thermus promoters, we performed a preliminary 

bioinformatic analysis of promoters in the genome of T. thermophilus. To predict promoter sequences, we created 

recognition profiles for the -35 and -10 promoter consensus elements using a starting set of 22 annotated promoters of T. 

aquaticus and T. thermophilus that was compiled from the literature (see Figure S6). The recognition profiles (positional 

weight matrices, PWMs) were created using SignalX software (Mironov et al., 2000). The resulting PWMs were used to 

search two samples of intergenic fragments extracted from the whole genome sequence of T. thermophilus HB27 (gene 

bank accession number NC_005835). The first sample contained regions between divergently transcribed genes 

(divergons), whereas the second sample contained regions between convergently transcribed genes (convergons). 

Divergons are expected to contain divergently oriented promoters, whereas convergons are not expected to contain 
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promoters and thus serve as a control. In total, 308 divergon fragments with an average length of 135 nucleotides, and 

404 convergon fragments with an average length of 133 nucleotides were included in the analysis. 

In each region, the highest scoring candidate promoter was identified using PWMs. We next filtered out those putative 

promoters whose scores were less than the worst score observed in the starting promoter set. The filtering procedure 

reduced the total number of putative promoters to 115 candidates in divergons (37% of the total number of divergons) 

and 63 candidate promoters in convergons (16% of the total number of convergons). The relative enrichment of 

candidate promoters in divergons demonstrates that the constructed PWMs have some, although not absolute, predictive 

power, comparable to that of other promoter recognition tools (Robison et al., 1998). 

We next searched the set of predicted promoters for the presence of a motif consisting of three Gs immediately 

downstream of the -10 element (we did not search for the whole GGGA-motif as it was demonstrated that the last A 

from the motif is less important for promoter recognition than the first three Gs, see Figure 5C). For each candidate 

promoter we computed the number of cases when at least two out of three positions immediately downstream of putative 

-10 promoter elements were Gs. As a control, we also computed the number of cases with at least two Cs in the same 

positions. The results showed that 33% of divergon promoters contained two or more Gs immediately after predicted -10 

promoter elements, while 19% contained two or more Cs. In contrast, in the control set of convergon promoters, 24% 

contained two or more Gs and 22% contained two or more Cs. Thus, predicted promoters in divergons of T. 

thermophilus appear to be enriched with stretches of Gs immediately after the -10 elements compared to control sets. 

Similar analysis of 197 E. coli promoters from the dpinteract database (Robison et al., 1998) revealed that only 7% of 

them contained stretches of Gs and 11% contained Cs, confirming that the observed preference for Gs in this region is 

specific for the genome of T. thermophilus.  

 

Supplemental Experimental Procedures 

Plasmids and proteins 

pET28TaD encoding the Taq σA subunit with a His6 tag in the N-terminus was described previously (Minakhin 

et al., 2001). Genes encoding two fragments of the σA subunit (92-438 and 1-390) were obtained by PCR from the wild 

type Taq rpoD gene. Plasmid pET28TaD(Q260H) encoding the mutant Q260H σA was obtained by two-step PCR 
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mutagenesis of the wild type rpoD gene. Plasmids encoding the mutant S132C, H278S and E281A σA subunits and the 

double-mutant σA containing two cysteine residues at positions 263 and 406 (N263C, G406C) were also prepared by 

site-directed mutagenesis. Wild-type and mutant σs were overexpressed in the BL21 (DE3) E. coli strain and purified as 

described (Minakhin et al., 2001). Core enzymes of E. coli and Taq RNAPs were purified as described (Kulbachinskiy et 

al., 2004b). 

 

Selection of aptamers to Taq σA subunit  

ssDNA library used in the selection experiments was purchased from Operon technologies (Figure 1A). The selection 

was performed at 25 °C essentially as described in (Kulbachinskiy et al., 2004b). The amounts of ssDNA and Taq σA 

subunit varied from 3 nmol and 500 pmol, respectively, in the first round of selection to 100 and 10 pmol in subsequent 

rounds. DNA was diluted in 1 ml of binding buffer (20 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 240 mM NaCl, 60 mM 

KCl), heated for 3 minutes at 95°C and chilled on ice. The solution was passed through a 50 µl Ni2+-NTA-agarose 

(Qiagen) micro-column pre-equilibrated with binding buffer to remove the sequences that nonspecifically interact with 

the sorbent. The σA subunit was added to the solution and the mixture was incubated for 20 minutes. 30 µl of Ni-NTA-

agarose was added and the incubation continued for another 20 minutes with occasional shaking. The solution 

containing unbound DNA was removed and the sorbent was washed 2-4 times with 1 ml of binding buffer (for a total 

time of 30-60 minutes). σ-DNA complexes were eluted with 300 µl of binding buffer containing 200 mM imidazole. 

The solution was treated with 300 µl of phenol and with 300 µl of chloroform. DNA was ethanol-precipitated, dissolved 

in water and amplified using Deep Vent DNA polymerase (New England BioLabs) and primers corresponding to fixed 

regions of the library (5’-GGGAGCTCAGAATAAACGCTCAA and BBB-5’-GATCCGGGCCTCATGTCGAA, where 

B is a biotin residue). Two DNA strands were separated by size on 10% denaturing PAAG, the nonbiotinilated strand 

was eluted and used for the next round of selection. After ten rounds of selection, the enriched library was amplified 

with primers containing EcoRI and HindIII sites and cloned into the pUC19 plasmid. The sequences of inserts in 33 

individual clones were determined using standard sequencing protocols. Individual ssDNA aptamers were obtained by 

PCR with the primers corresponding to aptamer flanks, followed by strand separation. Shortened variants of aptamers 

were purchased from Syntol (Moscow). 5’-fluorescein labeled aptamers were kindly provided by V.K. Potapov. 
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Quantitation of the binding of aptamers to the σA  subunit 

All binding experiments were performed at 20-25 °C. Determination of equilibrium Kd values for binding of 

oligonucleotides to RNAP was done either using the nitrocellulose binding method (Carey et al., 1983) or by measuring 

fluorescence quenching of a 5’-fluorescein labeled sTap1 aptamer. In the former case, oligonucleotides were 5’-end 

labeled with γ-[32P]-ATP (6000 Ci/mmol, NEN) and T4 polynucleotide kinase (New England BioLabs) and purified by 

PAGE. Each aptamer (0.1 nM) was incubated with a series of dilutions of the σ subunit (from 1 nM to 10 µM) in 50 µl 

of binding buffer for 30 minutes at room temperature; the samples were then filtered through 0.45 µm nitrocellulose 

filters (HAWP, Millipore) prewetted in the same buffer. The filters were washed with 5 ml of the buffer and quantified 

with PhosphorImager (Amersham Biosciences). The interaction of 5’-fluorescein labeled sTap1 with σA was monitored 

in a spectrofluorometer (Perkin-Elmer LS-50B luminescence spectrometer). The excitation wavelength was set at 496 

nm; the emission was measured at 517 nm; slit widths were 5 and 10 nm, respectively. The binding of σA resulted in 

strong quenching of the sTap1 fluorescence. For each sample, the fluorescence intensity was measured every second for 

20 seconds and then averaged. To calculate equilibrium dissociation constants, the data were fit to the hyperbolic 

equation 

Kd
BB

+
=

][
]max[

σ
σ

 

where B is a percentage of DNA bound,  Bmax is the maximum binding at infinite concentration of σ and Kd  is the 

observed dissociation constant (Connolly et al., 2001).  

 

Hydroxyl radical footprinting 

Taq σA subunit (500 nM) was mixed with 5’-radioactively-labeled 75 nt long sTap1 (5 nM) in 85 µl of binding buffer 

and incubated for 30 minutes at 25 °C. Footprinting reaction was initiated by adding 5 µl of 0.6% Н2О, 5 µl of 20 mM 

ascorbic acid, 2.5 µl of 0.4 mM Fe(NH4)2(SO4)2×6H2O and 2.5 µl of 0.8 mM EDTA. The reaction was stopped after 2 

minutes with 10 µl of 0.1 M thiourea, DNA was ethanol precipitated and  dissolved in 5 µl of a formamide containing 

sample buffer. DNA fragments were separated on 10% urea PAAG and analyzed with PhosphorImager.  
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KMnO4 footprinting of the sTap1 aptamer 

The 5’-labeled minimal sTap1 aptamer (10 nM) was incubated at 20 °C or 70 °C  in 10 µl of the binding buffer. The σA 

subunit, when present, was added to 500 nM. The samples were treated with 5 mM KMnO4 for 30 seconds and 

processed as described in (Minakhin and Severinov, 2003). The cleavage products were separated on 10% PAAG and 

analyzed with PhosphorImager. 

 

Cross-linking experiments 

The 6-thioguanine-modified sTap1 was 5’-labeled with γ-[32P]-ATP (6000 Ci/mmol, NEN) and T4 polynucleotide 

kinase (New England BioLabs) and purified by PAGE. The σA subunit or its mutant derivatives (1 µM) was mixed with 

the modified aptamer (0.1 µM) in 20 µl of the binding buffer. The samples were incubated for 20 minutes at 25 °C and 

irradiated for 10 minutes with a 365 nm ultraviolet lamp (4W, Spectroline) placed on the top of open eppendorf tubes. 

The samples were supplemented with SDS-containing loading buffer and loaded separated on 8% SDS-PAGE. In the 

competition experiments, the labeled modified aptamer was mixed with an excess of either unlabeled sTap1 or a control 

oligonucleotide (1 µM) prior to σ addition. The sequence of the control oligonucleotide was 5’-

GGGAGCTCAGAATAAACGCTCAATTCGACATGAGGCCCGGATC.  

In the NTCBA cleavage experiments, the samples obtained after irradiation were supplemented with 100 µl of the 

binding buffer and 10 µl of Ni2+-NTA-agarose (Qiagen) and incubated for 20 minutes at 4 oC with occasional shaking. 

Supernatant containing unbound sTap1 was removed and the Ni2+-NTA-agarose pellet was washed three times with 1 ml 

of the binding buffer and then with 1 ml of cleavage buffer (20 mM Tris-HCl, pH 8.4, 8 M urea, 10 mM β-

marcaptoethanol). The σ-aptamer complexes were eluted with 30 µl of the cleavage buffer containing 30 mM EDTA 

and incubated for 10 minutes at 65 °C to allow protein denaturation. Half of the sample (15 µl) was supplemented with 

the SDS-loading buffer and served as a control on the absence of nonspecific protein degradation. To initiate cysteine-

specific cleavage, 1.5 µl of 0.5 M 2-nitro-5-thiocyanobenzoic-acid (Sigma, USA) was added to 15 µl sample and the 

reaction was incubated for 30 minutes at 37 °C. The sample was supplemented with 1 µl of 1 M NaOH and incubation 

continued for 16 hours at 37 °C. The products of the cleavage were analyzed by 11% SDS-PAGE.  
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LRET distance measurements 

The double cysteine mutant of σA was labeled with europium chelate and Cy5 and purified as previously described for 

σ70 (Callaci et al., 1999). This allowed to measure the interdomain distances in σA using luminescence resonance energy 

transfer (LRET). Distance measurements were conducted at 25 °C as described in detail in (Heyduk and Heyduk, 2002). 

Briefly, decay curves of 25 nM labeled σA in 120 µl of buffer (50 mM HEPES (pH 7.9), 100 mM NaCl, 10 µM EDTA, 

5% glycerol, 5 mM MgCl2, 0.1 mg/ml BSA, and 0.1 mM DTT) were collected using LN300 nitrogen laser (Laser 

Photonics, Salt Lake City, UT) as the excitation source on a laboratory-built two-channel spectrofluorometer (Heyduk 

and Heyduk, 2002). Oligonucleotides and the Taq core polymerase were added to 100 nM and 60 nM, when present, 

respectively. The sequences of the control nontemplate oligonucleotide was 5’-GGCGTTTATAATGG. Decay curves 

were analyzed by fitting to a sum of exponentials by nonlinear regression using SCIENTIST (Micromath Scientific 

Software, Salt Lake City, UT). Apparent donor-acceptor distances were calculated from sensitized acceptor decay 

curves as described (Heyduk and Heyduk, 2002; Heyduk and Heyduk, 2001). Luminescence lifetimes of sensitized 

acceptor (τda values) are shown in Supplementary Figure S3. All sensitized acceptor decays contained a minor (10-20 % 

of the total amplitude) fast decaying component (~ 30 µsec) and a major slower decaying component. The nature of this 

fast component is unclear (it could be due to protein aggregation). All distances were calculated using average 

amplitude-weighted lifetime (Heyduk and Heyduk, 2002; Heyduk and Heyduk, 2001) and should thus be considered as 

apparent distances. If only the major decay component was used for distance calculations, obtained values were only 

slightly different and the relative effects of aptamers and core enzyme remained the same.  

 

In vitro transcription 

Double stranded DNA fragments containing the aptamer sequences were prepared by PCR from the aptamer pUC19 

clones using standard sequencing primers. The sequence of the dnaK promoter was obtained by PCR from a synthetic 

oligonucleotide template corresponding to positions -56 to +38 of the dnaK promoter, cloned into the pUC19 plasmid 

and amplified with standard primers. Mutant derivatives of the sTap2, dnaK and T7A1 promoters were obtained in the 

same way. The PCR products were separated from primers by agarose gel electrophoresis and purified with QiaQuick 

gel extraction kit (Qiagen). The sequences of all studied promoters are presented in Supplemental Figure S5. 
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KMnO4 footprinting of the sTap2-based promoter  

Double stranded DNA fragments containing the sequence of either the wild type sTap2 promoter or its mutant 

derivatives were digested with the EcoRI restriction endonuclease (the recognition site for this endonuclease was 

introduced in the PL primers used for amplification, Figure S5) and labeled with 1 unit of the Klenow enzyme 

(Amersham Biosciences) and α-[32P]-dATP for 15 minutes at 25 °C in 20 µl of reaction buffer. The samples were then 

supplemented with 1 µl of 10 mM dNTP mixture and incubated for 5 minutes at 25 °C. Labeled DNA fragments were 

purified by 5% nondenaturing PAGE.  

Holoenzyme RNAP was prepared by mixing the core enzyme (100 nM final concentration) and the σ subunit (500 nM) 

in 10 µl of the trancription buffer. Labeled DNA fragment was added to 50 nM and the samples were incubated for 10 

minutes at 65 °C to allow open complex formation. KMnO4 was added to 2 mM at 65 °C and the reaction was stopped 

after 15 seconds by the addition of 10 µl of a buffer containing 1 M β-mercaptoethanol and 1 M sodium acetate (pH 

4.8). The samples were processed as described in (Minakhin and Severinov, 2003) and and analyzed by 10% urea 

PAGE.  

 

Gel retardation experiments 

Radioactively labeled double stranded DNA fragments containing sequences of either the sTap2 promoter or its “-

GGGA” derivative were obtained as described above. Holoenzyme RNAP was prepared by mixing the core enzyme (10 

nM final concentration) and the σ subunit (100 nM) in 10 µl of the trancription buffer containing 50 µg/ml BSA. 

Labeled DNA fragment was added to 50 nM and the samples were incubated for 30 minutes at either 4 or 20 °C. The 

samples were separated on 4% nondenaturing PAGE at either 4 or 20 °C and analyzed by phosphorimaging. 
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Figure S1. Probing of the secondary structure of sTap1 with KMnO4  

(A) The proposed secondary structure of sTap1. Aptamer bases are numbered starting from the 5’-end. The -10-like 

element is boxed. Thymine residues modified by KMnO4 are encircled; thymines protected from modification in the σA-

sTap1 complex are marked with dashed circles; the residue that becomes hyper reactive in the presence of σA is shown 

by a double-circle. 

(B) KMnO4 probing was performed with minimal sTap1 at 20°C (lanes 1, 2) or 70 °C (lanes 3, 4) as described in 

Supplemental Experimental Procedures. Samples in lanes 2 and 4 contained Taq σA subunit. Positions of thymine 

residues starting from the 5’-end of the aptamer are shown on the left.  
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Figure S2.  Hydroxyl radical footprinting of the σA-sTap1 complex  

(A) Electrophoretic analysis of DNA cleavage products. Lane 1 – A+G sequencing marker, lane 2 – cleavage of the 5’-

end labeled full length sTap1 aptamer in the absence of σA, lane 3 –  cleavage of sTap1 in the complex with σA. 

Numbers on the left indicate nucleotide positions starting from the 5’-end of the aptamer. Gray bar on the right indicates 

footprint area corresponding to the minimal 35 nt long sTap1.  

(B) Efficiencies of nucleotide cleavage at different aptamer positions in the σA-sTap1 complex relative to free sTap1. The 

aptamer sequence is shown below the figure; the bases are numbered starting from the 5’-end of the aptamer. 
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Figure S3. LRET measurements of interdomains distances in the σA subunit  

The figure shows luminescence lifetimes of sensitized acceptor (τda) measured by LRET (see (Heyduk and Heyduk, 

2002; Heyduk and Heyduk, 2001) for details). Averages and standard deviations from 3-5 experiments are shown. The 

unquenched donor decay had a lifetime of 600 microsec. Data for E. coli σ70 subunit are taken from (Callaci et al., 

1999). 
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Figure S4. Effect of mutations in the sTap2-based promoter on the open and closed complex formation by Taq RNAP  

(A) Permanganate footprinting of the complexes of Taq RNAP with different derivatives of the sTap2 promoter. The 

experiment was done at 65 °C. Lane 1 contains an A+G cleavage marker. The positions of modified thymine residues 

relative to the starting point of transcription are indicated on the right of the figure (see Figure S5 for the sTap2 

sequence).  

(B) Gel retardation experiment with Taq RNAP and either the wild type (WT) or “-GGGA” sTap2 promoters at 4 and 20 

°C (see Supplemental Experimental Procedures for details). Control samples on lanes 1, 3, 5 and 7 contained no RNAP. 

 

 

 

 



A                                                       *  
sTap1       GGGAGCTCAGAATAAACGCTCAACACGGCCGAGGTGTATAATGGGAGCGGTATCGTTCGACATGAGGCCCGGATC 
sTap2           GGGAGCTCAGAATAAACGCTCAAGGCCACGTGTAAACTGGGAGCACCTACGGATGGTTCGACATGAGGCCCGGATC 
sTap3       GGGAGCTCAGAATAAACGCTCAAACCGCGCCGAGAGTACAATGGGAGCTGAACAGTTCGACATGAGGCCCGGATC 
sTap4                  GGGAGCTCAGAATAAACGCTCAATGTACAATGGGATGCACTCGAGAATCGTAGTGTTCGACATGAGGCCCGGATC 
   
sTap2 “-TG”  GGGAGCTCAGAATAAACGCTCAAGGCCACGACTAAACTGGGAGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “-GGGA” GGGAGCTCAGAATAAACGCTCAAGGCCACGTGTAAACTCCCTGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “+35”  GGGAGCTCTTGACAAACGCTCAAGGCCACGTGTAAACTGGGAGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “+35-TG” GGGAGCTCTTGACAAACGCTCAAGGCCACGACTAAACTGGGAGCACCTACGGATGGTTCGACATGAGGCCCGGATC    
sTap2 “+35-GGGA” GGGAGCTCTTGACAAACGCTCAAGGCCACGTGTAAACTCCCTGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “anti-10” GGGAGCTCAGAATAAACGCTCAAGGCCACGTGATCTCGGGGAGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “-6G”  GGGAGCTCAGAATAAACGCTCAAGGCCACGTGTAAACTCGGAGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “-5G”  GGGAGCTCAGAATAAACGCTCAAGGCCACGTGTAAACTGCGAGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “-4G”  GGGAGCTCAGAATAAACGCTCAAGGCCACGTGTAAACTGGCAGCACCTACGGATGGTTCGACATGAGGCCCGGATC   
sTap2 “-3A”   GGGAGCTCAGAATAAACGCTCAAGGCCACGTGTAAACTGGGTGCACCTACGGATGGTTCGACATGAGGCCCGGATC 
PL1    CAGTGAATTCGGGAGCTCAGAATAAACGCTCAAGGCC 
PL2    CAGTGAATTCGGGAGCTCTTGACAAACGCTCAAGGCC 
PR     CCGAAGCTTGATCCGGGCCTCATGTCGAACCATCCG  

 
B 
T7A1   GAAAATTTATCAAAAAGAGTATTGACTTAAAGTCTAACCTATAGGATACTTACAGCCATCGAGAGGGACACGGCGAATAG  
T7A1 “GGGA” GAAAATTTATCAAAAAGAGTATTGACTTAAAGTCTAACCTATAGGATACTGGGAGCCATCGAGAGGGACACGGCGAATAG  
T7A1 “CCCT” GAAAATTTATCAAAAAGAGTATTGACTTAAAGTCTAACCTATAGGATACTCCCTGCCATCGAGAGGGACACGGCGAATAG  
T7A1L   CAGTGAATTCTATTTGGATCCAGATCCCGAAAATTTATCAAAAAGAG     
T7A1R  CCGAAGCTTCCCCGGTGTCGATTGGGATGGCTATTCGCCGTGTCCC  
 

C    
dnaK   TCATACTCAACTCCCTTGACAAAAATGCGGCATGTGCGTTAGCCTGGGAGGCGAGGTGAAGACGTATGGCCAAGGCAGT  
dnaK “-35”  TCATACTCAACTCCCGGTCACAAAATGCGGCATGTGCGTTAGCCTGGGAGGCGAGGTGAAGACGTATGGCCAAGGCAGT  
dnaK “GGGA” TCATACTCAACTCCCTTGACAAAAATGCGGCATGTGCGTTAGCCTCCCTGGCGAGGTGAAGACGTATGGCCAAGGCAGT  
dnaK “-35-GGGA” TCATACTCAACTCCCGGTCACAAAATGCGGCATGTGCGTTAGCCTCCCTGGCGAGGTGAAGACGTATGGCCAAGGCAGT  
dnaKL   CAGTGAATTCACAAAATCATACTCAACTCCC            
dnaKR   CCGAAGCTTTCAATGCCCACTGCCTTGGCCATAC   
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Figure S5. Sequences of double stranded promoter DNA fragments used in this study 

(A) Sequences of the sTap2 derivatives. Mutated nucleotides are bold underlined italics. The conserved aptamer motif is 

shown in red, the -35 promoter element is blue. The transcription start site is marked with an asterisk. Primers used in 

PCR reaction are shown below the sequences. Primer PL2 was used to obtain sTap2 derivatives bearing the -35 

promoter consensus sequence. EcoRI and HindIII sites used for cloning are underlined.  

(B) Sequences of the T7A1 derivatives. The -10 promoter element is shown in red. Primers used for PCR amplification 

are shown below the sequences. 

(C) Sequences of the derivatives of dnaK promoter. The -10 element is shown in red, the -35 element is blue. Primers 

used for amplification are shown below the sequences. 

All sequences were cloned into the pUC19 plasmid and amplified with standard M13 primers (5’-

AGCGGATAACAATTTCACACAGGA and 5’-GTTTTCCCAGTCACGAC).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Name               Sequence          Reference 
 
A 
dnaK            TCCCTTGACAAAAATGCGGCATGTGCGT-TAGCCTGGGAGGCGAGGTGAA  (Osipiuk and Joachimiak, 1997) 
trpAB           CGAGTTTACCGGGAGGCCCCTCCGGGG--TAGGATGGGAGTTGTCTTGGC  (Koyama and Furukawa, 1990; Faraldo et al., 1992) 
S20             AAGTTTGCCCCTTAGGCGCAGGGTGTGCTTACACTGGGCCCTGGTTTGCC  (Leontiadou et al., 2001) 
rpsO            CTGGTTGACGGGACGGGGAGGAGGGCC--TATCCTGGGTAAGGCTTGGCG  (Serganov et al., 1997) 
dnaA            TCCCATCTCACTCTAGCGGGTCCCGGGGTTAAAATGGGGGACCGGGACGA  (Nardmann and Messer, 2000) 
trpE            CCCCTGGACAGGGCCCCCGTGTCCCGC--TATCCTGAGGCCATGGCCCTT  (Sato et al., 1988) 
16S RNA         AGCCTTGACAAAAAGGAGGGGGATTGA--TAGCATGGCTTTTCTGCGCGG  (Hartmann and Erdmann, 1989) 
pyr             TCCCTTGCCGGGACGGGGCAGGGGGTG--TAAGGTAGGGGTGGCCTTTAA  (Van de Casteele et al., 1997) 
arg             GCCCTTGCATAAGTTTGCGGGCACGGGG-TATGCTTAAGGCCTCATGGGG  (Sanchez et al., 2000) 
ORF4(arg)       CCACTTGACAGCTTTTGATTCTGAGTC--TATCCTCTATTCGGGGAGCGT  (Sanchez et al., 2000) 
slp             CCGCTTGACAAGGGCGCGTGAGGTTTT--TACGATAGCGCCGGATGCGGG  (Faraldo et al., 1992)  
leu             AAGCTTGACCCCGCAGGCCTCGAGGGCT-TACCCTTAGGGGCAATGCGGC  (Croft et al., 1987) 
4.5S RNA        CCTCTAGCCTCAGGGCTTCCATGGGTGC-TATACTACCCGAGCCCCCGGT  (Struck et al., 1988) 
23S RNA         GCCCTTGACAAAGGCCATGCCTCCTTGG-TATCTTCCCTTTTGCGCTGCC  (Hartmann et al., 1987) 
 
B 
P35             CTGGTTGACGGGACGGGGAGGAGGGCC--TATCCTGGGTAAGGCTTGGCG  (Maseda and Hoshino, 1995) 
P31             AAGGTTTACAAAATCCCCGCCCCCGTCC-TAGCCTGGGGGCAAGGAGGTT  (Maseda and Hoshino, 1995) 
P39             GCCCTTGACGGGGAGGAGGCAACGGGG--TAAAACAGGGGCGAGAGCGGC  (Maseda and Hoshino, 1995) 
P211                TAGAATTCGGACACCCCTGTGC---TAAGCTGAGGCCGTGAACCTG  (Maseda and Hoshino, 1995) 
P215            GCACTTGACATCATAAAGTGCTTGAGG--TATCATCCGACCTGGGCGCAA  (Maseda and Hoshino, 1995) 
P43             GGTCTTGTCAAGTAAGCTTAGCTATGG--TAACATAGACCTGGGAGGTAA  (Maseda and Hoshino, 1995) 
P7              GGGGTTGCCAGATGAAGAAAAAGCGT---TATGCTAAGCCCTAGGGATTC  (Maseda and Hoshino, 1995) 
P37             GGCGTTGACCATCTTCCTCCTTGGCCT--TATCCTTAGGGTGCGTCCGCC  (Maseda and Hoshino, 1995) 
P214            GGGCTTGCCAATCCGCCCCTTAGAGTG--TACCATAGCGATTGCCCGAGG  (Maseda and Hoshino, 1995) 
 

 



 

An Additional Basal Element of Bacterial Promoters
Feklistov et al.

 

Molecular Cell Immediate Early Publication 
Copyright ©2006 by Cell Press 

Published Online June 22, 2006 
DOI: 10.1016/S1097276506004163

 

Figure S6. Published sequences of T. thermophilus promoters  

Nucleotides identical to the -10 promoter consensus element are shown in red, the nucleotides of the -35 element are 

blue and the nucleotides of the GGGA-like motif are green.  

(A) Promoters of T. thermophilus found in regulatory regions of known genes.  

(B) Promoters identified in a genetic screen for promoter activities in T. thermophilus (Maseda and Hoshino, 1995). 

Note, that P35 is identical to the rpsO promoter characterized by (Serganov et al., 1997). 

 


