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ABSTRACT

Transcription activation is established through ex-
tensive protein–protein and protein–DNA interac-
tions that allow an activator to engage and remodel
RNA polymerase. SoxS, a global transcription activa-
tor, diversely regulates subsets of stress response
genes with different promoters, but the detailed
SoxS-dependent transcription initiation mechanisms
remain obscure. Here, we report cryo-EM struc-
tures of three SoxS-dependent transcription activa-
tion complexes (SoxS-TACI, SoxS-TACII and SoxS-
TACIII) comprising of Escherichia coli RNA poly-
merase (RNAP), SoxS protein and three representa-
tive classes of SoxS-regulated promoters. The struc-
tures reveal that SoxS monomer orchestrates tran-
scription initiation through specific interactions with
the promoter DNA and different conserved domains
of RNAP. In particular, SoxS is positioned in the op-

posite orientation in SoxS-TACIII to that in SoxS-TACI

and SoxS-TACII, unveiling a novel mode of transcrip-
tion activation. Strikingly, two universally conserved
C-terminal domains of alpha subunit (�CTD) of RNAP
associate with each other, bridging SoxS and region
4 of �70. We show that SoxS interacts with RNAP
directly and independently from DNA, remodeling
the enzyme to activate transcription from cognate
SoxS promoters while repressing transcription from
UP-element containing promoters. Our data provide
a comprehensive summary of SoxS-dependent pro-
moter architectures and offer new insights into the
�CTD contribution to transcription control in bacte-
ria.

INTRODUCTION

Regulation of transcription initiation is critical for fine-
tuning of gene expression in response to changing environ-
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mental threats and generating genetic diversity across all
kingdoms of life (1–4). In bacteria, canonical transcription
initiation is established by the multi-subunit RNA poly-
merase (�2��’��), which engages the conserved promoter
elements (–35 element and –10 element), facilitates the
formation of RNA polymerase-promoter closed complex
(RPc), and subsequently isomerizes to a catalytically com-
petent RNA polymerase-promoter open complex (RPo)
(5–10). For non-canonical promoters that contain non-
optimal consensus element, transcription is initiated by
aid of various activators that associate with RNA poly-
merase to form activator-dependent transcription activa-
tion complexes (TACs) (11–16). As demonstrated for the
classic activator catabolite activator protein (CAP or CRP),
transcription activation on different promoter contexts re-
quires distinct protein–DNA and protein–protein interac-
tions (11,17,18). For class I promoters (such as the lac pro-
moter), CAP activates transcription mainly by interacting
with the CAP binding box located at the –61.5 site and
the C-terminal domain of alpha subunit (�CTD) of Es-
cherichia coli RNA polymerase, thereby facilitating RPc for-
mation (15). For class II promoters (such as the gal pro-
moter) that consists of a CAP binding box centered at the
–41.5 site partially overlapping with the –35 element, CAP
not only makes contacts with the –41.5 element, but also
simultaneously interacts with �CTD, � flap, and region 4
domain of �70 subunit (�70R4), thus remodeling RPc into
a functional CAP-dependent transcription activation com-
plex (CAP-TAC) ( (11,15,17). However, the transcription
initiation mechanisms for other promoters that harbor an
activator-binding box at different locations from those of
CAP (such as the –72 site positioned upstream of the –61.5
site) remain underexplored.

SoxS is the smallest member of the large AraC/XylS fam-
ily transcriptional regulators. It is characterized by two con-
served helix-turn-helix (HTH) DNA-binding motifs and is
widely distributed in bacteria, including some dangerous
human pathogens (4,18–23). As a component of the es-
sential bacterial soxRS redox-sensing system, SoxS acti-
vates transcription of more than 100 functionally diverse
genes involved in antibiotics resistance, oligosaccharide
metabolism, and environmental threat response (21,24).
SoxS-dependent promoters include the class II promoter
micF with a SoxS-binding box (soxbox) centered at the –
41.5 site, class I promoter zwf with a soxbox located at
the –61.5 site, and an uncategorized promoter fpr carry-
ing a soxbox positioned at the –72 site (20,25) (Figure 1A).
Previous bioinformatic analysis and systematic mutagen-
esis showed that the soxbox is mainly composed of two
conserved elements: recognition element A (A site, GCAC)
and recognition element B (B site, CAAA) (21,26,27) (Fig-
ure 1A). Comparative analysis with the co-crystal struc-
ture of MarA in complex with mar DNA reveals that in-
teractions between SoxS and soxbox are mainly established
by two recognition helices (�3 and �6) of the two con-
served HTH DNA binding motifs (27,28). It is worth not-
ing that promoter fpr, which shares similar promoter con-
text with that of mar DNA, harbors a SoxS binding box
(soxbox) in the opposite orientation to that of zwf and
micF (20,26,27,29,30). Although tri-alanine substitution as-
say subsequently inferred that SoxS might activate tran-

scription initiation in a ‘forward’ or ‘backward’ orientation
(26), the precise protein–DNA and protein–protein interac-
tions are still elusive.

To account for the large discrepancy between numer-
ous potential soxbox sites and limited SoxS molecules
per cell, previous mutation analysis evidenced and sup-
ported that SoxS probably activates transcription through
a ‘pre-recruitment’ mechanism. In pre-recruitment hypoth-
esis, newly synthesized SoxS molecules form binary com-
plexes with RNA polymerase in solution, then scan SoxS-
dependent promoters and further activate transcription
(24,25,31). Indeed, apart from SoxS–soxbox interactions,
previous genetic and biochemical studies showed that inter-
actions between SoxS and �70R4, and/or SoxS and �CTD
are also required for SoxS-dependent transcription activa-
tion on different types of promoters (26,31–33). However,
the underlying molecular mechanisms remain obscure. This
raises new intriguing questions: how does such a small SoxS
molecule deferentially recognize the forward and reverse
promoter elements and cooperatively remodel RNA poly-
merase to enable flexible and efficient transcription initia-
tion? These questions are longstanding due to the lack of
structural data for SoxS-dependent transcription activation
complex.

Taking SoxS as a typical model, we report cryo-EM struc-
tures of three types of intact SoxS-dependent transcription
activation complex (SoxS-TACI, SoxS-TACII, and SoxS-
TACIII) consisting of E. coli RNA polymerase (RNAP),
SoxS protein, and three representative SoxS-dependent pro-
moters. These structures show that SoxS monomer regu-
lates transcription initiation through specific interactions
with the promoter DNA and different conserved domains
of RNAP. Notably, SoxS is positioned in the opposite ori-
entation in SoxS-TACIII to that in SoxS-TACI and SoxS-
TACII, revealing a novel mode of transcription activation.
Moreover, two universally conserved C-terminal domains
of RNAP alpha subunit (�CTD) synergistically cooperate
with SoxS and region 4 of �70 (�70R4) by their conserved
distinctive determinants. These structural and biochemi-
cal data presents comprehensive architectures for SoxS-
dependent transcription activation, provides a novel mode
of transcription initiation mechanism, and further shed new
insights on the structural diversity and generality of two
RNAP �CTDs in transcription activation of bacteria.

MATERIALS AND METHODS

Plasmid construction

Plasmid pET28a-SoxS encoding C-terminal His6 tagged E.
coli SoxS under the control of T7 promoter was synthesized
by Sangon Biotech, Inc. Linear micF DNA fragment corre-
sponding to –85 to +50 of E. coli micF promoter followed
by Mango III coding sequencewas generated by de novo
PCR (34–38), purified using the QIAquick PCR Purifica-
tion Kit (Qiagen, Inc.), and stored at –80◦C. Analogously,
fragments of zwf DNA, fpr DNA, UP element DNA, and
control DNA were prepared as described above. Plasmids
carrying SoxS amino acid substitutions (pET28a-SoxS mu-
tants) or αCTD amino acid substitutions (pREII-NHα mu-
tants encodes N-terminally his-tagged E. coli RNAP � sub-
unit under control of tandem lpp and lacUV5 promot-
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ers (39,40). were constructed using site-directed mutagen-
esis (QuikChange Site-Directed Mutagenesis Kit, Agilent,
Inc.). Primers used in this study are shown in Supplemen-
tary Table S1.

Expression and purification of SoxS

E. coli strain BL21 (DE3) (Invitrogen, Inc.) was trans-
formed with plasmid pET28a-soxs or pET28a-soxs deriva-
tives. Single colonies of the resulting transformants were
used to inoculate 1 l LB broth containing 50 �g/ml
kanamycin, and cultures were incubated at 37◦C with shak-
ing until OD600 reached 0.6. Protein expression was induced
by addition of IPTG to 0.5 mM, and cultures were incu-
bated 14 h at 20◦C. The cells were harvested by centrifu-
gation (5500 × g; 15 min at 4◦C), resuspended in 20 ml
buffer A (20 mM Tris–HCl, pH 8.0, 0.1 M NaCl, 5% glyc-
erol,1 mM DTT,1 mM EDTA), and lysed using an ATS
AH-10013 cell disrupter (ATS, Inc.). The lysate was cen-
trifuged (13 000 × g; 40 min at 4◦C), and the supernatant
was loaded onto a HiTrap Heparin HP (GE Healthcare,
Inc.) equilibrated in buffer A, and the column was eluted
with 120 ml linear gradient of 0.1–1 M NaCl in buffer A.
Fractions containing E. coli SoxS were pooled and stored
at –80◦C. E. coli SoxS derivatives were expressed and puri-
fied using the same procedure as the wild type protein. PCR
products of mbp-tev-soxs was inserted into pET28a to gen-
erate a recombinant plasmid that was used for the produc-
tion of MBP-His6-TEV-SoxS. Cell pellets were harvested
by centrifugation (5000 × g; 15 min at 4◦C), resuspended
in 20 ml lysis buffer C (50 mM Tris–HCl, pH 7.9, 0.2 M
NaCl, 5% glycerol) and lysed using a JN-02C cell disrupter
(JNBIO, Inc.). After being loaded onto a 5 ml column of
Ni-NTA agarose (Qiagen, Inc.) equilibrated with buffer C.
The column was washed with 25 ml buffer C containing 20
mM imidazole and eluted with 25 ml buffer C containing
0.20 M imidazole. Subsequently the elutes were cleaved with
recombinant tobacco-etch virus protease (Life Technolo-
gies) overnight at 4◦C. Then the samples were concentrated
and applied to a HiLoad 16/600 Superdex 200 column (GE
Healthcare, Inc.) equilibrated in buffer C, and the column
was eluted with 120 ml of the same buffer. Fractions con-
taining SoxS (without His-tag) were pooled and stored at
–80 ◦C. Yield was ∼2.0 mg/l, and purity was >95%.

Expression and purification of E. coli RNAP

E. coli RNAP was prepared from E. coli strain BL21 (DE3)
(Invitrogen, Inc.) transformed with plasmids of pGEMD
(40) and pIA900 (41). Single colonies of the resulting trans-
formants were used to inoculate 50 ml LB broth contain-
ing 100 �g/ml ampicillin, and cultures were incubated 16
h at 37 ◦C with shaking. Aliquots (10 ml) were used to in-
oculate 1 L LB broth containing 100 �g/ml ampicillin, cul-
tures were incubated at 37◦C with shaking until OD600 up
to 0.6, cultures were induced by addition of IPTG to 1 mM,
and cultures were incubated 15 h at 20◦C. Then cells were
harvested by centrifugation (5000 × g; 15 min at 4◦C), re-
suspended in 20 ml lysis buffer C supplemented with 2 mM
EDTA and 5 mM DTT, and lysed using a JN-02C cell dis-
rupter (JNBIO, Inc.). After poly (ethyleneimine) precipita-

tion and ammonium sulfate precipitation, the pellet was re-
suspended in buffer D (10 mM Tris–HCl, pH 7.9, 0.5 M
NaCl, and 5% glycerol) and loaded onto a 5 ml column of
Ni-NTA agarose (Qiagen, Inc.) equilibrated with buffer D.
The column was washed with 25 ml buffer D containing 20
mM imidazole and eluted with 25 ml buffer D containing
0.15 M imidazole. The eluate was diluted in buffer E (20
mM Tris–HCl, pH 7.9, 5% glycerol, 1 mM EDTA and 1 mM
DTT) and loaded onto a Mono Q 10/100 GL column (GE
Healthcare, Inc.) equilibrated in buffer E and eluted with a
160 ml linear gradient of 0.3–0.5 M NaCl in buffer E. Frac-
tions containing E. coli RNAP were pooled and applied to
a HiLoad 16/600 Superdex 200 column (GE Healthcare,
Inc.) equilibrated in buffer F (20 mM Tris–HCl, pH 8.0,
75 mM NaCl, 5 mM MgCl2), and the column was eluted
with 120 ml of the same buffer. Fractions containing E. coli
RNAP were pooled and stored at –80◦C. Yield was ∼2.5
mg/l, and purity was > 95%. Endogenous RNAP or its
mutants containing �CTD amino acid substitutions were
prepared by transforming plasmid pREII-NHα or pREII-
NHα mutants into E. coli strain BL21 (DE3), inoculated
with TB broth instead of LB broth, induced and sequen-
tially purified as E. coli RNAP described above (39,40).
Yield was ∼0.2 mg/l, and purities was >95%.

Assembly of E. coli SoxS-TAC

The full sequences of SoxS scaffolds used for cryo-EM are
listed in Supplementary Table S1. Oligos were ordered gel
purified from Sangon Biotech, Inc. DNA oligonucleotides
scaffolds (sequences shown above) were synthesized (San-
gon Biotech, Inc.) and dissolved in nuclease-free water to 1
mM. Template strand DNA and nontemplate strand DNA
were annealed at 1:1 ratio in 10 mM Tris–HCl, pH 7.9, 0.2
M NaCl. Then, E. coli SoxS-TAC was assembled by incu-
bating E. coli RNAP, micF scaffold (or zwf scaffold or fpr
scaffold), and E. coli SoxS in a molar ratio of 1:1.1:15 at
4◦C overnight. Subsequently, the mixture was applied to
a HiLoad 16/600 Superdex 200 pg column (GE Health-
care Life Sciences) equilibrated in buffer F. After identifica-
tion by SDS-PAGE and electrophoretic mobility shift assay
(EMSA), the fractions containing E. coli SoxS-TAC were
concentrated using Amicon Ultra centrifugal filters (10 kDa
MWCO, Merck Millipore, Inc.).

Cryo-EM grid preparation

Immediately before freezing, 6 mM CHAPSO was added
to the freshly purified E. coli SoxS-TAC. C-flat grids (CF-
1.2/1.3–4C; Protochips, Inc.) were glow-discharged for 60
s at 15 mA prior to the application of 3 �l of E. coli SoxS-
TAC complex, then plunge-frozen in liquid ethane using a
Vitrobot (FEI, Inc.) with 95% chamber humidity at 10◦C.

Cryo-EM data acquisition and processing

The grids with three types of E. coli SoxS-TAC were im-
aged using a 300 kV Titan Krios (FEI, Inc.). Images were
recorded with Serial EM (41) in counting mode with a phys-
ical pixel size of 1.1 Å (SoxS-TACI and SoxS-TACII) or
1.307 Å (SoxS-TACIII). Data were collected with a dose of
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10 e/pixel/s. Images were recorded with subframes, which
were subsequently aligned and summed using MotionCor2
(42). The contrast transfer function was estimated for each
summed image using CTFFIND4 (43). From the summed
images, ∼10 000 particles were manually picked and sub-
jected to 2D classification in RELION (44). 2D averages of
the best classes were used as templates for auto-picking in
RELION. Auto-picked particles were manually inspected,
then subjected to 2D classification in RELION. Poorly
populated classes were removed, resulting in a dataset of
177 709 particles. These particles were 3D-classified in RE-
LION using a map of E. coli RPo (PDB ID: 6CA0) (8)
low-pass filtered to 40 Å resolution as a reference. 3D clas-
sification resulted in 3 classes. Particles in Classes 3 were
3D auto-refined, and the best-resolved class containing 81
768 particles was post-processed in RELION (Supplemen-
tary Figure S3). The Gold-standard Fourier-shell- correla-
tion analysis indicated a mean map resolution of 4.55 Å
of E. coli SoxS-TACII (Supplementary Figure S4). Like-
wise, the best-resolved class containing 116 760 particles
was post-processed in RELION (Supplementary Figure
S5), and the Gold-standard Fourier-shell-correlation anal-
ysis indicated a mean map resolution of 3.43 Å of E. coli
SoxS-TACI (Supplementary Figure S6). The best-resolved
class containing 74 601 particles was post-processed in RE-
LION (Supplementary Figure S7), and the Gold-standard
Fourier-shell-correlation analysis indicated a mean map res-
olution of 4.23 Å of E. coli SoxS-TACII (Supplementary
Figure S8).

Model building and refinement

The model of E. coli RNAP RPo (PDB ID: 6CA0) (8), Al-
phaFold predicted structure of SoxS (ID: AF-P0A9E2-F1)
(45) and the ternary structure of E. coli MarA, DNA and
RNAP �CTD (PDB ID: 1XS9) (46) were manually fitted
into the cryo-EM density maps of SoxS-TAC in Coot (47),
followed by adjustment of main- and side-chain conforma-
tions in Coot and real-space refinement using Phenix (48).
Structures were analyzed with PyMOL (49) and Chimera
(50).

In vitro transcription assay

In vitro Mango-based transcription assays were carried out
by incubating E. coli RNAP (or endogenous E. coli RNAP
or its derivatives), mango DNA (micF DNA, zwf DNA
and fpr DNA), with or without E. coli SoxS or its deriva-
tives. Transcription assay was performed in a 96-well mi-
croplate format. Reaction mixtures (80 �l) contained: 0 or
1 �M SoxS or SoxS derivatives, 0.1 �M RNAP (or 0.2
�M endogenous RNAP or its derivatives), 50 nM mango
DNA, 1 �M TO1-Biotin, 0.1 mM NTP mix (ATP, UTP,
GTP and CTP), 40 mM Tris–HCl, pH 8.0, 50 mM NaCl,
10 mM MgCl2, 5% glycerol. First, E. coli RNAP (or en-
dogenous RNAP or its derivatives), SoxS, and mango DNA
were incubated for 15 min at 37 ◦C, then NTP mix and
TO1-biotin were added into the mixture and incubated for
10 min at 37◦C. Finally, fluorescence emission intensities
were measured using a multimode plate reader (EnVision,

PerkinElmer Inc.; excitation wavelength = 510 nm; emis-
sion wavelength = 535 nm). Relative transcription activities
of SoxS derivatives were calculated using:

A = (I − I0) / (IWT − I0) (1)

where IWT and I are the fluorescence intensities in the pres-
ence of SoxS and SoxS derivatives (or endogenous E. coli
RNAP and its derivatives); I0 is the fluorescence intensity
in the absence of SoxS.

Microscale thermophoresis (MST) binding assays

His-tagged E. coli RNAP was labeled with the NT-647-
NHS dye by using the Monolith NTTM Protein Label-
ing Kit RED-NHS (NanoTemper Technologies) (51–53).
250 nM of labeled RNAP were incubated with serially di-
luted unlabeled SoxS (without His-tag) for 15 min at room
temperature in the binding buffer (1.8 mM KH2PO4, 10
mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, and 0.05%
Tween-20, pH 7.8) to a final volume of 20 �l. The unla-
beled proteins in each experiment were independently pre-
pared. Then samples were loaded into NT.115 premium
coated capillaries (NanoTemper Technologies). Binding ex-
periments were performed by using the Monolith NT.115
Pico apparatus (NanoTemper Technologies) with the fol-
lowing parameters: LED power 5%, MST Power high. Af-
ter turning on the IR-Laser, MST traces were analyzed be-
tween 4.00 and 5.00 s. and data were collected with the MO
Control software version 1.6. Each fraction of the complex
formed was determined by MO Affinity Analysis software
version 2.3. Apparent dissociation constant (Kd) was calcu-
lated using nonlinear fitting assuming one specific binding
site with the GraphPad Prism 8 software with the following
formula.

Y = B∗
Max X/Kd + X (2)

where B*Max is the maximum theoretical specific binding,
here B*Max = 1.

Qualification and statistical analysis

For calculations of Fourier shell correlations (FSC) in Sup-
plementary Figures S4B and E, S6B and E, S8B and E), the
FSC cut-off criterion of 0.143 (54) was used. To quantify
the transcription assays (Figures 2G and 3E; Supplemen-
tary S12D), mean values and the standard error of the mean
from three independent measurements were calculated. The
local resolution of the cryo-EM maps (Supplementary Fig-
ures S4C, S6C and S8C) was estimated using blocres (55).
The quantification and statistical analyses for model refine-
ment and validation were generated using PHENIX (48).

RESULTS

Overall structure of SoxS-TAC

To obtain different intact SoxS-TAC structures, we con-
structed three synthetic DNA scaffolds representing class
II SoxS-dependent promoter (micF, from –58 to +13, posi-
tions numbered relative to the transcription start site), class
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Figure 1. The overall structures of E. coli SoxS-TAC. (A) DNA scaffold used in structure determination of E. coli SoxS-TACII (top panel). Two views of
the cryo-EM density map of E. coli SoxS-TACII (bottom panel). (B) DNA scaffold used in structure determination of E. coli SoxS-TACI (top panel). Two
views of the cryo-EM density map of E. coli SoxS-TACI (bottom panel). (C) DNA scaffold used in structure determination of E. coli SoxS-TACIII (top
panel). Two views of the cryo-EM density map of E. coli SoxS-TACIII (bottom panel); The EM density maps and cartoon representations of E. coli SoxS-
TACII, E. coli SoxS-TACI, and E. coli SoxS-TACIII are colored as indicated in the color key. NT, non-template-strand promoter DNA; T, template-strand
promoter DNA.

I SoxS-dependent promoter (zwf, from –62 to +13), and
a novel SoxS-dependent promoter (fpr, from –73 to +13)
(Figure 1). Since the promoter context and transcription ac-
tivation mode of fpr are significantly different from the pre-
viously reported classes I and II promoters (26,30), we des-
ignate it as a class III SoxS-dependent promoter. As shown
in Figure 1, each of the promoter consists of a SoxS bind-
ing box (soxbox), a non-optimal –35 element, a consensus
–10 element, a 13-nucleotide (nt) transcription bubble, and
an 11-bp downstream DNA. The soxbox elements (con-
taining A site and B site) differ in orientation and spacer
length from the consensus –10 element. SDS-PAGE anal-
ysis of each purified complex showed that E. coli RNAP
and E. coli SoxS were stoichiometrically included, indi-
cating well-assembled SoxS-TACs (Supplementary Figure

S2A). Meanwhile, we constructed three pieces of promoter
DNA that carry a SoxS-dependent promoter followed by a
Mango III sequence encoding a fluorogenic aptamer (Sup-
plementary Figure S1) (34–38). Mango-based transcription
assay showed that purified E. coli RNAP activates tran-
scription on all three DNA constructs in the presence of
SoxS, demonstrating the transcription activities of TACs
(Supplementary Figure S2B).

We determined three intact SoxS-TAC structures using
cryo-EM at nominal resolutions of 4.55 Å for SoxS-TACII

(Figure 1A; Supplementary Figures S3 and S4; Table 1),
3.43 Å for SoxS-TACI (Figure 1B; Supplementary Figures
S5 and S6; Table 1), and 4.23 Å for SoxS-TACIII (Figure
1C; Supplementary Figures S7 and S8; Table 1). In these
cryo-EM maps, the electron densities for RNAP and the
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Table 1. Single particle cryo-EM data collection, processing, and model building for E. coli SoxS-TACII, SoxS-TACI and SoxS-TACIII

SoxS-TACII SoxS-TACI SoxS-TACIII

Data collection and processing
Microscope Titan Krios Titan Krios Titan Krios
Voltage (kV) 300 300 300
Detector K3 summit K3 summit K2 summit
Electron exposure (e/Å2) 50 50 59
Defocus range (�m) 1.4–2.2 1.4–2.2 1.5–2.5
Data collection mode Super resolution Super resolution Counting
Physical pixel size (Å/pixel) 1.1 1.1 1.307
Symmetry imposed C1 C1 C1
Initial particle images 186 215 266 487 255 233
Final particle images 81 768 116 760 74 601
Map resolution (Å)a 4.55 3.43 4.23
Refinement
Map sharpening B-factor (Å) –183 –89 –104
Root-mean-square deviation
Bond length (Å) 0.004 0.006 0.006
Bond angle (◦) 0.797 0.797 0.950
MolProbity statistics 1.78 1.63 1.97
Clashscore 6.14 4.55 8.16
Rotamer outliers (%) 0.21 0.32 0.68
C� outliers (%) 0.0 0.0 0.0
Ramachandran plot
Favored (%) 93.14 94.13 90.76
Outliers (%) 0.21 0.05 0.05

aGold-standard FSC 0.143 cutoff criteria.

downstream DNA allowed unambiguous docking of each
component and superimpose well on those of E. coli RPo
(PDB ID: 6CA0) (8). The RNAP �’ subunit consists of two
coiled coils, one called clamp helices is the binding site for
sigma factors and the other is called rim helices which is
the binding site for Gre factors (8,56). The calculated local
resolution is ∼3.0–4.5 Å for the core RNAP, and ∼5.5–7.5
Å for the peripheral �CTD and SoxS, indicating of their
flexibility (Supplementary Figures S4C, S6C, S8C, S9–S11).
Consistent with previous experiments (20,25,26,31,33,46),
only one SoxS molecule simultaneously engages soxbox of
the promoter DNA, �CTD, or/and �70R4 in the SoxS-TAC
structures (Supplementary Figures S9C and D; S10C and
D; S11C and D). As expected, SoxS interacts with soxbox
in the same way as its homolog MarA, which inserts its
two conserved HTH motifs into the corresponding DNA
major grooves of mar binding box (PDB ID: 1BL0) (28).
Likewise, in SoxS-TACI and SoxS-TACII, SoxS specifically
contacts the A site and B site elements of soxbox with its
�3 and �6 helices of the two highly conserved HTH motifs
(Supplementary Figure S12A and B, left panel). Whereas, in
SoxS-TACIII, SoxS engages soxbox in the opposite direction
to that of the above two structures (Supplementary Figure
S12A and B, right panel). This distinct mode of interaction
enables SoxS to make more interactions with RNAP and
promotes RNAP remodeling.

Strikingly different from the previously reported TAC
structures (11–15,38,57,58), both �CTDs (the upstream one
designated as �CTDI and the downstream one as �CTDII)
were unambiguous in the density maps of SoxS-TACI and
SoxS-TACIII, clearly exhibiting their distinct relative posi-
tions in the two complexes (Figure 1A and C; Supplemen-
tary Figures S5 and S7) and allowing SoxS to serve as a
versatile activator.

Cryo-EM analysis of SoxS-TACII on the micF promoter un-
veils the general regulation mode for transcription activation
of class II promoters

We found in our previous cryo-EM studies that the struc-
ture of a class II transcription activation complex can be
more readily obtained than that of a class I complex, mainly
because the former carries a conserved activator-binding
box that somewhat overlaps with the consensus –35-like ele-
ment in promoter DNA, and this promoter context provides
more stabilizing interactions between the activator and the
conserved domains of RNAP, such as �CTD, �70R4, and
� flap. The micF promoter, which encodes a small an-
tisense RNA involved in multidrug resistance regulation
(26,59), was identified as a good example for class II SoxS-
dependent promoters and was selected to assemble SoxS-
TACII.

As expected, in SoxS-TACII, a single SoxS molecule con-
tacts two conserved DNA major grooves (including A site
and B site) of soxbox by its corresponding �3 helix (with
Y33, W36, Q39 and R40) and �6 helix (with T87 and R90)
from the conserved HTH motifs (Figures 1A, 2A and B;
Supplementary Figure S12A and B). Our cryo-EM struc-
ture displays great similarity with the co-crystal structure
of MarA in complex with its cognate DNA mar (PDB ID:
1BL0) with a bent upstream promoter (28), suggesting simi-
lar regulatory roles for the other SoxS/MarA-like activators
of the AraC/XylS family.

Besides, SoxS simultaneously interacts with �CTDI and
�70R4 of RNAP. The NMR structure of E. coli MarA in
complex with RNAP �CTD (PDB ID: 1XS9, with DNA
omitted) can be well-fitted into the upstream density map
of SoxS and �CTDI, indicating analogous interactions be-
tween SoxS and �CTDI to those between MarA and �CTD
(46). Residues H3, K5, Q8, D9, A12, W13 and E16 from the
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Figure 2. The critical interactions in E. coli SoxS-TACII. (A) The struc-
ture model of E. coli SoxS-TACII. (B) Relative locations of SoxS, E. coli
RNAP �CTDI, E. coli RNAP �70R4, and the upstream double-stranded
DNA. (C) Detailed interactions between E. coli RNAP �CTDI 265D and
SoxS AR4. Salt-bridges are shown as red dashed lines. (D) Detailed inter-
actions between E. coli RNAP �70R4 596D and SoxS AR3. Salt-bridges
are shown as red dashed lines. (E) Relative locations of SoxS, E. coli RNAP
�70R4, and the upstream double-stranded DNA. (F) Relative locations of
E. coli RNAP �70R4 and the typical upstream –35 element DNA (PDB
ID: 6XLL). (G) Substitutions of SoxS residues involved in SoxS-DNA,
SoxS AR4–�CTDI 265D, SoxS AR3-�70R4 596D, and SoxS AR3-� FTH
interfaces decreased in vitro transcription activity. Data for in vitro tran-
scription assays are means of three technical replicates. Error bars repre-
sent mean ± SEM of n = 3 experiments. Colors as in Figure 1.

�1 helix as well as K30 and S31 from the �2 helix at the N-
terminal surface of SoxS mediate the above-mentioned in-
teractions with the UP element-binding ‘265 determinant’
of �CTDI (�CTDI 265D) (Figure 2A and C), the occu-
pancy of which had been demonstrated to interfere with the
transcription of UP element-containing promoters (60,61).
Moreover, a cluster of residues including D19 and Q20 from
the linker connecting the �1 and �2 helices, E65 from the �4
helix, F74, D75, I76, and D79 from the �5 helix, and R71
from the loop connecting the �4 and �5 helices make exten-

sive interactions with the conserved ‘596 determinant’ from
the �4 helix of �70R4 (�70R4 596D) and the � flap tip he-
lix (� FTH) through salt bridges, hydrogen bonds, and van
der Waals forces (Figure 2D). The two involved interfaces
(Figure 2C and D) share similarities with the reported tran-
scription activator protein T. thermophilus TTHB099 acti-
vation region 4 (TAP AR4)- �CTD interface, the activation
region 3 (TAP AR3)–�70R4 interface, and the TAP AR3–�
FTH interface from the class II TAP-dependent transcrip-
tion activation complex (TAP–TAC, PDB ID: 5I2D, Sup-
plementary Figure S13A) (11). Therefore, we designate the
above two exposed surfaces of SoxS as activation region
4 (SoxS AR4, Figure 2C) and activation region 3 (SoxS
AR3, Figure 2D). Further comparative analysis shows that
interactions between SoxS AR3 and �70R4 596D occlude
�70R4 from binding to the –35 element (Figure 2E and F),
in line with previous observations of biochemical assays
(26). Consistently, substitution of the residues implicated
in SoxS-DNA, SoxS AR4–�CTDI, SoxS AR3–�70R4, and
SoxS AR3–� FTH interfaces resulted in severe defects in
SoxS-dependent transcription activity as identified by our
Mango-based assay (Figure 2G), reflecting their necessities
and biological importance.

Thus, our results and previous reports provide favorable
evidences for SoxS-dependent transcription on class II pro-
moters through a ‘pre-recruitment’ mechanism mediated by
SoxS AR4–�CTDI interactions. SoxS likely functions as a
co-sigma factor to efficiently navigate RNAP from the UP
element-containing or –35-like element-containing promot-
ers to SoxS-dependent promoters.

Cryo-EM analysis of SoxS-TACI on the zwf promoter reveals
that two �CTD cooperatively activate transcription of class
I promoters

The zwf promoter regulates the expression of glucose-6-
phosphate dehydrogenase that acts as the first essential en-
zyme in pentose phosphate pathway of glucose catabolism
(20,26,27). It carries a soxbox 7 bp upstream of the –35
element (corresponding to the –61.5 site of class I CAP-
dependent promoters) and is recognized as a representa-
tive class I promoter for SoxS. Growing biochemical studies
have established that �CTD of E. coli plays an important
role in CAP-dependent transcription activation, especially
on class I promoters (15,33,60–62). Nevertheless, �CTD is
mostly invisible in transcription activation complexes due
to its high flexibility. Surprisingly, both �CTDs were vi-
sualized in our SoxS-TACI on the zwf promoter, bracing
SoxS through different interactions and inserting their he-
lices into the corresponding DNA major grooves similarly
to that in SoxS-TACII (Figure 3A and B).

Similar to SoxS-TACII, SoxS AR4 from the �1 and �2 he-
lices associates with the DNA-binding determinant �CTDI

265D (Figures 1A, 3A and B). Meanwhile, the SoxS AR3
region (E70, R71, P72, F74, D75, I76 and D79) contacts
the ‘287 determinant’ of �CTDII (�CTDII 287D, includ-
ing E286, V287, E288, L290 and K291) instead of �70R4
596D and � FTH in SoxS-TACII (Figure 3C). Residues
E70, R71, and D75 form salt bonds with K291, E288,
and E286, respectively. Hydrophobic residues P72 and I76
from SoxS as well as V287 and L290 from �CTDII clus-
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Figure 3. The critical interactions in E. coli SoxS-TACI. (A) Two views of the structure model of E. coli SoxS-TACI. (B) Relative locations of SoxS, E.
coli RNAP �CTDI, E. coli RNAP �CTDII, and the upstream double-stranded DNA. (C) Detailed interactions between E. coli RNAP �CTDII 287D and
SoxS AR3. Salt-bridges are shown as red dashed lines. (D) Detailed interactions between E. coli RNAP �CTDII 261D and �70R4 596D. Salt-bridges are
shown as red dashed lines. (E) Substitutions of SoxS residues involved in SoxS-DNA, SoxS AR4–�CTDI 265D and SoxS AR3–�CTDII 287D interfaces
decreased in vitro transcription activity. Colors as in Figure 1.

ter into a hydrophobic center by Van der Waals forces.
Such interface resembles that between activation region 1 of
CAP (CAP AR1) and �CTD from class I CAP-dependent
transcription activation complex (CAP-TACI, PDB ID:
6B6H) (15), revealing the versatility of SoxS AR3 to en-
gage different conserved domains of RNAP. Intriguingly,
�CTDII 265D makes conserved contacts with the UP el-
ement similar to that from CAP-TACI (Figure 3A and B;
Supplementary Figure S13B), demonstrating its dual regu-
latory roles in mediating both protein–protein and protein–
DNA interactions. In addition, the ‘261 determinant’ of
�CTDII (�CTDII 261D) interacts with the �70R4 596D
(Figure 3D). In agreement with the above interactions, mu-
tations of the key residues involved in SoxS-DNA, SoxS
AR4–�CTDI and SoxS AR3–�CTDII 287D interfaces sig-
nificantly reduced the transcriptional activities in Mango-
based assays, implying their physiological roles (Figure 3E).

SoxS-TACI displays a similar activator-DNA-RNAP ar-
chitecture to the cryo-EM structure of CAP-TACI, except
for the monomeric state of SoxS and horizontally flipped
conformation of �CTDII (Supplementary Figure S13B). It
is therefore conceivable that two �CTDs can intricately ac-
tivate transcription by coordinating the interactions among

the activator, the UP element DNA, and �70R4 on class I
promoters.

Cryo-EM analysis of SoxS-TACIII on the fpr promoter re-
veals a novel transcription activation architecture

The fpr promoter, which regulates the expression of an es-
sential NADPH:ferredoxin reductase involved in the soxRS
regulon (24), harbors a reversed soxbox to that of micF and
zwf, while possessing a 15 bp-spacer upstream of the –35
element (26,27). Despite the challenges of analyzing a tran-
scription complex with such a long promoter, we finally de-
termined the cryo-EM structure of SoxS-TACIII on the fpr
promoter. In additional to the conserved SoxS-soxbox in-
teraction and the �CTDII-UP element interaction, SoxS-
TACIII presents multiple novel features.

First, in contrast to SoxS-TACI and SoxS-TACII, SoxS
turns ∼180◦ and inserts its two conserved helices into the
reversed soxbox element (Figures 1C, 4A and B). This find-
ing not only agrees with previous genetic studies and dock-
ing models for SoxS and MarA (46), but also clearly defines
the functional architecture of each component. Second, the
backward SoxS AR4 still makes similar sets of contacts
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Figure 4. The critical interactions in E. coli SoxS-TACIII. (A) Two views of
the structure model of E. coli SoxS-TACIII. (B) Relative locations of SoxS,
E. coli RNAP �CTDI 265D, SoxS AR4 and the upstream double-stranded
DNA. (C) Relative locations of E. coli RNAP �CTDI C-loop DI, �CTDII

C-loop DII and the upstream double-stranded DNA. (D) Detailed interac-
tions between E. coli RNAP �CTDI C-loop DI and �CTDII C-loop DII.
(E) Relative locations of SoxS, RNAP �CTDI, �CTDII and �70R4. Colors
as in Figure 1. (F) Substitutions of �CTD residues involved in �CTDI C–
loop DI and �CTDII C–loop DII interface decreased in vitro transcription
activity.

with �CTDI 265D to those in SoxS-TACI and SoxS-TACII

(Figures 2C, 3B and 4B; Supplementary Figure S12A–C).
Third, strikingly, both �CTDI and �CTDII are clearly ob-
served and interacts with each other in SoxS-TACIII (Figure
4A, C and D; Supplementary Figure S13C). Residue R317,
E319, P322 from the C-terminal loop of �CTDI make three
hydrogen bonds with residues E319 from the C-terminal
loop of �CTDII, D250 from the �3 helix of �CTDII, and
A308 from the �4 helix of �CTDII, respectively. Besides,
residue L318 from the C-terminal loop of �CTDI forms
a hydrophobic center with I252, L253, M316 and L318
from �CTDII. W321 from �CTDII engages the �4 helix
of �CTDII, providing of stabilizing roles between the two
loops. These participating residues from the C-terminal
loop of �CTDI form a C-loop determinant (�CTDI C-loop
DI), and the corresponding residues in �CTDII constitute a
C-loop determinant (�CTDII C-loop DII). This loop-loop
interaction serves as a bridge to connect SoxS and �70R4

across a long distance (Figure 4E), cooperatively stabiliz-
ing the conformation of SoxS-TACIII. This represents a
first-reported interface that mediates transcription initia-
tion of �CTD. Fourth, the �CTDII 261D interacts with the
�70R4 596D in the same manner as that in SoxS-TACI (Fig-
ure 4E; Supplementary Figure S12C). In accordance with
the above interactions, substitutions of the residues impli-
cated in SoxS-DNA and SoxS AR4–�CTDI interactions
severely compromise SoxS-dependent transcription activ-
ity on the fpr promoter (Supplementary Figure S12D). In
order to verify the newly identified �CTD-�CTD interac-
tions in SoxS-TACIII, we made corresponding mutations to
�CTD as suggested, and successfully purified the endoge-
nous RNAP mutants with �CTD mutations. Then we per-
formed EMSA experiments and in vitro transcription assays
with these RNAP mutants. Compared to wild type RNAP,
RNAP mutants of W321A, P322A, D250A showed weaker
bands of SoxS-TAC identified by the EMSA experiments,
while I252A, L253A, R265A, L318A, E319A, del �CTD
(249–329aa) mutants displayed very weak bands of SoxS-
TAC (Supplementary Figure S12E), indicating the impor-
tance of these residues in activating SoxS-TAC formation.
In accordance with this, RNAP mutants of I252A, L253A,
L318A, E319A confer severer defects in transcription activ-
ities than W321A, P322A and D250A. Expectedly, R265A
and del �CTD (249∼329aa) almost lost all the transcrip-
tion activities (Figure 4F). These further demonstrate the
�CTD–�CTD interactions in SoxS-TACIII play an indis-
pensable role in SoxS-dependent transcription activation on
class III promoters.

Taken together, transcription initiation of SoxS-
dependent class III promoters requires novel, �CTD-
mediated protein–protein interactions to coordinate the
conserved domains of an activator and RNAP. Moreover,
SoxS dexterously engages the reversed promoter DNA in
SoxS-TACIII and provides favorable stabilizing interactions
(Supplementary Figure S13D).

Comparative structural analysis of three SoxS-TAC struc-
tures supports the versatile and universal regulatory modes
of RNAP �CTD in bacterial transcription activation

As mentioned above, �CTDI plays essential roles in all three
SoxS-TAC structures, whereas �CTDII is required for tran-
scription initiation for both class I and class III promoters
with activator binding sites upstream of the –35 element.
Further comparative structural analysis of the three SoxS-
TAC structures demonstrates that �CTD activates tran-
scription initiation in highly versatile modes via different
determinants in different orientations.

To find out the most essential determinant for transcrip-
tion activation, we superimposed and compared SoxS-TAC
with different reported transcription activation complexes
(aligning RNAP and DNA in the same conformation). In
SoxS-TACI and SoxS-TACII, �CTDI predominantly inter-
acts with SoxS AR4 via the conserved �CTDI 265D (Fig-
ure 5A, left two panels). While in SoxS-TACIII, �CTDI

flips horizontally to make almost the same sets of inter-
actions with SoxS AR4 (Figure 5A, middle panel), indi-
cating the great significance of this interface for facilitat-
ing transcription initiation. Accordingly, B. subtilis �CTD
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Figure 5. RNAP �CTD exhibits versatile and universal interfaces with
transcription activators in different transcription activation complexes. (A)
RNAP �CTD exhibits versatile conformations in different transcription
activation complexes. Structures of �CTDI from SoxS-TACII, SoxS-TACI,
SoxS-TACIII are shown in cartoon with violet color, with �CTDI 265D
shown in orange spheres. Structures of �CTDI from Spx-TAC (PDB ID:
7F75) is shown in cartoon with light pink color, with �CTDI 261D shown
in light green spheres. and Structures of �CTDI from TAP-TAC (PDB ID:
5I2D) is shown in cartoon with light grey color, with �CTDI 265D shown
in light yellow spheres. (B) Interfaces of �CTDII from SoxS-TACI (left
panel) or SoxS-TACIII (right panel). Arrows indicate the corresponding
interaction domains from SoxS, UP element, �70R4, or �CTDI. (C) Sum-
mary of �CTDI and �CTDII interfaces from SoxS-TACII, SoxS-TACI or
SoxS-TACIII. Colors and conformations of core RNAP and the down-
stream DNA are shown as in Figure 1.

from the recently reported B. subtilis Spx-TAC (PDB: 7F75)
adopts a similar conformation to the horizontally flipped
�CTDI, aided by the ‘261D’-like helix (38) (Figure 5A,
right panel). Though T. thermophilus �CTD from TAP-
TAC (PDB ID: 5I2D) exhibits similar interactions, its con-
formation is turned ∼90◦ anticlockwise from a downward
view (11) (Figure 5A, right panel). These data underscore
the key roles of �CTD 265D in establishing interactions be-
tween RNAP and different activators at distinct conforma-
tions, revealing the versatility and generality properties of
�CTDI in bacterial transcription activation.

�CTDII activates transcription through three types of
contacts on class I and class III promoters. In comparison,
the �CTDII 265D from SoxS-TACI and SoxS-TACIII make
similar contacts with the corresponding DNA-binding UP
element (Figure 5B, left panel; 5C). In SoxS-TACI, �CTDII

simultaneously interacts with SoxS AR3 and �70R4 596D
by �CTDII 287D and �CTDII 261D, respectively (Figure
5B, left panel; 5C). These interactions strongly resemble the
three corresponding interfaces involved in CAP-TACI (15)
(Supplementary Figure S13B). In SoxS-TACIII, apart from
the �CTDII 265D-UP element and �CTDII 261D-�70R4

596D interactions, �CTDII also interacts with �CTDI via
their C-loop determinants (Figure 5B, right panel; 5C).
Overall, the above data emphasize the indispensable roles
of these �CTD determinants in cooperative enhancement
of transcription initiation.

DISCUSSION

Reversed promoters are greatly enriched in host-associated
bacteria and play critical roles in regulation of genes in-
volved in antibiotic resistance and adaptation to severe en-
vironmental perturbations. However, the underlying tran-
scription initiation mechanism remains poorly defined. In
the present study, we determined three cryo-EM struc-
tures of SoxS-TAC: class I promoter-containing SoxS-
TACI, class II promoter-containing SoxS-TACII, and the
reversed promoter-containing SoxS-TACIII. Comparative
analysis shows that a small SoxS monomer exhibits ex-
tensive interactions with the promoter DNA and the con-
served domains of E. coli RNAP, acting as a common tran-
scription activator on different types of promoters. Muta-
tional analysis show that the SoxS mutants display differ-
ential defects on the different promoters, K30A, W36A,
R71A, D75A, T87A, Q39A and R40A are most defective in
SoxS-TACI, D79A and R90A are most defective in SoxS-
TACII, while W13A, K30A, W36A, T87A, R71A, D75A
confer substantial defects to all of the three types of com-
plexes (Figure 2G, 3E and Supplementary Figure S12D),
revealing their functional significance. Intriguingly, SoxS
specifically interacts with the reversed soxbox element by its
two distinctive HTH motifs in SoxS-TACIII, in the oppo-
site direction to that of SoxS-TACI or SoxS-TACII. These
interactions––in combination with the stable contacts be-
tween SoxS AR4 and �CTDI 265D––render �CTDI sand-
wiched between SoxS and �CTDII, which simultaneously
interacts with the promoter DNA and �70R4. Positioned
in an opposite orientation on the reversed promoter, SoxS
greatly reduces the long distance from �70R4 and thus suc-
cessfully activates transcription initiation. Notably, these
elaborate ‘forward-backward’ activation modes of SoxS en-
able exceptionally stable engagement with the promoter
DNA and RNAP to effectively enhance transcription acti-
vation. This novel transcription initiation mechanism may
have evolutionary implications for generating genetic diver-
sity. This unique strategy further provides favorable struc-
tural foundation for few SoxS molecules (2500 molecules
per cell) to precisely discriminate soxbox from the abun-
dant soxbox-containing promoters (65,000 SoxS binding
sites per cell) in vivo (24,25). Since the SoxS AR4–�CTDI

265D interface is identified in all three SoxS-TAC struc-
tures, it may play a crucial role in ‘pre-recruitment’ of SoxS
in vivo. A number of investigations presume that ADP ribo-
sylation on two Arg265 residues of host RNAP �CTD play
an important role in bacteriophage T4-specific transcrip-
tion regulation, by shutting down bacterial RNA synthe-
sis (63–67). Nevertheless, it is more difficult to understand
why the phage codes for ADP-ribosylation targeting on the
second Arg265. From the structures of SoxS-TAC, we may
get some hints: inactivation of two �CTD is necessary for
potential efficient bacterial transcription regulation, by dis-
rupting the �CTD-activator and �CTD-DNA interfaces.
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Figure 6. Proposed models for Class I/II activator-dependent and SoxS-dependent transcription activation. (A) Proposed working model for canonical –
35/–10 element promoter-dependent transcription in the absence/presence of SoxS. (B) Proposed working models for Class I SoxS-dependent transcription
activation (left panel) and classic Class I activator-dependent transcription activation (right panel). (C) Proposed working models for Class II SoxS-
dependent transcription activation (left panel) and Class II activator-dependent transcription activation (right panel). (D) Proposed working model for
Class III SoxS promoter-dependent transcription activation.

Transcription initiation is a multi-step process, activa-
tors can function at each step RNAP, from RNAP recruit-
ment to isomerization into an active RPo to promoter es-
cape, and promoter structures may also exhibit distinct in-
fluences. To verify the ‘pre-recruitment mechanism’ of SoxS
proposed (24,25), we performed EMSA and MST binding
assays. The EMSA experiments showed that SoxS alone
displayed no detectable binding activity to different types
of SoxS-dependent promoters in the presence of heparin
(0.05 mg/ml). But in the presence of RNAP, stable and
larger bands of SoxS-TAC formed (Supplementary Figure
S14A-C), indicating that SoxS precedingly binds RNAP
other than DNA. Moreover, the MST assay also showed
obvious binding affinity between SoxS and RNAP in so-
lution without DNA (Supplementary Figure S14D). In
good agreement with the above and previous observations
(24,26,33,46), wild type RNAP exhibits about 16.8-fold ac-
tivation in the presence of SoxS in contrast to a 2.4-fold
activation on the control DNA (including neither soxsbox
nor UP element). While as to the UP element DNA, SoxS
drastically reduces transcription activity to a ratio of 0.15
to that without SoxS. Expectedly, del �CTD almost lost
entire transcription activities and shows no such contrast-
ing change (Supplementary Figure S14E). These observa-
tions along with the previous in vivo experiments provide

more favorable evidences for the proposed ‘pre-recruitment
mechanism’ of SoxS, in which SoxS interacts with RNAP in
the absence of DNA, and diverts RNAP to transcribe prop-
erly positioned and oriented SoxS-dependent promoters. It
is noteworthy that SoxS also facilitates formation of com-
petent SoxS-TAC and most possibly acts as a pre-bound
RNAP inhibitor at UP element-containing promoters. Ad-
ditionally, single-molecule magnetic trap assay displayed
apparent higher efficiency of promoter escape upon SoxS
addition than without SoxS (Supplementary Figure S15)
(68–70), suggesting a positive regulatory role of SoxS in
the process of promoter escape of RNAP. From this aspect,
it is presumably that SoxS activates SoxS-dependent tran-
scription during promoter escape of RNAP transcription
initiation, as well. Apart from the contributions devoted
by soxsbox site, consensus -35 element and -10 element to
SoxS-dependent activation, the different spacer length be-
tween each other on the three types of promoters may also
play distinctive roles in these processes. It seems likely that
the 3 bp-spacer length between -10 element and + 1 of fpr
promoter, which consists of a lower G/C discriminator el-
ement than the other two, may differentially affects SoxS-
TAC formation and promoter escape (68,70–73). And its
15 bp-spacer between soxsbox site and -35 element affords
much more space for �CTD than a 7 bp-spacer of zwf pro-
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moter, which probably facilitates SoxS in the ‘backward’ ac-
tivation mode through the ‘hand-in-hand’ interactions be-
tween two �CTDs. However, these need to be systematically
confirmed in the near future.

As noted above, our results and previous reports of-
fer a comprehensive view of SoxS-dependent transcrip-
tion regulation (Figure 6): Upon oxidative stress, cellu-
lar SoxS concentration is increased, and SoxS preferen-
tially interacts with the DNA binding ‘265D’ of �CTD and
scans the promoters through a pre-recruitment mechanism
(24,25,31). When encountering UP element-containing pro-
moters, SoxS represses transcription by interfering with the
binding domains of �CTD to the UP element (33) (Fig-
ure 6A). On class I SoxS-dependent promoter, SoxS si-
multaneously interacts with the soxbox elements and two
�CTDs, remodels �70R4, assembles SoxS-TACI, and ef-
ficiently activates transcription initiation (Figure 6B). On
class II SoxS-dependent promoter, SoxS-DNA, SoxS AR4–
�CTDI, SoxS AR3-�70R4 287D and SoxS AR3-�FTH in-
teractions jointly promote the formation of SoxS-TACII

to initiate transcription (Figure 6C). In contrast, if the
scanned promoter contains a reversed soxbox, SoxS adopts
in the opposite orientation to bind soxbox and presents
extensive interfaces of SoxS AR4–�CTDI, �CTDI C-loop
DI-�CTDII C-loop DII and �CTDII 261D-�70R4 596D.
These interactions cooperatively facilitate SoxS-TACIII for-
mation and adaptively enhance stress gene transcription
(Figure 6D). Consistent with the previous biochemical ob-
servations, it is therefore conceivable that SoxS serves as
a multifunctional transcription activator that engages dif-
ferent classes of promoters, pre-recruits RNAP, remod-
els RNAP, and finally promotes DNA-melting to form
transcription-competent SoxS-TAC. This study establishes
an excellent example for further exploration of other tran-
scription activators, especially for the other pathogenic
AraC/XylS family members. In good agreement with our
SoxS-TACI and SoxS-TACII, the most recently reported
class I and class II transcription complexes of RamA also
revealed similar interactions between RamA and RNAP
(74), both of which uncover the importance of these in-
terfaces in RNAP remodeling. Analogously, classic class
I/II activator-dependent transcription activation models
(such as CAP or TAP in dimer state) are suggested (Fig-
ure 6B and C). However, whether dimeric activator has
similar class III activator-dependent transcription activa-
tion architecture to that of SoxS-TACIII still needs to be
discovered.

The three SoxS-TAC structures disclosed here and the
previously reported transcription activation complexes pro-
vide new insights into the versatile and universal regulation
roles of �CTD and �70 in bacterial transcription activation
(11,13,15,74). First, �CTD stabilizes transcription activa-
tion complex and promotes transcription initiation through
its characteristic determinants (60,75). Both �CTD 265D
and �70R4 596D play dual regulatory roles in transcrip-
tion activation by mediating protein–DNA and/or protein–
protein interactions (Figure 5). Second, the strategy that
SoxS uses to occlude �70R4 from binding to –35 element re-
presses the transcription of most �70-dependent genes and
efficiently devotes most resources to SoxS-dependent pro-

moters. This is reminiscent of the � appropriation mech-
anism mediated by AsiA and MotA of T4 phage (12). In
comparison with the results of previous biochemical as-
says, the interactions mediating �CTD-activator interfaces
may also activate transcription by promoting the forma-
tion of RPc, while the interactions mediating �CTD-�70R4,
activator-�70R4, and/or �CTD-� FTH interfaces proba-
bly activate transcription by facilitating the conversion of
RPc into a competent RPo (11). Because �CTD and �70R4
are highly conserved among all bacterial RNAPs, the above
mechanistic framework may also be applied to other organ-
isms.

In addition, the above class II SoxS-dependent tran-
scription activation mechanism shows similarities with the
recently reported global transcription regulator Spx (38).
Both are monomerically involved in redox homeostasis
regulation, remodel specific promoter DNA and bacterial
RNAP subunits to form transcription-competent activation
complex, and are regulated at the post-transcriptional level
by Lon protease. However, in contrast to Spx (a sensor of
oxidative stress), SoxS contains no cysteine residue to act
as a redox-sensing switch. Instead, it functions as a ver-
satile stress responder. Altogether, SoxS serves as a signal
amplifier by recognizing diverse types of promoters and as-
sembling appropriate transcription initiation complexes to
timely evoke target gene expression and combat environ-
mental stresses. These versatile and intricate transcription
regulation strategies may also hold good promise for en-
gineering highly efficient and finely-tuned gene expression
tools for synthetic biology.
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