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ARTICLE INFO ABSTRACT

Keywords: This paper reports on the molecular details of the reactivity of urease, a nickel-dependent enzyme that catalyses
Urease the last step of organic nitrogen mineralization, with thiuram disulphides, a class of molecules known to inac-
Nickel

tivate the enzyme with high efficacy but for which the mechanism of action had not been yet established. ICsq
values of tetramethylthiuram disulphide (TMTD or Thiram) and tetraethylthiuram disulphide (TETD or Disul-
firam) in the low micromolar range were determined for plant and bacterial ureases. The X-ray crystal structure
of Sporosarcina pasteurii urease inactivated by Thiram, determined at 1.68 A resolution, revealed the presence of
a covalent modification of the catalytically essential cysteine residue. This is located on the flexible flap that
modulates the size of the active site channel and cavity. Formation of a Cys-S-S-C(S)-N(CH3), functionality
responsible for enzyme inactivation was observed. Quantum-mechanical calculations carried out to rationalise
the large reactivity of the active site cysteine support the view that a conserved histidine residue, adjacent to the
cysteine in the active site flap, modulates the charge and electron density along the thiol S—H bond by shifting
electrons towards the sulphur atom and rendering the thiol proton more reactive. We speculate that this proton
could be transferred to the nickel-coordinated urea amide group to yield a molecule of ammonia from the
generated Cyre,-NH3 functionality during catalysis.

Thiuram disulphides

Protein X-ray crystallography
Enzyme inactivation

Quantum mechanical calculations

1. Introduction much as 50% of nitrogen fertilizer applied to soil is not used by crops, a

phenomenon that represents a significant economic and environmental

The modulation of the enzymatic activity of urease (urea amidohy-
drolase, EC 3.5.1.5), a nickel-dependent hydrolase that catalyses the
breakdown of urea in the last step of organic nitrogen (N) mineralization
[1,2], is a crucial goal for agro-environmental sustainability [3-5] and
human health [6,7]. The hydrolysis of urea by urease, the most efficient
enzyme known [8], causes an increase in the pH of the medium, which
in turn is the principal cause of the impact of this process for the release
of ammonia in the atmosphere following fertilization of agricultural
soils with urea, the most widely used source of nitrogen for crop plants
worldwide [9]. Because of this process, it has been estimated that as

cost. Ammonia is a greenhouse gas [10] and further contributes to the
formation of particulate matter upon combination with nitrogen and
sulphur oxides released upon burning of natural gas and oil in industrial
and urban settings [11]. Clearly, there is the need to improve N man-
agement to make nitrogen fertilization and crop productivity sustain-
able [12,13] through the development of efficient urease inhibitors
[14].

In addition to the impact of urease in the agro-environmental sector,
urease activity of human bacterial and fungal pathogens is used to
colonize the host taking advantage of the pH increase in the infected
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AMO, ammonia monooxygenase; JBU, jack bean (Canavalia ensiformis) urease; SPU, Sporosarcina pasteurii urease; HEPES, (4-(2-hydroxyethyl)-1-piper-
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milieu [15-17]. Helicobacter pylori [18-23], Staphylococcus aureus [24],
Mycobacterium tuberculosis [25-27], as well as Proteus mirabilis, Staphy-
lococcus saprophyticus as well as a few strains of Escherichia coli [28]
represent the best-known example of these kind of pathogens. Owing to
their crucial role in bacterial survival, ureases have thus become
important therapeutic targets for the treatment of diseases caused by
urease-dependent pathogenic microorganisms. The World Health Or-
ganization has provided a priority list of bacterial [29] and fungal [30]
pathogens, the large majority of which use urease activity as a virulence
factor.

The development of molecules able to modulate urease activity is a
crucial goal for both ecology, agriculture, and public health. Recently,
three molecules of the thiuram disulphides family, namely tetrame-
thylthiuram disulphide (TMTD, also known as Thiram), tetraethylth-
iuram disulphide (TETD, also known as Disulfiram), and
tetraisopropylthiuram disulphide (TIPTD) have been reported to reduce
urease activity with high efficacy (Scheme 1) [31]. In particular, the
activity of jack bean (Canavalia ensiformis) urease (JBU), an ag hexamer,
was observed to decrease by ca. 90% and 80% at pH 7.5 upon one-hour
incubation of the enzyme with 50 pM of TMTD and TETD, respectively,
while TIPTD was significantly less efficient with only 60% activity
reduction. The three molecules also drastically decreased the activity of
ammonia monooxygenase (AMO) in a culture of Nitrosomonas europaea,
suggesting their use as potential enhancers of soil nitrogen fertilization
that would concomitantly target the two most critical enzymes for the
sustainable use of urea as organic fertilizer, namely urease and AMO
[31]. However, the fact that Disulfiram has been used as a drug for the
treatment of chronic alcoholism [32], and has been studied as a possible
treatment for cancer [33] suggests its use also for the treatment of
infection by antibiotic-resistant ureolytic bacteria [34]. Recently, the
use of Disulfiram has been also associated with a lower risk of COVID-19
infection [35].

While a report was published of Disulfiram inhibiting Citrullus
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Table 1

X-ray diffraction data collection, processing, and refinement statistics.
Data collection 8Q2E
Wavelength A) 0.9797
Detector PILATUS
Crystal-to-Detector distance (mm) 268.09
Oscillation angle (degrees) 0.100
Number of images 1800
Space group P6322
Unit cell (q, b, ¢, A) 131.5, 131.5, 189.0
Resolution range A)* 1.68-113.89

(1.68-1.71)

Total number of reflections®
Unique reflections”

2,162,471 (109077)
109,674 (5354)

Multiplicity” 19.7 (20.4)
Completeness” (%) 100.0 (100.0)
Ry m“ b (%) 13.6 (240.2)

Rpim ™ (%) 4.4 (77.6)
Mean I half-set correlation CC(1/2)" 0.999 (0.738)
Mean I/6(I)" 18.9 (1.6)
Number of monomers in the asymmetric unit 3
Reactor (%) 14.0
Rerec” (%) 16.4
Cruickshank's DPI for coordinate error® based on Reactor 0.073

@)
Wilson plot B-factor (A%) 21.3
Average all atom B-factor' (A%) 29.2
B-factor' for the Ni atoms (A%) 25.2, 24.0
RMS (bonds)* 0.013
RMS (angles)” 1.814
Total number of atoms 7024
Total number of water molecules 554
Solvent content (%) 54.87
Matthews coefficient (A%/Da) 2.72
Favoured regions (%)® 90.5
Additional allowed regions (%)® 8.4
Generously allowed regions (%)° 0.9
Disallowed regions (%)° 0.2

@ Highest resolution bin in parentheses.
b
Rym = thszUhkl,j -

(Tnka) | / thlzjlhkl j Where Iy is the intensity of a hkl

reflection, and (I) is the mean intensity of all symmetry related reflections j;

/1 . .
¢ prm = Ehkl ﬁz;lzl ‘Ihklj — (Ihkl> ‘/thleIhkl,j where Ihkl,j is the in-

tensity of a hkl reflection, and (Ijx) is the mean intensity of all symmetry related

reflections j, and N is the multiplicity [70];

4 Taken from REFMAC [46]; Reee is calculated using 5% of the total reflections
that were randomly selected and excluded from refinement;

Natoms

° DPI =R Dinx » compl ™ [——0oms
factor ® Umax ® COMP ( Nreﬂ — Nparmns )

, where Ngoms is the number

of the atoms included in the refinement, N is the number of the reflections
included in the refinement, D4, is the maximum resolution of reflections
included in the refinement, compl is the completeness of the observed data, and

for isotropic refinement, Npgrams = 4Natoms [711;
f Taken from BAVERAGE [70];
& Taken from PROCHECK [70].

vulgaris urease via a non-competitive mechanism [36], the general
chemical mechanism by which thiuram disulphides affect the activity of
urease has not been elucidated, and this is the focus of the present study.
Here, we report the measured ICsy values of the two most efficient
thiurams derivatives, TMTD and TETD, for JBU and Sporosarcina pas-
teurii urease (SPU, an (afy)s trimer of heterotrimers). In all cases, ICsq
falls in the low pM range, confirming the high efficacy of thiuram
disulphides in decreasing urease activity. The molecular details of the
chemical modifications occurring on SPU as a result of its exposure to
TMTD were characterized using X-ray crystallography. The refined
crystal structure, determined at 1.68 .7\, reveals the selective formation
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Fig. 1. Dose-response semi-log plot for the residual activity of JBU (A and B) and SPU (C and D) as a function of thiuram disulphide compounds concentration.
Experimental data and corresponding non-linear data fitting are shown as dots and lines, respectively. ICsq values for each thiuram disulphide compound tested are

also reported.
of a (nys322-S-S-C(S)-NMe2 derivative responsible for the irreversible
inactivation of the enzyme (Scheme 1). Finally, a rationalization for the
differential reactivity of the three different cysteine residues in SPU, also
previously observed in multiple cases of urease inactivators, was pro-
vided by quantum mechanical calculations that indicated how the
presence of oHis®?3, immediately adjacent to the reactive aCys 22,
confers a higher acidity to the thiol group, rendering it more reactive.

2. Materials and methods
2.1. Reagents and enzyme preparation

Tetramethylthiuram disulphide (TMTD), tetraethylthiuram disul-
phide (TETD), and tetraisopropylthiuram disulphide (TIPTD) were
purchased from Merck (Milan, Italy). SPU (molar mass = 250 kDa) was
purified from Sporosarcina pasteurii DSM 33 bacterial cells as previously
reported [37]. The active protein was concentrated up to 11 mg mL™?
and stored at +4 °C in 50 mM HEPES buffer, 150 mM NaCl, 50 mM
NaySOs and 2 mM EDTA, at pH 7.5. JBU (molar mass = 550 kDa) type C-
3, powder (> 600,000 units/g) was purchased from Merck (Milan, Italy),
dissolved at a final concentration of 50 pg mL ™! of active protein in 20

mM HEPES bulffer, at pH 7.5, and stored at —80 °C as stock aliquots.
Activity quantification of both the enzymes was carried out using the
pH-STAT method [38,39] by considering specific activities of 2.5 and
3.5 U pg~?! for SPU and JBU, respectively [40].

2.2. ICsp measurements

Stock solutions of 10 mM TMTD and TETD were prepared in pure
DMSO and used to obtain ten 100-pL serial dilutions in the 5 pM - 10
mM range, using the same solvent. Subsequently, 900 pL of CR buffer
(30 mg L™! of cresol red dissolved in 2 mM HEPES buffer, at pH 7.5, also
including 2 mM EDTA), containing 0.5 pg mL ™! of active JBU or SPU,
was added to each previously prepared thiuram disulphide aliquot, thus
obtaining incubation mixtures of enzyme and inhibitor in the 0.5 pM - 1
mM range in CR buffer, and 10% DMSO. After a one-hour incubation,
aimed at reaching the equilibrium between the enzyme and each
thiuram disulphide, the enzymatic reaction was started by the addition
of 12.5 pL of a 8 M urea solution, reaching a final concentration of 100
mM. A spectrophotometric assay, performed using an Agilent Cary 60
UV — Vis spectrophotometer, was carried out by following the change in
absorbance at 573 nm due to the pH-dependent change in the colour of
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Fig. 2. Ribbon scheme of native SPU; chain a, p, and y of each trimer is coloured cornflower blue, dark red, and gold, respectively. The Ni(II) ions in the active sites of
each trimer are shown as green spheres, while the mobile flap regions covering the active site cavities (residues 310-340 of each a chain) are coloured dark blue.
Figure made with UCSF Chimera 1.15 [72]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

cresol red, and monitored over time. The experiments were conducted in
triplicates for each concentration of TMTD or TETD. The initial reaction
rate (v;) was calculated as the slope of the linear portion of the absor-
bance vs. time curve. The resulting values for each set of samples were
averaged, normalized with respect to the initial reaction rate in the
absence of either thiuram disulphide (vy), and the obtained percentage
residual activity values were plotted as a function of the inhibitor con-
centration on a semi-log graph. The inhibitor concentration values
leading to a 50% inactivation of the enzyme (ICsp) were then estimated
by fitting the resulting data with the canonical dose — response curve for
the calculation of the ICsg values in the Prism v. 8.4.3 software.

2.3. Crystallization, data collection and structural determination

A 11 mg mL™! aliquot of SPU was buffer-exchanged, through suc-
cessive dilution — concentration cycles using Amicon Ultra centrifugal
filter units - MWCO 10 KDa (Merck), in 50 mM HEPES buffer, 150 mM
NaCl, and 2 mM EDTA, at pH 7.5, to decrease NasSO3 concentration
down to ca. 20 pM. A clear stock solution of 17 mM TMTD was prepared
in pure DMSO and added 1:10 (v/v) to the buffer-exchanged SPU solu-
tion, thus obtaining an incubation mixture of 10 mg mL™! SPU (40 pM
(apy)s trimer of heterotrimers, 120 uM (afy) biological unit) and 1.7 mM

TMTD in the crystallization buffer, also containing 10% (v/v) DMSO.
After ca. three hours of incubation, during which the enzyme activity
was abolished (checked using a colorimetric assay based on cresol red),
the mixture was used to set up crystallization trials by mixing 1.5 pL of
the SPU-TMTD solution with an equal volume of precipitant (1.6-2.1 M
(NH4)2S04 dissolved in 50 mM sodium citrate buffer, at pH 6.3) and
equilibrating the resulting crystallization drops through vapor diffusion
(hanging-drop method) at 293 K against 1 mL of the precipitant solution
in 24-well XRL plates (Molecular Dimensions, Suffolk, U.K.). Since
TMTD was absent in the precipitant solution, crystallization occurred in
the presence of 0.85 mM ligand. Rice-shaped protein crystals (0.05 x
0.05 x 0.1 mm®) grew at a concentration of 2.0 (NH4)2SO4 after two
weeks. Crystals were scooped up using LithoLoops cryoloops (Molecular
Dimensions, Suffolk, U.K.), transferred to a cryoprotectant solution
containing 50 mM citrate buffer at pH 6.3 containing 2.4 M (NH4)2SO4,
and 20% (v/v) ethylene glycol, and then flash-cooled and stored in
liquid nitrogen. Crystallization trials of SPU in the presence of TETD
were also set up using the same experimental protocol, but no crystals
were obtained.

Diffraction data were collected at 100 K using synchrotron X-ray
radiation at the EMBL P13 beamline of the Petra III storage ring, c¢/o
DESY, Hamburg (Germany) [41]. Helical data collection was performed
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Fig. 3. Crystallographic structural model for the active site obtained for the thiram-inhibited SPU. The carbon, nitrogen, oxygen, sulphur and nickel atoms are grey,
blue, red, yellow and green, respectively. Putative H-bonds are shown as blue lines. Spheres are drawn using the relative atomic radii values in CrystalMaker v.
10.7.2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to achieve higher data quality by minimizing protein crystal radiation
damage. Data processing and reduction were carried out using XDS [42]
and AIMLESS [43,44]. The X-ray crystal structure of SPU bound to
catechol (PDBid 5G4H, 1.50 A resolution) [45], devoid of solvent mol-
ecules and ligands, and after coordinates randomization, was used as a
starting model to obtain the initial phases for the structure determina-
tion. Restrained refinement was carried out using REFMAC5 [46] and
isotropic atomic displacement parameters (ADPs) (including the
hydrogen atoms in the riding positions). Manual model rebuilding, as
well as water or ligand addition/inspection were conducted using COOT
[47,48]. Unbiased omit electron density maps for non-proteinaceous

ligands were calculated using Fourier coefficients F, - F. and phases
from the last cycle of refinement before ligand addition to the refining
model. The X-ray crystal structure was determined at a final resolution
of 1.68 A, and the resulting structure factors and atomic coordinates
were deposited in the Protein Data Bank with the accession code 8Q2E.
Data collection and final refinement statistics are given in Table 1.

2.4. Quantum-mechanical calculations

The aCysSZZ-(xHis323 (Cys-His) and the ocCys322 (Cys) models were
built starting from the crystal structure of SPU inhibited by fluoride in
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Table 2

Selected distances and angles around the Ni(I) ions in the X-ray crystal structure
of SPU incubated in the presence of TMTD and bound to dimethyldithiocarba-
mate. Values are compared to those reported for the native urease (PDBid
4CEU).

PDBid * 8Q2E 4CEU ®

Ni - L Distances (A)
Ni(1) - aLys220* 061 2.0 2.0
Ni(1) - Ly 2.0 1.9
Ni(1) - Ly 2.1 2.2
Ni(1) - aHis249 N& 2.0 2.0
Ni(1) - aHis275 Ne 2.0 2.1
Ni(2) - aLys220* 062 2.1 2.1
Ni(2) - Lg 2.1 2.0
Ni(2) - L, 2.1 2.2
Ni(2) - aHis137 Ne 2.1 2.1
Ni(2) - aHis139 Ne 21 2.1
Ni(2) - aAsp363 051 2.1 2.1
Ni(1) eee Ni(2) 3.6 3.6
Li eee L, 2.2 2.3

L - Ni - L Angles (degrees)
aLys220* 001 - Ni(1) - aHis249 N& 102.5 101.3
aLys220* 001 - Ni(1) - aHis275 Ne 104.1 107.2
aLys220* 061 - Ni(1) - Lg 94.4 89.9
aLys220* 001 - Ni(1) - Ly 106.2 107.9
aHis249 N§ - Ni(1) - aHis275 Ne 96.8 95.3
aHis275 Ne - Ni(1) - Lg 100.1 101.9
Lg - Ni(1) - Ly 62.7 70.1
L; - Ni(1) - aHis249 N§ 91.4 85.8
oHis249 N§ - Ni(1) - Lg 152.3 155.7
aHis275 Ne - Ni(1) - Ly 146.0 143.9
aLys220* 002 - Ni(2) - aHis137 Ne 94.4 92.1
aLys220* 002 - Ni(2) - aHis139 Ne 92.2 92.6
aLys220* 0602 - Ni(2) - Ly 89.8 93.3
aLys220* 002 - Ni(2) - Ly 93.2 90.2
aAsp363 0581 - Ni(2) - aHis137 Ne 80.8 81.6
aAsp363 081 - Ni(2) - aHis139 Ne 85.5 84.3
aAsp363 051 - Ni(2) - L 96.2 94.5
aAsp363 081 - Ni(2) - Ly 91.7 96.0
Ly - Ni(2) - Lg 64.3 69.9
Lg - Ni(2) - aHis137 Ne 95.6 91.7
aHis137 Ne- Ni(2) - aHis139 Ne 111.2 112.2
aHis139 Ne- Ni(2) - L, 88.3 85.9
aLys220* 062 - Ni(2) - aAsp363 081 173.5 171.3
Lg - Ni(2) - aHis139 Ne 152.1 155.8
L,- Ni(2) - aHis137 Ne 159.7 160.8
Ni(1) - Lg - Ni(2) 125.2 135.1

# Ly, Ly indicate the ligand atom bound to Ni(1) and Ni(2), respectively, while
Lp indicates the Ni-bridging ligand atom.
b Data taken from [60].

complex with the substrate urea (PDBid: 6QDY!'!). Methyl groups
replaced the peptide units of aval®?! and oHis®?*. Missing hydrogen
atoms were added assuming standard bond lengths and angles using the
pdb2gmx tool of the GROMACS suite of codes [49,50]. The thiol proton
was located so that its distance from the imidazole ring was as short as
possible. Inspection of the X-ray structure suggests that aHis>2> N5 atom
forms an H-bond with aAsp?2* 052 and it is therefore considered pro-
tonated. aHis>?® Ne forms an H-bond with «Arg>*® terminal NH, group,
and is thus considered not protonated, resulting in a neutral state of this
residue, as previously discussed in the case of the active site closed flap
conformation [51,52].

All calculations were performed in vacuo using the density functional
theory code CPMD v4.3 [53] at the B3LYP [54] level of theory. Kohn-
Sham orbitals were expanded using a plane-wave basis set with a cut-
off of 100 Ry. A simulation box of dimensions 15.0 A x 15.0 A x
15.0 A was employed. Isolated system conditions were achieved by
using the method of Martyna and Tuckerman [55]. Only valence elec-
trons were considered, using Trouillers-Martins norm conserving pseu-
dopotentials to describe core electrons - valence electrons interactions
[56]. Geometry optimization was carried out using CPMD v4.3 with a
convergence criterium of 36 meV/A for geometry and 6.7 x 1077 A~2 for
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orbitals.

The Maximally Localized Wannier Functions (MLWF) [57,58] and
the electron density (p) of the Cys-His dimer and the Cys monomer
models were calculated using CPMD v4.3 [53]. The change in MLWF
was quantified by computing the variation of the distance of their cen-
tres from the sulphur atom. The change in electronic density was
computed as Ap = p@¥H5.p&S The change in the atomic charge was
obtained by integrating Ap over the Voronoi volume of each atom [59].

3. Results and discussion

In order to ascertain the biochemical aspects of the inactivation of
urease by thiuram disulphides, enzymatic reaction rates were measured
after one hour of incubation in the presence of increasing concentrations
of TMTD, TETD, and TIPTD. The results are presented only for TMTD
and TETD, because the assays in the presence of TIPTD returned irre-
producible results, probably due to solubility limits of the ligand, and
were not further pursued. Semi-log dose-response plots as a function of
the inhibitor concentration are shown in Fig. 1. In all cases the experi-
mental data show a nearly sigmoidal profile to reach full enzyme inac-
tivation and were fitted to the canonical equation used to determine ICsq
values. The ICsq values obtained for TMTD and TETD on JBU and SPU
(Fig. 1) fall in the low micromolar concentration range, confirming the
high efficiency of the enzyme inactivation by these molecules.

In order to depict, at the molecular level, the mode of inhibition of
thiuram disulphides on urease, co-crystals of SPU and TMTD were ob-
tained and investigated by single crystal X-ray diffraction. The crystals
belong to space group P6322, isomorphous with all the crystal structures
of SPU determined so far. The refined structure shows the (apy)s qua-
ternary assembly typical of SPU (Fig. 2), where the a subunit is formed
by an (af)g-barrel domain and a B-type domain, the p subunit is mainly
characterized by p strands, and the y subunit consists of af domains. The
overall backbone folding of the three protein chains is conserved with
respect to the corresponding chains of the enzyme crystallized in the
native form (PDBid 4CEU) [60] (Co RMSD equal to 0.153 A, 0.136 A,
and 0.100 A for chains «, p, and y, respectively).

The architecture of the Ni-containing active site region in the refined
X-ray crystal structure, including its hydration environment, is
completely conserved with respect to that of the native enzyme (Fig. 3
and Table 2): two well-ordered Ni(II) ions are separated by ca. 3.7 10\, and
bridged by the 081 and 062 atoms of a carbamylated aLys?2°* residue
and a hydroxide ion W(B). Ni(1) is additionally bound to aHis**° N§ and
aHis?’® Ne, while Ni(2) is bound to oHis'®” N8, to aHis'® Ne, and to
aAsp>®® 0581. A distorted square-pyramidal and a distorted octahedral
coordination for Ni(1) and Ni(2), respectively, are completed by the
presence of two well-ordered solvent molecules, namely W(1) and W(2),
while an additional W(3) is located in a distal position and at H-bonding
distance from W(B), W(1) and W(2).

The analysis of the unbiased omit electron density map of the X-ray
crystal structure disclosed an additional unmodelled electron density in
the vicinity of the flap and proximal to the aCys>22 residue (Fig. 4A) that
was successfully interpreted by modelling a dimethyldithiocarbamate
moiety (defined as IS9) (Fig. 4B) covalently bound to aCys>22 Sy through
its S atom, with a S—S distance of 2.1 A (Fig. 3). The final adduct ob-
tained on aCys>?2 suggests the occurrence of a thiol-disulphide exchange
reaction between the free thiol of aCys®?? and the R-S-S-R group of
TMTD.

The results of the crystal structure analysis clearly indicate that the
enzyme inactivation in the presence of thiuram disulphides does not
involve the essential Ni(II) ions in the active site of this metalloenzyme,
but rather targets aCys>?2, known to play a critical role in the catalytic
mechanism [61,62]. This residue is located on a helix-loop-helix motif,
the “active site flap”, that is known to be involved in the catalytic
mechanism by regulating the opening of the active site channel and
stabilizing the coordination of the substrate urea to the essential Ni(II)
ions [8,51]. However, the mode of action of aCys®?? in the enzymatic
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Fig. 4. X-ray crystal structure of SPU incubated in the presence of TMTD and
bound to dimethyldithiocarbamate in the active site region. (A) The protein
atomic model, as well as the nickel ions and the solvent molecules, are shown
superimposed onto the final 2F, — F, electron density map, contoured at 1c and
coloured grey. The unbiased F, — F, omit electron density map for the ligand is
shown contoured at 3¢ and coloured blue. (B) The same environments are
presented showing the modelled thiocarbamate superimposed onto the final
2F, — F, electron density map, contoured at 1o and coloured yellow. Carbon,
nitrogen, oxygen, sulphur, and nickel are shown in grey, blue, red, yellow, and
green, respectively. Figure made with PyMol (The PyMOL Molecular Graphics
System, v. 2.4.1, Schrodinger, LLC.). The orientation and labelling is the same
as Fig. 3. (For interpretation of the references to colour in this figure legend, the
Eeader is referred to the web version of this article.)

<

catalysis has never been fully clarified. Clues to elucidate the role of this
residue in the enzymatic catalysis could be derived from structural ev-
idence collected on SPU inactivated by f-mercaptoethanol (PDBid 1UBP
[63]), Ag(I) (PDBid 7B58, 7B59, 7B5A and 6G48 [64,65]), catechol
derivatives (PDBid 5G4H, 6ZNY, 6ZNZ, 6Z00, 6Z01, 6Z02, 6Z03
[45,66]), and Ebselen (PDBid 7ZCY [67]), which highlighted the pecu-
liar reactivity of aCys®??, differing from aCys®®, the other solvent-
exposed cysteine residue present on SPU (a third cysteine residue,
(nysszo, is located deep in the core of the o chain and is not susceptible
to chemical modifications). In particular, in all the cases cited above as
well as in the case of TMTD, the chemical modifications of aCys>2? are
not observed for aCys®®®, indicating a higher reactivity of the cysteine
residue on the active site flap. A specific feature of aCys>22 is the pres-
ence, in its immediate surroundings, of the oHis®23 residue, which is
conserved and known to be essential for urease activity [68]. Density
functional theory calculations using a plane-wave basis set allowed us to
investigate whether and how aHis®*® could modify the reactivity of
aCys>22. The polarization of the aCys>22 S—H bond was investigated in
terms of the rearrangements of the Maximally Localized Wannier
Functions (MLWF) [57,58] as well as of the electron density of aCysSZZ,
as induced by the presence of aHis®?®. The MLWF are obtained by a
unitary transformation of the Kohn-Sham orbitals and they are equiva-
lent to the localized molecular orbitals, or “Boys orbitals” as known in
quantum chemistry. The maxima of these functions (Wannier centres)
provide a useful representation of chemical concepts such as electron
lone pairs and chemical bonds (Fig. 5). The Wannier centre associated
with the aCys®?? S—H bond shifts by 0.01 A towards the sulphur atom in
the presence of aHis®?%, indicating an increased polar character caused
by the n-electron density of the ring and by that of the lone pair of the
aHis®2® Ne. Indeed, the electron density significantly decreases around
the thiol H atom (with a net change of about —0.02 e) and corre-
spondingly increases near the thiol S atom (with a net change of about
+0.01 e) as a result of the interaction with the imidazole ring (Fig. 5).
Thus, the calculations allow us to suggest that the presence of aHis®?>
makes the aCys®*2 S—H bond more polar than usual and hence pecu-
liarly reactive.

The thus established influence of aHis " on the reactivity of aCys
suggests that these two residues could act as a catalytic dyad, with the
cysteine in turn influencing the reactivity of the adjacent histidine. The
latter has been proposed to act as a base that stabilizes the C-NH3 group
that develops following the nucleophilic attack on the urea C atom by
the bridging hydroxide and subsequent protonation of the distal urea
amide group [8,51]. Based on our density functional theory calculations,
we suggest, at the speculative level, that this protonation step could
involve the proton shared between these two residues.

An important result of our study is also that we find thiuram disul-
phides derivatives specifically targeting cysteine residues that form a
His-Cys diad. This type of motif is found in several viral cysteine-based
proteases and hydrolases, including SARS-CoV-2 MP™ and PLP™, even
though the efficacy and selectivity are low [69]. Based on the results of
the present study, efforts should be directed towards the design of de-
rivatives of thiuram disulphides that are more specific towards urease,
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(b)

Fig. 5. (a) aCys>?2-qHis*?® (Cys-His) and (b) aCys>? (Cys) quantum mechanical models, as obtained after geometry optimization. Colour code: hydrogen (white),
carbon (green), sulphur (yellow), nitrogen (blue), oxygen (red). The Wannier centres (black spheres) around the sulphur atom represent the two lone pairs and the

Cys-His__Cys

two covalent bonds. (c) Difference in electronic density Ap = p
and Ap < 0 (isocontour —0.001 e A7),

P

possibly including, in the molecule, a functionality able to interact with
the Ni(I) ions in the active site. This type of research is ongoing in our
laboratory.
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