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A growing body of literature on intrinsically disordered proteins (IDPs) led scientists to rethink the
structure-function paradigm of protein folding. Enzymes are often considered an exception to the rule
of intrinsic disorder (ID), believed to require a unique structure for catalysis. However, recent studies
revealed the presence of disorder in several functional native enzymes. In the present work, we address
the importance of dynamics for catalysis, by investigating the relationship between folding and activity
in Sporosarcina pasteurii UreG (SpUreG), a P-loop GTPase and the first discovered native ID enzyme,
involved in the maturation of the nickel-containing urease. The effect of denaturants and osmolytes on
protein structure and activity was analyzed using circular dichroism (CD), Site-Directed Spin Labeling
(SDSL) coupled to EPR spectroscopy, and enzymatic assays. Our data show that SpUreG needs a
“flexibility window” to be catalytically competent, with both too low and too high mobility being
detrimental for its activity.
The lack of tertiary structure in functional proteins is an exciting discovery of the last couple of decades1, 2. The
number of known intrinsically disordered proteins (IDPs) is constantly increasing, involving a plethora of functions, especially associated to regulatory and signaling functions. Enzymes, on the other hand, are traditionally
viewed as an exception to the rule, through the lens of the rigid “lock-and-key” model. This idea, amended by
the observation that enzymes may shift between diverse conformational states upon substrate binding and conversion3, is based on the belief that, if some protein flexibility is necessary for enzymes upon catalysis, major
disorder is unfavorable for catalytic efficiency4. This theory is now challenged by the discovery of activity in some
disordered enzymes, either natural or engineered5, 6. Indeed, several recent studies, addressing the role of protein
dynamics in enzymes4, 7, 8, led to the progressive shift from a purely structure-centric idea of catalysis, in which
enzymes should bind the substrate in a rigid pre-organized fashion, towards an ensemble-weighted allosteric
view of enzymatic functions9. In particular, a recent study identified nearly 100 enzymes experimentally proven
to contain disorder, and, using disorder predictions, concluded that flexibility occurs in enzymes with the same
rate as in non-catalytic proteins6. The recurrence of ID in enzymes pinpoints its functional role for catalytic
activity. So, why would enzymes require ID? In several instances, protein flexibility emerged as an essential tool
for modulating enzyme specificity and self-regulation. In particular, disorder can control enzyme activity in two
distinctive ways: with an internal mechanism (involving catalysis)8, 10–12, or with an external process (involving
the interactions with regulators and/or via post-translational modifications)13–16.
UreG is a GTP hydrolase that assists nickel delivery into nickel-dependent urease, a pathogenic factor for several bacteria and fungi. This GTPase functions in complex with three accessory proteins, namely UreF, UreD and
UreE, that cooperate for urease activation forming a multimeric molecular chaperone17. We previously demonstrated that isolated UreG proteins from different domains of life exist in a conformational ensemble under native
conditions18–22. In particular, UreG shows a significant content of secondary structure, as revealed by circular
dichroism (CD), and a minor amount of tertiary structure, deduced both from intrinsic Trp fluorescence and
from its 1H-15N HSQC NMR spectrum, showing broad signals with limited spread in 1H dimension, which indicate a backbone mobility in the intermediate exchange regime23. Some UreG proteins feature a moderate GTPase
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Figure 1. Cartoon representation of the previously reported model structure of SpUreG in the fully folded
functional state25. Metal binding residues His66 and Cys68 are indicated, as well as the GTPγS substrate analogue.
activity under native disordered conditions, and a variable degree of structural content in different orthologues,
suggesting that the protein functioning in vivo passes through a disorder-to-order transition18–22. Indeed, the
crystal structure of a well-folded dimeric conformer of UreG from Helicobacter pylori (HpUreG) was reported
in a complex with the urease accessory proteins UreF and UreD24. This suggests that the fully active structure of
UreG in vivo can be stabilized only in a functional urease activation complex. Hence, disorder could be a way to
regulate GTPase activity, avoiding unwanted GTP hydrolysis and consequently energy waste. A homology model
of the dimeric fully folded state of UreG from Sporosarcina pasteurii (SpUreG) was reported using HpUreG crystal
structure as a template (Fig. 1)25.
In the present study, we address the relationship between the structural plasticity and the enzymatic activity in
SpUreG, by perturbing the protein conformational landscape using denaturants and osmolytes and investigating
its structure and function with circular dichroism (CD), Site-Directed Spin Labeling (SDSL) coupled to EPR
spectroscopy, and enzymatic assays.

Results and Discussion

SDSL-EPR of native SpUreG shows a heterogeneous conformational ensemble. To explore
the conformational landscape of isolated SpUreG, we applied Site-Directed Spin Labeling (SDSL) combined
with Electron Paramagnetic Resonance (EPR) spectroscopy. In SDSL, a nitroxide label is specifically grafted to
a cysteine residue (Fig. 2a) and is monitored by EPR. The shape of the continuous wave EPR spectrum reflects
the mobility of the nitroxide, which acts as a sensitive reporter of the local environment and motion of the protein26–28. In particular, when the mobility of nitroxide varies in the ns-μs time scale, changes in the line-shape
of the EPR spectrum are observed: higher degree of flexibility results in narrow line widths (the so-called sharp
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Figure 2. Folding state of SpUreG. (a) Schematic representation of the labeling reaction of Cys68 with MTSL
spin label. (b) Top panel: SDSL-EPR spectrum of SpUreG-MTSL under native conditions in 20 mM TrisHCl pH
8, 150 mM NaCl (black) and the corresponding spectrum (red) simulated using SimLabel program32. Bottom
panel: Decomposition of the simulated spectrum into one sharp and one broad component. The corresponding
correlation time (τc) is indicated, together with the relative proportions of different components.

signal), while a decreased mobility is reflected by broader line widths (the so-called broad signal). The sensitivity
to local dynamics has made SDSL-EPR a successful tool to investigate protein folding in IDP systems, especially
to monitor disorder-to-order transitions29, 30.
We labeled SpUreG with the MTSL spin label (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol3-yl)methyl methanesulfonothioate) at the unique naturally occurring Cys68 (SpUreG-MTSL) (Figs 1, 2a and
Supplementary Figure 1). This SpUreG modification with MTSL nitroxide (ca. 7 Å) does not affect the protein
structure and activity, as verified comparing CD and activity assays on the labeled and non-labeled (native) protein (Supplementary Figure 2a and b). The resulting EPR spectrum exhibits a line-shape typical of the presence
of multiple motional components (Fig. 2b). Indeed, simulation of the EPR spectrum with the SimLabel software
(a GUI of EasySpin)31, 32, which provides a quantitative interpretation of the protein dynamics in terms of the
rotational correlation time (τc), reveals the presence of two major conformations in equal abundance, characterized by a τc = 0.43 ns for the narrower signal and τc = 5.5 ns for the broader signal (Supplementary Table 1-SI and
Fig. 2b). The former is indicative of a high mobility of the spin label, consistent with a high flexibility and lack of
secondary and/or tertiary structure in the region surrounding the label. A similar correlation time was found for
other IDPs, such as the MTSL-labeled C-terminal domain of the measles virus nucleoprotein29, 30, for which we
recently re-evaluated the EPR spectrum using SimLabel (see Supplementary Figure 3). On the other hand, the
SCientifiC REPOrTS | 7: 5977 | DOI:10.1038/s41598-017-06330-9
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Figure 3. Effects of different additives and temperature on SpUreG structural flexibility. (a) SDSL-EPR spectra
of SpUreG-MTSL (62 µM in 20 mM TrisHCl pH 8, 150 mM NaCl) at different temperatures and with various
additives, as indicated. The spectra simulations (red) are superimposed to the EPR spectra (black). (b) Titration
of SpUreG (20 µM, in 20 mM TrisHCl pH 8, 150 mM NaCl, 1 mM TCEP) with different additives (TFE, TMAO,
SDS), followed by CD. TFE concentrations: 0%, black; 5%, blue; 10%, green; 20%, orange; 30%, magenta; 40%,
red. TMAO concentrations: 0 M, black; 0.4 M, blue; 1 M, green; 1.5 M, orange; 2 M, red. SDS concentrations:
0 mM, black; 0.5 mM, blue; 1 mM, green; 1.5 mM, orange; 2 mM, red.
broad component of the spectrum is indicative of a protein conformer displaying a ten-fold decreased mobility.
The composite EPR spectrum supports the idea that two conformational states of SpUreG coexist in solution. A
similar result was obtained by mass spectroscopy of native SpUreG, which revealed the presence of multiple conformers with different degrees of folding, ranging from fully disordered to globular33.
In order to exclude that the heterogeneous behavior of SpUreG in solution is caused by the occurrence of a
monomer-dimer equilibrium, known to feature a dimerization constant of 45 µM33, we recorded the EPR spectrum of SpUreG-MTSL at a concentration close to the dimerization constant (62 µM) as well as at a concentration
well above the dimerization constant (260 µM). Only minor changes in the EPR spectra are visible under the two
conditions, proving that the equilibrium between the two conformational states is not influenced by the monomer/dimer equilibrium (see Supplementary Figure 4).

Denaturants and osmolytes affect the SpUreG structure.

A previous study using a combination of
different techniques such as CD, intrinsic fluorescence and NMR, explored the chemical and thermal denaturation of SpUreG and found that native SpUreG exists as a dynamic ensemble of inter-converting, partially folded
conformations that fully unfold at increasing concentrations of urea or guanidinium hydrochloride (GuHCl)23.
Differently, temperature increase results in a non-cooperative transition leading to a non-native ensemble that
retains significant secondary structural content but no tertiary structure and resembles a pre-molten globule
conformation23. In the present work, these denatured ensembles were further characterized with SDSL-EPR:
the addition of GuHCl selectively decreases the broad spectral features while increasing the sharp component of
SpUreG-MTSL, further confirming that the latter represents the unfolded state of SpUreG. At 1 M GuHCl, a concentration sufficient to shift the conformational ensemble toward the pre-molten globule-like conformation23, the
broad and sharp components are 40% and 60% respectively, while at 3 M GuHCl, in which the random coil-like
state is prevalent23, no trace of the broad component is observed (Fig. 3a and Supplementary Table 1). Thermal
unfolding, which also induces a change toward the pre-molten globule-like ensemble23, shows a sharp component
of 66% at 50 °C and 100% at 80 °C (Fig. 3a and Supplementary Table 1). The temperature-dependent structural
transition was partially reversible in SDSL-EPR (Supplementary Figure 5), as previously observed using CD and
differential scanning calorimetry23. All together, these data confirm that both chemical denaturants and temperature affect the protein dynamics and thus the structural contacts in the labeled region.
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It is known that intrinsically disordered proteins are, in general, very sensitive to changes in the solution
conditions34, with most IDPs undergoing an induced folding transition upon interaction with chemical additives, such as osmolytes34. Therefore, in an attempt to study the structural and functional behavior of a folded
state of SpUreG, we perturbed its conformational landscape by adding folding-promoting agents, and measured their effects on secondary and tertiary structure using circular dichroism (CD) and SDSL-EPR. The far-UV
circular dichroism (CD) spectrum of native SpUreG, featuring negative deflections at 206 nm and at 220 nm,
indicative of the presence of both α-helix and β-sheet content has been reported (Supplementary Figure 2a)23.
The estimated content of secondary structure, derived from the CD spectrum using the Dichroweb server35, is
15% α-helices and 29% β-sheets18. Comparing these values with the secondary structure composition calculated
using STRIDE36 for the molecular model of the protein in the fully folded state (39% α-helices and 17% β-sheets)
(Fig. 1a)25, we deduced that under native conditions SpUreG lacks about half of the α-helical content, while the
β-strands, mainly situated in the protein core, are more largely conserved. Therefore, if a disorder-to-order transition occurs in SpUreG upon functioning, the protein structural changes should involve mainly the α-helices18.
On this basis, we tested the effect of trifluoroethanol (TFE), an additive known to enhance the helical content in
IDPs with α-helical propensity37. TFE was titrated onto the protein solution and the CD spectra under different
TFE concentrations were recorded (Fig. 3b). Overall, TFE produces an increase of the absolute value of ellipticity and a shift of the band at 220 nm toward 222 nm, indicating a significant expansion of the α-helical structure. Concentrations of TFE between 10% and 20% cause the most important change in ellipticity and the effect
reaches the saturation at 40% of TFE. Under these conditions, a fit of the CD data estimated 51% α-helices and
20% β-sheets. The SDSL-EPR spectrum of SpUreG-MTSL in the presence of 40% TFE, a concentration in which
the structural effect of the additive onto the protein folding reaches the saturation from the CD spectra, indicates
a significant decrease of the broad component from 50% to 27% and an increase of the correlation time of the
sharp component (from τc = 0.43 ns to τc = 0.73 ns). The decrease in mobility of the latter conformation most
likely reflects a gain of rigidity in the region of the label, possibly reflecting the TFE-induced secondary structure
(Fig. 3a and Supplementary Table 1).
Trimethylamine N-oxide (TMAO), a naturally occurring osmolyte, is an additive able to force thermodynamically unstable proteins to fold and regain high functional activity34. Addition of a 1–2 M of TMAO to SpUreG
produces a major increase of protein ordered structure, as revealed by both CD, which was used for the titration
of the conformational effect of the osmolyte, and SDSL-EPR. In particular, a more negative ellipticity is visible in
the CD spectrum upon TMAO titration (Fig. 3b), and although a proper estimate of secondary structure composition using Dichroweb was not possible due to the absorbance of TMAO at wavelengths lower than 205 nm,
which produces a low signal-to-noise ratio, the more negative features at 210 nm and at 222 nm are indicative of a
more pronounced α-helical content (Fig. 3b). Furthermore, SDSL-EPR of SpUreG-MTSL indicates an important
decrease of the sharp component, while the less flexible conformer reaches almost 90% at 2 M TMAO (Fig. 3a and
Supplementary Table 1).
Sodium dodecyl sulfate (SDS) is often used to stabilize protein structures in IDPs38, 39. The titration of SDS onto
the protein solution, resulted, as for TFE and TMAO, in a gain of the secondary structure composition by CD,
with a maximum effect at at 1 mM SDS (Fig. 3b), a value above the critical micelle concentration (CMC) of the
detergent under these buffer conditions (CMC = 0.9 mM in 20 mM TrisHCl, pH 8, 150 mM NaCl, 1 mM TCEP),
measured by fluorescence40. A fit of the experimental CD curve indicates that the change in secondary structure
mainly affects the α-helical content, which increases to 30%, while the β-strand composition decreases to 16% at
2 mM SDS. The tertiary structure of the protein also responds to the interaction with SDS micelles. In particular,
at 2 mM SDS the narrower component becomes minor (17%), while the broader component becomes more flexible, with τc = 1.7 ns, to be compared with τc = 5.5 ns of the native state (Fig. 3a and Supplementary Table 1). The
folding effects observed by CD and EPR are only visible when the protein interacts with SDS micelles. Performing
the same experiments in a low-salt buffer (20 mM TrisHCl pH 8, 1 mM TCEP for CD; 20 mM TrisHCl pH 8, for
EPR) with a CMC value higher than the concentration used for the detergent (CMC = 4 mM, in 20 mM TrisHCl
pH 8, 1 mM TCEP determined by fluorescence) does not produce any significant change of the CD or the EPR.
Under all the experimental conditions tested, the EPR spectrum of the free nitroxide was recorded, to confirm the
absence of any effect of the used additives on the MTSL mobility (Supplementary Figure 6).

The activity of SpUreG does not correlate with its degree of folding. To understand how the folding and unfolding transitions, induced by the various additives and the temperature, as reported above, influence
the catalytic functionality of SpUreG, we measured the protein activity under the different solution conditions
using a colorimetric assay22, and correlated the results to the structural properties observed for the protein (Fig. 4
and Supplementary Figure 2b). Under native conditions, isolated SpUreG shows a slight but measurable GTPase
activity, with kcat = 0.039 min−118. This value is lower but comparable with the one obtained for isolated NTPases
of the same family, such as well-folded HypB (kcat = 0.18 min−1) and CooC (kcat = 0.15 min−1), involved in the
biogenesis of other nickel-enzymes41–45, and is similar to the one determined for the intrinsically disordered
GTPase TPPP/p25 (kcat = 0.018 min−1), whose activity was also confirmed by 31P NMR14. At 50 °C, the activity
of SpUreG doubles up (kcat = 0.086 min−1), indicating that the protein retains the functional activity in a conformational ensemble similar to a pre-molten globule state23 (Fig. 4 and Supplementary Figure 2b). As reported
above, a partially denatured pre-molten globule-like conformational ensemble is also obtained at room temperature by adding 1 M GuHCl23. Indeed, the activity of SpUreG under these conditions results at a similar level
(kcat = 0.083 min−1). These data support the idea that the protein remains functionally competent while undergoing a partial destabilization of its structure. On the other hand, the full disruption of the protein fold with
temperature or high concentrations of chemical denaturants fully inactivates the enzyme: no activity was detected
for the protein in the presence of 3 M GuHCl or at 80 °C, conditions in which the protein native tertiary contacts
are fully abolished.
SCientifiC REPOrTS | 7: 5977 | DOI:10.1038/s41598-017-06330-9
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Figure 4. Correlation between the GTPase activity of SpUreG and its structural features. The turnover number,
measured with a malachite-green colorimetric assay, is reported under the addition of different additives or at
different temperatures, as indicated in the figure. The error bars were calculated as the standard deviations of
three replicates. The conformational distribution is plotted in terms of the relative amount of the conformations
obtained from SDSL-EPR experiments, and of the content in secondary structure calculated as the ratio
between the negative mean residue ellipticity, measured at 220 nm for each condition, and its absolute value
measured for the native condition.
Interestingly, the transitions induced either by TFE or by TMAO toward a more rigid conformation have
a dramatic effect on the protein functionality (Fig. 4 and Supplementary Figure 2b), which is totally abolished
by TFE and TMAO. These results indicate that a more structured organization of the protein is not necessarily
linked to the acquisition of an increased functionality and can be rather detrimental for protein activity. On the
other hand, the conformational ensemble induced by SDS micelles, which features a higher α-helical content
and an average mobility intermediate between the fully flexible and compact conformations, shows an increased
enzymatic efficiency (kcat = 0.19 min−1), similar to the one observed for other structured GTPases (Fig. 4 and
Supplementary Figure 2b)42, 44. The increase in protein activity is not associated to the decrease of the backbone
mobility and to an overall hardening of the protein structure: a 1H−15N HSQC NMR spectrum of the protein in
the presence of 2 mM SDS does not show any major change, indicating that, under these conditions, the protein
backbone remains flexible with mobility in the intermediate exchange regime (Supplementary Figure 7).
Taken together, these results suggest that while a moderate structural perturbation of the fold of SpUreG
does not impact on its turnover rate, either the complete disruption of the residual structure or the induction of
rigid well-folded species abolishes the enzymatic activity, suggesting that some flexibility is required for enzyme
functionality. The slight increase of the catalytic turnover of SpUreG in the presence of low concentrations of
denaturants could reflect a positive relationship between the active site flexibility and the catalytic efficiency. This
observation was previously found for other enzymes, whose decrease in activity at low temperatures, attributed to
the higher rigidity of the active site, was restored by the addition of low concentrations of GuHCl46.
Previous results of protein dynamics simulations indicated that the region of UreG containing the residues
involved in enzymatic catalysis is more rigid, while other parts of the protein, especially the ones predicted to
be involved in protein-protein interactions and corresponding to the region in which the paramagnetic label
was situated, are more flexible and experience large conformational fluctuations47. The possibility of an active
site structure resistant to denaturation is coherent with the ability of SpUreG to retain its catalytic ability in the
presence of mild denaturing conditions. The results reported here are consistent with the idea that the catalytic
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activity of UreG can be obtained through local contacts limited to the active site, rather than a global structural
rearrangement that immobilizes the protein in a rigid conformation.

Conclusions

Our study provides key insight into the conformational landscape of an ID enzyme, suggesting that, for SpUreG,
a certain degree of structural flexibility corresponds to a sweet-spot in its folding landscape, being necessary for
regulating the catalytic activity through the interaction with other protein partners. The presence of slow motions
is known as a universal feature for IDPs48 and might be also important for enzyme dynamics. These do not
depend on secondary and tertiary structure propensity and are subject to kinetic barriers influenced by environmental factors, such as temperature or solution viscosity48. The emerging role that structural heterogeneity and
conformational sampling play for an increasing number of enzymes poses new perspective for the development
of new enzyme inhibitors, which is now mainly based on a rigid view of enzyme-inhibitor binding. Targeting the
dynamics, instead of the structure, of enzymes is an emerging and innovative strategy to develop new drugs49.
In addition, it supports the idea that intrinsic fold flexibility has played a role in enzyme evolution. Growing
evidence suggests that archaic catalysts were molten-globule-like enzymes50–53, supporting a regulatory role for
disorder before that subsequent protein interactions or intracellular events evolved to modulate enzymatic activity. These findings constitute a step forward to understand the role of dynamics in enzyme function and evolution,
presenting also potential application for enzyme design and in-vitro evolution.

Methods

Protein purification. Purification of wild type Sporosarcina pasteurii UreG (SpUreG) was obtained using
a modification of a protocol previously reported18. Based on the T7 system53, large scale expression of SpUreG
was achieved in 1 L of lysogeny broth supplemented with 50 µg mL−1 of carbenicillin. E. coli BL21(DE3) cells
transformed with pET3a-SpureG construct54 were grown at 37 °C with vigorous stirring. When OD600 reached
0.5–0.6, expression was induced by addition of isopropyl β-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM, and the temperature was decreased to 20 °C. The cells were harvested 18 h after induction by
centrifugation at 6,000 rpm for 30 min at 4 °C, and resuspended in 50 ml of 50 mM Tris-HCl buffer pH 8, containing 5 mM EDTA, 2 mM DTT, 10 mM MgCl2 and 20 µg mL−1 DNaseI. The cells were disrupted by two passages through a French pressure cell (SLM, Aminco) at 20,000 pounds/square inch. The cell pellet was separated
from the supernatant by centrifugation at 14,000 rpm for 30 min at 4 °C. The supertnatant of the lysis was loaded
onto a Q-Sepharose XK 26/10 column (GE Healthcare) that had been pre-equilibrated with 2 volumes of 20 mM
Tris-HCl buffer pH 8, containing 1 mM DTT and 5 mM EDTA. The column was washed using a flow rate of
3 mL min−1 with the starting buffer until the base line was stable. The protein was eluted from the column with a
300-ml linear gradient of NaCl (0–1 M). Fractions containing SpUreG were combined and (NH4)2SO4 was added
up to 1 M and the protein solution was centrifuged at 14,000 rpm and 4 °C for 30 minutes, in order to remove any
precipitated protein. The supernatant was applied on a Phenyl Sepharose 16/10, equilibrated with 20 mM TrisHCl
pH 8, containing 1 M (NH4)2SO4, 1 mM DTT and 2 mM EDTA. The column was washed at 2 mL min−1 with the
starting buffer until the base line was stable. Subsequently, the protein was eluted from the column with a 250-ml
linear gradient of (NH4)2SO4 (1–0 M). Fractions containing SpUreG were combined and concentrated by using
10-kDa cut-off membrane Centricon ultra-filtration units (Millipore), to a final volume of 6 ml, and loaded onto a
Superdex 75 XK 16/60 column conditioned with 20 mM TrisHCl buffer, pH 8, containing 0.15 M NaCl and 1 mM
TCEP. SpUreG was eluted at a flow rate of 1 mL min-1, and the purified protein was concentrated to 75 µM and
stored at −80 °C. Protein concentration was estimated by absorption spectroscopy, using theoretical extinction
coefficient ε280 = 11,460 M−1 cm−1), calculated from the amino acid sequence. The protein yield was 60 mg per
liter of initial culture. The concentration of the protein, calculated from ε280 = 10,810 M−1 cm−153, is expressed
referring to the monomer.
Circular Dichroism Spectroscopy. The CD spectra of 20 µM SpUreG and SpUreG-MTSL were measured
at 25 °C, using a Jasco 810 spectropolarimeter flushed with N2, and a cuvette with 0.1-cm path length. The buffer
was 20 mM TrisHCl, pH 8, containing 0.15 M NaCl and 1 mM TCEP. For the native protein, experiments were
conducted in the absence and in the presence of increasing concentrations of trifluoro-ethanol (TFE, from 5% to
40%), of sodium dodecyl sulfate (SDS, from 0 mM to 2 mM) and of trimethylamine N-oxide (TMAO, from 0 M to
2 M), as reported in the Results section. The spectra were registered from 190 to 250 nm at 0.2-nm intervals. For
the native protein and the protein in the presence of TMAO, only data in the 200–250 nm range are shown, due
the low signal-to-noise ratio of the spectra in the 190–200 nm range, caused by buffer absorption at these wavelengths under these experimental conditions. Ten spectra were accumulated at room temperature and averaged to
achieve an better signal-to-noise ratio. Spectra were normalized for protein dilution. The spectrum of the buffer
was measured as a control experiment. Quantifications of protein secondary structure for TFE and SDS titrations
were performed using the Dichroweb server and the CDSSTR algorithm, using reference sets 4, 7 and SP17555.
The values obtained for secondary structure elements using the three reference sets, which presented similar
statistics (NRMSD), were averaged to give the final estimation.
Measurement of GTPase activity. GTP hydrolyzing activity was measured under different buffer conditions, as reported in the Results section, using the SensoLyte MG Phosphate Assay Kit (AnaSpec), based on the
colorimetric reaction involving malachite green reagent, molybdate and orthophosphate, as previously reported
for other UreG proteins22. Before the analysis, the protein buffer was exchanged using PD MiniTrap G-25 desalting columns (GE Healthcare) according the manufacture’s instructions. The reaction mixture, containing 20 mM
Tris-HCl, pH 8.0, 0.15 M NaCl, 5 mM MgCl2, 0.4 mM GTP, 1 mM DTT and 10 µM SpUreG, in the absence or in
the presence of 1 or 3 M GuHCl, 2 mM SDS, 1 or 2 M TMAO and 40% TFE, was incubated at 37 °C, at 50 °C and
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at 70 °C. Aliquots (100 µl) were removed at different incubation times and diluted with 400 µL of H2O and 100 µL
of malachite green solution. Phosphate concentration was determined measuring the absorbance of the solution
after 20 minutes of incubation, according to a calibration curve performed using phosphate standard solutions.
Each experiment was conducted in triplicate. Phosphate concentrations measured for blank experiments, performed in parallel under the same experimental conditions, were subtracted and the resulting data were used to
derive the turnover number.

Measurement of critical micellar concentration (CMC) of SDS. SDS CMC was measured in 20 mM
TrisHCl buffer pH 8, containing 1 mM TCEP and in 20 mM TrisHCl buffer pH 8, containing 150 mM NaCl and
1 mM TCEP, using the fluorescence probe N-phenyl-1-naphthylamine(NPN), according to a protocol previously
reported40. SDS dilutions were performed from a solution stock of 250 mM in water and NPN was added to a final
concentration of 1 µM. Solutions were incubated 30 mins before the analysis. Subsequently, they were analyzed
with fluorescence, using an excitation wavelength of 340 nm. Emission scans were registered from 350 nm to
550 nm. The concentration of SDS in which micellization begins was calculated as the interception between the
two straight lines defining the NPN emission intensity as a function of the SDS concentration40.
Spin labeling of SpUreG. Protein solution containing SpUreG (100 nmol) was desalted, using a PD10
desalting column (GE Healthcare), to remove the TCEP reducing agent. The buffer used was 20 mM TrisHCl
pH 8, 150 mM NaCl. The spin label MTSL was then added to the protein solution in 10-fold molar excess as
compared to the protein. The reaction mixture was incubated for 3.5 h in the dark under gentle stirring under a
continuous flow of argon. The excess of unbound spin label was finally removed using a PD10 desalting column,
using 20 mM TrisHCl pH 8, 150 mM NaCl. Labeled protein concentrations were obtained from absorbance at
280 nm, as described above.
EPR spectroscopy. All the EPR spectra were recorded at room temperature with a spectrometer equipped
with a Super High Q sensitivity resonator operating at X band (9.9 GHz). Samples were injected in a quartz capillary whose sensible volume was 40 µL.
The parameters used were the following: microwaves power = 10 mW; magnetic field modulation amplitude = 0.1 mT; field sweep = 15 mT; receiver gain = 60 dB. The labeling quantification was obtained by comparing
the protein concentration with the label concentration, calculated from the double integration of the CW EPR
spectrum under non-saturating conditions, and comparing it with the one measured for a standard sample. All
EPR spectra were simulated using SimLabel program (a GUI of EasySpin software)31, 32. This program has been
developed to simulate and fit CW EPR spectra, especially resulting from SDSL-EPR experiments. SimLabel allows
in particular dealing with multi-components spectra often encountered in SDSL-EPR experiments. It enables
determining the proportion of the different components and for each of them describing all the parameters: magnetic parameters (g- and A-tensors) and the dynamic parameter τc corresponding to the rotational correlation
time.
MALDI-ToF MS Spectrometry. Determination of Global Mass of unlabeled and labeled UreG. Mass analysis

(MALDI-ToF) was performed to confirm the labeling (theoretical mass increment resulting for one MTSL grafted
on the protein is of 184.2 Da).
Samples of ~70 pmol of UreG (unlabeled) and UreGMTSL (labeled) were prepared by dilution in 10 µL of 0,1%
of trifluoro-acetic acid (TFA) in water (v/v) before being spotted onto a MALDI target plate (1 µL). A saturated
solution of sinapinic acid matrix (1 µL) in 40% acetonitrile/water, 0,1% TFA (v/v) was added. The global mass
was measured on a MALDI-ToF mass spectrometer Microflex II from Bruker Daltonics in the range of 2000 to
55000 Da in a positive linear mode. External mass calibration was performed using the signals of trypsinogen and
protein A from the Protein standard II (Bruker Daltonics). The error on the measurement is of + /− 5 Da.

NMR Spectroscopy. NMR spectra were acquired at 298 K on a Bruker DRX 700 MHz spectrometer operating at the proton frequencies of 700.13 MHz (16.44 T) on uniformly 15N- enriched samples of ca. 0.5 mM UreG in
20 mM TrisHCl buffer at pH 8, containing 150 mM NaCl, 1 mM TCEP, in the absence and in the presence of 2 mM
SDS. The spectrometer was equipped with a triple-resonance 5-mm TCI cryo-probe with pulse field gradients
along the z-axis. The spectra were acquired using 2048 × 128 number of complex points and the hsqcfpf3gpphwg
Bruker library pulse sequence.

References
1.
2.
3.
4.

5.
6.
7.
8.
9.
10.
11.

Tompa, P. In Trends Biochem Sci. Vol. 37 509–516 (2012).
Uversky, V. N. In J. Biol. Chem. Vol. 291 6681–6688 (2016).
Koshland, D. E. The evolution of function in enzymes. Fed. Proc. 35, 2104–2111 (1976).
Nashine, V. C., Hammes-Schiffer, S. & Benkovic, S. J. Coupled motions in enzyme catalysis. Curr. Opin. Chem. Biol. 14, 644–651
(2010).
Schulenburg, C. & Hilvert, D. Protein conformational disorder and enzyme catalysis. Top. Curr. Chem. doi:10.1007/128_2012_411
(2013).
DeForte, S. & Uversky, V. N. Not an exception to the rule: the functional significance of intrinsically disordered protein regions in
enzymes. Mol. BioSyst (2017).
Kamerlin, S. C. L. & Warshel, A. At the dawn of the 21st century: Is dynamics the missing link for understanding enzyme catalysis?
Proteins 78, 1339–1375 (2010).
Callender, R. & Dyer, R. B. The dynamical nature of enzymatic catalysis. Acc. Chem. Res. 48, 407–413 (2015).
Motlagh, H. N., Wrabl, J. O., Li, J. & Hilser, V. J. The ensemble nature of allostery. Nature 508, 331–339 (2014).
Maurel, M. C. & Ricard, J. The evolution of catalytic function. Phys. Life Rev (2006).
Bar-Even, A., Milo, R., Noor, E. & Tawfik, D. S. The Moderately Efficient Enzyme: Futile Encounters and Enzyme Floppiness.
Biochemistry 54, 4969–4977 (2015).

SCientifiC REPOrTS | 7: 5977 | DOI:10.1038/s41598-017-06330-9

8

www.nature.com/scientificreports/
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

Levsh, O. et al. In Biochemistry Vol. 55 6314–6326 (2016).
Olsson, U. & Wolf-Watz, M. In Nature Commun. Vol. 1 111 (2010).
Zotter, A. et al. Disordered TPPP/p25 binds GTP and displays Mg2 + −dependent GTPase activity. FEBS Lett. 585, 803–808 (2011).
Aan Den Toorn, M., Huijbers, M. M. E., De Vries, S. C. & van Mierlo, C. P. M. In PLoS ONE Vol. 7 e50907 (2012).
Larion, M., Miller, B. & Brüschweiler, R. Conformational heterogeneity and intrinsic disorder in enzyme regulation: Glucokinase as
a case study. Biochemistry 49, 7969–7971 (2015).
Zambelli, B., Musiani, F., Benini, S. & Ciurli, S. Chemistry of Ni2+ in urease: sensing, trafficking, and catalysis. Acc. Chem. Res. 44,
520–530, doi:10.1021/ar200041k (2011).
Zambelli, B. et al. UreG, a chaperone in the urease assembly process, is an intrinsically unstructured GTPase that specifically binds
Zn2+. J. Biol. Chem. 280, 4684–4695, doi:10.1074/jbc.M408483200 (2005).
Zambelli, B., Musiani, F., Savini, M., Tucker, P. & Ciurli, S. Biochemical Studies on Mycobacterium tuberculosis UreG and
Comparative Modeling Reveal Structural and Functional Conservation among the Bacterial UreG Family. Biochemistry 46,
3171–3182 (2007).
Zambelli, B., Turano, P., Musiani, F., Neyroz, P. & Ciurli, S. Zn2+-linked dimerization of UreG from Helicobacter pylori, a chaperone
involved in nickel trafficking and urease activation. Proteins 74, 222–239 (2009).
Real-Guerra, R. et al. Biochemical and structural studies on native and recombinant Glycine max UreG: a detailed characterization
of a plant urease accessory protein. Plant Mol. Biol. 78, 461–475, doi:10.1007/s11103-012-9878-1 (2012).
Miraula, M., Ciurli, S. & Zambelli, B. Intrinsic disorder and metal binding in UreG proteins from Archae hyperthermophiles:
GTPase enzymes involved in the activation of Ni(II) dependent urease. J. Biol. Inorg. Chem. 20, 739–755, doi:10.1007/s00775-0151261-7 (2015).
Zambelli, B. et al. Insights in the (un)structural organization of Bacillus pasteurii UreG, an intrinsically disordered GTPase enzyme.
Mol. BioSyst. 8, 220–228, doi:10.1039/c1mb05227f (2012).
Fong, Y. H. et al. Structure of UreG/UreF/UreH complex reveals how urease accessory proteins facilitate maturation of Helicobacter
pylori urease. PLoS Biol. 11, e1001678 (2013).
Merloni, A. et al. Molecular landscape of the interaction between the urease accessory proteins UreE and UreG. Biochim. Biophys.
Acta. 1844, 1662–1674 (2014).
Hubbell, W. L., Cafiso, D. S. & Altenbach, C. Identifying conformational changes with site-directed spin labeling. Nat. Struct. Biol. 7,
735–739 (2000).
Cafiso, D. S. Identifying and quantitating conformational exchange in membrane proteins using site-directed spin labeling. Acc.
Chem. Res. 47, 3102–3109, doi:10.1021/ar500228s (2014).
Hubbell, W. L., Lopez, C. J., Altenbach, C. & Yang, Z. Technological advances in site-directed spin labeling of proteins. Curr. Opin.
Struct. Biol. 23, 725–733, doi:10.1016/j.sbi.2013.06.008 (2013).
Belle, V. et al. Mapping alpha-helical induced folding within the intrinsically disordered C-terminal domain of the measles virus
nucleoprotein by site-directed spin-labeling EPR spectroscopy. Proteins 73, 973–988, doi:10.1002/prot.22125 (2008).
Martinho, M. et al. Assessing induced folding within the intrinsically disordered C-terminal domain of the Henipavirus
nucleoproteins by site-directed spin labeling EPR spectroscopy. J. Biomol. Struct. Dyn. 31, 453–471, doi:10.1080/07391102.2012.70
6068 (2013).
Stoll, S. & Schweiger, A. EasySpin, a comprehensive software package for spectral simulation and analysis in EPR. J. Magn. Reson.
178, 42–55, doi:10.1016/j.jmr.2005.08.013 (2006).
Etienne, E., Le Breton, N., Martinho, M., Mileo, E., & Belle, V. SimLabel: a graphical user interface to simulate continuous wave EPR
spectra from site-directed spin labeling experiments. Magn. Reson. Chem., 55, 714–719, doi:10.1002/mrc.4578 (2017).
D’Urzo, A., Santambrogio, C., Grandori, R., Ciurli, S. & Zambelli, B. The conformational response to Zn(II) and Ni(II) binding of
Sporosarcina pasteurii UreG, an intrinsically disordered GTPase. J. Biol. Inorg. Chem. 19, 1341–1354, doi:10.1007/s00775-014-1191-9
(2014).
Uversky, V. N. Intrinsically disordered proteins and their environment: effects of strong denaturants, temperature, pH, counter ions,
membranes, binding partners, osmolytes, and macromolecular crowding. Protein J. 28, 305–325, doi:10.1007/s10930-009-9201-4
(2009).
Whitmore, L. & Wallace, B. A. DICHROWEB, an online server for protein secondary structure analyses from circular dichroism
spectroscopic data. Nucleic Acids Res. 32, W668–673 (2004).
Frishman, D. & Argos, P. Knowledge-based protein secondary structure assignment. Proteins 23, 566–579, doi:10.1002/
prot.340230412 (1995).
Chemes, L. B., Alonso, L. G., Noval, M. G. & de Prat-Gay, G. In Intrinsically disordered protein analysis Vol. 895 Methods Mol. Biol.
(eds Uversky, V. N. & Dunker, A. K.) 387–404 (Humana Press, 2012).
Garcia-Alai, M. M., Alonso, L. G. & de Prat-Gay, G. The N-terminal module of HPV16 E7 is an intrinsically disordered domain that
confers conformational and recognition plasticity to the oncoprotein. Biochemistry 46, 10405–10412, doi:10.1021/bi7007917 (2007).
Popovic, M., De Biasio, A., Pintar, A. & Pongor, S. The intracellular region of the Notch ligand Jagged-1 gains partial structure upon
binding to synthetic membranes. FEBS J. 274, 5325–5336, doi:10.1111/j.1742-4658.2007.06053.x (2007).
Brito, R. M. & Vaz, W. L. Determination of the critical micelle concentration of surfactants using the fluorescent probe N-phenyl-1naphthylamine. Anal. Biochem. 152, 250–255 (1986).
Gasper, R., Scrima, A. & Wittinghofer, A. Structural insights into HypB, a GTP-binding protein that regulates metal binding. J. Biol.
Chem. 281, 27492–27502 (2006).
Jeoung, J.-H., Giese, T., Grünwald, M. & Dobbek, H. CooC1 from Carboxydothermus hydrogenoformans is a nickel-binding ATPase.
Biochemistry 48, 11505–11513 (2009).
Jeoung, J.-H., Giese, T., Grünwald, M. & Dobbek, H. Crystal structure of the ATP-dependent maturation factor of Ni,Fe-containing
carbon monoxide dehydrogenases. J. Mol. Biol. 396, 1165–1179 (2010).
Cai, F., Ngu, T. T., Kaluarachchi, H. & Zamble, D. B. Relationship between the GTPase, metal-binding, and dimerization activities of
E. coli HypB. J. Biol. Inorg. Chem. 16, 857–868 (2011).
Sydor, A. M., Lebrette, H., Ariyakumaran, R., Cavazza, C. & Zamble, D. B. Relationship between Ni(II) and Zn(II) Coordination and
Nucleotide Binding by the Helicobacter pylori [NiFe]-Hydrogenase and Urease Maturation Factor HypB. J. Biol. Chem. 289,
3828–3841 (2014).
Tsou, C. L. Conformational flexibility of enzyme active sites. Science 262, 380–381 (1993).
Musiani, F., Ippoliti, E., Micheletti, C., Carloni, P. & Ciurli, S. Conformational fluctuations of UreG, an intrinsically disordered
enzyme. Biochemistry 52, 2949–2954, doi:10.1021/bi4001744 (2013).
Parigi, G. et al. Long-range correlated dynamics in intrinsically disordered proteins. J. Am. Chem. Soc. 136, 16201–16209 (2014).
Cote, J. M. et al. The Stories Tryptophans Tell: Exploring Protein Dynamics of Heptosyltransferase I from Escherichia coli.
Biochemistry 6, 886–895 (2017).
DeGrado, W. F. Peptide engineering. Catalytic molten globules. Nature 365, 488–489 (1993).
Risso, V. A., Gavira, J. A., Mejia-Carmona, D. F., Gaucher, E. A. & Sanchez-Ruiz, J. M. Hyperstability and substrate promiscuity in
laboratory resurrections of Precambrian β-lactamases. J. Am. Chem. Soc. 135, 2899–2902 (2013).
Chao, F.-A. et al. Structure and dynamics of a primordial catalytic fold generated by in vitro evolution. Nat. Chem. Biol. 9, 81–83
(2013).

SCientifiC REPOrTS | 7: 5977 | DOI:10.1038/s41598-017-06330-9

9

www.nature.com/scientificreports/
53. Merkl, R. & Sterner, R. Ancestral protein reconstruction: techniques and applications. Biol. Chem. 397, 1–21 (2016).
54. Studier, F. W., Rosenberg, A. H., Dunn, J. J. & Dubendorff, J. W. Use of T7 RNA polymerase to direct express of cloned genes.
Methods Enzymol. 185, 66–89 (1990).
55. Whitmore, L. & Wallace, B. A. Protein secondary structure analyses from circular dichroism spectroscopy: methods and reference
databases. Biopolymers 89, 392–400, doi:10.1002/bip.20853 (2008).

Acknowledgements

Pascal Mansuelle from Aix-Marseille Université-CNRS, FR 3479, IMM, Plate-forme de Protéomique, 31 chemin
Joseph Aiguier, F-13402 Marseille, France, is acknowledged for mass spectrometry measurements and analyses.
The authors are grateful to the EPR facilities available at the national TGE RPE facilities (IR 3443). CERM
(Center for Magnetic Resonance, University of Florence) is acknowledged for granting access to the NMR facility.
Massimo Lucci and Fabio Calogiuri from CERM are acknowledged for data collection and useful discussions.

Author Contributions

M.P. and B.Z. performed protein expression and purification, activity assays and circular dichroism spectroscopy;
A.B. and E.M. performed the SDSL-EPR experiments; S.C. carried out the processing and analysis of the NMR
spectra; E.E., V.B., B.G. and E.M. performed the EPR analysis. V.U. contributed to experimental design and data
interpretation. B.G. and S.C. provided the research funding. E.M. and B.Z. conceived the experiments, interpreted
the data and wrote the manuscript with the support of all the authors.

Additional Information

Supplementary information accompanies this paper at doi:10.1038/s41598-017-06330-9
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

SCientifiC REPOrTS | 7: 5977 | DOI:10.1038/s41598-017-06330-9

10

