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Abstract: Phosphonates and phosphinates are compounds of
practical importance in industry, agriculture, and medicine as
well as in everyday life. Except for being pesticides, detergents,
or anticorrosive agents, they can be employed as potent inhibitors
of human and bacterial enzymes, combating pathological condi-
tions or infections. This group of proteins includes angiotensin
I converting enzyme (ACE), proteases and farnesyl diphosphate
synthase. Organophosphorus compounds can influence several
bacterial enzymes, in particular glutamine synthetase, urease or
hexokinase. Bisphosphonates are hydrotically stable mimetics
of pyrophosphate and they act as substrate analogues for sev-
eral enzymes. The other mechanism of action is based on the
similarity of the discussed compounds to the transition state of
reactions catalysed by particular enzymes.
Regardless of several limitations of utilising phosphonates or
phosphinates as drugs (poor bioavailability or high polarity of
inhibitors), they are given a lot of attention by many research
groups and are promising candidates for drugs and antibacterial
agents.

1. Introduction

Phosphorus is an element of great importance for living organisms since it is a com-
ponent of bones and teeth (hydroxyapatite), phospholipids forming cell membranes,
DNA and RNA which encode genetic information, and an energy carrier – ATP. De-
spite this, most of the known organophosphorus compounds are synthetic. Showing
wide spectra of applications, they are used as anticorrosive agents, pesticides, herbi-
cides, plasticizers, flame retardants, and detergents.

In spite of their industrial and agricultural applications, synthetic compounds con-
taining phosphorus are given a lot of attention both in drug research and in medicinal
chemistry due to their great potential in combating diseases and pathological condi-
tions, and curing parasitic infections (Kafarski and Lejczak, 1991).
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The following review focuses on recent discoveries concerning phosphonic and
phosphinic compounds activity as inhibitors of important human and bacterial en-
zymes.

2. Mechanism of action

Aminophosphinates and aminophosphonates are structurally analogous to amino acids.
The phosphonic group is an obvious analogue of a carboxyl group, but certain dif-
ferences should be pointed out. Firstly, the geometry of a phosphonic moiety is
tetrahedral and more sterically crowded, whereas of a carboxylic – planar, with a
smaller carbon atom radius. What is more, a phosphonic moiety is dianionic and
more acidic. Nevertheless, aminophosphonates and aminophosphinates can be recog-
nized as false substrates or inhibitors by enzymes catalysing the transition states of
both: the peptide bond formation and hydrolysis (Mucha et al., 2010; Azema et al.,
2006).

Phosphonate diaryl esters have the ability to inhibit serine proteases. They irre-
versibly bind to the hydroxyl group of serine in the active site with high selectivity
and specificity (Sieńczyk and Oleksyszyn, 2009).

Bisphosphonates, containing a hydrotically stable P-C-P motif, can mimic py-
rophosphates characterized by high energy and an easily hydrolysable P-O-P moiety.
They also display very strong affinity to hydroxyapatite (Mucha et al., 2011), and
metal binding abilities. That is why, in addition to their application in bone diseases
therapy, bisphosphonates are used to deliver chemotherapeutic agents to bone tissue
(Wu et al., 2007).

3. Inhibition of human enzymes

Organophosphorus compounds available on the market are mainly bisphosphonic
acids. They are most often used as inhibitors of osteoclast-mediated bone resorp-
tion in the therapy of osteoporosis and of other bone diseases. Novel generations of
bisphosphonic drugs are nitrogen-containing compounds. The presence of nitrogen
enhances the capability of phosphonates to bind to the active site of farnesyl diphos-
phate synthase in a manner similar to natural substrates (Dunford et al., 2001).

Angietensin I converting enzyme regulates blood vessels constriction and thus its
inhibitors are used to lower blood pressure. It contains two domains of different func-
tions, which had been indistinguishable for ACE inhibitors until RXP 407, phosphinic
tetrapeptide, was reported (Dive et al., 1999). This compound has given insight into
the mechanism of conversion of angiotensin I to II, and degradation of bradykinin.

A lot of attention is being given to developing phosphinic inhibitors of peptidases.
This class of enzymes is responsible for selective cleavage of peptide bonds and takes
part in various biological functions of living cells. In humans, proteases catalyse
reactions involved in a wide range of physiological reactions, from digestion - by
apoptosis pathways, to metabolic control and immune system response. Currently, the
focus is on M1 microsomal alanyl aminopeptidase (APN) linked with hypertension and
M17 cytosolic leucyl aminopeptidase (LAP). LAP is believed to be involved in several
serious disorders and diseases, including leukimia, cataracts or cancer (Grembecka
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et al., 2003). Phosphinic analogues of short peptides show high binding affinity and
high selectivity towards both M1 and M17.

Another interesting example of peptidases are serine proteases. They can be se-
lectively and irreversibly inhibited by phosphonic compounds. The activity of human
neutrophil elastase (HNE), when there is imbalance between its secretion during in-
flammation and its natural inhibitors, can lead to the respiratory system disorders,
like chronic obstructive pulmonary disease, bronchitis, and others. Peptidyl deriva-
tives of α-aminoalkylphosphonate diaryl esters are reported to be highly efficient and
selective inhibitors of HNE (Winiarski et al., 2012) and can possibly be applied for
further tests in vivo.

4. Inhibition of bacterial enzymes

Peptidases, mentioned above, play a significant role not only in humans, but also
in bacteria. M1 and M17 aminopeptidases are often responsible for causing parasitic
diseases. LAP and APN are used by Plasmodium falciparum for the host’s hemoglobin
proteolysis, which is one of the symptoms of malaria (Stack et al., 2007). Phosphinic
pseudopeptides, hPhe-Phe and hPhe-Tyr analogues, show excellent inhibiting activity
against those two enzymes and make them novel and promising (effective) antimalarial
drug candidates (Grembecka et al., 2003).

Another parasite is Neisseria meningitides. It is one of the bacteria which can
cause meningitis, inflammation of membranes covering the brain and the spinal cord.
Not treated immediately, the condition can lead to death of an organism. M1 alanine
aminopeptidase of this bacterium is seen as a drug target to fight meningitis since APN
is associated with the delivery of nutritious substances to this parasite. Substrate
specificity studies and the results of testing phosphinic dipeptides transition state
analogues inhibiting activity indicate that this class of compounds is a competitive
candidate for effective pharmaceuticals (Wȩglarz-Tomczak et al., 2013).

Another important microorganism is Trypanosoma cruzi, the infectious agent of
Chagas disease. Bisphosphonates, inorganic pyrophosphate analogues, were tested as
its hexokinase inhibitors (Sans-Rodriguez et al., 2007). Aromatic aminomethylene
bisphopshonates present high potency and selectivity in inhibiting proliferation of
these bacteria. Additionally, the tested compounds were not proved active against
farnesyl diphosphate synthase.

This approach was also applied to the ureases of Helicobacter pyroli and Pro-
teus mirabilis. Extended transition state analogues based on aminomethane-P -
methylphosphinic acid were developed (Vassiliou et al., 2012). Urease is an enzyme
catalyzing two-step hydrolysis of urea to ammonia and carbon dioxide. In Helicobacter
pyroli infections this enzyme locally raises pH in the stomach, whereas in infections of
the urinary tract, caused by Proteus mirabilis, it increases the chances of forming uri-
nary stones and stimulates other disorders such as hepatic encelopathy (Kosikowska
and Berlicki, 2011).

Also, phosphinic inhibitors of Mycobacterium tuberculosis glutamine synthetase,
mimicking the intermediate, are interesting candidates for antibacterial agents act-
ing effectively on antibiotic-resistant strains of this bacterium (Berlicki et al., 2005).
Glutamine synthetase is a key enzyme in the metabolism of nitrogen required by my-
cobacteria to form the cell wall. Phosphinic compounds can be a solution to a vital
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problem of new targets for tuberculosis treatment.

5. Limitation and perspectives

Despite the ability to influence a wide range of biological processes, phosphinates
and phosphonates are not perfect candidates for drugs. The most important issue
is their poor bioavailability. For example, for typically used bisphosphonates it is
only 1%. They are also characterized by high polarity, which is troublesome for
intracellular targets and would require developing an efficient system of delivery by
carriers that could enter the cell. Another drawback of organophosphorus compounds
is undesirable side effects connected with their intake, the most important being jaw
osteonecrosis. This shortcoming could definitely be overcome by introducing new
generations of phosphonates which would not cause adverse reactions.

Regardless of the limitations, phosphonates and phosphinates are very promis-
ing candidates for pharmaceuticals targeting a vast number of human and bacterial
enzymes. Searching for tight-binding, highly selective organophosphorus inhibitors
of peptidases, ureases, hexokinases, and other proteins responsible for pathological
processes, is a noteworthy trend in modern drug discovery and development.

Acknowledgments

Malgorzata Burda is co-financed by the European Union as a part of the European
Social Fund.

References

Azema, L., R. Baron and S. Ladame (2006), ‘Targeting enzymes with phosphonate-
based inhibitors: mimics of tetrahedral transition states and stable isosteric ana-
logues of phosphates’, Curr. Enzyme Inhib. pp. 61–72.

Berlicki, Ł., A. Obojska, G. Forlani and P. Kafarski (2005), ‘Design, synthesis, and
activity of analogues of phosphinothricin as inhibitors of glutamine synthetase’, J.
Med. Chem. pp. 6340–6349.

Dive, V., J. Cotton, A. Yiotakis, A. Michaud, S. Vassiliou, J. Jiracek, G. Vazeux, M.-
T. Chauvet, P. Cuniasse and P. Corvol (1999), ‘RPX 407, a phosphinic peptide, is a
potential inhibitor of angiotensin I converting enzyme able to differentiate between
its two active sites’, Proc. Natl. Acad. Sci. U.S.A. pp. 4330–4335.

Dunford, J. E., K. Thomphson, F. P. Coxon, S. P. Luckman, F. M. Hahn, C. D.
Poulter, F. H. Ebetino and M. J. Rogers (2001), ‘Structure-activity relationships for
inhibition of farnesyl diphosphate synthase in vitro and inhibition of bone resorption
in vivo by nitrogen-containing bisphosphonates’, J. Pharmacol. Exp. Ther. pp. 235–
242.

Grembecka, J., A. Mucha, T. Cierpicki and P. Kafarski (2003), ‘The most potent
organophosphorus inhibitors of leucine aminopeptidase. Structure-based design,
chemistry, and activity’, J. Med. Chem. pp. 2641–2655.

Hecker, S. J. and M. D. Erion (2008), ‘Prodrugs of phosphates and phosphonates’, J.
Med. Chem. pp. 2328–2345.

Kafarski, P. and B. Lejczak (1991), ‘Biological activity of aminophosphonic acids’,
Phosphorus, Sulfur, Silicon Relat. Elem. pp. 193–215.

Kosikowska, P. and Ł. Berlicki (2011), ‘Urease inhibitors as potential drugs for gastric
and urinary tract infections: a patent review’, Expert Opin. Ther. Pat. pp. 945–957.

Mucha, A., M. Drąg, J. P. Dalton and P. Kafarski (2010), ‘Metallo-aminopeptidase
inhibitors’, Biochimie pp. 1509–1529.



21

Mucha, A., P. Kafarski and L. Berlicki (2011), ‘Remarkable potential of the α-amino-
phosphonate/phosphinate motif in medicinal chemistry’, J. Med. Chem. pp. 5955–
5980.

Sans-Rodriguez, C. E., J. L. Concepcion, S. Pekerar, E. Oldfield and J. A. Urbina
(2007), ‘Bisphosphonates as inhibitors of Trypanosoma cruzi hexokinase: kinetic
and metabolic studies’, J. Biol. Chem. pp. 12377–12387.

Sieńczyk, M. and J. Oleksyszyn (2009), ‘Irreversible inhibition of serine proteases:
Design and in vivo activity of diaryl α-aminophosphonate derivatives’, Curr. Med.
Chem. pp. 1673–1687.

Stack, C. M., J. Lowther, E. Cunningham, S. Donnelly, D. L. Gardiner, K. R. Tren-
holme, T. S. Skinner-Adams, F. Teuscher, J. Grembecka, A. Mucha, P. Kafarski,
L. Lua, A. Bell and J. P. Dalton (2007), ‘Characterization of the Plasmodium fal-
ciparum M17 leucyl aminopeptidase. A protease involved in amino acid regulation
with potential for antimalarial drug development’, J. Biol. Chem. pp. 2069–2080.

Vassiliou, S., A. Grabowiecka, P. Kosikowska and Ł. Berlicki (2012), ‘Three com-
ponent Kabachnik-Fields condensation leading to substituted aminomethane-P-
hydroxymethyl-phosphonic acids as a tool for screening of bacterial urease in-
hibitors’, Arkivoc pp. 33–43.
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