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S1. HPLC analyses. Reverse phase high-performance liquid chromatography of compounds 30-54
(characterized in the main body of the manuscript, and elsewherel3!-5%) was performed using the
UFLC Shimadzu system using gradient elution and analytic Kromasil 100-5-C18 column, 4.6x150
mm (10—90% B, 45 min, conditions I) or analytic Reprosil Saphir 100 C18 column, 4.6x150 mm
(20—90% B, 35 min, conditions II, 30 min, conditions IIT), flow 0.9 mL/min. The chromatograms
were recorded at wavelengths 222 and 254 nm.

Solvent A: 0.1% TFA in water, solvent B: 0.1% TFA in acetonitrile.

All compounds are > 95% pure. The traces are included in Figures S1-S25.
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Figure S1. Analytical HPLC analysis of compound 30 (conditions IT)
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Figure S2. Analytical HPLC analysis of compound 31 (conditions IT)
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Figure S3. Analytical HPLC analysis of compound 32 (conditions IT)
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Figure S4. Analytical HPLC analysis of compound 33 (conditions I)
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Figure S5. Analytical HPLC analysis of compound 34 (conditions IT)
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Figure S6. Analytical HPLC analysis of compound 35 (conditions II)
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Figure S7. Analytical HPLC analysis of compound 36 (conditions I)
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Figure S8. Analytical HPLC analysis of compound 37 (conditions II)
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Figure S9. Analytical HPLC analysis of compound 38 (conditions III)
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Figure S10. Analytical HPLC analysis of compound 39 (conditions I)
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Figure S11. Analytical HPLC analysis of compound 40 (conditions I)
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Figure S12. Analytical HPLC analysis of compound 41 (conditions II)
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Figure S13. Analytical HPLC analysis of compound 42 (conditions II)
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Figure S14. Analytical HPLC analysis of compound 43 (conditions I)
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Figure S15. Analytical HPLC analysis of compound 44 (conditions I)
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Figure S16. Analytical HPLC analysis of compound 45 (conditions I)
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Figure S17. Analytical HPLC analysis of compound 46 (conditions I)
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Figure S18. Analytical HPLC analysis of compound 47 (conditions II)
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Figure S19. Analytical HPLC analysis of compound 48 (conditions IIT)
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Figure S20. Analytical HPLC analysis of compound 49 (conditions II)

mAU
1 5 Detector A Channel 1 222nm|
2500 ‘ 5
2000 ‘
1500 |
1000 ﬂ
1 |
500 \
1 \\
ol 1 S . L — .
1 P ] T ! PRI
0 5 10 15 20 25 30 35 40 45
min
mAU
1000 Detector A Channel 2 254nm]
750
500+
250
1
] il J
o+4— ‘L - [ SE— -—
77— T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

min

Figure S21. Analytical HPLC analysis of compound 50 (conditions I)
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Figure S22. Analytical HPLC analysis of compound 51 (conditions I)
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Figure S23. Analytical HPLC analysis of compound 52 (conditions II)
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Figure S24. Analytical HPLC analysis of compound 53 (conditions II)
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Figure S25. Analytical HPLC analysis of compound 54 (conditions I)
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S2. Enzymatic studies. The native urease of S. pasteurii CCM 2056 was purified using a five-step
chromatographic procedure, as previously described.[S1% The use of the multistep chromatographic
approach allowed homogeneous preparation of urease. The values of kinetic parameters (K) and
Vmayx) Of the purified enzyme were determined by fitting the initial reaction velocities measured in a
range of urea concentrations to the Michaelis-Menten equation by nonlinear regression. The values
obtained for S. pasteurii urease were Ky = 5.02 = 0.28 mM, v, = 4.109 £ 0.0588 uM s! with
specific activity 2329 U/mg.

Enzymatic reactions were carried out in 3 mM phosphate buffer pH 7.5 at 37 °C. The kinetic
parameters of urease in the noninhibited reaction (K,, and v,,,,) were obtained by measuring the
initial rates of the reactions carried out in mixtures of urease from S. pasteurii (119.3 pM) and urea
(1-60 mM) using the phenol-hypochlorite method, as previously reported.[5!'] One unit (U) of enzyme
activity was defined as the amount of enzyme required to produce 1 uM ammonia per min under

specific conditions.

S2.1. Inhibition studies. Competitive reversible inhibition. Inhibition studies (compounds 30-36, 38-
41, 44-51, 53 and 54) were carried out by initiating the enzyme reaction with the addition of 119.3
pM S. pasteurii urease in assay mixtures (200 pL total volume) containing increasing concentrations
of inhibitors and 1-60 mM of urea. The K; values were calculated using the appropriate equations in
the GraphPad Prism 5 software. The inhibition mechanism was determined using Lineweaver-Burk
plots after testing at least five inhibitor concentrations in the range depending on their inhibitory

strength (exemplified in Figure S26).
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Figure S26. Lineweaver-Burk plot for inhibition of S. pasteurii urease by inhibitor 46

S82.2. Inhibition studies. Slow binding inhibition. Reaction progress curves (compounds 37, 42, 43
and 52), ammonia concentration versus time, for urea hydrolysis catalyzed by S. pasteurii urease in
the absence and presence of inhibitors were performed in standard assay mixtures at a single urea
concentration (final concentration 25 mM) and at different inhibitor concentrations according to their
inhibitory strength. Enzymatic hydrolysis of urea was initiated by adding 500 pL of urease solution
(final concentration 119.3 pM) to the reaction mixture (final volume 5 mL) and monitored for 120
min in samples taken from reaction mixtures at set time intervals. The reaction mixtures were stirred
throughout the measurement period. The nonlinear reaction progress curves with time-dependent

inhibitors of urease (for the nonincubated reaction and under conditions: [I], > [E]o) were described
using the integrated equation: [P] = vst + (v; + vs)(1 —e _k“””t)%pp, (where P is the concentration
of the reaction product formed at time ¢, which is the reaction time, v; and v, are the reaction initial
and steady-state rates, respectively, and kg, is the apparent first-order rate constant for the
interconversion between v; and v;). The control curves in the absence of inhibitor were linear. The

equilibrium dissociation constants of the initial E and the final enzyme conformation EI* complex

S17
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(K;and K", respectively) were determined using equation: 1+ @(1 + 5%4) (where K,

is the Michaelis-Menten constant, v,,,, maximum rate of enzyme in a noninhibited reaction, S and /
are substrate and inhibitor concentration). The mechanism of inhibitor binding was determined using
steady-state kinetic measurements (Figures S27 and S28). The enzyme (final concentration 119.3
pM) was pre-incubated with increasing inhibitor concentrations in separate aliquots of reaction buffer
prior to the initiation of the reaction by urea incorporation at a concentration ranging from 1 to 60
mM. The incubation time was different for the assayed inhibitors, depending on when equilibrium
was achieved between enzyme (E), inhibitor (I) and enzyme-inhibitor complexes (EI and EI*:
E+1<El < EI™) . The K; values were calculated using the appropriate equations implemented in
the GraphPad Prism 5 software. The inhibitors were dissolved in water or DMF (the solvent was
found to be non-inhibitory up to a concentration of 20%). Urease activity was determined using the
Berthelot colorimetric reaction as previously described.[5!!:512] The determinations of K; values were

run in triplicate for the compounds analyzed.
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Figure S28. Lineweaver-Burk plot for inhibition of S. pasteurii urease by inhibitor 37

S3. Inhibition of ureolysis in whole cells of Proteus mirabilis. P. mirabilis PCM543 was obtained
from the Polish Collection of Microorganisms, Institute of Immunology and Experimental Therapy,
Polish Academy of Sciences, Wroclaw, Poland. The strain was grown overnight in Mueller Hinton
Broth 2 (Oxoid). The culture was then supplemented with sterile urea solution (2% final
concentration) and nickel(II) chloride (200 uM final concentration). After 24 hours, cells were
collected by centrifugation, washed with sterile 10 mM PBS and suspended in buffered peptone water
to obtain ODgsy of 0.5. Urease test was carried out on Thermo Scientific™ Nunc MicroWell 96-Well
microplates, treated with non-tissue culture. Each well contained 100 pL assay mixture composed of
10 mM sterile PBS with 0.01% phenol red (w/v) and various concentrations of inhibitors tested. 10
uL aliquots of cell suspension were added and incubated in the presence of inhibitors at 25 °C for 1.5
hours, then sterile urea solution was added to obtain a concentration of 30 mM. The urease reaction
was recorded at 25 °C as the absorbance change at 570 nm for 1.5 hours, using the TECAN Sunrise
microplate reader. For the determination of inhibition of whole cell urease in urine model, modified

artificial urine was used in which urea was omitted, sodium citrate was replaced with 0.5% glucose
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and 0.01% phenol red added.[S13] The assays were carried out in tubes containing 2.0 mL of modified
urine and various concentrations of compounds tested. Cells were induced to ureolysis and introduced
into the reaction mixture in the proportion described above. After 1.5 hours of preincubation with
gentle mixing at 25 °C, sterile urea solution (30 mM final concentration) was added and the urease
reaction was carried out for another 1.5 hours. 120 pL samples were withdrawn every 10 min and
briefly centrifuged to remove precipitate that can occur in artificial urine medium due to elevation of
the pH induced by urease. The supernatant (100 pL) was placed in a microplate well and immediately
read at 570 nm.

The ICsy and ICy, parameters expressed the specific inhibitor concentration at which the increase in
absorbance per minute was 50% and 10% of the rate of the untreated control, respectively. The results

were calculated from three independent assays using seven inhibitor concentrations.

S§3.1. Proteus mirabilis PCM543 viability control. The MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide] was obtained from Sigma-Aldrich. 10 pL. of MTT solution (1 mg
mL! in 10 mM PBS, pH 7.2) was added to 90 pL of urease reaction samples collected at the end of
each assay, which contained cells exposed to the compounds tested for a total of 3 hours. After 1 hour
of incubation at 25 °C, 100 pL of acidic isopropanol (1.5% (v/v) solution of hydrochloric acid in
isopropanol) was added. MTT formazan was allowed to solubilize for 15 min and the absorbance

was read at 550 nm.

S4. Molecular modeling. The crystal structure of S. pasteurii urease with 1.50 A resolution (PDB id
5G4H) was used as the starting point for the calculations.5'4 The structure was prepared for the
calculations using the Discovery Studio Visualizer v. 4.1 (BIOVIA): (a) hydrogen atoms were
automatically added assuming a pH of 7.0, (b) the protonation of amino acid residues that form active
sites was manually checked and adjusted, and (c) the partial charges of all atoms were assigned using

the Momany-Rone algorithm. Minimization of the inhibitor-enzyme covalent complex (e.g. Figure
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S29) was performed using the CHARMM program.[313] Smart Minimizer algorithm and the
CHARMM force field were used for this purpose. Minimization was performed up to an energy
change of 0.0 or an RMS gradient of 0.1. Residues that did not form the active site cleft were frozen.

No implicit solvent model was applied. The non-bond radius was set to 14 A.

A B

aPhe335

aPhe335 o

Ni1

Ni2
aMet367 © 0Cys322°
aMet319

aAla366
C D
Ni1
aHis323 \ aArg339
g Ni2
Ni2
0 ©
R oMeto7
aAla366
aCys322
aMet319 - I aAIaSGB

Figure S29. Modeled mode of binding of compounds 44 (A), 45 (B), 49 (C) and 51 (D) to the urease
of S. pasteurii. Residues of the active site are shown as sticks, while the bound inhibitor is colored in
ball and stick representation according to atom type (grey, carbon; blue, nitrogen; white, hydrogen;
red, oxygen; orange, sulfur; light blue, fluorine; green, selenium; dark blue, nickel). The hydrogen

bond is shown as a green thin solid line.
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S5. Crystallization, data collection and structural determination. Incubation mixtures of S.
pasteurii urease and 47 were carried out by adding a solution of 10 mM 47 dissolved in DMSO to an
aliquot of 11 mg mL! S. pasteurii urease dissolved in 50 mM HEPES buffer at pH 7.5, at 1:10
dilution ratio (v/v), thus reaching a final 47 concentration of 1 mM. After an incubation time of 3
hours, necessary to abolish the enzyme activity, crystallization drops were deposited by diluting 1.5
uL of the S. pasteurii urease-47 mixture with 1.5 pL of a precipitant solution consisting of 1.6-2.1 M
(NH4),SO4 in 100 mM sodium citrate buffer, at pH 6.3. Crystallization trials were performed at 293
K using the vapor diffusion technique (hanging-drop method) using 24-well XRL Plates (Molecular
Dimensions) and equilibrating the crystallization drops against 1 mL of the precipitant solution. Rice-
shaped protein crystals appeared within approximately two weeks in the presence of 1.9-2.1 M
(NHy),SO,4 and grew up to 0.1 x 0.1 x 0.3 mm?>. Crystals were transferred in a solution containing 2.4
M (NH4),SO4, 100 mM sodium citrate buffer at pH 6.3, and 20% (v/v) ethylene glycol to ensure
crystal cryoprotection, and then flash-cooled and stored in liquid nitrogen.

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).[51¢] Helical data collection
was performed to achieve higher data quality by minimizing protein crystal radiation damage. Data
processing and reduction were carried out using XDSIS!7] and AIMLESS.[S185191 The crystals
belonged to space group P6322, isomorphous with all the crystal structures of S. pasteurii urease
determined so far. The initial phases for the structure determination were obtained using the X-ray
crystal structure of S. pasteurii urease bound to catechol (PDB code 5G4H, 1.50 A resolution)'4] as
a phasing model, devoid of solvent molecules, catechol and other ligands, and following coordinates
randomization in order to remove any potential phase bias. Structural determination was conducted
by restrained refinement with REFMACS.15201 Model rebuilding, as well as water or ligand
addition/inspection, were manually conducted using COOT.[521:522] Unbiased omit electron density
maps for non-proteinaceous ligands were calculated using Fourier coefficients F, - F,. and phases

from the last cycle of restrained refinement before the addition of the ligands in the refining model.
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The X-ray crystal structure was refined using isotropic atomic displacement parameters (ADPs)
(including the hydrogen atoms in the riding positions), at a final resolution of 1.54 A, and deposited
in the Protein Data Bank with the accession code 7ZCY. Data collection, processing and final
refinement statistics are given in Table S1. Selected distances and angles around the Ni(II) ions in
the present structure were compared with the corresponding data obtained for the crystal structure of
native S. pasteurii urease (PDB code 4CEU, Table S2). The active site and mobile flap regions of
both structures are superimposed in Figure S30.

Figures were generated using PyMol (The PyMOL Molecular Graphics System, v. 2.0 Schrédinger,
LLC.).

85.1. Quantum mechanical calculations. The energetics and structure of the neutral Me-S-Se-SeH
and the anionic Me-S-Se-Se- moieties were evaluated using quantum mechanical calculations. The
structure of both moieties was built using Spartan'20 v. 1.1.4 (Wavefunction Inc.), energy minimized
using simple molecular mechanics, followed by energy minimization using density functional at the
wB97X-D/6-311+G(2df,2p) level. Selected distances and angles around the Se atoms in the crystal
structure of S. pasteurii urease bound to Se after crystallization in the presence of 47 were compared

with the same parameters obtained from quantum mechanics calculations (Table S3).
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Table S1. Data collection, processing and refinement statistics (PDB code 7ZCY)

Data collection and processing

Wavelength (A) 0.9763

Detector DECTRIS PILATUS 6M
Crystal-to-Detector distance (mm) 270.686
Oscillation angle (degrees) 0.1

Number of images 1800

Space group P6522

Unit cell (a, b, ¢, A)
Resolution range (A)

131.61, 131.61, 189.00
189.00-1.54 (1.57-1.54)

Total number of reflections? 2775124 (139107)
Unique reflections? 142031 (6976)
Multiplicity? 19.5(19.9)
Completeness? (%) 100.0 (100.0)
Ryym®® (%) 9.4 (230.1)
Ryim®® (%) 3.1(75.2)
Mean I half-set correlation CC(1/2)? 1.000 (0.749)
Mean I/c(1)? 20.9 (1.6)
Refinement statistics

Number of monomers in the asymmetric unit 3
Reucior (%) 13.7
Rieed (%) 16.0
Cruickshank’s DPI for coordinate error® based on R, (A) 0.056
Wilson plot B-factor (A2) 21.2
Average all atom B-factor® (A2) 27.5
B-factor for the Ni atoms (A2?) 21.9; 21.1
B-factor for the Se atoms (A2) 82.4;90.7
RMS (bonds)? 0.013
RMS (angles)! 1.81
Total number of atoms 7302
Total number of water molecules 787
Solvent content (%) 54.93
Matthews Coefficient (A3/Da) 2.73
Ramachandran plot

Most favored regions (%) 89.2
Additionally allowed regions (%) 9.8
Generously allowed regions (%) 0.8
Disallowed regions (%) 0.2

2 Highest resolution bin in parentheses;

® Reym = EhkleII,- —(Dl/ thleIj, where 1 is the intensity of a reflection, and (I) is the mean intensity of all symmetry related

reflections j; “Rpim. = thl{[l/(N — 1)]1/221.“]' — <I>|}/th12jlj, where 1 is the intensity of a reflection, and (I) is the mean

intensity of all symmetry related reflections j, and N is the multiplicity;

dTaken from REFMAC;520 Ry is calculated using 5% of the total reflections that were randomly selected and excluded from

refinement;

_ Natoms
DPI = R fqctor * Dinax - compl s %, where Nyms is the number of the atoms included in the refinement, NV, is the

number of the reflections included in the refinement, D,,,, is the maximum resolution of reflections included in the refinement,

complis the completeness of the observed data, and for isotropic refinement, Nyarams = 4Naroms 52
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Table S2. Selected distances (A) and angles (°) around the Ni(II) ions in the crystal structure of
S. pasteurii urease bound to Se after crystallization in the presence of 47. The same distances
belonging to the crystal structure of native S. pasteurii urease (PDB code 4CEU), are reported

as a comparison.

PDB code 7ZCY @ 1.54 A 4CEU @ 1.58 A
Ni - L Distances (A)

Ni(1) - aLys220* 061 2.0 1.9
Ni(1) - Og? 2.1 2.1
Ni(1) - O, 2.1 2.2
Ni(1) - aHis249 N& 2.0 2.0
Ni(1) - aHis275 Ng 2.0 2.0
Ni(2) - aLys220* 062 2.1 2.1
Ni(2) - Op 2.1 2.1
Ni(2) - O, 2.1 2.1
Ni(2) - aHis137 Ng 2.1 2.1
Ni(2) - aHis139 Ng 2.0 2.1
Ni(2) - aAsp363 051 2.1 2.1
Ni(1) *=* Ni(2) 3.7 3.7
L - Ni - L Angles (°)

alLys220* 001 - Ni(1) - aHis249 N§ 101.8 100.4
aLys220* 001 - Ni(1) - aHis275 Ne 105.0 107.2
aLys220* 001 - Ni(1) - Og 94.1 96.6
alLys220* 001 - Ni(1) - O, 107.8 108.2
aHis249 No - Ni(1) - aHis275 Neg 97.3 98.6
aHis275 Ne - Ni(1) - Og 99.2 94.6
Og - Ni(1) - O, 63.3 67.0
O, - Ni(1) - aHis249 N§ 91.1 89.3
aHis249 N& - Ni(1) - Og 153.3 154.2
aHis275 Ne - Ni(1) - O, 143.7 141.6
aLys220* 002 - Ni(2) - aHis137 Ng 93.9 90.8
aLys220* 002 - Ni(2) - aHis139 Ng 914 91.7
aLys220* 002 - Ni(2) - O, 91.2 92.9
aLys220* 0602 - Ni(2) - Op 94.1 95.6
aAsp363 031 - Ni(2) - aHis137 Ne 81.8 82.8
aAsp363 031 - Ni(2) - aHis139 Ne 86.2 86.4
aAsp363 031 - Ni(2) - O, 94.2 94.5
aAsp363 031 - Ni(2) - Og 90.5 89.1
0, -Ni(2) - Op 64.5 67.7
Og - Ni(2) - aHis137 Ne 95.6 95.0
aHis137 Ne- Ni(2) - aHis139 Ne 109.3 108.5
aHis139 Ne- Ni(2) - O, 89.7 88.4
aLys220* 002 - Ni(2) - aAsp363 051 174.0 172.4
Og - Ni(2) - aHis139 Ne 153.7 155.3
0,- Ni(2) - aHis137 Ng 160.1 162.6
Ni(1) - Op - Ni(2) 124.6 122.1

2 O, O; and O, indicate the water/hydroxide molecules in the bridging position and bound to Ni(1)
and Ni(2), respectively.
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Table S3. Selected distances (A) and angles (°) around the two Se atoms in the crystal structure
of S. pasteurii urease bound to Se after crystallization in the presence of 47. A comparison with

the same parameters obtained from quantum mechanics DFT calculations is also provided.

DFT DFT
X-ray Me-S-Se-Se-H Me-S-Se-Se
Se(1) — aCys322* Sy 2.3 2.183 2.234
Se(1) — Se(2) 2.4 2.347 2332
Se(2) — Se(1) — aCys322* Sy 114.1 105.01 106.33
Se(1) — aCys322* Sy — aCys322* CpB 111.5 102.81 100.90
Se(2) —Se(1) —aCys322* Sy — aCys322* CP 98.7 82.21 66.07
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Figure S30. (a) Close-up of mobile flap and active site regions of S. pasteurii urease bound to
the di-nuclear Se cluster, superimposed to the same environment of the crystal structure of the
native enzyme (PDB code 4CEU).[5?4 The mobile flaps are represented as ribbons and colored
light blue and transparent green for the Se-bound and the native structures, respectively. Side
chains of the selected residues are shown as stick, where carbon, nitrogen, oxygen, and sulfur
atoms are grey, blue, red and yellow, respectively (transparent representation for those
belonging to the native enzyme). The Ni and Se atoms are shown as green and orange spheres,
respectively. (b) Plot showing the per residue Ca RMSD of the mobile flap region of the
determined crystal structure calculated with respect to the crystal structure of native S. pasteurii

urease (PDB code 4CEU).
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