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Abstract 

PII, an ancient, very widespread and conserved signaling protein, transduces 

nitrogen/carbon/energy abundance signals into metabolic and gene expression 

regulation, interacting with target proteins. Structures of PII complexes with an 

ammonia channel and with a metabolic enzyme were determined, but PII regulation of 

gene expression remained unclarified. We now provide this clarification for gene 

expression mediated by the NtcA transcription factor, which involves 2-oxoglutarate 

(2OG) and the NtcA co-activator protein PipX. We determine crystal structures of PII-

PipX and PipX-NtcA complexes (3.2 and 2.25 Å-resolutions) as well as structures of 

NtcA alone in active and inactive conformations (2.3 and 3.05 Å-resolutions). We prove 

the physiological relevance of the observed interactions by site-directed mutagenesis 

and functional studies. We find a tudor-like domain (TLD) dominating the structure and 

monopolizing the interactions of PipX with both PII and NtcA, providing the first 

snapshots of this important domain bound to complete interacting protein partners. In 

the PII-PipX complex, one PII trimer sequesters the TLDs of three PipX molecules 

between its body and its extended T-loops, preventing PipX activation of NtcA. T-loop 

alteration explains 2OG-triggered PII-PipX dissociation. The structure of active dimeric 

NtcA closely resembles that of the active cAMP receptor protein (CRP), indicating for 

these proteins similar ways of activation by their effectors, of DNA binding and of 

transcription activation. The PipX-NtcA complex consists of one active NtcA dimer and 

two PipX monomers. PipX co-activates NtcA by stabilizing its active conformation, 

and, perhaps, by helping recruit RNA polymerase, but not by providing extra DNA 

contacts. 
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\body Nitrogen assimilation is crucial for life. In microorganisms and plants it is 

controlled by PII, an ancient, highly widespread and conserved signaling protein (1-4). 

PII integrates nitrogen, carbon and energy abundance signals by binding as allosteric 

effectors ATP/ADP and, synergistically with ATP, 2-oxoglutarate (2OG), which is a 

key indicator of the carbon/nitrogen balance. Furthermore, PII signaling can involve 

covalent modification of residues of its flexible T-loop. PII transduces this information 

by interacting with protein targets, influencing the activity of ammonia channels and 

nitrogen metabolism-controlling enzymes and modulating the expression of nitrogen 

assimilation-related genes (1-3).  

 PII proteins are homotrimers of a 12-13 kDa subunit (2,3,5-8). They have a 

roughly hemispheric body from which the three T-loops protrude. In these loops, 

residues Y51 and S49 are the respective sites of regulatory uridylylation and 

phosphorylation in enterobacteria and cyanobacteria (3). ADP, MgATP and 2-

oxoglutarate (2OG) bind in close relation with the T-loop (9), modulating PII binding to 

its targets (1-3,10). 

  Two structures of PII complexes, with the ammonia channel AmtB (5,6) and 

with the enzyme N-acetylglutamate kinase (NAGK) (7,8), recently clarified how PII can 

affect channels and enzymes. The extended T-loop blocks the cytoplasmic opening of 

the AmtB ammonia channel and prevents ammonia passage. A more subtle mechanism 

operates for NAGK activation by PII. The T-loops, retracted like flexed fingers, glue 

together both domains of each NAGK subunit, favoring a catalytically active enzyme 

conformation.  

 Until now there was no structural information on how PII influences gene 

expression, despite the importance and widespread nature of this control mechanism, 

occurring in cyanobacteria, α and γ-proteobacteria and gram-positive bacteria (2). We 
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clarify now structurally gene regulation by PII in an important cyanobacterial system 

(Fig. 1) in which PII interacts with PipX (11,12), an 89-residue protein of previously 

unknown structure, which is (12-14) a co-activator of the 2OG-activated (15,16) NtcA 

belongs to the cAMP receptor protein (CRP) transcription factor family 

(17)transcription factor. It is considered the global nitrogen controller of cyanobacteria 

because it masters a very large nitrogen-related regulon encompassing hundreds of 

genes (17,18). 

 Here, we determine crystal structures of PII-PipX and PipX-NtcA complexes 

and of NtcA alone in active and in apparently inactive conformations, explaining why 

PipX coactivates NtcA, how PII sequesters PipX,  preventing NtcA activation, and 

shedding light on NtcA function and on its activation by 2OG. A key finding of the 

present studies is the observation that the PipX structure includes as a major component 

a tudor-like domain that monopolizes the interactions with both PII and NtcA, thus 

providing the first snapshots of this type of domain interacting with its complete 

cognate protein partners. This intriguing domain consists of a highly bent β sheet 

forming a β sandwich, and was known to recognize methylated arginine and lysine 

residues in histones (19) and, in bacteria, to belong to proteins that interact with both 

RNA polymerase (RNAP) and DNA (20-22). 

 

Results and Discussion 

Crystalline complexes involving PipX and their functional relevance. The structures 

of the PII-PipX and PipX-NtcA complexes, determined at respective resolutions of 3.2 

and 2.25 Å (Table S1), reveal that the NtcA-interacting regions of PipX (see below) are 

shielded within the PII-PipX complex, which consists of one PII trimer and three PipX 

molecules (Fig. 2A,B), thus excluding the possibility of forming a PII-PipX-NtcA 
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ternary complex. In agreement with this conclusion, yeast three-hybrid (Y3H) assays  

failed to reveal PII-NtcA interactions when PipX was used as potential bridging protein 

(Fig. 2C). In contrast, these assays revealed PipX-PipX interactions when PII was used 

as bridging protein (Fig. 2C), as demanded by the structure of the PII-PipX complex, in 

which three PII-bound PipX molecules interact mutually (Fig. 2A,B). Pull-down binding 

assays (see Materials and Methods) agree with the 3:3 stoichiometry of the PII-PipX 

complex (Fig. S1A). Further support for the relevance of the PII-PipX and PipX-NtcA 

crystalline complexes is provided by  targeted mutagenesis of PII and PipX. The impact 

of these mutations on the protein-protein interactions, assessed in yeast two-hybrid 

(Y2H) assays (Figs. 3A and 5E), surface plasmon resonance (SPR) binding assays 

(Figs.S1B-D), and assays of PipX competition with NAGK for PII (Fig.S1E and see 

below), generally demonstrate the functional relevance of the contacts revealed by the 

crystalline complexes observed here. 

 

The structure of the PII-PipX complex. Regulatory implications. In the PII-PipX 

complex the three PipX molecules are "caged" in the space between the flat face of the 

PII body and vertically extended T-loops (Fig.2A,D,E) having their tip residues 

projecting inwards, gripping the PipX molecules (Fig.2B). The fact that the T-loops are 

extended in the PII-PipX complex (Fig. 2A,D) and bent in the PII-NAGK complex (7,8) 

(Fig.2D, right, and Fig.S2) strongly suggest that the PII partner plays an important role 

in determining a given T-loop shape, particularly since both complexes are formed in 

the  absence of the PII effector 2OG (10,12). When the 2OG level in the cell is low, 

sequestration by PII should decrease PipX availability for complex formation with NtcA 

(Fig. 1). When nitrogen becomes less abundant, the increasing 2OG levels trigger the 

dissociation of the PII-PipX complex (12) and thus, more PipX should be available for 
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NtcA activation. This effect of 2OG might reflect 2OG competition for the T-loop 

residues used in binding PipX (Fig.2E) if 2OG binds as in the only reported (9) PII-

2OG-MgATP structure [MgATP is needed for 2OG binding (1-3)], where 2OG 

interacts with PII residues 51-54. In addition, in the reported structure of the PII-

2OG/MgATP complex (9), the T-loops were flexed as in the PII-NAGK complex (7,8) 

and the steric restrictions imposed by the T-loops to the escape of PipX would be 

removed (Fig.2D, right). 

 The structure of the PII-PipX complex explains why T-loop phosphorylation at 

residue S49 (1-3) leaves the PII-PipX complex undisturbed [judged from the lack of 

effect of the S49D and S49E mutations, believed to mimic phosphorylation (11,12)]. In 

the structure of the PII-PipX complex (Fig.2E) S49 does not interact with PipX and it is 

exposed amid positive surface potential, with enough room and appropriate charge for 

accommodating a phosphate (modeled in Fig.2E). In contrast, in the PII-NAGK 

complex structure (7) S49 is centrally involved in the interprotein interactions, and thus, 

S49 phosphorylation prevents formation of the PII-NAGK complex (23). Therefore, it 

appears that this regulatory phosphorylation that occurs in S. elongatus and other 

cyanobacteria under nitrogen-limitation conditions (1-3) fine-tunes PII control of 

NAGK without affecting PII-modulated gene expression. 

 

Competition of PipX and NAGK for PII. Formation of a ternary complex of NAGK, 

PII and PipX appears to be excluded by the observation that the same face of PII binds 

either NAGK (7) or PipX (Fig.2A,B), with some PII residues (R9, F11, Y46, R47, Y51) 

participating in the interactions with the two proteins (Figs. 2E and 3A). Indeed, Y3H 

assays using PII as the bridging protein failed to identify the formation of such ternary 

complex (Fig.2C). Furthermore, the structural observations predict the existence of 
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competition between NAGK and PipX for PII, and this prediction is corroborated here 

by, 1) Y3H assays in which the addition of PipX impaired interactions between PII and 

NAGK (Fig.2C); and, 2) ultrafiltration binding assays (7) (Fig.3B) in which PipX 

addition to mixtures of PII and NAGK results in the detection of PII in the ultrafiltrate 

(the PII-PipX complex is too small to be retained) whereas no PII was observed in the 

ultrafiltrate in the absence of PipX, because of its retention as part of the bulky PII-

NAGK complex. The competition for PII between PipX and NAGK decreases the 

ability (7,10) of a given PII concentration to relieve NAGK from arginine inhibition 

(monitored as change in the mid-inhibitory concentration of arginine, Fig. 3C,D). Thus, 

arginine synthesis in vivo might be indirectly regulated also by PipX.  

 

Structure of the transcription factor NtcA in its 2OG-activated form. To ascertain 

to what extent NtcA resembles the structurally well characterized bacterial transcription 

factor CRP, with which its sequence can be aligned, and to clarify how NtcA-dependent 

transcription is activated by 2OG and by PipX, we determined the structure of NtcA 

bound to 2OG, alone (Fig.4A) or in complex with PipX (Figs.4B,C). NtcA was found 

top be a homodimer (Fig. 4A) closely resembling structurally the bacterial transcription 

factor CRP in its active conformation (24) (Fig. S3A). As in the case of CRP, each 

subunit consists of N- and C-terminal domains, two domains that were identified (25) in 

CRP as the regulatory and the DNA-binding domain, respectively. NtcA has an extra C-

terminal α-helix (in red in Fig. 4A-D) having no equivalent in CRP, which interacts 

with PipX and with the regulatory domain of the other NtcA subunit. 

 2OG may activate NtcA by promoting the same active conformation that is 

promoted by cAMP and stabilized by DNA in CRP (24-26). One 2OG molecule binds 

to each NtcA subunit at a site (Fig. 4A,B, and E "active") that is topographically 
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equivalent to that for cAMP in CRP (Fig. S3B), sitting in the regulatory domain near the 

molecular twofold axis (25). The residues lining this site differ from those in CRP, 

fitting the chemical and structural characteristics of 2OG. Nevertheless, as for cAMP in 

active CRP, each 2OG molecule interacts with the long interfacial α-helices of both 

subunits (Fig. 4E, "active") a two-subunit binding of the allosteric effector that was 

interpreted to play a key role in triggering CRP activation (25,26) and that thus may 

also trigger the activation of NtcA by 2OG. 

 CRP and NtcA should bind and bend DNA in similar ways, given the structural 

similarity of their active conformations, and since 11 out of the 13 residues contacting 

DNA in CRP (24) are conserved or conservatively replaced in NtcA (Fig. S4A). This 

strong conservation parallels the high similarity of the DNA sequences recognized by 

both transcription factors (24,27). The change of a G:C pair by an A:T pair in the DNA 

sequence recognized by NtcA relative to that for CRP is largely explained by the 

occurrence in NtcA of a valine (V187) at the position corresponding to E181 (Fig. S4 

B,C). In CRP, E181 makes an acceptor hydrogen bond with the 4-amino group of the C 

(24), but the T in the A:T pair cannot make such hydrogen bond and can have its 5-

methyl group accommodated by the hydrophobic side-chain of V187. 

 

Structure of a relaxed,  apparently inactive, NtcA form. In the absence of 2OG, 

NtcA is transcriptionally inactive (15,16). We have determined a second NtcA structure 

(Table S1) that likely represents inactive NtcA. In a crystal obtained using a different 

set of crystallization conditions (see Materials and Methods), one NtcA dimer had a 

conformation differing widely from that observed in the active NtcA-2OG complex 

(compare Figs. 4A and 4D) or represented by the CRP active conformation (compare 

Figs. S3A and S3C, and see in fig. S3D the detail for the changes in the position of the 
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DNA-binding helix). In this apparently inactive conformation (Figs.4D,F), the 

interfacial helices do not run parallel, the distance between the DNA-binding helices is 

increased, and the two subunits are rotated in opposite directions around an axis 

crossing perpendicularly the twofold axis. Interestingly, 2OG is also bound to its site in 

this conformation, but its binding differs from that in activated NtcA, missing the 

contacts with the other subunit interfacial α-helix that appear essential for activation 

(compare "active" and "inactive" in Fig. 4E). If, similarly to CRP (28), both NtcA 

subunits interact with RNAP, the change in the relative orientations of these subunits in 

this NtcA dimer may hamper interaction with RNAP and render NtcA transcriptionally 

inactive. This alternative NtcA conformation might therefore correspond to, or resemble 

that prevailing in the absence of 2OG. 

 

The structure of the PipX-NtcA complex reveals PipX-stabilization of active NtcA. 

The PipX-NtcA complex (Fig. 4B,C) consists of one NtcA dimer and two PipX 

molecules. The NtcA dimer binds two 2OG molecules and presents the conformation 

observed in the "active" NtcA-2OG complex in the absence of PipX (Fig.S5; the root 

mean square deviation for the superimposition of 390 Cα atoms of active NtcA alone 

and in the complex with PipX is 0.73 Å). Each PipX molecule sits between the 

regulatory domain of one NtcA subunit and the C-terminal domain, the long interfacial 

α-helix and the regulatory domain of the other NtcA subunit (Fig. 4B,C), gluing 

together these elements. NtcA stabilization is reflected in the very low B-factors for the 

complex (Table S1), drastically decreased relative to those in NtcA alone. Given its 

lock-and-key binding to active NtcA, PipX should be unable to bind to the putative 

inactive form of the NtcA dimer described also here, thus shifting the equilibrium in 

favor of the active conformation.  



 10

 In addition to stabilizing the active NtcA conformation, PipX might also activate 

NtcA-mediated transcription by providing extra contacts with RNAP. Thus, when the 

PipX-NtcA and CRP-DNA-αCTD (αCTD stands for RNAP α subunit C-Terminal 

Domain) (29) complexes are superimposed by superposing NtcA and CRP, PipX falls 

without steric clash next to αCTD, rendering mutual contacts possible (Fig.4G). The 

possibility that PipX could bind to DNA is unlikely, since this superimposition indicates 

that PipX should be >25 Å away from DNA. Furthermore, SPR experiments (see 

Materials and Methods) which demonstrated NtcA binding to the glnA promoter failed 

to demonstrate PipX binding to this promoter in the absence of NtcA (Fig. 4H). 

 

The structure of PipX exemplifies how tudor domains can act as protein-protein 

interacting modules. The present crystal structures have revealed that PipX consists of 

a highly bent β-sheet (residues 4-53) presenting the characteristic TLD fold (15-17), and 

of two C-terminal helices (residues 54-89) (Fig. 5A-D). The TLD mediates all the 

contacts of PipX with both PII and NtcA (Fig.5D,E), thus setting on firm foundations 

prior biochemical indications that bacterial TLDs and tudor domains of eukaryotes are 

protein-protein interaction modules (19,21). The finding of a TLD in PipX, a protein 

that participates in the transcriptional complex involving NtcA, is in line with the 

previous identification of TLDs in bacterial proteins that interact with both RNAP and 

DNA (20-22). Except for wide differences in the position of the C-terminal helix in two 

PipX molecules of the PII-PipX complex (Figs. 2 A,B and 5 A), the five PipX molecules 

found in the present two complexes exhibit virtually identical structure (Fig. 5A,B). As 

already indicated, there is nearly complete overlap of the PipX TLD regions that contact 

PII and NtcA (Fig. 5E). This is reflected in the competition for PipX between PII and 

NtcA, which is observed in Y3H assays (Fig. 2D). The PipX TLD regions that contact 
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PII or NtcA involve one layer of the β-sandwich (β1-β2 hairpin and β3-β4 connector) 

and part of the β-sheet convex side (β4 and β5 end) (Fig. 5D). Nevertheless, most 

(78%) of the PipX surface, including the other layer of the sandwich, the outwards face 

of the helix hairpin and both α-helices, remains exposed in the NtcA complex (Fig. 4 

B,C) and largely so also in the PII-PipX complex (Fig.2A,B). Thus, NtcA-bound PipX 

offers opportunities for interaction with other potential components or regulators of the 

transcriptional complex, including RNAP, as indicated above. Given the possibility of 

movement of the C-terminal helix (as shown in the PII-PipX complex), this helix might 

extend and recruit other factors. In summary, the present analysis revealed how a tudor-

like domain (in PipX) organizes a nitrogen-control relay operated by 2OG and the PII 

signaling protein to regulate gene expression (through NtcA) and these insights pave the 

way towards full understanding of relevant interactions involved in transcriptional 

regulation of the NtcA-dependent nitrogen regulon.  

 

Final remarks. This investigation has revealed another novel extended T-loop 

conformation resembling but not being identical to that of the GlnK T-loops in complex 

with AmtB (5,6). The large cavity formed between T-loops and PII body apparently 

offers the possibility of "caging" proteins, hiding interacting groups as it is the case with 

PipX, whereas the possibility of extending or retracting the T-loops provides the system 

with large regulatory potentialities. Furthermore, the question can be raised of whether 

there are other proteins playing a role resembling that of PipX in organisms where PipX 

is not present. This possibility appears quite plausible, since PipX sits in its complex 

with NtcA at a place that corresponds quite accurately with a space left between CRP 

and CTDRNAP in the DNA-CRP-CTDRNAP complex of E. coli (29), highlighting the 
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importance of looking for proteins that could be equated functionally with PipX in other 

taxonomic groups, as well as of exploring further PipX interactions in cyanobacteria. 
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MATERIALS AND METHODS 

Full protocols are available in SI Text. 

Production and crystallization of PII-PipX, PipX-NtcA and NtcA  

 Synechococcus elongatus (strain PCC7942) NtcA and PipX having N-terminal 

His6 tags, and tag-free PII, were purified essentially as reported (7,12), supplementing 

with 4 mM 2OG all solutions used in NtcA purification. To crystallize the PipX-PII 

complex, a solution containing 0.07 mg/ml of each protein in 20 mM HEPES pH 7.5, 1 

mM dithiothreitol, 0.4 M NaCl and 5 mM MgCl2, incubated 5 min at 22ºC, was 

concentrated to 5.5 mg/ml by ultrafiltration. The complex crystallized in 6 months as 

0.1-mm needles, at 21ºC, in hanging drops prepared with 1μl each of protein and 

precipitant solution (0.2 M Na formate/15% polyethylene glycol  3.35K). To crystallize 

the PipX-NtcA complex, a solution of 0.1 mg/ml PipX and 0.3 mg/ml NtcA in buffer A 

(50 mM Na citrate, pH 6.5, 0.5 M NaCl, 5 mM MgCl2, 10 mM 2OG, 50 mM L-

arginine-HCl and 50 mM Na L-glutamate), incubated  5 min at 22ºC, was concentrated 

to 3 mg/ml by ultrafiltration. Crystals of ~0.15 mm maximal dimension grew after 6 

weeks using as precipitant 50 mM MES pH 5.5/1 M Na malonate/10 mM MnCl2/2% 2-

methyl-2,4-pentanediol (MPD)/5% dimethyl sulfoxide. Crystals of NtcA alone were 

obtained in two different forms from a 4.7 mg/ml NtcA solution in buffer A, using as 

crystallization solutions, for form I, 0.1 M Bis-Tris pH 5.5/0.15 M ammonium 

acetate/11% PEG 10 K in the case of form I, and, for form II 0.2 M K citrate pH 

8.3/20% PEG 3.35 K. A Hg2+ derivative was prepared of an NtcA crystal grown using 

as crystallization solution 0.1 M Bis-Tris pH 6.5/36% PEG 400, by 5-min soaking of 

this crystal in crystallization solution containing 10 mM 2OG and 0.5 mM HgCl2, and 

then for another 5 min in the same solution having 2 mM HgCl2.  
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Data collection and structure Determination. See Table S1 and SI Methods for 

details. 

Other methods. Pure NAGK was produced as reported (7). We used well established 

procedures (7) for site-directed mutagenesis of the PII and PipX genes, carried in 

appropriate plasmids (14). All the mutant PII and PipX proteins used in SPR studies and 

in competition studies with NAGK were purified as the corresponding wild-type 

protein. Y2H analysis of NAGK and PII mutants was carried out as described (11,12). 

The same procedure was used for Y3H analyses (30), except for the cloning of the 

genes for the indicated bait and bridge proteins (see details in SI Methods) into the 

respective MCSI and MCSII regions of the pBridge vector (Clontech, Takara Bio 

Company). The binding of PII to His6-tagged PipX was assayed by SPR as reported 

(12). SPR was also used to assay the binding of NtcA or of PipX to the glnA DNA 

promoter sequence, fixed on a Streptavidin sensor chip, and also to assay PipX binding 

to NtcA bound to chip-attached glnA promoter DNA (see SI Methods for details). The 

binding of PipX to PII was assayed by SPR using a chip that was first loaded with 

Strep-tactin II and then with Strep-tagged-PII (12,23) (see SI Methods).  Pull-down 

assays of PII (5.5-68.2 μM, as PII subunits) binding to His6PipX (30.8 µM) were carried 

out using His SpinTrap columns (GE Healthcare), determining the amount of PII that 

was retained in the column together with  PipX. 
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Figure Legends 

Fig. 1. PII control of NtcA-mediated gene expression. Interactions of PII with PipX and 

NAGK, and of PipX with NtcA, depending on nitrogen/2OG abundance, are 

schematized. 

 

 Fig. 2. The PII-PipX complex. Ribbon (A,B) representations of the PII-PipX complex, 

with PII subunits in different yellow hues, and PipX molecules violet, cyan and green. 

The threefold axis is vertical in (A) and orthogonal to the paper in (B). (C) Y3H assays 

to monitor the effect of a third protein ("Bridge") on the interactions of the protein fused 

to GAL4-Binding-Domain ("Bait") and GAL4-Activation-Domain ("Prey"), which is 

reflected by growth of yeast diploids. A negative sign indicates a plasmid carrying no 

gene for either the "Bait" or the "Bridge" protein. The last two rows are Y2H assays. 

(D) Model of how 2OG-triggered T-loop retraction should facilitate PipX dissociation. 

For clarity, PipX α-helices are removed. Left, PII(red)-PipX (yellow) complex. Right, 

PII in the retracted T-loop conformation as observed in the PII-NAGK complex (7) 

[which has the T-loops as in the reported (9) PII-2OG complex], replacing PII in the 

PII-PipX complex. (E) T-loop interactions with PipX. The T-loop is in ribbon 

representation, showing the side-chains of PipX-interacting residues (in black). A 

phosphate has been modeled over the hydroxyl group of S49 as expected for S49 

phosphorylation. PipX is depicted in semi-transparent surface representation, with 

positive/negative surface potential areas in blue/red; side-chains of residues that interact 

with PII are illustrated and are labeled in red.   

 

Fig. 3. Competition between PipX and NAGK for PII. (A) Surface representation of PII, 

viewed along the threefold axis from the flat face side of the trimer. Blue, gold and 
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green areas correspond, respectively, to regions involved in the interactions with PipX 

alone, with NAGK alone, or with both PipX and NAGK in the respective complexes. 

Residue numbers are indicated for one PII subunit, in blue or red when their mutation to 

alanine (except for P10 and V53, which were mutated to L and G, respectively) 

hampered or did not hamper, respectively, interaction with PipX in Y2H assays. 

Residues in black were not mutated. (B) Ultrafiltration assays of PII binding to NAGK 

(7) revealing that PipX (added together with NAGK to a PII solution) prevents 

incorporation of PII into the bulky complex with NAGK, leading to the appearance of 

PII in the ultrafiltrate [revealed by SDS-PAGE and either Coomassie-staining (left), or 

by western blotting and immunostaining with an anti-PII antibody (31), right]. PII and 

NAGK concentrations are given in terms of trimers and hexamers, respectively. (C, D) 

Influence of PipX on the concentration of arginine causing 50% inhibition (I0.5
Arg) in 

hydroxylamine-based NAGK activity assays (10) containing also PII. The I0.5
Arg values 

(with standard error bars) were estimated from plots of activity versus arginine 

concentration. In (C) the amount of PII3 (denoting trimers) was varied, whereas in (D) 

PipX was varied at a constant PII3/NAGK6 ratio. In both figures, the NAGK6 (denoting 

hexamers) concentration was 24 nM.  

 

Fig. 4. NtcA structure and activation by 2OG and PipX. Unless indicated, one NtcA 

subunit is colored bluish and the other yellow, with the DNA binding domain in darker 

hues. The C-terminal helix is shown in red in both NtcA subunits, except in (G). (A, D) 

Structure of the active (A) and inactive (D) NtcA dimer (in ribbon representation) with 

2OG bound (in spheres representation). In (A) the superimposition with CRP-DNA (24) 

has allowed to model bound DNA (in grey). (B, C) PipX-NtcA complex with PipX 

colored green, in ribbon representation (B) or in surface representation. (E) Detail of 
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2OG binding in the active ("active") and apparently inactive ("inactive") NtcA 

conformations. Electron density maps (Fo-Fc omit maps at 2.5 σ) are shown for 2OG 

(and, in "active", for one water molecule). Broken lines denote hydrogen bonds. (F) 

Movements of the interfacial helix and the DNA-binding helices upon activation 

(active, blue; inactive, magenta). 2OG bound to the active form is shown in sticks 

representation. (G) Model of the PipX-NtcA complex (surface representation) with 

DNA and the α-CTD of RNAP (in ribbon, red). (H) SPR assay demonstrating the 

respective binding and lack of binding of NtcA (6 μg/ml) and PipX (5 μg/ml) to the 

glnA promoter in presence of 1 mM 2OG. RU denotes response units of the Biacore 

instrument. 

 
Fig. 5. Structure of PipX and interacting role of its Tudor-like domain. (A) 

Superimposition of two PipX molecules from the PII-PipX complex (colored as in this 

complex), represented in ribbons, to highlight the difference between the extended and 

flexed positions of the C-terminal helix. (B) One PipX molecule from the PipX-NtcA 

complex. Its conformation is virtually identical to the ones of the other PipX molecule 

in the NtcA complex and to the PipX molecule in the PII-PipX complex having a flexed 

C-terminal helix. (C) Superimposition of PipX (in yellow) with the N-terminal tudor-

like domain of RapA (22). (D) Ribbon and (E) surface representations of PipX in 

identical orientation, to illustrate the regions involved in the interactions with both PII 

and NtcA (in green), with PII alone (magenta) or with NtcA alone (gold), in the 

corresponding complexes. In (D) secondary structure elements are labeled and,  to 

facilitate localization of elements in the surface representation, a few residues are 

indicated. In (E) residue numbers are magenta, dark orange or green when their 

mutation to alanine (Q34, R54 and L65 were mutated to E, C and Q, respectively) 

hampered interaction with PII, NtcA or both, respectively, and in red when the mutation 
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did not hamper interaction with PII or NtcA. Residues numbered in black were not 

mutated. The lines indicate residues on the back of the molecule. 
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