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The crystal structure of the urease � subunit (UreA) from Mycobacterium

tuberculosis, Rv1848, has been determined at 1.8 Å resolution. The asymmetric

unit contains three copies of Rv1848 arranged into a homotrimer that is similar

to the UreA trimer in the structure of urease from Klebsiella aerogenes. Small-

angle X-ray scattering experiments indicate that the Rv1848 protein also forms

trimers in solution. The observed homotrimer and the organization of urease

genes within the M. tuberculosis genome suggest that M. tuberculosis urease has

the (���)3 composition observed for other bacterial ureases. The � subunit may

be of primary importance for the formation of the urease quaternary structure.

1. Introduction

Urease, a nickel-containing enzyme that catalyzes the hydrolysis of

urea to form ammonia and carbamate (which subsequently decom-

poses with water to form ammonia and carbon dioxide), is found in a

broad range of plants and bacteria. Urease has been implicated as a

virulence factor in diseases of the human gastrointestinal and urinary

tracts (Mobley & Hausinger, 1989; Jones & Mobley, 1989; Eaton et

al., 1991). Urease is also thought to be important for the survival of

Mycobacterium tuberculosis (Mtb) in lung tissue, possibly via pH

modulation and nitrogen biosynthesis (Clemens et al., 1995; Gordon

et al., 1980). The subunit composition of urease shows variations from

monomeric, as in jack bean urease (Takishima et al., 1988), to

heterodimeric, as in Helicobacter pylori urease, in which the � and �
subunits are tethered together (Ha et al., 2001), and heterotrimeric, as

in Klebsiella aerogenes urease (Jabri et al., 1995) and Bacillus pasteurii

urease (Benini et al., 1999). Prior to determination of the K. aerogenes

urease structure, various other subunit compositions had been

suggested based on gel-filtration results (Todd & Hausinger, 1987);

the trimer-of-trimers assembly is commonly believed to exist but has

not been confirmed.

In multi-subunit urease complexes the � subunit contains the

nickel-binding active-site residues and the � subunit is involved in

directing nickel-ion incorporation by interacting with accessory

metallochaperones, while the � subunit has no known enzymatic

function. Urease follows normal Michaelis–Menten kinetics, showing

no known allosteric or cooperative effects (Mobley et al., 1995).

The Mtb urease is encoded within an operon in the Mtb genome.

Sequence analysis indicates the urease operon consists of � (UreC), �
(UreB) and � (UreA) subunits and three accessory proteins UreD,
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Figure 1
Urease operon arrangement in M. tuberculosis, consisting of subunit � (Rv1848), subunit � (Rv1849) and subunit �
(Rv1850) and accessory proteins UreF (Rv1851), UreG (Rv1852) and UreD (Rv1853) that are believed to be involved
in nickel incorporation (http://www.doe-mbi.ucla.edu/TB/PUBLIC/qs/qsearch.php?orf=Rv1848&checkorf=1).



UreF and UreG that are used in nickel incorporation (Fig. 1). This

operon composition suggests the formation of a heterotrimeric

urease complex akin to the structure of K. aerogenes urease. The

active Mtb urease complex has several unique properties. These

include a Km of 0.3 mM, which is comparatively lower than those of

other ureases and is believed to be a consequence of the ammonia-

deficient cellular environment that Mtb resides in, and exceptional

temperature and chemical stability, with normal activity seen up to

333 K as well as in 4 M urea (Clemens et al., 1995).

Owing to the potential virulence-enhancing effects seen in other

microbial ureases (Eaton et al., 1991; Jones et al., 1990; Tsuda et al.,

1994; Cox et al., 2000), Mtb urease remains an enticing target in the

war against tuberculosis (TB), which saw 9.27 million new cases and

1.8 million deaths in 2007 (World Health Organization, 2009). In an

effort to elicit the structures of potential TB drug targets in order

to enable structure-based rational drug design, the Mycobacterium

tuberculosis Structural Genomic Consortium (TBSGC) has targeted

Mtb urease and its subunits for structure determination. Here, we

report the crystal structure of Rv1848 (the � subunit; UreA).

2. Materials and methods

2.1. Cloning and expression

Cloning and overexpression of Rv1848 protein were carried out at

the TBSGC high-throughput protein-production facility located at

the Los Alamos National Laboratory, USA. A 0.3 kbp DNA frag-

ment encoding the Mtb Rv1848 (UreA) gene was amplified by

conventional PCR using Mtb H37Rv genomic DNA as the template.

The amplified DNA fragment was digested and subcloned into a

modified pET28b vector encoding an N-terminal six-His tag and a

thrombin cleavage site upstream of the NdeI site. The expressed

protein has the N-terminal tag MGSSHHHHHHSSGLVPRGSH and

two additional amino acids (GS) at the C-terminus.

Escherichia coli BL21 (DE3) cells were transformed with the

UreA-modified pET28b/6His vector and grown to exponential phase

at 310 K in 3 ml Luria–Bertani broth containing 30 mg ml�1 kana-

mycin. The seed culture was transferred to 500 ml Terrific broth and

expression was induced with 0.5 mM isopropyl �-d-1-thiogalacto-

pyranoside at an OD600 of approximately 0.5. Growth was continued

at 293 K for approximately 20 h until the OD600 reached approxi-

mately 15 (as measured from dilutions). The cells were harvested and

stored at 193 K.

2.2. Protein purification

The cell pellets were lysed by sonication in 10 ml buffer A (20 mM

Tris–HCl pH 8.0, 100 mM NaCl) per gram of cells for 10 min in

30 s pulses at 283 K. After ultracentrifugation for 30 min at

38 000 rev min�1, the supernatant was filtered through a 0.2 mm pore

membrane and loaded onto a 5 ml Talon Superflow affinity column

(Clontech) equilibrated with buffer A. After washing with 50 ml

buffer A, the His-tagged Rv1848 was eluted from the cobalt-affinity

column using buffer B (20 mM Tris pH 8.0, 500 mM NaCl, 300 mM

imidazole). The eluent was dialyzed against buffer C (20 mM Tris pH

8.0, 100 mM NaCl, 10 mM �-mercaptoethanol) and purified by gel

filtration on a Superdex-75 column (Amersham Pharmacia Biotech)

using buffer C for equilibration and elution. The peak fractions

(monitored by OD280) were analyzed by SDS–PAGE and the pooled

protein fractions were concentrated using a Centriprep YM-3

(Millipore). The protein was 98% pure as estimated by SDS–PAGE

and matrix-assisted laser desorption/ionization-time of flight mass

spectrometry (Applied Biosystems).

2.3. Crystallization

The Rv1848 protein was crystallized at the TBSGC’s protein-

crystallization facility at the Lawrence Livermore National Labora-

tory using the sitting-drop vapor-diffusion method. Initial random

screens generated by CRYSTOOL were used to identify successful

crystallization conditions. Diffraction-quality crystals were obtained

by mixing 250 nl protein stock with 250 nl reservoir solution. The
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Table 1
Data-collection and refinement statistics.

Values in parentheses are for the outermost shell.

Data-collection statistics
Wavelength (Å) 1.0
Resolution range (Å) 50–1.80 (1.86–1.80)
Space group P6
Unit-cell parameters (Å) a = b = 109.99, c = 40.87
Total reflections 28667
Completeness (%) 95.8 (79.4)
Multiplicity 3.1 (1.8)
Rmerge† (%) 4.3 (28.9)
Rp.i.m.‡ 0.023 (0.318)
Rmeas/Rr.i.m.‡ 0.048 (0.491)
Wilson B factor 25.6
Average I/�(I) 28 (2.2)

Refinement statistics
Resolution (Å) 27.02–1.8 (1.85–1.8)
Completeness (%) 97.3 (88.9)
Working reflections 24482 (1648)
Test reflections 1311 (92)
Rwork§ (%) 18.4 (22.0)
Rfree§ (%) 22.9 (30.1)
No. of waters 164
R.m.s. deviations from ideal geometry

Bonds (Å) 0.015
Angles (�) 1.6

Average B factor (Å2) 29.7
Ramachandran analysis by MolProbity}

Residues in favored regions (%) 99.31
Residues in allowed regions (%) 100

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the intensity of

the ith observation and hI(hkl)i is the mean intensity of the reflections. The values are for
unmerged Friedel pairs. ‡ Rp.i.m. [precision-indicating (multiplicity-weighted) Rmerge]
and Rmeas/Rr.i.m. [redundancy-independent(multiplicity-weighted) Rmerge] as ouptut by
the program SCALA (Evans, 2006; Weiss, 2001). § The crystallographic R factor
R =

P
hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj; Rfree =
P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj, where all
reflections belong to a test set of randomly selected data. } Chen et al. (2010).

Figure 2
Crystal structure of the Rv1848 homotrimer looking down the threefold axis (PDB
code 2fvh). This figure was produced using PyMOL (DeLano, 2002).



reservoir contained 1.1% 2-butanol, 23.76% PEG 750 MME, 0.16%

glycerol and 0.1 M sodium cacodylate pH 5.5. No additional cryo-

protectant was necessary; crystals were mounted in loops and

plunged into liquid nitrogen straight from the crystallization drop.

2.4. Data collection and structure solution

A 1.8 Å resolution data set was collected on beamline 5.0.1 at the

Advanced Light Source (ALS). Rv1848 crystals belonged to space

group P6, with unit-cell parameters a = b = 109.99, c = 40.87 Å. The

data were processed with HKL-2000 (Otwinowski & Minor, 1997)

with an Rmerge of 4.3% and a completeness of 95.8% (79.4% in the

highest resolution shell). Cell-content analysis gave a Matthews co-

efficient of 2.15 Å3 Da�1 and a solvent content of 42.7% with three

molecules per asymmetric unit. The structure was determined by the

molecular-replacement method using the Phaser program (McCoy et

al., 2007). The C� chain trace of the K. aerogenes urease structure �

subunit (PDB code 2kau chain A; 65% sequence identity; Jabri et al.,

1995) was used as the search model. Refinement was carried out using

REFMAC (Murshudov et al., 1997) and model building and visuali-

zation were carried out with Coot (Emsley & Cowtan, 2004). The final

Rwork and Rfree values were 18.6% and 22.9%, respectively, with

acceptable protein stereochemistry. Table 1 shows a more complete

listing of the data-collection and refinement statistics. The final model

coordinates and structure factors of Rv1848 have been deposited in

the PDB with code 2fvh.

2.5. SAXS data collection and processing

Small-angle X-ray scattering (SAXS) data were collected on ALS

beamline 12.3.1. Rv1848 was diluted with buffer C (20 mM Tris pH

8.0, 100 mM NaCl and 10 mM �-mercaptoethanol) to give 20 ml

samples at final concentrations of 2.73, 1.36 and 0.68 mg ml�1. For

each protein sample and a buffer blank, SAXS data were collected
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Figure 3
(a) Structural overlay of urease �-subunit monomers using PyMOL: M. tuberculosis (PDB code 2fvh; green), H. pylori (PDB code 1e9y; cyan; Ha et al., 2001), in which the
tethered domain corresponding to the � subunit has been removed from the picture, B. pasteurii (PDB code 1ubp; yellow; Benini et al., 1999) and K. aerogenes (PDB code
2kau; grey; Jabri et al., 1995). (b) Multiple sequence alignment of known urease � subunits using MULTALIN (Corpet, 1988). The N-terminal 6�His tag from 2fvh and the
tethered urease � subunit from 1e9y were removed from the alignment for clarity. (c) Chain A of Rv1848 color-coded by sequence-alignment results. Secondary-structure
elements are labeled.



using a 0.5 s, a 5 s and a second 0.5 s exposure. Buffer-subtracted files

were analyzed using PRIMUS (Konarev et al., 2003) and the GNOM

(Svergun, 1992) P(r) output file with dmax = 62 was used to calculate

electron-density envelopes. Each envelope is the product of 16

GASBOR (Svergun et al., 2001) runs (P1 symmetry and 300 residues)

averaged with DAMMAVER (Volkov & Svergun, 2003).

3. Results and discussion

3.1. Overall structure

The crystal structure of the Mtb Rv1848 protein (UreA; Fig. 2)

closely resembles the � subunit of K. aerogenes UreA (PDB code

2kau chain A). Each Rv1848 monomer consists of an �/� structure

containing a two-stranded antiparallel �-sheet two-layer sandwich

with helices 2–5. The N-terminal helix 1 (amino acids 4–26) is at an

approximate angle of 60� from helix 2 in the two-layer �/� sandwich.

Fig. 3 shows sequence alignments and structural overlays of Rv1848

and the known urease complex � subunits.

3.2. Quaternary structure

The Rv1848 protein forms a homotrimer in the asymmetric unit of

the crystal. This trimer forms a disk with a diameter of approximately

60 Å and a maximum height of approximately 30 Å at the threefold

centre of symmetry. Stabilized by the interactions of helix 1 and 2,

20% of the protein’s residues are involved in homotrimer formation,

beginning with hydrophobic interactions at the N-terminal portion of

helix 1 and transitioning at Tyr15 to a large network of electrostatic

and ionic intersubunit interactions (Fig. 4). The core of the homo-

trimer threefold is stabilized by the hydrophobic interactions of the

three Leu12 side chains, the aromatic ring interactions of Tyr15, the

hydroxyl of the Tyr15 side chain interacting with the side chain of

Ser14 from a neighboring chain and the ionic network of Glu18 side
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Figure 4
Rv1848 homotrimer subunit interactions colored by type of interaction. The
homotrimer is colored by chain and shown in cartoon representation. All amino
acids involved in intersubunit interactions (main-chain or side-chain interactions)
are shown in stick form, with hydrophobic and aromatic interactions in yellow and
hydrogen bonding and ionic interactions in blue. This analysis was carried out with
the Protein Interactions Calculator (Tina et al., 2007).

Figure 5
(a) Side view of the Rv1848 monomer along helix 1 with the surface colored by electrostatic potential and the backbone ribbon in green. (b) Top and bottom surface of the
Rv1848 homotrimer colored by electrostatic potential. The homotrimer orientation is based on the K. aerogenes 2kau structure. The potentials were calculated using APBS
(Baker et al., 2001) from an input file generated from the PDB2PQR web server (Dolinsky et al., 2004, 2007) and were visualized using CHIMERA (Pettersen et al., 2004)
with a scale of red = �10 V and blue = 10 V.



chains. In accordance with the interactions seen at the homotrimer

threefold, inspecting the calculated electrostatic potentials of the

�-subunit monomer shows the exposed surface of helix 1 to be pre-

dominantly hydrophobic in nature, ending with the positive potential

provided by Arg22, Arg23 and Arg26 corresponding to the external

solvent surface of the protein (Fig. 5). Overall, the homotrimer

maintains a more hydrophobic underside that presumably maintains

interactions with the � subunits in the proposed (���)3 trimer of

trimers, as seen in the K. aerogenes structure, while the external

solvent-exposed surface has a slight negative charge.

3.3. Oligomeric state and biological relevance

The crystal structure of Rv1848 is the first �-subunit-only structure

of the (���)3-type ureases reported to date. The formation of the

Rv1848 homotrimer leads to a reduction of approximately 4300 Å2 in

accessible surface area, indicating that the intersubunit interactions

in the Rv1848 homotrimer are highly specific (Bahadur et al., 2004;

Ponstingl et al., 2000). Similar to the � subunits in other (���)3 urease

structures, Rv1848 also forms a homotrimer (Fig. 2) and shares a

striking resemblance to the quaternary structures of those in the

holoenzymes. When superposed (Fig. 6), the Rv1848 homotrimer and

the trimer of � subunits in the K. aerogenes (���)3 urease structure

have a main-chain r.m.s.d. of 1.13 Å. Together with nickel analysis,

which shows six molecules per complex (Clemens et al., 1995), this

suggests that the Mtb urease complex may also adopt the trimer-of-

trimers formation seen in K. aerogenes urease as well as in related

species. To further confirm that the Rv1848 homotrimer in the crystal

structure was not a crystallization artifact, an SAXS experiment was

performed with the Rv1848 protein in its solution state. Fig. 7 shows

the electron-density envelope of the average result of 16 individual

calculations overlaid onto the crystal structure. This suggests that

Rv1848 forms a homotrimer in solution and that it may be biologi-

cally relevant.

3.4. Functional implications

Since UreA has no known enzymatic activity, it is possible that the

�-subunit trimer located at the center of the urease trimer serves as a

scaffold for the urease-trimer complex. Based on the tight inter-

actions of the � subunits, we further speculate that �-subunit

trimerization might be an important driving force in the formation of

the trimer-of-trimers complex previously seen in bacterial urease

crystal structures. It is well understood that the � subunit of the

urease complex contains the active-site and nickel-binding residues.

In H. pylori the � subunit is tethered to the � subunit but the urease

complex still maintains threefold symmetry, with the � subunit in the

center and the � subunit at the vertices contacting two adjacent �
subunits. Research in H. pylori implicates trimerization of the

C-terminal portion of the � subunit as the structural stabilization

required in the formation of a supramolecular urease complex that is

believed to help in low-pH environments (Ha et al., 2001). Recent

research on the K. aerogenes urease complex demonstrated that the

shifting in position of the � subunit is necessary for the accessibility of

the active site to nickel and carbon dioxide (Quiroz-Valenzuela et al.,

2008). Combined together, this seems to suggest that while the � and

� subunits are involved in the catalytic activity of the urease complex,

the � subunit might drive the formation or act as a scaffold in the

urease trimer of trimers that is necessary to sustain high-heat and/or

harsh chemical environments.

3.5. Implications for protein complexes in structural genomics

Protein complexes represent a significant challenge to structural

genomics. Current production pipelines are designed to handle single

high-expression soluble proteins instead of multi-subunit complexes.

Targeting single members of a protein complex can be advantageous

since individual components tend to crystallize more readily and

diffract better than the full complex. With the re-emergence of SAXS,

it is becoming a viable option to determine the structures of the

individual pieces and then reassemble them into an SAXS electron-

density envelope. This jigsaw-puzzle approach of solving complex

assembly is more in tune with the established production pipelines at

structural genomics centers.

There are inherent limitations in terms of assembling complexes

from individual subunit structures and missing pieces could lead to

arrangement uncertainty in the final model. Conversely, there are

also cases in which subunit structures provide information beyond

that elucidated from the complex structure alone. Rv1848 is a good

example of using the advantages of structural genomics pipelines and

combining complementary methods to obtain functional information

from a single piece of a protein complex that would not otherwise

have been discovered.
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Figure 6
Overlay of the � subunits from M. tuberculosis (PDB code 2fvh; green),
K. aerogenes (PDB code 2kau; cyan) with an r.m.s.d. of 1.13 Å and B. pasteurii
(PDB code 1ubp; magenta) with an r.m.s.d. of 0.968 Å superimposed onto the
K. aerogenes urease trimer of trimers with semi-transparent orange (�) and yellow
(�) surfaces, highlighting the centralized location of the � subunits in the urease
complexes.

Figure 7
Top and side view of the overlay of 2fvh with the electron-density envelope using
CHIMERA. The envelope is calculated from an average of 16 GASBOR runs with
P1 symmetry and 300 residues.



4. Conclusions

The structure of the urease � subunit of M. tuberculosis, Rv1848, has

been determined at 1.8 Å resolution and shows homology to other

known �-subunit monomers in urease complexes. Electrostatic

mapping suggests that Rv1848 homotrimer formation is driven by the

burial of hydrophobic residues along helix 1 at the threefold center.

The crystallographic asymmetric unit and SAXS solution experi-

ments demonstrate that Rv1848 forms a homotrimer in solution that

has not previously been observed outside of urease complex forma-

tion. Based on sequence homology, gene placement and biochemical

analysis, it is expected that the Mtb urease complex also adopts the

trimer-of-trimers arrangement. The in-solution auto-assembly seen

with Rv1848 and the non-enzymatic nature of UreA leads to the

possibility of homotrimerization of the � subunit being the driving

force behind the formation of the urease trimer-of-trimers complex

proposed for M. tuberculosis and seen in K. aerogenes and B. pasteurii.

The need for oligomerization beyond catalytic efficiency may play a

role in the extreme tolerance of Mtb urease to environmental chal-

lenges.
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