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Is bismuth(ui) able to inhibit the activity of urease?
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Bismuth(i) complexes have been reported to act as inhibitors of the enzyme urease, ubiquitously present
in soils and implicated in the pathogenesis of several microorganisms. The general insolubility of Bi(in)
complexes in water at neutral pH, however, is an obstacle to their utilization. In our quest to improve the
solubility of Bi(m) complexes, we selected a compound reported to inhibit urease, namely [Bi
(HEDTA)]-2H,0, and co-crystallized it with (i) racemic pL-histidine to obtain the conglomerate [Bi>(HEDTA),(u-
p-His),]-6H,0 + [Bi,(HEDTA),(p-L-His),]-6H,0O, (i) enantiopure L-histidine to yield [Bio(HEDTA),(u-L-His),]-6H,0,
and (iii) cytosine to obtain [Bi(HEDTA)]-Cyt-2H,0O. All compounds, synthesised by mechanochemical methods
and by slurry, were characterized in the solid state by calorimetric (DSC and TGA) and spectroscopic (IR)
methods, and their structures were determined using powder X-ray diffraction (PXRD) data. Al compounds
show an appreciable solubility in water, with values ranging from 6.8 mg mL™ for the starting compound [Bi
(HEDTA)]-2H,0 to 36 mg mL™ for [Bio(HEDTA),(p-L-His),]-6H,O. The three synthesized compounds as well as

Received 15th March 2024, [Bi(HEDTA)]-2H,O were then tested for inhibition activity against urease. Surprisingly, no enzymatic inhibition
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was observed during in vitro assays using Canavalia ensiformis urease and in vivo assays using cultures of
Helicobacter pylori, raising questions on the efficacy of Bi(il) compounds to counteract the negative effects of

rsc.li/dalton urease activity in the agro-environment and in human health.
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Introduction

Urease (urea amidohydrolase; EC 3.5.1.5) is a nickel-dependent
non-redox metalloenzyme that is prevalent in nature."” It is
found in fungi, algae, bacteria, plants, and soil, operating
within the global N cycle transformations. Urease catalyses the
hydrolysis of urea, leading to the formation of aqueous
ammonium hydrogen carbonate and to a pH increase from
neutrality to ca. 9.0-9.5. It has a high catalytic efficiency,
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accelerating the hydrolysis of urea by ca. 15 orders of
magnitude (see Fig. 1).5™°

This reaction is crucial for the agrochemical field, as urea is
the most used nitrogen-based fertiliser and its hydrolysis is
required to generate forms of nitrogen that serve as plant nutri-
ents.'"! However, it is also the leading cause of several agro-
nomic,"” environmental,”>" and economic problems'® and
strongly affects the global N cycle."”'® In particular, urea hydro-
lysis causes a rapid increase in the soil pH, which can lead to the
loss of urea nitrogen as gaseous ammonia. Ammonia is toxic to
plants and is reported to contribute to the formation of fine par-
ticulate matter (PM,;),"® which is a significant health hazard.

Urease

= 2NH,* + HCO; + OH
ty2 =20 us
Urea

Fig. 1 Urea hydrolysis catalysed by urease.
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Additionally, ammonia can be converted by other soil enzymes,
such as ammonia monooxygenase (AMO), to several nitrogen
oxides, especially N,O, a greenhouse gas with 300 times the heat-
trapping capacity of CO,.>**

Due to its ubiquitous presence in nature, the enzyme plays
a crucial role in other aspects of life. In addition to the agro-
chemical field, it is also central to the medical field, where it is
implicated in the pathogenesis of several microorganisms,*
including Kiebsiella aerogenes,> Proteus mirabilis,”>*® and
Helicobacter pylori.>”*® The role of urease in the pathogenesis
of H. pylori is crucial: by exploiting the increase in pH gener-
ated by urea hydrolysis, the bacterium can colonise the
environment of the gastric mucosa, which would otherwise be
too acidic for its survival.>*”** Interest in novel ways to eradi-
cate H. pylori is high as it reportedly infects nearly half of the
world’s population and has been classified by the World
Health Organization (WHO) as well as by the International
Agency for Research on Cancer, as a class I carcinogen, associ-
ated with the onset of gastric cancer.**** Additionally, the
WHO recently added it to the list of 12 priority pathogens that
pose the greatest threat to human health and for which new
antibiotics are urgently needed.*

The quest for novel urease inhibitors is thus central to
various fields***” and several compounds have been found to
inhibit urease.”***® Another strategy to inhibit urease is the
use of coordination polymers (CPs) and complexes,®’®
formed by the self-assembly of metal ions and organic ligands
and representing one of the most prolific research areas of
crystal engineering and medicinal inorganic chemistry in the
last 15 years. Interest in such compounds comes from their
double organic-inorganic nature and the possibility of simul-
taneously exhibiting the properties of both classes. They are of
great interest in the field of enzyme inhibition, as the inhi-
bition efficiency and mechanism can be tuned by proper selec-
tion of the oxidation state of the metal centre, coordination
environment, and chemical nature of the ligand.**

Bismuth-based complexes are of particular interest in the
field of urease inhibitors."®® Although bismuth has no
known natural biological role, some preparations based on Bi
(m), such as bismuth subsalicylate (BSS) and bismuth subci-
trate (CBS), have been used to treat H. pylori in combination
with antibiotics such as tetracycline, clarithromycin, and
amoxicillin.®*®® Despite the efficacy of these bismuth formu-
lations, the mechanism of action of bismuth compounds is
still not fully understood.'® In any case, urease inhibition by
bismuth compounds such as [Bi(HEDTA)]-2H,O0, [Bi(Cys);] and
ranitidine bismuth citrate (RBC) has been reported.}®*

1Ref. 63 reports measurements conducted on Bi(EDTA) synthesized as described
previously by Summers et al. (see ref. 77 in this article). In Summers’s paper the
synthesis yields complex (2), which is labelled as Bi(HEDTA); the single crystal
structure of complex (2), however, with coordinates deposited in the CSD
(refcode HAYPEC), is that of the dihydrate Bi(HEDTA)-2H,O. Therefore, the
complex studied in ref. 63 is the dihydrated complex Bi(HEDTA)-2H,0. For this
reason, our enzymatic assays have also been conducted on the dihydrated
complex.

10554 | Dalton Trans., 2024, 53, 10553-10562

View Article Online

Dalton Transactions

The use of bismuth-based compounds as inhibitors of soil
urease for agrochemical applications is hindered by their low
solubility in water at soil pH (6.5-7.5).%” Overcoming solubility
issues is also relevant from a synthetic point of view, as most
Bi(umr) precursors are either insoluble (Bi,O;) or unstable in
water at neutral pH values (BiCl; and Bi(NO3)s).
Mechanochemistry provides a promising solution to this
issue,®® as it is a synthetic technique that requires little to no
solvent. Additionally, Frig¢i¢ et al.®® proved it to be a very versa-
tile technique for synthesizing bismuth complexes as they
investigated the synthesis of the API bismuth subsalicylate via
ion- and liquid-assisted grinding.

Our approach is based on the application of crystal engin-
eering strategies’®’® to the preparation of (i) a novel complex
and (ii) a co-crystal of Bi(u), both characterized by improved
solubility properties in water with respect to bismuth subsali-
cylate (<1 mg mL™') and bismuth subcitrate (insoluble in
water). The starting material [Bi(HEDTA),]-2H,0 (1),”””® for
which only solution synthesis and crystal data had been
reported, and its anhydrous form [Bi(HEDTA),] (2),” for which
only crystallographic information are available, were also pre-
pared by solid-state methods, and their solubility determined.
The synthesized compounds were tested for their efficacy to
inhibit urease in vitro using a plant enzyme as well as in vivo
using cultures of H. pylori.

Experimental
Materials and methods

All reagents (see Chart 1) were purchased from Sigma-Aldrich
or Alfa Aesar and used without further purification.

Synthesis

All compounds were synthesized by solid state and slurry
methods, as summarized in Table 1.

The synthesis of [Bi(HEDTA)]-2H,O (1) (see Table 1) was
carried out by reacting 0.5 mmol of H,EDTA and 0.25 mmol of
Bi,O; either via slurry in 1 mL of water or mechanochemically
via liquid assisted grinding (LAG).*° For the LAG synthesis, the
reagents were added to a 5 mL agate jar in the presence of
100 pL of water and two 5 mm agate balls; a Retsch MM200
ball miller was employed, operated at a frequency of 20 Hz for
90 min. In both cases the product obtained, characterized via

(0]
HO.__0O o) NH,
\E OH
N
AN N { OH | N
N § NH
2
HO N N~ ~O
0~ "OH H H
(0]
H4EDTA L- and DL-histidine  cytosine
(L- and DL-His) (Cyt)

Chart 1 The reagents employed in this study.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of the synthetic methods employed for the synthesis
of the complexes studied in this work

Compound Synthetic method

1) [Bi(HEDTA)]-2H,,0 p-form®

Slurry/LAG*
2) [Bi(HEDTA)] anhydrous”

E [Bi(HEDTA)]-2H,0 at
150 °C for 4 h

(3) [Biz(HEDTA)Z(p-L-HiS)Z]-6HZO +

[

(

(

Slurry/LAG
Bi,(HEDTA),(p-p-His),]-6H,0
4) [Biy(HEDTA),(p-1-His),]-6H,0 Slurry/LAG
5) [Bi(HEDTA)]-Cyt-2H,O Slurry/LAG

“CSD Refcode HAYPEC.”” ?CSD Refcode SOXX0S.”” ‘LAG = liquid
assisted grinding®® (here the solvent is water).

powder X-ray diffraction (PXRD), was the p polymorph, i.e., the
form previously obtained from solution synthesis.””””® The
compound was then used as a reagent for the syntheses of the
new complexes. Heating of (1) in an oven at 150 °C for 4 hours
yielded the known anhydrous form of the complex, [Bi
(HEDTA)] (2).”° The conglomerate [Biy(HEDTA),(j-L-
His),]-6H,O + [Bi,(HEDTA),(p-p-His),]-6H,O (3), the complex
[Bi,(HEDTA),(p-1-His),]-6H,O (4) and the co-crystal [Bi
(HEDTA)]-Cyt-2H,O (5) were obtained by reaction of (1)
(0.5 mmol) with a stoichiometric amount of histidine (pi-his
or -His) and cytosine (Cyt), either via slurry or liquid assisted
grinding (LAG). LAG syntheses were carried out in the same
conditions used for the synthesis of (1). No change in the
product formation was observed by varying the amount of
water used for the LAG procedure. Compound (5) could also
be obtained by slurry of stoichiometric amounts of the three
separate reagents, i.e., Bi,O;, H4EDTA and cytosine.

Powder X-ray diffraction

X-ray diffraction patterns were collected in Bragg-Brentano
geometry on a PANalytical X'Pert Pro automated diffract-
ometer, equipped with an X’celerator detector, using Cu-Ka
radiation (4 = 1.5418 A) without monochromator in the 3-40°
20 range (step size 0.033°; time per step: 20 s; Soller slit 0.04
rad, antiscatter slit: 1/2, divergence slit: 1/4; 40 mA-40 kV).

For structural solution from powder, data in the 26 range
3-70° 26 range were collected on a Panalytical X’Pert PRO auto-
mated diffractometer equipped with a PIXcel detector in trans-
mission geometry (capillary spinner), using Cu-Ka radiation (4
= 1.5418 A) without monochromator in the 26 range between
3° and 70° (continuous scan mode, step size 0.0130°, counting
time 170.6 s, Soller slit 0.02, antiscatter slit 1, divergence slit 3,
40 mA 40 kV). Six patterns were recorded and summed to
enhance the signal to noise ratio. To solve the structures from
powder data, the software EXPO2014%" was used. Selected
peaks in the 3-65°20 range were chosen and used to index the
unit cell of the compound using the algorithm N-TREOR09.%*
The structures were solved by simulated annealing using frag-
ments retrieved from the Cambridge Structural Database. Ten
runs for simulated annealing trials were set, and a cooling rate
(defined as the ratio Tn/Tn — 1) of 0.95 was used. In all cases
the best solution was chosen for Rietveld refinement, which

This journal is © The Royal Society of Chemistry 2024
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was performed using the software EXPO 2014 A Chebyshev
function with 20 parameters was used to fit background. All
the hydrogen atoms were fixed in calculated positions with the
software Mercury. Crystal data tables and Rietveld refinements
are collected in the ESI.¥ CCDC 2340273 and 2340274.7F

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) traces were recorded
using a PerkinElmer Diamond apparatus. The samples (3-8 mg
range) were placed in open aluminium pans. All measurements
were conducted in the 30-170 °C range at a heating rate of 10 °C
min~". DSC traces are reported in the ESLT

Thermogravimetric analysis (TGA)

TGA measurements were performed with a PerkinElmer
TGA8000 in the 25-700 °C temperature range, under N, gas
flow at a heating rate of 10 °C min~". TGA traces are reported
in the ESL{

Solubility

The solubility of the synthesized complexes was measured by
placing 500 mg of powder and 1 mL of water in a closed vessel.
The mixture was left stirring at room temperature and after 5 h
the undissolved solid was filtered and weighed, allowing to
determine the change in solubility with respect to Bi,Oz. To
verify that the procedure was not altering the compound, the
undissolved powder was analysed via X-ray powder diffraction.

Enzymatic assays

Stock solution (50 mM) of (1) were prepared from the corres-
ponding dihydrated solid in 2 mM HEPES buffer at pH 7.0 and
7.5, or in 3 mM phosphate buffer at pH 7.0. A working solution
of (1) was prepared in the 0.12-8.0 mM concentration range by
diluting the stock in the same buffers. A stock solution of
Canavalia ensiformis (jack bean) urease (JBU, type C-3 powder,
> 600 000 units per g, Merck Milan, Italy) to a final concen-
tration of 50 pg mL ™" (100 nM) was prepared in 20 mM HEPES
buffer at pH 7.5. The JBU stock solution (0.100 mL) was added
to 9.775 mL of the working solution of (1) and, after one-hour
incubation, the reaction was started by the addition of
0.125 mL of a 8 M urea water solution to reach a final concen-
tration of 100 mM substrate and 1 nM enzyme. Urease activity
was determined in triplicate using the pH-STAT method, as
originally described.®? In particular, a T1 pH-meter equipped
with a 50-14 T electrode (Crison Instruments, SA), was used to
record, every 0.5 min, the volume of a 50 mM HCI solution
necessary to maintain the pH at a determined and constant
value. The measurement started 0.5 min after urea addition to
allow time to reach uniform substrate concentration in the
sample volume and continued for the first 3 minutes after sub-
strate addition, under constant magnetic stirring. The reaction
rates were averaged, normalized with respect to the rate of the
control samples in the absence of (1), and the obtained
residual activity values (%) were plotted as a mean percentage
+ standard deviation (SD) as a function of the concentration of

Dalton Trans., 2024, 53,10553-10562 | 10555
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the tested compound on a semi-log graph. Prism v. 10.1.1 soft-
ware was used to plot the results.

Antimicrobial activity tests against Helicobacter pylori

The compounds (1), (2), (3), and (5) together with [Bi(Citrate)],
and H,EDTA were used to carry out antimicrobial assay against
H. pylori [H. pylori G27 wild-type strain was gifted in 1988 by
Chiron corporation, now part of the GlaxoSmithKline
company]. The antimicrobial activity was assessed by the broth
microdilution method, according to the Clinical and
Laboratory Standards Institute (CLSI) and the European
Committee for Antimicrobial Susceptibility Testing (EUCAST)
guidelines. All solutions were tested in parallel, employing the
H. pylori G27 strain, to determine their minimal inhibitory
concentrations (MICs). [Bi(Citrate)] was dissolved (125 mM) in
10% (w/v) ammonia water solution at a concentration of
125 mM; all other Bi-containing compounds were dissolved
(125 mM) in ultrapure water or 10% ammonia water solution.
Freshly prepared solutions were used for the assay in 11 pro-
gressive 2-fold dilution series ranging from 125.0 uM to 0.1 pM
in a 96-well microtiter plate. Exponentially growing H. pylori
liquid culture (optical density at 600 nm = 0.6-0.7) was diluted
and inoculated into each well to a final concentration of 5 x
10° CFU mL™". All experiments and dilutions were performed
in Brucella broth supplemented with 5% fetal bovine serum.
Bacterial cultures were incubated in a microaerophilic environ-
ment with constant agitation at 37 °C and examined visually
after 72 h. MIC values were defined as the lowest concentration
of compound that inhibited the visible growth of bacteria.
Negative controls were implemented to check for the sterility
of the solutions, while a positive control was added to assess
bacterial growth and fitness. In addition, to rule out any effect
of the solvent, bacterial growth was also monitored for
H. pylori G27 cells exposed to the vehicle solution in which
bismuth-containing solutions were prepared (10% ammonia
or water, but without adding bismuth compounds). Each
experiment was performed in triplicate.

Results and discussion

Preparation and characterization of [Bi(HEDTA)]-2H,O (1) and
[Bi(HEDTA)] (2)

Several papers and reviews highlight that Bi(u) forms stable
complexes with H,EDTA in aqueous solution.”®®* Bhat and
Krishna Iyer®® assessed that the deprotonated complex [Bi
(EDTA)]™ is stable at pH 1.5-10, with a stability constant of ca.
26. At higher pH, bismuth hydroxide is formed via hydrolysis.
We further verified the stability of (1) in water by performing
"H NMR on an aqueous solution of the complex (see Fig. ESI
147%). In the solid state Bi(m) and H,EDTA form both neutral
[Bi(HEDTA)] and anionic [Bi(EDTA)]™ species. We concentrated
our efforts on the synthesis of the neutral form. According to
the literature, the complex can be obtained from solution as
the dihydrate (1) in two polymorphic forms, or as the anhy-
drous (2), depending on the reaction conditions (temperature
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and rate of precipitation).”””? In order to explore faster and
scalable techniques, we focused our efforts on the preparation
of the complex with solid-state techniques, such as mechano-
chemistry and slurry. We choose bismuth oxide as an accessi-
ble source of bismuth(ur), despite it being utterly insoluble in
water.®® The results of neat grinding, liquid assisted grinding
(LAG) and slurry of a physical mixture of H;EDTA and Bi,O; in
a 1:2 stoichiometric ratio are represented in Scheme 1.

Neat grinding of the reagents resulted in a physical mixture
of the starting materials, while LAG and slurry in water
resulted in the formation of the known B polymorph of (1)”
(see Fig. 2) as a crystalline powder. Recrystallization from
water, in which the solid is slightly soluble, yielded single crys-
tals of the same polymorph. Structural characterization of the
LAG and slurry product was done by comparing the experi-
mental powder diffraction patterns with the calculated ones
for the o and p forms of (1) (see Fig. ESI 17).

Thermal stability of the coordination polymer (1) was
assessed via TGA and DSC measurements (see Fig. ESI 9%).
TGA was performed in the 25-700 °C range; the trace displays
an initial weight loss of about 7%, attributed to the loss of two

H,EDTA+ Bi,O,

2:1
lfle;i @ | LAG I Slurry in H,O
grinding

[Bi(HEDTA)]-2H,0

A

[Bi(HEDTA)]

Scheme 1 Details of the neat grinding, LAG, slurry and crystallization
processes for the synthesis of [Bi(HEDTA)]-2H,O (1), and subsequent
thermal dehydration to obtain the anhydrous complex.

Fig. 2 Packing of [Bi(HEDTA)]-:2H,O (1) viewed down the a-axis, high-
lighting the presence of water layers (pale blue) in the crystal. H atoms
not shown for clarity.

This journal is © The Royal Society of Chemistry 2024
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H,0 molecules per formula unit. The complex is then stable
up to 250 °C, where a multistep degradation occurs. To
confirm the hypothesis that the initial weight loss observed in
TGA is due to dehydration of the complex, DSC was performed
in the 25-200 °C range. The trace shows a broad endothermic
peak at 133 °C (peak temperature), corresponding to the first
weight loss observed in TGA, and is thus attributed to dehydra-
tion. No other thermal events were observed in the analysed
range. In agreement with the results obtained with DSC and
TGA, heating of (1) above 130 °C yields the anhydrous (2) (see
Fig. 3), as confirmed by comparison of the experimental
powder diffraction pattern with the calculated one for the
anhydrous form present in the CSD (refcode SOXXOS, see
Fig. ESI 2+).

Thermal stability of the coordination polymer (2) was
assessed via TGA and DSC measurements in the 25-700 °C
and in the 25-200 °C ranges, respectively. Both resulting traces
(see Fig. ESI 10t) are consistent with those for (1) following the
dehydration process.

Preparation and characterization of the conglomerate
[Bi,(HEDTA),(p-1-His),]-6H,O + [Bi,(HEDTA),(p-p-His),]-6H,O
(3) and of [Bi,(HEDTA),(p-1-His),]-6H,O (4)

The results of ball milling, liquid assisted grinding (LAG) and
slurry of a physical mixture of (1) and either pr- or t-Histidine
(oL-His and 1-His respectively) in a 1 : 1 stoichiometric ratio are
presented in Scheme 2.

While neat grinding of the reagents resulted in a physical
mixture of unreacted starting materials, LAG and slurry in
water yielded the complexes crystalline powders with superim-

”s.ﬁ *.iﬁwm» :
\ 1‘4;\ }‘0 ﬁ'

Fig. 3 Coordination environment around bismuth in the complex [Bi
(HEDTA)] (2).

[Bi(HEDTA)]-2H,O + L-Histidine [Bi(HEDTA)]-2H,O + DL-Histidine
1:1 1:1

Slurry in
H,0

Slurry in
H,0

Neat
grinding

Neat

grinding G

LAG

[Bi,(HEDTA),(pi-L-His),]-6H,O [Bi,(HEDTA),(pi-L-His),]-6H,O
+

[Bio(HEDTA),(u-D-His),]-6H,0O
conglomerate

Scheme 2 Details of the neat grinding, LAG and slurry processes for
the reaction of [Bi(HEDTA)]-2H,O with L- or pL-histidine.

This journal is © The Royal Society of Chemistry 2024
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posable patterns (see ESIT), therefore, upon reaction of pr-his-
tidine with (1), spontaneous resolution of pr-histidine occurs,
and the conglomerate (3) is formed, ie., a 50:50 mixture of
crystals of enantiopure [Bi,(HEDTA),(p-L-His),]-6H,O and of
enantiopure [Bi,(HEDTA),(p-p-His),]-6H,O [where the enantio-
pure [Bi,(HEDTA),(p-p-His),]-6H,0 is exactly the complex (4),
see below]. Despite numerous attempts and techniques tested,
single crystals could not be obtained. The structure was thus
solved from powder data, collected on the product of the reac-
tion of pr-histidine with (1), with the help of information
derived from thermogravimetric analysis (TGA), which allowed
to determine the stoichiometry of the complex and confirm
the presence of six water molecules per formula unit (See
Fig. ESI 11%). Fig. 4 shows the structure of the complex (4)
obtained as pure compound upon reaction with r-histidine, or
as a part of the conglomerate (3) if pr-histidine is used.

Crystalline (4) is a discrete complex where the each
HEDTA®™ anion acts as a multidentate ligand coordinating
one bismuth(m) cation, and the r-histidine molecule asymme-
trically bridges the two Bi*" cations [Bi-Np ;s 2.440(4) and
2.826(4) A]. The two bismuth cations, the two r-histidine and
the two HEDTA®~ ligands are related by a crystallographic two-
fold axis; six water molecules are present per dimeric unit.
Fig. ESI 31 show a comparison of the calculated powder diffr-
action pattern of (4), calculated on the basis of the structural
resolution via simulated annealing, and the experimental pat-
terns of the bulk products obtained with LAG and slurry, con-
firming that the structure obtained is representative of the pro-
ducts of both procedures.

Fig. 4 The dimeric complex obtained by reaction of [Bi(HEDTA)]-2H,O
with pL- or L-histidine [conglomerate (3) and L-histidine complex (4),
respectively] and a projection of the packing down the crystallographic
b-axis (with purple coordination polyhedra around the bismuth ions).
Histidine C atoms in orange, water O atoms in blue. H atoms not shown
for clarity.

Dalton Trans., 2024, 53,10553-10562 | 10557
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Thermal stability of the conglomerate (3) and of the pure
t-histidine complex (4) was assessed via TGA and DSC
measurements (see Fig. ESI 12}). TGA was performed in the
25-700 °C range; the trace displays an initial weight loss of
about 8%, which has been attributed to the loss of the six H,O
molecules present per unit formula. The complex is then stable
up to 250 °C, where a multistep degradation occurs. To confirm
the hypothesis that the initial weight loss observed in TGA was
due to dehydration of the complex, DSC was performed in the
25-200 °C range. The trace shows one broad endothermic peak
at 72 °C corresponding to the first weight loss observed in TGA
and thus attributed to dehydration. No other thermal events
have been observed in the analysed range.

Preparation and structural characterization of [Bi
(HEDTA)]-Cyt-2H,0 (5)

The results of ball milling, Liquid Assisted Grinding (LAG) and
slurry of a physical mixture of (1) and cytosine (Cyt) in a 1:1
stoichiometric ratio are presented in Scheme 3. While neat
grinding of the reagents resulted in a physical mixture of
unreacted starting materials, LAG and slurry in water resulted
in the formation of the cocrystal (5) as a crystalline powder.

Despite numerous attempts and crystallization techniques
tested, single crystals of the co-crystal could not be obtained.
The structure was thus solved from powder data, with the help
of information derived from thermogravimetric analysis (TGA),
which allowed to determine the stoichiometry of the complex
and confirm the presence of two water molecules per formula
unit (see Fig. ESI 137).

In crystalline (5), the HEDTA®™ anion acts as a multidentate
ligand and simultaneously binds three Bi(ui) ions, each octa-
coordinated by six O and two N atoms. Fig. 5 shows the 1D
ribbon formed by the neutral [Bi(HEDTA)] units, extending
parallel to the crystallographic c-axis; cytosine and water mole-
cules fill in the channels between the 1D ribbons (Fig. 5b).

Although our original intent was the preparation of a novel
mixed ligand Bi(m) ethylenediaminetetraacetate complex with
cytosine as an additional ligand, in the crystalline structure
the cytosine does not act as an additional ligand to Bi(u) but
remains in the lattice as an independent molecule. The com-
pound can thus be described as a hydrated co-crystal formed
by cytosine and by a 1D coordination polymer of [Bi(HEDTA)].

[Bi(HEDTA)]-2H,0O + Cytosine
1:1

Neat

LAG
grinding

Slurry in H,O

[Bi(HEDTA)]-Cyt 2H,0O

Scheme 3 Details of the slurry, ball milling and crystallization pro-
cesses for the synthesis of the co-crystal [Bi(HEDTA)]-Cyt-2H,O (5).
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Fig. 5 (Top) The 1D ribbon of [Bi(HEDTA)] units(coordination polyhedra
around the bismuth ions in purple) extending parallel to the c-axis in
crystalline [Bi(HEDTA)]-Cyt-:2H,O (5). (Bottom) A side-view, down the
c-axis, shows how cytosine (large caps) and water molecules fill the cav-
ities between neighbouring 1D-ribbons (water oxygens in blue; H atoms
not shown for clarity).

Fig. ESI 81 shows a comparison of the calculated powder
diffraction pattern of (5), calculated on the basis of the struc-
tural resolution via simulated annealing, and the experimental
pattern of the bulk products obtained with LAG and slurry,
and confirms that the structure obtained is representative of
the products of both crystallization techniques.

Thermal stability of the coordination polymer (5) was
assessed via TGA and DSC measurement (Fig. ESI 131). TGA
was performed in the 25-700 °C range; the trace displays an
initial weight loss of about 5%, which has been attributed to
the loss of the two water molecules present per unit formula.
The complex is then stable up to 250 °C, where a multistep
degradation occurs. To confirm the hypothesis that the initial
weight loss observed in TGA was due to dehydration of the
complex, DSC was performed in the 25-200 °C range. The
trace shows two broad and overlapped endothermic peaks at
114 and 130 °C respectively, corresponding to the first weight
loss observed in TGA and thus attributed to dehydration. No
other thermal events have been observed in the analysed
range.

Solubility tests

The thermodynamic solubility at 30 °C for both (1) and (2) was
determined, and results are shown in Table 2. As usually
observed when dealing with anhydrous and hydrated forms of
the same molecule or complex, the solubility in water of anhy-
drous (2) is about twice the solubility observed for the hydrated
form (1); this is in keeping with the general observation that
molecules or complexes are usually more soluble in their anhy-
drous or less hydrated form. Water solubility of (1) makes it
interesting for applications in the agrochemical field.
Additionally, the complex can be exploited to prepare other

This journal is © The Royal Society of Chemistry 2024
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Table 2 Thermodynamic solubility for the complexes presented in this
work

Solubility  Solubility®
Compound (mgmL™) (molL7")
(1) [Bi(HEDTA)]-2H,0 6.84 12.8
(2) [Bi(HEDTA)] 11.5 21.5
(3) [Bip(HEDTA),(p-p-His),]-6H,0 + 25.7 36
[Bi,(HEDTA),(p-1-His),]-6H,O conglomerate
(4) [Bi,(HEDTA),(p-1-His),]-6H,0 25.7 36
(5) [Bi(HEDTA)]-Cyt-2H,0 12.5 19.4

“Molar concentration of Bi(m).

bismuth-based derivatives. The presence of histidine in com-
pounds (3) and (4) determines an increase in thermodynamic
solubility compared to that of (1) and (2), as can be seen in
Table 2. On the other hand, the solubility of (5) is decreased as
compared to (3) and (4), but it is still significantly higher than
that observed for (1).

Kinetic studies of urease catalysis in the presence of [Bi
(HEDTA)]-2H,,0 (1)

We examined the prototypical Bi(ur) hydrated complex (1),
devoid of any co-crystallized additional moieties, because this
same compound had been previously reported to inhibit
Klebsiella aerogenes urease (KAU) with a competitive mecha-
nism that allegedly involved the binding of Bi(m) to a catalyti-
cally essential cysteine residue.®® In addition, the co-crystal-
lized D/L histidine or cytosine moieties present in compounds
(3), (4) and (5) are not expected to contribute to enzyme inhi-
bition. The inhibition studies involved the determination of
the activity of Canavalia ensiformis (jack bean) urease (JBU) in
the absence and presence of (1) at the optimal pH for the
enzyme activity (pH = 7.5) and at the pH value (7.0) at which
this compound was previously reported to inhibit KAU.®® The
integrity of (1) in solution was ascertained and confirmed
using "H NMR spectroscopy (See Fig. ESI 141). One hour incu-
bation of JBU with different (0.12-8.0 mM) concentrations of
(1) at pH 7.0 or 7.5 and in the presence of either HEPES or
phosphate buffer (the latter used in the previous study®®)
showed a substantial invariance of the enzymatic activity at
concentrations well above the reported K; = 1.74 mM®? (Fig. 6).

>
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Fig. 6 Dose—response semi-log plot for the activity of JBU as a func-
tion of the concentration of (1) at different pH values and buffering
systems: (A) HEPES at pH 7.5; (B) HEPES at pH 7.0; (C) phosphate at pH
7.0.
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Antimicrobial activity tests

In parallel to the in vitro studies on the simplest of the syn-
thesized compounds reported above, which highlighted the
absence of urease inhibition at concentrations up to one order of
magnitude higher than the reported inhibition constant, the
possible antimicrobial activity of the Bi(m)-containing compounds
obtained in this work was assessed in vivo on the H. pylori G27
strain. Freshly prepared solutions of (1), (2), (3) and (5) were
added to H. pylori G27 liquid culture and their minimal inhibitory
concentration (MIC) was determined. As a control, Bi(citrate) was
tested in parallel. In our experimental conditions, we consistently
measured MIC = 15 pM for Bi(citrate), in agreement with previous
reports on the same strain.®® However, all other compounds
yielded much higher MIC values (62.5 pM, Fig. ESI 157). Focusing
on the prototypical compound (1), we compared its antimicrobial
activity to H,EDTA, as control, obtaining the same MIC value
(62.5 pM, Fig. ESI 167t). The observed inhibitory effect of H,EDTA
on H. pylori growth is consistent with previous studies that indi-
cated a concentration range of 25-100 pM for the MIC value.®”

Conclusions

Urease is a nickel-dependent enzyme that is responsible for
several pathogenic states in humans, as well as increasing the
environmental impact of agriculture. Therefore, studies aimed
to modulate the enzymatic ureolytic activity could provide
means to improve treatment of infectious diseases as well as
more sustainable primary food production. In this study, a
crystal engineering approach was taken to prepare via co-crys-
tallization, compounds based on bismuth(m). Bi(m) com-
pounds have been reported to act as effective urease inhibitors
for agrochemical and medicinal applications, even though
their use is limited by their very low water solubility.
Furthermore, the functional mechanism of clinically use
bismuth-based drugs on H. pylori infections remains obscure
as it differs in variety of treatment regimens.®® All compounds
were characterized by solid state methods and their structures
determined by diffraction methods. The aim of this work was
twofold: on the one hand, we wanted to ascertain if co-crystalli-
zation of [Bi(HEDTA)]-2H,O with coformers such as histidine
and cytosine could lead to more soluble compounds, while, on
the other hand, we wanted to verify the urease inhibition
activity in vitro and in vivo by these compounds. The outcomes
of these studies were both satisfying and frustrating. On the
one hand, the first goal of this project was achieved, as the
compounds (3), (4) and (5) appear to be significantly more
soluble than the precursor (1). On the other hand, the investi-
gation of the in vitro inhibition of a plant urease by (1), as well
as the measurement of the in vivo control of growth of
H. pylori G27 strain cells, indicated no significant concen-
tration-dependent inactivation, in contrast to previous reports
indicating this compound acting as a competitive inhibitor of
urease.®®> These results suggest that the action of the [Bi
(HEDTA)]-2H,0 complex is not significantly different from that
of the H,EDTA ligand itself, which is well known to remove the
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two essential Ni(u) ions from the urease active site at low pH
and high concentration.®**°

Bi(1n) behaves similarly to Zn(u), sharing high affinity for N-
and O- as well as S-based ligands. The active site of several
metallo-hydrolases contain Zn(u) as an essential cofactor,
while other enzymes, not containing metal ions as cofactors,
use histidine imidazole -N, cysteine -SH, or serine —-OH
groups for catalysis. Therefore, the use of Bi(u)-based drugs
could impact a large number of metabolic pathways. To the
best of our knowledge, only one study has been reported that
shows the inhibition of metallo-p-lactamases, a specific class
of hydrolases, by Bi(m)-containing drugs, whereby Bi(u)
replaces the Zn(u) ions in the active site.”’ In the case of
urease, a unique Ni(u)-dependent hydrolase that also uses a
conserved cysteine thiol as an essential residue, it was
expected that Bi(mr) could either substitute the Ni(u) ions in
the active site or bind to the essential cysteine blocking cataly-
sis, as previously suggested.®® The absence of these effects
suggests that in the case of H. pylori, whose growth is inhibited
by Bi(m) complexes,”® the action of Bi(m)-based drugs must
not specifically target urease but rather affect other metabolic
processes such as energy production and/or cell wall disrup-
tion. The results of the present study highlights the need to
investigate the action of Bi(m) coordination compounds on
other classes of bimetallic hydrolases such as, for example,
arginase or agmatinase, functioning in the urea cycle.”?
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