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ABSTRACT: Inhibitors of bacterial ureases are considered to
be promising compounds in the treatment of infections caused
by Helicobacter pylori in the gastric tract and/or by urealytic
bacteria (e.g., Proteus species) in the urinary tract. A new,
extended transition state scaffold, bis(aminomethyl)phosphinic
acid, was successfully explored for the construction of effective
enzyme inhibitors. A reliable methodology for the synthesis of
phosphinate analogues in a three-component Mannich-type
reaction was elaborated. The obtained molecules were assayed
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against ureases purified from Sporosarcina pasteurii and Proteus mirabilis, and aminomethyl(N-n-hexylaminomethyl)phosphinic
acid was found to be the most potent inhibitor, with a K; = 108 nM against the S. pasteurii enzyme.
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Rapid microbial decomposition of urea, catalyzed by urease,
causes a substantial local increase in pH due to the release
of ammonia (Scheme 1)."~* This process is a key factor in
serious medical complications.*”
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First, the stomach and duodenum form a suitable micro-
environment for survival of colonizing Helicobacter pylori in the
hlghly acidic conditions in these regions of the gastrointestinal
tract.®” In addition, a high concentration of ammonia causes
damage of the stomach mucosa and increases the negative
impact of the pathogen on human health. Second, rapid
decomposition of urea by bacteria infecting the urinary tract,
such as Proteus mirabilis or Proteus vulgaris, considerably
elevates the pH of urine, leading to the formation of urinary
stones.> ™' Thus, inhibition of urease is of considerable interest
for the treatment of both infections. Although urease inhibitors
do not show direct antimicrobial activity, their application can
help in the eradication of Helicobacter pylori infections or the
suppression of troublesome symptoms from ureolytic bacterial
infections of the urinary tract.

These important, medicinally relevant applications have
stimulated intensive studies on urease inhibitors.”>"* Several
classes of compounds have been found to alter the activity of
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these enzymes, with phosphoramidates being the most
active."*™"” The high activity of phosphoric acid amides is
apparently related to their close similarity to the transition state
of the enzymatic reaction. Other classes of inhibitors are
hydroxamic acids,"®™>° quinones,”"** polyphenols,**** heavy
metal ions,”>*® and organosulfur compounds.”” Disappoint-
ingly, attempts at the application of the most active
phosphoramidates failed because of the low stability of the
P—N bonds in aqueous solutions.”® Alternatively, the use of
hydroxamic acids is restricted by their side effects, with
teratogenicity being the most serious.””?° Nevertheless,
acetohydroxamic acid was introduced to the market for the
treatment of chronic infections of the urinary tract. We have
focused on exploration of the N—C—P structural motif for the
development of urease inhibitors (Figure 1).>'~>°

The major drawback of the classical transition state analogue
(1), the low stability of the P—N bond, was eliminated by
introduction of an inert P—C linkage; therefore, the N—C—P
scaffold (2) was proposed as a so-called “extended transition
state analogue”.® ¢ Computer-aided optimization of such a core
has led to many structural variations, namely, phosphonates, P-
methylphosphinates, P-hydroxymethylphosphinates, and thio-
phosphinates (examples 3—6, Figure 1b), which exhibited
considerable antiureolytic activity.

In this study, we explore a potentially promising modification
of the previous scaffolds, bis(aminomethyl)phosphinic acid.
This lead structure shows a greater opportunity for substitution
as it contains two amino groups that can be feasibly modified.
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Figure 1. Design principle for the N—C—P scaffold (a), and selected
examples of inhibitors constructed according to this approach with
their inhibition constants against S. pasteurii urease (b).

In comparison to the formerly developed “one-handed” motifs,
the new core provides more options to optimize the ligand—
enzyme interactions and modulate the inhibitory potencies.
The design, synthesis and evaluation of bis(aminomethyl)-
phosphinic acids against ureases purified from Sporosarcina
pasteurii and Proteus mirabilis are presented.
Aminomethylphosphinic inhibitors of ureases, presented in a
series of earlier publications, showed highly interesting
properties that include high potency and water stability.>*?
In the previous studies, we successfully explored aminomethyl-
(P-methyl)phosphinic acid (scaffold 2),** followed by
aminomethyl(P-hydroxymethyl)phosphinic acids.*® These stud-
ies resulted in a highly potent compound (5) with a K; = 0.36
UM against urease from Proteus vulgaris. Interestingly, various
other modifications, such as elongation of the amino group
substituents or substitution of the hydroxymethyl moiety, led to
a substantial decrease in activity.>> Thus, we decided to apply a
new backbone that can be modified in multiple positions. The
incorporation of the second nitrogen atom in the extended
transition state analogue 2, resulting in bis(aminomethyl)-
phosphinic acid scaffold 7, provides various possibilities (Figure
2). First, the amino moiety can be substituted with alkyl/aryl
groups without losing the hydrogen bond donating abilities.
Second, it is positively charged under physiological conditions
and can form charge-assisted interactions with the enzyme
residues. To test all of the possible scaffold substitution
patterns, various symmetrical and nonsymmetrical modifica-
tions with the methyl groups were envisaged (8, 17, 21, and
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Figure 2. Structures of the designed bis(aminomethyl)phosphinic acid
inhibitors.
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23) (Figure 2). Additionally, several longer chains (9—16, 18,
and 19) or aromatic rings (20 and 22) were incorporated to
test the possibility of structural extension of the inhibitors.
The unsubstituted core compound, namely, bis-
(aminomethyl)phosphinic acid (7), was obtained according
to the method reported by Meier, starting from bis-
(chloromethyl)phosphinic acid (24) by reaction with benzyl-
amine to yield 22, which was subsequently subjected to
catalytic hydrogenation.>” The symmetrically substituted bis-
(aminomethyl)phosphinic acids were synthesized in a three-
component reaction of hypophosphorous acid, formaldehyde,
and an appropriate secondary amine in 6 M hydrochloric acid
(Scheme 2). The desired compounds (23 and 25) were
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“Reagents and conditions: (a) 6 M HC|, reflux; (b) H, Pd/C,
methanol.

typically accompanied by hydroxymethylated byproducts (26
and 27). High yields of the target molecules were obtained
when a 1:2:5 molar ratio of substrates (H;PO,/CH,0O/amine)
was applied. Bis(methylaminomethyl)phosphinic acid (21) was
obtained by hydrogenolysis of the benzyl groups from 285.

A convenient synthetic strategy was applied to the synthesis
of nonsymmetrical analogues, both mono- (8—16) and
disubstituted (17—20). A three-component phospha-Mannich
type reaction of an N-protected aminomethyl-H-phosphinic
acid, formaldehyde, and a secondary amine was used to build
the additional (substituted) aminomethylene fragment of the
target molecules 29—40 (Scheme 3). The phosphorus
component of the condensation and the precursor of the
unsubstituted N—C—P portion, N-benzyloxycarbonylamino-
methyl-H-phosphinic acid (28), was obtained by addition of
sodium hypophosphite to a mixture of hydroxylamine hydro-
chloride and formaldehyde, followed by hydrolysis and N-
protection as described elsewhere.*®*

As proven in our previous study, the phospha-Mannich
condensation was not efficient for primary amines and
produced a complex mixture of the desired product and
byproducts.** Therefore, obtaining monosubstituted bis-
(aminomethyl)phosphinic acid analogues demanded the use
of the appropriate N-benzyl-N-alkylamines as secondary
precursors. Accordingly, primary amines were subjected to N-
benzylation by a reductive amination and then used in the
three-component condensation to give 32—40 in reasonable
yields and purity.

The products of condensation were purified chromato-
graphically to obtain the target protected compounds 29—40 in
satisfactory yields (55—86%). The strategy for deprotection
depended on the structure of the desired target inhibitors. To
obtain disubstituted compounds 17—20, removal of the Cbz
group from 29—32 was needed, and this was achieved by the
use of hydrobromic acid in acetic acid. When removal of both
Cbz and N-benzyl protecting groups in 32—40 was needed, to
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obtain monosubstituted bis(aminomethyl)phosphinic acids 8—
16, catalytic hydrogenation on a palladium catalyst was
performed.

Bis(aminomethyl)phosphinic acid 7 and all of its synthesized
substituted analogues (8—23) were tested for their inhibitory
activities against two bacterial ureases, namely, those purified
from Sporosarcina pasteurii and Proteus mirabilis (Table 1). Both
native enzymes were prepared from bacterial cultures using a
five-step chromatographic protocol (see details in Supporting
Information). The majority of the studied compounds showed
significant inhibitory potency in a low micromolar range,
similarly to the positive control, a well-known urease inhibitor
acetohydroxamic acid. Phosphinates 7—19 and 21-23
exhibited a competitive mode of action. The most suitable
pattern for scaffold substitution can be deduced from
comparison of the compounds containing variously distributed
methyl substituents (8, 17, 21, and 23). In the case of the S.
pasteurii urease, the compound with a single methyl substituent
(8) was the most active, while symmetrically and unsymmetri-
cally substituted dimethyl analogues 17 and 21 exhibited
slightly lower potency. The activities of 8, 17, and 21 against
the P. mirabilis enzyme were similar. Tetramethylated
compound 23 was found to have no activity (S. pasteurii) or
be very weak in potency (P. mirabilis). Thus, our main efforts
were directed toward the analysis of monosubstituted
analogues. A series of compounds with linear substituents
showed high activity up to the n-hexyl derivative 13, which
exhibited the highest activity among all of the phosphinic

148

Table 1. Inhibitory Activities (K; Values) of
Bis(aminomethyl)phosphinic Acid and Its Derivatives
against Ureases from S. pasteurii and P. mirabilis®

no compound K; [uM]
Sporosarcina Proteus
pasteurii mirabilis
HO O
7 H-N \p// NH 80.0+ 7.6 82+12
2NN T2
HO O
8 N PN 1.59+0.32 34+8
HO O
9 N ‘P//\/H\/\ 112+ 1.9 16.0+ 1.1
HO O
10 HoN P\/N\/\/ 96+19 259+3.0
HO O
1 yN_FN 270 +37 416 + 50
12 by Ho‘p'/o ¥ 13.320.9 19.0+ 1.1
oINS
B a3 0.108£0.016  0.202 +0.057
AN
14 quffo y 543 £75 778 + 127
oINS NN
15 N HO\P’P y NI NI
oINS SN
\ /, H
16 P~ \O NI NI
HO O
17 hN ‘P’/\/N 4.66+0.71 24.4+4.1
HO O [~
18 J NI NI
HoN P _N__~
HO, O
19 HoN P/\/N NI NI
20 HQ P Q 142422 583+8.0
Ny HQ ,,0 H
21 43+09 172+25
22 @ Q // Q 30.1 £6.6 245+4.5
23 QP hll NI 243 + 62
PR AN
o]
AHA 33+0.4 57+04
)J\NHOH

“NI, no inhibition.

compounds (K; = 108 nM against the S. pasteurii enzyme).
Further extension of the length of the substituent chain led to a
dramatic drop in activity (14 and 15). Weak inhibition was also
observed for compounds with branched or cyclic substituents
(11 and 16). An extension of the substituent structure showed
steric preferences for the active site. The increase in size, from
methyl substituents in 21 to benzyl substituents in 22, did not
improve the affinity toward ureases. Interestingly, a small
change in the size of the geminal substituents in 17 (e.g., from
methyl to ethyl) resulted in a dramatic loss in potency: both
phosphinates 18 and 19 displayed no activity. Interestingly, 20
exhibited a different mode of action compared to all other
studied inhibitors. Kinetic studies indicated that its mode of
binding was uncompetitive.

The mode of binding of the most active inhibitor to S.
pasteurii urease was studied by molecular modeling (Figure 3).
The optimized inhibitor—enzyme complex structure indicates
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Figure 3. Modeled structure of the inhibitor 13—urease (S. pasteurii)
complex. Inhibitor—enzyme hydrogen bonds and inhibitor—nickel ion
interactions are marked by solid green lines. The surface is colored
according to interpolated charge.

several interactions including binding of the phosphinate group
to both nickel ions and hydrogen bonds of the inhibitor amine
groups with carbonyls of Alal170 and Ala366. The long aliphatic
chain is well docked to neutral cleft formed by Met318,
Met367, and Cys322.

The efforts to optimize the structure of phosphinate
inhibitors of bacterial ureases led to validation of a new
scaffold: bis(aminomethyl)phosphinic acid. The main advant-
age of this core in comparison to the previously studied
phosphinates is the variety of feasible modifications. Moreover,
compounds constructed on this framework exhibit high stability
and solubility (up to SO mM) in aqueous solutions, as shown by
'H and 3!P NMR studies on compound 13, which remained
unchanged within 7 days at pH 2. In particular, the eflicient,
elaborated synthesis of such derivatives provides the possibility
to assay several structurally different molecules. The availability
of inhibitors with various patterns of substitution led us to
identify the most potent phosphinate inhibitor of bacterial
ureases: aminomethyl(N-n-hexylaminomethyl)phosphinic acid,
with a K; = 108 nM.

B ASSOCIATED CONTENT

© Supporting Information

Detailed synthetic procedures, NMR spectra, high-resolution
ESI mass spectra, and elemental analyses for all target
compounds; enzyme purification methods and assays for
inhibitory activity and molecular modeling algorithms. This
material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Phone: +48 71 320 3344. Fax: +48 71 320 2427. E-mail:
lukasz.berlicki@pwr.edu.pl.

Funding

L.B. gratefully acknowledges the financial support from the
Ministry of Science and Higher Education (Grant IUVENTUS
Plus no IP2010 002270). K.M. thanks the support from the
National Science Centre, Poland (grant no 2011/03/B/NZ6/
04964). The Discovery Studio package was used under a Polish
country-wide license. The use of software resources (Discovery
Studio program package) of the Wroclaw Centre for
Networking and Supercomputing is also kindly acknowledged.

149

Notes
The authors declare no competing financial interest.

Bl ABBREVIATIONS

Bu, butyl; Bzl, benzyl; Cbz, benzyloxycarbonyl; cHex, cyclo-
hexyl; Et, ethyl; Hep, heptyl; Hex, hexyl; Me, methyl; Oct,
octyl; Pen, pentyl; Pr, propyl

B REFERENCES

(1) Karplus, P. A; Pearson, M. A,; Hausinger, R. P. 70 Years of
Crystalline Urease: What Have We Learned? Acc. Chem. Res. 1997, 30,
330—-337.

(2) Krajewska, B. Ureases L Functional, Catalytic and Kinetic
Properties: A Review. J. Mol. Catal. B 2009, 59, 9—21.

(3) Mobley, H. L. T.; Island, M. D.; Hausinger, R. P. Molecular
Biology of Microbial Ureases. Microbiol. Rev. 1995, 59, 451—480.

(4) Follmer, C. Ureases as a Target for the Treatment of Gastric and
Urinary Infections. J. Clin. Pathol. 2010, 63, 424—430.

(5) Kosikowska, P.; Berlicki, E. Urease Inhibitors as Potential Drugs
for Gastric and Urinary Tract Infections: A Patent Review. Expert
Opin. Ther. Pat. 2011, 21, 945-957.

(6) Eaton, K. A.; Brooks, C. L.; Morgan, D. R.; Krakowka, S. Essential
Role of Urease in Pathogenesis of Gastritis Induced by Helicobacter
pylori in Gnotobiotic Piglets. Infect. Immun. 1991, 59, 2470—2475.

(7) Scott, D. R; Weeks, D.; Hong, C.; Postius, S.; Melchers, K;
Sachs, G. The Role of Internal Urease in Acid Resistance of
Helicobacter pylori. Gastroenterology 1998, 114, 58—70.

(8) Griffith, D. P. Urease Stones. Urol. Res. 1979, 7, 215—221.

(9) Mobley, H. L; Warren, J. W. Urease-Positive Bacteriuria and
Obstruction of Long-Term Urinary Catheters. J. Clin. Microbiol. 1987,
25, 2216-2217.

(10) Bichler, K.-H.; Eipper, E.; Naber, K; Braun, V.; Zimmermann,
R.; Lahme, S. Urinary Infection Stones. Int. J. Antimicrob. Agents 2002,
19, 488—498.

(11) Miano, R.; Germani, S.; Vespasiani, G. Stones and Urinary Tract
Infections. Urol. Int. 2007, 79, 32—36.

(12) Nicolle, L. E. Epidemiology of Urinary Tract Infections. Clin.
Microb. News. 2002, 24, 135—140.

(13) Amtul, Z,; Rahman, A. U,; Siddiqui, R. A;; Choudhary, M. L
Chemistry and Mechanism of Urease Inhibition. Curr. Med. Chem.
2002, 9, 1323—1348.

(14) Dixon, N. E.; Gazzola, C.; Watters, J. J.; Blakeley, R. L.; Zerner,
B. Inhibition of Jack Bean Urease (EC 3.5.1.5) by Acetohydroxamic
Acid and by Phosphoramidate. Equivalent Weight for Urease. J. Am.
Chem. Soc. 1975, 97, 4130—4131.

(15) Faraci, W. S; Yang, B. V,; ORourke, D.; Spencer, R. W.
Inhibition of Helicobacter pylori Urease by Phenyl Phosphorodiami-
dates: Mechanism of Action. Bioorg. Med. Chem. 1995, 3, 605—610.

(16) Kot, M.; Zaborska, W.; Orlinska, K. Inhibition of Jack Bean
Urease by N-(n-Butyl)thiophosphorictriamide and N-(n-butyl)-
phosphorictriamide: Determination of the Inhibition Mechanism. J.
Enzyme Inhib. Med. Chem. 2001, 16, 507—-516.

(17) Kobashi, K; Takebe, S; Numata, A. Specific Inhibition of
Urease by N-Acylphosphoric Triamides. J. Biochem. 1985, 98, 1681—
1688.

(18) Kobashi, K.; Hase, J.; Uehare, K. Specific Inhibition of Urease by
Hydroxamic Acids. Biochim. Biophys. Acta 1962, 6S, 380—383.

(19) Fishbein, W. N.; Carbone, P. P. Urease Catalysis: II. Inhibition
of the Enzyme by Hydroxyurea, Hydroxylamine and Acetohydroxamic
Acid. J. Biol. Chem. 1965, 240, 2407—2414.

(20) Hase, J.; Kobashi, K. Inhibition of Proteus vulgaris Urease by
Hydroxamic Acids. J. Biochem. 1967, 62, 293—299.

(21) Zaborska, W.; Kot, M.; Superata, K. Inhibition of Jack Bean
Urease by 1,4-Benzoquinone and 2,5-Dimethyl-1,4-benzoquinone.
Evaluation of the Inhibition Mechanism. J. Enzyme Inhib. Med.
Chem. 2002, 17, 247—253.

DOI: 10.1021/ml500380f
ACS Med. Chem. Lett. 2015, 6, 146—150


http://pubs.acs.org
http://pubs.acs.org
mailto:lukasz.berlicki@pwr.edu.pl
http://dx.doi.org/10.1021/ml500380f

ACS Medicinal Chemistry Letters

(22) Ashiralieva, A; Kleiner, D. Polyhalogenated Benzo- and
Naphthoquinones Are Potent Inhibitors of Plant and Bacterial
Ureases. FEBS Lett. 2003, 555, 367—370.

(23) Xiao, Z.-P.; Shi, D.-H,; Li, H.-Q.; Zhang, L.-N.; Xu, C.; Zhu, H.-
L. Polyphenols Based on Isoflavones as Inhibitors of Helicobacter pylori
Urease. Bioorg. Med. Chem. 2007, 15, 3703—3710.

(24) Xiao, Z. P.; Ma, T. W,; Fu, W. C,; Peng, X. C; Zhang, A. H;
Zhu, H. L. The Synthesis, Structure and Activity Evaluation of
Pyrogallol and Catechol Derivatives as Helicobacter pylori Urease
Inhibitors. Eur. ]. Med. Chem. 2010, 45, 5064—5070.

(25) Zaborska, W.; Krajewska, B.; Leszko, M.; Olech, Z. Inhibition of
Urease by Ni** Ions: Analysis of Reaction Progress Curves. J. Mol.
Catal. B 2001, 13, 103—108.

(26) Shaw, W. H. R;; Raval, D. N. The Inhibition of Urease by Metal
Ions at pH 8.9. J. Am. Chem. Soc. 1961, 83, 3184—3187.

(27) Benini, S.; Rypniewski, W. R.; Wilson, K. S.; Ciurli, S.; Mangani,
S. The Complex of Bacillus pasteurii Urease with f-Mercaptoethanol
from X-Ray Data at 1.65-A Resolution. J. Biol. Inorg. Chem. 1998, 3,
268-273.

(28) Pope, A. J; Toseland, C. D.; Rushant, B; Richardson, S.;
McVey, M; Hills, J. Effect of Potent Urease Inhibitor, Fluorofamide,
on Helicobacter sp. in vivo and in vitro. Dig. Dis. Sci. 1998, 43, 109—119.

(29) Bailie, N. C.; Osborne, C. A.; Leininger, J. R; Fletcher, T. F.;
Johnston, S. D.; Ogburn, P. N,; Griffith, D. P. Teratogenic Effect of
Acetohydroxamic Acid in Clinically Normal Beagles. Am. J. Vet. Res.
1986, 47, 2604—2611.

(30) Griffith, D. P.; Gleeson, M. J.; Lee, H.; Longuet, R.; Deman, E.;
Earle, N. Randomized, Double-blind Trial of Lithostat (Acetohy-
droxamic Acid) in the Palliative Treatment of Infection-induced
Urinary Calculi. Eur. Urol. 1991, 20, 243—247.

(31) Mucha, A.; Kafarski, P.; Berlicki, £.. Remarkable Potential of the
alpha-Aminophosphonate/Phosphinate Structural Motif in Medicinal
Chemistry. J. Med. Chem. 2011, 54, 5955—5980.

(32) Vassiliou, S.; Grabowiecka, A.; Kosikowska, P.; Yiotakis, A.;
Kafarski, P.; Berlicki, £. Design, Synthesis and Evaluation of Novel
Organophosphorus Inhibitors of Bacterial Ureases. J. Med. Chem.
2008, S1, 5736—5744.

(33) Vassiliou, S.; Kosikowska, P.; Grabowiecka, A.; Yiotakis, A.;
Kafarski, P.; Berlicki, £. Computer-Aided Optimization of Phosphinic
Inhibitors of Bacterial Ureases. J. Med. Chem. 2010, 53, 5597—5606.

(34) Berlicki, £.; Bochno, M.; Grabowiecka, A.; Bialas, A.;
Kosikowska, P.; Kafarski, P. N-Substituted Aminomethanephosphonic
and Aminomethane-P-methylphosphinic Acids as Inhibitors of
Ureases. Amino Acids 2012, 42, 1937—1945.

(35) Vassiliou, S.; Grabowiecka, A.; Kosikowska, P.; Berlicki, L. Three
Component Kabachnik-Fields Condensation Leading to Substituted
Aminomethane-P-hydroxymethylphosphonic Acids as a Tool for
Screening of Bacterial Urease Inhibitors. ARKIVOC 2012, iv, 33—43.

(36) Ilkeda, S.; Ashley, J. A.; Wirsching, P; Janda, K. D.
Y[PO, CH,N*], a New Amide Bond Replacement: Potent, Slow-
Binding Inhibition of the HIV Protease. J. Am. Chem. Soc. 1992, 114,
7604—7606.

(37) Maier, L. L. Organic Phosphorus Compounds. Preparation,
Properties, and Structure of Bis(Aminomethyl)Phosphinic Acid. J.
Organomet. Chem. 1979, 178, 157—169.

(38) Zhukov, Y. N.; Vavilova, N. A;; Osipova, T. L; Khurs, E. N;
Dzhavakhiya, V. G.; Khomutov, R. M. New Synthesis and Fungicidal
Aactivity of a Phosphinic Analogue of Glycine. Mendeleev Commun.
2004, 14, 93—93.

(39) Baylis, E. K; Campbell, C. D.; Dingwall, J. G. 1-Amino-
alkylphosphonous Acids. Part 1. Isosters of the Protein Amino Acids. J.
Chem. Soc., Perkin Trans 1 1984, 2845—2853.

(40) Dzielak, A.; Pawelczak, M,; Mucha, A. A Three-Component
Mannich-Type Condensation Leading to Phosphinic Dipeptides:
Extended Transition State Analogue Inhibitors of Aminopeptidases.
Tetrahedron Lett. 2011, 52, 3141—3145.

150

DOI: 10.1021/ml500380f
ACS Med. Chem. Lett. 2015, 6, 146—150


http://dx.doi.org/10.1021/ml500380f

