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The ability of metallochaperones to allosterically regulate the
binding/release of metal ions and to switch protein-binding
partners along the metal delivery pathway is essential to the
metallation of the metalloenzymes. Urease, catalyzing the hydro-
lysis of urea into ammonia and carbon dioxide, contains two nickel
ions bound by a carbamylated lysine in its active site. Delivery of
nickel ions for urease maturation is dependent on GTP hydrolysis
and is assisted by four urease accessory proteins UreE, UreF, UreG,
and UreH(UreD). Here, we determined the crystal structure of the
UreG dimer from Klebsiella pneumoniae in complex with nickel
and GMPPNP, a nonhydrolyzable analog of GTP. Comparison with
the structure of the GDP-bound Helicobacter pylori UreG (HpUreG)
in the UreG,F,H, complex reveals large conformational changes in
the G2 region and residues near the 4sCPHgg metal-binding motif.
Upon GTP binding, the side chains of Cys66 and His68 from each of
the UreG protomers rotate toward each other to coordinate a
nickel ion in a square-planar geometry. Mutagenesis studies on
HpUreG support the conformational changes induced by GTP bind-
ing as essential to dimerization of UreG, GTPase activity, in vitro
urease activation, and the switching of UreG from the UreG,F;H,
complex to form the UreE,G, complex with the UreE dimer. The
nickel-charged UreE dimer, providing the sole source of nickel, and
the UreG,F,H, complex could activate urease in vitro in the pres-
ence of GTP. Based on our results, we propose a mechanism of
how conformational changes of UreG during the GTP hydrolysis/
binding cycle facilitate urease maturation.
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early half of all enzymes contain metals in their active sites
(1, 2). Cells have evolved mechanisms to maintain metal
homeostasis and to ensure metalloenzymes receive the correct
metal ions (3, 4). Metals at the top of the Irving—Williams series
such as nickel, copper, and zinc, can form more stable protein—
metal complexes than weaker metals such as magnesium and can
inactivate enzymes that require the less competitive metals to
function (5, 6). Therefore, the free cytoplasmic concentrations
of these competitive metal ions are tightly controlled and are
kept at subnanomolar concentrations to avoid cytotoxicity (5, 7).
One strategy of delivering the correct metal to a metalloenzyme
is through specific protein—protein interactions with metal-
lochaperones (4). Typically, metal ions are passed from one
metallochaperone to another before they are eventually inserted
into the catalytic site of metalloenzymes (8-10). Conceptually,
this scheme requires the ability of metallochaperones to alloste-
rically regulate the binding/release of metal ions and to change
protein-binding partners along the metal delivery pathway.
Urease, catalyzing the hydrolysis of urea into ammonia and
carbon dioxide, contains two nickel ions bound by a carbamy-
lated lysine residue in its active site (11). The enzyme is a viru-
lence factor for Helicobactor pylori because the pathogen uses the
neutralizing ammonia released for its survival in acidic stomach
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(12). Delivery of nickel and urease maturation are assisted by
four urease accessory proteins, namely, UreE, UreF, UreG, and
UreH (or UreD in other species) (13-17). The urease maturation
is dependent on GTP hydrolysis and involves the formation of an
activation complex containing UreF, UreG, UreH, and apourease
(13, 18-23). UreF can form a UreF,H, complex with UreH in a
2:2 stoichiometry (24). The formation of the UreF,H, complex is
essential to the recruitment of UreG to form the UreG,F,H,
complex (20, 24, 25). UreG belongs to the G3E family of SIMIBI
(signal recognition particle, MinD, and BioD) class GTPases (26,
27), and undergoes a GTP-dependent dimerization upon binding
of nickel (20). We have previously shown that the Ni/GTP-bound
UreG dimer, providing the sole source of nickel, can activate
urease in vitro in the presence of the UreF,H, complex (20),
which can induce conformational changes in apourease that are
essential for nickel delivery (13, 28). It has been shown recently
that nickel can be transferred from another metallochaperone
UreE to UreG by forming a UreE,G, complex (29). In this study,
we determined the crystal structure of Klebsiella pneumoniae
UreG in complex with nickel and Guanylyl imidodiphosphate
(GMPPNP). Together with our biochemical and mutagenesis
studies, we have demonstrated how conformational changes in-
duced by the GTP hydrolysis/binding cycle in the metallochaprone
UreG facilitate urease maturation by modulating its binding to the
nickel ion and protein-binding partners.

Significance

Our work provides insights into how cells solve the problem of
delivering nickel, a toxic metal, to the active site of a metal-
loenzyme such as urease. Urease, a nickel-containing enzyme,
is a virulence factor for Helicobacter pylori, which infects half
of the human population and causes peptic ulcers. Supported
by structural and biochemical evidence, we present a paradigm
on how a metallochaperone UreG couples GTP hydrolysis/
binding to allosterically control the binding/release of nickel
ions and to switch protein-binding partners along the metal-
delivery pathway so that the nickel ions are passing from one
metallochaperone to another, without releasing the “free”
toxic metal to the cytoplasm.
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Result

Crystal Structure of KpUreG in Complex with Nickel and GMPPNP. We
have previously determined the structure of H. pylori GDP-
bound UreG (HpUreG) in the UreG,F,H, complex (20). To
understand the conformational changes of UreG upon binding
of nickel and GTP, we determined the crystal structure of UreG
from K pneumoniae (KpUreG) in complex with GMPPNP and
nickel to a resolution of 1.8 A (SI Appendix, Table S1 and Fig.
14, PDB ID code 5XKT). To improve the quality of crystals, a
truncated KpUreG(AN4AC1) was used for structure determination.
KpUreG, sharing 64% sequence identity with HpUreG, is six resi-
dues longer (Fig. 1C). To avoid confusion, we will use the sequence
numbering of HpUreG in subsequent structural comparison.

KpUreG adopts a SIMIBI-like fold with a seven-stranded
B-sheet sandwiched by 10 o-helices, and exists as a dimer in
the crystal structure. The invariant CPH metal binding motif
from each protomer of KpUreG is juxtaposed to bind a nickel
ion, which is coordinated by Cys66 and His68 in a square-planar
geometry (SI Appendix, Fig. S1 A and C). KpUreG contains the
canonical G1-G5 motifs for guanine nucleotide recognition (Fig.
1 B and C). One molecule of GMPPNP was bound to each of the
two KpUreG protomers at the dimerization interface, forming
extensive hydrogen bonds with residues of the G1-G5 motifs
(Fig. 1B and SI Appendix, Fig. S1D). Phosphate groups of
GMPPNP are wrapped around by G1 residues that constituted
the P loop. The guanine base is sandwiched between the ali-
phatic side chains of Lys146 and Lys179, forming canonical hy-
drogen bonds to Asp148 of the G4 motif and to backbone amides
of the G5 motif (Fig. 1B). Anomalous difference electron density
maps revealed that a nickel ion occupies the magnesium-binding
site in each of the nucleotide-binding pockets (SI Appendix, Fig.
S1B). Noteworthy, the nickel ion is coordinated in an octahedral
geometry, which is commonly observed for magnesium ion in
GTPases (30, 31). Presumably, the nickel ions, being a more
competitive ion, displaced the active site magnesium ions in the
crystallization conditions used. Our result suggests that while
nickel ion is required for the formation of the nickel-charged
UreG dimer, excess nickel ions should be inhibitory because
they could displace the magnesium ions in the active sites.

GTP Binding Induces Large Conformational Changes in UreG. To
understand the GTP-induced conformational changes, the
structure of Ni/GMPPNP-bound KpUreG was compared with
the crystal structure of GDP-bound HpUreG in complex with
UreF,H, (20). Most residues of the Ni/GMPPNP-bound
KpUreG were superimposable with the GDP-bound HpUreG
(Fig. 2.4 and B), suggesting that the two proteins are structurally
homologous with each other. Notably, large conformational
changes were observed in the G2 region (2 and o2; residues 37—
52) and in residues near the CPH nickel-binding motif (residues
62-68) (Fig. 2B and Movie S1).

Taking a closer look at the nucleotide-binding pocket reveals
that the invariant residue Asp37 (or Asp43 in KpUreG) plays an
instrumental role in initiating the GTP-dependent conforma-
tional changes. Upon GTP binding, charge—charge repulsion
between the y-phosphate and Asp37 pushes the invariant residue
away from the nucleotide-binding pocket (Fig. 2C), causing
Asp37 and Ile38 to form backbone hydrogen bonds with Val61,
Thr63, and Gly64. As a result, 2 and p3 of Ni/GMPPNP-bound
KpUreG is extended (Fig. 2C). This “zip-up” motion of 2 and
B3 strands propagates the conformational changes to the CPH
metal-binding motif, which is located at the end of p3. The
Cys66 and His68 of each protomer move in an opposite direction
toward the metal binding site and coordinate a nickel ion at the
dimer interface. Asp102 of the G3 motif moves toward the CPH
motif and forms hydrogen bonds to Asn103 and His68, stabiliz-
ing the square-planar coordination geometry of the CPH motif
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(SI Appendix, Fig. S24). At the same time, GTP binding causes
helix-2 to tilt by ~35° toward the nucleotide-binding site, bringing
Glu42 to form a salt bridge with Argl130 of the opposite proto-
mer (SI Appendix, Fig. S2B). In addition, the opposite protomer
of UreG undergoes a rigid-body movement toward the bound
nucleotide so that Tyr152 and Val153 of the opposite protomer
form two extra hydrogen bonds to the guanine ring of GMPPNP
(SI Appendix, Fig. S2C).

We have previously shown that addition of nickel ions and
GTP can dissociate UreG from the UreG,F,H, complex (20).
The crystal structure of Ni/GMPPNP-bound KpUreG determined
here explains how the conformational changes of UreG induce the
dissociation. As shown in Fig. 2 C and D, the zip-up motion of
f2 and P3 causes Tyr39 of the G2 motif to protrude into the
UreF,H,-binding site, introducing steric clashes that break the
interaction between UreG and the UreF,H, complex.

Double Mutation D37A/E42A Abolishes the Formation of the Nickel-
Charged HpUreG Dimer, GTPase Activity, and in Vitro Activation of
Urease. As discussed above, a structural comparison suggests that
charge—charge repulsion between Asp37 and the y-phosphate
group of GTP is important in initiating the GTP-dependent
conformational changes that bring Glu42 to form a salt bridge
with Arg130 with the opposite protomer (SI Appendix, Fig. S2B).
We argued that these residues are important in inducing the
conformational changes of UreG from a GDP-bound state to a
GTP-bound state. To test this hypothesis, we created a double
mutant, D37A/E42A, of HpUreG and tested its ability to di-
merize upon addition of nickel ions and GTP. It is expected that
the double mutant should favor the GDP-bound state confor-
mation even in the presence of GTP or its analog. Circular
dichroism spectra of the D37A/E42A mutant, collected at 25—
42 °C, were similar to those of the wild-type HpUreG, suggesting
that the mutant was folded and stable at these temperatures (S/
Appendix, Fig. S9). Based on the size-exclusion chromatography/
static light-scattering (SEC/SLS) experiments, we showed that
the elution profile of the D37A/E42A mutant in the presence of
GTPyS was similar to that of wild-type HpUreG in the presence
of GDP, suggesting that the double mutant failed to undergo
GTP-dependent dimerization of HpUreG (Fig. 34). We further
showed that D37A/E42A HpUreG abolished its in vitro GTPase
activity (Fig. 3B) and its ability to activate urease in vitro (Fig.
3C). Taken together, our results are consistent with the conclu-
sion that Asp37 and Glu42 are essential for the GTP-induced
conformational changes that lead to UreG dimerization, which is
in turn important for GTPase activity and urease activation.

D37A/E42A Double Mutation Greatly Reduces the GTP-Dependent
Dissociation of HpUreG from UreG,F,H, and the Formation of the
UreE,G, Complex. Next, we tested whether Asp37 and Glu42 are
essential for the dissociation of HpUreG from the UreG,F,H,
complex. We added GDP or GTPyS to the UreG,F,H, complex
in a buffer containing nickel (SI Appendix, Fig. S3). In the
presence of GDP, both wild-type and D37A/E42A HpUreG were
able to form the UreG,F,H, complex. Upon addition of GTPyS,
the majority of wild-type HpUreG dissociated from the UreG,F,H,
complex to form the UreG dimer (SI Appendix, Fig. S3). In con-
trast, the dissociation of UreG was greatly reduced in the D37A/
E42A mutant.

In a previous study, UreG was shown to interact with UreE to
form a UreE,G; complex in the presence of GTP, but to form a
UreE,G complex in the presence of GDP (29). We hypothesized
that the conformational changes induced upon GTP binding will
cause UreG to prefer a 2:2 stoichiometry in forming a complex
with UreE. Therefore, we tested whether the D37A/E42A mu-
tations will affect the formation of the UreE,G, complex.
H. pylori UreG and UreE were added in equal molar ratio in a
buffer containing nickel and GDP/GTPyS (SI Appendix, Fig. S4).
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Fig. 1. Crystal structure of KpUreG in complex with GMPPNP and nickel. (A) The structure of KpUreG (PDB ID code 5XKT) was solved as a dimer in complex
with GMPPNP and nickel at a resolution of 1.8 A. Cys66 and His68 from each of the two UreG protomers (colored in light and dark gray) coordinate a nickel
ion in a square-planer geometry. Conserved motif (G1-G5) and CPH metal binding motif are colored as indicated. (B) A stereodiagram showing the interaction
between KpUreG and GMPPNP. GMPPNP is sandwiched between the two KpUreG protomers and forms a network of hydrogen bonds (yellow dotted lines)
with residues of the G1-G5 motifs. (C) Sequence alignment of KpUreG and HpUreG. The G1-G5 and the CPH metal-binding motifs are indicated as circles.
Residues are numbered according to the HpUreG sequence. Apostrophes denote residues from the opposite protomer.

In the presence of GDP, both wild-type and D37A/E42A  HpUreG was able to form complex with UreE in a 2:2 stoichi-
HpUreG mainly formed a 2:1 complex with UreE (SI Appendix, ometry in the presence of GTPyS (SI Appendix, Fig. S4, red
Fig. S4, cyan lines). Consistent with previous findings, wild-type  lines). In the case of the D37A/E42A mutant, the GTP-dependent
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Fig. 2. Conformational changes of UreG upon GTP binding. (A) The struc-
tures of the GDP-bound HpUreG (4HI0, chain F) and the Ni/GMPPNP-bound
KpUreG (5XKT, chain A) were superimposed and values of Ca displacement
were plotted. (B) Stereodiagram highlighting significant conformational
changes found in the G2 region (residues 37-52) and near the CPH metal-
binding motif (residues 62-68), which are colored in green and red for the
GDP-bound HpUreG and the Ni/GMPPNP-bound KpUreG, respectively.
(C) Charge—harge repulsion between Asp37 and the y-phosphate group elicits
conformational changes that are propagated to the CPH metal-binding site.
The repulsion pushes the Asp37 away from the nucleotide-binding site so that
Asp37 and lle38 (B2 strand) form backbone hydrogen bonds with Val61, Thré3,
and Gly64 (83 strand). This zip-up motion of the f2 and B3 strands propagates
conformational changes to the CPH metal-binding motif and causes helix-2 to
tilt by ~35° toward the nucleotide-binding site. (D) Moreover, Tyr39 of the
G2 region moves toward the UreF,H,-binding site, introducing steric clashes
that promote dissociation of UreG from the UreG,F,H, complex. Residues from
the opposite protomer are indicated by apostrophes.

formation of the UreE,G, complex was greatly reduced. Taken
together, our results suggest that the double mutation, D37A/E42A,
prevents the GTP-dependent conformational changes of UreG that
are essential for the dissociation of UreG from the UreG,F,H,
complex and the formation of UreE,G, complex.

HpUreG Swaps Protein-Binding Partners During the GTP Hydrolysis/
Binding Cycle. Our structural studies suggest that UreG exists in
two distinct conformational states: the GDP-bound and the
GTP-bound state. UreG prefers to form the UreG,F,H, com-
plex with UreF and UreH in the presence of GDP (20) (S/
Appendix, Fig. S3), but prefers to form the UreE,G, complex
with UreE in the presence of GTPyS (29) (SI Appendix, Fig. S4).

Yuen et al.

These observations suggest that GTP hydrolysis should change
the conformational state of UreG and cause it to change protein-
binding partners. To test this hypothesis, we first prepared a
UreE,G, complex by mixing nickel-charged H. pylori UreE di-
mer (UreE,/Ni) with HpUreG in the presence of GTP (SI Ap-
pendix, Fig. S5). Upon activation of GTP hydrolysis by addition
of KHCOg;, the UreE,G; complex was dissociated into UreE,G
and a monomeric HpUreG (SI Appendix, Fig. S6). When the
UreE,G, complex was mixed with the UreF,H, complex, HpUreG
was displaced from UreE,G, and formed the UreG,F,H, complex
upon addition of KHCOj; (Fig. 44).

Next, we tested whether the UreE,G, complex can be regen-
erated from the UreG,F,H, complex by addition of GTPyS. We
prepared a H. pylori GDP-bound UreG,F,H, complex and
mixed it with the nickel-charged UreE dimer (Fig. 4B). We
showed that the majority of the UreG,F,H, complex remained
intact despite the fact that small amounts of HpUreG were dis-
sociated from the UreG,F,H, complex to form the UreE,G
complex (Fig. 4B, Left). This observation suggests that UreG
prefers to form a complex with UreF,H, over UreE, in its GDP-
bound conformation. In contrast, addition of GTPyS to the
UreG,F,H, complex and the nickel-charged UreE dimer resul-
ted in the formation of the UreF,H, and UreE,G, complexes
(Fig. 4B, Right). We further showed that HpUreG could also
switch from the UreG,F,H, complex to the UreE,G, complex in
the absence of nickel ion (SI Appendix, Fig. S7), suggesting that the
swapping of protein-binding partners is only dependent on GTP
but not on nickel. Noteworthy, the ability of HpUreG to swap
protein-binding partners was greatly reduced by the D37A/E42A
mutations (Fig. 4B, Right), which presumably favors the GDP-
bound state of UreG. Taken together, our results are consistent
with the conclusion that the conformational changes upon GTP
hydrolysis/binding dictate the protein-binding partners of UreG
(Fig. 40C).

In Vitro Urease Activation Assay Suggests That UreE Is the Nickel
Source for Urease Maturation. We have established an in vitro
urease activation assay, in which purified samples of urease ac-
cessory proteins are added to the apourease to test how they
affect H. pylori urease activation (20). We showed that purified
nickel-charged UreG dimers (UreG,/Ni), which provide the sole
source of nickel, can activate urease in vitro in the presence of
the UreF,H, complex (20). It has been shown that nickel ions
can be transferred from UreE to UreG via the formation of the
UreE,G, complex (29), suggesting that UreE should be the
source of nickel for urease activation. To test this hypothesis, we
added a purified sample of nickel-charged H. pylori UreE dimer
(UreEy/Ni) to the UreG,F,H, complex and apourease and
showed that the urease was activated in the presence of GTP, but
not in the presence of GTPyS (Fig. 54). The activation was
nickel dependent because adding apo-UreE, without the bound
nickel (UreE,) failed to activate urease (Fig. 54). Moreover, the
activation requires HpUreG because the nickel-charged UreE
dimer was not able to activate urease in the presence of the
UreF,H, complex (Fig. 54).

Our results also suggest that UreG switches from the UreG,F,H,
complex to the UreE,G, complex upon GTP binding (Fig. 4B and
SI Appendix, Fig. ST). So, we hypothesized that the resulting
UreE,G; and UreF,H, complexes are essential to urease acti-
vation. To test this hypothesis, the nickel-charged H. pylori
UreE,G; and UreF,H, complexes were added to the apourease
(Fig. 5B). Our results showed the nickel-charged UreE,G,
complex (UreE,G,/Ni) was able to activate urease in the pres-
ence of UreF,H, (Fig. 5B). The activation was nickel dependent
because the UreE,G, complex without the bound nickel failed to
activate urease (Fig. 5B). The activity of the urease activated by
UreE,G,/Ni was similar to that activated by UreG,/Ni (Fig. 5C).
Taken together, our results suggest that the nickel-charged UreE
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Fig. 3. Double mutation D37A/E42A abolishes the formation of the nickel-
charged HpUreG dimer, GTPase activity, and urease activation. (A) Protein sam-
ples of 30 uM H. pylori UreG (WT or mutant) were mixed with 45 uM nickel ion
and 300 pM GTPyS/GDP and were analyzed using SEC/SLS. The wild-type UreG
mainly existed as a dimer in the presence of GTPyS (injection 1), but as a monomer
in the presence of GDP (injection 2). In contrast, the D37A/E42A mutant mainly
existed as a monomer regardless of addition of GTPyS or GDP (injections 3 and 4).
(B) GTP hydrolysis was followed by the amount of phosphate released using the
malachite green assay as described in Materials and Methods. A total of 5 pM of
UreG (WT or D37A/E42A mutant) was incubated with 300 pM of GTP/GTPYS in
2 mM MgSO,, 10 mM potassium bicarbonate, 4 pM NiSO4 200 mM NacCl, 1 mM
TCEP, 20 mM Hepes pH 7.5 buffer at 37 °C for 60 min. The hydrolysis rates were
determined and analyzed by linear regression using the PRISM program (Graph-
Pad Software). The hydrolysis rate of the wild-type HpUreG was significantly dif-
ferent from those of the double mutant and the GTPyS control (P < 0.01), while
there were no significant differences between the mutant and the GTPyS control.
Moreover, the slope of the regression lines for the double mutant and the GTPyS
were not significantly deviated from zero. Relative activity was normalized using
the hydrolysis rate of wild-type HpUreG (43 + 7 nM phosphate/uM UreG/min).
(C) A total of 10 uM apourease was activated by 40 pM UreG (WT or mutant) and
20 pM UreF,H, complex in 2 mM MgSO,4, 10 mM potassium bicarbonate, 45 pM
NiSOg4, 300 pM GTP, and 20 mM Hepes pH 7.5, 200 mM NaCl, 1 mM TCEP, at 37 °C
for 20 min. Urease activity was determined by measuring the amount of ammonia
released. In the “urease only” control, no urease accessory protein was added,
while in the “buffer” control, no apourease or urease accessory proteins were
added. Relative activity was normalized using the activity of urease activated by
wild-type HpUreG (304 + 5 pmol NHa/mg urease/min).
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Fig. 4. UreG swaps protein-binding partners during the GTP hydrolysis/
binding cycle. (A) Equal molar ratio (15 pM) mixture of H. pylori UreE,G»/Ni
and UreF,H, complexes (cyan) was incubated in 2 mM MgSO,4, 1 mM GTP,
0.2 mM TCEP, 100 mM NaCl, 20 mM Hepes, pH 7.2 with (red) or without
(black) 10 mM KHCOs at 37 °C for 120 min. The protein samples were then
analyzed by SEC/SLS. Upon activation of GTP hydrolysis by KHCO3 (red), the
UreE,G, complex disappeared and the majority of the UreF,H, complex was
converted to the UreG,F,H, complex. (B) A total of 15 uM UreG,F,H, com-
plex (gray solid lines) and 15 uM UreE,/Ni dimer (gray dotted lines) was
added to 2 mM MgSO,4, 0.2 mM TCEP, 100 mM NacCl, 20 mM Hepes, pH
7.2 buffer with (red lines) or without (cyan lines) 300 pM GTPyS. The protein
samples were analyzed by SEC/SLS. In the absence of GTPyS (Left), only a
small amount of UreG dissociated from the UreG,F,H, complex to form
the UreE,G complex. In the presence of GTPyS (Right), wild-type UreG
completely dissociated from the UreG,F,H, complex to form the UreE,G,
complex with the UreE dimer. For the UreG D37A/E42A mutant, the
GTP-dependent swapping of protein-binding partners was greatly abol-
ished. (C) Our results suggest that the preference of protein-binding part-
ners is dictated by conformational changes in UreG induced by GTP binding/
hydrolysis.

dimer, providing the sole source of nickel, can activate urease via
the formation of the nickel-charged UreE,G, complex.

To show that protein—protein interactions are essential to
urease activation, we set up the protein components of the in
vitro urease activation assay in either side of a dialysis membrane
in a two-chamber dialyzer as indicated in SI Appendix, Fig. S10.
The dialysis membrane allows diffusion of nickel ions but pre-
vents direct protein—protein interactions across the membrane.
Consistent with what was observed in Fig. 54, urease was acti-
vated when UreE,/Ni, providing the sole source of nickel ions,
was added to the chamber on the right where UreG,F,H, and
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Fig. 5. In vitro urease activation assays suggest that nickel-charged UreE
dimer provides the nickel source for urease maturation. The in vitro urease
activation assay was performed by incubating 10 pM H. pylori apourease
with 20 uM of H. pylori urease accessory proteins/complexes as indicated at
37 °C for 20 min in 20 mM Hepes pH 7.5 buffer containing 1 mM GTP or
GTPyS, 2 mM MgSO,4, 10 mM potassium bicarbonate, 200 mM NaCl, and
1 mM TCEP. Urease activity was measured by the amount of ammonia re-
leased. Protein samples of urease accessory proteins/complexes were pre-
pared and analyzed by SEC/SLS (SI Appendix, Fig. S8). Nickel-charged UreE
dimer (UreE,/Ni) and nickel-charged UreE,G, (UreE,G,/Ni) complex were
prepared and analyzed by atomic absorption spectroscopy (SI Appendix, Fig.
S5). (A) Apourease was activated only when 20 uM nickel-charged UreE di-
mer, providing the sole source of nickel, was added with the presence of
20 uM UreG,F,H, complex. (B) Apourease was activated when 20 pM nickel-
charged UreE,G, complex (UreE,G,/Ni), providing the sole source of nickel,
was added with the presence of 20 uM UreF,H, complex. (C) Apourease
(10 uM) was activated when 20 uM nickel-charged UreG dimer (UreG,/Ni),
providing the sole source of nickel, was added with the presence of 20 pM
UreF,H, complex. (D) Schematic diagram summarizing the combination of
urease accessory proteins/complexes that can activate urease in the in vitro
assay. Either UreE/Ni, UreE;Gy/Ni, or UreGy/Ni can provide the nickel source
for urease activation.

apourease were present (SI Appendix, Fig. S10, Al). On the
other hand, urease activation was greatly abolished when UreE,/
Ni was separated from UreG,F,H,; and apourease by the dialysis
membrane (SI Appendix, Fig. S10, A2), suggesting that the in-
teractions of UreE,/Ni with other proteins in the system are
essential to urease activation. Moreover, our results do not
support the alternative hypothesis that nickel ions are released
from UreE,/Ni into the solution, and then, through diffusion,
picked up by UreG for urease activation. As a control, we
showed that free nickel ions, if present, in the left chamber could
diffuse across the dialysis membrane and activate urease in the
right chamber with UreG,F,H, (SI Appendix, Fig. S10, C1). While
addition of Ni/GTP induces the dissociation of UreG,F,H, into
UreGy/Ni and UreF,H, that could activate urease in vitro (20), it
is unlikely to be physiologically relevant because cytoplasmic free
nickel ions are kept at subnanomolar concentrations to avoid cy-
totoxicity (5, 7). Interestingly, urease activation was inhibited when
apo-UreE, was added to the left chamber (SI Appendix, Fig. S10,
C2), presumably due to the removal of free nickel ions from the
solution. Taken together, our results reinforce the suggestion that
the delivery of nickel ions for urease activation requires interac-
tions of UreE,/Ni with other urease accessory proteins.
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Similarly, urease was activated when UreG,/Ni, providing the
sole source of nickel ions, was added to the right chamber where
UreF,H, and apourease were present (SI Appendix, Fig. S10,
B1), but not when UreG,/Ni was added to the left chamber (S7
Appendix, Fig. S10, B2). These observations suggest that inter-
actions between UreG,/Ni and UreF,H,/apourease are essential
to urease activation. Moreover, addition of free nickel ions failed
to activate the urease in the absence of UreG (SI Appendix, Fig.
S10, C3), suggesting that UreG is required for the activation.

Discussion

In this study, we determined the crystal structure of the KpUreG
dimer in complex with nickel ions and a nonhydrolyzable analog
of GTP, GMPPNP. We showed that UreG exists in two distinct
conformational states: the GTP-bound state and the GDP-bound
state. Structural comparison reveals that GTP binding induces
conformational changes in the G2 region, which are propagated
to the CPH nickel-binding motif. The main theme of this study
was to understand how conformational changes of UreG play
essential roles in urease maturation.

First, our work provides structural insights into why GTP-
dependent conformational changes would induce nickel binding
and why GTP hydrolysis would promote nickel release that is
essential for urease maturation. In the crystal structure of the
H. pylori GDP-bound UreG in the UreG,F,H, complex (20),
Cys66 and His68 are pointing away from each other and are not
in a position to chelate a nickel ion (SI Appendix, Fig. S24).
Upon GTP binding, Cys66 and His68 from both protomers of
UreG form a square-planar coordination that chelates a nickel
ion at the dimeric interface (Fig. 14 and SI Appendix, Fig. SZ)
Since the square- planar coordination is preferred for Ni**
(for having a d® electron configuration) but not for other ions such
as Zn>* (31), it justifies the observation that UreG has a stronger
affinity toward Ni** than Zn®" in the presence of GTP (20, 29).
GTP hydrolysis reverts UreG to the GDP-bound conformational
state and promotes nickel release.

Second, we showed that the conformational state of UreG
dictates the formation of different protein complexes that are
involved in urease maturation. It has been shown that HpUreG
dissociates from the UreG,F,H, complex in the presence of
nickel ions and GTPyS (20). Here we showed that binding of
GTP induces conformational changes in the G2 region so that
the invariant residue Tyr39 of UreG makes steric clashes with
UreF (Fig. 2D), facilitating the dissociation of UreG from the
UreG,F,H, complex. Interestingly, we showed that the UreE
dimer can take the UreG from the UreG,F,H, complex in the
presence of GTPyS (Fig. 4B and SI Appendix, Fig. S7) to form
the UreE,G, complex.

That conformational changes are essential for UreG to change
protein partners is further supported by mutagenesis studies. We
identified that the invariant residues Asp37 and Glu42 play impor-
tant roles in the conformational changes upon GTP binding. In the
GDP-bound state of UreG, Asp37 partially occupies the y-phos-
phate-binding pocket (Fig. 2C). Binding of GTP creates charge—
charge repulsion between the y-phosphate group of GTP and Asp37,
which induces large conformational changes in the G2 region (Fig.
2). Notably, helix-2 turns ~35° toward the nucleotide-binding site,
bringing Glu42 to form an intermolecular salt bridge with another
invariant residue, Arg130, that stabilizes the formation of the UreG
dimer. The D37A/E42A mutations greatly abolished GTP-dependent
dimerization of UreG and prevented dissociation of UreG from the
UreG,F,H, complex to form the UreE,G, complex (Figs. 3 and 4).
Apparently, the double mutation of D37A/E42A locks the confor-
mation of UreG in the GDP-bound state even in the presence
of GTP.

We have previously shown that the nickel-charged UreG di-
mer can activate urease in vitro, likely via the formation of an
activation complex with UreF,H, and urease (13, 19, 20, 24).
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It has been suggested that the nickel-charged UreG dimer gets
its nickel from UreE. Yang and coworkers have demonstrated
that UreE can receive its nickel from HypA and can form a
UreE,G, complex with UreG in the presence of GTP (29, 32,
33). Mutagenesis (29) and modeling (34) studies suggest that the
metal binding sites of UreE and UreG should face toward each
other and the nickel ion can be transferred from UreE to UreG
within the UreE,G, complex (29). Here, we provided direct
evidence that the nickel-charged UreE dimer is the source of
nickel, for it can activate urease in the presence of UreG,F,H,
and GTP (Fig. 54). Our results also show that the nickel-charged
UreE,G, complex, which provides the sole source of nickel in
the in vitro assay, can activate urease in the presence of UreF,H,
(Fig. 5B).

Taken together, the ability of UreG to form different protein
complexes during the GTP hydrolysis/binding cycle provides a
mechanism of how GTP-dependent conformational changes in
UreG facilitate urease maturation (Fig. 6 and Movie S1). GTP
binding induces conformational changes in UreG, causing it to
dissociate from the UreG,F,H, complex and to form the
UreE,G, complex with the nickel-charged UreE dimer (Fig. 6).
Moreover, the dissociation of the UreG,F,H, complex also
yields the UreF,H, complex, which can form a complex with the
apourecase (18, 35) making it ready for activation by either
UreGy/Ni or UreE,G»/Ni (Fig. 5 B and C). GTP hydrolysis reverts
UreG to its GDP-bound state, disrupting the square-planar co-
ordination by Cys66/His68 and promoting release of nickel ion. It
is unclear how the nickel ion released from UreG eventually
reaches the catalytic site of urease. Recently, it has been suggested
that the nickel ion may pass to UreF, and then go through a tunnel of
UreH to the urease (36-38). After GTP hydrolysis-dependent activation
of urease, the GDP-bound UreG,F,H, is regenerated (Fig. 44),
which is ready for the next round of urease activation (Fig. 6).

It is unclear whether the UreE,G, complex can directly acti-
vate urease by forming a bigger activation complex with UreF,H,
and apourease or whether the activation requires the dissocia-
tion of the nickel-charged UreG dimer from the UreE,G,
complex. It has been suggested that the UreG-UreE interaction
involves the protein surfaces near the nickel binding site of
UreG, which is buried in the UreG,F,H, complex (29, 34, 39).
Moreover, we have previously demonstrated that the nickel-
charged UreG dimer can form a complex with UreF,H, and

m GTP

binding

oo - B
u'um<:
= l]]l.gpo H GTP .

Urease Urease hyolySrs

Urease

Fig. 6. How conformational changes in UreG during the GTP hydrolysis/
binding cycle facilitate urease maturation. GTP binding induces conforma-
tional changes in UreG that destabilize the UreG,F,H, complex, causing
UreG to dissociate from the complex and form the UreE,G, complex with the
nickel-charged UreE dimer. After receiving its nickel within the UreE,G;
complex, the nickel-charged UreG dimer is recruited to form the activation
complex with apourease and UreF,H,. GTP hydrolysis induces conforma-
tional changes in the CPH motif of UreG, disrupting the square-planar co-
ordination by Cys66/His68, and, hence, promotes release of the nickel ion for
urease maturation. UreG, now in its GDP-bound state, prefers to form the
UreG,F,H, complex, which is now ready to receive its nickel from UreE,/Ni
for another round of urease maturation.
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apourease (20) and the interaction between UreG and UreF,H,
is essential to the urease activation (20, 24, 25). It is, therefore,
likely that after receiving its nickel ion, the nickel-charged UreG
dimer will dissociate from the UreE,G, complex and activate
urease by the formation of a complex with apourease and
UreF,H, (Fig. 6). It is currently not known how the nickel-
charged UreG dimer interacts with apourease and UreF,H, in
the activation complex and what triggers the GTP hydrolysis
during urease maturation. Presumably, premature GTP hydro-
lysis in the absence of UreF,H,/apourease would result in losing
the nickel ion to the solution. As a result, GTP hydrolysis of
UreG is likely triggered by the formation of the activation
complex with UreF,H, and apourease. It has been suggested that
binding of UreF,H, to urease can induce large conformational
changes in urease (18, 19, 28), which may promote the re-
cruitment of the nickel-charged UreG dimer from the UreE,G,
complex to the activation complex, where GTP hydrolysis is
triggered for urease maturation (Fig. 6). Future structural stud-
ies on the activation complexes with apourease and urease ac-
cessory proteins such as UreG and UreF,H, may help to fill in
the knowledge gap here.

Materials and Methods

Protein Expression and Purification. H. pylori apourease, UreF,H, complex,
and UreG and its mutant were expressed and purified as described pre-
viously (20, 24). KpUreG was cloned into an in-house designed pRSETA-His-
SUMO vector and expressed as an N-terminal HisSUMO-tagged fusion
protein in Escherichia coli. The procedures for purification of HpUreG were
used to purify KpUreG (20). Both HpUreG and KpUreG formed a stable dimer
in the presence of Ni and GTP. The Ni/GTP-bound UreG dimers were pre-
pared as described previously (20).

H. pylori UreE was cloned into pGEX-6p1 vector and expressed as an
N-terminal GST-tagged fusion protein in E. coli. The transformed bacteria
were grown to ODggg 0.5 and induced with 1 mM isopropyl beta-p-1-thio-
galactopyranoside at 18 °C overnight. Cells were resuspended in 20 mM
Hepes pH 7.5, 200 mM NaCl and 1 mM Tris(2-carboxyethyl)phosphine hy-
drochloride (TCEP) (buffer A) and lysed by sonication. After removal of cell
debris by centrifugation at 20,000 x g, 60 min, the cell lysate was loaded
onto a 5-mL GSTrap column (GE Healthcare) preequilibrated with buffer A.
After extensive washing with buffer A, the GST-tagged UreE was eluted
using 10 mM glutathione in buffer A. The GST-tag was cleaved using
PreScission Protease (GE Healthcare) and the protein sample was dialyzed
in 20 mM Tris pH 7.5, 50 mM NaCl and 1 mM TCEP (buffer B). The protein
sample was loaded onto a 5-mL HiTrap-SP column (GE Healthcare) pre-
equilibrated with buffer B, and UreE was eluted using 500 mM Nadl,
20 mM Tris pH 7.5 and 1 mM TCEP. To remove any bound metal in the UreE
sample, 1 mM EDTA was added followed by gel filtration chromatography
using a HiLoad Superdex 75 PG column (GE Healthcare) preequilibrated
with buffer A.

Protein samples of nickel-charged UreE dimer were prepared by adding
1 mM NiSO4 to 200 uM sample of UreE. Excess nickel in the protein sample
was removed by a HiTrap Desalting column (GE Healthcare) preequilibrated
with buffer A. To prepare the nickel-charged UreE,G, complex, equal molar
ratio (~100 pM) of nickel-charged UreE dimer and UreG was mixed in the
presence of 2 mM MgSO, and 1 mM GTP, followed by gel filtration chro-
matography using a Superdex 200 Increase 10/300 gel filtration column (GE
Healthcare). The amount of bound nickel in UreE, and UreE,G, was esti-
mated by atomic absorption spectroscopy (S/ Appendix, Fig. S5). To prepare
UreE,G, complex without the bound nickel, apo-UreE, and UreG were
mixed instead. The UreG,F,H, complex was prepared as described previously
(20). The molecular weight of all protein samples prepared were analyzed by
size-exclusion chromatography/static light-scattering (S/ Appendix, Fig. S8).

Protein Crystallization and Structure Determination. Purified KpUreG was di-
alyzed into 20 mM Tris buffer pH 7.5 containing 0.5 mM TCEP and concen-
trated to 14 mg/mL for crystallization. A total of 2 mM GMPPNP, 4 mM
MgSO,4, and 2 mM NiSO,4 was added to the protein sample before crystalli-
zation. Full-length KpUreG was crystallized but crystals were of poor dif-
fraction quality. A truncated construct KpUreG(AN4AC1) was used for
crystallization to improve crystal quality. The protein was crystallized in
100 mM Hepes pH 7.5, 1.8 M (NH,),S04, and 3% dioxane at 16 °C using the
hanging-drop-vapor-diffusion setup. Crystals were cryoprotected by soaking
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in a 1:1 mix of mother liquor with 3.4 M sodium malonate pH 7.0 solution,
and flash frozen in liquid nitrogen. Diffraction data were collected using an
in-house rotating anode X-ray generator (Rigaku FRE+) and a RAXIS IV im-
aging plate detector. Diffraction data were indexed and integrated using
XDS (40) and scaled with AIMLESS (41) as programmed in Xia2 (42). Initial
phases were determined by the molecular replacement method using the
structure of HpUreG found in the UreG,F,H, complex (PDB ID Code 4HI0)
using the program PHENIX.AUTOMR (43). Initial models were build using
PHENIX.AUTOBUILD and ARP/wWARP (44) followed by iterative rounds of
manual building using COOT (45) and refinement using PHENIX.REFINE (43).
Correctness of the final models was checked using MOLPROBITY (46). To
confirm the position of bound nickel in the crystals, diffraction data were
also collected at the nickel peak wavelength using beamline 102 of the Di-
amond Light Source (S/ Appendix, Fig. S1). For this dataset, the protein was
crystallized in 100 mM Hepes pH 7.5, 1.8 M (NH;),SO,4 and 4% ethylene
glycol at 16 °C. The anomalous difference electron density was generated
by PHENIX.REFINE. Figures of protein structures were created using PyMOL
(www.pymol.org).

Size-Exclusion Chromatography/Static Light Scattering. SEC/SLS was used to
obtain the elution profile and to estimate the molecular weight of protein
complexes of urease accessory proteins. H. pylori urease accessory proteins
were used in all SEC/SLS experiments. Protein samples were injected to a
Superdex 200 Increase 10/300 gel filtration column (GE Healthcare) attached
to a downstream miniDawn light scattering detector and an Optilab DSP
refractometer (Wyatt Technologies), and preequilibrated with 20 mM Hepes
pH 7.2, 100 mM Nacl, 0.2 mM TCEP (buffer C). Data were analyzed using the
ASTRA software provided by the manufacturer.

For the studies of UreG dimerization (Fig. 3A) and UreE/UreG interaction
(SI Appendix, Fig. S4), 100 ul of 30 pM protein samples (UreE and/or UreG) in
2 mM MgSOy,, 45 uM NiSO,4, and 300 uM GTPyS or GDP were mixed and
incubated at room temperature for 10 min, before they were injected into
the Superdex 200 Increase 10/300 column and analyzed by SEC/SLS. For the
study of Ni/GTP-dependent dissociation of UreG from the UreG,F,H, com-
plex (SI Appendix, Fig. S3), 100 pL of 15 uM of purified UreG,F,H, complex in
2 mM MgSO,4 and 300 pM GTPyS or GDP with 45 pM NiSO,4 were analyzed.
For the study of effect of GTP hydrolysis on the urease accessory protein
complexes (Fig. 4A), nickel-charged UreE,G, complex and the UreF,H,
complex were mixed in equal molar ratio (~15 pM) and incubated at room
temperature for 10 min before the protein samples were injected into the
Superdex 200 Increase 10/300 gel filtration column with or without prior
incubation of 10 mM potassium bicarbonate for 120 min at 37 °C. To test
whether UreG or its mutant can swap protein-binding partners from
UreF,H, to UreE, upon GTP binding, (Fig. 4B), the UreG,F,H, complex and
the nickel-charged UreE dimer were mixed in equal molar ratio (~15 pM)
with or without 300 pM GTPyS and incubated at room temperature for
10 min before the protein samples were analyzed by SEC/SLS.

GTPase Assay. To investigate the effect of the HpUreG mutant (D37A/E42A)
on GTPase activity (Fig. 3B), 200 uL of 5 uM of HpUreG (WT/mutant) was
incubated in 2 mM MgSO,, 300 pM GTP (or GTPyS), 10 mM potassium bi-
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carbonate, 4 pM NiSO4, 200 mM NaCl, 1 mM TCEP, 20 mM Hepes pH
7.5 buffer for 20, 40, and 60 min at 37 °C. Phosphate released was measured
using a colorimetric assay based on malachite green as described (47).

In Vitro Urease Activation Assay. H. pylori urease accessory proteins and
apourease were used for all in vitro urease activation assays. To investigate
the effect of the UreG mutant (D37A/E42A) on urease activation (Fig. 3C), an
in vitro urease activity assay using purified proteins was used. A total
of 10 uM H. pylori apourease, 20 pM UreF,H, complex, and 40 uM UreG
(WT/mutant) were incubated in 20 mM Hepes pH 7.5, 200 mM NaCl, 1 mM
TCEP, 2 mM MgSO,4, 10 mM potassium bicarbonate, 45 pM NiSO4, and
300 UM GTP at 37 °C for 20 min. Urease activity was then determined by in-
cubating the activated enzyme with 50 mM urea for 30 min at 37 °C and
the ammonia released was measured using a phenol/hypochlorite reac-
tion (48).

To investigate whether the nickel-charged UreE dimer, providing the sole
source of nickel, can activate urease in vitro (Fig. 54), 20 uM of nickel-charged
UreE dimer was added to 10 uM of apourease with/without 20 uM of
UreG;F,H, complex in the assay buffer (20 mM Hepes pH 7.5, 200 mM Nadl,
1 mM TCEP, 2 mM MgSO,4, 10 mM potassium bicarbonate, and 1 mM GTP).
To investigate whether the nickel-charged UreE,G, complex or nickel-
charged UreG dimer can activate urease in vitro (Fig. 5 B and (), 20 uM of
nickel-charged UreE,G, complex or nickel-charged UreG dimer was added to
10 pM of apourease with/without 20 uM of UreF,H, complex in the assay
buffer. In all cases, activity of the activated urease was measured by
the amount of ammonia released in 30 min at 37 °C using 50 mM urea as
substrate (20).

To investigate whether protein-protein interactions are essential to the
urease activation, urease accessory proteins (UreEy/Ni, UreG,/Ni, apo-UreE,,
apo-UreG, UreG,F,H,, and UreF,H,) and apourease were added, as indicated
in SI Appendix, Fig. S10, to either side of a dialysis membrane with a mo-
lecular weight cutoff of 6-8 kDa (Spectrum Labs) in a two-chamber dialyzer
(Bioprobes, Ltd.). In the experiments reported in SI Appendix, Fig. S10C,
20 pM NiSO, was also added to the left chamber. The buffer in both
chambers contained 20 mM Hepes pH 7.5, 200 mM NacCl, 1 mM TCEP, 2 mM
MgSO,, and 1 mM GTP. After equilibration at 4 °C for 16 h, 10 mM KHCO3
was added to both chambers to activate the GTP hydrolysis required for
urease activation. After incubation at 37 °C for 1 h, urease activity was de-
termined as described above.

Circular Dichroism. Circular dichroism spectra of wild-type and D37A/E42A
HpUreG were measured with protein samples in 5 mM sodium phosphate buffer
at pH 7.5 using a 0.5-mm path length cuvette with a JASCO J810 spec-
tropolarimeter equipped with a Peltier-type temperature control unit.
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