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Summary 26 

To adapt to environments with variable nitrogen sources and richness, the widely 27 

distributed homotrimeric PII signaling proteins bind their allosteric effectors 28 

ADP/ATP/2-oxoglutarate, and experience nitrogen-sensitive uridylylation of their 29 

flexible T-loops at Tyr51, regulating their interactions with effector proteins. To clarify 30 

whether uridylylation triggers a given T-loop conformation, we determined the crystal 31 

structure of the classical paradigm of PII protein, Escherichia coli GlnB (EcGlnB), in 32 

fully uridylylated form (EcGlnB-UMP3). This is the first structure of a 33 

postranslationally modified PII protein. This required recombinant production and 34 

purification of the uridylylating enzyme GlnD and its use for full uridylylation of large 35 

amounts of recombinantly produced pure EcGlnB. Unlike crystalline non-uridylylated 36 

EcGlnB, in which T-loops are fixed, uridylylation rendered the T-loop highly mobile 37 

because of loss of contacts mediated by Tyr51, with concomitant abolition of T-loop 38 

anchoring via Arg38 on the ATP site. This site was occupied by ATP, providing the 39 

first, long-sought snapshot of the EcGlnB-ATP complex, connecting ATP binding with 40 

T-loop changes. Inferences are made on the mechanisms of PII selectivity for ATP and 41 

of PII-UMP3 signaling, proposing a model for the architecture of the complex of 42 

EcGlnB-UMP3 with the uridylylation-sensitive PII target ATase (which 43 

adenylylates/deadenylylates glutamine synthetase) and with glutamine synthetase.  44 

Keywords. PII protein, X-ray crystallography, signaling, ATase, glutamine synthetase, 45 

postranslational modification 46 

Abbreviations. 2OG, 2-oxoglutarate; ATase, glutamine synthetase adenylyl 47 

transferase; DTT, 1,4-dithiothreitol; Ec (as prefix), Escherichia coli; GlnD, UTP: 48 

protein-PII uridylyltransferase; GS, glutamine synthetase; PAGE, polyacrylamide gel 49 

electrophoresis; SDS, sodium dodecyl sulphate; TLS, Translation/Libration/Screw.  50 
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Introduction 51 

 To survive in changing habitats, microorganisms require sensors and transducers 52 

that perceive and convert signals into changes in gene expression, microbial physiology 53 

and biochemical processes. PII proteins are highly conserved and very widespread 54 

sensors and transducers of the nitrogen richness in all life domains (Sant'Anna et al., 55 

2009). They are homotrimers having a hemispheric body formed by an inner β-sheet 56 

layer covered by two α helices per subunit and presenting in each subunit a long flexible 57 

loop called the T-loop (Cheah et al., 1994; Carr et al., 1996; Xu et al. et al., 2003). 58 

Changes in T-loop conformation are triggered by the binding at the root of this loop of 59 

ATP/ADP (Zeth et al., 2014) (and in some cases AMP; Palanca et al., 2014) and 2-60 

oxoglutarate (2OG) (Fokina et al., 2010; Truan et al., 2010). These changes can signal 61 

the energy and carbon/nitrogen status by promoting or preventing the interactions of PII 62 

with target proteins such as channels, enzymes and proteins involved in gene regulation 63 

(Forchhammer and Lüddecke, 2016).  64 

  PII proteins function is also regulated by postranslational modification affecting 65 

the T-loop (reviewed in Merrick, 2015). This type of modification of PII was discovered 66 

(reviewed in Stadtman, 2001) with the paradigm of PII proteins, GlnB from Escherichia 67 

coli (abbreviated here EcGlnB), the first PII protein discovered and the one that gave 68 

the name to this protein family (Shapiro, 1969). EcGlnB was identified because of its 69 

key controlling role on glutamine synthetase by regulating the level of adenylylation of 70 

this enzyme in response to the nitrogen richness. The EcGlnB T-loop residue Tyr51 is 71 

conserved in many PII proteins (see PF00543 entry of the PFAM database in 72 

http://pfam.xfam.org/family/PF00543/alignment/seed/html) and it is uridylylated in E. 73 

coli by GlnD when 2-OG is abundant and L-glutamine is low, which are conditions 74 

signaling nitrogen restriction (Stadtman, 2001). GlnD is bifunctional (Atkinson et al., 75 
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1994; Zhang et al., 2010) and it catalyzes the deuridylylation of Tyr51 when the 76 

nitrogen restriction is alleviated and the levels of 2-OG and L-glutamine (a GlnD 77 

effector) decrease and increase respectively. The uridylylated form of EcGlnB activates 78 

the deadenylylating activity of another bifunctional enzyme, ATase (Jaggi et al., 1997; 79 

Jiang et al., 2007), which removes the covalently bound AMP from glutamine 80 

synthetase, rendering this last enzyme less susceptible to feed-back inhibition and 81 

therefore more active (Stadtman, 2001). Uridylylation (or adenylylation) of the PII T-82 

loop, originally reported in enterobacteria, occurs in proteobacteria and actinobacteria, 83 

and, sporadically, in a few other diverse genera, judged from the conservation of Tyr51 84 

among PII proteins and the occurrence of EcGlnD orthologs (Merrick, 2015), although 85 

it might be even more widespread, since it was found in an archaea where a glnD 86 

ortholog was not identified (Pedro-Roig et al., 2013). In some unicellular cyanobacteria 87 

phosphorylation of a nearby T-loop serine (Ser49) occurs under conditions of nitrogen 88 

starvation and may be important for nitrogen regulation in these organisms 89 

(Forchhammer and Tandeau de Marsac, 1995).  90 

 Thus far there is no information on the consequences of the covalent 91 

modifications of the T-loop on the conformation of this loop, which conceivably could 92 

be fixed into a given structure by a particular modification, making it fit for interaction 93 

with the targets that bind to uridylylated or adenylylated PII, such as the ATase of 94 

enterobacteria (Stadtman, 2001) or the transcriptional repressor AmtR of 95 

Corynebacterium  glutamicum (Beckers et al., 2005). To clarify the structural effects of 96 

uridylylation, we have generated in vitro EcGlnB uridylylated in its three subunits 97 

(EcGlnB-UMP3) and have determined its X-ray crystal structure at 1.9 Å resolution, 98 

providing the first snapshot of a translationally modified PII protein, which, in addition, 99 

provided the long-sought view of EcGlnB binding to its allosteric effector ATP. The 100 
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consequences of our findings for our understanding of PII regulation, including our 101 

understanding of the ternary complex EcGlnB-UMP3-ATase-Glutamine synthetase are 102 

discussed also.  103 

Results and Discussion 104 

Preparation of in vitro uridylylated EcGlnB  105 

 With the purpose of determining the structure of fully uridylylated PII, EcGlnB 106 

produced recombinantly in E. coli BL21 cells and purified from them (Fig. 1A) was 107 

incubated with a large excess of similarly produced pure E. coli GlnD (EcGlnD) (Fig. 108 

1B), the bifunctional enzyme that catalyzes the uridylylation and, in the presence of 109 

glutamine, the deuridylylation of EcGlnB (Stadtman, 2001). Initial incubations of 110 

EcGlnB in the presence of ATP and 2-OG (conditions to maximize uridylylation; Jiang 111 

et al., 1998) with a high concentration of EcGlnD (2 μM, as protein chains), did not 112 

yield fully uridylylated EcGlnB. This was shown by native polyacrylamide gel 113 

electrophoresis (PAGE), which revealed four bands that correspond (Jiang et al., 1997b) 114 

to the PII trimer without modification and with one, two and three uridylylated subunits 115 

(Fig. 1C, top-central panel). As expected for partial modification, MALDI-TOF mass 116 

spectrometry revealed (Fig. 1C, graph 2) the coexistence of peaks for the EcGlnB 117 

subunit without and with uridylylation, differing exactly in the mass of UMP (306 Da). 118 

These two peaks had the  relative sizes expected from the proportions of the different 119 

species of the trimer revealed by native electrophoresis. In contrast, only the non-120 

uridylylated form was observed both in native PAGE (Fig. 1C, top-left) and by mass 121 

spectrometry (Fig. 1C, graph 1) when EcGlnD was not included in the incubations. We 122 

succeeded in obtaining full uridylylation when we lowered 200-fold the amount of 123 

EcGlnD used, to 10 nM (Fig. 1C, upper-right panel). This indicates that in the absence 124 
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of glutamine the deuridylylating activity of EcGlnD is activated at high concentrations 125 

of this bifunctional enzyme. 126 

Crystallization and X-ray diffraction of uridylylated EcGlnB 127 

 Good X-ray diffracting crystals of trigonal shape and ~0.3 mm largest dimension 128 

(Fig. 1C) were obtained with fully uridylylated EcGlnB only when ATP, MgCl2 and 129 

2OG were present. MALDI-TOF analysis of a pool of eight crystals confirmed that they 130 

consisted of fully uridylylated EcGlnB (Fig. 1C, graph 3; the smallness and width of the 131 

peak, and the high background are due to the very minute amount of protein). 132 

Diffraction of synchrotron X-rays by these crystals attained a resolution of 1.9 Å (Table 133 

1). The crystals belonged to space group I213 and had a cell of 90 Å-edge, which could 134 

host in the asymmetric unit a single EcGlnB subunit. Phasing was successful by 135 

molecular replacement (McCoy et al., 2007) using as a model the subunit of non-136 

uridylylated GlnB from E. coli [Protein databank (PDB) file 2PII, 137 

www.rcsb.org/pdb/explore/explore.do?structureId=2PII] (Carr et al., 1996) without 138 

residues 36-55 and 106-112. The solution corresponded to one PII subunit in the 139 

asymmetric unit, with 47% solvent content. The refined model at 1.9 Å-resolution had 140 

excellent quality indicators (R values) and good stereochemistry (no outliers in the 141 

Ramachandran plot) (Table 1), encompassing the entire polypeptide chain excepting 142 

residues 37-53 from the T-loop and the three C-terminal residues (residues 110-112) 143 

(Fig. 1D). Application of the crystallographic symmetry generated a canonical PII 144 

trimer (Fig. 1E). 145 

 146 

The uridylylated T-loop is disordered  147 

 The structure of the subunit and of the symmetry-generated trimer of uridylylated 148 
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EcGlnB (Fig. 1D, E) closely conforms with the reported structures (Cheah et al., 1994; 149 

Carr et al., 1996) of the subunit and of the trimer of non-modified EcGlnB (Supporting 150 

Information Fig. S1 A,B), with r.m.s.d. values of 0.72Å and 0.74Å for the 151 

superimposition of 92 and 276 Cα atoms in the subunit and the trimer, respectively. A 152 

relevant difference in the protein backbone that is observed with both the uridylylated 153 

and the non-uridylylated proteins affects the connector between helix α1 and strand β2, 154 

particularly at residue Thr26, which experiences a displacement of 2.9 Å relative to 155 

native GlnB (Supporting information Fig. S1 A), possibly as a consequence of the 156 

presence of bound ATP in uridylylated EcGlnB (see below).  157 

 Interestingly, whereas the T-loop was clearly visible in the two reported structures 158 

of non-uridylylated EcGlnB (Cheah et al., 1994; Carr et al., 1996), it was not visible in 159 

our crystal, which exhibited no electron density in the region where the T-loop would be 160 

expected to be (Fig. 1F), strongly suggesting that this loop is disordered or that it adopts 161 

several different conformations. Indeed, the T-loop observed in non-uridylylated 162 

EcGlnB (PDB files 1PIL and 2PII; Cheah et al., 1994; Carr et al., 1996) (Supporting 163 

information Fig. S1 A,B) is fixed by contacts connecting different trimers. These 164 

contacts involve centrally Tyr51, the residue that is uridylylated in EcGlnB (Fig. 1G, 165 

H). Loss of these crystal contacts due to T-loop uridylylation would therefore account 166 

for T-loop disorder, since the bulky UMP radical would prevent accommodation of the 167 

T-loop in the limited space where it docks on the adjacent trimer (Fig. 1G). In addition, 168 

the UMP group should render impossible the interactions of the phenolic ring of Tyr51 169 

with the hydrocarbon chain of Arg79 of the adjacent trimer (Fig. 1H). In any case, our 170 

failure to observe a well-organized T-loop in uridylylated EcGlnB clearly excludes that 171 

the uridylylation triggers a single conformation of the T-loop or strongly decreases the 172 

flexibility of the T-loop to fix it into such conformation. 173 
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Mode of ATP binding to EcGlnB 174 

 A novel observation made here concerns how is ATP bound to EcGlnB. This 175 

binding is deemed important since ATP is a key effector of PII proteins (Kamberov et 176 

al., 1995; Zeth et al., 2010; Forchhammer and Lüddecke, 2016). Although the first 177 

structure of EcGlnB was determined more than 20 years ago (Cheah et al., 1994), a 178 

nucleotide-bound structure had not been reported for this paradigmatic PII protein. Our 179 

structure shows that ATP binding is highly selective relative to UTP, since this last 180 

nucleotide was 2.5-fold more abundant than ATP in the mother liquor (5 mM UTP 181 

versus 2 mM ATP; the UTP was carried over from the prior step of EcGlnB 182 

uridylylation) and yet the electron density clearly showed the adenine ring in full 183 

occupancy with no trace of uracyl (Fig. 2A). This selectivity is explained by the 184 

extensive interactions of the hexagonal moiety of the adenine bicyclic ring, a part 185 

without a topographic equivalent in the monocyclic pyrimidine ring. The adenine is 186 

found in the anti configuration and lying on the edge of the β-sheet of one subunit 187 

(called here subunit B; elements of this subunit are marked with asterisks; Fig. 2B). Its 188 

hexagonal ring moiety is sandwiched between the α1-β2* connector and the benzenic 189 

ring of the highly conserved Phe92 from the adjacent subunit (subunit A) (Fig. 2A,B) 190 

and is encircled by residues 62-64* stemming from β3* (Fig. 2A,C), with hydrogen 191 

bonds being made between the N1 and N6 atoms of the adenine and, respectively, the N 192 

and O atoms of Val64*. In addition, the N3 atom makes a hydrogen bond with the OH 193 

of Thr29* (Fig. 2A,C). The importance of this interaction is possibly reflected in the 194 

abolition of ATP binding by the Thr29Met mutation of EcGlnB (Jiang et al., 1997a). 195 

These interactions not only confer selectivity against pyrimidines, but should also select 196 

against guanine, since this purine base has no N atom at position 6, whereas its amino 197 

group bound to C2 would clash with these encircling residues. 198 
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 The electron density for the ribose was as good as for the base (Fig. 2A), 199 

revealing the C3'-endo pucker of the sugar, which lies in the space between the β-sheets 200 

of subunits B and A, sitting largely on the external surface of the β-sheet of subunit A, 201 

close to the beginning of the T-loop (Fig. 2B). The electron density is poorer for the 202 

polyphosphate chain, particularly for the β-phosphate (Fig. 2A), which also exhibits 203 

high B-factors, indicating that this phosphate binds loosely to the protein, although it 204 

appears to be anchored to Lys90 (Fig. 2A,C) given the slight improvement of the 205 

phosphate density near this lysine (Fig. 2A).  The importance of Lys90 for ATP binding 206 

is reflected in the reported (Jiang et al., 1997a) 5-fold decrease in ATP binding caused 207 

by the Lys90Arg mutation. 208 

 Judged from the nearness to the bound ATP (Fig. 1D) and from the comparison 209 

with the structures of EcGlnB without ligands (PDB files 1PIL and 2PII), ATP binding 210 

appears to be associated with the movement of the α1-β2 loop* that encompasses 211 

Thr26* (Supporting information Fig. S1A and Figs. 2 D,E), and with the triggering of 212 

mobility of the C-terminal three residues (110-112*, the last ones of the C-loop*). 213 

These C-terminal residues were not visible in the ATP-bound form while they were 214 

fixed and visible in the structure of EcGlnB without ATP (Fig. 2D). In addition, the T-215 

loop residue Arg38* is very close to the site where the β and γ phosphates of ATP are 216 

found in our structure (Fig. 2E). Thus, ATP binding requires the displacement of Arg38 217 

out from the nucleotide site, releasing the T-loop from the adjacent subunit of the same 218 

trimer from its anchoring on this site, favoring higher T-loop flexibility in the ATP-219 

bound form of EcGlnB. In this way the binding of ATP transmits a conformational 220 

signal to the T-loop. This change, together with the indicated movements of the α1-β2 221 

loop* and of the end of the C-loop*, may be considered an opening of the nucleotide 222 

site (Fig. 2D). Conversely, our success in obtaining the structure of the ATP complex of 223 
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EcGlnB may be due to the uridylylation of the T-loop, since this modification, by 224 

destabilizing the crystal contacts mediated by the T-loop (Fig. 1G,H), could destabilize 225 

the T-loop conformation in which Arg38 occupies the nucleotide site (Fig. 2E), 226 

facilitating the crystallization of the form in which the nucleotide site is occupied by its 227 

ligand.  228 

 The lack of nucleotide-bound metal despite the presence in the mother liquor of 229 

10 mM Mg
2+

 and 20 mM Ca
2+

 (a cation present in the crystallization solution) is 230 

possibly due to the low pH (4.6) at which EcGlnB crystallized, since protonation 231 

decreases the metal affinity of ATP (O'Sullivan and Perrin, 1964; Wilson and Chin, 232 

1991). The lack of bound metal explains why 2OG, present at 2 mM concentration, was 233 

not bound, since 2OG binding is mediated by a bridging nucleotide-bound metal 234 

(Fokina et al., 2010; Truan et al., 2010; Maier et al., 2011). Despite the lack of 2OG, 235 

the β phosphate of ATP forms the salt bridge with Lys90 (Fig. 2A,C) that is constantly 236 

found in 2OG-MgATP complexes of PII proteins (Fokina et al., 2010; Truan et al., 237 

2010; Maier et al., 2011), although this is the phosphate group of the nucleotide that 238 

deviates the most in the present structure from the position of the same phosphate in 239 

reported PII-MgATP-2OG complexes (Fig. 3A). In any case, the comparison of the 240 

present structure with that reported (PDB file 2GNK; Xu et al., 1998) for the other PII 241 

protein of E. coli, GlnK bound to ATP and lacking Mg
2+

 (Fig. 3B) reveals identical 242 

binding of the adenosine moiety but shows differences in the triphosphate moiety. The 243 

comparison with all the structures deposited in the PDB of PII proteins having bound 244 

ATP (superimposed in Fig. 3A) reveals marked variability in the positions of the three 245 

phosphates (darker spheres) unless Mg
2+

 was also bound (clearer spheres), supporting 246 

the view that the proper form of ATP for allosteric modulation of PII proteins is the 247 

MgATP complex. 248 
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 In correspondence with the fixation in the same position and location of the bound 249 

adenosine moiety in EcGlnB and EcGlnK, the same residues are involved in the binding 250 

of this moiety in these two proteins (Fig. 3B). There is more variation among the 251 

residues that interact with the polyphosphate chain. Thus, the side-chain of Lys90 does 252 

not interact with the β phosphate in EcGlnK but it does interact in EcGlnB, and the 253 

orientations of Arg101* and Arg103* relative to the β and γ phosphates (with which 254 

they interact) differ in both proteins (Fig. 3B). In any case, the high conservation of the 255 

interactions between the protein and the adenosine moiety even when comparing 256 

bacteria with archaea (Palanca et al., 2014) (Fig. 3C) indicates that the binding specifity 257 

of PII proteins for adenine nucleotides is very ancient, preceding the separation of 258 

bacteria and archaea, highlighting the importance of adenine nucleotide binding for the 259 

modulatory properties of PII across phyla.  260 

The involvement of the T-loop in ATase regulation by EcGlnB 261 

 The scarcity of uridylylation-associated changes in the body of the EcGlnB trimer 262 

indicates, by exclusion, that the T-loop carries the modulating signal of EcGlnB in 263 

native or uridylylated form to the adenylylating or deadenylylating activities of the 264 

EcGlnB target enzyme ATase. This agrees with the observations that deletion of seven 265 

T-loop residues or the substitution Val53Gly within this loop abolished or strongly 266 

decreased the ability of EcGlnB to activate the adenylylating activity of ATase (Jiang et 267 

al., 1997a). As already indicated, this enzyme is in charge of covalently tagging or 268 

removing the adenylyl groups of glutamine synthetase. Indeed, the T-loop of EcGlnB 269 

obviously changes its chemical nature by its uridylylation, and it also changes 270 

conformation, as illustrated in the present comparisons of our structure with that of non-271 

uridylylated EcGlnB. The binding of the three T-loops of the EcGlnB trimer to three 272 

ATase molecules at or in the vicinity of the central R domain that bridges both catalytic 273 
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domains (Clancy et al., 2005; Jiang and Ninfa, 2009; Xu et al., 2010), could yield a 274 

complex exhibiting a ring of 6 catalytic domains approximating pseudosymmetry (Fig. 275 

3D), since both ATase catalytic domains are homologous and flank, one on each side, 276 

the central R domain of each ATase molecule. One such pseudohomohexameric ring of 277 

ATase catalytic domais could face each hexameric ring of subunits in the glutamine 278 

synthetase dodecamer (Almassy et al., 1986), generating a closed complex in which the 279 

threefold axes of the PII molecules would be aligned with the sixfold axis of glutamine 280 

synthetase. An earlier structural proposal (Xu et al., 2010) for explaining how the 281 

catalytic centers of the ATase domains can reach Tyr397 of glutamine synthetase (the 282 

residue that is adenylylated and deadenylylated; Stadtman, 2001) would be compatible 283 

with such closed complex if the T-loops are highly extended. Although speculative, our 284 

model fulfils the requirements of symmetry, solves the problem of avoiding an infinite 285 

molecular network of the three proteins, and provides a conceptual frame for devising 286 

experiments to test the validity of the model.  287 

PDB deposition. The structure of uridylylated GlnB from Escherichia coli bound to 288 

ATP that is reported here has been deposited in the Protein Databank as file 5L9N. 289 

Supporting information 290 

Detailed protocols or references on the cloning of the genes and production of EcGlnD 291 

and EcGlnB and on the uridylylation of EcGlnB and ancillary techniques, as well as one 292 

figure are given as Supporting information available online.  293 
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FIGURE LEGENDS 435 

Figure 1. EcGlnB-UMP3 production, crystal structure and interference of T-loop 436 

modification with previously reported crystal contacts. (A) and (B): Final preparations 437 

of EcGlnB and EcGlnD, respectively, produced from E. coli BL21(DE3) grown in  438 

liquid LB-ampicillin, and analyzed by SDS-PAGE. St, standard proteins (with masses 439 

given in kDa). EcGlnB was produced from pJLA503-glnB (Jiang et al., 1997), by 4-440 

hour induction at 42ºC of cultures grown at 30°C to OD
600

=1, followed by purification 441 

as described (Llácer et al., 2007). N-terminally His6-tagged GlnD was produced from E. 442 

coli K12 glnD, PCR-cloned in pLIC-SGC1 (Gileadi et al., 2008), by 12-hour induction 443 

at 18ºC with 0.1 mM isopropyl-β-D-1-thiogalactopyranoside, on cultures grown at 37°C 444 

to OD
600

=0.6. After centrifugal harvesting, the cell pellet was sonication (4ºC) in 20 445 

mL/L culture of 0.1 M Hepes pH 7.5/0.5 M NaCl/1 mM dithiothreitol (DTT)/1 mM 446 

phenyl methyl sulphonyl fluoride/1 mM EDTA and the enzyme was isolated by Ni-447 

affinity chromatography of the supernatant (1-mL HisTrap column, 4ºC, ÄKTA FPLC 448 

system, both from GE Healthcare). (C) Uridylylation reaction at high and low GlnD 449 

concentrations (indicated at the top) and monitorization of the degree of uridylylation 450 

by native electrophoresis in polyacrylamide gel and by mass spectrometry. A crystal of 451 

uridylylated EcGlnB is shown. The arrows indicate which samples were analyzed by 452 

mass spectrometry. For uridylylation, 0.5 mg/ml EcGlnB (~14 μM trimer) was 453 

incubated at 37°C with GlnD (2 µM or 10 nM, as indicated, corresponding, 454 

respectively, to 0.22 mg/ml or 1.1 µg/ml) in 0.1 M Tris-HCl pH 7.5/0.1 M NaCl/10 mM 455 

MgCl2/2 mM 2OG/5 mM UTP/1 mM DTT. After 30 min, the mixture was heated (60°C 456 

15 min), cooled, centrifuged, and the supernatant was concentrated to 10 mg protein/mL 457 

by centrifugal ultrafiltration. Uridylylation levels were estimated by native PAGE 458 

(Atkinson et al., 1994) and by MALDI-TOF mass spectometry (Proteomics Service of 459 
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Centro de Investigación Príncipe Felipe, Valencia, Spain). Protein was determined 460 

according to Bradford (1976) with bovine serum albumin as standard. (D, E) Cartoon 461 

representations of the subunit of uridylylated EcGlnB in stereo view (D) and of the 462 

crystal-generated trimer (E) in two projections differing in a 90º rotation around the X-463 

axis, with each subunit colored differently. Secondary structure elements and some 464 

residues are labeled. The T-loop was not visible (arbitrarily represented as a dashed 465 

line). Bound ATP is in sticks representation with C, O, N and P atoms in yellow, red, 466 

blue and orange, respectively. In (D) the 2Fo-Fc map for the nucleotide is contoured as a 467 

grid at σ=1. Since each ATP molecule interacts with two subunits, the subunit is shown 468 

with the two ATP molecules with which it interacts. (F) Lack of electron density for the 469 

T-loops in EcGlnB-UMP3. Grey meshwork, 2Fo-Fc map, contoured at σ = 1, in the 470 

crystal region spanning 25 Å around the visible part of one subunit of uridylylated 471 

EcGlnB (in yellow cartoon, with T-loop-connecting residues in sticks representation 472 

and labeled). The density void corresponding to the T-loop is labeled. (G) Global view 473 

and (H) detailed view of intertrimeric contacts mediated by the T-loop and Tyr51 in the 474 

crystal structure of non-uridylylated EcGlnB (PDB 2PII) (Carr et al., 1996). In both 475 

panels, T-loop residues are coloured orange. Protein structures were represented in all 476 

figures using PyMOL (DeLano Scientific LLC; http://www.pymol.org). 477 

Figure 2. ATP binding to uridylylated EcGlnB and comparison with the ATP-free 478 

structure. Except in (C), ATP and residues side-chains are in sticks representation, 479 

colouring O, N and P atoms, and ATP C atoms, in red, blue, orange and yellow, 480 

respectively. The site formed between subunits A and B is shown. Asterisks mark 481 

subunit B elements. When illustrated, hydrogen bonds with the triphosphate, the 482 

adenine or the ribose of ATP are shown as red, blue or yellow dashed lines, 483 

respectively. Horizontally aligned double panels are stero views. (A) ATP molecule 484 
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bound to uridylylated EcGlnB, encircled by its 2Fo-Fc map (grid countoured at σ=1) 485 

and surrounded by residues from both subunits forming its binding site. Protein C atoms 486 

are grey and green, respectively, for subunits A and B. (B) ATP bining show on a wider 487 

protein context. The three EcGlnB subunits (cartoon representation) are coloured 488 

differently, with some β strands and loops labeled. The thick broken line indicates that 489 

the T-loop is not visible. (C) Scheme representing the polar bonds of ATP with the 490 

protein. Distances are given in Å. (D and E) Comparison of the nucleotide site of 491 

EcGlnB when ATP-bound (this work) and nucleotide-free (PDB file 2PII) (Carr et al., 492 

1996), in (D) semi-transparent surface representations omitting the T-loop (residues 37-493 

53) and showing in sticks, under the surface, Thr26 and residues 108-112 (C-loop end) 494 

as visualized in one and the other structures. (E) Superimposition of the ATP site in its 495 

empty and ATP-bound forms, to highlight the movements of Thr26 and Arg38 and the 496 

lack of movement of other elements. Protein C atoms are coloured respectively grey and 497 

green for the ATP-bound and ATP-free forms.  498 

Figure 3. Structural conservation and sequence identity related to ATP binding in PII 499 

proteins, and model for EcGlnB-ATase3-Glutamine synthetase. Double panels are stereo 500 

views. (A) Conformations of the ATP molecules bound in structurally well 501 

characterized PII-ATP complexes including the present EcGlnB-UMP3-ATP3 complex 502 

and PDB entries 2EG2, 3LF0, 2J9E, 4OZN, 1V3S, 2GNK, 3TA0, 2XZW, 3TA2, 4AFF, 503 

2J9C and 2XBP (the last four are in complex with MgATP). The polypeptide chains of 504 

these PII proteins were superimposed, but only the bound ATP is shown, with the 505 

adenosine moiety in thin sticks whereas the phosphates are not shown for clarity, 506 

representing only with spheres the positions of the α, β or γ phosphorus atoms in green, 507 

blue or magenta, respectively except for Mg-complexed ATP molecules, in lighter hues 508 

of the same colors, and for EcGlnB, shown in different hues of yellow. (B) 509 
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Superimposition of the ATP-bound nucleotide sites of EcGlnB (green C atoms) and 510 

EcGlnK (in grey the protein C atoms and the whole nucleotide) (PDB file 2GNK), 511 

highlighting with red dashed lines salt bridges and hydrogen bonds and marking with an 512 

asterisk the residues of the B subunit. (C) Sequence alignment of EcGlnB (ecGlnB) and 513 

GlnK2 from the halophilic archaeon Halopherax mediterranei (hmGlnK2). Invariance 514 

and conservation are highlighted by black and gray shadowing, respectively. Helices 515 

and β-strands are shown as orange bars and blue arrows, respectively. The T-loop, B-516 

loop and C-loop are enclosed in red squares. Triangles point at residues that contact 517 

ATP. They are coloured blue, yellow or red depending on whether the residues contact 518 

the adenine, ribose of polyphosphate moieties of ATP, respectively. (D) Schematic 519 

model for the complex of EcGlnB-UMP3-ATase3 and one hexameric ring of the 520 

glutamine sinthetase (GS, grey) dodecamer. The view is along the threefold axis of 521 

EcGlnB, which is coincident with the sixfold axis of glutamine synthetase. The two 522 

catalytic ATase domains (different hues of blue-green) and the GS subunits are 523 

schematized as spheres, the central R domain of the ATase as a blue rectangle, and the 524 

EcGlnB trimer as a hemisphere. Each T-loop is shown pointing towards the center of 525 

the ATase molecule, although it might bind to one catalytic domain or to the other, in 526 

the vicinity of the R domain (Jiang and Ninfa, 2009) or to one half or the other half of 527 

the R domain (Clancy et al., 2005; Xu et al., 2010), depending on whether it is or it is 528 

not uridylylated. A similar complex with the second hexameric ring of glutamine 529 

synthetase subunits would complete the closed complex. For further details, see the text. 530 
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 547 

Figure S1. Stereo views of the superpositions of the structures (in backbone 548 

representation) of EcGlnB in uridylylated (blue) and non-uridylylated (magenta; PDB 549 

file 2PII) forms. (A) Isolated subunit. Small spheres give residue numbers. The two 550 

ATP molecules binding to this subunit of the uridylylated form are shown in sticks, 551 

with carbon atoms in yellow for the cognate ATP and the entire nucleotide grey for the 552 

next subunit ATP. The T-loops, visible in non-uridylylated GlnB, are labeled.  553 
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Figure S1. Stereo views of the superpositions of the structures (in backbone 

representation) of EcGlnB in uridylylated (blue) and non-uridylylated (magenta; 

PDB file 2PII) forms. (A) Isolated subunit. Small spheres give residue numbers. 

The two ATP molecules binding to this subunit of the uridylylated form are shown 

in sticks, with carbon atoms in yellow for the cognate ATP and the entire 

nucleotide grey for the next subunit ATP. The T-loops, visible in non-uridylylated 

GlnB, are labeled.  


