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DNA looping mediates cooperative 
transcription activation

Shu-Jing Han    1, Yong-Liang Jiang    1  , Lin-Lin You2, Li-Qiang Shen2, 
Xiaoxian Wu2, Feng Yang1, Ning Cui1, Wen-Wen Kong    1, Hui Sun1, Ke Zhou1, 
Hui-Chao Meng1, Zhi-Peng Chen1, Yuxing Chen    1, Yu Zhang    2   & 
Cong-Zhao Zhou    1 

Transcription factors respond to multilevel stimuli and co-occupy 
promoter regions of target genes to activate RNA polymerase (RNAP) in 
a cooperative manner. To decipher the molecular mechanism, here we 
report two cryo-electron microscopy structures of Anabaena transcription 
activation complexes (TACs): NtcA-TAC composed of RNAP holoenzyme, 
promoter and a global activator NtcA, and NtcA–NtcB-TAC comprising an 
extra context-specific regulator, NtcB. Structural analysis showed that NtcA 
binding makes the promoter DNA bend by ∼50°, which facilitates RNAP 
to contact NtcB at the distal upstream NtcB box. The sequential binding 
of NtcA and NtcB induces looping back of promoter DNA towards RNAP, 
enabling the assembly of a fully activated TAC bound with two activators. 
Together with biochemical assays, we propose a ‘DNA looping’ mechanism 
of cooperative transcription activation in bacteria.

Multiple transcription factors act in concert via co-occupying the 
promoter regions and respond to different input signals to pre-
cisely control the transcription output of downstream genes in both 
prokaryotes and eukaryotes1–5. In bacteria, one global regulator and 
one context-specific regulator usually function as a pair to activate 
gene transcription in a cooperative manner1,3,4. Despite structures of  
TACs containing either class I or class II transcription activators having 
been reported6–8, the underlying mechanism of cooperative transcrip-
tion activation remains unclear due to the lack of structural information 
for a TAC comprising two activators.

Carbon/nitrogen (C/N) balance control is critical to maintain-
ing cellular homeostasis for all organisms9. As an ancient photoau-
totrophic bacterium, cyanobacteria have evolved a finely regulated 
signal transduction network to keep pace with nitrogen assimilation 
with CO2 fixation9–12. The global regulator NtcA in the catabolite acti-
vator protein (CAP) family plays a central role in maintaining the C/N 
balance through sensing the central metabolite 2-oxoglutarate (2-OG), 
which tightly controls the expression of more than 120 genes that 
stimulate nitrogen metabolism in Anabaena sp. PCC 7120 (Anabaena 

for short)13–18. Cyanobacteria mainly utilize the nitrate assimilation 
pathway encoded by nirA, nrtABCD and narB genes (termed nirA operon 
in Anabaena) to import and reduce nitrate10,11,19. The expression of nirA 
operon is maintained at a basal level by the global regulator NtcA, 
but significantly boosted by the context-specific activator NtcB (a 
LysR-type transcriptional regulator; LTTR) when the nitrogen source is 
switched from ammonium to nitrate20–24. Therefore, the regulation of 
nirA operon by NtcA and NtcB serves as an excellent model for studying 
cooperative transcription activation in bacteria.

Results
NtcA and NtcB cooperatively regulate the expression of nirA 
operon
We first verified that NtcA and NtcB activate transcription of the pro-
moter of the nirA operon (PnirA) in a cooperative manner. The in vitro 
transcription activity assays showed that 2-OG-bound NtcA increases 
the transcription activity of RNAP on PnirA (Extended Data Fig. 1a); by 
contrast, NtcB alone has no effect on PnirA transcription (Extended Data 
Fig. 1b). However, NtcB substantially augments PnirA transcription in 
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the previously reported open conformation of RNAP–promoter DNA 
(RPo) structure (Extended Data Fig. 3a)25.

NtcA functions as a class II activator on the PnirA promoter. The 
proximal protomer (NtcAI) of NtcA dimer makes interactions with 
region 4 of σA (σR4) through one surface patch of NtcA that corre-
sponds to the activating region 3 of Escherichia coli CAP (Fig. 1d,e and 
Extended Data Fig. 3b,c)26,27. The interactions involve residues Asp39, 
Glu59, Glu62 and Glu63 of NtcA and residues Lys371, Arg374, Lys375, 
Arg377, His378 and Lys386 of σR4 (Fig. 1e and Extended Data Fig. 3c). 
Mutating these interface residues on NtcA substantially impaired  
its transcription activation activity, indicating an important role of 
NtcA–σR4 interaction on the transcription activation activity of NtcA 
(Fig. 1f). Intriguingly, different from typical class II activators6,8,27, 
NtcA makes interaction with neither the N-terminal (αNTD) nor the 
C-terminal domain (αCTD) of the α subunit of RNAP.

σR4 and NtcA recognize the −35 element and NtcA box, respec-
tively, which are partially overlapped (Fig. 1a,d and Extended Data 

the presence of 2-OG-bound NtcA (Extended Data Fig. 1c). Our results 
show that the transcription activation activity of NtcB relies on NtcA, 
confirming the cooperative model of action by NtcA and NtcB10,20–23.

Overall architecture of NtcA-TAC
To understand how NtcA activates transcription, we reconstituted 
the NtcA-TAC using Anabaena RNAP, σA, 2-OG-bound NtcA and the 
125-base pair (bp) PnirA-derived DNA comprising the consensus binding 
motifs of NtcA (−48 to −35 with respect to the transcription start site, 
centered at −41.5) and NtcB (−100 to −64, centered at −82), also termed 
NtcA and NtcB boxes (Fig. 1a and Extended Data Fig. 1d,e). The cryo-EM 
map of NtcA-TAC reconstructed at 3.6 Å (Table 1 and Extended Data  
Fig. 2) shows unambiguous signals for 66-bp double-stranded (ds) DNA 
(−53 to +13) with a partially resolved transcription bubble, RNAP and 
NtcA dimer (Fig. 1b,c and Extended Data Fig. 3a). The RNAP and the 
core promoter region (−36 to +13) adopt the similar conformation and 
make essentially the same interactions with each other, as observed in 

–48 –46 –37 –35

NtcAI

NtcAII

(NT) (NT)

NtcB box NtcA boxa

b

c

d

e

f

g

DNA

NtcA

NtcA
RNAP

RNAP

σA

σA

NT T NtcAII  NtcAI σA β β’ γ ω αI αII

DNA

DNA

NtcA

NtcA
RNAP

RNAP

50°

DNA

σR2

σR3

σR4

NtcAI

NtcAII

DNA

NtcAII

Extended –10

–10 element

Discriminator

Nontemplate
DNA

Template
DNA

NtcAI

σR4

σR4

σR2

NtcAI

NtcAII

90°

90° σR3

90° 

102
nucleotides1 2 3 4 5 6 7 8

W
T

W
T

R8
8A

R1
29

A

D
39

A

E5
9A

/
E6

2A
/

E6
3A

 

R1
87

A/
V1

88
A/

R1
92

A 

NtcAderivative – + + + + + + +
2-OG – – + + + + + +
RNAP + + + + + + + +

0

1

2

3

4

5

6

Fo
ld

s 
of

 tr
an

sc
rip

tio
na

l a
ct

iv
ity

–100

–10 element
Extended –10

Discriminator

–110

–20
–10

+10
+1

RNA

Start site 5’
3’

NT
T

–90 –80 –70 –60 –50 –40 –30

–35 element
5’
3’

5’ 3’

A AT T C

G

R187

R187
V188 V188F helix F helix

C helices

R192

R192

D39
K386

H378
R377

K375R374

K371
E62

E63 E59

R187

R187
V188

V188

F helix

F helix

R192

R192

***P = 0.0002
*P = 0.0465

***P = 0.0002
**P = 0.0024

σR4
σR3 σR2σR4

Fig. 1 | The structure of NtcA-TAC. a, The nucleic acid scaffold used for cryo-
EM structure determination of NtcA-TAC and NtcA–NtcB-TAC. The NtcA and 
NtcB binding sites are highlighted and labeled with NtcA box and NtcB box, 
respectively. The palindromic sequences are underlined by purple arrows. The 
−35 element is highlighted in a dashed box. b,c, The cryo-EM map (b) and the 
structure model (c) of NtcA-TAC presented in two view orientations. The RNAP 
subunits, NtcA dimer and the promoter are colored differently, as shown in the 
color key. T, template; NT, nontemplate. The σR2, σR3 and σR4 represent the 
region 2, region 3 and region 4 of σA, respectively. d, NtcA and σR4 recognize 
partially overlapped NtcA box and the −35 element, respectively. NtcA dimer 

and σR4 are represented as cartoon. Cα atoms of the key interaction residues 
are represented as spheres. e, Interactions between NtcA and σR4. Cα atoms of 
the interface residues are shown as spheres. f, In vitro transcription activation 
results using a modified PnirA as template DNA and WT/mutant NtcA. Data 
are presented as mean ± s.e.m., n = 5 biologically independent experiments. 
Two-tailed unpaired t-tests. No P value adjustments for multiple comparisons. 
*P < 0.05, **P < 0.01 and ***P < 0.001 indicate significant difference compared to 
lane 3. The lower panel shows the representative gel image. RNA transcripts, 102 
nucleotides. WT, wild type. g, The binding of NtcA dimer induces a 50° bending of 
the promoter DNA at the −35 element.
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Fig. 3b,c). The σR4 loosely contacts the −35 element, and the helix–
turn–helix (HTH) module of σR4 does not reach the major groove as 
deeply as it does in the transcription initiation complex structure in 
Synechocystis sp. PCC 6803 (Extended Data Fig. 3d)25, probably due 
to change of the dsDNA trajectory around the −35 element caused by 
the NtcA–DNA interactions, explaining a degenerated −35 sequence 
of PnirA promoter (Fig. 1a and Extended Data Fig. 1d,e). The degener-
ate −35 motif and the weakened recognition by σR4 have also been 
observed in other class II TAC structures6,28. The DNA-binding domains 
(NtcA-DBDs) of the NtcA dimer recognize the palindromic motif of the 
14-bp NtcA box (−48GTA-N8-TAC−35) centered at −41.5. The ‘F helix’ and 
the side wing of the winged HTH module of NtcA-DBD insert into the 
major and minor grooves of the half palindromic NtcA box, respectively 
(Fig. 1d). Residues Arg187, Val188 and Arg192 of NtcA-DBD make direct 
interactions with DNA (Extended Data Fig. 3e). Alanine substitution of 
these residues not only greatly reduced the binding affinity of NtcA 
towards the promoter DNA (Extended Data Fig. 3f), but also lowered 
its transcription activation activity (Fig. 1f). Binding of NtcA dimer  
to the NtcA box enforces an ∼50° bending of DNA towards RNAP  
(Fig. 1g). This bending changes the trajectory of upstream dsDNA, 
shortens the spatial distance between RNAP and upstream DNA and 
eventually makes RNAP accessible to the transcription factor that binds 
to the distal upstream DNA.

Overall architecture of NtcA–NtcB-TAC
To understand how NtcB cooperates with NtcA to activate transcrip-
tion, we determined the structure of a TAC comprising both NtcA and  
NtcB (NtcA–NtcB-TAC). The gel-shift assays showed that the sequen-
tial addition of NtcA and NtcB gradually slowed the migration of the 
RNAP–promoter complex, suggesting the formation of a larger complex 
(Extended Data Fig. 4). The reconstituted complex of NtcA–NtcB-TAC that 
comprises Anabaena RNAP, σA, 2-OG-bound NtcA, NtcB and the 125-bp 
PnirA-derived promoter DNA was subsequently applied to cryo-EM 
single-particle analysis. The overall 4.5-Å cryo-EM map of NtcA–NtcB-TAC 
(Table 1 and Extended Data Fig. 5) shows unambiguous signals for RNAP, 
σA, the NtcA dimer, the NtcB tetramer and the ∼112-bp promoter DNA 
with a partially resolved transcription bubble (Fig. 2a,b). The structural 
model of NtcA–NtcB-TAC was built by sequentially docking NtcA-TAC, 
the 2.4-Å crystal structure of the dimeric effector-binding domain of 
NtcB (NtcB-EBD) determined in this study (Table 2 and Extended Data 
Fig. 6a,b) and a predicted model of the DNA-binding domain of NtcB 
(NtcB-DBD) into the cryo-EM map. The structure shows that RNAP  
core promoter interactions in the NtcA–NtcB-TAC remain unchanged 
compared to the structure of NtcA-TAC, suggesting that binding of  
NtcB does not alter RPo conformation (Extended Data Fig. 7a). The inter-
actions of NtcA with RNAP and DNA are essentially the same in both 
NtcA-TAC and NtcA–NtcB-TAC structures, suggesting that NtcB bind-
ing does not affect the binding mode of NtcA (Extended Data Fig. 7b).

In the NtcA–NtcB-TAC structure, NtcA and NtcB respectively inter-
act with their boxes and slightly contact each other (Fig. 2a,b). Beyond 
the interactions between RNAP holoenzyme and the core region of 
promoter, NtcA binds to σR4 and the NtcA box, whereas NtcB makes 
interactions with RNAP-αNTD and the NtcB box (Figs. 1 and 2). The 
electrophoretic mobility shift assays (EMSA) show that both NtcA 
and NtcB bind to PnirA in a sequence-specific manner (Extended Data  
Fig. 8a,b). Moreover, mutating either NtcA or NtcB box did not affect 
the DNA-binding affinity of the other transcription factor (Extended 
Data Fig. 8c,d). Our results suggest that NtcA and NtcB respectively 
bind to their boxes in an independent manner, different from the mutu-
ally dependent DNA-binding mode of many eukaryotic transcription 
activators29–31.

The NtcB interactions of the promoter DNA and RNAP
The LTTR family regulator, NtcB, adopts a tetrameric structure 
that consists of two compact (NtcBII and NtcBIII) and two extended 

subunits (NtcBI and NtcBIV), respectively (Fig. 2c). Two NtcB-EBD dimers 
(NtcB-EBDI/NtcB-EBDIII and NtcB-EBDII/NtcB-EBDIV) are flanked at the 
two different sides of promoter DNA and separated ∼80 Å in distance 
from each other, while two NtcB-DBD dimers (NtcB-DBDIII/NtcB-DBDIV 
and NtcB-DBDI/NtcB-DBDII) are lined up along the promoter DNA  
(Fig. 2c,d). Generally, the NtcB tetramer adopts an expanded confor-
mation that enables binding to both the promoter DNA and RNAP via 
DBDs and EBDs, respectively.

The NtcA–NtcB-TAC structure reveals how NtcB interacts with 
DNA (Fig. 2c,d). Similar to typical LTTRs24,32, each of the two NtcB-DBD 

Table 1 | Cryo-EM data collection, refinement and validation 
statistics

NtcA-TAC  
(EMD-34476),  
(PDB 8H40)

NtcA–NtcB-TAC  
(EMD-34475),  
(PDB 8H3V)

Data collection and processing

Magnification ×81,000 ×81,000

Voltage (kV) 300 300

Electron exposure (e–/Å2) 50 50

Defocus range (μm) −1.2 to −2.2 −1.2 to −2.2

Pixel size (Å) 1.07 1.07

Symmetry imposed C1 C1

Initial particle images (no.) 566,246 851,868

Final particle images (no.) 45,239 65,256

Map resolution (Å) 3.6 4.5

 FSC threshold 0.143 0.143

Map resolution range (Å) 3–7.5 3.7–10

Refinement

Initial model used (PDB code) 8GZG 8GZG

Model resolution (Å) 3.5 4.5

 FSC threshold 0.143 0.143

Model resolution range (Å) 3–7.5 3.7–10

Map sharpening B factor (Å2) −96.62 −246.01

Model composition

 Non-hydrogen atoms 34,919 46,335

 Protein residues 4,130 5,326

 Ligands 0 0

B factors (Å2)

 Protein 184.13 34.68

 Nucleotide 209.72 130.41

 Ligand 0 0

R.m.s. deviations

 Bond lengths (Å) 0.073 0.053

 Bond angles (°) 4.360 4.061

Validation

 MolProbity score 4.11 4.29

 Clashscore 175.10 179.18

 Poor rotamers (%) 4.55 7.60

Ramachandran plot

 Favored (%) 60.4 60.7

 Allowed (%) 35.8 33.8

 Disallowed (%) 3.8 5.5

http://www.nature.com/nsmb
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Fig. 2 | The structure of NtcA–NtcB-TAC. a,b, The cryo-EM map (a) and the 
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are lined up along the promoter DNA. T, template; NT, nontemplate. d, The 
interactions between NtcB-DBDs and NtcB box with a zoomed-in view shown 
as an inset. The interface residues are shown as spheres. The positions of the 
conserved recognition motifs are highlighted. e, The interactions between NtcB-
EBD and RNAP-αNTD with a zoomed-in view shown as an inset. The potential 
interface residues are shown as spheres.
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dimers is organized in a head-to-head manner to recognize the NtcB 
box (−100ATGC-N7-GCAT-N7-ATGC-N7-GCAT−64) that comprises two  
palindromic motifs interspaced by 7 bp (Figs. 1a and 2c,d and Extended 
Data Fig. 1d,e). The NtcB-DBDIII/NtcB-DBDIV dimer recognizes the  
distal palindromic box, while the NtcB-DBDI/NtcB-DBDII dimer interacts 
with the proximal box (Fig. 2c,d). Further structural analysis showed 
that residues Arg34 and His53 of NtcB-DBD, which are conserved 
in LTTRs24,33, directly interact with DNA (Fig. 2d and Extended Data  
Fig. 9a). Alanine substitution of these residues greatly reduced the 
binding affinity of NtcB towards the promoter (Extended Data Fig. 9b)  
and decreased its transcription activation activity (Extended Data  
Fig. 9c), confirming the essential roles of these residues.

The NtcA–NtcB-TAC structure also reveals how NtcB interacts with 
RNAP. Compared to the previously reported structures of LTTRs24,34, the 
two EBD dimers of NtcB are distantly separated, whereas the two DBD 
dimers closely approach each other (Fig. 2d,e). The two separated EBD 
dimers make interactions with the two RNAP α subunits via NtcB-EBDII 
and NtcB-EBDIII, respectively (Fig. 2e and Extended Data Fig. 9d). In the 
NtcB-EBDI/NtcB-EBDIII dimer, a small surface patch (residues Leu151–
Gly160) of EBDIII approaches the N-terminal domain of the RNAP αII 
subunit (RNAP-αNTDII) and makes interactions most likely with a loop 
region (residues Lys88–Ser92) of RNAP-αNTDII (Fig. 2e and Extended 
Data Fig. 9d). Similar interaction networks are also observed for the 
NtcB-EBDII/NtcB-EBDIV dimer and RNAP-αNTDI (Fig. 2e and Extended 
Data Fig. 9d). The interactions between RNAP-αNTD and NtcB-EBD are 
critical, as deletion of the interacting patch (residues Leu151–Gly160) 
of NtcB substantially impaired the cooperative transcription activation 
activity (Extended Data Fig. 9c).

The ‘DNA looping’ model
The binding of NtcA and NtcB to the promoter enforces a DNA bending 
of ∼50° and ∼70°, respectively, at their binding boxes (Fig. 3a). More
over, NtcB binding to RNAP triggers an extra bending of ∼20° between 
NtcA and NtcB boxes. Therefore, the sequential binding of NtcA  
and NtcB induces a total DNA bending of ∼140°, resulting in the looping 
back of the upstream promoter DNA in the NtcA–NtcB-TAC structure 
(Fig. 3a). This bending of 140° enables the concomitant binding of 
NtcA and NtcB with both RNAP and promoter DNA. The 15-bp spacer 
between the binding boxes of NtcA and NtcB makes it possible for the 
NtcB tetramer and NtcA dimer to bind to the promoter DNA on the 
same side that faces RNAP (Figs. 1a and 3a and Extended Data Fig. 1d,e).  
Indeed, either extending or shortening the spacer by 5 bp completely 
abolished the cooperative activation activity of NtcB (Extended  
Data Fig. 10).

These structural and biochemical analyses enabled us to propose 
a ‘DNA looping’ mechanism underlying the cooperative activation 
by NtcA and NtcB, in which the NtcB–RNAP interaction is enabled by 
the proximal promoter bending induced by the NtcA–RNAP interac-
tion (Fig. 3b,c). The NtcB box is located at the distal upstream of the 
core promoter region, and thereby the tripartite interaction among 
NtcB, the promoter DNA, and RNAP-αNTD is energetically costly, as it 
requires a DNA curving of ∼140°. Our structures show that NtcA bends 
the upstream DNA around its binding box and changes the trajectory 
of the upstream promoter towards RNAP (Fig. 3b). The NtcA-induced 
DNA bending significantly decreases the spatial distance between NtcB 
and RNAP-αNTD, making their interaction become possible. Moreover, 
it lowers the energetic barrier of DNA curving required for NtcB–RNAP 
interaction (Fig. 3b,c). The extensive interactions among the activators, 
RNAP and promoter DNA in the NtcA–NtcB-TAC structure are expected 
to stabilize the RNAP–DNA complex, as observed in other class I and II 
bacterial transcription activation complexes6,7,35,36.

To test this hypothesis, we performed molecular beacon assays to 
investigate whether NtcA/NtcB affects the interactions between RNAP 
and a PnirA derivative (−105 to −11) containing the binding motifs of 
NtcA and NtcB, the −35 element, and the −11 A overhang of the non-
template DNA. We omitted the downstream DNA region to prevent 
interference from dsDNA unwinding. The results (Fig. 3d) showed 
that NtcA alone increases the RNAP–DNA affinity by approximately 
twofold (14 nM versus 6 nM), while the presence of NtcB and NtcA 
together increases the RNAP–DNA affinity by approximately sevenfold 
(14 nM versus 2 nM). NtcB alone had no effect. These findings support 
the cooperative activation model of NtcA and NtcB and suggest that 
NtcA and NtcB activate transcription by promoting RNAP–promoter 
DNA closed complex (RPc) formation. However, we cannot rule out 
the possibility that the two activators might also facilitate RPo forma-
tion. The increased interaction between RNAP and dsDNA might help  
RNAP open the SI3-σ arch, enabling subsequent loading of the  
promoter DNA25. In summary, our results indicate that NtcA and  
NtcB enhance the affinity between RNAP and dsDNA, likely promoting 
RPc formation.

Discussion
Our ‘DNA looping’ model suggests that a transcription factor that 
bends the proximal upstream promoter DNA facilitates the interaction 
between RNAP and the second transcription factor bound at the distal 
upstream regions. The presence of binding sites of both class II and 
class I activators has been observed on many bacterial σ70-dependent 
promoters, suggesting the prevalence of such a mode of regulation 
in σ70-dependent transcription1–5,37,38. Moreover, the ‘DNA looping’ 
mechanism has long been hypothesized in σ54-dependent transcrip-
tion, in which the action of enhancer-binding protein requires DNA 
looping by bacterial histone-like proteins1,39. This model has also 
been hypothesized in eukaryotic RNA polymerase II transcription, 
in which the enhancer and promoter are brought together by DNA 

Table 2 | Data collection and refinement statistics

NtcB-EBD (PDB 8H3Z)

Data collection

Space group P212121

Cell dimensions

 a, b, c (Å) 59.697, 68.410, 114.310

   α, β, γ (°) 90.00, 90.00, 90.00

Resolution (Å) 44.12-2.40 (2.49-2.40)

 Rmerge 0.124 (0.574)

 I / σI 20.7 (2.8)

  Completeness (%) 99.0 (97.0)

  Redundancy 8.3 (5.8)

Refinement

Resolution (Å) 50.00-2.40

No. reflections 17,649

Rwork / Rfree 23.4/28.6

No. atoms

  Protein 3,187

  Ligand/ion 25

  Water 105

B factors

  Protein 37.86

  Ligand/ion 63.59

  Water 35.38

R.m.s. deviations

  Bond lengths (Å) 0.013

  Bond angles (°) 1.576
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looping forming proteins, topologically associating domains, as well 
as condensates2,29,40–42. Our findings suggest a general means for tran-
scription cooperative activation shared in bacteria and eukaryotes. 
Moreover, our work provides a detailed structural example of ‘DNA 
looping’-mediated cooperative transcription activation.
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Methods
Plasmid construction
The plasmid information is summarized in Supplementary Table 1. 
The genes encoding the α subunit (rpoA), β subunit (rpoB), γ subu-
nit (rpoC1), β′ subunit (rpoC2), ω subunit (rpoZ), σ factor (sigA, σA), 
NtcA (ntcA) and NtcB (ntcB) were amplified by PCR from Anabaena  
genomic DNA, and their mutants (σA

E201C, NtcAE59A/E62A/E63A, NtcAD39A, 
NtcAR187A/V188A/R192A, NtcB∆Leu151-Gly160, NtcBR34A/H53A, NtcB-EBD) were ampli-
fied by PCR from their wild-type plasmids, respectively. Anabaena rpoA 
and rpoZ were cloned into pCDFDuetTM-1 (Novagen); rpoB, rpoC1 and 
rpoC2 were cloned into pETDuet (Novagen) using homologous recom-
bination methods. Anabaena ntcA, ntcB, σA and their derivatives were 
respectively cloned into the pET28a vector with an N-terminal His-tag.

pEASY/PnirA was constructed by ligating pEASY-blunt vector 
(Transgen Biotech) and a DNA fragment (−148 to +102) comprising the 
upstream region (−148 to −31; amplified from Anabaena genomic DNA) 
of nirA operon promoter and the core promoter region of T5 N25 (−30 
to +102; amplified from plasmid pARTaq-N25-100-TR2)43. The pEASY/
PnirAAB+5 and pEASY/PnirAAB-5 were prepared using pEASY/PnirA as 
template through site-directed mutation.

Protein expression and purification
All proteins except for NtcB were expressed in E. coli strain BL21 
(DE3) (Novagen). NtcB and its mutants were overexpressed in E. coli 
BL21(DE3) that was cotransformed with the constructed plasmid plus 
pKY206 containing groEL/ES genes encoding chaperonins. Protein 
expression was induced for 16 h by addition of 0.4 mM IPTG at 18 °C 
when the optical density at 600 nm reaches 0.6 to 0.8. Cells were col-
lected by centrifugation (11,000g, 3 min, 4 °C). Cell pellets of NtcA, 
NtcB and their mutants were resuspended using buffer A (20 mM 
Tris–HCl pH 7.9, 1 M NaCl, 5% (v/v) octyl β-d-glucopyranoside, 5 mM 
β-mercaptoethanol and 1 mM phenylmethyl sulfonyl fluoride) and 
lysed by 30 min of sonication. After centrifugation at 27,000g for 
30 min, supernatants containing target proteins were loaded onto a 
Ni-NTA column (Cytiva), respectively, equilibrated with buffer A. Target 
proteins were eluted using buffer A with 0.5 M imidazole and further 
loaded onto a Superdex 200 column (GE Healthcare) pre-equilibrated 
with buffer A. Target protein fractions were eluted with buffer A, pooled 
and concentrated to 10 mg ml−1. The cell pellet of NtcB-EBD was resus-
pended using buffer B (8.1 mM Na2HPO4, 1.76 mM KH2PO4, 2.67 mM KCl, 
136.89 mM NaCl and 5 mM β-mercaptoethanol) and lysed by 30 min of 
sonication and purified by following the above procedure.

Anabaena RNAP core enzyme was overexpressed in E. coli  
BL21 (DE3) cells carrying pETDuet/rpoB-rpoC1-rpoC2 and pCDFDuet-1/ 
rpoA-rpoZ and purified as described in our previous report25. Anabaena 
σA and σA

E201C mutant were overexpressed in E. coli BL21 (DE3) cells  
carrying pET28a/σA and pET28a/σA

E201C, and purified by a similar pro-
cedure to that for NtcA and NtcB.

Crystallization and structure determination of NtcB-EBD
Crystals of Anabaena NtcB-EBD were grown at 16 °C by sitting-drop 
vapor diffusion in a 2-µl drop (1 µl of 15 mg ml−1 protein solution and 
1 µl of reservoir solution comprising 0.1 M MES pH 6.2, 1 M Li2SO4). 
The iodine-substituted crystals were prepared by soaking the crys-
tals with 1 M KI. X-ray diffraction data were collected at 100 K at 
beamline 19U with a DECTRIS PILATUS 6M detector at the Shanghai 
Synchrotron Radiation Facility. The diffraction data were integrated 
and scaled using XDS44. The crystal structure of NtcB-EBD was deter-
mined by experimental phasing using PHENIX AutoSol45. The initial 
model was built by AutoBuild, refined in REFMAC5 (ref. 46) and manu-
ally rebuilt interactively using the program Coot47. The final model 
showed good geometry and was evaluated using MolProbity (http://
molprobity.biochem.duke.edu). A list of the parameters for data 
collection, processing, structure determination and refinement is 
provided in Table 2.

Nucleic acid scaffold
Nucleic acid scaffold for Anabaena NtcA–NtcB-TAC and NtcA-TAC was 
prepared as follows: nontemplate strand DNA (NT-DNA, 0.73 mM final; 
Sangon Biotech), template strand DNA (T-DNA, 0.8 mM final; Sangon 
Biotech) and oligoribonucleotide (5′-UCGA-3′; 7.1 mM; GenScript) in 
42.4 μl annealing buffer (5 mM Tris–HCl pH 8.0, 200 mM NaCl and 
10 mM MgCl2) were heated for 5 min at 95 °C and cooled to 25 °C in 
1 °C steps with 30 s per step using a thermal cycler. The sequences of 
template and nontemplate DNAs are shown in Fig. 1a and Extended 
Data Fig. 1e, and listed in Supplementary Table 1.

Electrophoretic mobility shift assays
Cy5-labeled DNA fragments used in EMSA assays for NtcB and NtcA 
binding are listed in Supplementary Table 1. The reaction mixture 
(10 μl) includes DNA fragment (0.2 μM, Sangon Biotech), WT/mutant 
NtcA (0, 0.5, 1, 2, 4 μM) or WT/mutant NtcB (0, 2, 4, 8, 16, 32 μM) in 
20 mM Tris–HCl pH 8.0, 100 mM NaCl. The mixture was incubated for 
20 min on ice. The solutions were separated by 5% Tris–boric acid (TBE) 
gel in TBE buffer (89 mM Tris–boric pH 8.3, 2 mM EDTA) and analyzed 
by Tanon-2500 (Tanon Science & Technology).

For gel-shift assays, the reaction mixture of 7 μl contained 10.5 μM 
Anabaena RNAP–σA holoenzyme, 7 μM PnirA, 0 or 28 μM NtcA, 0 or 
56 μM NtcB in 10 mM HEPES pH 7.5, 100 mM KCl, 5 mM MgCl2, 5 mM 
DTT. The reactions were incubated for 20 min at room temperature 
and 1 h in ice. The solutions were separated by 5% Tris–glycine gel 
in the Tris–glycine buffer (25 mM Tris–HCl, 192 mM glycine pH 8.3), 
stained using SYBR Gold and analyzed by Tanon-2500 (Tanon Science 
& Technology).

In vitro transcription assays
To measure the transcription activation activity of Anabaena NtcA, 
reaction mixtures of 20 μl containing 25 nM RNAP–σA holoenzyme, 
40 mM Tris–HCl pH 8.0, 5 mM MgCl2, 75 mM NaCl, 12.5% (v/v) glycerol 
and 2.5 mM DTT and 25 nM PnirA (prepared by PCR using pEASY/PnirA 
as a template) were incubated for 10 min at 37 °C. NtcA (0, 25, 50, 100, 
200, 400 or 800 nM) preincubated with 2-OG at a concentration of 
100 times the NtcA concentration was added into the mixture followed 
by 10-min incubation at 37 °C. The reactions were initiated by adding 
NTP mixture (100 μM [α-32P]UTP of 0.04 Bq fmol−1, 100 μM of ATP, 
GTP and CTP) and terminated after 10 min at 37 °C by addition of 5 μl 
of loading buffer (8 M urea, 20 mM EDTA, 0.025% xylene cyanol and 
0.025% bromophenol blue). The samples were boiled for 2 min, and 
immediately cooled on ice for 5 min.

To measure the transcription activation activity by NtcB, reaction 
mixtures of 20 μl containing 50 nM RNAP–σA holoenzyme, 40 mM 
Tris–HCl pH 8.0, 5 mM MgCl2, 75 mM NaCl, 12.5% (v/v) glycerol, 2.5 mM 
DTT and 50 nM PnirA or its derivatives (prepared by PCR using pEASY/
PnirA, pEASY/PnirAAB+5 and pEASY/PnirAAB−5 as templates, respectively) 
were incubated for 10 min at 37 °C. Then, 0, 50, 100, 200, 400, 800 or 
1,600 nM NtcB and 100 nM NtcA preincubated with 1 µM 2-OG were 
added into the reaction mixture followed by 10-min incubation at 
37 °C. The reactions were initiated by adding 100 μM NTP mixture and 
terminated after 10 min at 37 °C by addition of 5 μl of loading buffer. The 
samples were boiled for 2 min, and immediately cooled on ice for 5 min.

To measure the transcription activation activity by NtcA mutants, 
reaction mixtures of 20 μl containing 25 nM RNAP–σA holoenzyme, 
40 mM Tris–HCl pH 8.0, 5 mM MgCl2, 75 mM NaCl, 12.5% (v/v) glycerol, 
2.5 mM DTT and 25 nM PnirA (prepared by PCR using pEASY/PnirA as 
template) were incubated for 10 min at 37 °C. Then, 100 nM WT/mutant 
NtcA preincubated with 1 µM 2-OG was added into the reaction mixture 
followed by 10-min incubation at 37 °C. To measure the transcrip-
tion activation activity by NtcB mutants, 50 nM NtcA preincubated 
with 500 nM 2-OG and 400 nM WT/mutant NtcB were added into the 
RNAP–σA holoenzyme–PnirA mixture followed by 10-min incubation at 
37 °C. The reactions were initiated by adding 100 μM NTP mixture and 
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terminated after 10 min at 37 °C by addition of 5 μl of loading buffer. The 
samples were boiled for 2 min, and immediately cooled in ice for 5 min.

RNA transcripts were separated in 15% (19:1, acrylamide: 
bisacrylamide) urea–polyacrylamide slab gels in 90 mM Tris–borate  
(pH 8.0) and 0.2 mM EDTA. The radiograph was obtained by storage- 
phosphor scanning (Typhoon; GE Healthcare) and the intensity was 
quantified by the software FUJIFILM Multi Gauge. The DNA templates 
used for in vitro transcription assays are shown in Extended Data  
Fig. 1e and listed in Supplementary Table 1.

Protein labeling
Anabaena σA

E201C mutant was reduced by 2 mM DTT and further purified 
in PBS buffer using a Superdex 200 column (GE Healthcare). The frac-
tions were cooled on ice and quickly incubated with a 5-molar ratio of 
5-tetramethylrhodamine and kept in the dark for 2 h. Then, 5 mM DTT 
was added to terminate the reaction. The unreacted dye was removed 
using a PD-10 desalting column (GE Healthcare). The labeled protein  
was pooled and concentrated to 5 mg ml−1. The labeled RNAP holo
enzyme used in the molecular beacon assays was reconstituted by 
mixing Anabaena RNAP core enzyme and 5-tetramethylrhodamine- 
labeled σA

E201C in 10 mM Tris–HCl pH 7.7, 100 mM NaCl, 2 mM DTT and 
1% glycerol, in an approximately 1:4 molar ratio.

Molecular beacon assays
The interaction between RNAP and promoter DNA (Extended 
Data Fig. 1e and Supplementary Table 1) was measured by mole
cular beacon assays48–50. The 100 μl reaction mixtures consisted of 
Anabaena 1 nM RNAP holoenzyme containing σA

E201C labeled with 
5-tetramethylrhodamine, the transcription activators as indicated 
(NtcA, 500 nM; NtcB, 2,000 nM) and 0, 0.5, 1, 2, 4, 8, 16, 32, 64 or 
128 nM dsDNA with the −11 A overhang at the nontemplate strand 
DNA (sequences are listed in Supplementary Table 1), 10 mM Tris–HCl 
pH 8.0, 200 mM NaCl, 1 mM DTT, 0.025% Tween-20 and 1% glycerol. 
NtcA was preincubated with 0.5 mM 2-OG. Reaction mixtures were 
incubated for 15 min at room temperature. Fluorescence emission 
intensities were recorded using a microplate reader (TECAN; excita-
tion wavelength, 550/10 nM; emission wavelength, 580/20 nM). The 
equilibrium dissociation constants (Kd) were estimated by nonlinear 
regression using the equation:

F/F0 = {B[S]/(Kd + [S])} + 1 (1)

where F is the fluorescence signal at a given concentration of the  
scaffold, F0 is the fluorescence signal in the absence of the scaffold, [S] 
is the concentration of scaffold and B is an unconstrained constant.

Cryo-EM sample preparation and data collection
The NtcA-TAC complex was reconstituted by mixing Anabaena  
RNAP–σA holoenzyme, NtcA and nucleic acid scaffold in a molar ratio 
of 1:4:1.3, while NtcA–NtcB-TAC was reconstituted by mixing Anabaena 
RNAP–σA holoenzyme, NtcA, NtcB and nucleic acid scaffold in a molar 
ratio of 1:4:10:1.3. Then 5 mM 2-OG was added to the reconstituted 
mixture and incubated for 2 h on ice.

The NtcA-TAC and NtcA–NtcB-TAC complexes were further puri-
fied and cross-linked by gradient fixation (GraFix)51. In brief, the solu-
tion was added to the top of a continuous density gradient (0–30% (v/v) 
glycerol and 0.05–0.02% paraformaldehyde) in buffer C (10 mM HEPES 
pH 7.5, 100 mM KCl, 5 mM MgCl2 and 2 mM DTT). Then, the mixture was 
centrifuged at 192,230g for 16 h at 4 °C using a SW40Ti rotor (Beckman 
Coulter). The fractions containing target complex were collected and 
loaded on a Superose 6 10/300 GL column (GE Healthcare) in buffer 
C to remove glycerol. The fractions of NtcA-TAC and NtcA–NtcB-TAC 
were pooled and concentrated to ∼15 and ∼17 mg ml−1, respectively.

The freshly prepared complexes were incubated with  
3-([3-cholamidopropyl] dimethylammonio)-2-hydroxy-1- 

propanesulfonate (CHAPSO, 8 mM; Hampton Research) before grid 
preparation52. Then, a drop of 3 μl was placed on a glow-discharged 
holey gold grid (UltrAuFoil, R 1.2/1.3 Au 400 mesh, Protochips), blotted 
with Vitrobot Mark IV (FEI) and plunge-frozen into liquid ethane with 
100% chamber humidity at 22 °C. The grids were blotted for 0.5 s with 
a blot force of −1 and a wait time of 5 s.

The NtcA-TAC and NtcA–NtcB-TAC cryo-EM datasets were col-
lected using EPU on a 300 keV Titan Krios (FEI) equipped at the Uni-
versity of Science and Technology of China (USTC). For NtcA-TAC, a 
total of 2,090 videos (32 frames, each 0.16 s, total dose ∼50 e−/Å−2) 
were recorded using a Gatan K3 Summit direct electron detector in 
super-resolution mode at a nominal magnification of ×81,000 at a 
pixel size of 0.535 Å and with a defocus range from −1.2 to −2.2 μm. 
For NtcA–NtcB-TAC, a total of 5,047 videos (40 frames, each 0.16 s, 
total dose ∼50 e−/Å−2) were recorded using a Gatan K3 Summit direct 
electron detector in super-resolution mode at a nominal magnifica-
tion of ×81,000 at a pixel size of 0.535 Å and with a defocus range from 
−1.2 to −2.2 μm.

Cryo-EM data processing
All of the videos were motion corrected and dose weighted using 
MotionCor2 (ref. 53) and were binned twofold to yield a pixel size of 
1.07 Å. The defocus values were estimated using CTFFIND4 (ref. 54).

For the dataset of NtcA-TAC, a total of 1,462 NtcA-TAC micro-
graphs were processed for particle autopicking using RELION after 
removing bad images by manual checking55. Approximately 566,246 
particles were boxed for two-dimensional classification. All good 
classes containing 555,921 particles were selected for the first round of 
three-dimensional (3D) classification with four classes by C1 symmetry. 
A total of 298,068 particles represented the complex containing RNAP 
and NtcA, whereas the rest of the three classes represented irrelevant 
junk particles. Approximately ∼82.4% of particles were selected for 
the second-round 3D classification and refinement, yielding a map of 
NtcA-TAC at 3.4 Å resolution after a PostProcess step as determined by 
gold standard Fourier shell correlation (FSC) using the 0.143 threshold. 
However, the cryo-EM map showed weak signal for the upstream por-
tion of NtcA. To obtain a better map near the NtcA region, we performed 
the third-round 3D classification without alignment and yielded 211,399 
particles for the next masked 3D classification focusing on NtcA. Then, 
∼21.4% particles were re-extracted to perform 3D refinement with sol-
vent flattened FSCs, CTF refinement and Bayesian polishing, yielding 
a final map at a resolution of 3.6 Å.

For the dataset of NtcA–NtcB-TAC, a total of 402,817 particles were 
selected after removing bad images and irrelevant junk particles for the 
first-round 3D classification with four classes by C1 symmetry from 5,047 
images. Approximately ∼16.2% of particles represented the complex 
containing RNAP, NtcA and NtcB. The particles were imported into  
CryoSPARC for the next 3D refinement and local refinement, yielding a 
final map at a resolution of 4.5 Å. To obtain a better map at the region of the 
NtcA and NtcB binding sites, 253,244 particles were selected to perform 
3D classification focusing on the NtcA and NtcB binding regions without 
alignment. In total, 55,966 particles were selected for the final 3D refine-
ment by imposing C1 symmetry, yielding a map at a resolution of 7.6 Å.

Model building and refinement
Model building of NtcA-TAC was performed using Chimera56 by manu-
ally fitting the Synechocystis sp. PCC 6803 transcription initiation 
complex (PDB 8GZG) into the cryo-EM map. NtcA dimer was unam-
biguously docked into the map using the previously solved crystal 
structure of Anabaena sp. PCC 7120 NtcA (PDB 3LA2)13. Model build-
ing of the intact NtcA–NtcB-TAC was performed using Chimera by 
manually fitting the NtcA-TAC into the map. The structural model of 
full-length NtcB was constructed by a predicted model of NtcB-DBD 
and the crystal structure of NtcB-EBD (PDB 8H3Z). The chimeric NtcB 
model was subsequently docked into the map in Chimera. The two 
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structure models were adjusted in Coot47, followed by the iterative 
positional and B-factor refinement in real space using PHENIX45. The 
geometry of the final structures was evaluated using MolProbity (http://
molprobity.biochem.duke.edu). A list of the parameters of cryo-EM 
data collection, processing, structure determination and refinement 
are provided in Table 1.

Statistics and reproducibility
No statistical method was used to predetermine sample size. No data 
were excluded from the analyses. The experiments were not rand-
omized. The investigators were not blinded to allocation during experi-
ments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The crystal structure of NtcB-EBD has been deposited at Protein Data 
Bank (PDB) under accession code 8H3Z. The cryo-EM maps and coor-
dinates of NtcA-TAC and NtcA–NtcB-TAC have been deposited at the 
Electron Microscopy Data Bank (EMDB) (EMD-34476 for NtcA-TAC 
and EMD-34475 for NtcA–NtcB-TAC) and PDB (8H40 for NtcA-TAC and 
8H3V for NtcA–NtcB-TAC). The supplementary map of NtcA–NtcB-TAC 
focusing on NtcA and NtcB has been deposited at EMDB under acces-
sion code of EMD-34477. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | The coordinated regulation of NtcA and NtcB on a PnirA 
derivative. a-b, The transcriptional activity of Anabaena sp. PCC 7120 RNAP in 
the presence of NtcA (a) or NtcB (b) at increasing concentrations (0, 25, 50, 100, 
200, 400, and 800 nM). c, The transcriptional activity of RNAP preincubated 
with 200 nM NtcA, followed by adding NtcB at increasing concentrations (0, 50, 
100, 200, 400, 800, and 1600 nM). Data are presented as mean ± S.E.M., n = 3 
biologically independent experiments. Two-tailed unpaired t-tests. No p value 
adjustments for multiple comparisons. The lower panel shows the representative 
gel image. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 indicate significant 

difference compared to lane 1 (a) and lane 2 (c). RNA transcripts, 102 nt. d, 
The multiple-sequence alignment of the upstream promoter region of nitrate 
assimilation genes in β-cyanobacteria. The NtcA and NtcB boxes are colored 
green and cyan, respectively. The numbers on the top indicate the positions of 
NtcA and NtcB relative to transcription start site from Anabaena sp. PCC 7120. 
Sequence logos derived from the multiple-sequence alignment. e, The DNA 
templates used for DNA scaffold of Cryo-EM, in vitro transcription assays and the 
molecular beacon assays. NtcA and NtcB boxes, −35 element and −10 element are 
colored as shown in the color key. T, template; NT, nontemplate.
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Extended Data Fig. 2 | Cryo-EM data processing of NtcA-TAC. a, A representative cryo-EM image of NtcA-TAC. Bar, 100 nm. The micrograph is a representative of 
2,090 cryo-EM images. b, Representative 2D class averages of NtcA-TAC. c, Flowchart for cryo-EM data processing and map reconstruction for NtcA-TAC.
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Extended Data Fig. 3 | The interaction pattern of NtcA binding to the 
promoter DNA and RNAP in NtcA-TAC. a, Superposition of promoter DNA 
between Anabaena NtcA-TAC and Synechocystis transcription initiation complex 
(synRPitc, PDB: 8GZG). The color schemes are as follows: NT (nontemplate DNA) 
of NtcA-TAC, light yellow; T (template DNA) of NtcA-TAC, light orange; σA of  
NtcA-TAC, green; NT, T and σA of synRPitc, blue; RNA of synRPitc, red. The σR2, 
σR3, and σR4 represent the region 2, region 3 and region 4 of σA, respectively.  
b, Cryo-EM map of NtcA and its binding boxes. c, Cryo-EM maps of NtcA-σR4.  

d, Superposition of σR4-DNA between NtcA-TAC and synRPitc. e, The interactions 
between NtcA and the NtcA box of promoter DNA. The key residues of NtcA 
involved in binding to DNA are shown as spheres. NT, nontemplate. f, The EMSA 
results showing binding of wild-type (NtcAWT) or mutant (R187A/V188A/R192A; 
NtcAM) NtcA with a DNA fragment containing the NtcA box. The EMSA analysis 
results is a representative (n = 1) of many times optimized experiments. Source 
data are provided in the Source Data file.
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Extended Data Fig. 4 | In vitro reconstitution of NtcA-NtcB-TAC. a, Gel-shift 
result showing migration of protein-DNA complex reconstituted through 
indicated combinations of NtcA, NtcB, RNAP and the DNA in Fig. 1a. The Gel-shift  
result is a representative (n = 1) of many times optimized experiments. Source 
data are provided in the Source Data file. b, The size-exclusion chromatography 
of NtcA-NtcB-TAC. c, The SDS-PAGE analysis of the purified NtcA-NtcB-
TAC complex. The protein components are labeled on the right of the gel. 

The chromatogram and SDS-PAGE are representatives of > 5 independent 
experiments that showed similar results. d, The native-PAGE analysis of 
NtcA-NtcB-TAC stained with SYBR Gold dye (left) or Coomassie Brilliant Blue 
(right). The native-PAGE analysis result is a representative of > 3 independent 
experiments that showed similar results. Source data are provided in the Source 
Data file.
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Extended Data Fig. 5 | Cryo-EM data processing of NtcA-NtcB-TAC. a, A representative cryo-EM image of NtcA-NtcB-TAC. Bar, 100 nm. The micrograph is a 
representative of 5,047 cryo-EM images. b, Representative 2D class averages of NtcA-NtcB-TAC. c, Flowchart for cryo-EM data processing of NtcA-NtcB-TAC.
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Extended Data Fig. 6 | The crystal structure of NtcB-EBD. a, A schematic presentation of domain organization of NtcB. b, Crystal structure of the NtcB-EBD dimer. 
The two subunits are colored yellow and green, respectively. The two subdomains RD I and RD II are labeled.
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Extended Data Fig. 7 | Structural comparison of NtcA-TAC and NtcA-NtcB-TAC. a, Superposition of promoter DNA between NtcA-TAC and NtcA-NtcB-TAC.  
b, Superposition of the NtcA-σR4-DNA between NtcA-TAC and NtcA-NtcB-TAC.
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Extended Data Fig. 8 | NtcA and NtcB independently bind to their respective 
boxes. a, The sequences of 5′-Cy5 labeled dsDNA that are used in the EMSA 
assays. PnirA, 76-bp DNA containing wild-type NtcA and NtcB boxes; PnirA/ntcAm, 
a PnirA derivative bearing mutations at the conserved palindromic nucleotides 
of NtcA box; PnirA/ntcBm, a PnirA derivative bearing mutations at the conserved 
palindromic nucleotides of NtcB box. The mutated nucleotides are colored red. 

b, NtcA and NtcB bind to PnirA independently. NtcAWT, wide-type NtcA protein; 
NtcBWT, wide-type NtcB protein. c, Mutating the binding boxes of NtcA abolished 
NtcA binding activity but did not affect NtcB binding. d, Mutating the binding 
boxes of NtcB abolished NtcB binding activity but did not affect NtcA binding. All 
EMSA results are representatives of > 5 independent experiments that showed 
similar results. Source data are provided in the Source Data file.
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Extended Data Fig. 9 | The interactions of NtcB to promoter DNA and RNAP 
in NtcA-NtcB-TAC. a, Superposition of NtcB-DBD/DNA in NtcA-NtcB-TAC and 
the crystal structure of BenM-DBD/DNA complex (PDB:4IHS). The residues of 
NtcB (blue, yellow) and BenM (black) responsible for DNA motif recognition are 
labeled. NT, nontemplate. b, Alanine mutation of the DNA motif-recognition 
residues (R34A/H53A; NtcBM) of NtcB abolished the binding ability of NtcB to 
a DNA fragment containing NtcB boxes. The EMSA results are representatives 
of > 3 independent experiments that showed similar results. Source data are 
provided in the Source Data file. c, Mutations of the DNA motif-recognition or 

RNAP-contact residues of NtcB impairs the transcription activation activity 
of NtcB. Data are presented as mean ± S.E.M., n = 3 biologically independent 
experiments. Two-tailed unpaired t-tests. No p value adjustments for multiple 
comparisons. The lower panel shows the representative gel image. **P < 0.05 
indicates significant difference compared to lane 3. RNA transcripts, 102 nt. 
2-OG, 2-oxoglutarate. △151–160, deletion of the contact patch (residues Leu151-
Gly160) of NtcB. d, Cryo-EM map showing the interface between RNAP and 
NtcB-αNTD.
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Extended Data Fig. 10 | Alteration of spacer between NtcA- and NtcB-boxes 
abolishes transcription activation activity of NtcB. a, The sequences of three 
promoter DNAs that are used in in vitro transcription assays. PnirA/AB-WT, PnirA 
containing wild-type spacer length between NtcA and NtcB boxes; PnirA/AB + 
5, a PnirA derivative containing insertion of the spacer between NtcA and NtcB 
boxes by 5 bp; PnirA/AB-5, a PnirA derivative containing deletion of the spacer 
between NtcA and NtcB boxes by 5 bp. The sequences of insertion or deletion of 

nucleotides are highlighted. b, c, Insertion (b) or deletion (c) of the spacer by  
5 bp between NtcA and NtcB boxes impaired the transcription activation activity 
of NtcB. Data are presented as mean ± S.E.M., n = 3 biologically independent 
experiments. Two-tailed unpaired t-tests. No p value adjustments for multiple 
comparisons. The lower panel shows the representative gel image. RNA 
transcripts, 102 nt.
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