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Urease, a nickel-dependent metalloenzyme, is synthesized by plants, some
bacteria, and fungi. It catalyzes the hydrolysis of urea into ammonia and
carbon dioxide. Although the amino acid sequences of plant and bacterial
ureases are closely related, some biological activities differ significantly.
Plant ureases but not bacterial ureases possess insecticidal properties
independent of its ureolytic activity. To date, the structural information is
available only for bacterial ureases although the jack bean urease (Canavalia
ensiformis; JBU), the best-studied plant urease, was the first enzyme to be
crystallized in 1926. To better understand the biological properties of plant
ureases including the mechanism of insecticidal activity, we initiated the
structural studies on some of them. Here, we report the crystal structure of
JBU, the first plant urease structure, at 2.05 A resolution. The active-site
architecture of JBU is similar to that of bacterial ureases containing a bi-
nickel center. JBU has a bound phosphate and covalently modified residue
(Cys592) by p-mercaptoethanol at its active site, and the concomitant
binding of multiple inhibitors (phosphate and p-mercaptoethanol) is not
observed so far in bacterial ureases. By correlating the structural
information of JBU with the available biophysical and biochemical data
on insecticidal properties of plant ureases, we hypothesize that the
amphipathic p-hairpin located in the entomotoxic peptide region of plant
ureases might form a membrane insertion B-barrel as found in p-pore-
forming toxins.

© 2010 Elsevier Ltd. All rights reserved.
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Jack bean urease (Canavalia ensiformis; JBU) was
the first enzyme to be crystallized, a feat accom-
plished by James. B. Sumner in 1926," for which he
was awarded Nobel Prize in chemistry in 1946.
Sumner’s work is very important in two aspects.
First, it provided the proof about the proteinaceous
nature of enzymes, and secondly, it demonstrated
that proteins can be crystallized. Although JBU was
the first enzyme to be crystallized, its structure is yet

t This work is dedicated in memory of Professor James B.
Sumner.
*Corresponding author. E-mail address:
pkarthe@hotmail.com.
Abbreviations used: JBU, jack bean urease; BME,
B-mercaptoethanol; DAP, diamidophosphoric acid; PFT,
pore-forming toxin.

to be determined. JBU was also the flI'St enzyme
shown to contain nickel at its active site.”

Like urease, its substrate urea is also of major
historical significance since it was the f1rst organic
compound to be synthesized in 1828.° Urea is a
major nitrogenous waste product of biological
actions. In general, urea is short-lived and rapidly
metabolized by microbial activities. Urease (urea
amidohydrolase EC 3.3.1.5) catalyzes the hydrolysis
of urea to form ammonia and carbamate. The later
compound spontaneously hydrolyzes at physiolo-
gical pH to form carbomc acid and a second mole-
cule of ammonia.*

Urease is produced by bacteria, fungi, yeast, and
plants where it catalyzes the urea degradation to
supply these organisms with a source of nitrogen for
growth.” Ureolytic activity of bacteria such as
Clostridium perfringens, Klebsiella pneumoniae, Proteus

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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mirabilis, Salmonella sp., Staphylococcus saprophyticus,
Ureaplasma urealyticum, and Yersinia enterocolitica
plays an important role in the pathogenesis of
human and animal diseases.®” One of the most fre-
quently studied bacterial urease is that from
Helicobacter pylori since it has been implicated in
peptic ulcers and stomach cancer.® In plants, urease
is widely distributed in leguminous seeds and is
suggested to play an important role in seed
germination.” Plant ureases are also suggested to
participate in seed chemical defense.'’

Ureases are among the few enzymes that require
nickel for activity. It is known that binding of nickel
to urease is very specific and tight and the removal
of metal ions can be achieved only by harsh treat-
ment with denaturants or acids,’'~13 which is not the
case in most other metalloenzymes. In vivo incorpo-
ration of nickel in both bacterial and plant ureases
requires a set of accessory proteins that appear to act
as urease-specific chaperones.'*

Plant and fungal ureases are homo-oligomeric
proteins of 90-kDa identical subunits, while bacterial
ureases are multimers of two- or three-subunit
complexes. The bacterial and plant ureases have
high sequence similarity, suggesting that they have
similar three-dimensional structures and a con-
served catalytic mechanism.*'> Both bacterial and
plant ureases display several biological activities that
are independent of their ureolytic activity.'° For
example, enzymatic activity is not involved in
platelet aggregation and antifungal activities of
plant and microbial ureases.!'”'%20 Similarly, the
lethal activity of canatoxin (an isoform of JBU) in
mice and the insecticidal activity of plant ureases are
independent of ureolytic activity.'®17 It is interesting
to note that, in spite of their closely related amino
acid sequences, the insecticidal activity of ureases
differ significantly among plant and bacterial
ureases.!” The insecticidal properties of plant ureases

(a)

were first described for canatoxin?' and later for

JBU'?* and soybean seed-specific urease.'”

To date, X-ray crystal structures of the native
enzyme, mutants, and inhibitor complexes from
three microbes, Klebsiella aerogenes, Bacillus pasteurii,
and H. pylori, have been determined and analyzed.*
Among the plant ureases, only the crystallization
and preliminary X-ray analysis of JBU were reported
earlier.”* To better understand the biological
properties of plant ureases, we initiated the struc-
tural studies on some of them and crystallized two
ureases from pigeon pea and jack bean.”**’

Follmer!>?? reported that the great heterogeneity,
insolubility, and high polydispersity of JBU>?%27 in
solution were the possible reasons for the failures in
its structure determination by X-ray crystallography.
We were successful in overcoming these shortcom-
ings and have determined the structure of JBU,
83 years after its first crystals were obtained. In this
article, we report the high-resolution structure of JBU,
the first plant urease structure, and its comparison
with the bacterial counterparts and the structural
basis for the insecticidal property of plant ureases.

Structure of JBU monomer

Plant ureases are made up of single-chain poly-
peptide in contrast to bacterial ureases, which consist
of two or three polypeptides designated as «, 3, and vy
(Fig. 1a).>'> Nevertheless, the bacterial ureases
turned out to be homologous to plant ureases. The
amino acid sequence alignment of JBU and bacterial
ureases is shown in Fig. 1b and Fig. S1. JBU (840
residues, 90 kDa) has been crystallized in a hexagonal
space group, P6;22, with one molecule in the
asymmetric unit. JBU forms a hammer or T-shaped
molecule, which is similar to its crystallographically
characterized bacterial counterparts from K. aerogenes
(KAU), B. pasteurii (BPU), and H. pylori (HPU).>*2

Fig. 1. Comparison of JBU and

JBU | 840 aa |
52 % 59 %

HPU | B-238 aa | | a-569 aa |
9 53% 51%

Kau [y-1002a | [B-106 aa | | a - 567 aa |
60 % 44 % 59 %
BPU [y-1002a | [B-1262a | | a- 569 aa

bacterial ureases. (a) Schematic
| comparison of a single structural

(b)

subunit of JBU with two (H. pylori,
HPU) and three [K. aerogenes
(KAU), B. pasteurii (BPU)] subunits

JBU 97 HDPISRENGELQEALFGSLLPVPSLDKFAETKEDNR-IPGEILC 139 4 ;

HPU B97 HTPIEANGKL---=--mmmmmmm-mmmmcem—m—mee VPGELFL p113 of bacterial ureases. With reference
KAU y96  HNE T [ MIPGEYHV B8 to JBU, the percentage identity of
BPU y96 HINE TS MSNNNYIVPGEYRV pl4 sequence of corresponding regions

Y-BP gap region

JBU 236 NLEAAMHAVRSKGFGHEEEKDASEGFTKEDPNCPFNTFIHRKEY 279

of bacterial ureases is indicated
above the box. (b) Partial sequence

HPU B210 SKKIALHRAKERGFHGAKSDDNYVKTIKE...... MKKISRKEY a9 alignment of JBU with HPU, KAU,
KaU p105 DE [ MSNISRQAY a9 and BPU. The highlighted region
BPU plll ELILQRAKELGYKGVE. . ... .vvuvuecnconnns MKINRQQY a8 indicates the gap between y—p and

p-a gap region

p—a domains of bacterial ureases.
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The single-chain JBU monomer consists of four
domains—the N-terminal ap domain (1-134) forms
the handle of the hammer, which is connected to
another o domain (135-285) that forms one end of
the hammer head. The second «aff domain is
connected to a p domain (286401 and 702-761), the
middle region of the hammer head. This region is
followed by a C-terminal (ap)s TIM barrel domain
(402-701 and 762-840), which is the other end of the
hammer head and contains the active site. The
structure of JBU monomer is shown in Fig. 2a.
Structural comparison of JBU monomer with KAU,
BPU, and HPU revealed that the position of the
secondary structural elements remains conserved
and their main chains superimpose with an rmsd of
0.60, 0.70, and 0.76 A, respectively (Fig. 2b).

The major structural difference observed between
JBU and bacterial ureases are at the gap regions
between the vy, B, and «a subunits (Fig. 1a and b) and

B domain
(286-401, 702-761)

(,’T__: ~

1
(aB), TIM barrel
domain

(402-701, 762-840)

Tl

N-term
af domain «
(1-134)

at a loop region that covers the active site. The first
difference is at the region between p and a subunits,
which is truncated in both two- and three-chained
ureases. The sequence comparison of JBU with KAU,
BPU, and HPU revealed that the gap region in
between B and a subunits of bacterial ureases varies
in length (Fig. 1b). In terms of number of residues,
the length of the p—a gap in KAU and BPU are 33 and
20, respectively. In HPU, it is only 6 residues. In JBU,
this insertion (p—o link) corresponds to amino acids
Glu238-Phe270, which consist of an a-helix (233-246)
and a long random-coil structure (247-270).

The second difference is at the gap between y and 3
subunits, which is present only in three-chained
ureases (KAU and BPU). In JBU, this region corre-
sponds to amino acids Arg102-Arg132, which consist
of a short loop (Argl102-Glu105), an o-helix (Leul06-
Leul10), again a loop region (Leull1-Ser120), a 349
helix (Leul21-Lys123), followed by another loop

1. af domain (1-134)
2. ap domain (135-285)

3. B domain (286-401, 702-761)
4. (aB)s TIM barrel domain
(402-701, 762-840)

Fig. 2. Overall structure of JBU monomer, its oligomeric assembly, and comparison with its bacterial counterparts. (a)
The isolation, purification, and crystallization of JBU have been described earlier.”” In brief, JBU was purified from jack
bean meal (Sigma) to a final concentration of 20 mg/mL and crystals were obtained by the hanging-drop vapor-diffusion
method. A 2. 05-A native data set was collected at the XRD1 beamline of Elettra, Italy. Structure solution was achieved by
molecular replacement using homology model of JBU derived from H. pylori urease (Protein Data Bank ID: 1E9Z). The
final model was established after many cycles of manual rebuilding followed by refinement with an R-factor of 18.3% and
an Rpee of 20.1%. Data collection and refinement statistics are given in Table S1. More details are given in the
Supplementary Material. A hammer or T-shaped JBU monomer consists of four domains: the N-terminal af domain
(magenta, handle of the hammer), another o domain (red, one end of the hammer head), a p domain (yellow, the middle
region of the hammer head), and C-terminal (ap)g TIM barrel domain (green, other end of the hammer head). (b) A
backbone superposed structure of JBU (green) with native HPU (orange), native KAU (blue), and native BPU (cyan). The
closer view shows the gap between y and p domains of KAU and BPU. The corresponding region in JBU and HPU is
linked by 31 and 5 residues, respectively. (c) The backbone representation of JBU hexamer. Three monomers are
associated in a triangular fashion generating a planer surface on face of the triangle, whereas the other face has a small
protrusion formed by the N-terminal o domain (1-134). The two trimers pack against one another through their planer
surface and form a functional hexamer. View of the hexamer down the crystallographic 3-fold axis is shown in right. (d)
Schematic representation of the hexamer. Molecules A, B, and C form a trimer with a head-to-tail packing of N-terminal
af domain (135-285) of one molecule with the C-terminal (af3)s TIM barrel domain (402-701 and 762-840) of another
molecule in a cyclic nature.
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region (Phel122-Arg132). Comparing two- and three-
chained ureases in a two-chained urease (HPU), the
single  subunit corresponds to y and p subunits of a
three-chained urease with a connection in between
them. In both JBU and HPU, although the
corresponding regions of the y and p subunits of a
three-chained urease is fused, in HPU a very short
loop links these subunits in comparison to 31 residues
looping out in JBU (Fig. 2b).

The third difference is observed in the helix—turn—
helix motif (Met590-His607) that covers the active-
site cavity. The conformation of this motif in JBU
and its comparison with the corresponding region in
KAU, BPU, and HPU are discussed in detail below.

Apart from these three major structural differences,
there are also some small variations at many loop
regions throughout JBU.

Oligomeric assembly

Previous reports suggest that JBU exists as a
trimer or a hexamer of identical 90- kDa subunits,z’] 1
with each subunit containing two nickel ions.
Similar to JBU, bacterial ureases also form trimer
or hexamer.” Based on gel-filtration chromatogra-
phy and native gel electrophoretic analysis, JBU
used for the present structural analysis was found to
be a hexamer in solution. This is thus consistent with
earlier biochemical characterization.

The crystallographic asymmetric unit contains one
JBU molecule (molecule A) that packs against seven
neighboring symmetry-related molecules (B, C, D,
E, F, G, and H). Molecules A, B, C, D, E, and F
generate the biologically active hexamer, a dimer of
trimers (Fig. 2c and d), while molecules G and H are
components of neighboring two-hexameric assem-
bly. Molecules A, B, and C form one trimer whereas
molecules D, E, and F form another trimer. In a
trimer, the three monomers are associated very
tightly in a triangular arrangement and disposed
around the crystallographic 3-fold axis (Fig. 2c).
Monomer A and its interaction with seven neigh-
boring symmetry-related molecules involve 1667
inter-atomic interactions until 4.0 A, of which 185
correspond to hydrogen bonds and 53.56% solvent-
exposed area buried (Supplemental Table S2). In a
trimer assembly, one face of the trimer has a small
protrusion (Fig. 2c) formed by the N-terminal of
domain (“handle’ of the hammer) of the three mono-
mers that interact with one another. The other face of
the trimer is relatively planer and the two trimers
pack against each other and interact through this
planer surface via nine hydrogen bonds and 213
non-bonded interactions. Approximately 3040 A?
surface area of a trimer is buried at the trimer—trimer
interface and this constitutes about 4.52% of the total
surface area of each trimer. The trimer assembly in
JBU is highly similar to the crystallographic trimers
of KAU, BPU, and HPU as observed from the rmsd
of 0.64, 2.59, and 0.78 A, respectively, upon super-
position of main-chain atoms. Like in KAU, BPU,
and HPU, the formation of trimer in JBU is such that
the N-terminal a3 domain (135-285) of molecule A

packs against the C-terminal (ap)s TIM barrel
domain (402-701 and 762-840) of molecule B and
its ap domain (135-285) packs against the C-
terminal (ap)s TIM barrel domain of molecule C in
a cyclic head-to-tail fashion (Fig. 2d).

In previous mutagenesis experiments on KAU, it
was shown that the conformation and stability of the
molecule are remarkably insensitive to loss of nickel
ions and active-site mutations.?” Similarly, previous
biochemical studies on JBU had shown that the
enzyme exhibits remarkable resistance to denatura-
tion by retaining 50% of its activity even after treat-
ment with 2 M guanidinium chloride and 2.5 uM
ethylenediaminetetraacetic acid at 38 °C for 2 h at
pH 7.6, and 25% remains after treatment with 9 M
urea, pH 9, at 25 °C for 24 h.'! The structural
analysis of JBU here revealed the presence of exten-
sive intermolecular interactions in the hexameric
assembly, which would provide the structure-based
explanation for the abovementioned biochemical
results since these interactions might be the key
contributing factor for the enzyme’s remarkable
stability.

Active-site architecture

The sequence comparison of plant and bacterial
ureases indicates that their catalytic sites displag
highly conserved amino acid residues (Fig. S1)."
The catalytic site of JBU is very similar to that of
bacterial ureases consisting of bi-nickel center with
the nickel ions Nil and Ni2 separated by a distance
of 3.7 A. Residues His519 N*, His545 N, and
Lys490* O°' are liganded to Nil, while the residues
His407 N?, His409 N, Asp633 O°!, and Lys490*
O are liganded to Ni2. Lys490* is carbamylated
and acts as a bridging residue between the two
nickels. The superposition of active-site region of
JBU with native KAU, BPU, and HPU revealed that
the overall architecture is very similar (Fig. 3a).
Hence, we here provide a limited description of the
active site since the features of the bi-nickel center
have been described previously in detail.**'

During the refinement of the structure, the
difference Fourier map unambiguously showed a
tetrahedral-shaped density between the two nickel
atoms, which was assumed to be four water/
hydroxide molecules as found in native BPU and
KAU. However, a positive peak was observed at the
center of the tetrahedral density after assigning four
water molecules. This indicated that the tetrahedral
density could correspond to a phosphate group
since it was already reported that the phosphate is a
weak active-site inhibitor of urease.!!3* In JBU crys-
tallization, a high concentration of phosphate
(1.6 M) was used as a precipitant; moreover, the
position of the tetrahedral density in JBU exactly
matches the position of the phosphate found in the
phosphate-inhibited BPU structure.”> Hence, the
tetrahedral density in JBU was interpreted as phos-
phate and refinement was carried out. Phosphate
moiety forms four coordination bonds with the two
Ni ions. The phosphate oxygen atom O°*
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Fig. 3. Active site of JBU and bacterial ureases. (a) A superposition of the active site of JBU (green), native HPU
(orange, 1E9Z), native KAU (blue, 1IFW]J), and native BPU (cyan, 2UBP). The overall active-site architecture of JBU is very
similar to that of bacterial ureases containing a bi-nickel center. (b) A stereo diagram of closer view of the superposition of
active-site environment and Ni coordination of JBU (green) and phosphate-BPU (red, 1IE7). The active site of JBU
contains two phosphates whereas in phosphate-inhibited BPU, a water molecule (red sphere) occupies the second
phosphate position of JBU. The active-site residues in JBU/HPU/KAU/BPU are as follows: His407/136/134/137,
His409/138/136/139, Lys490/219/217/220, His492/221/219/222, Asp494/223/221/224, His519/248/246/249,
His545/274/272/275, Cys592/321/320/323, His593/322/320/323, Arg609/338/336/339, Asp633/362/360/363, and

Ala636/365/363/366.

symmetrically bridges Nil and Ni2 at a distance of
2.12 and 2.20 A, respectively, and thus replaces the
bridging hydroxide molecule (Wg) present in the
native KAU and BPU structures. The other two
phosphate oxygen atoms such as O and O
interact with Nil and Ni2 at a distance of 2.16 and
2.35 A, respectively. The Nil-bound phosphate
oxygen forms an additional hydrogen bond with
His™? (N“?) at 2.81 A. The fourth phosphate oxygen
O™ (distal) is directed into the active-site channel.
Closer comparison of the active-site regions of JBU
and phosphate-inhibited BPU indicates that the
arrangements of protein ligands around the Ni
ions in both the structures are essentially identical
(Fig. 3b). Selected bond distances and angles
around the bi-nickel center in JBU, KAU, and
BPU are given in Supplemental Table S3.

It is interesting to note that in JBU, a disordered
second tetrahedral density is found in close vicinity
to the active site, which is not present in the
phosphate-inhibited BPU structure. This density is
also interpreted as phosphate, which makes 25
contacts with protein molecule with less than 4 A
including two hydrogen bonds: Arg609 (NH1) to P
(O®) and Arg609 (NH2) to P(O®) at a distance of
2.49 and 3.30 A, respectively. The interesting aspect
of this second phosphate is that its position in JBU
exactly matches with the position of a sulfate in the
native BPU structure,>! where the sulfate interacts
with Arg339 (equivalent to Arg609 of JBU) through
hydrogen bond as observed in JBU.

A previous study shows that phosphate compet-
itively inhibits KAU in the pH range of 5.0-7.0.%
Similar results were obtained for JBU where the
inhibition was found in the pH range of 5.8-7.5
using phosphate buffer at a concentration range of
0.53-123 mM.” In the present study, JBU was
crystallized using ammonium phosphate as a
precipitant in a Tris buffer of pH 8.8 (pH of the
crystallization solution was found to be 8.2), which
is significantly higher than the upper pH limit of the

phosphate buffer used in the inhibition studies.
Despite this, phosphate was found at the active site
of JBU probably because of its high concentration
(1.6 M) in the crystallization solution. However,
both the phosphates in the JBU structure exhibit
only a partial occupancy as observed in the
phosphate-inhibited BPU structure though the latter
structure was crystallized at pH 6.3, which is well
within the phosphate inhibition range.

In bacterial ureases, a mobile flap that covers the
active site was suggested to play an important
structural feature by exhibiting two different
conformations through which the enzyme regu-
lates both access of the substrate to the active site
and the release of the reaction products.’**® The
structural comparison of JBU with bacterial
ureases revealed that the region Met590 to
His607 of the TIM barrel domain form the mobile
flap in JBU. In native KAU and HPU, this mobile
flap adopts a ‘closed” conformation, which is in
contrast to the ‘open’ conformation found in the
native BPU-inhibited, phosphate—inhibited,35 p-
mercaptoethanol (BME)-inhibited,” and acetohy-
droxamic acid-inhibited** BPU. However, the flap
is ‘closed” in diamidophosphoric acid (DAP)-
BPU.?" In JBU, the flap exhibits ‘open’ conforma-
tion (Fig. 4a). Site-directed mutagenesis and
chemical modification experiments indicate that
in bacterial ureases, this flap contains two key
residues (His320 and Cys319 of KAU; His323 and
Cys322 of BPU), which help in changing the flap
conformation and in controlling the accessibility of
the active site.*’ The ‘closed’ conformation of the
flap seen in the DAP-BPU was changed to an
‘open’ conformation in the native BPU structure.’!
As a result of this ‘closed” to ‘open’ flap
movement, the residue His323 (His320 in KAU)
located in the flap was displaced 5 A (Fig. 4a), and
in the ‘open’ flap structure, a sulfate molecule
occupies where the imidazole ring of the His323
was previously positioned blocking the entry of
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Ni2®

Fig. 4. Conformation of the active-site mobile flap and BME-modified Cys592* in JBU and bacterial ureases. (a)
Overlay of residues Met590 to His607 of JBU (green), native KAU (blue, a317-334), native BPU (cyan, «320-337), native
HPU (orange, «319-336), phosphate-BPU (red), BME-BPU (gray, 1UBP), and DAP-BPU (magenta, 3UBP). In JBU, native
BPU, phosphate-BPU, and BME-BPU, the flap adopts similar conformation (open conformation), which is in contrast to
the closed conformation seen in the native KAU, native HPU, and DAP-BPU structures. (b) Orientation of the carbonyl
oxygen of Ala636 and BME-modified Cys592* in JBU (green). The corresponding residues in BME-BPU (gray) and
phosphate-BPU (red) are also shown. In BME-BPU, the a-hydroxyl group of Cys322 forms a hydrogen bond with the
carbonyl oxygen of Ala366 (gray dotted lines), which is not observed in JBU and phosphate-BPU. In JBU, Cys592* adopts
double conformation (*” indicates covalent modification of Cys592).

the active-site cleft. In the present JBU structure
and in the phosphate-inhibited BPU, this sulfate is
replaced by a phosphate (second phosphate) and a
water molecule, respectively (Fig. 3b).

The other critical residue Cys319 (Cys322 in BPU,
Cys592 in JBU) located on the mobile flap is highly
conserved in many ureases (Fig. S1)."”> Moreover,
Cys319 was found to be involved in many reactions
that result in enzyme inhibition.** In JBU, it was
demonstrated that chemical modification of all the
cysteine residues impairs the activity.*> In the
present structure, three cysteines have undergone
covalent modification by BME to Cys-S-S-CH2-
CH2-OH. Although JBU contains 36 cysteines, only
3 of them (Cys59, Cys207, and Cys592) were
modified by BME, which is present in the purifica-
tion buffer at a concentration of 5 mM. In BME-
inhibited BPU structure, two BME molecules were
found, one at the active site coordinating with nickel
ions and the second molecule was involved in a
mixed disulfide bond with Cys322 as observed in
JBU.** Comparison of the environment around
Cys322 of BPU and its corresponding residue
Cys592 of JBU revealed that in the former, the
BME molecule attached to Cys322 is further in-
volved in a hydrogen bond between its a-hydroxyl
group and the carbonyl oxygen atom of Ala366,
located on a neighboring loop. This interaction
reduces the flexibility of the mobile flap and also
restricts the accessibility of the active site. It is
interesting to note that in JBU, although BME is
involved in mixed disulfide bond with Cys592, its a-
hydroxyl group does not form a hydrogen bond
with carbonyl oxygen atom of Ala636 (equivalent of
Ala366 of BPU) since the orientation of the carbonyl
oxygen is different in comparison with its orienta-
tion in BPU (Fig. 4b). Furthermore, in JBU, the BME-
modified Cys592 exhibits two different conforma-
tions, which is not observed in BPU.

In JBU, it was shown that the enzyme slowly loses
its activity upon storage in the presence of BME and
oxygen due to the formation of a mixed disulfide
bond involving Cys592 and BME. In the same study,
further it was demonstrated that the enzymatic
activity can be restored by treatment of inactive
urease with excess dithiothreitol, sulfite, or BME.**
In the present structure, Cys592 is covalently
modified by BME, which suggests that the enzyme
is inactive. However, with excess dithiothreitol,
sulfite, or BME, the reactivation of the enzyme is
unlikely in the present structure since the active site
contains one more inhibitor, which is phosphate.

Mechanism of urease activity

The mechanism of urease has been the subject of
debate since the early 1920s.*> From biochemical
studies, crystal structures of native, site-directed
variants, and inhibitor complexes of bacterial
ureases of K. aerogenes and B. pasteurii, two mechan-
isms have been proposed.®’3! In the enzymatic
mechanism proposed based on the crystal structure
of K. aerogenes enzyme, urea binds with its carbonyl
oxygen bound to Nil and retaining a water molecule
in the Ni2 site. Consequently, the active-site flap
closes and the Ni2-bound hydroxide acts as a
nucleophile and attacks the carbonyl carbon atom
of the urea molecule, which is polarized by coor-
dination to Nil. The reaction proceeds through a
tetrahedral intermediate that releases ammonia with
His320 acting as a general acid.* In the other
mechanism proposed by Benini et al.*" for B. pasteurii
enzyme, urea binds in a bidentate manner with its
carbonyl oxygen bound to Nil and one of the amino
group bound to Ni2, thus replacing three water
moieties, leaving only the bridging hydroxide. This
hydroxide attacks urea to give the tetrahedral tran-
sition state leading to formation of ammonia and
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carbamate. However, the precise steps in catalysis
remain unclear.

At the residue level, the active-site architecture of
JBU matches very well with the corresponding
region of phosphate-inhibited BPU (Fig. 3b), but
the JBU active site is unique in a way that it has also
features of native and BME-inhibited BPU. In the
structure of phosphate-BPU complex, a water mole-
cule positioned between distal oxygen of phosphate
and Arg339 was suggested to play a role in cata-
lysis.3> This water molecule is not found in the JBU
structure as observed in native BPU. In JBU, the water
molecule is replaced by phosphate (second phos-
phate), and in native BPU, it was sulfate. However, in
BME-BPU and acetohydroxamic acid-BPU, a simi-
larly positioned water molecule was observed. In the
BME-BPU structure, the residue Ala366 makes a
hydrogen bond with o-hydroxyl group of BME
molecule, which forms a mixed disulfide bond with
Cys322. This hydrogen bond is not observed in either
JBU or phosphate-BPU, although in JBU, Cys592
forms a mixed disulfide bond.

Proposed mechanism for insecticidal property

The plant ureases from soybean and jack bean (JBU
and canatoxin) are shown to have insecticidal activity
in insects with cathepsin B-based (cysteine protease)
and cathepsin D-based (aspartyl protease) digestive
system. In contrast, no effect was seen in insects
relaying on trypsin-like digestive enzymes. 47 Inte-
restingly, no change in the insecticidal effects of the
jack bean and soybean ureases was observed after
treatment of the enzymes with an irreversible
inhibitor of ureolytic activity, indicating that insecti-
cidal and ureolytic activities are unrelated.'” Tt was
shown that in canatoxin, its entomotoxic effect relies
on an internal 10-kDa peptide (termed pepcanatox),
released by hydrolysis of canatoxin by cathepsins in
the digestive system of susceptible insects. Further-
more, a 13-kDa recombinant peptide called jabur-
etox-2Ec, analog to pepcanatox, was cloned i in E. coli
and was found to have insecticidal activity.** Con-
trasting with plant ureases, insecticidal act1v1ty was
not seen in bacterial (B. pasteurii) urease'” and it was
postulated that the entomotoxic peptide released
from canatoxin by insect cathepsins is absent in
microbial ureases because the subunit structure is
made up of two or three chains'” and it is likely that
the linker peptide that connects the different chains
possess the insecticidal activity.

In fact, mapping the 10-kDa region, homologous
to jaburetox-2Ec, in bacterial ureases corresponds to
a region that includes the gap between the C-
terminus of the B-chain and the N-terminus of the a-
chain.*® The sequence alignment of jaburetox-2Ec
and its corresponding region in various plant and
bacterial ureases is shown in Fig. 5a. This 10-kDa
region in JBU structure (Gly230-Val320) consists of
an a-helix, a long loop, another short helix, and a 3-
hairpin motif (Fig. 5b). A previous study of ab initio
modeling of 10 kDa entomotoxic peptide predicts a
B-hairpin motif within the peptide near its C-

terminus and it was suggested that this motif may
be responsible for the toxicity of jaburetox-2Ec by
playing a role in either formmg ion channel inhibi-
tion or pore formation.*® This suggestion was made
based on the observation that the p-hairpin motif of
jaburetox-2Ec is structurally highly similar to ion
channel inhibitors such as a-like neurotoxin BMK
M1, B-neurotoxin, and BMKK4 and pore/channel-
forming antimicrobial peptides such as protegrin-1,
tachyplesin-1 and polyphemusin PV5.4 The mem-
brane-disruptive peptides can be grouped into three
types: a-helix, p-sheet, and B-hairpin or loop.”""!
The most prominent characteristic of these peptides
is that they are largely amphipathic, with large
portion of hydrophobic residues and positively
charges residues.>? This amphipathicity of the pep-
tides allows them to partition into the membrane
lipid bilayer.”® The sequence comparison of various
plant ureases revealed that the putative membrane-
disruptive p-hairpin motif located in the 10-kDa
entomotoxic peptide region is highly conserved and
exhibits amphipathic character (Fig. 5a and b).

Pore-forming toxins (PFTs) are widely distributed
membrane-damaging toxins and they insert either
amphipathic o-helix or R-hairpin to produce well-
defmed pores in the plasma membrane of attacked
cells.>* A subgroup of PFTs known as R-PFTs is
predicted to form -barrels that insert into membranes
to make pores. In B-PFTs the individual B-hairpin
from one monomer pairs up with the neighboring -
hairpins of the other monomers and generates a -
barrel structure that spans the membrane.”

In a recent study, it has been shown that jaburetox-
2Ec forms aggregates when exposed to pH 5.5, which
is close to the pH conditions within the insect midgut
where the peptide is formed and exerts its in vivo
effects.”® Furthermore, jaburetox-2Ec was recently
proven to possess membrane-disruptive ability on
acidic lipid bilayers and also form aggregates.*’

At present, there is no evidence for the oligome-
rization of jaburetox-2Ec being necessary for expres-
sion for its entomotoxic effect. However, in the light
of the abovementioned points, we hypothesize that
the amphipathic p-hairpin located in the C-terminal
region of 10 kDa entomotoxic peptide of plant
ureases might form a membrane insertion B-barrel
as found in p-PFTs. It is interesting to note that this
B-hairpin motif and most of the N-terminal part of
the R-hairpin motif are present in bacterial ureases
also. However, in bacterial ureases, the p-hairpin
motif is contributed by the a-chain and its N-
terminal part is from the R-chain; hence, the 10-kDa
region is not intact and is made up of two chains
(Fig. 5a). Although the precise mechanism is not
known, it is likely that the N-terminal part of the B-
hairpin motif is required for the stability of the
putative transmembrane p-barrel and since, in
bacterial ureases, this region is not attached to the
B-hairpin motif, the stability of the R-barrel may be
compromised, which may be the reason for bacterial
urease (B. pasteurii) not being lethal to insects.

JBU has been extensively studied in many
applications in medical, agricultural, and industrial
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Fig. 5. Sequence comparison and the structure of the 10-kDa entomotoxic peptide region of JBU. (a) Sequence
alignment of the 10-kDa entomotoxic peptide region of JBU and its corresponding region in various plant and bacterial
ureases. The sequences are from Jaburetox-2Ec (JAB), C. ensiformis (JBU), Glycine max embryo-specific (SBU), Arabidopsis
thaliana (ATU), Solanum tuberosum (STU), Oryza sativa (OSU), and bacterial ureases H. pylori (HPU), K. aerogenes (KAU),
and B. pasteurii (BPU). The amphipathic p-hairpin region is indicated by yellow highlight. The gap between p and «
chains of bacterial ureases is indicated by gray highlight. GenBank accession numbers of the sequences are given in the

Supplementary Material. (b) Folding of the

10-kDa entomotoxic peptide region of JBU (Gly230-Val320, green)

superposed with the corresponding region of native KAU (blue), native BPU (red), and native HPU (orange). In JBU, the
insert corresponding to the gap between p and « chains of bacterial ureases is indicated as a linker peptide. The right
panel shows residue-level detail of the amphipathic -hairpin of JBU.

fields.”” In agriculture, insect pests are a major
cause of damage to the world’s commercially
important crops. Transgenic crops with intrinsic
pest resistance offer a promising alternative for
chemical pesticides to tackle the crop losses.”® Since
plant ureases exhibit insecticidal property, know-
ing their three-dimensional structure and the
structural basis of the mode of action of its
endomotoxic peptide could effectively be used for
the development of insect-resistant transgenic
plants. From the industrial point of view, a huge
number of research papers have been published in
the last four decades in JBU immobilization
studies. JBU’s structural integrity and significant
resistance to chemical and thermal deactivation
have been exploited extensively for immobilization
studies. In this context, the present study reveals
the quaternary structural details of JBU for the first
time, which can be used by experimentalists and
modelers to design better carriers for enzyme
immobilization.

Protein Data Bank accession nhumbers
The atomic coordinates and structure factors have

been deposited in the Protein Data Bank under
accession number 3LA4.
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