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Abstract: UreG is a P-loop GTP hydrolase involved in the maturation of nickel-containing urease, 12 
an essential enzyme found in plants, fungi, bacteria and archaea. This protein couples the hydrolysis 13 
of GTP to the delivery of Ni(II) into the active site of apo-urease, interacting with other urease 14 
chaperones in a multi-protein complex necessary for enzyme activation. Whereas the conformation 15 
of Helicobacter pylori (Hp) UreG was solved by crystallography when it is in complex with other two 16 
chaperones, in solution the protein was found in a disordered and flexible form, defining it as an 17 
intrinsically disordered enzyme and indicating that the well-folded structure found in the crystal 18 
state does not fully reflect the behavior of the protein in solution. Here, isothermal titration 19 
calorimetry and Site-Directed Spin Labeling coupled to Electron Paramagnetic Spectroscopy were 20 
successfully combined to investigate HpUreG structural dynamics in solution and the effect of Ni(II) 21 
and GTP on protein mobility. The results demonstrate that, although the protein maintains a flexible 22 
behaviour in the metal and nucleotide bound forms, concomitant addition of Ni(II) and GTP exerts 23 
a structural change through the crosstalk of different protein regions. 24 

Keywords: Intrinsically Disordered Proteins; EPR spectroscopy; Isothermal Titration Calorimetry; 25 
Protein-Ligand Interaction; Site-Directed Spin Labeling; Protein Structural Dynamics 26 

 27 

1. INTRODUCTION  28 

The discovery of antimicrobials to defeat bacterial pathogens is among the most important 29 
medical advances of the last century. However, antimicrobial resistance (AMR) has impaired the 30 
efficacy of antibiotics against infections in the last decades, and is considered by the World Health 31 
Organization (WHO) as one of the most important threats to public health for the next future.1-2 In 32 
2017, WHO listed the twelve most important resistant bacteria at a global level for which there is 33 
urgent need for new therapies.3 Ten of them produce the virulence factor urease, a nickel-enzyme 34 
that hydrolyzes urea to produce ammonia and carbamate, thus leading to pH increase.4 This event 35 
provides a suitable environment for host colonization, both by producing a micro-environment 36 
compatible with bacterial growth and by supplying nitrogen sources. For example, Staphylococcus 37 
aureus urease activity determines biofilm formation and is required for bacterial persistence,5-6 while 38 
for Proteus mirabilis,7 Staphylococcus saprophyticus8 and Ureaplasma ureolyticum9 urease activity plays a 39 
central role for infection and urea stones formation in the urinary tract. Several of these pathogens 40 
are involved in bacterial infections of the respiratory apparatus. It is remarkable that half of patients 41 
who died of the recent CoViD19 epidemics in Wuhan (China) became co-infected with bacteria in the 42 
lungs and also required antibiotics.10 Therefore, urease is an attractive target for the development of 43 
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innovative antibacterial molecules, acting both as antibiotics, as well as preventive anti-virulence 44 
drugs or adjuvants for bacterial eradication. 45 

One of the best-known pathogens that exploits the enzymatic activity of urease is the Gram-46 
negative bacterium Helicobacter pylori, a widespread microbe, infecting the stomach of up to 50% and 47 
80% of adults in industrialized and developing countries, respectively.11 The infection causes chronic 48 
inflammation of the gastric mucosa, which can slowly progress to gastric ulcer and, through the 49 
premalignant stages of atrophic gastritis, to gastric adenocarcinoma or gastric mucosa-associated 50 
lymphoid tissue (MALT) lymphoma. In 1994 the WHO classified H. pylori as a class I carcinogen. The 51 
neutralization of pH driven by urease is required by H. pylori for the colonization of the gastric niche,12 52 
while the generated ammonia and induced platelet activation also plays a critical role in the 53 
inflammatory response of the host and in the progress of the disease.13 54 

Bacterial ureases are generally heteropolymeric proteins with a quaternary structure (αβγ)3.4, 14-55 
15 In the genus Helicobacter, the trimer is of the type (αβ)3, with the β subunits corresponding to the 56 
fused β and γ subunits normally found in other bacteria. The protein also presents a higher level of 57 
oligomerization with a [(αβ)3]4 quaternary structure.16 Despite the different oligomeric organization, 58 
the structure of the known urease enzymes is fully conserved, and they present a substantially 59 
identical active site found in the α subunit. This site contains two Ni(II) ions bridged by the 60 
carboxylate group of a carbamylated lysine, essential to maintain the ions at the correct distance for 61 
catalysis, and by a hydroxide ion, the nucleophile in the hydrolysis reaction.4, 14-15 62 

Although previous studies identified several molecules that bind urease and inhibit it 63 
competitively or uncompetitively, none of them is generally used in therapy, due to their severe side 64 
effects or limited ability to pass the bacterial membrane.14-15 Recently, an alternative strategy to design 65 
urease inhibitors has been proposed by targeting, instead of the enzyme, the process that delivers 66 
nickel ions into the enzyme active site, precluding enzyme maturation to the active Ni(II)-loaded 67 
urease.17 This activation process is governed by the interplay of at least four accessory proteins, 68 
named UreD, UreE, UreF and UreG, coded by genes belonging to a single operon together with the 69 
structural genes.4 UreE acts as the metallo-chaperone of the system that delivers Ni(II) into urease,18 70 
through tunnels that pass across a complex formed by UreD, UreF and UreG, the last acting as a 71 
molecular chaperone that prepares urease to incorporate the metal ion.19 Precluding urease 72 
maturation by blocking delivery of Ni(II) into its active site could thus represent a novel approach to 73 
enzyme inhibition. 74 

The central player of the urease chaperone activation network is UreG, a GTPase that couples 75 
the energy obtained from GTP hydrolysis to urease maturation.20 HpUreG interacts either with 76 
HpUreE, forming a heterodimeric HpUreG2E2 complex,18 or with HpUreF and HpUreD, forming a 77 
ternary HpUreG2F2D2 complex.21 The multiplicity of partners of UreG is reflected in its folding 78 
flexibility: while the structure of the protein has been reported for the GDP-bound HpUreG in the 79 
HpUreG2F2D2 complex,21 and for the GMPPNP (guanylyl imidodiphosphate)-bound Klebsiella 80 
pneumonia (Kp) UreG,22 in solution, both HpUreG and KpUreG feature high flexibility in solution, as 81 
shown by NMR spectroscopy, suggesting that the single conformation determined by X-ray 82 
crystallography does not reflect the flexible behavior of the protein in solution. This behavior is more 83 
generally observed in 1H,15N-HSQC NMR spectra of a plethora of UreG homologues from bacteria, 84 
archaea and plants, which show broad signals with limited spread in the 1H dimension, indicating a 85 
backbone mobility in the intermediate exchange regime.23-26 Native mass spectrometry and Site-86 
Directed Spin Labeling coupled to Electron Paramagnetic Resonance (SDSL-EPR) confirmed the 87 
presence of a heterogeneous conformational landscape for Sporosarcina pasteurii (Sp) UreG in the gas 88 
phase and in solution respectively, with at least two conformers with different degree of folding that 89 
coexist in equilibrium.27-28 90 

The selection of the binding partner is defined by the nucleotide bound state of the protein: GTP 91 
binding facilitates the formation of the HpUreG2E2,29 while the GDP-bound form preferentially 92 
interacts in the HpUreG2F2D2 complex.30 In addition, the concomitant presence of Ni(II) and GTP 93 
drives UreG dimerization in solution.30 Ni(II) binds to a conserved Cys-Pro-His (CPH) motif, located 94 
on the protein interaction surface,31 while GTP binds on the opposite side of the protein.29 95 



Biomolecules 2020, 10, x FOR PEER REVIEW 3 of 19 

A comparison of the crystal structure of the GMPPNP-bound KpUreG and the GDP-bound UreG 96 
in the HpUreG2F2D2 complex suggested that the presence of GTP drives an allosteric modulation of 97 
the Ni(II) binding site, which assumes a square planar geometry able to accommodate Ni(II),22 98 
suggesting that the two protein regions that bind Ni(II) and GTP/GDP communicate by allostery to 99 
drive the necessary conformational changes for UreG to function. However, such allosteric effect has 100 
not been proven in solution. The present study addresses this point, combining multiple biophysical 101 
approaches: SDSL- EPR, Isothermal Titration Calorimetry (ITC) and static and dynamic light 102 
scattering (MALS-QELS). 103 

In particular, we targeted three different regions of the protein with nitroxide-based spin labels 104 
and we performed both continuous wave and pulsed EPR spectroscopy in the presence of Ni(II) and 105 
GTP in order to determine their effect on the structural dynamics of HpUreG in solution, as well as 106 
to investigate the structural crosstalk of different protein regions occurring by flexibility modulation. 107 
The results obtained were complemented by ITC and MALS-QELS. Altogether the results show that 108 
the concomitant addition of both Ni(II) and GTP induces a modification of the structure and mobility 109 
in two regions of the protein. 110 

 111 

2. RESULTS AND DISCUSSION 112 

2.1. Cys variants were generated to selectively label distinct regions of HpUreG 113 

SDSL-EPR spectroscopy is a non-destructive technique that provides details on protein structure 114 
and flexibility over a wide-range of temperatures and timescales.32-35 Proteins can be studied in their 115 
native environment, that is in membranes, in cellular extract and also inside cells.36 SDSL-EPR 116 
involves the grafting of a paramagnetic label, generally a thiol-specific nitroxide, on the protein of 117 
interest and the determination of the dynamic properties of the attached nitroxide by continuous 118 
wave (CW)-EPR spectroscopy.37-38 Changes in the nitroxide spectrum are thoroughly related to the 119 
mobility of the nitroxide side-chain and to the local backbone motion, which can thus be used to 120 
follow protein structural changes and to reveal interaction sites in complexes in solution and at room 121 
temperature. 37, 39-42 Distance distributions between two spin labels can be measured by pulsed Double 122 
Electron-Electron Resonance (DEER) techniques relying on their dipole-dipole coupling.43-44 Inter-123 
label distance ditributions can be investigated between 15 and 80 Å, but in specific experimental 124 
conditions, 160 Å can be reached.45 DEER experiments are usually carried out at cryogenic 125 
temperature (60 K), the low temperature being required to slow down the otherwise fast relaxation 126 
of nitroxide labels at higher temperature. As for all the other techniques requiring a freezing step, it 127 
is assumed that the conformational ensemble of the sample is captured. 128 

 129 
Since most of the available nitroxide-based spin labels can specifically react with the thiol group 130 

of Cysteine, site-directed mutagenesis is often used to introduce Cys residues at specific locations in 131 
the primary structure of the protein of interest. 132 

HpUreG has three naturally occurring Cys, located in different regions of the protein (Figure 133 
1A): i) the conserved P-loop-motif, involved in GTP binding,20 accommodates Cys7; ii) Helix 2, 134 
involved in GTP-dependent conformational changes, contains Cys4830; iii) the fully conserved CPH 135 
motif, involved in Ni(II) binding, includes Cys66.20 These positions allow, in principle, to monitor the 136 
mobility of three functionally important regions of the protein in solution. Consequently, six mutants 137 
containing one or two Cys residues were designed and labeled with the MA-Proxyl nitroxide to 138 
dissect the protein conformational landscape (Figure 1B): three double variants feature a unique 139 
position available for labeling (C7prox, corresponding to the Cys48Ser/Cys66Ala labeled mutant; 140 
C48prox corresponding to the Cys7Ala/Cys66Ala labeled mutant; C66prox, corresponding to the 141 
Cys7Ala/Cys48Ser labeled mutant), while three single variants possess two positions available for 142 
labeling for distance measurements (C7prox/C48prox, corresponding to the Cys66Ala labeled mutant; 143 
C7prox/C66prox, corresponding to the Cys48Ser labeled mutant; C48prox/C66prox, corresponding to the 144 
Cys7Ala labeled mutant). Note that “WTprox” corresponds to the wild-type protein (WT) labeled in 145 



Biomolecules 2020, 10, x FOR PEER REVIEW 4 of 19 

the three naturally occurring Cys residues. The labeling reactions were checked by Mass 146 
Spectroscopy (see Figure S1 in the SI). Any possible perturbation of the global structure and of the 147 
folding of HpUreG mutations was excluded by controlling the global folding by circular dichroism 148 
(CD, see Figure S2). Similarly, the catalytic activity of HpUreG was monitored for the wild-type 149 
protein labeled in the three Cys positions (WTprox) (see Figure S1A), indicating no significant 150 
differences between the unlabeled and labeled proteins (kcat = 0.027  151 
min-1 and kcat = 0.023 min-1, respectively). 152 

 153 

 154 

Figure 1. (A) HpUreG structure in the presence of GDP (pink) from the HpUreG2F2D2 crystal (PDB 155 
4HI0). The position of the three natural cysteine residues is highlighted in orange: Cys7 in the P-loop 156 
(yellow), Cys48 in the Helix 2 (purple) and Cys66 in the CPH Nickel binding site (green). (B) Labeling 157 
reaction scheme with MA-PROXYL nitroxide label. (C) Room temperature X-band EPR spectra of 50 158 
µM of wild-type HpUreG and its variants labeled with MA-PROXYL nitroxide in Tris buffer (black 159 
trace) and superimposed simulated spectra (red traces). 160 

2.2. The thermodynamics of Ni(II) and GTP-driven dimerization of HpUreG was characterized 161 

Previous studies of Ni(II) binding to HpUreG entailed the use of ITC, which showed that the 162 
isolated protein interacts with two Ni(II) ions per monomer with an exothermic reaction and a 163 
dissociation constant Kd = 10 µM.20 Ni(II) binding was also monitored using the gradual increase of 164 
absorption peak at 337 nm, assigned to ligand-to-metal-charge transfer.29 Differently from the ITC 165 
experiments, the latter approach did not detect any Ni(II) binding activity for the isolated protein, 166 
whereas metal binding occurred when GTP was added to the protein solution, under which condition 167 
HpUreG was found to bind 0.5 equivalents of Ni(II) per protein monomer, with Kd = 0.33 µM, and to 168 
undergo dimerization upon metal binding.29 169 

Calorimetric titration of Ni(II) over a freshly purified HpUreG sample, performed here for 170 
comparison with all other ITC data on HpUreG mutants and labeled forms described in the present 171 
study, confirmed the results previously obtained by ITC, showing negative peaks following each 172 
metal additions, indicative of an exothermic binding event (Figure 2A, left panel). The integrated heat 173 
data generated a binding isotherm with a single inflection point, and a mild slope (Figure 2A, right 174 
panel and Table 1). The fit of the obtained data, performed using the AFFINImeter software46 and a 175 
model involving a single set of sites, showed that two Ni(II) ions bind per HpUreG monomer with 176 
similar affinity (Kd = 72 µM), a favorable enthalpic contribution and a minor entropic impact (Table 177 
1). Previously reported studies on HpUreG mutants indicated that at least one Ni(II) binding site is 178 
located on the CPH motif. 20, 29 These observations outline two possible scenarios: i) both Ni(II) ions 179 
bind to identical sites located in the region of CPH, or ii) one Ni(II) ion binds to the CPH motif while 180 
the second binds to different site; in the latter case, a possibility is represented by the Mg(II) binding 181 
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sites close to the GTP binding pocket, as previously suggested.29 The difference in Ni(II) affinity thus 182 
measured for HpUreG (72 µM) with the previously reported value obtained by ITC (10 µM)20 is likely 183 
due to the experimental conditions: for the ITC titrations, the relatively weak metal-protein affinity 184 
caused the value of the c-parameter, namely the product of the concentration of the protein in the cell 185 
by the binding constant, to be close to its lowest acceptable limit,20 rendering the calculated affinity 186 
constants less accurate. 187 

 188 
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 189 

Figure 2. ITC titrations of Ni(II) over HpUreG and its variants in the presence and in the absence of 190 
GTPS in the sample cell. The panels on the left report the heat flow response for the injections of the 191 
metal ion over the protein solutions. The panels on the right show the respective integrated heat data 192 
(blue circles) and their best fit obtained using a single set of binding sites (A, B, C) or a model involving 193 
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protein dimerization upon metal binding (D, E, F); the insets show the binding signatures (G, H, -194 
TS) associated to each curve; the bottom plots show the residuals of the fitting procedure. 195 

Mutation of the Ni(II) binding residue Cys66 to Ala was previously reported to fully abolish 196 
Ni(II) binding capability of the protein.29 Here, the ITC titration instead revealed that the Cys66Ala-197 
HpUreG mutant is still able to bind one Ni(II) ion per protein monomer, with an exothermic reaction 198 
(Figure 2B, left panel) and one order of magnitude lower affinity (Kd = 236 µM), with substantially 199 
invariant enthalpic and entropic contributions (Figure 2B, right panel and Table 1). This observation 200 
suggests that the two Ni(II) binding sites per monomer, observed in wild-type HpUreG, are distinct, 201 
with one site, involving Cys66 in the CPH motif, that is abrogated by the Cys66-to-Ala mutation, 202 
while the second is maintained. The decreased affinity for the latter site (Kd = 236 µM vs. 72 µM for 203 
the mutated and WT protein, respectively) suggests the presence of cooperativity between the two 204 
metal binding sites. The triply labeled WTprox, while showing the same exothermic effect (Figure 2C, 205 
left panel) and the same stoichiometry as the Cys66Ala mutant, features an higher affinity for Ni(II) 206 
(Kd = 23 µM), a similar enthalpic value and positive entropic contribution (right panel of Figure 2C 207 
and Table 1), as compared to the Cys66Ala mutant (Kd = 236 µM),  indicating that the Cys labeling 208 
with the nitroxide moiety still abolishes one of the two Ni(II) binding sites observed for the unlabeled 209 
WT protein, but, differently from the Cys66Ala mutation, maintains a similar affinity for the  second 210 
Ni(II) binding event, supporting the idea of cooperativity between the two Ni-binding sites in the WT 211 
protein. 212 

 213 

Table 1. Thermodynamic parameters of Ni(II) titrations over HpUreG and its variants, in the absence 214 
and in the presence of GTPS. 215 

Ni(II)- and GTPS -driven dimerization29 was verified under the ITC experimental conditions 216 
using size-exclusion chromatography coupled to multi-angle light scattering (SEC-MALS, Figure S3). 217 
The obtained results confirmed that HpUreG undergoes dimerization when both Ni(II) and GTPS, a 218 
non-hydrolyzable GTP analogue, are added to the protein solution, while it remains monomeric in 219 
the presence of either Ni(II) or GTPS alone. 220 

The thermodynamics of Ni(II) and GTPS-driven protein dimerization was therefore addressed 221 
using ITC. Ni(II) ions were titrated over HpUreG in the presence of GTPS in the sample cell. Negative 222 
peaks followed each injection of Ni(II) into the protein solution, indicating the occurrence of an 223 
exothermic reaction (Figure 2D, left panel). The observation of a slower endothermic effect following 224 
each injection, which terminates when one equivalent of metal is added to the protein solution, 225 
suggested the existence of another process, in addition to metal binding, similarly to what had been 226 
previously observed for the Ni(II)-sensor HpNikR.47 This type of ITC trace can be interpreted either 227 
as a conformational modification or as a change in the oligomerization state of the protein. As 228 
dimerization was demonstrated by light scattering experiments (Figure S3),29 and the shape of the 229 
binding isotherm clearly indicated two inflection points suggestive of two reactions occurring upon 230 
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metal titration, the data were analysed using a model involving two successive equilibria, with 231 
protein dimerization following the binding of one Ni(II) per protein dimer (Scheme 1). 232 

 233 

 234 

Scheme 1 235 

Fitting of the binding isotherm (Figure 2D, right panel and Table 1) indicated that one Ni(II) ion 236 
binds per protein monomer in the presence of GTPS, with a dissociation constant two times smaller 237 
than that reported for the apo-protein (Kd = 30 µM), while protein dimerization occurs with Kdim = 71 238 
µM. In this case, Ni(II) binding occurs with thermodynamic parameters similar to the ones observed 239 
for the apo-protein, with favorable enthalpy and a negative entropic contribution (Table 1). On the 240 
other hand, dimerization is an entropy-driven endothermic process as expected (Table 1). The entire 241 
two-step process is characterized by a global dissociation constant of Kd = 2 nM. This value should be 242 
compared with that obtained by absorbance spectroscopy for Ni(II) binding to HpUreG in the 243 
presence of GTPS (Kd = 0.33 µM)29. The difference between these two values could be attributed to 244 
the different pH at which the measurements were carried out in the present (8.0) and in the previous 245 
(7.2) work. The apparent decrease in affinity at lower pH is consistent with a proton dissociation 246 
event occurring upon metal binding, which possibly involve a cysteine residue (Cys66 in this case), 247 
as previously observed in the case of the nickel-dependent transcription factor HpNikR.47 248 

Ni(II) titration over the Cys66Ala mutant in the presence of GTPS produced negative peaks 249 
indicative of an exothermic binding of Ni(II), but no endothermic effect was visible (Figure 2E, left panel), 250 
suggesting that a dimerization is either not occurring in this case or is occurring with much lower affinity 251 
resulting in the absence of detectable endothermic heat. The binding isotherm (Figure 2E, right panel) 252 
showed two inflection points, and the same model reported in Scheme 1 was used to treat the data. 253 
According to the fit, the first event of Ni(II) binding occurs with one order of magnitude lower affinity 254 
(Kd = 160 µM) as observed for the Cys66Ala mutant in the absence of GTPS (Figure 2A), while the 255 
second equilibrium shows a similar constant (Kd = 22 µM). In this case, the thermodynamic 256 
parameters associated to the metal binding step and to the second process (Table 1) are unusually 257 
high compared to all other similar data in this study, suggesting that additional phenomena other 258 
than metal binding and dimerization are occurring in the case of this mutant. It is worth noticing that, 259 
during sample manipulation, the Cys66Ala mutant was prone to precipitation, especially in the 260 
presence of Ni(II), suggesting that at least part of the protein sample undergoes aggregation upon 261 
Ni(II) titration, which might be the second process evidenced in the binding isotherm. 262 

Ni(II) titration over the triply labeled WTprox protein in the presence of GTPS (Figure 2F, left 263 
panel) produced a bipartite binding isotherm (Figure 2F, right panel), whose analysis, performed 264 
according to Scheme 1, indicated that Ni(II) ion binding to the protein dimer occurs with an affinity 265 
similar to the wild type protein (Kd = 23.8 µM), and favorable enthalpic and entropic contributions 266 
(Table 1). On the other hand, the second process is less favorable for WTprox, occurring with a lower 267 
equilibrium constant (Kd = 260 µM) as compared to the dimerization of the WT protein. If the second 268 
process also involves dimerization for WTprox (as suggested by the values of ΔH and ΔS, see Table 1) 269 
this decreased value could be due to a steric effect of the nitroxide label. 270 

 271 

 272 

2.3. HpUreG shows distinct flexibility in different protein regions 273 

The EPR spectrum of WT HpUreG labeled with MA-Proxyl nitroxide (WTProx, Figure 1C) arises 274 
from the contribution of spin labels simultaneously grafted onto the three Cys residues. To separately 275 
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dissect the conformational flexibility of different regions of HpUreG, the EPR spectrum of the 276 
nitroxide-labeled HpUreG variants that contain a single labeled cysteine (C7prox, C48prox, and C66prox) 277 
were performed in solution and at room temperature (Figure 1C). Qualitatively, when the nitroxide 278 
mobility decreases, a broadening of the EPR spectral line shape is expected. For the single labeled 279 
HpUreG variants, the spectra show different mobility: the line shape becomes sharper going from 280 
C7prox to C48prox and then to C66prox, reflecting an increased mobility of the nitroxide moiety and, 281 
consequently, of the protein structural motif to which the label is attached (Figure 1C). A quantitative 282 
view of the nitroxide dynamics in terms of the rotational correlation time (τc) and of the magnetic 283 
parameters (g-factor and hyperfine A‐tensors) was obtained by simulating the EPR spectra with 284 
SimLabel48 (a MatLab graphical user interface using the Easyspin toolbox49) (see Table 2 and Section 285 
2 in the SI). As very often found in SDSL-EPR studies,27 the spectra of HpUreG could be simulated by 286 
two components, which represent populations of spin labels characterized by different dynamics. 287 
These populations can be related either to rotameric states of the spin label or to structural sub-states 288 
of the protein in conformational equilibrium. In the case of HpUreG, the large difference in the 289 
dynamics of the two components (see τc in Table 2), generally not observed for rotamers,50 suggests 290 
that they reflect distinct protein conformational states.50-51 This conclusion is consistent with similar 291 
phenomena reported for SpUreG,27 and is further supported by the observation that the HpUreG EPR 292 
spectrum of C66prox is modified by the addition of glycerol, a protective osmolyte: in this case, the 293 
spectrum can be simulated by increasing the contribution of the slower component, which changes 294 
from 44 to 70 % (Table 2 and Figure S4). Protective osmolytes are indeed known to modify the 295 
conformational equilibria among different conformational states of the protein,52 stabilizing the 296 
protein structure toward a more folded conformation.51  297 

 298 

 299 
 300 

Table 2. EPR spectra simulation parameters: rotational correlation times (τc in ns) and proportion (%) 301 
of the simulated multi-components of the spectra of HpUreG variants under various conditions. 302 

The symbol (*) indicates the “rigid” component. 303 

 304 

Note that, in the following paragraphs, we named “fast” all spectral components characterized 305 
by τc values included between 0.3-0.7 ns, “slow” those characterized by τc values included between 306 
0.7-4.0 ns and “rigid” components characterized by τc values included between 4.0-6.2 ns. The 307 
sharpest EPR line shape is observed for the nitroxide grafted to Cys66. This spectrum is constituted 308 
by two components having almost the same proportion, one with τc = 0.6 ns (“fast”) and the other 309 
with τc = 2.4 ns (“slow”) (Table 2 and Figure 3). The fact that the “fast” component shows a mobility 310 
close to that normally observed for a spin label attached to loops or intrinsically disordered protein 311 
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fragments 27, 41, 53 demonstrates that this region is highly flexible. This dynamic behaviour is similar to 312 
that observed for the SpUreG orthologue containing the nitroxide label grafted onto the 313 
corresponding cysteine residue, which features two conformers with similar correlation times (τc 314 
“fast” = 0.3 ns and τc “slow” = 3.6 ns) (see Figure S5).27 315 

Similarly, two components with different degrees of flexibility and comparable relative 316 
abundance are observed for C48prox: one features a “fast” behavior (τc = 0.6 ns), while the other 317 
(“rigid”) is consistent with a less flexible dynamic (τc = 4.9 ns) (Table 2 and Figure 3). On the other 318 
hand, a “rigid” component (τc = 6.1 ns) is dominant (80%) in the case of C7prox, for which a less 319 
abundant component (20 %) shows a “fast” behavior (τc = 0.3 ns) (Table 2 and Figure 3). The latter 320 
case can be explained by considering that the nitroxide moiety resides in a well-structured region or 321 
in a buried site.  The high yield of labeling reached for this site (80-100%, Figure S1) suggests that 322 
Cys7 is accessible, so the observed rigid behavior is indicative of the presence of a highly rigid protein 323 
segment.  324 

All these data experimentally confirm previously reported molecular dynamic simulations on 325 
HpUreG, which suggested substantial rigidity in the protein regions involved in catalysis, justifying 326 
the residual catalytic activity of the isolated proteins, while evidenced the large dynamic flexibility 327 
for the protein portions involved in protein−protein interactions, which contain the residues in the 328 
conserved CPH motif.54 329 

 330 

Figure 3. Conformational distribution of HpUreG variants plotted in terms of the relative amount of 331 
the conformations obtained from simulation of EPR spectra. The different conformational ensembles 332 
are indicated using different colors and the relative correlation times are reported. 333 

To further investigate the structural dynamics of HpUreG in the apo-state, double electron-334 
electron resonance (DEER) experiments were applied. DEER experiments allow to measure the 335 
dipolar coupling between spin pairs, yielding distance distribution between the coupled spins. Three 336 
double-Cys variants were constructed and labeled (C7prox/C48prox, C7prox/C66prox, C48prox/C66prox) and 337 
their CW EPR spectra are reported in Figure S7 in the SI. For all the DEER data shown in this section, 338 
the error on distance distribution results was calculated with the validation tool of DeerAnalysis (see 339 
Figure S8).55 DEER data of the C7prox/C48prox variant (Figure 4A) showed well-resolved distance 340 
distribution with 2 peaks centered at 2.4 and 3.5 nm, while the one obtained for C7proxyl/C66proxyl 341 
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(Figure 4B) and for C48proxyl/C66proxyl (Figure 4C) displayed broad distance distribution. These results 342 
confirm the presence of considerable conformational heterogeneity in the protein sample, supporting 343 
the highly flexible behavior of HpUreG, as already observed by previous NMR studies20 and by the 344 
CW EPR data described above. 345 

In all cases, the average distance distributions measured by DEER span a broader range than 346 
those predicted by an MMM56 analysis based on the HpUreG crystal structure (PDB: 4HI10)30 and a 347 
library of rotamers for the MA-Proxyl spin label (Figure 4). This observation confirms that the 348 
experimental conditions used in the crystallization experiments (solutes and salts acting as 349 
precipitants) likely favored a more compact and rigid fold, as already shown for other biological 350 
systems,57 and that the protein structure observed in the crystal is different from the conformation 351 
that the protein assumes in solution. 352 

 353 

 354 

Figure 4. Inter-label distance distributions. Left panel: experimental Q-band DEER traces recorded at 355 
60 K for (A) C7prox/C48prox, (B) C7prox/C66prox and (C) C48prox/C66prox. Red lines indicate the baseline 356 
used for background correction. Central panel: corrected DEER traces (black) with superimposed fits 357 
derived from Tikhonov regularization (red). Right panel: Tikhonov derived distance distributions 358 
obtained using DeerAnalysis (black)55 superimposed with distance distributions calculated by MMM 359 
software (gray curves).56. 360 

 361 

2.4. Ni(II) ions and GTP binding produce changes in the structural dynamics of different protein regions 362 

Figure 5 shows the EPR spectra of the WTprox in the presence of either GTP or Ni(II), and in the 363 
presence of both cofactors. No significant spectral changes were detected after the addition of either 364 
GTP or Ni(II), while addition of both cofactors resulted in a clear change of the EPR line shape, 365 
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corresponding to an increase of the broader components of the spectrum. This indicates that both 366 
ligands are necessary to induce structural changes in HpUreG. 367 

 368 

 369 

 370 

Figure 5. X-band CW EPR spectra of 50 µM HpUreG labeled at the three naturally occurring Cys 371 
residues, recorded in solution and at room temperature. The apo-form spectra (black line) are 372 
compared to spectra recorded in presence of either 3 mM GTP and/or 2.5 mM Ni(II) (red line). 373 

To investigate the source of this spectral modifications, and in particular to sort out which of the 374 
three nitroxide labels bound to the protein contributes to the Ni(II) and GTP-driven line broadening, 375 
the experiment was repeated using the single-Cys variants of HpUreG.  376 

Addition of Ni(II) did not produce significant changes of the EPR line shapes for C7prox (Figure 377 
6A) and C48prox (Figure 6B), while for the C66prox spectrum induced a line broadening (Figure 6C) 378 
suggesting a reduction of the spin label mobility (Table 2 and Figure 3). Indeed, we observe a change 379 
in the weight of the two components (Table 2 and Figure 3), with the less flexible species becoming 380 
most abundant (from 44 to 66 %).  381 

Differently, no significant spectral changes were detected on all protein variants after the 382 
addition of GTP or GDP alone (Figure S9 and S10). We also tested the effect of Mg(II) to protein 383 
samples containing GTP or GDP. The addition of Mg(II) in equimolar concentration with respect to 384 
GTP, did not affect the spectral shape of the protein (Figure S11 of SI).  385 

 386 

Figure 6. X-band CW EPR spectra of HpUreG variants at room temperature, in the absence and in the 387 
presence of glycerol. In the upper panels the apo-form spectra are in black, those obtained in presence 388 
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of 2.5 mM of NiSO4 are in red. The apo-form spectra (black line) are compared to spectra recorded in 389 
presence of either 3 mM GTP and/or 2.5 mM Ni(II) (red line). 390 

Concomitant addition of both Ni(II) and GTP did not significantly affect the spectrum of C7prox 391 
(Figure 6E), while it changed the line shape of C48prox (Figure 6F), with a conformational shift toward 392 
the “rigid” component, which increased from 63% to 79% (Table 2 and Figure 3). In the case of C66prox, 393 
additional spectral changes were observed when GTP and Ni(II) bind to the protein; the τc of both 394 
components increases, suggesting an induced structuration of this protein region (Table 2 and Section 395 
2 of SI) or the dimerization of the protein upon both GTP and metal binding. These changes became 396 
more pronounced if the experiments were performed in the presence of glycerol, with a drastic 397 
change in the dynamics of the less flexible specie (Figure 6H, red trace), whose τc varies from 2.4 ns 398 
to 4.4 ns (Table 2). These results were confirmed for the HpUreG C48prox/C66prox variant, which 399 
showed a similar behavior as found for C66prox in glycerol (Figure S12). 400 

The observed spectral changes indicate that Ni(II) and GTP induce structural and dynamics 401 
modifications in the Ni(II)-binding region of the protein where C66 is located, and in the region 402 
around Helix 2, containing C48. This suggests the occurrence of an allosteric communication between 403 
the protein regions proximal to the Ni(II) and the GTP binding sites, whereas the region around the 404 
Cys7 residue is not affected by the presence of either Ni or GTP, or both.  405 

To further investigate the structural effect of ligand binding on HpUreG fold, DEER experiments 406 
would have been of great interest. However, the decrease in the Tm (phase memory time) value 407 
(Figure S13A) associated with the Field Sweep (FS) intensity loss (Figure S13B) in the presence of 408 
Ni(II) prevented from obtaining properly exploitable DEER traces. Works are currently in progress 409 
to improve the quality of DEER experiments. 410 

 411 

3.Conclusions 412 

In this work, the structural dynamics of HpUreG was explored in the absence and in the presence 413 
of its physiological cofactors, Ni(II) and GTP. In solution, HpUreG fluctuates between different sub-414 
states, this plasticity likely being a key factor to allow the protein to perform protein-protein and 415 
protein-metal ion interactions needed for Ni(II) ions delivery into the urease active site. ITC 416 
determined the conditions and the thermodynamic parameters of Ni(II) and GTP-driven protein 417 
dimerization, supported by light scattering data. SDSL-EPR demonstrated that the degree of 418 
structural flexibility changes along the protein backbone, with the region involved in GTP binding 419 
and the one involved in metal and protein interactions being more rigid and more flexible, 420 
respectively. EPR also revealed that concomitant addition of both Ni(II) and GTP is necessary for a 421 
structural transition in these two parts of the protein, located on opposite sides of the tertiary 422 
structure, with a shift of the conformational equilibrium towards a more structured state. Differently, 423 
addition of either the metal ions or the nucleotide produces only minor perturbations of the 424 
conformational equilibrium, indicating that both ligands are necessary to exert a significant 425 
conformational response. These observations suggest that binding of GTP in its pocket is propagated, 426 
along the protein backbone, to the metal binding site where Ni(II) is bound, and vice versa. The 427 
induced shift of the conformational ensemble of UreG likely regulates the protein function, possibly 428 
allowing the protein to shuttle Ni(II) ions from UreE to the UreD2-UreF2 complex and, eventually, to 429 
urease.  430 

Overall, the present work represents an important contribution for the characterization of the 431 
dynamics of UreG and its role in the network of the urease chaperone proteins. In the perspective to 432 
extend this original approach, involving SDSL-EPR spectroscopy, to the study of urease network 433 
directly inside bacterial cells, the results presented here provide important insights useful in the 434 
research on molecules with anti-bacterial activities to overcome anti-microbial resistance (AMR). 435 

 436 

4. MATERIALS AND METHODS 437 
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4.1. Protein expression and purification 438 

The purification of HpUreG and its mutants was performed using a protocol previously 439 
reported.58 We improved the yield of the protein expression growing the cells into auto-induction 440 
medium containing glycerol (5 g/L), glucose (25 g/L) and lactose (100 g/L), instead than LB combined 441 
with IPTG induction used in the previous work. The cells were growth 3 hours at 37 °C and 18 hours 442 
at 28 °C. At the last step of purification, the proteins were in 20 mM TrisHCl pH 8 buffer, containing 443 
NaCl 150 mM and TCEP 1 mM. Protein concentration was estimated using absorbance at 280 nm and 444 
an extinction coefficient ε280=10,032 M-1cm-1. 445 

4.2. Isothermal Titration Calorimetry 446 

Ni(II) binding titrations of wild-type and C66A mutant HpUreG were performed at 25 °C using 447 
a high-sensitivity VP-ITC microcalorimeter (MicroCal). The protein and the metal ion salt (NiSO4) 448 
were diluted to 40-80 µM and 1.0 mM respectively into a solution of 20 mM TrisHCl pH 8, containing 449 
150 mM NaCl and 1 mM TCEP, in the absence or in the presence of 150 µM of the non-hydrolyzable 450 
GTP analogue, GTPϒS. A reference cell was filled with deionized water. Before each experiment, the 451 
baseline stability was verified. An interval of 5 minutes was applied between the injections to allow 452 
the system to reach thermal equilibrium. Control experiments were conducted by titration of the 453 
metal ion solution into the buffer alone under identical conditions, and the heat of dilution was 454 
negligible. The solution containing the protein was loaded into a sample cell (1.4093 mL) and was 455 
titrated with 55 x 5 µL injections with the Ni(II) solution. The raw data were processed and fitted 456 
using Affinimeter software, with a nonlinear least-squares minimization algorithm to theoretical 457 
titration curves with stoichiometric binding schemes. For Ni(II) titration over apo-HpUreG and C66A 458 
mutant, restriction of the binding parameters had to be made by fixing the stoichiometry of 2 and 1 459 
respectively, as the low affinity binding did not provide an optimal sigmoidicity of the curve with a 460 
clear inflection point. Attempts to fit with stoichiometry of 1, 2, 3 and 4 were made, and the chosen 461 
stoichiometry was the one that provided the best fit of the experimental data. 462 

4.3. HpUreG mutants design 463 

The cysteine mutations have been introduced into HpUreG gene from Hp26695 strain urease 464 
operon (NCBI code NC000915) cloned into the pET15b expression vector (Novagen) in a previous 465 
work.58  466 

In order to relate and compare this work with previous studies, Cys66, wen mutated, was 467 
replaced by Alanine.18, 29-30 We decided to perform a Cysteine-Serine mutation for position 48 to 468 
preserve the surface charge of the protein, and a Cysteine-Alanine mutation in position 7 which is 469 
more buried in the crystal structure.22  470 

Mutants containing a single cysteine available for labeling were obtained by double mutation 471 
(SI Table). They were named as following: HpUreG-C7A-C48S: C66proxyl; HpUreG-C7A-C66A: 472 
C48proxyl; HpUreG-C66A-C48S: C7proxyl. 473 

Variants containing two labeling sites and thus needing only one cysteine mutated were 474 
designed to perform distances measurements by DEER-EPR (SI Table) were named as following: 475 
HpUreG-C7A: C48proxyl /C66proxyl; HpUreG-C66A: C7proxyl/C48proxyl; HpUreG-C48S: C7proxyl/ C66proxyl. 476 

4.4. GTP hydrolase activity assays 477 

HpUreG GTP hydrolysing activity was measured by the SensoLyte® MG Phosphate Assay Kit 478 
(AnaSpec), based on the colorimetric reaction involving malachite green reagent, molybdate and 479 
orthophosphate.  480 

Each sample was prepared mixing the reagents in order to obtain 20 µM of protein, 400 µM of 481 
GTP and 2 mM of MgSO4 in a final volume of 250 µL of buffer.  The reaction mixture (RM) was 482 
incubated for 2 hours at 37 °C. Every 30 minutes, 40 µL from the RM were incubated with 40 µL of 483 
Malachite Green Mix for 10 minutes in a final volume of 300 µL of buffer. After incubation, the 484 
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absorbance at 600 nm was recorded. All the experiments were reproduced two times before estimate 485 
the Kcat values.   486 

4.5. Protein Labeling with nitroxide spin label 487 

As HpUreG variants are purified in presence of TCEP 1 mM, before labeling reaction, in order 488 
to avoid the reduction of the nitroxide spin label, the reductant removal is necessary. In general, a gel 489 
filtration using a PD-10 desalting column (GE Healthcare) is sufficient. The labeling procedure is 490 
normally performed on 100 nmol of protein in a reductant-free buffer (Tris 20mM, pH=8, NaCl 491 
150mM) in the presence of a 10-fold excess of nitroxide spin label, the maleimido-Proxyl (Sigma-492 
Aldrich). A 20-fold excess was used for double Cys variants. The mixture is then incubated at 4 °C, 493 
in the dark for 4 hours under gentle stirring and continuous flow of argon. The excess of unbound 494 
label is removed by a second gel filtration with a PD-10 desalting column.  The labeled protein is 495 
concentrated by using ultrafiltration (Vivaspin 5kDa, Sartorius). The concentration of the labeled 496 
protein is evaluated by measuring the OD at 280 nm. The labeling yield of mono-labeled variants 497 
analyzed was between 80% and 100%, 150-170% for double-labeled ones. 498 

4.6. EPR spectroscopy 499 

X-band room temperature (298 K) continuous wave EPR measurements were recorded on a 500 
Elexsys500 Bruker spectrometer equipped with a Super High Q sensitivity resonator operating at X 501 
band (9.9 GHz). The microwaves power was 10 mW, the magnetic field modulation amplitude was 502 
0.1 mT, the field sweep was 15 mT, the receiver gain was 60dB. All the samples were analyzed in 503 
quartz capillaries whose sensible volume was 40 µL. 504 

The spin concentration was obtained by double integration of the EPR signal obtained under 505 
non-saturating conditions and the labeling yield was evaluated comparing the spin concentration 506 
with that one of a standard solution. For all variants, high labeling yields were obtained ranging from 507 
80% to 100% for mono labeled samples and 150-170% for double-labeled samples.  508 

X-band cw EPR spectra at room temperature were recorded at 50 µM of protein concentration 509 
in Tris 20mM, pH=8, NaCl=150mM. When present, Ni(II) was 2.5mM (NiSO4), GTP/GDP 3 mM 510 
(Sigma-Aldrich).  511 

The EPR spectra were simulated using SimLabel program,48 a Matlab graphical user interface 512 
using the Easyspin toolbox.49  513 

4.7. DEER measurements 514 

Inter-label distance distributions were obtained using the four-pulse DEER sequence.59 515 
Experiments were performed on a Bruker ELEXSYS E580 spectrometer at Q-band using the standard 516 
EN 5107D2 resonator. The system was equipped with an Oxford helium temperature regulation unit 517 
and the data were acquired at 60K. This temperature has been optimized according to the relaxation 518 
times measured at variable temperatures in the range of 20-100 K with 10 K steps. All the 519 
measurements were performed on 20 µL of sample loaded into quartz capillaries. DEER samples 520 
were flash frozen in liquid nitrogen. Distance distribution are extracted from DEER data through a 521 
Tikhonov regularization after baseline correction, using DeerAnalysis2019 software 522 
(http://www.epr.ethz.ch/software/index Jeschke G. 2011. DeerAnalysis. ETH Zürich).Distance 523 
distribution measured were compared with the distance distributions predicted analyzing the crystal 524 
of HpUreG (PDB 4HI0)22 using the MMM software.56 525 
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