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Abstract. Surface plasmon resonance monitoring of the binding of transcription factors CRP and 

NtcA from Synechocystis sp. PCC6803 to promoter fragments of glnA, glnN (NtcA regulon) and 

cccS (CRP regulon), revealed exclusive CRP binding to cccS, whereas NtcA was bound to all 

three promoters with different affinities, which were strongly increased by the NtcA activator 2-

oxoglutarate. Effective NtcA affinity for 2-oxoglutarate varied with the promoter. High-affinity 
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promoters  and the NtcA-coactivating protein PipX increased NtcA affinity towards 2-

oxoglutarate, suggesting PipX-stabilization of the 2-oxoglutarate-bound NtcA conformation. 

PipX binding to NtcA required 2-oxoglutarate and was much tighter (Kd≈80 nM) than to the 

PipX-sequestering PII protein. NtcA appears to require more strongly PipX and 2OG for 

estimulating gene expression at promoters having "imperfect" NtcA binding sites. 

 

Keywords: protein-protein interaction, PipX protein, 2-oxoglutarate, cyanobacteria, catabolite 

gene activator protein, nitrogen metabolism. 

 

Abbreviations: NtcA, nitrogen control factor of cyanobacteria. CRP, cAMP receptor protein, 

also called CAP, catabolite gene activator protein. PipX, PII-interacting protein X. SYCRP1, 

Synechocystis CRP. 2OG, 2-oxoglutarate. RU, relative unit. SPR, surface plasmon resonance. 

FC1 and FC2, flow cells 1 and 2, respectively, of the Biacore chip. IPTG, isopropyl-β-δ-

thiogalactoside. 

 



Highlights 

- NtcA binding to a promoter of the CRP regulon suggests NtcA/CRP cross-talk  

- NtcA requirement for 2-oxoglutarate differs for different NtcA-regulated promoters 

- The effective NtcA affinity for 2-oxoglutarate is strongly influenced by the promoter 

- Protein PipX increases NtcA affinity for 2-oxoglutarate, stabilizing "active" NtcA 

- PipX binds with high affinity to NtcA (Kd≈80 nM), absolutely requiring 2-

oxoglutarate 
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INTRODUCTION 

 NtcA is a cyanobacterial transcription factor belonging to the CRP-FNR transcription 

family [1,2] (Fig.1).  The consensus DNA sequences recognized by NtcA [2-4] and CRP [5,6] 

(called NtcA and CRP boxes, respectively) are quite similar (Fig. 1, bottom table), raising the 

question of whether there is cross-talk between CRP and NtcA so that one transcription factor can 

interact with promoters having boxes for the other transcription factor (Fig. 1). This question is 

pertinent, since some cyanobacteria have CRP protein-encoding genes [7], as in Synechocystis sp. 

PCC6803 (from now on  termed Synechocystis), where a CRP protein called SYCRP1 is 

expressed from it, that transcriptionally regulates expression of a number of genes such as cccS in 

a cAMP-dependent manner [6,8,9]. Even in cyanobacteria in which there is no gene encoding 

CRP (such as Synechococcus elongatus), screening methods [7] detect numerous CRP boxes in 

promoter regions having an uncertain function, which could be the targets of NtcA regulation. 

 While CRP is activated by cAMP [5,8,9],  NtcA is activated by 2-oxoglutatare (2OG) 

[10,11], an indicator of the cellular nitrogen level [12], and it is coactivated by a small (10 kDa) 

monomeric protein called PipX [13,14] (Fig. 1). Under situations of high nitrogen abundance 

(low 2OG levels), PipX binds to the signaling protein PII, which exerts its signaling functions 

mainly regulating nitrogen incorporation in response to nitrogen abundance [13,14]. In this way, 

PipX places NtcA and its regulon under partial PII control (Fig. 1) . 

 This regulatory network is now largely understood in structural terms (Fig. 1). Crystal 

structures for the PII-PipX [15,16] complex showed that, in the absence of 2OG (a PII allosteric 

effector that only binds to PII if MgATP also binds), three PipX molecules are sequestered by 

one PII trimer in such a way that they become unavailable for activating NtcA. 2OG activates 

NtcA-dependent gene expression regulation [10,11] and also triggers (when ATP is also bound) 

the release of PipX from PII [13], making PipX available for coactivation of NtcA.The structures 
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of NtcA bound to 2OG alone [15,17] or together with PipX [15] (Fig. 1) have led to the view that 

PipX, by binding to each NtcA subunit, would stabilize the "active" conformation of NtcA that is 

induced by 2OG [15].  

 Although this overall view appears clear, the question of what makes some genes of the 

NtcA regulon more or less 2OG- [18] or PipX-sensitive [14] remains to be clarified. Furthermore, 

the possibility that there could be cross-activation of NtcA- or CRP-dependent promoters by the 

non-cognate factor must be clarified (Fig. 1), particularly now that ChIP analysis has unravelled 

an exceptionally wide distribution of NtcA binding sites in the heterocyst-forming 

cyanobacterium Anabaena sp. PCC 7120 [19]. To tackle these questions we use here surface 

plasmon resonance (SPR) to detect in a highly sensitive manner the binding of proteins to 

sensorchip-bound DNA. We have utilized regulator box-containing promoter fragments from 

three Synechocystis genes, two of them, glnA and glnN, encoding glutamine synthetases types I 

and III [20,21], exhibiting a canonical and a non-canonical NtcA-binding site [22], respectively, 

and the third one, cccS, being a well characterized SYCRP1-regulation target [9,23] (Fig. 1, 

bottom table). To test their respective binding on these promoters, we have produced 

recombinantly the corresponding Synechocystis transcription factors NtcA and SYCRP1(called 

from here on CRP), as well as the NtcA coactivator protein PipX from the same organism. In the 

present studies we investigate the binding of these proteins to the three promoter fragments in the 

absence or in the presence of their respective effectors 2OG and cAMP, or of the NtcA 

coactivator protein PipX. We  show that NtcA can bind to the CRP-dependent promoter fragment 

but not the reverse, suggesting that NtcA could regulate CRP-controlled genes. Our data 

conclusively show that CRP cannot bind to its promoter in the absence of cAMP, whereas NtcA 

binds to its target promoters in the absence of 2OG, although its affinity for them is strongly 

increased by 2OG (Fig. 1, bottom table). We have also found that the effective affinity of NtcA 
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for 2OG is strongly influenced by the promoter. Furthermore, this affinity is importantly 

increased by PipX, which is confirmed to bind only to NtcA if 2OG is present, supporting the 

view [15] that PipX stabilizes the "active" 2OG-bound conformation of NtcA. Finally, titration of 

PipX binding to NtcA strongly suggests that the affinity of PipX for this transcription factor is 

much higher than that reported earlier for protein PII [15]. 

 

MATERIALS AND METHODS 

Production of recombinant NtcA, PipX and CRP from Synechocystis sp. PCC 6803 

 The Synechocystis genes ntcA, pipX and sycrp1 (sll1423, ssl0105 and sll1371 Cyanobase 

identification codes, http://genome.microbedb.jp/cyanobase), encoding respectively NtcA, PipX 

and the cAMP-dependent CRP protein SYCRP1, were PCR-amplified from genomic DNA (a gift 

of Dr. Matthias E. Futschik, University of Algarve, Faro, Portugal) using Deep-Vent DNA 

polymerase (New England Biolabs) and appropriate oligonucleotide pairs (Table S1). They were 

inserted into pLIC-SGC1 (Addgene), yielding, after transformation of Escherichia coli DH5α 

cells, pLIC-NtcA, pLIC-PipX and pLIC-CRP. Transformation with these vectors of E. coli 

Rosetta (DE3) cells (from Novagen) allowed overexpression of the corresponding proteins with 

an N-terminal His-tag. Isopropyl-β-δ-thiogalactoside (IPTG) was used at 0.25 mM (PipX) or 0.5 

mM concentrations (NtcA and CRP) for induction of 1-L, 37ºC cultures in LB (0.1 mg/ml 

ampicillin, 35 µg/ml chloramphenicol) grown to a cell density of ~0.8 OD
600

, continuing the 

culture 12 hours post-induction at either 25ºC (PipX) or 18ºC (NtcA and CRP) before centrifugal 

cell harvesting. 

 All subsequent steps were at 4ºC. The cells, washed in 25 mM HEPES pH 7.5, 0.5 M 

NaCl, were disrupted by sonication in 35 ml lysis solution [0.5 M NaCl, 5 mM MgCl2, 1 mM 

dithiothreitol, 1 mM phenyl-methyl-sulphonyl fluoride, 0.5 mM EDTA and either 25 mM Tris-
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HCl pH 8.5 (NtcA), 25 mM HEPES pH 7.5 (CRP), or 50 mM MES pH 6 and 10% glycerol 

(PipX)]. The centrifugally clarified (35 min, 16000 g) cell extract was applied to a 1-ml Ni-

chelate HisTrap-HP column fitted in an ÄKTA-FPLC system (both from GE Healthcare), 

followed by 5-ml  washing with running buffer [0.5 M NaCl, 5 mM MgCl2 and 25 mM of either 

HEPES pH 7.4 (PipX and CRP) or  Tris-HCl pH 8.5 (NtcA)] and by elution of the protein with 

imidazole (20-500 mM gradient of 50 ml) in running buffer. The purest fractions (monitored by 

SDS-PAGE in 12% or 15% polyacrylamide gels) [24] were pooled, placed in the appropriate 

storage buffer and concentrated to 3.5-15 mg protein/ml by centrifugal ultrafiltration (Amicon 

Ultra, from Millipore; nominal cutoff membranes of 3 kDa, for PipX, or 10 kDa, for NtcA and 

CRP). Storage buffer contained 10% (v/v) glycerol, 0.5 M NaCl, 5 mM MgCl2, 1 mM 

dithiothreitol and either 22 mM Tris-HCl of pH 8.5 (NtcA) or pH 8 (CRP), or 50 mM MES pH 6 

and 50 mM of each L-arginine and L-glutamate (PipX). Purified proteins (Supplementary Fig. 

S1) were stored at -20ºC until use. Protein concentrations were determined by the Bradford assay 

[25], using bovine serum albumin as standard and were converted to subunit molar 

concentrations by using masses of 0.013, 0.028 and 0.029 mg per nmol of PipX, NtcA and CRP 

subunits, respectively.  

 

Surface Plasmon Resonance (SPR) experiments 

 SPR experiments were performed at 24ºC (unless indicated) with a Biacore X biosensor 

system (Biacore AB, Uppsala, Sweden) fitted with streptavidin-covered sensorchips (from GE 

Healthcare). A biotin-labeled duplex DNA oligonucleotide of the desired gene promoter (Table 

S1) was immobilized, via streptavidin-biotin binding, in flow chamber 2 (FC2) of the chip, 

whereas in flow chamber 1 (FC1), which was used as a control, the same amount of an unspecific 

DNA duplex (derived from the aphA kanamycin resistance gene used in many plasmids) of the 
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same length, not having any CRP or NtcA boxes (see Fig. 1 bottom table and Table S1), was 

fixed. The protein ligands were then flowed in succession through both flow-cells, giving the 

difference reading between FC2 and FC1, to cancel for any non-specific binding (considerably 

smaller than the specific one, and uninfluenced by 2OG or cAMP). 

 Duplexes were prepared [26] for appropriate promoter regions (Table S1) of the 

Synechocystis genes glnA, glnN and cccS (respective Cyanobase gene identification codes 

slr1756, slr0288 and slr1667), hosting either the perfect or imperfect NtcA box (glnA and glnN 

promoters, respectively, called here pglnA and pglnN) or the CRP box (cccS promoter, called 

pcccS), with the 5' end of the forward oligonucleotide being biotinylated. A fragment of the aphA 

kanamycin resistance element was the source of the duplex used to bind to FC1 for correcting for 

unspecific DNA binding (Table S1). Mixtures of each pair of complementary biotinylated and 

non-biotinylated oligonucleotides at concentrations of 5 and 6 µM respectively, in 10 mM Tris-

HCl pH 7.4, 100 mM NaCl and 1 mM EDTA, were heated at 95ºC and then annealed by cooling 

to 25ºC over 30 min [26]. A volume of 30 μl of a 2:9 mixture of the solution of the desired 

duplex and of DNA binding buffer (10 mM HEPES pH 7.4, 0.1 M NaCl, 0.2 mM EDTA, 0.005% 

Nonidet P-40) was injected at a flow rate of 10 μl/min to either FC1 (aphA fragment duplex) or 

FC2 (promoter fragment duplex) until a resonance increase of ~1500 relative units (RU) was 

reached, then injection was stopped. Immediately afterwards, washing was carried out with 5 μl 

of 2 M NaCl, and thereafter with running buffer (10 mM HEPES pH 7.4, 0.32 M NaCl, 3 mM 

MgCl2, 0.2 mM EDTA and 0.005% Nonidet P-40) flown through FC1 and FC2 in succession at a 

flow-rate of 30 μl/min. Purified CRP or NtcA (Fig. S1), diluted ≥10-fold in running buffer, were 

incubated 10 min at 25ºC before injection to the system. The incubations contained, when 

indicated, the specified concentrations of cAMP, 2-OG (Na2 salt), and/or protein PipX (Fig. S1). 

The mixtures were injected at a flow-rate of 30 µl/min, passing through FC1 and FC2 in series, 
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recording the FC2-FC1 difference signal. The protein sample was then replaced by running 

buffer at the same flow rate to allow the protein-DNA complex to dissociate, regenerating 

afterwards the chip with 30 µl 2M NaCl and subsequent passage of running buffer before another 

injection was made.  

 Biacore data were managed with the BIAevaluation 3.0 (Biacore AB) software. GraphPad 

Prism (GraphPad Software, San Diego, California) was utilized for fitting the data to hyperbolae, 

sigmoids or exponentials. 

 

RESULTS 

NtcA and CRP binding to NtcA and CRP-dependent promoters 

 In the presence of 2OG and cAMP, respectively, NtcA and CRP yielded similar maximal 

resonance signals (the signals at saturation of the transcription factor) when binding to their 

cognate promoter fragments, pglnN (Fig. 2A) and pglnA for NtcA, and pcccS for CRP (Fig. 

3A,B,C, top curves). Whereas CRP binding to pcccS exhibited an absolute requirement for cAMP 

(Fig. 3A and Table 1), in the absence of 2OG there was substantial NtcA binding to pglnN  (Fig. 

2B) or pglnA (Figs.3B,C). Nevertheless, the binding affinity was reduced one order of magnitude 

for both promoter fragments and the maximal signal was decreased by 50% and 30%, 

respectively, when 2OG was absent (Figs. 3B, 3C and Table 1). The affinity of NtcA was one 

order of magnitude higher for pglnA than for pglnN, irrespective of whether 2OG was present or 

absent (Fig. 3B,C and Table 1), in line with the presence in the glnA promoter of a perfect NtcA 

box, whereas glnN, has only one half box conserved [22,27] (Fig. 1, bottom table).  

 CRP did not bind to pglnN or pglnA (Table 1) even when used at 2 μM concentration 

(Fig. 2C) or when high cAMP concentrations (up to 40 mM, data not shown) were used. In 

contrast, NtcA yielded an important concentration-saturable signal when tested on pcccS if 2OG 
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was present (Fig. 3A and Table 1). Binding affinity of NtcA for pcccS was only 50% lower than 

for pglnN, suggesting that promoters having the CRP box can be reasonably good targets for 

NtcA. However, this affinity was one order of magnitude lower than the corresponding affinity of 

CRP for pcccS (Table 1), indicating that when at comparable concentrations and in the presence 

of their corresponding effectors, CRP should prevent NtcA binding to CRP cognate promoters. 

Interestingly, despite the similarity of the masses of the NtcA and CRP dimers, 3-fold lower 

maximal signal was elicited by NtcA than by CRP when binding to pcccS (Fig. 3A), indicating 

that these transcription factors do not bind identically to pcccS.   

   

Influence of the promoter on 2-oxoglutarate binding to NtcA 

 We titrated the NtcA-triggered signal (illustrated in Fig. 2D for pglnN) versus 2OG 

concentration. For all three promoter fragments (Fig. 4A) the signal depended sigmoidally on the 

concentration of 2OG. The sigmoids fitted a Hill number of 2, corresponding to the number of 

2OG sites in the NtcA dimer [15,17], indicating cooperativity between both sites for 2OG 

binding. The 2OG concentrations needed for half-maximal increase in the resonance signal 

differed for the three promoter fragments tested (Fig. 3A and inset therein; S0.5 values, 0.15, 1.19 

and 1.71 mM for, respectively, pglnA, pglnN and pcccS; Table 2), indicating that the dissociation 

constant for 2OG differs for the different NtcA-2OG-promoter complexes. Although limited by 

the small number of promoters tested, there appears to be excellent linear correlation between the 

Kd value for the binding of NtcA to each promoter and the S0.5
2OG

 value of NtcA in the assay 

carried out with the same promoter (Fig. 4A, inset on the right). 

 We also monitored the resonance signal produced upon CRP binding to pcccS as a 

function of cAMP concentration.  The results agreed with the previous report that SYCRP1 

exhibits very high affinity for cAMP [8], with a three-orders-of-magnitude lower concentration of 
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cAMP required with CRP than of 2OG required by NtcA to bind to pcccS (Fig.4 and Table 2). A 

Scatchard plot of the data for the cAMP effect (inset in Fig 4B), prepared by calculating free and 

bound cAMP concentrations from the amount of cAMP-CRP complex (estimated from the signal 

observed at a given cAMP concentration relative to the maximal signal attained at cAMP 

saturation) yielded a Kd value for cAMP of 1.4 ± 0.2 nM, similar to the value reported earlier for  

Synechocystis CRP using equilibrium dialysis [8]. 

 

Influence of PipX on the NtcA/2-oxoglutarate regulatory system 

 As expected if PipX binds to NtcA exclusively in the 2OG-ligated state of this 

transcription factor, only in the presence of 2OG the addition of  PipX increased substantially the 

SPR signal elicited by NtcA with all three promoter fragments studied here (Figs. 2E and 5; 

compare with Fig. 3, white circles). The specificity of the effect of PipX on NtcA was confirmed 

by the lack of influence of PipX on the signal elicited by CRP when binding to pcccS (Fig. 2F 

and Fig. 4B), as expected if PipX does not bind to CRP.  

 The crystal structure of the NtcA-PipX complex (Fig. 1) strongly suggested that PipX 

stabilizes the 2OG binding-competent conformation of NtcA ("active" conformation) [15]. 

Accordingly, PipX increased 3.5-9-fold the affinity of NtcA for 2OG with all three promoter 

fragments used here (Fig. 5A and Table 2). The dependence of the signal on 2OG concentration 

remained sigmoidal with a Hill number of two, and the reduced S0.5
2OG

 values differed for the 

three promoter fragments, increasing in the same order as when PipX was absent 

(pglnA>pglnN>pcccS).  

 The ~ 40 % increase caused by PipX on the signal given by NtcA when binding to pglnA 

in the presence of 2OG (Fig. 5B) is close to the expectation for the mass increase resulting from 

the binding of the NtcA-PipX complex instead of NtcA (mass of the NtcA dimer, ~56 kDa; mass 
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of the NtcA-PipX2 complex , ~82 kDa). With the pglnN (Fig. 2E) and pcccS promoter fragments 

the increases in the signals were somewhat larger (Fig. 5B), suggesting that with these promoters, 

which are not saturated by NtcA at the concentrations of  NtcA and 2OG used (Table 1), a part of 

the PipX-dependent signal increase is due to increased saturation of the promoter by NtcA, 

possibly because of the PipX-increased affinity of NtcA for 2OG (see previous section) which 

should result in increased affinity for the promoter. 

 The plots for the normalized increase in the NtcA-triggered signal as a function of total 

PipX concentration virtually overlaps for the three promoters (Fig. 5B, inset). An operative value 

of 85 nM for the Kd for the NtcA-PipX complex was estimated by subtracting from the total 

concentration of PipX causing half-maximal signal increase for pglnA (135 nM; Fig. 5B), the 

concentration of  bound PipX (50 nM , corresponding to half-occupation of the 100 nM NtcA 

subunits present).  

 

DISCUSSION 

 The coexistence in the same cell of two homologous transcription factors with highly 

similar DNA target sequences raised the suspicion of potential cross-talk between both gene 

regulatory systems (Fig. 1). Our present results with two NtcA-dependent promoters and one 

CRP-dependent promoter of Synechocystis show that CRP exhibits complete selectivity for the 

CRP box, thus excluding any direct action of CRP on the NtcA regulon (Fig. 1, bottom table). In 

contrast, NtcA binds not only to NtcA boxes but also to the CRP box, as shown here with pcccS 

(Fig. 1, bottom table). Assuming that the cellular cAMP levels are largely above the Kd for CRP 

binding (1.4 μM) it would appear improbable that NtcA could compete in vivo with CRP for 

CRP boxes, given the high affinity of CRP for cAMP, and the higher affinity for the CRP box of 

the CRP-cAMP complex than of the NtcA-2OG complex. Since the cAMP levels and the 
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expression of CRP in Synechocystis have not been studied in much detail, the possibility remains 

that under conditions of extremely low cAMP levels or very low CRP levels, NtcA could 

influence the CRP-regulated genes, in particular under nitrogen-poor conditions, where NtcA is 

abundant and active.  Furthermore, in cyanobacterial strains where CRP is absent and yet there 

are genes with CRP-bearing promoters, as is the case for Synechococcus elongatus [7] these 

genes could be targets of NtcA regulation. 

 The virtually complete lack of binding of CRP to its cognate promoter fragment in the 

absence of cAMP, and the high affinity of CRP for cAMP both in the presence (our results) and 

in the absence [8] of the promoter, strongly suggests that the site for cAMP on CRP is always 

accessible, and that its occupation by cAMP triggers a conformational change that promotes the 

binding of CRP to its DNA box. A different model for 2OG activation of NtcA is suggested by 

the present results. Since NtcA binds to its promoters whether or not 2OG is present, and since 

the effective affinity of NtcA for 2OG varies depending on the promoter, the NtcA box and 2OG 

may bind to the same NtcA conformation among those populated by NtcA molecules, shifting the 

equilibrium towards this NtcA conformer. 

  Given the higher affinity of NtcA for pglnA in the absence of 2OG than for pglnN in the 

presence of 2OG (Table 1), 2OG-independent NtcA binding to its promoters might occur in vivo, 

and therefore the consequences of such 2OG-independent binding should be explored, 

particularly since in the absence of 2OG NtcA was reported to be a repressor for certain genes 

[2]. The different increase in the effective affinity of NtcA for 2OG that is triggered by PipX 

depending on the promoter, shown here to be more important for pglnN than for pglnA (9 and 3-

fold increases in affinity, respectively), might be related to the different PipX-sensitivities 

towards NtcA-dependent expression of different genes [14]. The modulation of the effective 

affinity of NtcA for 2OG not only by the nature of the promoter but also by the presence or 
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absence of PipX adds extra richness to the PipX-2OG-NtcA regulatory system. In any case, our 

findings, which should be extended by the study of other promoters, suggest that those genes 

which have less “perfect” NtcA binding sites require more strongly the assistance of PipX and 

2OG, as if, to bind to the “imperfect” NtcA box, the concentration of the promoter-binding-

competent conformation of NtcA would have to be increased by the binding to the transcription 

factor of 2OG and PipX.  

 The requirement of ~85 nM free PipX for half-maximal effect of this coactivator on NtcA 

in the presence of 5 mM 2OG raises the question of which is the range of free PipX 

concentrations in living Synechocystis cells. Given the small mass of PipX, a mere 1 μg PipX/ml 

of cell sap would correspond to ~100 nM PipX, enough for half-maximal effect on NtcA 

promoters, judged from our present results. On the other hand, pull-down experiments to examine 

the binding of PipX to PII, carried out with the proteins from Synechococcus elongatus, yielded a 

Kd value for this binding, in the absence of 2OG and of any nucleotides, of ~7 μM [15]. 

Assuming a similar Kd for Synechocystis PII, this signaling protein could play an important PipX-

sequestering role if its concentration is considerably higher than that of PipX. Furthermore, ADP  

importantly increases the affinity of PII for PipX [15, 28] and thus it enhances this PII 

sequestering role [28]. The ATP/ADP/2OG regulation of PII/PipX, and the highly nuanced and 

mutually interactive control of NtcA by 2OG, PipX and the promoter itself, endow this system 

with great versatility and regulatory potential.  
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Figure legends 

 

Fig. 1. The NtcA- and CRP-controlled systems. Left, the complexes formed involving NtcA and 

its controlling machinery including 2OG, PipX and PII. The structures shown are those 

determined for the Synechococcus elongatus proteins [15,29,30]. Right, cAMP activation of CRP. 

The CRP structures are those for E. coli [31,32]. cAMP  levels were shown in a cyanobacteria to 

vary with several external stimuli, including changes from light to darkness [33]. Bottom table, 

consensus NtcA and CRP binding boxes [2,5] as well as the corresponding boxes in the different 

promoter fragments studied here. Nucleotides that are conserved in both the NtcA and CRP boxes 

are shadowed yellow, those restricted to the NtcA consensus are highlighted in red and those 

found only in the CRP consensus present blue shadowing. An n in low case italic denotes any 

nucleotide. The asterisk below the CRP consensus marks a G considered highly important for 

CRP binding [34]. The promoter type column denotes wether the box is perfect or less perfect, 

depending on the agreement with the corresponding consensus. The table also summarizes the 

ability of NtcA and CRP to bind to one or another promoters as revealed by our experiments. 

 

Fig. 2. Illustrative examples of SPR traces. RU, relative units. The graph title at the top of each 

panel gives the duplex bound to the chip and the ligand present in fixed concentration. The arrow 

on the right indicates the ligand that is titrated and its concentrations. (A) and (B), titration of 

NtcA binding to pglnN in the presence (A) or in the absence (B) of 5 mM 2OG. In panel A the 

volume of the injections was doubled for the lower NtcA concentrations (1-60 nM) to allow 

reaching equilibrium. (C) Failure of CRP to bind to pglnN in the presence of 1 mM cAMP. (D) 

Influence of 2OG concentrations on the signal elicited upon 400 nM NtcA binding to pglnN. (E) 

Influence of PipX on the signal elicited by 400 nM NtcA on the pglnN chip, in the presence of 5 
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mM 2OG. (F) Lack of effect of PipX on the signal elicited by 400 nM CRP on the pcccS chip, in 

the presence of 1 mM cAMP.  

 

Fig. 3. Influence of the concentration of the transcription factor on the signal elicited from the 

chip hosting the promoter fragment for genes (A) cccS, (B) glnN and (C) glnA. Results are given 

for assays in the absence of effector or in the presence of either 1 mM cAMP (CRP) or 5 mM 

2OG (NtcA). Open circles denote the signals obtained in the absence of 2OG, with 2000 nM 

PipX present. Data have been fitted to hyperbolae. 

 

Fig. 4. Titration of 2OG binding to NtcA and of cAMP binding to CRP, monitored by the 

changes in the SPR signal. (A) Fractional increase of the signal given by NtcA on the indicated 

gene promoter chip, as a function of  the concentration of 2OG. Data have been fitted to the 

equation y = [2OG]
2 

/ (S0.5
2 
+ [2OG]

2
); where y is the fractional increase in the signal (increase in 

the signal as a fraction of the increase at saturation of 2OG). The inset within the plot shows in an 

expanded X-scale the curve for the pglnA chip. The inset on the right plots the S0.5 for each chip 

as a function of the Kd for NtcA for the same chip in the presence of 5 mM 2OG (data from Fig. 

2). The concentration of NtcA was 400 nM in the assays with pglnN and pcccS and 100 nM in 

those with pglnA. (B) Influence of the concentration of cAMP on the signal observed with 400 

nM CRP on the pcccS chip. The open circles illustate the signal obtained when 1000 nM PipX 

was added. The concentration of CRP was 400 nM. Inset, Scatchard plot for cAMP binding to 

400 nM CRP. For details on the estimations of the free and bound concnetrations of cAMP from 

the data in the main panel, see the text.  
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Fig. 5. Influence of PipX on (A) NtcA affinity for 2OG; and (B) on the signal yielded by NtcA 

with each promoter. The NtcA concentration was 400 nM for the pglnN and pcccS chips and 100 

nM for the pglnA chip. (A) Fractional increase of the signal given by NtcA on the indicated gene 

promoter chip. Except for the presence of 1000 nM PipX, all the details are as for Fig. 4A. (B) 

The concentration of PipX was varied as indicated, and the increase in the signal, relative to the 

signal without PipX, was plotted. In the inset, the increase in the signal with PipX is given as a 

fraction of the maximal increase in signal at saturation of PipX.  



Table 1. Influence of 2OG and of cAMP on the respective binding of NtcA or CRP to 

the promoter fragments for the glnN, glnA and cccS genes, assessed by SPR. 

Factor Effector 

 

Kd for the indicated gene 

promoter fragment (nM) 

Signal at saturation of the 

transcription factor (RU) 

pglnN pglnA pcccS pglnN pglnA pcccS 

NtcA None 873±34 57±3 1954±267 880 ±12 1141 ±11 78 ±36 

2OG 5 mM 95 ±4 3±1 149 ±8 1832 ±20 1581 ±14 641 ±9 

CRP None ---* ---* 1166 ±15 ---* ---* 45 ±7 

cAMP 1 mM >>2000 >>2000 18 ±6 0 (at 2M) 0 (at 2M) 1979±156 

*No detectable binding 

Table 1



Table 2. Influence of the promoter and/or of  PipX on the affinity of NtcA for 2OG or 

of CRP for cAMP 

Promoter Transcription 

factor 

 (nM) 

Effector [PipX] 

nM 

S0.5
2OG

 or Kd
cAMP

 

(mM) 

pglnN NtcA (400) 2OG --- 1.19 ± 0.06 

1000 0.133 ± 0.004 

pglnA NtcA (100) 2OG --- 0.149 ± 0.011 

1000 0.044 ± 0.002 

pcccS NtcA (400) 2OG --- 1.71 ± 0.12 

1000 0.345 ± 0.018 

CRP (400) cAMP --- 1.4 ± 0.2  10
-3

 

1000 Same as without PipX 

 

S0.5
2OG

 values were estimated from the sigmoidal plots shown in Figs. 3A and 4A (Hill 

number  =  2). The Kd
cAMP

 was estimated from the Scatchard plot of Fig. 4B. No formal 

estimate was made for Kd
cAMP

 in the presence of PipX, but it is considered to be 

unchanged by this protein, given the superimposition, within experimental error, of the 

points obtained in the presence of PipX with those in its absence (Fig. 4B) . 

 

Table 2



PII 

NtcA
2OG

 

PipX 
NtcA 

PII
2OG 

NtcA
2OG 

PII-PipX 

2OG 

PipX 

2OG 

Nitrogen abundance  
[2-Oxoglutarate] (2OG) 

 

 

Consensus or promoter sequences NtcA binding  CRP binding 

  NtcA box type  No 2OG + 2OG  CRP box type  No cAMP + cAMP 

NtcA box nGTAnnnnnnnnTACn Consensus         

pglnA TGTAGCGAAAAATACA Perfect  +++ ++++  Lacks key G*  None None 

pglnN  TGTATCTATATTGTCT Imperfect  + +++  Lacks key G*  None None 

pcccS  TGTGATCTGGGTCACA More imperfect  +/- ++  Perfect  None ++++ 

CRP box TGTGAnnnnnnTCACA      Consensus    

    *          

NtcA system  

[cAMP] 
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 SUPPLEMENTARY MATERIAL 
 
Table S1. Oligonucleotides used in this study 

 
aSynechococcus gene sequences are shown in capital lettering. F, forward. R, reverse. 

bThe sequences are those for the forward (F) and reverse (R) strands of the promoter of the 

indicated genes of Synechocystis sp. PCC6803 in the region containing the NtcA (double 

underlining) or CRP (simple underlining) boxes. Consensus-agreeing residues within the quasi-

palindromic regions are shown in italic lettering.  

Name Sequence  (5´-3´) 

Oligonucleotides used for gene cloning a

 
NtcA-F tacttccaatccATGGATCAGTCCCTAACC 

NtcA-R   tatcaacctttactgTTAGGTAAACTGTTG 

PipX-F   tacttccaatccATGAGTAACGAAATTT 

PipX-R   tatcaacctttactgTCAAAAAGTGTTT 

CRP-F tacttccaatccATGGGCACTAGTCC 

CRP-R tatcaacctttactgTCAGGAAATTAGATC 

Oligonucleotides used for duplex formation for SPRb 

pglnA-Fc     biotin-AGCCGCAAAAAATGGTAGCGAAAAATACATTTTCTAACTACT 

pglnA-Rc     AGTAGTTAGAAAATGTATTTTTCGCTACCATTTTTTGCGGCT 

pglnN-Fd     biotin-GGGTCGTTGTTTTTGTATCTATATTGTCTATTTTAAAAAATC 

pglnN-Rd    GATTTTTTAAAATAGACAATATAGATACAAAAACAACGACCC 

pcccS-Fe     biotin-AGATACACAACAGTTGTGATCTGGGTCACAACCATTGAGTGATT 

pcccS-Re     AATCACTCAATGGTTGTGACCCAGATCACAACTGTTGTGTATCT 

Kanam-Ff   biotin-GCTTTGTTGAATAAATCGAACTTTTGCTGAGTTGAAGGATCA 

Kanam-Rf   TGATCCTTCAACTCAGCAAAAGTTCGATTTATTCAACAAAGC 



cGene coding for glutamine synthetase type I (GSI). Cyanobase identification code slr1756 

(http://genome.microbedb.jp/cyanobase). 

dGene coding for glutamine synthetase type III (GSIII). Cyanobase  identification code slr0288. 

eGene coding for CccS protein, which is transcriptionally regulated by SYCRP1 (a CRP protein) 

in a cAMP-dependent manner. Cyanobase  identification code slr1667. 

fFrom the gene coding for kanamycin resistance protein.  


