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Background: Maturation of urease is assisted by urease accessory proteins UreE, UreF, UreG, and UreH.
Results: Crystal structure of UreF-UreH complex revealed conformational changes of UreF upon complex formation.
Conclusion: Mutagenesis study confirmed that the conformational changes in UreF are essential for recruitment of UreG to the

heterotrimeric complex of UreG-UreF-UreH.

Significance: Our results provide a structural basis for understanding urease maturation.

Colonization of Helicobacter pylori in the acidic environment
of the human stomach depends on the neutralizing activity of
urease. Activation of apo-urease involves carboxylation of lysine
219 and insertion of two nickel ions. In H. pylori, this matura-
tion process involves four urease accessory proteins as follows:
UreE, UreF, UreG, and UreH. It is postulated that the apo-urease
interacts with UreF, UreG ,and UreH to form a pre-activation
complex that undergoes GTP-dependent activation of urease.
The crystal structure of the UreF-UreH complex reveals confor-
mational changes in two distinct regions of UreF upon complex
formation. First, the flexible C-terminal residues of UreF
become ordered, forming an extra helix @10 and aloop structure
stabilized by hydrogen bonds involving Arg-250. Second, the
first turn of helix a2 uncoils to expose a conserved residue, Tyr-
48. Substitution of R250A or Y48A in UreF abolishes the forma-
tion of the heterotrimeric complex of UreG-UreF-UreH and
abolishes urease maturation. Our results suggest that the C-ter-
minal residues and helix a2 of UreF are essential for the recruit-
ment of UreG for the formation of the pre-activation complex.
The molecular mass of the UreF-UreH complex determined by
static light scattering was 116 = 2.3 kDa, which is consistent
with the quaternary structure of a dimer of heterodimers
observed in the crystal structure. Taking advantage of the
unique 2-fold symmetry observed in both the crystal structures
of H. pylori urease and the UreF-UreH complex, we proposed a
topology model of the pre-activation complex for urease
maturation.
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Chronic infection of Helicobacter pylori, a Gram-negative
pathogenic bacterium that resides in the human stomach, can
lead to stomach ulcer and cancer (1). Survival of H. pylori in the
acidic environment of stomach requires the activity of urease
that hydrolyzes urea into ammonia, which neutralizes the gas-
tric acid (2, 3).

The structures of urease from various species have been
determined (4-7), and the enzyme consists of «, 8, and 7y sub-
units. In H. pylori, the ureA gene encodes the 3 and vy subunits
as a fusion protein, and the ureB gene encodes the « subunit (6).
The active site of urease contains two nickel ions necessary for
catalysis. To become enzymatically active, the apo-urease must
undergo post-translational carboxylation of an active site lysine
residue followed by insertion of nickel ions (3). In H. pylori, this
activation process requires the synergy of four urease accessory
proteins as follows: UreE, UreF, UreG, and UreH (8). UreH is
the H. pylori ortholog of UreD found in other species (in this
study we use the term “UreH(D)” when we refer in general to
the homologous UreH or UreD proteins, and we use the term
“UreH” when we refer specifically the protein in H. pylori).

How the urease accessory proteins activate urease matura-
tion is only partially understood. UreF was reported to form a
complex with UreH(D) (9-12), and the two proteins interact
with UreG to form the heterotrimeric complex UreG-UreF-
UreH(D) (12, 13). UreG is a SIMIBI (after signal recognition
particle, MinD and BioD) class GTPase and is homologous to
HypB, a hydrogenase maturation factor responsible for nickel
delivery (14). Urease activation was inhibited by addition of the
nonhydrolysable GTP analog, suggesting that GTPase activity
of UreG is essential for urease activation (15). The apo-urease
can form a complex with UreG-UreF-UreH(D) or its compo-
nents of UreH(D) and UreF-UreH(D) (12, 13, 16, 17). It has
been shown that apo-urease can be activated in vitro by adding
an excess amount of both carbon dioxide and nickel ion (18).
However, addition of nickel ion alone can also partially activate
apo-urease in the absence of UreE, UreF, or UreG but not in the
absence of UreH(D) (16). The formation of complex with UreF-
UreH(D) and UreG-UreF-UreH(D) can increase the rate and
the level of in vitro activation of urease (15, 17). Chemical cross-
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linking experiments suggest that binding of UreF-UreH(D) may
induce conformational changes in the urease (19) so that nickel
ion and carbon dioxide can access the active site to promote
activation of urease (20). The current model proposes that the
apo-urease interacts with UreF, UreH(D), and UreG to form a
pre-activation complex. UreE, a dimeric nickel-binding pro-
tein, then interacts with UreG of the pre-activation complex
and triggers the GTP-dependent activation of urease (15, 21,
22).

How UreF, UreH(D), and UreG interact with the apo-urease
to assemble the pre-activation complex is poorly understood.
Here, we have determined the crystal structure of the H. pylori
UreF-UreH complex. By comparison with the crystal structure
of a truncated form of H. pylori UreF (23) and by mutagenesis
studies, we showed that binding of UreH induces conforma-
tional changes in UreF that are essential for the recruitment of
UreG and in vivo maturation of urease. Based on the crystal
structure of the UreF-UreH complex, a topology model of the
pre-activation complex for urease maturation was proposed.

EXPERIMENTAL PROCEDURES

Construction of Expression Vectors and UreF Mutants—Se-
quences encoding UreF, UreG, and UreH were amplified from
genomic DNA of H. pylori 26695 by PCR. The pRSF-ureH plas-
mid was created by cloning the coding sequence of UreH into
the pRSFDuet vector (Novagen) using Ndel-Xhol restriction
sites to create pRSF-ureH. UreG was cloned into pRSF using the
same restriction sites to create pRSF-ureG. The coding
sequence of UreF was cloned into an in-house pHisSUMO vec-
tor using the Agel-EcoRl restriction sites to create pHisSSUMO-
ureF. The in-house pHisSUMO vector was constructed by
inserting the coding sequence of HisSSUMO tag into the
pRSETA vector (Invitrogen). The construct was designed such
that after removal of the HisSUMO? tag by SENP1C digestion,
UreF retains the native N-terminal residue. To create the
expression vector for GST-tagged UreF (pGEX-ureF), the cod-
ing sequence of UreF was cloned into the pGEX-6P1 vector (GE
Healthcare) using the BamHI-Xhol restriction sites. GST-ureF
mutants (pHpA2H-ureF(AC20), pHpA2H-ureF(Y48A), and
pHpA2H-ureF(R250A)) used in GST pulldown assay were con-
structed using an overlapping PCR technique. The pHpA2H
used in urease activity assay was constructed by cloning a DNA
fragment encoding the H. pylori urease operon, ureABIEFGH,
into the pRSETA vector using the Ndel-EcoRI restriction sites.
Mutations were introduced to the ureF gene in pHpA2H by
cloning the DNA sequence containing the mutations using the
SphI-BbvClI restriction sites to create the vectors pHpA2H-
ureF(AC20), pHpA2H-ureF(Y48A), and pHpA2H-ureF(R250A).
The pHpAB was constructed by cloning the DNA fragment
encoding for the H. pylori urease (ureA and ureB) into the pRSF-
Duet vector using the Ndel-EcoRI restriction sites.

Protein Expression and Purification—UreF with an N-termi-
nal HisSUMO tag (HisSUMO-UreF) was expressed in Esche-
richia coli strain BL21(DE3)pLysS (Novagen) in Luria Broth
with appropriate antibiotics (100 wg/ml ampicillin and 50

2 The abbreviations used are: HisSUMO, polyhistidine-small ubiquitin-like modi-
fier; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-hydroxymethylpropane-1,3-diol.
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pg/ml chloramphenicol). Bacterial cells were grown at 37 °C
and induced with 0.4 mwm isopropyl thiogalactopyranoside
when the A, reached 0.5. Cells induced overnight at 25 °C
were harvested by centrifugation at 8000 X g at 4 °C for 5 min
and were lysed by sonication in buffer A (20 mm Tris/HCI, pH
7.5, 500 mm NaCl, 1 mm 2,2",2"-phosphanetriyltripropanoic
acid, and 40 mm imidazole). After removal of cell debris by
centrifugation, the supernatant was loaded onto a 5-ml His-
Trap column (GE Healthcare) equilibrated with buffer A. After
washing with 10 column volumes of buffer A, HisSUMO-UreF
was eluted with 300 mMm imidazole in buffer A. The HisSUMO
tag on UreF was cleaved by a polyhistidine-tagged small ubiq-
uitin-like modifier protease SENP1C. HisSUMO tag, and the
small ubiquitin-like modifier protease was separated from UreF
by loading the digestion mixture to a 5-ml HisTrap column
equilibrated with buffer A. UreF, collected from the flow-
through fraction, was further purified by size exclusion chro-
matography using HiLoad 26/60 Superdex 75 column (GE
Healthcare) in buffer A without imidazole.

BL21(DE3)pLysS (Novagen) co-transformed with pGEX-
ureF and pRSF-ureH was used to co-express GST-UreF and
UreH following a similar procedure used for expressing His-
SUMO-UreF. The GST-UreF-UreH complex was purified by
loading the clear cell lysate onto a GST-Trap column (GE
Healthcare) equilibrated with buffer B (20 mm Tris, pH 7.5, 200
mM NaCl, and 5 mm DTT). After washing with 10 column vol-
umes of buffer B, the GST-UreF-UreH complex was eluted
using 10 mm glutathione in buffer B. GST tag was separated
from the complex using PreScission protease and a second pass
through the GSTrap column. The UreF-UreH complex was fur-
ther purified by size exclusion chromatography using HiLoad
26/60 Superdex 200 column (GE Healthcare) in buffer B.

Crystallization and Structure Determination—Both UreF
and UreF-UreH complex were concentrated to 10 mg/ml for
crystallization. Both native and selenomethionine derivative
crystals of UreF were grown in 100 mm BisTris, pH 7.0, and 28%
polyethylene glycol monomethyl ether 5000 at 16 °C. Crystals
were cryoprotected by soaking in mother liquor containing 15%
glycerol before flash freezing them for data collection. X-ray
diffraction data for selenomethionine derivative crystals of
UreF were collected at the selenium K-absorption edge using
beamline [-04 at the Diamond Light Source. Diffraction data of
native UreF crystals were collected using an in-house FR-E+
(Rigaku) rotating anode x-ray generator, then integrated, and
scaled using MOSFLM and SCALA (24). Crystal structure of
UreF was solved using multiwavelength anomalous dispersion
phasing method. A total of 17 of 18 selenium sites were located
in the asymmetric unit by HYSS (25). Phase calculation was
performed using maximum likelihood based method by
SOLVE (26) driven by PHENIX.AUTOSOL (27).

Crystals of the UreF-UreH complex were grown in 0.1 M
MES, pH 6.0, 16% polyethylene glycol 4000, and 0.15 M ammo-
nium sulfate. Crystals were cryoprotected with 15% glycerol.
Diffraction data were collected using in-house FR-E+ (Rigaku)
rotating anode x-ray generator, with integration and scaling
performed by XDS (28). Solution to the phase problem was
found by molecular replacement with PHASER (29) driven by
PHENIX.AUTOMR (27), using the native crystal structure of
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FIGURE 1. Conserved C-terminal residues of UreF are essential for the formation of a soluble UreF-UreH complex. A, UreH was expressed alone and
co-expressed with GST or GST-UreF. After cell lysis by sonication, the soluble fraction (S) and the pellet (P) were analyzed by SDS-12.5% PAGE with Coomassie
Blue staining. UreH was found mainly as inclusion bodies in the pellet when expressed alone or co-expressed with GST. In contrast, a significant portion of UreH
was found in the soluble fraction when co-expressed with GST-UreF. B, GST pulldown. UreH was co-expressed with GST, GST-UreF, or its variants. The soluble
fraction of the bacterial lysate was loaded to a GSTrap column and eluted with 10 mm glutathione. The protein eluted was analyzed by SDS-12.5% PAGE with
Coomassie Blue staining. As a control, bacteria lysate expressing GST-UreF alone was also subjected to similar procedures (lane 7). UreH was co-eluted with
GST-UreF (lane 2), and no degradation of UreF was observed. However, UreH was not able to form a soluble complex with GST-UreF(AC20) (lane 3), GST (lane
4), and GST-UreF(C24) (lane 5). An additional band with lower molecular weight was observed for GST-UreF (lane 1) and GST-UreF(C24) (lane 5), indicating the

presence of degradation.

UreF as a search model. The initial model obtained had a trans-
lation Z-score of 24.8 and Ry,.. of 0.549. After density modifi-
cation with RESOLVE (30), clear electron density of UreH was
found (supplemental Fig. S1).

Initial phases for structures of the UreF and UreF-UreH
complex were improved using iterative cycles of statistical den-
sity modification, noncrystallographic averaging, and auto-
mated model building with PHENIX.AUTOBUILD (31). 91
and 88% of UreF and UreF-UreH complex were completed this
way with the remaining structure completed by manual model
building using COOT (32) and refined using PHENIX.REFINE
(27). The final models were checked using MOLPROBITY (33),
and diffraction precision index was calculated using SFCHECK
(34).

GST Pulldown Assay—GST-UreF or its variants were co-ex-
pressed with UreH by co-transforming the plasmid pGEX-ureF
and pRSF-ureH into E. coli. UreG was expressed by transform-
ing the plasmid pRSF-ureG into E. coli. To detect interactions
between UreF and UreH, bacterial cells co-expressing GST-
UreF and UreH were lysed by sonication. To detect interaction
between the UreF-UreH complex and UreG, bacterial cells co-
expressing GST-UreF and UreH were mixed and co-sonicated
with cells expressing UreG. After removal of cell debris by cen-
trifugation, the supernatant was loaded to a GSTrap column
(GE Healthcare) equilibrated with buffer B. After extensive
washing with 10 column volumes of buffer B, the proteins were
eluted with 10 mm glutathione in buffer B and analyzed by
12.5% SDS-PAGE.

Urease Activation Assay—E. coli was transformed with the
wild type (pHpA2H), ureF mutants (pHpA2H-ureF(AC20),
pHpA2H-ureF(Y48A), and pHpA2H-ureF(R250A)), or the
control (pHpAB, pRSETA, and pRSFDuet) plasmids. The bac-
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terial cells were cultured in Luria Broth supplemented with 0.5
mM nickel sulfate, 100 ug/ml ampicillin, and 50 pg/ml chlor-
amphenicol. Cells were induced overnight with 0.4 mm isopro-
pyl thiogalactopyranoside when Ay, reached 0.5. 500 ul of
overnight cell culture was collected and washed with 50 mm
HEPES buffer, pH 7.0. Cells were lysed by sonication, and cell
debris was removed by centrifugation. 250 ul of bacterial lysate
was then mixed with 250 ul of assay buffer (50 mm HEPES, pH
7.5, and 50 mM urea) and incubated for 30 min at 37 °C. Urease
activity was measured by the amount of ammonia released,
which was quantified using a phenol/hypochlorite reaction
(35). Total protein concentration of bacterial lysate was deter-
mined using the protein assay following the manufacturer’s
protocol (Bio-Rad). Specific activity of the measured sample
was calculated as the amount of ammonia released per mg of
total protein per min.

Analytical Gel Filtration/Static Light Scattering— After
removal of the GST tag from the GST-UreF-UreH complex
with PreScission protease (GE Healthcare), the UreF-UreH
complex was purified by gel filtration. 100 wl of 3 mg/ml puri-
fied UreF or UreF-UreH complex was injected to a Superdex
200 analytical gel filtration column pre-equilibrated with phos-
phate-buffered saline at a flow rate of 0.5 ml/min. The column
was connected downstream to a miniDawn light scattering
detector and an Optilab DSP refractometer (Wyatt Technolo-
gies). The light scattering data were analyzed using the ASTRA
software provided by the manufacturer to obtain the molecular
weight of the eluted protein.

RESULTS

UreF Forms a Soluble Complex with UreH—As shown in Fig.
1A, UreH forms insoluble inclusion bodies when expressed
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alone in E. coli. Based on yeast two-hybrid (10, 36) and tandem
affinity purification (9), it has been shown that H. pylori UreF
can interact with UreH. We questioned if UreF can solubilize
UreH through complex formation. We therefore co-expressed
GST or GST-UreF with UreH in E. coli. Bacterial cells were
lysed by sonication and separated into soluble and insoluble
fractions by centrifugation. We detected a significant portion of
UreH in the soluble fraction when it was co-expressed with
GST-UreF (Fig. 1A4). In contrast, UreH remained largely insol-
uble when co-expressed with GST.

Next, we attempted to detect the UreF/UreH interaction
using a GST pulldown assay. Bacterial cell lysate of E. coli co-
expressing GST-UreF and UreH was loaded onto a GSTrap
column. After extensive washing, proteins bound to the column
were eluted using glutathione. We found that UreH co-eluted
with GST-UreF but not with GST (Fig. 1B, lanes 2 and 4). The
results suggest that UreF can form a soluble complex with
UreH.

C-terminal Residues of UreF Are Essential for UreH
Interaction—In our GST pulldowns, we observed a partially
degraded band for GST-UreF when the protein was expressed
alone (Fig. 1B, lane I). However, no such degradation was
observed when UreF was in complex with UreH (Fig. 1B, lane
2). Mass spectrometry performed on purified UreF sample
revealed a major peak at 26209.13 Da that corresponds to the
truncated UreF residue 1-233 and a minor peak at 28688.68 Da
that corresponds to the full-length UreF. In the previously
reported selenomethionine structure of UreF (23), electron
density for the residues at the C-terminal end (residue 234 —
254) was missing. In this study, we have independently deter-
mined the crystal structure of native UreF (supplemental Table
S1) and observed similar truncation of C-terminal residues in
the crystal structures. Taken together, these results suggest that
the C-terminal residues were protected from degradation by
interacting with UreH. Noteworthy, the C-terminal residues of
UreF are highly conserved (supplemental Fig. S2). It is likely
that the conserved C-terminal residues play an essential role in
the formation of the UreF-UreH complex. To test this hypoth-
esis, we created a UreF variant (UreF(AC20)), where the C-ter-
minal residues 235—254 were truncated. GST-UreF(AC20) was
co-expressed with UreH, and the cell lysate was loaded to a
GSTrap column. Our data showed that UreF(AC20) failed to
form a soluble complex with UreH (Fig. 1B, lane 3), suggesting
that the conserved C-terminal residues of UreF is essential for
UreF/UreH interaction.

To test if the C-terminal residues of UreF alone were enough
to account for the formation of the UreF-UreH complex, we
fused the residues 231-254 of UreF to the C terminus of GST
GST-UreF(C24). Our data showed that GST-UreF(C24) failed
to form a soluble complex with UreH (Fig. 1B, lane 5). Interest-
ingly, a partially degraded band was observed for GST-
UreF(C24), suggesting that the C-terminal residues were not
protected from degradation. These results suggest that the
C-terminal residues of UreF alone are not sufficient to form a
soluble complex with UreH, and probably other residues of
UreF are also involved.

Crystal Structure of UreF-UreH Complex—To better charac-
terize the interaction between UreF and UreH, we crystallized
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TABLE 1

Data collection and refinement statistics for structure determination
of the UreF-UreH complex

Values in parentheses correspond to the highest resolution shell.

Protein Data Bank code 3SF5
Space group P2,2,2, . .
Unit cell parameters 70.6 A, 70.7 A, 205.5 A
Wavelength 1.54187 A )
Resolution 50.0 to 2.50 A (2.65 to 2.50 A)
No. of unique reflections 36,388 (5529)
Redundancy 7.9 (7.3)
Completeness 99.1% (95.0%)
Mosaicity 0.25°
Average I/o 23.02 (7.30)
Rinerge 0.057 (0.179)
ok 0.173 (0.206)
R,.. 0.217 (0.292)
Average B-factor 31.8 A?
Root mean square bond lengths 0.003 A*
Root mean square angles 0.692°
Ramachandran analysis Preferred 97.3%; allowed 99.8%
Diffraction precision index 0.2558 A

the UreF-UreH complex and determined its structure. Solution
to the phase problem was found using the structure of UreF as
a molecular replacement model. Data collection and refine-
ment statistics are summarized in Table 1. In the structure of
the UreF-UreH complex, two copies of UreF and UreH are
found in each asymmetric unit (Fig. 2A). The UreF/UreH inter-
action surface buries ~2740 A of solvent-accessible surface
area. Around 12 and 11% of the surface area of UreF and UreH,
respectively, is buried upon the formation of UreF-UreH
complex.

UreH represents a novel fold. A search of proteins with a
structure homologous to UreH using DALI yielded SufD (Pro-
tein Data Bank code 1VH4), a chaperone protein related to
iron-sulfur cluster formation (Z-score 6.4, root mean square
deviation of 4.1 A). However, closer examination showed that
similarity lies only in the presence of the 3-helix structure. Oth-
erwise, there is little resemblance in terms of the protein fold.

The UreH fold consists of 17 B-strands and 2 «-helices
located near the C terminus. The structure is dominated by two
mixed strand -sheets with B-strands 1, 2, 5, 8, 11, 13, and 14
forming B-sheet I and B-strands 3, 4, 6,7, 9, 10, 12, and 15-17
forming B-sheet II (Fig. 2B). B-Strands 4 —13 fold with a 3-he-
lix-like topology. The B-strands 6/7 and 9/10 are interrupted by
having two proline residues (Pro-111 and Pro-113) between
B-strand 9 and 10. Helix a1 and «2 are packed against anti-
parallel B-strands 15—17 to form an «/B-like motif located at
the C terminus of the B-helix like motif.

As B-sheet ITon UreH is longer than B-sheet I, strands 15-17
are exposed and lack the hydrophobic contact of the comple-
mentary B-sheet. These strands instead interact with «10 (res-
idue 236-243) of UreF. Val-235Y"F, Ile-239V"F, and Met-
242%"F on «10Y"" make hydrophobic contacts with Tyr-
19797H Ala-225Y"H, 1ys-237""H and Leu-2397"" located
on the exposed B-strands of UreH. In addition, the carboxyl
oxygen of Asp-223Y""" forms hydrogen bonds with Gln-
236", Lys-240V"F, and GIn-243""°". GIn-243""F also forms
hydrogen bond with the backbone carbonyl oxygen of Gly-
224Y7F (Fig, 2C).

On the structure of UreF, helices a2V, a3V"F, and a10Y*<F
together form a surface groove accepting a loop connecting
B14V" and B15Y" (residues 178 -195). Met-188V"" and

VOLUME 286+NUMBER 50-DECEMBER 16, 2011


http://www.jbc.org/cgi/content/full/M111.296830/DC1
http://www.jbc.org/cgi/content/full/M111.296830/DC1
http://www.jbc.org/cgi/content/full/M111.296830/DC1

Crystal Structure of Helicobacter pylori UreF-UreH Complex

15

12 9/10 6/7

FIGURE 2. Crystal structure of H. pylori UreF-UreH complex. A, two views of the asymmetric unit differing by a 90° rotation around the horizontal axis. In each
asymmetric unit, there are two copies of UreF (white) and UreH (green) related by a noncrystallographic 2-fold symmetry. Secondary structure elements of UreF
(black), UreH (pink), N (blue), and C (red) termini are labeled. Residues 234 -254 of UreF (purple), absent in the crystal structure of H. pylori UreF, is observed in this
complex structure forming helix a10 (residue 236 -243) and a structured loop (residue 244 -254). B, topology diagram of UreH. Note that 84" to 813" folds
with a B-helix-like topology. The loop region between B14Y" and 15", which docks into the groove formed by 2"\, a3""F and a10""F, is colored in
orange. B15°H, 316", and 817", which make contact with «10""", are colored in blue. C, stereo diagram showing interaction surface between UreF
(white) and UreH (green). Loop region formed by residues 179-194 (orange) of UreH docks into a groove formed by helix a2, a3 (cyan), and a11 (purple) of UreF.
Helix a10""F makes extensive contact with 815", 816", and 817" ", Residues involved in hydrophobic interaction and hydrogen bond formation are

labeled and shown in stick representation.

Cys-189""" on this loop region make hydrophobic contacts
with Tyr-57""F and Tyr-72""F in the groove (Fig. 2C). The
backbone carbonyl oxygen of Met-188"""' forms a hydrogen
bond with the hydroxyl group of Tyr-57Y"F (Fig. 2C). Asp-
1929 on this loop region of UreH also forms hydrogen bonds
with Lys-62""F and GIn-236""°". The inter-molecular interac-
tions between UreF and UreH are summarized in supplemental
Table S2.

Conformational Changes of UreF Induced by UreH Binding Are
Essential to Formation of UreG-UreF-UreH Complex—
Generally speaking, the structures of UreF before and after
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complex formation with UreH are largely superimposable, with
Ca root mean square deviation of 0.425 A (Fig. 34). The most
prominent conformational changes involve the ordering of the
C-terminal residues of UreF, forming helix alQV"F (residue
236-243), and a structured loop (residue 244.—254) (Fig. 3B).
These residues are missing in the crystal structure of native
UreF but well defined in the crystal structure of the UreF-UreH
complex (supplemental Fig. S3). As discussed above, the helix
@10Y"F is involved in interacting with UreH (Fig. 2C). The
structured loop, we refer to as the F-tail loop, is stabilized by a
number of interactions (Fig. 3B). Most prominently, the guani-
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B

A

~¢——GST-UreF

~¢——UreH
~¢——UreG

FIGURE 3. Conformational rearrangements of UreF upon binding with UreH. A, structure of UreF before (gray) and after (white) binding of UreH can be
superimposed with a Ca root mean square deviation of 0.425 A. B, close-up view of regions involved in conformational changes. Upon UreH binding, the
C-terminal residues of UreF (purple) become ordered and form helix a'10" (residues 236 -243) and the F-tail loop (residues 244 -254). Note that Arg-250 forms
hydrogen bonds (dashed lines) with Glu-119 and His-244, stabilizing the F-tail loop. The first turn of helix «2""*" (orange, residue 50-53) uncoils upon complex
formation with UreH, allowing the backbone amide groups of Ser-51 and Gly-53 to form hydrogen bonds with the carboxylate group of C-terminal residue
Ser-254Y"F, After the uncoiling, Tyr-48Y"F moves to an exposed position as illustrated by the arrow. C, Y48A and R250A variants of UreF failed to form the
heterotrimeric complex of UreG-UreF-UreH. To test if UreF alone can interact with UreG, bacterial cells expressing UreG was mixed with cells expressing
GST-UreF and lysed by sonication. Soluble bacterial lysate was loaded onto a GSTrap column and eluted with 10 mm glutathione. The protein eluted was
analyzed by SDS-12.5% PAGE with Coomassie Blue staining. No UreG was co-eluted (/ane 1) indicating that UreG did not bind to GST-UreF. To test if UreF and
its variants can form a heterotrimeric complex with UreH and UreG, cells expressing UreG were mixed with cells co-expressing GST-UreF and UreH instead.
Wild-type GST-UreF was co-eluted with UreH and UreG (lane 2), indicating the formation of the heterotrimeric complex. However, GST-UreF(R250A) (lane 3) and

GST-UreF(Y48A) (lane 4) were co-eluted only with UreH, suggesting that the variants failed to recruit UreG to form the heterotrimeric complex.

dinium group of a highly conserved Arg-250""*" forms hydro-
gen bonds with Glu-119Y"F and backbone carbonyl oxygen of
His-244""F, thus acting like a staple that clips the F-tail loop
into position. The formation of the helix «10”"" and the F-tail
loop structure justifies the observation that these C-terminal
residues of UreF were prone to degradation in the free form but
were protected in the UreF-UreH complex (Fig. 1B).

The second conformational changes in UreF involve the
uncoiling of the first turn (residues 50 —=53) of helix a2""*F (Fig.
3B) so that the backbone amide groups of Ser-51 and Gly-53
can form hydrogen bonds with the carboxylate group at the C
terminus (Ser-254""°F). As a result, a conserved residue Tyr-
48V F which is buried in the free form, repositions to an
exposed position upon binding of UreH (Fig. 3B).

It has been shown that UreG can interact with UreF-
UreH(D) to form a heterotrimeric complex (12, 13, 15, 37).
However, there is no evidence demonstrating that UreG can
interact with UreF alone. Given that the residues involved in
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conformational changes in UreF are highly conserved (supple-
mental Fig. S2), it is likely that the conformational changes
induced upon UreH binding are essential for the formation of
the UreG-UreF-UreH heterotrimeric complex. To test this
hypothesis, we first tested if H. pylori UreF, UreG, and UreH
can form a heterotrimeric complex similar to their counter-
parts in Klebsiella aerogenes (12, 13, 15, 37). Bacterial cells
expressing UreG were mixed with cells co-expressing GST-
UreF and UreH or with cells expressing GST-UreF alone.
Lysate cleared by centrifugation was loaded onto a GSTrap col-
umn. After extensive washing, protein was eluted off the col-
umn using glutathione. UreG was co-eluted with GST-UreF
and UreH (Fig. 3C, lane 2) but not with the GST-UreF control
(Fig. 3C, lane I). This observation shows that UreG can interact
with UreF-UreH complex but not with UreF alone.

As discussed above, UreH induces conformational changes
in UreF in two distinct regions as follows: (i) the formation of
the F-tail loop structure; and (ii) the uncoiling of the first turn of

VOLUME 286+NUMBER 50-DECEMBER 16, 2011


http://www.jbc.org/cgi/content/full/M111.296830/DC1
http://www.jbc.org/cgi/content/full/M111.296830/DC1

Crystal Structure of Helicobacter pylori UreF-UreH Complex

helix a2""F. Next, we created two variants of UreF, GST-
UreF(R250A) and GST-UreF(Y48A), to test if the conforma-
tional changes observed in UreF are essential for UreG binding.
The R250A variant was designed to disrupt two hydrogen
bonds that stabilize the F-tail loop (Fig. 3B). In addition, as the
uncoiling of the helix «2”™F results in repositioning of Tyr-
48Y"°F to an exposed position near the F-tail loop, the Y48A
variant was created to test if this residue is involved in binding
UreG. We then tested the ability of these UreF variants to inter-
act with UreH and UreG using the GST pulldown assay as
described above. We found that both GST-UreF(R250A) and
GST-UreF(Y48A) variants were co-eluted with UreH, suggest-
ing these substitutions did not affect UreF/UreH interaction
(Fig. 3C, lanes 3 and 4). In contrast, both variants failed to co-
elute with UreG, suggesting that the formation of the F-tail loop
structure and Tyr-48V"F are essential for UreG binding.

Formation of UreG-UreF-UreH Complex Is Essential to Ure-
ase Maturation—We further explored the functional implica-
tions of UreF/UreH and UreG/UreF/UreH interaction by
studying the effects of various ureF mutations on urease activa-
tion. In vivo urease activation assay was performed by trans-
forming the plasmid pHpA2H containing the entire H. pylori
urease operon into E. coli (Fig. 4A). Urease activity was quanti-
fied by measuring the amount of ammonia produced. Muta-
tions were introduced to the ureF gene on the plasmid pHpA2H
to create pHpA2H-ureF(AC20), pHpA2H-ureF(Y48A), and
pHpA2H-ureF(R250A). The plasmid pHpAB, which contains
only the ureA and ureB genes, was also included as a negative
control (Fig. 4A). Urease activity was detected in the case of
pHpA2H but not in the case of pHpAB, suggesting that the
urease was only activated in the presence of other wild-type
urease accessory proteins (Fig. 4B). When the bacteria were
transformed with pHpA2H-ureF(AC20), pHpA2H-ureF(Y48A),
and pHpA2H-ureF(R250A), the urease activity was significantly
decreased to the level similar to the negative control of pHpAB.
These results suggest that the disruption of the UreG/UreF/UreH
interaction abolishes urease maturation in vivo.

Oligomerization State of UreF and the UreF-UreH Complex
in Solution—We noticed in the crystal structures of both the
UreF and UreF-UreH complex that UreF appears as a dimer
with essentially the same orientation. This suggests the possi-
bility that the UreF and the UreF-UreH complex may indeed
exist as dimers in solution. To determine the oligomeric states
of UreF and the UreF-UreH complex in solution, we measured
their molecular weights using size exclusion chromatography
coupled with static light scattering. UreF was eluted as a single
peak with a molecular mass of 43 * 0.9 kDa (supplemental Fig.
S4), which is in-between the molecular mass of monomeric
(28.6 kDa) and dimeric (57.2 kDa) UreF. The data suggest that
UreF does have a tendency to form dimers in solution, but the
dimeric form is in exchange with the monomeric form in solu-
tion. In agreement with the oligomerization state observed in
the crystal structure, the UreF-UreH complex was eluted as a
single peak with a molecular mass of 116 * 2.3 kDa, which
agrees well with the theoretical molecular mass of 116.6 kDa for
(UreF/UreH), (supplemental Fig. S4). Taken together with the
quaternary structure observed in the crystal structure, our
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FIGURE 4. Formation of UreG-UreF-UreH complex is essential for urease
maturation. A, construction of vectors for urease activation assay. The H.
pylori urease operon containing the genes for the urease (ureA and ureB) and
urease accessory proteins (urel, urek, uref, ureG, and ureH) were cloned into
the pRSETA vector to create pHpA2H. Mutations were introduced to the ureF
gene on pHpA2H to create pHpA2H-ureF(AC20), pHpA2H-ureF(Y48A), and
pHpA2H-ureF(R250A). As a negative control, pHpAB was created by inserting
only the urease structural genes (ureA and ureB) into the pRSFDuet vector.
B, E. coli was transformed with the empty vector controls (pRSETA or pRSF-
Duet), pHpAB, pHpA2H, or the ureF mutants of pHpA2H. Urease activity of
0.38 £ 0.05 umol of NH;/mg/min was detected for pHpA2H. In contrast, ure-
ase activity for the empty vector controls, pHpAB, and ureF mutants of
pHpA2H-ureF were <0.01 wmol of NHs/mg/min. The urease activity in the
bacterial lysate was determined in triplicate.

observation suggests that the UreF-UreH complex exists as a
dimer of heterodimers in solution.

DISCUSSION

Urease maturation requires the formation of a pre-activation
complex involving the binding of UreG, UreF, and UreH(D) to
the apo-urease (15). In this study, we have determined the crys-
tal structure of the H. pylori UreF-UreH complex. Upon com-
plex formation, the C-terminal residues of UreF, which were
missing in the crystal structure of UreF (23), became ordered
and formed an extra helix a10”"°" that makes extensive con-
tacts with strand 15-17 of UreH (Fig. 2C). In the absence of
UreF, the exposed hydrophobic residues on strand 15-17 of
UreH may destabilize the protein or cause aggregation, leading
to the formation of inclusion bodies (Fig. 14). Mutagenesis
study showed that these C-terminal residues of UreF play an
essential role in the UreF/UreH interaction (Fig. 1). In agree-
ment with our result, Kim et al. (38) also showed that trunca-
tion of the C-terminal residues of K. aerogenes UreEF fusion
protein (corresponding to Lys-240 to Ser-254 in H. pylori UreF)
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FIGURE 5. Proposed molecular mechanism for the assembly of the UreG-
UreF-UreH complex. In the absence of their interaction partners, UreH forms
inclusion bodies, and the C-terminal residues of UreF are unstructured. More-
over, UreF alone does not bind to UreG. To bind UreG, UreF has to first form a
complex with UreH. The formation of the UreF-UreH complex induces the
formation of the F-tail loop structure and the repositioning of Tyr-48. These
conformational changes allow the UreF/UreH to bind UreG to form the het-
erotrimeric complex of UreG-UreF-UreH.

abolished its ability to pull down urease and other urease acces-
sory proteins and to activate urease in vivo.

Additional conformational changes in UreF induced by
UreH are observed as follows: (i) the conserved residues at the C
terminus of UreF form the F-tail loop structure, and (ii) the
uncoiling of the first turn of helix a2 exposing the Tyr-48 (Fig.
3). Mutagenesis study showed that substituting the conserved
residues Arg-250, which stabilizes the conformation of F-tail
loop, and Tyr-48 with alanine breaks the interaction between
UreG and the UreF-UreH complex and abolishes urease matu-
ration iz vivo. In addition, we showed that UreG only interacts
with UreF in the presence of UreH (Fig. 3). This result is cor-
roborated by the fact that previous yeast two-hybrid studies
detected only UreF-UreH(D) and UreE/UreG interactions and
not UreF/UreG interaction (10, 11). Taken together, we con-
clude that the conformational changes in UreF induced by
UreH are required for the recruitment of UreG to form the
heterotrimeric UreG-UreF-UreH(D) complex, which is essen-
tial for urease maturation (Fig. 5).

Our results also suggest how UreG interacts with the UreF-
UreH complex to form the heterotrimeric complex. Our
mutagenesis study suggests that the F-tail loop and Tyr-48"""
are likely to be involved in UreG interaction. Interestingly,
these residues of UreF are located around the 2-fold symmetry
axis of the UreF/UreH structure and are highly conserved (Fig.
6). We suggest that they form a binding surface for UreG inter-
action (Fig. 6). Given that UreG belongs to the SIMIBI class of
GTP-binding protein that can undergo nucleotide-dependent
dimerization (39, 40), it is likely that UreG may also bind as
dimer to the UreF-UreH complex.

How the UreG-UreF-UreH(D) complex interacts with ure-
ase to form the pre-activation complex for urease maturation is
currently not known. Noteworthy, the N terminus of UreF,
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FIGURE 6. Topology model for the pre-activation complex for urease mat-
uration. A, both the structures of the H. pylori UreF-UreH complex and the
urease have a unique 2-fold symmetry. UreF (white) and UreH (green) are
shown as a surface representation. Conserved residues (with conservation
scores 8-9 determined by the CONSURF server (42)) of UreF and UreH are
colored red. The urease is shown in ribbon representation, and the two sym-
metry-related subunits are colored blue and orange. The nickel ions at the
active sites are represented as green spheres. Note that the length of the UreF-
UreH complex is similar to the distance between two active sites related by a
2-fold symmetry. B, structures of the H. pylori UreF-UreH complex and the
urease are aligned along their unique 2-fold symmetry axes. The C-terminal
conserved residues and Tyr-48 are located around the 2-fold symmetry axes,
and they constitute the UreG-binding site. We anticipate the urease should
bind to the UreF-UreH complex on the opposite site of the UreG-binding site
as indicated. The N termini of UreF are indicated.

which is located on the opposite side of the UreG-binding sur-
face (Fig. 6B), was shown to cross-link with the 3-subunit of the
urease in the K. aerogenes UreF-UreD-urease complex (19).
Taken together, these observations suggest that the urease
should bind to the UreF-UreH(D) complex on the opposite side
of the UreG-binding site (Fig. 6B). We showed that the UreF-
UreH complex possibly behaves as a dimer of heterodimers in
solution (supplemental Fig. S4). If the oligomeric state of the
UreF-UreH complex remains unchanged in the pre-activation
complex, the 2-fold symmetry present in the UreF-UreH com-
plex structure implies that the same symmetry should be pres-
ent on its urease-binding site. Coincidentally, there is only one
unique 2-fold symmetry present on the dodecameric structure
of H. pylori urease (Fig. 6). We therefore reason that the only
plausible interaction topology between the UreF-UreH com-
plex and urease can be found by overlaying the 2-fold symmetry
axes of these two structures as shown in Fig. 6B. In support of
this idea, we observe that the length of the UreF-UreH complex
approximates the distance between the urease active sites (Fig.
6). The conserved residues on UreH, which are likely for inter-
acting with the urease, can be poised to be in contact with the
urease active sites (Fig. 6).

UreG has a highly conserved nickel-binding motif shown by
mutagenesis to be essential for nickel delivery (41). In the topol-
ogy of the pre-activation complex we proposed (Fig. 6B), UreG
is located at a significant distance away from the urease active
site, suggesting that the nickel has to be transferred across a
long distance to its final destination. One possibility is that the
nickel is transferred from UreG via UreF-UreH(D) to the urease
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active site (12). Alternatively, chemical cross-linking analysis
suggested that the urease B-domain undergoes a hinge-like
motion upon binding of the UreF-UreH(D) complex (19). It is
possible that the hinge-like motion may facilitate the transfer of
nickel from UreG to the B-domain, which then delivers nickel
into the active site.
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