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SUPPORTING INFORMATION

Materials and Methods

Protein purification. Cell growth and protein purification followed the protocol previously described *. The
protein was quantified by measuring the activity and considering its specific activity of 2500 units/mg and
M, = 250 kDa.

Kinetic measurements. Pre-incubation experiments were carried out at room temperature by using a
spectrophotometric assay in which cresol red is exploited as a probe to follow the over time increase of pH
due to urease activity. A solution of 50 nM SPU dissolved in 2 mM HEPES buffer, pH 7.50, 1 mM Na,SOs,
was diluted down to 1 nM final concentration in the cresol red reaction solution containing 30 mg L™ cresol
red in 2 mM HEPES buffer, pH 7.50, 2 mM EDTA. By doing this, Na,SO; was diluted 50-fold as well, down to
20 uM final concentration. Then, different concentrations (18-30 uM) of BQ solutions dissolved in 2 mM
HEPES buffer, pH 7.50, 20 uM Na,SO; in the presence of 0.1% (v/v) DMSO were added, taking the time
when the enzyme solution and the ligand have been mixed as zero time of incubation. After appropriate
periods of time, aliquots were withdrawn from the incubation solution, 100 mM urea was added and the
change in absorbance over time was monitored (A = 573 nm). The activity was calculated by a linear fitting
of the straight portion in the absorbance vs. time curve and normalized to the activity measured at time
zero incubation.

Crystallization, data collection and structural determination. A solution of urease (1 mg mL™) in 20 mM
HEPES buffer, pH 7.5, was incubated in the presence of 1 mM 1,4-benzoquinone (dissolved in the same
buffer in the presence of 1% (v/v) DMSO) for 2 h and then concentrated to 11 mg mL™. Subsequently, 2 L
of urease solution was diluted with 2 pL of the precipitant solution (1.6-2.0 M ammonium sulphate in a 50
mM sodium citrate buffer pH 6.30, in the absence or in the presence of 50 mM Na,S0;). Crystallization was
performed at 293 K using the hanging-drop method, equilibrating the drop against 0.5 mL of the precipitant
solution using Quiagen EasyXtal 15-Well plates. Rice-shaped protein crystals appeared in 1-2 weeks and
grew to a size of 0.1 x 0.1 x 0.3 mm?. Crystals were scooped up using cryoloops, transferred to a
cryoprotectant solution containing 20 % ethylene glycol, 2.4 M ammonium sulphate in a 50 mM sodium
citrate buffer pH 6.30 and then flash-cooled and stored in liquid nitrogen.

Diffraction data were collected at 100 K using synchrotron radiation at the EMBL P13 beamline of the Petra
Il storage ring, c/o DESY, Hamburg (Germany). Reflection images were collected by performing helical
scans along the crystal to achieve higher resolution by minimizing radiation damage. Data were processed



using XDS ? and AIMLESS 2. The crystals are isomorphous with those of native urease and other complexes
of the same enzyme. The model of SPU with its highest resolution available so far, that is in complex with
citrate (PDB code 4AC7, 1.50 A resolution) *, devoid of water molecules and ligands, was used as a starting
model for the rigid body refinement of the single ay protein trimer, carried out using Refmac °. The model
building and the water or ligand addition/inspection were conducted using Coot °. The structures were
isotropically refined, including the hydrogen atoms in the riding positions. The diffraction data and final
refinement statistics are given in Table 1. The structures were deposited in the Protein Data Bank under the
accession code 5FSE (in the absence of sulphite) and 5FSD (in the presence of sulphite). Figures were
generated using Chimera ’, PyMol ® and CrystalMaker (http://www.crystalmaker.com).

Quantum mechanical calculations. Density functional theory (DFT) computations were carried out using the
program ORCA 3.0.3 ? and the Becke three-parameter hybrid functional combined with Lee~Yang—Parr
correlation functional (B3LYP/G) '° as defined in the Gaussian software **. All atoms were described by the
Dunning correlation-consistent polarized triple zeta basis set with the inclusion of diffuse functions (aug-cc-
pVTZ) 2. Frequency computations were executed to determine the nature of the critical points.



Table 1-SI. Selected distances and angles around the Ni(ll) ions in native (PDB code 4CEU) and BQ-
bound SPU in the absence (PDB code 5FSE) and in the presence (PDB code 5FSD) of sulphite.

Ni - L Distances (A) 4CEU 5FSE  5FSD
Ni(1) - Lys220* 001 1.94 202 2.04
Ni(1) - O(B)® 208 196 1.93
Ni(1) - O(1) 224 235 231
Ni(1) - His249 N& 203 219 207
Ni(1) - His275 Ne 202 218 213
Ni(2) - Lys220* 002 208 213 213
Ni(2) - O(B) 212 214 2.06
Ni(2) - 0(2)° 207 226 225
Ni(2) - His137 Ne 211 2,05 215
Ni(2) - His139 Ne 208 228 216
Ni(2) - Asp363 051 210 231 219
Ni(1) eee Ni(2) 3.67 347 3.53
0(1) e+ O(2) 237 211 207

L- Ni-LAngles (°)
Lys220* 001 - Ni(1) - His249 N& 100.4 108.5 1034
Lys220* 001 - Ni(1) - His275 Ne¢ 107.2 106.7 106.3

Lys220* 001 - Ni(1) - O(B) 9.6 981 959
Lys220* 001 - Ni(1) - O(1) 108.2 108.3 109.2
His249 N3 - Ni(1) - His275 Ne 98.6 946 966
His275 Ne - Ni(1) - O(B) 946 934 957
0(B) - Ni(1) - O(1) 670 69.7 668
0(1) - Ni(1) - His249 N& 893 859 889
His249 N5 - Ni(1) - O(B) 154.2 1486 153.1
His275 Ne - Ni(1) - O(1) 1416 1428 1416

Lys220* 062 - Ni(2) - His137 Ne 90.8 94.7 93.7
Lys220* 062 - Ni(2) - His139 Ne 91.7 89.2 92.8

Lys220* 002 - Ni(2) - 0(2) 929 925 913
Lys220* 002 - Ni(2) - O(B) 95.6 100.0 95.1
Asp363 081 - Ni(2) - His137 Ne 828 842 825
Asp363 081 - Ni(2) - His139 Ne 86.4 827 824
Asp363 051 - Ni(2) - 0(2) 945 912 946
Asp363 081 - Ni (2) - O(B) 89.1 892 921
0(2) - Ni(2) - O(B) 67.7 681 68.1
O(B) - Ni(2) - His137 Ne 950 950 92.0
His137 Ne - Ni(2) - His139 Ng 108.5 109.7 113.8
His139 Ne - Ni(2) - O(2) 88.4 862 854
Lys220* 002 - Ni(2) - Asp363 061 172.4 170.8 172.0
O(B) - Ni(2) - His139 Ne 1553 152.8 152.4
His137 Ne - Ni(2) - O(2) 162.6 162.6 159.8

Ni(1) - O(B) - Ni(2) 122.1 1157 124.2




Table 2-SI. Selected distances and angles in the BQ-bound SPU in the absence (PDB code 5FSE) and in
the presence (PDB code 5FSD) of sulphite.

Distances (A) 5FSE  5FSD
C1- Cys322 Sy 279 272
C2 - Cys322 Sy 1.64 1.70
C3 - Cys322 Sy 2.60 2.71
C4 - Cys322 Sy 3.93 4.04
C5 - Cys322 Sy 447 466
C6 - Cys322 Sy 4.02 4.05
01-Cys322 Sy 3.16 2.99
04 - Cys322 Sy 5.00 5.10
C1 - Cys555 Sy 2.79 2.87
C2 - Cys555 Sy 1.67 1.71
C3 - Cys555 Sy 256  2.67
C4 - Cys555 Sy 3.89 4.02
C5 - Cys555 Sy 4.56 4.68
C6 - Cys555 Sy 4.09 4.10
01 - Cys555 Sy 3.08 3.25
04 - Cys555 Sy 4.89 4.97
Angles and torsion angles (°)

C2 - Cys322 Sy - Cys322CP 99.0 1125
Cys322Sy-C2-C1 124.7 1213
Cys322Sy-C2-C3 116.5 120.5

C1-C2-Cys322Sy-Cys322C 109.1 95.5
C3-C2-Cys322 Sy-Cys322 CB 99.7 106.7

01-C1-C2-Cys322 Sy 180.3 169.8
C2 - Cys555 Sy - Cys555 CB 109.5 113.7
Cys555 Sy-C2-C1 128.6 128.4
Cys555Sy-C2-C3 112.8 117.2

C1- C2 - Cys555 Sy - Cys555 CB 82.4 80.5
C3-C2-Cys555Sy-Cys555C3 803 711
01-C1-C2-Cys555 Sy 178.6 170.7

Scheme 1-SI.  Ligand’s atom numeration.
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Figure 1-SI. Details of the active site of native SPU. Atoms are coloured according to the CPK scheme.

Protein ribbons are in white, while the flexible flap is in light blue.
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Figure 2-SI. Unbiased electron density map (contoured at 3 o) and atomic model of the region around
the active site of BQ-bound SPU in the absence of sulphite (PDB code 5FSE, panel A), and in the presence of
sulphite (PDB code 5FSD, panel B) calculated with Fourier coefficients F,—F. and phases derived from the
model before addition of the atoms corresponding to the ligand. The carbon, nitrogen, oxygen, sulphur and
nickel atoms are white, blue, red, yellow and green, respectively.
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Figure 3-SI. (A) Unbiased electron density map (contoured at 3 o) and atomic model of the region
around aCys555 in the absence of sulphite (PDB code 5FSE) calculated with Fourier coefficients F,—F. and
phases derived from the model before addition of the atoms corresponding to the ligand. (B) 2F,-F.
electron density map (contoured at 1 o) after refinement using the shown model. The carbon, nitrogen,
oxygen, sulphur and nickel atoms are white, blue, red, yellow and green, respectively.




Figure 4-SI. (A) Unbiased electron density map (contoured at 3 o) and atomic model of the region
around aCys555 in the presence of sulphite (PDB code 5FSD) calculated with Fourier coefficients F,—F. and
phases derived from the model before addition of the atoms corresponding to the ligand. (B) 2F,-F.
electron density map (contoured at 1 o) after refinement using the shown model, which entails an
occupancy of 80 % for the aromatic ring and 20 % for the sulphonate group. The carbon, nitrogen, oxygen,
sulphur and nickel atoms are white, blue, red, yellow and green, respectively.
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Figure 5-SI. Details of the protein surface in the proximity of the active-site cavity of native (A) (PDB
code 4CEU), DAP inhibited (B) (PDB code 4UBP), and BQ bound SPU in the absence (C) (PDB code 5FSE) and
in the presence (D) (PDB code 5FSD) of sulphite. The water molecules in the bimetallic centre and the
inhibitors are represented as spheres coloured accordingly to the CPK code. The protein surface has been
drawn with a probe sphere of 1.4 A using USCF Chimera *.




Results of the quantum mechanical calculations

Benzoquinone (BQ), hydroquinone (HQ), and their derivatives were simulated in the gas phase. A thio-
methyl (-S-CH;) group was bound to carbon C2, or a sulphonate (-SO5’) group was bound to carbon C5 in the
minimal scaffold of both molecules (see Scheme 1-SI for atom numbering), in order to mimic the covalent
interaction with a cysteine residue or with a sulphonate group, respectively. In all cases, the computations
were started from a conformation similar to that found in the crystal structures. In addition, both the thio-
methyl and the sulphonate groups were added to BQ and HQ in order to mimic the moiety found in the
case of the BQ-bound SPU crystals grown in the presence of sulphite (PDB code 5FSD).

In all cases, the calculated distances and angles did not differ significantly from those experimentally
determined to allow us the discernment between the reduced or the oxidized forms of the cysteine ligand
(see Tables 3,4-SI and Figures 6,7-Sl). Therefore, attention was focused on the values of the dihedral angles
formed between the ligand’s ring and its substituents.

In the case of the calculations performed on BQ and its derivatives (Fig. 6-Sl), the computations on (thio-
methyl)-BQ resulted in two conformational minima characterized by different values (ca. 35° and 180°, Fig.
6B-SI and 6C-SI, respectively) of the torsional angle ¢ [defined as the angle formed by the following atoms:
Ligand(C1)-Ligand(C2)-Cys(Sy)-Cys(CB) see Scheme 1-Sl]. In the crystal structures, the ¢ angle ranges from
ca. 80° to 110° (Tables 5,6-Sl, Figs. 3,4 in the main text and 3,4-Sl above): therefore, in the subsequent
computations we excluded the conformer shown in Fig. 6C-SI because too different from the conformation
observed in the crystal structures. In the BQ derivatives comprising both the thio-methyl and the
sulphonate groups (Fig. 6E-SI), the resulting minimized ¢ angle is ca. 50°. The calculations performed on the
sulphonate-BQ molecules resulted in two minima in which the conformation of the -SO;5" group found in the
crystal structures (Figs. 3,4 and Fig. 6D-Sl) is more stable by 7.2 x 10~ Ha (corresponding to ca. 4.5 kcal/mol)
with respect to the conformation shown in Fig. 6F-Sl.

The results of the computations on HQ and its derivatives are reported in Fig. 7-SI. The two minimum
energy conformers for HQ (Fig. 7A,B-SI) show very similar formation energy, thus we considered both
conformations for the subsequent calculations that involve a single ring substituent.

For the four computations performed including a thio-methyl group (Fig. 7C,D,E,F-Sl), the ¢ angle as well
as the molecule energy changes as a function of the position of the hydrogen atom bound to oxygen O1
(see Scheme 1-SI). If the hydrogen atom points toward the thio-methyl group, the ¢ angle is ca. 95° and the
energy is lower by ca. 6.5 x 10 Ha (ca. 4.0 kcal/mol) with respect to the other conformations with the
hydrogen atom pointing away from the thio-methyl group. In this second case the ¢ angle is ca. 60°.

For the HQ moieties modified with the sulphonate group (Fig. 7G,H,1,J-Sl), when the hydrogen atom
bound to oxygen 02 points away from the sulphonate moiety, the latter is found in a conformation similar
to that observed in the crystal structures (Fig. 7G,H-SI). On the other hand, when the same hydrogen atom
points toward the sulphonate moiety, the latter orients in the most favourable conformation to form a
hydrogen bond with the -OH group (Fig. 71,J-Sl). Consequently the formation energy of the conformations
reported in Fig. 7G,H-SI is higher than the conformations in Fig. 71,J-SI by ca. 2.6 x 10" Ha (ca. 16.5
kcal/mol).

For the simulations including both the modifications on HQ (Fig. 7K,L-SI), we started from the thio-
methyl conformation in best agreement with the crystal structures (i.e. with the hydrogen bound to oxygen
01 pointing toward the sulphur atom) and tested both the conformations of the sulphonate group by
changing the conformation of the hydrogen atom bound to oxygen 02. Consistently with the previous

results, the conformation with the hydrogen bound to 02 pointing toward the -SO;” moiety (Fig. 7K-Sl) is
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lower by ca. 2.7 x 10 Ha (ca. 16.8 kcal/mol) with respect to the other conformer (Fig. 7L-SI). The ¢ angle in
both conformations is ca. 93°.

The results of these calculations suggest that i) the crystal structures correspond to the reduced form of
the ligand, with the H atom on O1 pointing towards the Sy atom of aCys322 or aCys555, ii) the H atom on
02 in the crystal structure does not make a H-bond with the sulphonate group but rather a hydrogen bond
with the NZ atom on the side chain of alys169 and with an additional water molecule (see Fig. 4), thus
compensating the energy loss due to the unfavourable conformation of the sulphonate group observed in
the crystal structure of BQ-bound SPU crystals in the presence of sulphite (PDB code 5FSD).
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Figure 6-SI. B3LYP/G aug-cc-pVTZ energies, optimized heavy atoms bond distances, and ¢ torsional
angles of selected 1,4-benzoquinones (atoms defining the ¢ angle are highlighted with a * symbol). Atoms
are coloured accordingly to the CPK scheme.

A E=-381.597756 Ha

B E=-819.149353 Ha C E=-819.154835 Ha

P=179.8°

E E=-1005.032285 Ha

F E=-1442591253 Ha
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Figure 7-SI. B3LYP/G aug-cc-pVTZ energies, optimized heavy atoms bond distances, and ¢ torsional
angles of selected 1,4-hydroquinones (atoms defining the ¢ angle are highlighted with a * symbol). Atoms
are coloured accordingly to the CPK scheme.

A E=-382841828 Ha B E=-382841675 Ha

C E=-820.390025 Ha D F E =-820.396076 Ha
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Table 3-SI. Ligand carbon-oxygen bond distances (A) as obtained in the crystal structure of SPU in the
absence of sulphite (PDB code 5FSE) refining the model by including a molecule of BQ or HQ. The results of
DFT computations on model compounds are reported in parentheses. The theoretical values are obtained
averaging the bond distances of the model compounds reported in Fig. 6B,C-SI for BQ and Fig. 7C,D,E,F-SI
for HQ.

Ligand bound to... Bond BQ HQ

aCys322 C;-0; 1.30+0.15(1.216+0.001) 1.39+0.15
C,-0, 1.30+0.15(1.222+0.001) 1.39+0.15

aCys555 C;-0; 1.26+0.15(1.216+0.001) 1.36+0.15
C,-0, 1.25+0.15(1.222+0.001) 1.36+0.15

1.366 * 0.006)
1.373 £0.001)
1.366 + 0.006)
1.373 £0.001)

—_— e~~~
—_— e~~~

Table 4-SI. Ligand carbon-oxygen bond distances (in A) as obtained in the crystal structure of SPU in the
presence of sulphite (PDB code 5FSD) refining the model by including a molecule of BQ or HQ. The results
of DFT computations on model compounds are reported between parentheses. The theoretical values are
obtained averaging the bond distances of the model compound reported in Fig. 6F-SI and Fig. 7K,L-SI for BQ
and HQ, respectively.

Ligand bound to... Bond BQ HQ
aCys322 C,-0; 1.30+0.08(1.223) 1.38+0.08(1.372+£0.001)
C,-0, 1.30+0.08(1.215) 1.39+0.08(1.359 £0.012)
aCys555 C,-0; 1.29+0.08(1.223) 1.37£0.08(1.372 £0.001)
( (

C;-0, 1.26+0.08(1.215) 1.35+0.08 (1.359 +0.012)

Table 5-Sl. Ligand-Cys torsional ¢ angles (°) as obtained in the crystal structure of SPU in the absence of
sulphite (PDB code 5FSE) refining the model by including a molecule of BQ or HQ. The results of DFT
computations on model compounds are reported between parentheses. The theoretical values are
obtained averaging the torsional angles in model compounds reported in Fig. 6B-Sl and 7C,D,E,F-SI for BQ
and HQ, respectively.

Ligand bound to... BQ HQ

aCys322 107.0 (34.5) 109.1 (94 +2)°
(60.2 +0.3)°

aCys555 81.5(34.5) 82.4 (94+2)
(60.2 +0.3)°

® hydrogen of the hydroxyl group pointing toward the -S-CH; group.
® hydrogen of the hydroxyl group pointing away from the -S-CH; group.

Table 6-SI. Ligand-Cys torsional ¢ angles (°) as obtained in the crystal structure of SPU in the presence of
sulphite (PDB code 5FSD) refining the model by including a molecule of BQ or HQ. The results of DFT
computations on model compounds are reported between parentheses. The theoretical values are
obtained averaging the torsional angles in model compounds reported in Fig. 6F-Sl and Fig. 8K,L-SI for BQ
and HQ, respectively.

Ligand bound to... BQ HQ
aCys322 108.1 (49.4) 95.5(92 +1)°
aCys555 77.6 (49.4) 80.5(92 +1)°

® hydrogen of the hydroxyl group pointing toward the -S-CH; group.
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