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ABSTRACT: UreG proteins are small GTP binding (G)
proteins that catalyze the hydrolysis of GTP necessary for the
maturation of urease, a virulence factor in bacterial patho-
genesis. UreG proteins are the first documented cases of
intrinsically disordered enzymes. The comprehension of the
dynamics of folding−unfolding events occurring in this protein
could shed light on the enzymatic mechanism of UreG. Here, we used the recently developed replica exchange with solute
tempering (REST2) computational methodology to explore the conformational space of UreG from Helicobacter pylori
(HpUreG) and to identify its structural fluctuations. The same simulation and analysis protocol has been applied to HypB from
Methanocaldococcus jannaschii (MjHypB), which is closely related to UreG in both sequence and function, even though it is not
intrinsically disordered. A comparison of the two systems reveals that both HpUreG and MjHypB feature a substantial rigidity of
the protein regions involved in catalysis, justifying its residual catalytic activity. On the other hand, HpUreG tends to unfold more
than MjHypB in portions involved in protein−protein interactions with metallochaperones necessary for the formation of
multiprotein complexes known to be involved in urease activation.

The GTP binding proteins (G-proteins) constitute a wide
class of monomeric or multimeric proteins that operate as

molecular switches between GTP- and GDP-bound states.
They are involved in regulatory and signaling functions1,2 as
well as in the biosynthesis of metal-based cofactors (see refs 3
and 4 for some examples). The reaction catalyzed by G-
proteins is the GTP hydrolysis that yields GDP and inorganic
phosphate. In general, the catalytic domain of a G-protein is
constituted by a β-sheet, surrounded by flexible regions
composed of α-helices and loops (Figure S1 of the Supporting
Information). The stability of the active GTP-bound or inactive
GDP-bound state of the G-proteins during the reaction
depends on the conformation adopted by the three regions
(named P-loop, switch I, and switch II) delimiting the GTP
binding pocket, as well as by interactions of the G-protein with
specific protein regulators.
Much attention has been paid recently to one of the bacterial

members of this class, UreG, a magnesium-based enzyme
involved in urease maturation,5 and in particular to the protein
from the human pathogen Helicobacter pylori (HpUreG).
HpUreG is one of several UreG proteins from different
biological sources that have been documented as belonging to
the class of intrinsically disordered enzymes4,6−10 displaying
observable enzymatic activity while showing a largely
disordered tertiary structure.4,6,8,9 Indeed, 1H−15N HSQC
nuclear magnetic resonance (NMR) spectra acquired for
UreG from different bacterial species show that the protein
backbone experiences exchange among multiple conformations,

while on the other hand, circular dichroism (CD) spectra reveal
the presence of secondary structure elements. UreG structural
disorder is predicted to be localized especially in a region
spanning ∼50 residues in the central portion of the sequence.6

This disordered portion comprises both the region predicted to
interact with the cognate protein UreE11 and the switch I loop,
thus influencing the structure of the GTP binding pocket.
Other disordered enzymes are known, such as chorismate
mutase, a case in which the enzyme is intrinsically ordered but
maintains its activity also in a topologically redesigned version,
obtained by site-directed mutagenesis, which features dynamic
properties typical of molten globules.12−15

Experimental structural information for UreG is lacking.
Bioinformatics-based considerations have led to the suggestion
that the structured regions of HpUreG might be not too
dissimilar to the corresponding regions of the magnesium-based
enzyme HypB protein expressed by the thermophile bacterium
Methanocaldococcus jannaschii (MjHypB).5 Indeed, HpUreG
and MjHypB belong to the same class of dimeric G-proteins16

and are predicted to share a nearly identical secondary structure
despite a level of sequence identity of 31% (Figure S2 of the
Supporting Information).4 The X-ray structure of MjHypB in

Received: February 12, 2013
Revised: March 30, 2013
Published: April 8, 2013

Article

pubs.acs.org/biochemistry

© 2013 American Chemical Society 2949 dx.doi.org/10.1021/bi4001744 | Biochemistry 2013, 52, 2949−2954

pubs.acs.org/biochemistry


complex with a GTP analogue3 features a well-ordered fold
(Figure 1A).
Here, we used molecular simulation methods to investigate

the structural fluctuations of the HpUreG model structure as it
evolves from its putative folded conformation (Figure 1B)4 to
the unfolded state in explicit solvent. Comparison is also made
with the MD simulation of MjHypB in aqueous solution. We
studied the apo form of both proteins to remove any possible
effect played by metal binding on the two proteins. Indeed,
MjHypB appears to bind two Zn(II) ions,3 while HpUreG
binds only one Zn(II) ion4,17 at the dimer interface. Moreover,
it should be noted that the occupancy of the two Zn(II) ions in
the MjHypB crystal structure is 0.5. Thus, it is not clear
whether one should put the Zn(II) ion in one site, the other, or
both. In the case of HpUreG, there are no structural data
available for the correct placement of the unique Zn(II) ion
present in the protein. The only available information is based
on a model structure derived using EXAFS data.17 Here we
chose not to bias the simulations with a subjective placement of
the Zn(II) ions.

■ METHODS

The initial structural model of MjHypB was obtained from the
crystal structure of the protein in complex with GTPγS (an
unreactive GTP analogue) and Mg2+ ions (Figure 1A, Protein
Data Bank entry 2HF8).3 The starting structural model of
HpUreG was predicted by homology modeling based on the X-
ray structure of MjHypB.4 The modeling procedure comprised
the following steps, which are described in detail in ref 4: (i)
sequence alignment performed using MODELER version 9.218

and JPRED,19 (ii) homology modeling using MODELER
version 9.2, and (iii) validation of the best scoring model, using
PROCHECK.20

The proteins were placed in a water box using a 10 Å buffer
zone of solvent around the protein. The Amber ff99SB force
field21 for the protein and the TIP3P water model22 were used,
while known parameters were applied to GTP23 and Mg2+.24

Each system was energy-minimized and then evolved through a
replica exchange molecular dynamics (REMD) scheme.25 This
is the replica exchange with solute tempering (REST),26 in
which only the protein (i.e., the solute) is simulated at different
effective temperatures. This is achieved by applying an
appropriate potential energy function to each replica27 as
conducted in its most recent implementation (REST2).28

Although the extensive sampling of conformational space of
large proteins is challenging for any computational technique,
we adopted REST2 because it has been previously demon-

strated to optimally visit the relevant conformations for a given
computational cost.28 In particular, REST2 allows us to
consistently reduce the number of replicas needed with respect
to standard REMD (i.e., only 24 replicas are needed for our
systems, while 100 replicas are estimated to be needed for
REMD29) and is particularly suitable for systems as large as
those considered here.28 We exploited the λ-dynamics
implementation in GROMACS version 4.5.330−33 to easily
introduce the REST2 approach into the simulation program.27

We ran 24 replicas for both MjHypB and HpUreG at different
effective temperatures of the solute, from 300 to 450 K,
following the REST2 technique,27,28 and 1 atm. Temperature
coupling and pressure coupling were achieved using a Nose-
Hoover thermostat34,35 and a Parrinello-Raman barostat,36,37

respectively. The calculated properties include root-mean-
square deviation (RMSD) and fluctuations (RMSF) and the
plasticity of protein backbone residues calculated using protein
angular dispersion.38 Quasi-rigid domains were identified on
the basis of the MD positional covariance matrix as described in
refs 39 and 40. For additional details about the computational
methods, see the Supporting Information. The calculations
were performed on the JUROPA supercomputer (Jülich
Supercomputing Centre, JSC, Jülich, Germany).

■ RESULTS AND DISCUSSION

Simulation of the MjHypB Structure. The RMSD of the
Cα atoms of the two monomers for the lowest-effective
temperature replica simulation (Figure 2A) does not
significantly change with respect to the starting structure.
Indeed, both the secondary structure and the tertiary structure
are largely maintained (Figure 2A, top panels), and the
secondary structure elements are conserved throughout the
simulation (Figure 2B). On the other hand, the most visited
conformations during the replica exchange process progres-
sively depart from the initial state, as illustrated in Figure 2A by
the fact that the RMSD of the dimer increases steadily. This
structural drift, and particularly the rapid increase in RMSD
after simulation for ∼8 ns, reflects the spontaneous evolution of
MjHypB toward a conformational substate markedly different
from the initial one. Indeed, a structural cluster analysis (see
Figure S4 of the Supporting Information) identifies two
dominant clusters that can be largely identified with the first
and second part of the trajectory and that gather 69 and 25% of
the visited conformers, respectively. The structural differences
of the two cluster representatives are shown in Figure 2C and
can be aptly conveyed by the relative positioning of the inertial
ellipsoids representing each monomer. Upon optimal super-

Figure 1. X-ray structure of dimeric MjHypB (A, Protein Data Bank entry 2HF8) and structural model of HpUreG (B, calculated as in ref 4). Left
chains are colored from blue in the proximity of the N-terminus to red at the C-terminus, whereas in the right chain, the main features of the proteins
are highlighted (P-loop, red; switch I, blue; switch II, dark green; guanine specificity pocket, violet).
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position of two corresponding monomers, the principal axes of
the other two ellipsoids, corresponding to the other monomer,
are mismatched by 42°, 47°, and 24° (Figure 2C). On the other
hand, the distance between the centers of mass of the two
ellipsoids remains stable during the simulation (2.89 ± 0.04
nm). These results indicate that (i) the dimer integrity is
maintained during the dynamical evolution and (ii) the latter
mostly entails the relative rigid rotation of the monomers
around the major axis of the dimer. The latter aspect emerges
very clearly as shown by a quasi-rigid domain analysis of
MjHypB, which indicates that the relative quasi-rigid motion of
the two monomers accounts for most (65%) of the protein’s
RMSF (Figure 2D).
The observed capability of dimeric MjHypB to bind Zn(II)

at the dimer interface may be necessary to stabilize the starting
conformation of the two monomers and the dimeric form of
the protein.41,42

Simulation of the HpUreG Model Structure. The Cα
RMSD of HpUreG increases sharply in the first nanosecond of
the simulation (Figure 3A). Subsequently, the RMSD increases
monotonically for both the monomers and the dimer. This
situation differs from the case for MjHypB, and this suggests a
loss of structured features that is significantly more pronounced
for HpUreG. This is also revealed by a comparison of the plots
of the secondary structure elements (compare Figures 2B and
3B): the average contents of α-helix, β-strand, and coil in
HpUreG change from 38 ± 1, 19 ± 1, and 43 ± 2%,

respectively, in the first half of the simulation to 34 ± 2, 16 ± 1,
and 50 ± 2%, respectively, in the second half. These final values
are in agreement with the secondary structure content
experimentally determined for the protein in solution using
CD spectroscopy (31, 11, and 58%, respectively).4 Large effects
are visible in the overall structure of the protein backbone, as
revealed by a cluster analysis of the trajectory conducted with
the same protocol used for MjHypB [8 vs 5 clusters in the first
10 ns, reaching 82 clusters in the second half of the simulation
(see Figure S5 of the Supporting Information)]. In particular,
two clusters account for ∼74% of the overall sampled
conformation in the first 10 ns of the simulation; with a
starting point of 9.3 ns of simulation time, the number of
clusters increases dramatically, following a consequent decrease
in the population of each single cluster [from <3.9%, down to
single-conformation clusters (Figure S5 of the Supporting
Information)]. In the case of HpUreG, the mutual orientation
of the two monomers changes by 13 ± 3°, 15 ± 4°, and 9 ± 5°
(with maximal variations of 20°, 41°, and 40°, respectively) in
the three principal axes of the inertial ellipsoids, while the
distance between the relative centers of mass (2.85 ± 0.03 nm)
is stable along the simulation. This indicates that HpUreG
samples a significantly larger conformational space than
MjHypB does, and that all the clusters observed in the second
part of the HpUreG simulation share a similar secondary
structure content despite different structural properties, a result
in agreement with experimental data and typical of intrinsically
unstructured proteins in the molten globule state.43

The analysis of the RMSFs for HpUreG (Figure 3C) reveals
that the regions most affected by the ensemble variability
comprises residues 45−92, 129−136, and 148−171 (corre-
sponding to positions 67−114, 155−158, and 170−193,
respectively, in the alignment in Figure S2 of the Supporting
Information and Figure 3C). The same behavior can be
observed by calculating the plasticity of protein backbone
residues using protein angular dispersion38 (Figure S6 of the
Supporting Information). This region is consistent with that
predicted to be disordered (residues 38−94, 128−137, and
155−176)6 by bioinformatics tools such as PONDR VL-
XT44,45 (see Figure S7 of the Supporting Information). Indeed,
the good consistency of PONDR predictions and highly mobile
regions has been reported previously in another context.46 The
regions that experience “long” conformational transitions
(estimated as described in ref 38) include switch I, helices 2
and 3, strand 3, and the connecting loops as well as helix 5
(Figure 3D), while other less mobile regions appear to fluctuate
around a single configuration (Figure S6 of the Supporting
Information). In this region, a conserved CPH motif is also
found, which has been established to be involved in the binding
of one Zn(II) ion at the dimer interface.4 Helix 3 is important
for the function of UreG in the in vivo urease activation process
because it is predicted to be situated at the interface with UreE,
the proposed metallochaperone for nickel trafficking.11

Notably, the disordered regions do not involve the active site,
except for the so-called switch I loop (residues 37−43). This
property is intriguing but is not expected to be generally
applicable to intrinsically disordered enzymes: in fact, in the
case of engineered chorismate mutase, the catalytic region is
found to be quite flexible, with protein folding associated with
the substrate binding step and with subsequent catalysis.12−15

Thus, at present, it is not clear how the increase in the level of
disorder affects the catalytic activity. A comparison of the
RMSF between MjHypB and HpUreG reveals a substantial

Figure 2. RMSD for the Cα atoms (A) and percentage of secondary
structure elements (B) of MjHypB lowest-effective temperature replica
(300 K) vs time plots. (C) Ribbon diagram and inertia ellipsoid of the
most representative structure of MjHypB cluster 1 (orange) and
cluster 2 (blue). The ellipsoids in panel C have been calculated by
fixing the best fit of the left chains of MjHypB to highlight the
displacement of the right chains. (D) Fraction of captured mobility vs
the number of quasi-rigid domains.
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difference in the dynamic properties of the two proteins, with
the exception of the residues that interact with GTP in the
starting model of the folded state of the two proteins (red dots
in Figure 3C). This observation can explain the low, but often
observable, GTPase activity of several UreG proteins in vitro,
making them the only case of intrinsically disordered enzymes
so far discovered.4,6,8,9 The observed differences in the
conformational fluctuations of MjHypB and HpUreG are not
limited to the overall amplitude, but they reflect a genuine
difference in the structural plasticity of the two molecules. This
is readily ascertained by repeating, for HpUreG, the quasi-rigid
domain analysis described above for MjHypB. As can be seen
from Figure 3E, the quasi-rigid character of the MjHypB
monomers is completely lost in HpUreG. Indeed, the loss of
the structural integrity of HpUreG is evident by considering
that the use of as many as 10 quasi-rigid domains is barely
sufficient to capture half of the protein mobility, as opposed to
what was observed in MjHypB, for which only two quasi-rigid
domains covered 65% of the internal mobility.
A striking structural difference between the two systems is

the presence of an additional helix at the N-terminus of
MjHypB, positioned in close contact with the protein portion
that corresponds to the disordered region of all members of the
UreG family.6 We thus speculate that the insertion of a similar
helix into the sequence of HpUreG could induce folding and
stabilization of the protein, possibly also influencing the in vivo
activity. The challenge is now to understand the intricate
relationship between HpUreG’s conformational fluctuations
and its function.

■ ASSOCIATED CONTENT
*S Supporting Information
Details of the REST2 calculations and the data analysis. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*P.C.: Computational Biophysics, German Research School for
Simulation Sciences, Wilhelm-Johnen-Straße, D-52425 Jülich,
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