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ABSTRACT

To fully understand enzymatic dynamics, it is essential to explore the complete conformational space of a biological catalyst. The catalytic mechanism of the nickel-
dependent urease, the most efficient enzyme known, holds significant relevance for medical, pharmaceutical, and agro-environmental applications. A critical aspect
of urease function is the conformational change of a helix-turn-helix motif that covers the active site cavity, known as the mobile flap. This motif has been observed in
either an open or a closed conformation through X-ray crystallography studies and has been proposed to stabilize the coordination of a urea molecule to the essential
dinuclear Ni(II) cluster in the active site, a requisite for subsequent substrate hydrolysis. This study employs cryo-electron microscopy (cryo-EM) to investigate the
transient states within the conformational space of the mobile flap, devoid of the possible constraints of crystallization conditions and solid-state effects. By
comparing two cryo-EM structures of Sporosarcina pasteurii urease, one in its native form and the other inhibited by N-(n-butyl) phosphoric triamide (NBPTO), we
have unprecedently identified an intermediate state between the open and the catalytically efficient closed conformation of the helix-turn-helix motif, suggesting a

role of its tip region in this transition between the two states.

1. Introduction

Urease is a non-redox nickel-enzyme found in plants, algae, fungi,
and various microorganisms. It plays a vital role in the global nitrogen
cycle by catalyzing the hydrolytic decomposition of urea to give
ammonia and carbamate. The resulting pH increase from this reaction is
a primary factor in the adverse effects of urease activity on human and
animal health, as well as agriculture [1]. Several human pathogens
exploit urease as a virulence factor [2] including Helicobacter pylori [3],
Staphylococcus aureus [4], Mycobacterium tuberculosis [5], Cryptococcus
neoformans [6], and Yersinia enterocolitica [7]. Understanding the
enzymatic mechanism of urease is thus crucial for developing effective
drugs against these pathogens.

Current insights into the urease catalytic mechanism are based on a
series of X-ray crystal structures of Sporosarcina pasteurii urease (SPU) in
both native and inhibited states [1e,8]. Urea chelates the dinuclear Ni
(ID) cluster in the active site (Scheme 1) using the carbonyl O atom
[bound to Ni(1)] and one of the two amido N atoms [bound to Ni(2)].
This binding, driven by hydrogen bonds from surrounding protein res-
idues, activates the urea C atom for nucleophilic attack by the p-hydroxo
ligand (OH) bridging the two Ni(II) ions. The protonation of the distal C-
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NH, urea amide group, forming the C-NH3 moiety, which eventually
breaks down to ammonia and carbamate, involves the conserved resi-
dues aCys322 and aHis323 residues, located on a 30-residues helix-turn-
helix motif covering the active site cavity. The role of aHis323 in
catalysis has been debated, but recent density functional theory (DFT)
calculations [9] suggest that the proximity of aHis323 to aCys322 in-
creases the reactivity of the cysteine thiol, indicating that aCys322 and
aHis323 could act as a catalytic dyad that protonates the distal C-NH,
amide through a shared proton.

Regardless of the fine details of the proton transfer steps during
urease catalysis, the critical role of the aCys322-aHis323 dyad empha-
sizes the importance of the conformational space of the helix-turn-helix
motif that supports these residues. This motif has been observed in two
distinct conformations, open or closed, depending on the native or
inhibited state of the enzyme, the source of the enzyme, and the solution
pH, and for this reason is also called mobile flap. The open conformation
has been observed in native SPU, SPU bound to boric acid (a urea sub-
strate analogue) [8c] and other inhibitors [8b,8d,10]. Moreover, an open
flap has been found in SPU inactivated with 1,4-benzoquinone [11],
catechols [12], hydroquinone [13], Ebselen [14], thiuram derivatives
[9], and heavy metal ions such as Ag(I) [15] and Au(I) [16]; these
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Scheme 1. Catalytic mechanism of urease

inactivators force the flap into an open conformation, supporting the
idea that its closure is necessary for catalysis. In the open conformation,
the aCys322-aHis323 dyad is located about 12-13 A far from the
binuclear center. In contrast, structures of SPU bound to the transition
state analogues, such as diamidophosphate (DAP) and mono-amido thio-
phosphate (MATP), show a closed flap conformation [8a,8e,8f,8h],
where the aCys322-aHis323 dyad moves closer to the dinuclear Ni(II)
cluster, reducing the distance to ca. 4-5 A. High-resolution (better than
2.54) X-ray crystal structures of Canavalia ensiformis (jack bean) urease
(JBU) bound to phosphate and native Cajanus cajan (pigeon pea) urease
(PPU) also show an open flap [17]. An exception is Klebsiella aerogenes
urease (KAU), for which all reported X-ray structures show a closed flap
conformation [18], except for a Cys-to-Tyr mutant in which the flap was
modeled in an open conformation justified by the steric hindrance of the
tyrosine aromatic ring [18c].

The conformational variability of the helix-turn-helix motif has been
tentatively explained by two hypothesis: 1) the extended interactions
made by the flap favor flap closure, but side chains and water in the urea
binding pocket destabilize the closed state of the native enzyme [19], or
2) the stabilization of the flap in an open or closed state is influenced by
pH, promoting an open conformation at acidic-to-neutral pH and a closed
conformation at neutral-to-alkaline pH [8f,8h]. The open/closed
conformational change of the helix-turn-helix motif is proposed to gate
substrate and products passage in the open state while stabilizing the
substrate and/or intermediate during catalysis in the closed state [8f,8h].

To determine whether the distinct conformations of the mobile flap
observed in X-ray crystallography studies are due to solid-state packing
within the crystallographic lattice, we explored the conformational
space for this motif in SPU using cryo-electron microscopy (cryo-EM).
This technique allows the observation of all possible protein conformers
in solution. Four urease structures have been determined using cryo-EM:
native Yersinia enterocolitica urease (YEU, 1.2 MDa for a [(afy)3]4 qua-
ternary structure) [20], two ligand-bound Helicobacter pylori urease
forms (HPU, 1.2 MDa for a [(af)3]4 assembly) [21], and the phosphate-
bound form of JBU (ca. 0.5 MDa due to its [(a)g]2 quaternary structure)
[22]. All these structures show the mobile flap in the open conformation.
SPU, with a (apy)s quaternary structure and a mass of approximately

International Journal of Biological Macromolecules 283 (2024) 137904

0.25 MDa, presents a challenge for cryo-EM due to its smaller particle
size.

In this study, we report two cryo-EM structures of SPU: one in its
native state and the other bound to diamidophosphate (DAP), obtained
after incubation with N-(n-butyl) phosphoric triamide (NBPTO) [1e,8].
NBPTO is a potent urease inhibitor belonging to the phosphoramides
class, that operates via a slow-binding mechanism that appears to
involve an initial hydrolytic cleavage of the P-NH-(n-butyl) amide
moiety, catalyzed in situ by urease. This step results in the release of n-
butylamine and DAP. The latter is a tetrahedral moiety that mimics the
transition state formed during the enzymatic urea hydrolysis, and is
trapped in the active site upon binding to the dinuclear cluster of Ni(II)
and effectively blocking the catalytic activity [1e,8]. These structures
provide new insights into the role of the apical portion of the helix-turn-
helix motif in enzyme catalysis.

2. Results and discussion
2.1. Data analysis of cryo-EM data

Single particle cryo-EM was utilized to determine the structures of
both native and NBPTO-inhibited SPU. For both structures, images were
processed through iterative rounds of reference-free two-dimensional
(2D) (Fig. 1A,B) and three-dimensional (3D) classification to select
particles suitable for 3D reconstruction. Despite the three-fold symmetry
of the urease assembly and the tilted image data collection strategy
employed, preferential orientations were observed in the 2D class av-
erages (Fig. 1C,D), a phenomenon also noted in the cryo-EM structure of
YEU [20]. The Coulomb potential density maps for native and NBPTO-
inhibited SPU achieved similar global resolutions of 3.12 A and 2.92
A, respectively (Fig. 1E,F). Local resolution estimates for the two cryo-
EM maps indicate that most protein regions exhibit resolutions equal
to or better than the nominal resolution, while solvent-exposed areas
show greater variability (Fig. 1G,H).

2.2. Cryo-EM structure of native SPU

Consistent with the crystallographic observations, the single-particle
cryo-EM structures of native and NBPTO-inhibited SPU reveal a com-
plete assembly of 0.25 MDa organized into a regular triangle-shaped
trimer with sides measuring approximately 115 A (Fig. 2A). Each
trimer is a T-shaped oligomer of the type (afy), with the a, p, and y
subunits comprising 570, 126, and 100 residues, respectively. The high
quality of both the cryo-EM maps allowed for the complete recon-
struction of the « and y chains (residues 1-570 and 1-100, respectively),
and accurate modeling of residues 5-126 of the § chain. The cryo-EM
maps of both native and NBPTO-inhibited SPU show significantly
lower local resolution in the mobile flap region, making modeling of
residues 311-340 of the o chains more challenging. Model-based local
density sharpening of the cryo-EM maps, performed using LocScale [23],
improved the quality of the map contrasts and allowing for unbiased
interpretation and models reconstruction (Figs. 2B,C and 1-SI). The
Coulomb potential density maps corresponding to residues 1-4 of the
chain of both native and NBPTO-inhibited SPU were not detectable,
indicating significant flexibility in this N-terminal region; these residues
are also absent in all X-ray crystal structures of SPU to date.

The two fully refined structures provide detailed insights into the
overall folding of each polypeptide chain, which largely aligns with
structural features previously inferred from X-ray crystallography
studies [8d,24]. Each a chain forms the larger portion of the T-shaped
long arm of one afy trimer; by interacting with the two « chains from the
other trimers, it forms the disk-shaped core of the full assembly; the a
chain consists of a large (af)g-barrel domain and a C-terminal p-type
domain. Each f chain constitutes the smaller portion of the T-shaped
long arm of one ofy trimer and is located at the vertices of the full as-
sembly; it features a p strand-rich N-terminal region and a C-terminal
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Fig. 1. Cryo-EM reconstructions of native (panels A, C, E, G) and NBPTO-inhibited SPU (panels B, D, F, H). Representative micrographs (A, B) at a defocus of —2.2 pm
for the native and —1.8 pm for the NBPTO-inhibited derivative, with insert of representative 2D classes. Orientation plots (C, D) showing the distribution of ori-
entations for each dataset. Fourier Shell Correlation (FSC) plots (E, F). The resolution is reported at the gold standard FSC value of 0.143. Local resolution coloring of
the reconstructed volume shown as surface representation at four different orientations (G, H). The figures were generated using ChimeraX and contoured at RMSD

= 3.5. Local resolution range scale is shown.

a-helix of approximately 12 residues, with the C-terminal a-helix
forming the extremity of each assembly vertex. Each y subunit, repre-
senting the short arm of each T-shaped ofy trimer, is located on the top
face of the full protein; it facilitates the assembly by interacting with the
parent a chain and symmetry-related y chains; the y subunit is composed
of four N-terminal a helices and two C-terminal antiparallel p strands.
This refined cryo-EM structures expose the intricate organization and
interactions within the SPU trimer, offering a comprehensive view that
complements previous crystallographic data.

2.3. Cryo-EM structure of native SPU

The 3.12-A global resolution of the cryo-EM map of native SPU
enabled detailed visualization of the structural features of the enzyme
active site pocket, including the localization of the dinuclear Ni(II)
metallo-center and a comprehensive description of its coordination
environment (Fig. 2D). Each active site resides in a 20-A deep cleft of the
a chain, positioned at the edge of the parent apy trimer and nestled
between the o chain and a p chain of the adjacent afy trimer in the as-
sembly. The active site contains two Ni(Il) ions, separated by 3.6 [D\, both
coordinated by the bridging carbamylated sidechain of aLys220. Ni(1) is
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Fig. 2. Sporosarcina pasteurii urease. (A) Ribbon representation of the reconstructed triangle-shaped SPU biological assembly: one (afy) T-shaped trimer displays the
o, B, and y chains colored in cornflower blue, green, and red, respectively, while the other two hetero-trimers are shown in shades of gray. (B and C) Region of the
mobile flap for native (B) and NBPTO-inhibited (C) SPU reconstructed after LocScale map sharpening. LocScale maps are shown contoured at 5 RMSD. (D and E)
Active site and Ni(II)-coordination environment of native (D) and NBPTO-inhibited (E) SPU, respectively. A, B, and C were generated using ChimeraX, D and E were

generated using PyMOL.

further coordinated by the sidechains of aHis249 and aHis275, while Ni
(2) is bound to oHis137, aHis139, and aAsp363. A well-ordered hy-
droxide ion, W(B), symmetrically bridges the two Ni(II) ions and was
modeled into the Coulomb potential detectable between them. Addi-
tionally, two proximal solvent molecules (W1 and W2) were successfully
modeled in front of Ni(1) and Ni(2), respectively, making Ni(1) penta-
coordinated in a pseudo-tetragonal pyramidal geometry and Ni(2)
hexacoordinated in a pseudo-octahedral geometry. A fourth distal sol-
vent molecule, typically seen in X-ray crystal structures and completing
a tetrahedral cluster of solvent molecules, was not visible and thus was
not modeled. A full list of distances and angles is provided in Table 1,
where W1, W2, and W(B) are listed as L,, Ly, and Lg, respectively.

The refined cryo-EM structure of native SPU closely matches the
structure determined by X-ray crystallography (PDB code: 4CEU) [8d]

(global RMSD values between their backbone atoms is shown in Table 2-
SI). A more detailed per-residue RMSD analysis reveals that the o, , and
y chains of the two compared structures have largely invariant back-
bones (Fig. 3A). Slightly larger RMSD values are observed in the mobile
flap region (residues 310-340 of the « chain); the cryo-EM reconstructed
model, however, successfully overlaps to that of the X-ray crystal
structure, thus adopting an open conformation. This region also exhibits
the largest Atomic Displacement Parameters (ADPs) (Fig. 2-SI), thus
indicating intrinsic mobility. The obtained cryo-EM structure of native
SPU confirms the viability of this technique for achieving high-quality
information for a protein of this relatively small size.
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Table 1
Selected distances and angles around the Ni(II) ions in the cryo-EM structures of
native and DAP-bound SPU.

Ni - L Distances (A) Native (9GML) DAP-bound (9GNR)

Ni(1) - aLys220* 001 2.0 1.9
Ni(1) - Lg 2.0 2.0
Ni(1) - Ly 2.1 2.0
Ni(1) - aHis249 N§ 2.0 2.0
Ni(1) - aHis275 Ne 2.0 2.0
Ni(2) - aLys220* 062 2.0 2.0
Ni(2) - Lg 2.0 2.1
Ni(2) - Ly 2.2 2.0
Ni(2) - aHis137 Ne 2.0 2.0
Ni(2) - aHis139 Ne 2.0 2.0
Ni(2) - aAsp363 0581 2.0 2.1
Ni(1) eee Ni(2) 3.6 3.5
Lj eee L, 2.3 2.6
L - Ni- L Angles (°)

aLys220* 061 - Ni(1) - oHis249 N& 101.7 105.2
aLys220* 061 - Ni(1) - «His275 Ne 99.8 104.8
aLys220* 061 - Ni(1) - Lg 89.2 94.6
aLys220* 001 - Ni(1) - Ly 108.4 107.3
aHis249 N§ - Ni(1) - aHis275 Ne 98.6 95.3
oHis275 Ne - Ni(1) - Lg 95.8 89.9
Ly - Ni(1) - L, 69.2 78.3
L; - Ni(1) - aHis249 N& 91.4 85.4
oHis249 N§ - Ni(1) - Lg 160.0 177.2
oHis275 Ne - Ni(1) - Ly 147.4 146.5
aLys220* 002 - Ni(2) - aHis137 Ne 84.2 80.9
aLys220* 062 - Ni(2) - aHis139 Ne 96.3 90.6
aLys220* 062 - Ni(2) - Ly 93.7 92.3
aLys220* 002 - Ni(2) - Lg 84.6 94.8
aAsp363 081 - Ni(2) - aHis137 Ne 82.7 95.9
aAsp363 081 - Ni(2) - aHis139 Ne 83.9 82.2
aAsp363 051 - Ni(2) - L (2) 100.5 92.0
aAsp363 081 - Ni(2) - Lg 101.6 93.8
Ly - Ni(2) - Lg 65.0 79.2
Lp - Ni(2) - aHis137 Ne 93.3 92.3
oHis137 Ne- Ni(2) - aHis139 Ne 113.6 107.6
aHis139 Ne- Ni(2) - L (2) 88.1 81.3
aLys220* 062 - Ni(2) - ®Asp363 051 165.8 180.0
Lg - Ni(2) - aHis139 Ne 153.1 160.1
Lo- Ni(2) - aHis137 Ne 158.3 168.7
Ni(1) - Lg - Ni(2) 130.1 119.0

2.4. Cryo-EM structure of inhibited SPU

The 2.92-A cryo-EM structure of NBPTO-inhibited SPU revealed the
architecture of the Ni(Il)-containing active site and the coordination
environment of the two metal ions having strong consistency with the
native enzyme (Fig. 2E), except for a tetrahedron-shaped, large Coulomb
potential density detected near the Ni(II) ions. This density was suc-
cessfully interpreted as a molecule of DAP, resulting from the well-
established enzyme-catalyzed hydrolysis of NBPTO.

The binding pose of DAP to the nickel metallo-center closely matches
that previously reported by X-ray crystal structures of SPU bound to DAP
[8a,8f,8h]. In these structures, the ligand displaces the tetrahedral
cluster of solvent molecules and completes the coordination environ-
ment of the Ni(II) ions by binding through one O atom to Ni(1) and one
N atom to Ni(2) (L; and Ly in Table 1, respectively). The second DAP
oxygen atom (Op) symmetrically bridges the Ni(1) and Ni(2) ions (Lg in
Table 1), while the second N atom points away from the nickel metallo-
center toward the active site cavity opening.

The refined cryo-EM structure of DAP-bound SPU was compared to
the corresponding X-ray crystal structure determined at pH 7.5 (PDB
code: 6RKG) [8f] as well as to the X-ray crystal structure and cryo-EM
structure of native SPU (an analysis of the global RMSD between their
backbone atoms is shown in Table 2-SI). The per-residue RMSD values
indicate that the a, B, and y chains have largely invariant backbones
across all compared structures (Fig. 3B,C), with the exception of the
mobile flap region, which also reflects in higher ADP values (Fig. 2-SI).

An in-depth analysis of the positioning of the helix-turn-helix motif
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with respect to the comparing structures revealed that the overall
orientation of the two o-helices comprising residues 311-320 and
330-340 resembled the open conformation of the flap. However, the tip
region of the first a-helix, corresponding to residues 320-323, unwinds,
resulting in the movement of the aCys322-aHis323 dyad toward the
bimetallic Ni(II)-cluster, as shown by the superimposition of the cryo-
EM structures of native and DAP-inhibited SPU (Fig. 4). The flap
conformation revealed by the cryo-EM structure of the DAP-bound SPU
is unprecedented and indicates the viability of a wider conformational
space for this critical motif.

Overall, the analysis of the cryo-EM maps of both native and the
DAP-inhibited SPU indicates that the achieved resolution enables the
identification of key structural features, such as minor conformational
changes in the helix-turn-helix motif and facilitates comparisons be-
tween structures obtained from cryo-EM and X-ray diffraction data. The
intermediate conformation observed in the cryo-EM structure of urease
indicates a potential pathway for effecting the key movement of the
helix-turn-helix motif, transitioning it from an open state to a catalyti-
cally efficient closed conformation.

The quality of the obtained Coulomb density maps, while generally
high, allowed for the reasonably accurate positioning of small ligands,
such as the bound DAP molecule within the active site. However, it is
important to note that the resolution limitations inherent to cryo-EM,
particularly for smaller molecules, introduce some degree of uncer-
tainty in exactly defining the orientation and interactions of the ligand.
Despite these challenges, the maps still provided sufficient detail to
indicate key binding interactions, which are validated by a comparison
with the higher resolution X-ray structures.

The results from applying cryo-EM to a system like urease, whose
structures have been extensively studied through X-ray crystallography,
highlight the value of using these two techniques in a complementary
fashion. Cryo-EM offers a distinct advantage by being less affected by
solid-state effects compared to crystallography, allowing for a more
accurate representation of the macromolecule in its native solution
state.

This result opens new opportunities for structure-based drug design,
particularly by enabling the identification of an additional transient key
binding site and allosteric region, consequently facilitating the devel-
opment of inhibitors targeting urease, aiding in the rational design of
novel therapeutic compounds. The ability to capture intermediate con-
formations in cryo-EM, demonstrated in this study, offers a valuable tool
for studying the mechanisms of enzymes with similar molecular masses,
providing deeper insights into their catalytic cycles and dynamic
structural changes, which may lead to more effective strategies for
modulating enzymatic activity.

3. Materials and methods
3.1. Sample preparation

Sporosarcina pasteurii urease (SPU) (molecular mass = 250 kDa),
obtained in a pure form from Sporosarcina pasteurii DSM 33 cells [10d],
was used at a final concentration of 2 mg mL ™! in 50 mM HEPES buffer,
at pH 7.5, in the absence or in the presence of 5 mM N-(n-butyl) phos-
phoric triamide (NBPTO). Incubation of SPU in the presence of NBPTO
(dissolved in the same buffer) occurred for three hours at room
temperature.

3.2. Cryo-EM grid preparation, data collection and processing

Cryo-EM grids were prepared by dispensing ~3 pL of each sample on
freshly glow-discharged grids (Quantifoil® R1.2/1.3300 Mesh Cu,
Germany) kept at 100 % humidity and 10 °C, blotted with filter paper for
2 s and quickly plunge-frozen in liquid ethane using a Vitrobot Mark IV
(Thermo Scientific) in order to allow the formation of a thin layer of
amorphous ice containing embedded protein particles.
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Fig. 3. Pairwise root mean square deviation (RMSD) per residue of SPU. The region belonging to the mobile flap is comprised in the 310-340 residue range of the o
subunit. (A) Comparison between the y, p and a chains of the Cryo-EM structure of native SPU and the X-ray crystal structure of native SPU (PDB code: 4CEU). (B)
Comparison between the y, p and a chains of the cryo-EM structure of DAP-bound SPU and the X-ray crystal structure of native SPU (PDB code: 4CEU). (C)
Comparison between the vy, p and « chains of the cryo-EM structure of DAP-bound SPU and the X-ray crystal structure of DAP-bound SPU (PDB code: 6RKG).

Data of native SPU were recorded at the Florence Center for Electron
Nanoscopy (FIoCEN c/o Department of Chemistry “Ugo Schiff”, Uni-
versity of Florence, Italy) using a Glacios microscope (Thermo Scientific)
equipped with X-FEG high-brightness gun at 200 kV. Nominal magni-
fication was set at x150 k for a calibrated pixel size of 0.96 A. The
microscope was equipped with a Falcon 3 camera (Thermo Scientific)
operated in electron counting mode and movies were recorded via the
EPU control software (Thermo Scientific). A total dose of ~30 e /A2 was
spread over 25.58 s of exposure time and 30 frames, resulting in a
calibrated dose of ~1.09 e /pixel/frame. Defocus values were set in a
range between —0.8 pm and — 2.2 pm, with 0.2 pm step. Data were
collected a five different stage tilt-angle (0°, 10°, 20°, 30°, and 40°) for a
total of 3035 movies.

Data of SPU inhibited by NBPTO were recorded at the CMO01 facility
of the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) using a Krios G3i microscope (Thermo Scientific) at 300 kV and
nominal magnification of x165 k for a calibrated pixel size of 0.827 A.
The microscope was equipped with a Gatan K3 direct electron detector
operated in electron counting mode. A total dose of ~30 e /A% was
spread over 3.2 s of exposure time and 32 frames, resulting in a

calibrated dose of 0.68 e /pixel/frame. Defocus values were set in a
range between —0.8 pm and — 2.2 pm, with 0.2 pm step. Data were
collected a two different stage tilt-angles (0° and 30°) for a total of 7785
movies (6444 and 1341 at 0° and 30°, respectively). As for the data
collection on native urease before, this was deemed necessary to harness
all the possible orientations of the SPU particles.

Preprocessing data analysis (patch motion correction, patch Contrast
Transfer Function (CTF), reference-free particle picking, particle
extraction, and two-dimensional (2D) classifications was performed in
cryoSPARC v.4.2.1 [25] using a box size of 256 pixels. The resulting 2D
classes were manually filtered and hence used for template picking.
Movies showing a frame motion <10 pixels, astigmatism <800 A, and a
relative ice thickness between 95 and 105 nm were considered for
further analysis. Aligned micrographs with CTF Thon rings fit estimated
<4 A for native SPU and < 3.2 A for NBPTO-treated SPU were further
selected, resulting in final datasets consisting of 1177 and 3055 micro-
graphs, respectively. A total of ca. 0.8 M and 1.4 M particles for native
SPU and NBPTO-inhibited SPU, respectively, were used as initial parti-
cle stack for iterative 2D classification tasks. The three-dimensional (3D)
Coulomb density maps corresponding to the complete trimeric
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Fig. 4. Superimposition of the mobile flap regions for the native and the DAP-
bound SPU structures colored in forest green and cornflower blue, respectively.

assemblies of urease were obtained by using the non-uniform refinement
routine in cryoSPARC [26] with per particle CTF estimation and aber-
ration correction while imposing a C3 symmetry. After several 3D re-
finements, as well as local refinements following the cryoSPARC
workflow, no further improvements were observed, and the final map
resolutions were estimated in 3.12 A and 2.92 A for the native and the
NBPTO-inhibited SPU, respectively. Estimation of global average reso-
lution (Fourier shell correlation, FSC = 0.143) as well as focused reso-
lution and sharpening were performed using cryoSPARC. The entire set
of processing statistics for both the datasets are given in Table 1-SI.

3.3. Model building and refinement

The structural model of SPU as a (apy)s trimer of trimers was
reconstructed using ChimeraX [27] starting from the X-ray crystal
structural model of SPU inhibited by catechol determined at 1.50 A
[12a] (PDB code: 5G4H), the highest resolution structure available
showing the mobile flap in the open conformation. The PHENIX suite
[28] was used for the subsequent steps. The (apy)s trimer was docked
into cryo-EM density maps using Dock-in-Map routine [28]. The density
maps were sharpened initially using the auto_sharpen routine [29]. The
map symmetry operators were calculated from the sharpened density
maps using the map symmetry routine searching for C3 symmetry iden-
tified with a correlation of symmetry-related regions of 0.97. Subse-
quently, the unique part of the map and of the model was cut-out using
the map_box routine. Iterative rounds of manual model rebuilding and
refinement were conducted using COOT v.0.9.3 [30] and the real spa-
ce refine routine [28], respectively. At a later stage of rebuilding, the
(apy)s trimer was reassembled using ChimeraX [27] to calculate a
sharpened map using LocScale [23] available within the CCPEM suite
[31] and improve maps in the mobile flap region. Default input pa-
rameters were applied to compute both auto_sharpen and LocScale maps.
After complete model reconstruction, structural validation was per-
formed using MolProbity [32] available in the PHENIX package. The
entire set of refinement and validation statistics are given in Table 1-SL.
Figures were prepared using ChimeraX [27] and PyMOL (The PyMOL
Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC). The
cryo-EM maps were deposited in the Electron Microscopy Data Bank
with accession codes EMD-51450 and EMD-51478 for the cryo-EM maps
of native and the DAP-bound SPU, respectively. Atomic model co-
ordinates of the refined structures were deposited in the Protein Data
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Bank with accession numbers 9GML and 9GNR for native SPU and the
DAP-bound SPU, respectively.
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