
A Bacillus paralicheniformis Iron-Containing
Urease Reduces Urea Concentrations in
Rice Wine

Qingtao Liu, Yuqi Chen, Minglai Yuan, Guocheng Du, Jian Chen, Zhen Kang
The Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan
University, Wuxi, China, and Synergetic Innovation Center of Food Safety and Nutrition, Jiangnan University,
Wuxi, China

ABSTRACT Urease, a nickel-containing metalloenzyme, was the first enzyme to be
crystallized and has a prominent position in the history of biochemistry. In the pres-
ent study, we identified a nickel urease gene cluster, ureABCEFGDH, in Bacillus parali-
cheniformis ATCC 9945a and characterized it in Escherichia coli. Enzymatic assays
demonstrate that this oxygen-stable urease is also an iron-containing acid urease.
Heterologous expression assays of UreH suggest that this accessory protein is in-
volved in the transmembrane transportation of nickel and iron ions. Moreover, this
iron-containing acid urease has a potential application in the degradation of urea in
rice wine. The present study not only enhances our understanding of the mecha-
nism of activation of urease but also provides insight into the evolution of met-
alloenzymes.

IMPORTANCE An iron-containing, oxygen-stable acid urease from B. paralichenifor-
mis ATCC 9945a with good enzymatic properties was characterized. This acid urease
shows activities toward both urea and ethyl carbamate. After digestion with 6 U/ml
urease, approximately 92% of the urea in rice wine was removed, suggesting that
this urease has great potential in the food industry.

KEYWORDS iron-containing urease, acid urease, UreH, metal transporter, urea, ethyl
carbamate

Ureases, enzymes that hydrolyze urea to ammonia and carbamic acid (H2N-CO-NH2 �

H2O ¡ H2N-COOH � NH3 and H2N-COOH � H2O ¡ H2CO3 � NH3), have been
found in plants and many microorganisms (1–5). Because of their multifaceted contri-
butions to the environmental cycling of nitrogen and localized neutralization of pH (1,
6, 7), ureases have always attracted intensive attention. In fact, jack bean urease
(Canavalia ensiformis) was identified as the first metalloenzyme to contain a nickel ion
(8) and was the first enzyme to be crystallized (9). Thus, ureases possess a prominent
place in the history of biochemistry. To understand the activation mechanisms of
ureases and the roles of accessory proteins in the posttranslational modifications of
ureases, many different microbial nickel-containing ureases have been identified and
characterized. Although the structural subunits and enzyme active sites have been well
studied (3–5, 10–15), the function of each accessory protein and the urease maturation
mechanism are still poorly understood (3, 4, 16–20).

In most of the microbial ureases identified, the accessory proteins (UreE, UreD, UreG,
and UreF) are essential for active-site metalation and urease maturation (3, 4, 20). UreE,
a metallochaperone, delivers nickel to urease apoprotein via the chaperone complex
(UreD-UreF-UreG)3, in which UreD functions as a scaffold for the recruitment of other
accessory subunits, UreF guarantees metallocenter fidelity, and UreG is a GTPase for the
incorporation of nickel ions (3, 4, 19–21). Although the ureD gene in Helicobacter
species (18) was renamed ureH, its function is consistent with that of other UreD
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accessory proteins. However, in some Bacillus species, the ureD and ureH genes are both
conserved (3), and the function of this heterogeneous UreH is still unclear. In addition,
enzymatic elimination of urea by acid ureases has been considered to be the most
efficient method of decreasing the concentration of the carcinogenic compound ethyl
carbamate (EC; also known as urethane) (22–26) in traditional fermented foods (27–30).
Thus, the identification of a novel microbial acid urease not only contributes to our
understanding of the assembly process but also provides an alternative way of elimi-
nating urea in rice wine.

RESULTS
Cloning and sequence alignment of the urease gene cluster from Bacillus

paralicheniformis ATCC 9945a. The urease gene cluster (ureABCEFGDH) was cloned
from the genome of B. paralicheniformis ATCC 9945a. As shown in Fig. 1A, the B.
paralicheniformis ATCC 9945a urease (BpUrease) gene cluster consists of three struc-
tural genes (ureA, ureB, and ureC) and five accessory genes (ureE, ureF, ureG, ureD, and

FIG 1 Characterization of urease gene clusters and construction of plasmids. (A) Structures of representative urease gene clusters in different microorganisms.
The structural genes (ureA, ureB, and ureC), ureE, the urease accessory genes (ureF, ureG, ureD), ureI, ureH, and ureC2A2 are color-coded orange, dark green, light
green, light blue, red, and gray, respectively. (B) Alignment of the structural C subunits of the ureases. HmUreC2, BpUreC, LrUreC, KaUreC, and HpUreC represent
the C subunits of the ureases from H. mustelae (UreC2), B. paralicheniformis ATCC 9945a, L. reuteri, K. aerogenes, and H. pylori, respectively. Metal ligands are
labeled with stars; two functional histidine residues are labeled with filled triangles; four residues thought to be important in the catalytic mechanism are
labeled with circles. (C) Construction of the recombinant plasmid for the expression of urease and ureH in E. coli. The Strep tag (WSHPQFEK) was fused at the
N termini of both UreC and UreH for protein purification.
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ureH). The structural genes ureA, ureB, and ureC and the accessory genes ureE, ureF,
ureG, and ureD are highly conserved in all microorganisms except Helicobacter species,
in which the structural genes ureA and ureA2 are fusions of ureA and ureB. In compar-
ison, other accessory genes, for instance, the urea transporter gene ureI, are conserved
only in Lactobacillus reuteri and Helicobacter species, and an accessory gene, ureH, with
unknown function was present in the BpUrease cluster. Notably, the recently identified
oxygen-labile, iron-containing Helicobacter mustelae urease (HmUrease) cluster con-
tains an extra copy each of the structural genes ureA and ureC (31). Remarkably,
sequence analysis showed that BpUreC shares 61.1% identity with HmUreC2. In addi-
tion, a multiple-sequence alignment of BpUreC with other UreC proteins, including the
iron-containing HmUreC2 (Fig. 1B), confirmed that all the amino acids involved in nickel
binding (His137, His139, Lys220, His247, His275, and Asp363) and catalysis (His222 and
His323) are highly conserved (3, 4, 31, 32). The Gly280, Cys322, Arg339, and Ala366
residues, which are thought to be important for the catalytic mechanism, but not for
metal binding, are also strictly conserved (32).

Analysis of the specificity of BpUrease for metal ions. After amplification and
sequence analysis, the BpUrease gene cluster was subcloned into expression plasmid
pRSFDuet-1 (Fig. 1C), and the resulting plasmid, pRSFDuet-Bpure-2, was transformed
into Escherichia coli BL21(DE3) for investigation. To eliminate uncertainty, modified
Riesenberg medium (minimal medium) was used for investigating the specificity of
BpUrease for metal ions. Different metal ion salts (NiSO4, FeCl3, MnCl2, CuSO4, and
CoSO4) were added during cultivation in order to examine their effects on BpUrease
activity. Measurements of BpUrease activity were carried out with extracted enzyme. As
shown in Fig. 2A, only the addition of NiSO4 or FeCl3 resulted in an obvious accumu-
lation of urease activity, at 0.21 U/ml or 0.18 U/ml, respectively, suggesting that only
Ni2� and Fe3� can be coordinated to yield an active urease. In contrast, a Providencia
sp. urease (PsUrease), encoded by the ureDABCEFG gene cluster, exhibited urease
activity (0.09 U/ml) only with the addition of NiSO4. These results suggested that
BpUrease can be actively expressed in the presence of Ni2� or Fe3�.

BpUrease is an iron-containing urease. The recombinant PsUrease and BpUrease
(supplemented with Fe3� or Ni2�) were fused with a Strep tag (WSHPQFEK) (Fig. 1C)
and were purified with StrepTrap HP affinity columns (Fig. 2B). To confirm the compo-
sition of the active BpUrease, the purified urease was also investigated by native
polyacrylamide gel electrophoresis (PAGE) analysis. As shown in Fig. 2C, the molecular
mass of BpUrease was approximately 220 kDa, suggesting that BpUrease forms a
(UreABC)3 structure that is consistent with those of most other microbial ureases. To
confirm that BpUrease is an iron-containing urease, the metal ion (Fe3� or Ni2�)
contents of purified PsUrease and BpUrease were determined with an atomic absorp-
tion spectrometer (Agilent, USA). As shown in Fig. 2D, BpUrease supplemented with
FeCl3 [BpUrease (Fe3�)] and BpUrease supplemented with NiSO4 [BpUrease (Ni2�)]
contained much higher concentrations of Fe3� (0.21 � 0.08 mg/liter, corresponding to
0.3 equivalent of Fe3� per heterotrimer) and Ni2� (1.5 � 0.1 mg/liter, corresponding to
2 equivalents of Ni2� per heterotrimer), respectively, than the control BpUrease
[BpUrease (None)]. In contrast, no detectable Fe3� or Ni2� was detected in BpUrease
(Ni2�) or BpUrease (Fe3�), respectively. Meanwhile, PsUrease (Fe3�) failed to integrate
Fe3�, resulting in a specific activity much lower than that of PsUrease (Ni2�). Taken
together, these results demonstrate that the BpUrease identified is an iron-containing
urease.

Functional identification of the accessory protein BpUreH. To explore the func-
tion of the accessory protein BpUreH, multiple-sequence alignment analysis was carried
out. As shown in Fig. 3A, BpUreH shares 60% identity with the nickel transport protein
from Lihuaxuella thermophila and with Bacillus sp. strain TB-90 UreH (33), but it has
�16.1% amino acid identity with H. pylori UreH (18), indicating that BpUreH is a nickel
transporter. Thus, the topological model of BpUreH was predicted by the TMHMM
server and was compared with that of a well-studied nickel/cobalt transporter (NiCoT)
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(Fig. 3B). BpUreH contains six transmembrane domains (TMDs) and the conserved
signature sequence (HX4DH) of the NiCoTs (34). To experimentally reveal the function
of BpUreH, the effects of UreH inactivation on urease activity were first investigated
(Fig. 1C). As shown in Fig. 2A, deletion of UreH dramatically decreased urease activity,
suggesting the critical role of UreH in urease activity. Then BpUreH was subcloned into
pRSFDuet-1 (Fig. 1C) and was overexpressed in E. coli BL21(DE3) (Fig. 3C), and the
intracellular concentrations of Ni2� and Fe3� were comparatively investigated. As
shown in Fig. 3D, overexpression of BpUreH resulted in significant increases in both
Ni2� and Fe3� concentrations. In conclusion, the results demonstrate that in contrast
to H. pylori UreH, BpUreH is likely a transmembrane protein capable of transferring
nickel and iron ions for active urease assembly.

Biochemical characterization of BpUrease. To evaluate the potential applications
of BpUrease, its kinetic parameters and biochemical properties were examined. The
specific activity and catalytic efficiency (kcat/Km) of BpUrease (Ni2�) (603 U/mg and
1.2E�05 s�1 M�1, respectively) were much higher than those of BpUrease (Fe3�) (54.6
U/mg and 9,557 s�1 M�1, respectively) (Table 1), indicating that Ni2� was preferred

FIG 2 Identification of the iron-containing urease. (A) Effects of medium supplementation with metal ion salts and knockout of ureH from
the urease gene cluster on recombinant E. coli urease activity. (B) SDS-PAGE analysis of purified recombinant urease. Lane M, protein
molecular mass standard; lane 1, crude supernatant of PsUrease, which was supplemented with NiSO4 during expression; lane 2, purified
PsUrease; lane 3, crude supernatant of BpUrease (Fe3�), which was supplemented with FeCl3 during expression; lane 4, purified BpUrease
(Fe3�); lane 5, crude supernatant of BpUrease (Ni2�), which was supplemented with NiSO4 during expression; lane 6, purified BpUrease
(Ni2�). (C) Native PAGE analysis of purified BpUrease. Lanes: M, markers; 7, purified BpUrease (Fe3�). (D) Metal contents of the purified
proteins. a, the metal content in 1,000 mg/liter urease was determined by atomic absorption spectrometry; b, urease was expressed in the
presence of 1 mM FeCl3; c, urease was expressed in the presence of 1 mM NiSO4.
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over Fe3�. However, the optimal temperature and pH were 50°C and 5.0, respectively,
for both BpUrease (Fe3�) and BpUrease (Ni2�) (Fig. 4A and C), suggesting that BpUrease
is an acid urease. Moreover, both forms of BpUrease, that with Fe3� and that with Ni2�,
were stable at temperatures lower than 50°C (Fig. 4B) and in the pH range of 6.0 to 8.0
(Fig. 4D). BpUrease (Fe3�) showed higher thermostability at 60°C than BpUrease (Ni2�)
(Fig. 4B) and higher acid resistance at pH 4.0. (Fig. 4D). Both BpUrease (Fe3�) and
BpUrease (Ni2�) showed high ethanol tolerance. More than 70% of their maximal
activity was detected in the presence of 15% ethanol (Fig. 4E) or after treatment with
5% ethanol for 2 h (Fig. 4F), indicating the potential application of this acid urease for

FIG 3 Functional analysis of UreH. (A) Alignment of UreH from B. paralicheniformis ATCC 9945a with the nickel transport protein from L.
thermophila and with Bacillus sp. strain TB-90 UreH. (B) Topology of nickel/cobalt transporters (NiCoTs) and UreH from B. paralicheniformis
ATCC 9945a. The signature sequence HX4DH in TMD II of the NiCoT and the corresponding sequence HAIEPDH in UreH are shown above
the diagrams. (C) SDS-PAGE analysis of UreH expression. Lane M, protein molecular weight standard; lane 1, BL21(DE3)/pRSFDuet-1 cell
lysis supernatant; lane 2, BL21(DE3)/pRSFDuet-ureH cell lysis supernatant; lane 3, purified UreH. (D) Intracellular metal ion contents of
recombinant strains. After induction for 4 or 8 h, strains were washed and lysed, and the soluble extracts were used for the analysis of
metal ion contents by atomic absorption spectrometry.
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eliminating urea from a model rice wine with a pH of 4.5 and an ethanol concentration
of 15%. Additionally, this urease showed enzymatic activity toward EC (Table 1; Fig. 4).

Based on its chemical characterization, the ability of the purified urease to eliminate
urea and EC from rice wine (pH 4.5; 15% ethanol; 50 mg/liter urea; 450 �g/liter EC) was
evaluated (Fig. 5). After digestion with 2 U/ml urease at 37°C for 50 h, approximately
56.4% of the urea was removed by BpUrease (Fe3�). When urease was added to 6 U/ml,
approximately 92% of the urea was removed, suggesting the potential application of
this urease for the degradation of urea in rice wine. In contrast, no hydrolysis of EC was
observed (Fig. 5), which could be ascribed to the low affinity (Km) and catalytic
efficiency (kcat/Km) of this urease toward EC (Table 1; see also Fig. S1 in the supple-
mental material).

DISCUSSION

Although ureases are ancient metalloenzymes, the identification and characteriza-
tion of ureases, and the investigation of their maturation machinery, are still of great
significance because of their special position in the history of biochemistry and their
complicated assembly process (3). In the present study, we identified an iron-
containing acid urease with activities toward urea and EC. The biochemical character-
ization results showed that this urease assimilates only nickel and iron ions during the
formation of its active site. Moreover, our results demonstrate that the accessory

TABLE 1 Kinetic parameters of BpUrease

Substrate and enzyme Sp act (U · mg�1) Km (mM) Vmax (�mol · mg�1 · min�1) kcat (s�1) kcat/Km (s�1 · M�1)

Urethane
BpUrease (Ni2�) 23.1 � 0.4 1,018 � 58 118 � 5 433 � 22 425 � 19
BpUrease (Fe3�) 2.5 � 0.2 958 � 52 15.2 � 1.1 56 � 3 58 � 3.9

Urea
BpUrease (Ni2�) 603 � 13 23.7 � 1.5 769 � 39 2,820 � 135 (1.2 � 0.1)E � 05
BpUrease (Fe3�) 54.6 � 2.1 28.2 � 1.7 73.5 � 5.3 270 � 14 9,557 � 478

FIG 4 Effects of temperature, pH, and ethanol on enzyme activity. (A and B) Effects of temperature on enzyme activity (A) and stability (B). (C and D) Effects
of pH on enzyme activity (C) and stability (D). (E and F) Effects of ethanol on enzyme activity (E) and stability (F).
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protein BpUreH is involved in the transmembrane transportation of nickel and iron ions
for the assembly of active urease.

Recently, Carter et al. investigated and characterized an iron-dependent urease
(UreA2B2) in H. mustelae (31). In contrast to other reported archetypical nickel-
containing ureases, this neutral urease is oxygen labile and Fe2� dependent, and its
maturation does not require the typical accessory proteins. Moreover, the transcription
of ureA2B2 is upregulated by iron and downregulated by nickel (35). Contrary to the
iron-containing urease from H. mustelae, BpUrease identified in this study is an oxygen-
stable, nickel- or iron-dependent acid urease, and it requires accessory proteins for its
maturation, which are similar to those of other nickel ureases. Additionally, a multiple-
sequence alignment of BpUreC with other UreC proteins (nickel or iron containing) (Fig.
1B) showed that all the amino acids involved in nickel binding (His137, His139, Lys220,
His247, His275, and Asp363) and catalysis (His222 and His323) were highly conserved.
This suggests that the compatibility of BpUrease with both nickel and iron ions, in
contrast to the iron dependence of the H. mustelae urease (31), should be ascribed
mainly to the coordinated function of the accessory proteins UreG, UreF, and UreD.

In addition to the structural subunits UreABC, the functions of four accessory
subunits, UreEFGD, especially those from Klebsiella aerogenes, have been well charac-
terized (3, 4, 21). Although a UreH subunit was identified in the ureases from Helico-
bacter species (18), its function has been demonstrated to be consistent with those of
other UreD accessory proteins. Interestingly, only BpUrease and the urease from Bacillus
sp. strain TB-90 (BsUrease) preserve both UreH and UreD (Fig. 1A), although the
function of the UreH subunit is still unclear. In this study, our results confirmed that
BpUreH is involved in the transmembrane transportation of nickel and iron ions for the
assembly of active urease. In fact, BpUrease showed higher specific activity than
PsUrease and contained more nickel ions per heterotrimer (Fig. 2D), which also indi-
rectly demonstrates the contribution of BpUreH to the formation of active sites by
providing more nickel or iron ions than PsUrease, which was expressed in the UreH-
lacking strains. With regard to the elimination of urea from rice wine (27), many ureases
from different species, for instance, Lactobacillus fermentum (28) and L. reuteri (30), have
been purified and evaluated for potential applications. Especially, the acid ureases from
L. fermentum and Arthrobacter mobilis have already been made commercially available.
Although these nickel-dependent acid ureases can efficiently decompose the urea in
alcoholic beverages, the existence of nickel ions always gives rise to a safety concern.
The iron-dependent acid urease identified in this study also exhibits good properties
(Fig. 4 and 5; Table 1) for the degradation of urea in rice wine. Hence, achievement of
its high-level expression with the food-grade Bacillus subtilis expression system (36)
should be an attractive means of promoting practical applications.

FIG 5 Evaluation of urea and urethane degradation by BpUrease (Fe3�) in rice wine The purified
BpUrease (Fe3�) (at a final titer of 2 or 6 U/ml) was added to a wine sample (pH 4.5; 15% [vol/vol]
ethanol), and the reaction system was incubated at 37°C for 2 days.
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In conclusion, an iron-containing, oxygen-stable acid urease from B. paralichenifor-
mis ATCC 9945a was identified and characterized. Analysis of results from the deletion
and overexpression of UreH confirmed that the accessory protein UreH is involved in
the transmembrane transportation of nickel and iron ions for the formation of active
sites. Moreover, this iron-containing acid urease showed good properties for urea
decomposition in rice wine. The present results not only enhance our understanding of
the activation mechanism of urease but also provide an alternative method for elimi-
nating urea in rice wine.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this

study are listed in Table 2, and the primers are listed in Table 3. Escherichia coli strains were grown in
Luria-Bertani (LB) medium supplemented with appropriate antibiotics (50 mg/liter kanamycin) when
necessary and in Terrific Broth (TB) or modified Riesenberg medium (37) supplemented with 2 mM NiSO4

or 2 mM FeCl3 for protein expression. The modified Riesenberg medium contains glycerol at 8.0 g/liter,
(NH4)2HPO4 at 6.0 g/liter, KH2PO4 at 10.5 g/liter, citric acid at 1.7 g/liter, MgSO4 at 1.7 g/liter, thiamine HCl
at 0.005 g/liter, and a trace metal solution at 10 ml/liter (pH 6.5). The trace metal solution contains
ZnSO4·7H2O at 5.25 g/liter, CuSO4·5H2O at 3.0 g/liter, MnSO4·4H2O at 0.5 g/liter, Na2B4O7·10H2O at 0.23

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Description Source

Strains
Bacillus paralicheniformis ATCC 9945a Used for cloning the iron-containing urease CGMCC
Providencia sp. LBBE 918 Used for cloning the nickel-containing urease CCTCC
Escherichia coli Used for plasmid screening and propagation Invitrogen

JM109
BL21(DE3) Used for heterologous protein expression Novagen
BL21(DE3)/pRSFDuet-Bpure-1 BL21(DE3) derivative harboring plasmid pRSFDuet-Bpure-1 This work
BL21(DE3)/pRSFDuet-Bpure-2 BL21(DE3) derivative harboring plasmid pRSFDuet-Bpure-2 This work
BL21(DE3)/pRSFDuet-Bpure-ΔH BL21(DE3) derivative harboring plasmid pRSFDuet-Bpure-ΔH This work
BL21(DE3)/pRSFDuet-ureH BL21(DE3) derivative harboring plasmid pRSFDuet-ureH This work
BL21(DE3)/pRSFDuet-Psure-1 BL21(DE3) derivative harboring plasmid pRSFDuet-Psure-1 This work
BL21(DE3)/pRSFDuet-Psure-2 BL21(DE3) derivative harboring plasmid pRSFDuet-Psure-2 This work

Plasmids
pRSFDuet-1 Kanr; T7 promoter Novagen
pRSFDuet-Bpure-1 Overexpression of BpUrease gene cluster in E. coli This work
pRSFDuet-Bpure-2 Overexpression of BpUrease gene cluster in which a Strep tag was added to

the amino terminus of the C subunit in E. coli
This work

pRSFDuet-Bpure-ΔH Overexpression of BpUrease gene cluster in which ureH was knocked out
from the gene cluster in E. coli

This work

pRSFDuet-ureH Overexpression of ureH in E. coli This work
pRSFDuet-Psure-1 Overexpression of PsUrease gene cluster in E. coli This work
pRSFDuet-Psure-2 Overexpression of PsUrease gene cluster in which a Strep tag was added to

the amino terminus of the C subunit in E. coli
This work

TABLE 3 Primers used in this study

Primer Sequence (5=–3=)
Bpure-F1 ATAAGGAGATATACCATGCAACTATTACCGCGTGAAGTAGAC
Bpure-R1 GCTGGCGTTCAAATTTCTTAAATCCAAAGGTTAAATAAACCCTC
Bpure-F2 CAGTTCGAAAAGAGCTTCAAGATGCCAAGAAAGCAATACG
Bpure-R2 CGGGTGGCTCCACATGATTGGTTCCCCTCTT
Bpure-F3 CTCGAGTCTGGTAAAGAAACCGCTGCTG
Bpure-R3 TTAATATTTTCTTAAAAAACTCGGGGTTTTG
BpureH-F ATAAGGAGATATACCATGTGGAGCCACCCGCAGTTCGAAAAGATGGAAGGTA

CATTATTCTCGGTT
BpureH-R GCTGGCGTTCAAATTTCTTAAATCCAAAGGTTAAATAAACCCTCATT
Psure-F1 ATAAGGAGATATACCATGATGTCTGATTTTTCAGGATCAGGCT
Psure-R1 GCTGGCGTTCAAATTTCTTAACGTCTTAACATGCCTTTATC
Psure-F2 CAGTTCGAAAAGATGAAAACAATCTCTCGTCAAGCGT
Psure-R2 CGGGTGGCTCCACATTATTAATTCTCACTCTCTAATTTACCCATG
pRSFDuet-F GAAATTTGAACGCCAGCACATGGAC
pRSFDuet-R CATGGTATATCTCCTTATTAAAGT
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g/liter, CaCl2 at 2.0 g/liter, and (NH4)6Mo7O2 at 0.1 g/liter (37). All chemicals were of reagent grade and
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Construction of the plasmids and strains. The urease gene clusters from Providencia sp. strain LBBE
(encoding PsUrease; 5.0 kb, containing ureDABCEFG; GenBank accession no. MF099656) and B. parali-
cheniformis 9945A (encoding BpUrease; 5.7 kb, containing ureABCEFGDH; GenBank accession no.
CP005965.1) were amplified with primers Psure-F1 and Psure-R1 and primers Bpure-F1 and Bpure-R1,
respectively (Fig. 1A; Table 3). Then the PCR products were cloned into expression vector pRSFDuet-1
with the ClonExpress II one-step cloning kit (Vazyme, Nanjing, China) to generate pRSFDuet-Psure-1 and
pRSFDuet-Bpure-1. Specifically, pRSFDuet-1 was linearized by primers pRSFDuet-F and pRSFDuet-R. Then
pRSFDuet-Psure-1 and pRSFDuet-Bpure-1 were amplified with primers Psure-F2 and Psure-R2 and primers
Bpure-F2 and ure-R2, respectively, and the PCR fragments were phosphorylated and ligated with a
blunting kination ligation (BKL) kit (TaKaRa, Japan) to yield plasmids pRSFDuet-Psure-2 and pRSFDuet-
Bpure-2. pRSFDuet-Bpure-2 was first amplified using primers Bpure-F3 and Bpure-R3 and then phosphor-
ylated and ligated to construct plasmid pRSFDuet-Bpure-ΔH. Eventually, the recombinant plasmids were
transformed into E. coli BL21(DE3) to construct the recombinant E. coli strains BL21(DE3)/pRSFDuet-
Psure-1, BL21(DE3)/pRSFDuet-Psure-2, BL21(DE3)/pRSFDuet-Bpure-1, BL21(DE3)/pRSFDuet-Bpure-2, and
BL21(DE3)/pRSFDuet-Bpure-ΔH.

The ureH gene from B. paralicheniformis 9945A was amplified with primers BpureH-F and BpureH-R.
After purification, the PCR products were assembled with the linear plasmid pRSFDuet-1 to generate
pRSFDuet-ureH. Then pRSFDuet-ureH was transformed into E. coli BL21(DE3) to generate BL21(DE3)/
pRSFDuet-ureH.

Sequence analysis. Multiple alignments of protein sequences were conducted using the Clustal
Omega program (http://www.ebi.ac.uk/Tools/msa/clustalo/) and Basic Local Alignment Search Tool
programs (http://www.ncbi.nlm.nih.gov/BLAST/). The transmembrane helices in proteins were predicted
by the TMHMM server, version 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). The ESPript 3.0 (38)
Web server (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) was used to predict the secondary struc-
tures of the urease proteins shown in Fig. 1B, using the structure of the iron-containing urease from H.
mustelae as a template (PDB code 3QGA).

Cultivation of recombinant E. coli strains for urease expression. Recombinant E. coli BL21(DE3)/
pRSFDuet-Bpure-2 and BL21(DE3)/pRSFDuet-Psure-2 cells were inoculated into LB medium, supple-
mented separately with 50 mg/liter kanamycin, and incubated overnight at 37°C with shaking at 220
rpm. Then 4% (vol/vol) of the culture, washed three times with sterilized physiological saline, was
transferred into 25 ml of modified Riesenberg medium containing 50 mg/liter kanamycin in 250-ml
Erlenmeyer flasks. At the same time, 1 mM isopropyl �-D-1-thiogalactopyranoside (IPTG) was added to
induce urease expression. Metal ion salts (NiSO4, FeCl3, MnCl2, CuSO4, or CoSO4) at 1 mM were also added
to the medium, and the transformants were grown for 12 h at 30°C and 220 rpm. The cells were
harvested by centrifugation at 10,000 � g for 8 min, washed three times with 50 mM phosphate buffer
(pH 4.5), and resuspended. Then the cell suspension was disrupted by sonicating 99 times for 3-s periods
at 5-s intervals at 70 W. The soluble cell extract that was obtained following centrifugation at 10,000 �
g for 20 min at 4°C was used for urease activity measurements.

Determination of urease activity. Enzyme activity was determined by measuring the rate of
release of ammonia from urea (or EC), as assessed by the formation of indophenol at 625 nm (39).
Briefly, 50 �l of diluted enzyme solution was incubated in citrate phosphate buffer (50 mM; pH 4.5)
containing 350 �l of 500 mM urea (or 340 mM EC) at 37°C for 20 min. Then 200 �l of 10% trichloroacetic
acid was added to terminate the reaction. Subsequently, 200 �l of chromogenic reagent I (15 g phenol
and 0.625 g sodium nitroprusside in 250 ml of ultrapure water) and 200 �l of chromogenic reagent II
(13.125 g NaOH and 7.5 ml NaClO in 250 ml of ultrapure water) (40) were added to the mixture, which
was incubated for another 20 min. Then the absorbance was measured at 625 nm. One unit of enzyme
activity was defined as the amount of enzyme (molar extinction coefficient [�] � 138.8 mM�1 cm�1)
required to hydrolyze 1 �mol urea (or EC) per min at 37°C and pH 4.5 under standard conditions.

Purification of recombinant urease. The recombinant urease was purified using an ÄKTA Explorer
system (GE Healthcare Life Sciences, Piscataway, NJ, USA). The cell extract was applied to a StrepTrap HP
affinity column (GE Healthcare Life Sciences), which had been equilibrated with binding buffer (20 mM
sodium phosphate, 280 mM NaCl, and 6 mM potassium chloride [pH 7.4]). Subsequently, the target
protein was purified by eluting with elution buffer (20 mM sodium phosphate, 280 mM NaCl, 6 mM
potassium chloride, and 2.5 mM desthiobiotin [pH 7.4]). Then the column were regenerated with
regeneration buffer (0.5 M NaOH), before the next purification was started. The eluates were analyzed by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and native PAGE. The protein
concentration was determined by the modified Bradford protein assay kit (Sangon, Shanghai, China).

Characterization of recombinant ureases. The optimal temperature of the recombinant urease was
determined by quantifying its activity after incubation at different temperatures (20 to 80°C). Thermal
stability was investigated by quantifying the residual activity at 37°C after incubation of the purified
enzyme at various temperatures (indicated in Fig. 4B) for 30 min. The optimal pH was determined by
quantifying the activity over a pH range of 3.0 to 8.0 using citrate phosphate buffer (50 mM). pH stability
was investigated by quantifying the residual activity after incubation of the purified enzyme at various
pHs (indicated in Fig. 4D) at 4°C for 6 h. The effect of alcohol on enzyme activity was determined by
measuring the enzyme activity at different alcohol concentrations. Alcohol stability was analyzed by
quantifying the residual activity after incubation of the purified enzyme with different concentrations of
alcohol at 37°C for 2 h. A Lineweaver-Burk plot was used to obtain the kinetic parameters of the
recombinant urease, and the initial rates were determined with substrate concentrations of 2 to 80 mM
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for urea and 100 to 1,800 mM for urethane in citrate phosphate buffer (50 mM; pH 4.5). All the
experiments were performed under standard assay conditions.

Overexpression of UreH and metal ion determination. Recombinant E. coli BL21(DE3)/pRSFDuet-
ureH cells were inoculated into LB medium supplemented with 50 mg/liter kanamycin and were
incubated overnight at 37°C and 220 rpm. Then 1% (vol/vol) of the culture was transferred into 25 ml of
TB medium containing 50 mg/liter kanamycin in 250-ml Erlenmeyer flasks. When the optical density at
600 nm (OD600) reached 0.6, 1 mM IPTG was added to induce UreH expression. Specifically, 1 mM metal
ion salts (NiSO4 or FeCl3) were also added to the medium at the same time. After induction for 4 or 8 h,
the same number of cells was harvested by centrifugation at 10,000 � g for 8 min, washed five times,
and resuspended in 20 ml of 50 mM phosphate buffer (pH 4.5). Then the cell suspension was disrupted
by sonicating 99 times for 3-s periods at 5-s intervals at 70 W. An atomic absorption spectrometer
(Agilent, USA) was used for detecting the nickel and iron concentrations in the soluble cell extracts
(10,000 � g for 20 min at 4°C) and purified protein (1,000 mg/liter).

Elimination of urea and EC from rice wine. To eliminate the urea and EC from rice wine, purified
BpUrease (Fe3�) (at a final concentration of 2 or 6 U/ml) was added to a wine sample (pH 4.5; 15%
[vol/vol] ethanol), and the reaction system was incubated at 37°C for 2 days. Diacetyl monoxime reactions
(41) were used to quantify the residual concentration of urea in the reaction system. The EC concen-
tration was determined by gas chromatography–mass spectrometry as described previously (42).

Accession number(s). The urease gene cluster ureABCEFGDH identified from Providencia sp. LBBE in
this study was deposited in GenBank and assigned accession number MF099656.
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