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ARTICLE INFO ABSTRACT

Keywords: The ability of ureolytic bacteria to break down stable urea to alkaline ammonia leads to several
Klebsiella pneunoniae environmental and health challenges. Ureolytic bacteria such as Helicobacter pylori, Klebsiella
Ureolytic

pneumoniae, and Proteus mirabilis can become pathogenic and cause persistent infections that can
be difficult to treat. Inhibiting urease activity can reduce the growth and pathogenicity of ure-
olytic bacteria. In the present in vitro study, we investigated the synergistic effects of tannic acid

Urease inhibition
Acetohydroxamic acid

Fluoride
Tannic acid (TA) and the urease inhibitors fluoride (F™) and acetohydroxamic acid (AHA). The concentration
Urinary tract infection of AHA needed for efficient inhibition of the ureolytic activity of K. pneumoniae can be signifi-

cantly reduced if AHA is coapplied with tannic acid and sodium fluoride (NaF). Thus, only 1.20
pmol 171 AHA in combination with 0.30 mmol 1! tannic acid and 0.60 mmol 1! NaF delayed the
onset of ureolytic pH increase by 95.8 % and increased the growth lag phase by 124.3 % relative
to untreated K. pneumoniae. At these concentrations, without AHA, TA and NaF increased the
onset of the ureolytic pH change by only 37.0 % and the growth lag phase by 52.5 %. The strong
inhibition obtained with low concentrations of AHA in triple-compound treatments suggests
cobinding of F~ and AHA at the urease active site and could reduce the side effects of AHA when
it is employed as a drug against e.g. urinary tract infections (UTIs) and blocked catheters. This
study reports the basis for a promising novel therapeutic strategy to combat infections caused by
ureolytic bacteria and the formation of urinary tract stones and crystalline biofilms on catheters.

1. Introduction

Urease is a dinickel enzyme found in bacteria, fungi, algae, plants, and invertebrates [1]. The enzyme catalyses the hydrolysis of
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urea to ammonia (NH3) and carbon dioxide (CO3) and plays key roles in different infectious diseases and in ammonia emissions from
agriculture [2]. Urease is a bacterial virulence factor, and the catalysed formation of NHs from urea is important for bacterial path-
ogenesis, with several ureolytic bacteria added to the WHO’s list of pathogenic bacteria exhibiting broad antibiotic resistance [3].
When pathogenic ureolytic bacteria form NHs, the pH of the surrounding tissue or medium increases, which facilitates the growth of
the bacteria. Helicobacter pylori, which is thought to infect 50 % of the global population, employs ureolytic NH3 production to survive
in the low-pH environment of the stomach. Infection with H. pylori is often lifelong and has been linked to stomach ulcers and cancer. A
high local concentration of NH3 has direct cytotoxic effects on the epithelial cells lining the stomach [4,5]. It has recently been
suggested that H. pylori may even colonize the oral cavity, making eradication difficult [6]. Several ureolytic bacteria, such as Klebsiella
pneumoniae, Proteus mirabilis, and Staphylococcus saprophyticus, cause urinary tract infections, which lead to the formation of kidney
and bladder stones of struvite (MgNH4PO4) and apatite (Ca;o(PO4)sCO3) [4,5,7,8]. Recently, it has been shown that K. pneumoniae was
more abundant in patients suffering from autoimmune inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis than
in healthy controls [9], and it is suggested that K. pneumoniae infection may lead to an exacerbation of inflammation. Furthermore,
periodontitis can lead to an expansion of Klebsiella species in the oral cavity, from which they can migrate to the lower digestive tract,
causing the development of colitis and exacerbating existing gut inflammation [10].

Catheter-related urinary tract infections caused by ureolytic bacteria present a specific challenge for patients who experience
bladder spasms as well as leakage and blockage of the catheter [11]. The long-term use of indwelling catheters (for more than 30 days)
leads to near-certain colonization by microorganisms [11], while catheter blockage is observed in 40-50 % of patients [12,13].
Catheter-related urinary tract infections are initiated when P. mirabilis colonizes the bladder and catheter through the expression of
mannose-resistant Proteus-like (MR/P) pili. Through ureolytic NH3 production, the urine pH increases, leading to the precipitation of
struvite (MgNH4PO,4) and carbonate apatite (Caj;o(PO4)sCO3). These inorganic crystalline deposits are then integrated into poly-
saccharide structures, forming a crystalline biofilm on the catheter. Biofilms protect the bacterial community from the host immune
response and antibiotic treatment, making eradication very difficult. Eventually, the buildup of crystalline biofilms leads to blockage of
the catheter and associated symptoms [14].

The only clinically available urease inhibitor drug for treating struvite stones and urinary tract infections caused by ureolytic
bacteria is acetohydroxamic acid (AHA), which is produced under the US tradename Lithostat. AHA is a known urease inhibitor, but it
also has an inhibitory effect on the growth of struvite crystals, which appears unrelated to its anti-ureolytic activity [15]. However,
Lithostat is not widely used due to potential side effects such as anorexia, depression, anxiety (>10 %) and blood clots (>1 %), as well
as potential teratogenesis [8,15-17]. H. pylori infections have traditionally been treated with a combination of antibiotics and proton
pump inhibitors, but due to increasing antibiotic resistance, new therapeutic strategies, including anti-ureolytic bismuth salts, are
being investigated [5]. Likewise, there is currently a need for new strategies to treat recurrent urinary tract infections and catheter
blockages caused by ureolytic bacteria.

Recently, we reported that dual-compound treatment with tannic acid (TA) and sodium fluoride (NaF) significantly reduces the
urease activity of K. pneumoniae in vitro and mitigates the emissions of NH3 from pig manure [18,19]; in addition, dual-compound
treatment with TA and AHA as well as mixtures of TA, NaF, and AHA cause synergistic inhibition of ureolytic activity in pure
K. pneumoniae cultures and pig manure [20].

In the present work, we performed a comprehensive investigation of the synergistic effects of TA, NaF, and AHA on the ureolytic
activity and growth of K. pneumoniae in vitro and explored how TA and NaF can be used to reduce the amount of AHA needed to inhibit
ureolytic bacteria. This type of triple-compound combination provides a potential novel therapeutic strategy to fight infections caused
by ureolytic bacteria, including recurring UTIs related to the use of indwelling catheters.

2. Materials and methods
2.1. Chemicals

Boricacid (10 g 17! with indicator), hydrochloric acid (0.1 mol 17! Reag. Ph. Eur.), and low-nitrogen sodium hydroxide (32 %) were
purchased from VWR Denmark. All other chemicals were purchased from Merck and used as received. All media was autoclaved before
use and stock solutions of inhibitors, phenol red etc. were sterile filtered before addition to the media.

2.2. Ureolytic bacterium and urease enzyme

The ureolytic bacterial strain Klebsiella pneumoniae subsp. pneumoniae (ATCC, 13882; DSM No., 30102) was purchased from the
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures and was stored in 15 % glycerol at —80 °C. Purified
jack bean (Canavalia ensiformis) urease (JBU) (15,000-50,000 units/g) was purchased from Sigma-Aldrich and dissolved in an
aqueous 15 mM KH,POy solution at pH 6.8 to give a final urease concentration of 1.0 mg ml ™}, corresponding to approximately 15-50
U/ml. The urease stock was stored at —20 °C.

2.3. Bacterial urease activity assay for determination of the minimal inhibitory concentrations (MICs) and anti-ureolytic effects of the test
compounds

Determinations of the MICs and anti-ureolytic effects of the compounds against K. pneumoniae were carried out in M9-based urea
medium (M9U) as described previously [19,21]. Briefly, 80 ul of MOU containing 33.9 pmol 17! phenol red was added to the wells of a
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96-well microtiter plate, and 20 pl aliquots of appropriate concentrations of TA, NaF, and AHA prepared in M9U medium were added
after sterile filtration to yield 2-fold dilution series. For MIC value determination TA, NaF, and AHA were tested in concentration
ranges 0-205 mmol 17}, 0-2.46 mol 1}, and 0-2.46 mol 17}, respectively. In the single- and dual-compound treatments TA concen-
trations were in the range 0-0.4 mmol 1~!, NaF concentrations in the range 0-1.2 mmol 1}, and AHA concentrations in the range
0-0.6 mmol 171, In the triple combination experiment with TA, NaF, and AHA, the concentration of TA was held constant at 0.3 mmol
17! with NaF concentrations in the range 0-0.6 mmol 1~} and AHA concentrations in the range 0-10 pmol 1. The cell density of the
K. pneumoniae overnight culture was measured as the optical density at 630 nm (OD630), after which the cells were diluted in M9U to
an OD630 of 0.001. Diluted K. pneumoniae culture solution (100 pl, OD630 of 0.001) was then added to each well to a final volume of
200 pl per well. The MIC (OD630) for each well was measured after 20 h of incubation at 37 °C with constant aeration. In the bacterial
urease activity assays, the absorbances at 557 nm and 630 nm were recorded every 15 min for 24 h at 37 °C with constant aeration in a
plate reader (Synergy H1 hybrid multimode reader; Biotek). A negative growth control containing 200 pl of MU without
K. pneumoniae, an untreated growth control containing 100 pl of M9U and 100 pl of K. pneumoniae culture (with no TA, AHA or NaF),
and the three respective monotherapies (with TA, AHA, or NaF) were included in all the experiments. Triplicate data (Replica 1,
Replica 2, and Replica 3) for bacterial urease activity and growth collected from independent measurements on three different days
were used for data analysis. An increase in the OD630 reflects bacterial growth, while the difference between the absorbances at 557
nm and 630 nm relates to the change in ureolytic pH (A557-A630) [21]. The effects of TA, NaF, and AHA or combinations of the
compounds were compared primarily by the onset of the increase in the ureolytic pH, the end of the lag phase, and the rates of pH
increase and bacterial growth. Due to the slow growth of urease-inhibited cells, most cultures had not reached the stationary phase at
the end of the experiments (24 h). Therefore, the rates of pH increase and bacterial growth could not be calculated as described
previously [19] but were instead calculated as the logarithmic linear rate. The effect of 0.3 mmol 17! AHA on the ureolytic activity of
K. pneumoniae was assessed similarly to that of the other agents, except that the plate reader used was a Varioskan LUX (Thermo
Scientific, USA).

2.4. Determination of total ammoniacal nitrogen (TAN) production in K. pneumoniae cultures

K. pneumoniae cultures (200 ml) were grown overnight in M9U at 37 °C in baffled flasks with shaking at 200 rpm. Subsequently, the
cultures were centrifuged, and the resulting cell pellets were resuspended in fresh MU to a final OD630 of 0.1. Half of each resus-
pended cell culture was used as a negative control, while the other half was supplemented with TA, NaF, or AHA at final concentrations
of 0.30 mmol 171, 0.60 mmol 171, or 10.0 pmol 17}, respectively. Urea was added to both cultures to a final concentration of 2.4 g 172
The cultures were incubated at 25 °C for 5 h with shaking before the pH and OD630 were recorded. Triplicates of 10 ml samples of the
control and inhibited cultures were analysed by the Kjeldahl method to determine the concentration of TAN (NH3+NHJ) using a
Kjeltec 8400 instrument (FOSS, Denmark). The samples were made alkaline by adding 16 ml of 32 % low-nitrogen NaOH, after which
the instrument heated the sample to boiling using steam. All ammonium and ammonia present in the samples were converted to
volatile ammonia by the high pH and evaporated into a titration vessel where they were automatically titrated with 0.1 mol 1~ HCI
and then back-titrated with 10 % boric acid to determine the TAN concentration.

2.5. Enzymatic urease activity assays

Enzymatic urease activity assays using pure JBU were performed in 96-well microtiter plates as previously described [19]. In each
well, 10 pl of 1.0 mg ml~! JBU in 15 mmol 1~ KH,PO4 (pH 6.8) was added to 160 pl of MOU before 20 pl aliquots of appropriately
diluted M9U solutions of inhibitors (AHA, NaF, or combinations of AHA and NaF) were added. Finally, 10 pl of 0.80 mol 17! urea was
added to each well, and the microtiter plate was incubated in a Varioskan LUX plate reader for 24 h at 37 °C. An uninhibited control
sample of JBU was included in the experiment. The ureolytic activity was measured as A557, and the inhibition was quantified by the
change in the initial rate of pH increase and the final pH (final A557) [19].

2.6. Data analysis

Data treatment, linear regressions, and statistical analyses were conducted in Excel and OriginPro 9.

Table 1
Mean MIC values for TA, NaF, and AHA against K. pneumoniae in M9U.

Bacterium TA NaF AHA

K. pneumoniae 6.4 mmol 1! 9.6 mmol 1! 76.8 mmol 17!
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3. Results and discussion

3.1. Determination of the minimum inhibitory concentrations and anti-ureolytic effects of TA, NaF, and AHA in single-compound
treatments of K. pneumoniae

The MICs of TA, NaF, and AHA against K. pneumoniae in M9-based urea medium (M9U) were determined using a plate reader
(Table 1).

The MICs for TA and NaF were relatively high at 5-10 mmol 1!, However, the MIC for AHA was almost 77 mmol 17! and thus
significantly greater than those for TA and NaF. This is not surprising, as TA is a known antimicrobial compound [22-24], while
fluoride (F) inhibits several metabolic enzymes, such as urease and enolase, and is known to have toxic/inhibitory effects on bacterial
cells at relatively high concentrations [25,26]. Conversely, AHA is a small synthetic drug specifically developed to inhibit urease [27,
28].

Cultures of K. pneumoniae in MOU were incubated in a plate reader for 24 h and the absorbances were measured at 557 nm and 630
nm. To study the anti-ureolytic effects of TA, NaF, and AHA, K. pneumoniae cells were cultured in the presence of TA (0.0, 0.05, 0.20,
0.40 mmol 1Y), NaF (0.0, 0.15, 0.30, 0.60, 1.20 mmol 1™1), or AHA (0.0, 0.020, 0.15, 0.60 mmol 171). In the bacterial urease activity
assays, the concentrations of the compounds were chosen to be well below their MICs as the primary purpose of the study is to
investigate urease inhibition in single-, dual-, and triple-compound treatments (Table 1, Supporting Information Figs. S1-S3).

Single-compound treatment of K. pneumoniae with TA at a concentration of 0.40 mmol 17 had moderate effects on ureolytic ac-
tivity and growth, delaying the onset of pH increase and growth by averages of 12.2 % and 16.2 %, respectively, relative to those of an
untreated control (Supporting Information Fig. S1 and Table S1). The higher final OD630 values of the cultures treated with 0.40
mmol 1! TA compared to those of the untreated cultures may be due to the precipitation of proteins and other cellular debris as the cell
density increased (Supporting Information, Fig. S1). Treatment of K. pneumoniae with NaF at a concentration of 0.60 mmol 17! delayed
the onset of pH increase by 33.1 % and growth by 28 % compared to those of the untreated control cultures (Supporting Information
Fig. S2 and Table S1). However, Replica 2 of the NaF-treated culture exhibited a sudden, unexplained, halt of the ureolytic pH increase
after approximately 10 h, which lasted for 3 h (Supporting Information Fig. S2b). Treatment with NaF decreased the growth rate by 68
%, while the rate of ureolysis was less affected. Finally, treatment of K. pneumoniae with 20, 150 or 600 pmol 1! AHA had very slight
effects on ureolytic activity (final A557-A630) and growth relative to those of the untreated control (Supporting Information
Table S1). Treatment with 20 pmol 171 AHA appeared to increase the final cell density (final OD630) by 1 %, 18 %, and 23 % for the
biological triplicates compared to the densities of the untreated control cultures (Supporting Information Fig. S3).

3.2. Synergistic inhibition of ureolytic activity by NaF or AHA in the presence of TA in dual-compound treatments of K. pneumoniae

To investigate the compound combination effects of TA with NaF and/or AHA, K. pneumoniae were cultured in the presence of 1) TA
and NaF, 2) TA and AHA, or 3) TA, NaF, and AHA. The combinations always included 0.30 mmol 17! TA. Combinations with NaF (0.0,
0.30, 0.60 mmol 1"Y or/and AHA (0, 1.2, 5, 10 pmol 11 were then assessed in 96-well plates (Table S1). At these concentrations, none
of the compounds had large anti-ureolytic effects on K. pneumoniae in single-compound treatments (Supporting Information, Figs. S1,
S2, and S3; Table S1), which allowed the identification of compound ratios that showed synergetic inhibition of bacterial ureolytic
activity between TA/NaF, TA/AHA, and NaF/AHA.
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Fig. 1. Anti-ureolytic effects of NaF and AHA on K. pneumoniae in the presence of TA. a) Ureolytic activity (A557-A630) and b) growth
(OD630) of untreated K. pneumoniae (o) and K. pneumoniae treated with 0.30 mmol 17! TA and 0.60 mmol 17! NaF (a); 0.30 mmol 1! TA and 10.0
umol 17! AHA (H); and 0.30 mmol 17! TA, 0.60 mmol 1! NaF, and 10.0 pmol 1~} AHA (4). The data are from Replica 1. K. pneumoniae treated with
0.30 mmol 17! TA and 0.60 mmol 1" NaF had significantly later onset of the pH increase and growth than the untreated control. In contrast,
treatment with 10.0 pmol 1-! AHA in the presence of 0.30 mmol 1! TA did not affect the ureolytic activity or growth of K. pneumoniae. However, the
addition of 10.0 pmol 17! AHA in the presence of both 0.30 mmol 17! TA and 0.60 mmol 1! NaF dramatically delayed the onset of the pH increase
and growth. Thus, in the presence of TA, strong synergistic effects of NaF and AHA were observed. Plots of the ureolytic activity and growth of
biological replicates from Replica 2 and Replica 3 are presented in the Supporting Information (Fig. 54 a-d).
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The dual-combination treatment of K. pneumoniae with 0.30 mmol 17 TA and 0.60 mmol 1~! NaF resulted in, on average, a 37 %
later onset of the pH increase and a 52 % increase in lag time for the biological replicates. Interestingly, the rate of pH increase was 59
% faster, while the growth rate was 46 % slower than that of the control (Fig. 1 and Supporting Information, Fig. S4 and Table S1).

The significantly later onset of the pH increase for the dual treatment with 0.30 mmol 1! TA and 0.60 mmol 1~} NaF compared to
K. pneumoniae with only TA (Table S1) was due to a synergistic effect between TA and NaF, as previously reported [18,20]. The
dual-combination treatment of K. pneumoniae with 0.30 mmol 17 TA and 10.0 pmol 1~ AHA had no effect on the onset or rate of pH
increase compared to the control (Fig. 1 and Supporting Information, Fig. S4 and Table S1). A set of experiments with K. pneumoniae
treated with a higher AHA concentration (0.30 mmol 1’1) and increasing concentrations of TA (0.0-0.10 mmol l’l) confirmed the
synergistic inhibition of ureolysis by TA and AHA in K. pneumoniae culture observed previously (Supporting Information, Fig. S5) [20].

3.3. Combining TA, NaF, and AHA in triple-compound treatments of K. pneumoniae resulted in strong and enhanced synergistic inhibition
of the ureolytic activity

Triple-combination treatment of K. pneumoniae with 0.30 mmol 17! TA, 0.60 mmol 17! NaF, and 10.0 pmol 17! AHA caused sig-
nificant additional delays in the onset of pH increase and growth and additional decreases in the rates of pH increase and growth. Thus,
the onset of pH increase and the end of lag phase values were, on average, 76.7 % and 80 % longer than that of the untreated control,
respectively (Fig. 1 and Supporting Information, Fig. S4 and Table S1). Surprisingly, these increases were also present, with only 1.20
pmol 1! AHA at 95.8 % and 124.3 %, respectively (Supporting Information, Table S1). The data suggest that in the presence of both TA
and NaF, the ureolytic activity of K. pneumoniae is very sensitive to AHA, but the absolute amount of AHA is less important. In
comparison, a previous study revealed that an 833-fold increase in the concentration of AHA (1.0 mmol 171) alone was needed to delay
the onset of ureolytic activity in K. pneumoniae by 77 % [19]. Increasing or decreasing the concentration of NaF from 0.60 mmol 17!
generally led to proportional changes in the inhibition of ureolytic activity, and as an earlier study concluded, 1.0 mmol 1! NaF in the
absence of TA completely inhibited ureolysis of K. pneumoniae in pure culture [19]. The current results show an additional synergistic
effect between NaF and AHA at very low concentrations of AHA when treating K. pneumoniae, which is very interesting considering
that AHA normally has significant effects only at much higher concentrations. Notably, the recommended total oral dose of AHA
should never exceed 1.5 g/d for adults [17]. Products for flushing catheters to remove incrustations are generally flushed with
approximately 30 ml of fluid [29]. Flushing a catheter with 30 ml of a 10 pmol 17} AHA results in 22.5 pg of AHA in total or 1/66,000
the maximum daily dose. Additionally, AHA is not expected to be absorbed from the bladder, which further reduces the risk of any side
effects from low concentrations of AHA. Because bacterial ureolytic activity and growth are significantly delayed by triple-compound
treatment with TA, NaF, and AHA even after 15 h, our results suggest a potential medical strategy of reducing the amount of AHA
necessary for preventing the growth of ureolytic bacteria and increase of pH in the urinary tract and catheters to avoid blockage of
urine excretion by incrustation.

3.4. A reduction in total bacterial ammoniacal nitrogen (TAN) production confirmed the anti-ureolytic effect of triple-combination
treatment with TA, NaF, and AHA

To confirm that the pH increase quantified with the phenol red-based assay was related to ureolysis, the concentration of TAN in
cultures of K. pneumoniae with no additives or with a triple-combination treatment of 0.30 mmol 1! TA, 0.60 mmol 17! NaF, and 10.0
pmol 1-! AHA was determined using the Kjeldahl method. MOU with an initial pH of 6.69 was inoculated with cells from an overnight
culture to a starting OD630 of 0.1. After 5 h of incubation at 25 °C, the pH increased to 6.96, and the OD630 was 1.24 in the control
culture. The pH of the ureolysis-inhibited culture decreased to 6.23, while the OD630 of the culture increased to 1.20. Kjeldahl
measurements revealed that the uninhibited control culture contained 4747.5 + 1070.1 mg NH3/kg, while the triple-compound-
treated K. pneumoniae culture contained only 853.4 + 113.6 mg NH3/kg. Thus, on average, the triple-combination treatment of
K. pneumoniae with 0.30 mmol 1-! TA, 0.60 mmol 1! NaF, and 10.0 pmol 1! AHA reduced TAN production by 82 % compared to that
of the untreated culture. This confirms that the delayed onset/absence of pH increase observed in the presence of TA, NaF, and AHA
was caused by a reduction in NH3 production. In contrast to the pH, the final OD630 values were nearly the same for the triple-
compound-treated and control cultures after 5 h of incubation, suggesting that both cultures experienced similar growth and sug-
gesting that the observed reduction in TAN was unlikely to be caused by a general antimicrobial effect. Furthermore, when the
ureolytic activity (A557-A630) was normalized to the growth (OD630) (Fig. 1 and Supporting Information Fig. S4), the urease activity
per cell density (A557-A630)/0D630 was significantly lower in the K. pneumoniae cultures inhibited by TA and NaF as well as TA, NaF,
and AHA than in the control culture (Supporting Information, Fig. S6a). In particular, the triple-combination treatment had a strong
effect, as the ureolytic activity per cell density was low and relatively constant for a long period of time. The ureolytic activity per cell
density was also reduced in the dual-combination treatment with TA and NaF but increased at a constant rate during cultivation
(Supporting Information, Fig. S6a). Notably, while the relationship between ureolytic activity and cell density appeared to be expo-
nential for the control culture then it was more linear for the culture treated with TA and NaF and the culture treated with TA, NaF, and
AHA (Supporting Information Fig. S6b). These results strongly suggest that the inhibitors mainly hamper the ability of cells to break
down urea to ammonia and that any reduction in growth is caused indirectly by their reduced ability to increase the pH of the medium.
It was recently shown that K. pneumoniae is able to survive at pH 7-10 while no growth is observed below pH 6 underlining its tolerance
to neutral and alkaline pH as well as its susceptibility to acidic pH [30].
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3.5. Synergistic inhibition of cell-free urease by NaF and AHA

To further investigate the observed synergistic inhibition of bacterial urease activity by NaF and AHA, the activity of cell-free
urease in M9U was studied in the presence of NaF, AHA, or both urease inhibitors (Fig. 2). TA was not added to the enzymatic ure-
ase activity assay mixture because it precipitates the free urease enzyme immediately. Furthermore, the inhibitory effect of TA on
ureolytic bacteria is believed to primarily involve an increase in membrane permeability [19,31].

In line with the bacterial assays, the presence of 10.0 pmol 1~} AHA did not affect the enzymatic activity of jack bean urease (JBU),
while 0.60 mmol 17! NaF significantly reduced the reaction rate and resulted in a lower final pH increase reflected by the lower
absorbance at 557 nm after 20 h, corresponding to final pH values of 7.76 and 7.39, respectively [21]. For the cell-free urease reaction
with 0.60 mmol 17! NaF, the initial reaction rate decreased by 84.3 %, and the final A557 decreased by 23.3 % compared to those for
untreated JBU (Fig. 2). Combining 0.60 mmol 1~ NaF with 10.0 pmol 1-! AHA in the enzymatic reaction decreased the initial reaction
rate by 86.3 %, which was nearly the same as that for the mono-treatment with 0.60 mmol 1~} NaF, while the final absorbance
decreased by 44.3 % relative to that of untreated JBU and corresponded to a pH of 7.18 (Fig. 2). Both the NaF and NaF with AHA
treatments increased the time needed for ureolysis to overcome the buffer capacity of the medium from 0 to 75 min. Thus, as in the
experiments with K. pneumoniae, the rate of pH increase was predominantly affected by the presence of relatively high amounts of NaF.
Interestingly, combining NaF with a small amount of AHA appears to increase the duration of inhibition of the urease enzyme and
thereby further reduce the overall pH change even though the low AHA concentration has no observable inhibitory effect when
administered alone. Notably, as the pH increased during the reactions, NaF and AHA in combination appeared to be more effective
than NaF alone, suggesting the presence of a pH-dependent inhibitory mechanism. However, the synergistic anti-ureolytic effect of
AHA with NaF was much more pronounced when studying whole bacteria versus isolated urease enzymes.

To further compare and study the anti-ureolytic effects of NaF and AHA, the initial reaction rates of JBU treated with NaF, AHA or
equimolar mixtures of NaF and AHA were determined. Titration of JBU with NaF or AHA at concentrations of 5, 20, 40, 60 and 80
pmol 1! or equimolar NaF and AHA at concentrations of 20, 40, 80, 120 and 160 pmol 17! showed that AHA appeared to be a more
powerful inhibitor of urease than NaF, except at 5 pmol 17! (Fig. S7). Surprisingly, in the enzymatic urease activity assay, the com-
bination treatment with 50 % NaF and 50 % AHA was also less effective than AHA alone at reducing the initial rate of ureolysis. Thus,
the effect of the combined inhibitors closely followed the effect of NaF alone, suggesting that fluoride binds more quickly to the active
site of urease than AHA and that AHA may have difficulty binding when fluoride is present under the applied conditions. The inhibition
of cell-free urease did not explain the very strong synergistic inhibition of ureolysis and growth observed in the bacterial assays, which
suggested that certain conditions in the bacterial cytosol are important for this inhibition. One significant difference between the
conditions in the bacteria and the cell-free urease activity assay was pH. In the cell-free assay, the initial pH was 6.8, while the pH can
be significantly greater in the cytosol of K. pneumoniae.

3.6. Model for pH-dependent cobinding of fluoride (F~) and AHA in the active site of urease

To the best of our knowledge, there are currently no crystal structure or modelling studies that have investigated the coinhibition of
urease by mixed inhibitors, but the structure of the substrate urea bound to a fluoride-inhibited Sporosarcina pasteurii urease has been
reported recently [32]. A structure showing the binding mode of fluoride to the active site nickel atoms of Sporosarcina pasteurii urease
[33] and a structure showing the binding mode of AHA in the active site of Bacillus pasteurii urease [34] have also been published. The

a) 06 . b) Initial reaction rate [s?] | Final A557 [AU]
05 JBU 51.1+7.05e-6 0.549+0.05
JBU + NaF 8.02+1.83e-6 0.421+0.06
= 0.60 mmol I
2 04 JBU + AHA 52.7t11.7e-6 0.558:0.06
- 10.0 umol I
;§ 0.3 JBU + NaF 6.9840.28e-6 0.30640.01
E' 0.60 mmol I
~§ 0.2 and AHA 10.0
§ umol I
=

0 5 10 15 20
Time [h]

Fig. 2. NaF and AHA synergistically inhibited cell-free urease activity. a) Average ureolytic activity (A557) of untreated jack bean urease (JBU)
(x), JBU with 0.60 mmol 1! NaF (a), 10.0 pmol 1! AHA (H), or 0.60 mmol 17! NaF and 10.0 pmol 1! AHA (@). The activity of JBU was not
affected by 10.0 pmol 17! AHA (measured initial reaction rate in the period 0-95 min), whereas 0.60 mmol 1! NaF decreased the initial reaction rate
significantly compared to that of the untreated JBU (measured in the period 75-133 min). The combination of 0.60 mmol 1~ NaF with 10.0 pmol 1
AHA slightly decreased the initial reaction rate further, albeit not significantly (at 75-245 min). The maximum absorbance related to the ureolytic
pH increase decreased by 23.3 % with 0.60 mmol 1~ NaF and 44.3 % with 0.60 mmol 1-! NaF and 10.0 pmol 17! AHA after 20 h compared to the
final A557 for the uninhibited urease reaction. b) The initial rates and final absorption at 557 nm obtained from the data shown in a).
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currently accepted mechanism for fluoride inhibition of urease consists of one fluoride bridging the active site nickel atoms replacing
the hydroxide bridge present in the native enzyme [33] and a second fluoride replacing a molecule of water to bind to the coor-
dinatively unsaturated Nil. The bridging fluoride inhibits urease in an uncompetitive manner, while the second fluoride acts as a
competitive inhibitor (Fig. 3c). It was noted by the authors that the nonbridging fluoride becomes much less relevant as the pH in-
creases. In the case of AHA and other hydroxamic acids, initial binding occurs through the carbonyl oxygen to Nil, after which the
hydroxamic acid oxygen is deprotonated, and the two nickel atoms are chelated in a bridging manner as water is lost (Fig. 3d—e). It was
concluded from the crystal structure that the active inhibitor is the hydroxamate anion and not hydroxamic acid itself.

A study by Mazzei, L. et al. [32] showed that urea can bind urease in the presence of fluoride (Fig. 3b); therefore, it could be possible
for the urease active site to accommodate both a fluoride ion and AHA at the same time. Based on the current observations and
knowledge combined with the generally accepted mechanisms for the inhibition of urease with fluoride and AHA alone, we propose a
model in which the inhibitors bind simultaneously to the active site of urease in a pH-dependent manner. Thus, we hypothesize that in
the presence of both fluoride and AHA, fluoride binds quickly and causes initial inhibition of the enzyme (Fig. 3f). At acidic and neutral
pH values, it is unlikely that AHA will bind to the active site as long as a fluoride is associated with Nil. However, as the pH increases
due to ureolytic activity, the binding of the second fluoride to Nil becomes increasingly unlikely, and simultaneously, an increasing
fraction of AHA (pKa =8.7) is deprotonated, giving rise to a stronger attraction to the positively charged nickel atoms (Fig. 3f). Thus,
the second step would only take place at any significant level at alkaline pH, whereas at low or neutral pH, urease would be inhibited
by either two fluoride ions (Fig. 3c) or one AHA (Fig. 3d—e). This pH dependency explains why very little synergy was observed in the
initial phase when NaF and AHA were both present with cell-free urease in M9U with a starting pH of 6.8 (Fig. 2 and Supporting
Information, Fig. S7); however, as the pH increased, the activity of urease with NaF and AHA decreased more than that with only NaF
(Fig. 2). The final pH during treatment with NaF and AHA was 7.39, which indicated that approximately 7.2 % of the AHA was
deprotonated. The intracellular pH values of different K. pneumoniae strains in LB medium have been measured to be 6.8 at the start of
growth but increased to 8.0-8.4 after hours of growth [35], indicating that within cells, gradually more deprotonated AHA would form
as the intracellular pH increases. For example, at a pH of 7.5, approximately 9.1 % of AHA would be deprotonated compared to less
than 2 % at the start of the experiment.
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Fig. 3. Binding modes of urea, fluoride, and AHA in the active site of urease. Binding modes in the active site of a) native urease [36], b) urease
cobinding urea and fluoride [32], c) fluoride-inhibited urease [33], and d) AHA-inhibited urease [34] according to crystal structures. e) Currently

accepted binding mechanism of AHA in the active site of urease under acidic and neutral conditions [34]. g) Proposed mechanism and binding
modes for the simultaneous binding of fluoride and deprotonated AHA in the active site of urease under alkaline conditions.
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4. Conclusion

In the present study, we demonstrated that the concentration of the urease inhibitor AHA needed for the inhibition of ureolytic
activity and growth of K. pneumoniae in vitro can be significantly reduced if AHA is coadministered with TA and NaF. Treating
K. pneumoniae with 0.60 mmol 1~* AHA did not affect the growth lag phase but increased the onset of the ureolytic pH increase by 4.5
%. However, when as little as 1.20 pmol 1-! AHA was combined with 0.30 mmol 1-! TA and 0.60 mmol 1~ NaF, the onset of the
ureolytic pH change increased by 95.8 %, and the growth lag phase increased by 124.3 %. At these concentrations, without AHA, TA
and NaF increased the onset of the ureolytic pH change by 37.0 % and the growth lag phase by 52.5 %; thus, the additional inhibition
was significant.

Based on previous and current results, we hypothesize that the strong synergistic effects of urease inhibition by TA, NaF, and AHA
in triple-compound treatments of K. pneumoniae are due to increases in the overall uptake of urease inhibitors (fluoride and AHA) due
to interactions of TA with the cell membrane and the subsequent cobinding of fluoride and AHA in the active site of urease at slightly
alkaline pH. However, further studies are needed to reveal the exact molecular mechanism involved in the inhibition of urease when
mixing fluoride and AHA inhibitors and to investigate the effects of dual- and triple-compound treatments with TA, NaF, and AHA on
other ureolytic bacteria. These findings could be useful in medicine for reducing the side effects of AHA when it is used as a drug
against UTIs and blocked catheters. Thus, treatment with a cocktail of TA, NaF, and AHA significantly delays ureolysis and the growth
of ureolytic bacteria, providing the immune system with much longer duration of response to bacterial infection. This approach
represents a novel and highly target-specific therapeutic strategy for combating ureolytic bacteria in different types of infections, as
well as for preventing the formation of urinary tract stones and crystalline biofilms on catheters. None of the three compounds are
antibiotics and, as such, should not promote resistance, and an anti-ureolytic cocktail may be effective at controlling carbapenem-
resistant K. pneumoniae.
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