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The inhibitory potential of calixarenes against nucleotide
pyrophosphatase/phosphodiesterase 1

It has been previously shown that phosphonic acids covalently attached to the macrocyclic platform of
calix[4]arenes are capable of inhibiting alkaline phosphatases. In this paper the effects of the upper-rim func-
tionalized calix[4]arenes on the activity of nucleotide pyrophosphatase/phosphodiesterase 1 (NPP1) have been
examined.

Aim. To assess the inhibitory potential of calix[4]arene, thiacalix[4]arene and sulfonylcalix[4]arene deriva-
tives against NPP1.

Results and discussion. It has been found that calix[4]arene, thiacalix[4]arene, and sulfonylcalix[4]arene
tetrakismethylphosphonic acids inhibit NPP1 with the I1C,, values in the micromolar range. The derivatives of
sulfonylcalix[4]arene demonstrated the selectivity of inhibition of NPP1 over alkaline phosphatases. In addition,
sulfonylcalix[4]arene tetrakismethylphosphonic acid was able to inhibit the nucleotide pyrophosphatase/phos-
phodiesterase activity of the human serum. The possible mechanism of the inhibition has been discussed.

Experimental part. The activity of NPP1 was monitored by spectrophotometry measuring the rate of hydrolysis
of bis-p-nitrophenyl phosphate. The phosphodiesterase activity of the human serum was assessed in the presence
of p-nitrophenyl ester of thymidine-5-monophosphate as a substrate. The homology model of the human NPP1
was generated based on the crystal structure of the murine enzyme. The molecular docking was performed using
AutoDock 4.2.

Conclusions. The results obtained have shown the ability of sulfonylcalix[4]arene derivatives to inhibit the ac-
tivity of NPP1 in vitro, including the nucleotide pyrophosphatase/phosphodiesterase activity in the human blood serum.

Key words: calix[4]arene; thiacalix[4]arene; sulfonylcalix[4]arene; nucleotide pyrophosphatase/phosphodi-
esterase 1; inhibition; molecular docking
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IHriGiTOpHUI NnoTeHUian KanikcapeHiB BiAHOCHO HykneoTugonipodgocdaTtasun/

¢docoaiectepasu 1

PaHiwe Oyno nokasaHo, o oCOHOBI KNCNOTU, KOBANEHTHO NPUEOHaHI 4O MaKpOLMKITiYHOI nnaTtdopmm
kanikc[4]apeHiB, 3aaTHi iHribyBaTy nyxHi ocdarasmn. B uivi poboTi BUBY4EHO BNNMB MOXiAHWX Kanikc[4]apeHy Ha
aKTMBHICTb HykneoTuaonipodgocdaTasn /pocdoaiectepasu 1 (NPP1).

MeTa po60oTH — OLHUTY iHTBITOPHUI NOTEHLian NoxiaHuX Kanikc[4lapery, Tiakanikc[4]apeHy Ta cynbgoHin-
kanikc[4]apeHy BigHocHO NPP1.

Pe3ynbTaTy Ta ix o6roBopeHHsi. BctaHoBneHo, wo kanikc[4]apeH-, Tiakanikc[4]apeH- Ta cynbdoHinka-
nikc[4]apeH-TeTpakic-MmeTnndgocdhoHoBi kncnoty iHridytote NPP1 3i 3HaueHHsaMu IC,, B MikpomonsapHoMy diana-
30Hi. IHribyBaHHa NPP1 noxigHumun cynbdoHinkanikc[4]apeHy Gyrno cenekTvBHUM BiQHOCHO MyXHMX docdaTas.
Kpim Toro, cynbdoHinkanikc[4]lapeH-TeTpakic-meTnndocdoHOBa KUCMoTa 34aTHa iHridyBatn Hykneotugonipodoc-
(paTtasHy/ocdoaiectepasHy akTUBHICTb NIFOACLKOI cnupoBaTkn. OBroBOPHETHCA MOXITMBUIA MEXaHi3M iHribyBaHHS1.

ExkcnepumeHanbHa yactuHa. AktreHicTb NPP1 koHTpontoBanm cnekrpodoTOMETPUYHO 3a LLUBMAKICTHO Miaponi3y
Bic-r-HiTpodheHindocdaty. HykneotuponipodocdarasHy/docdoaiectepasHy akTUBHICTb NOACHKOT CUPOBATKM OLLi-
HIOBanNM 3 BUKOPUCTAHHSIM M-HITPOEHINOBOro ectepy TMMianH-5-MoHodocdaty sk cybcTpaTy. FomonoriyHa mo-
genb moacbkol NPP1 6yna 3reHepoBaHa Ha OCHOBI KpUCTanivyHOI CTPYKTYpy MuyLiayoro doepmeHTy. MonekynapHui
[OKIHT npoBoamnu 3a gonomoroto nporpamu AutoDock 4.2.

BucHoBku. OTpuMaHi pesynbrati nokasanu 34aTHICTb NOXigHMX cynbdoHinkanikc[4]apery iHribyBaTun ak-
TuBHicTb NPP1 in vitro, B TOMy uncni HykneotuagonipodgocdatasHy/dpocdogiectepasHy akTUBHICTb CUPOBATKU
KpOBI NIOONHN.

Knrovoei cnoea: kanikc[4]apeH; Tiakanikc[4]apeH; cynbdoHinkanikc[4]apeH; HykneoTugonipodocdarasa/
docdoaiectepasa 1; iHribyBaHHS; MONEKYNAPHUIA JOKIHT
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UHrmMOuTOpHLIN NOTeHLUMan KarimkcapeHoOB OTHOCUTENbHO HyKneoTuanupodocdgarasbi/

¢occoamnactepasbl 1

PaHee 6bino nokasaHo, 4To hOCHOHOBBIE KMCMNOTbI, KOBANEeHTHO NPUCOEANHEHHbIE K MaKPOLIMKITMYECKON
nnatdopme Kanvkc[4]apeHoB, cnocobHbI MHIMOUPOBaTH LenoYHble hocdarasbl. B HacToswen paboTe nccne-
[0BaHO BMUSIHUE NMPOM3BOAHbIX Kanukc[4]apeHa Ha akTUBHOCTb HykneoTuanupodocdarassbl /hocdoamacrepa-
3bl 1 (NPP1).

Llenb paboTbl — OLEHNTb MHIMOMTOPHBIN NOTEHLMan Npon3BoAHbIX Kanvkc[4lapeHa, Tnakanukc[4lapeHa n
cynboHunkanukc[4] apeHa otHocuTtensHo NPP1.
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Pe3ynbraThl n nx obcyxaeHue. YCTaHOBMNEHO, YTO Kanukc[4lapeH-, Tnakanukc[4lapeH- n cynbgoHunka-
nvkc[4]apeH-TeTpakunc-metundocgoHoBble kncnotel nHMbMpytoT NPP1 co 3HaveHuamn IC,, B MMKPOMONSPHOM
AnanasoHe. MiHrmbuposarnme NPP1 npoussogHbiMu cynboHunkanukc[4lapeHa 6bino cenekTMBHbIM OTHOCU-
TeNbHO LWenoyHbIX ocdaras. Kpome Toro, cynbgoHunkanukc[4lapeH-TeTpakmc-meTnngochoHoBas kucrnoTa
cnocobHa nHrmbmpoBatb ochoanacTepasHyo akTMBHOCTb YeNoBeYeCKow CbiIBOPOTKM. OBCyaaeTcss BO3MOX-
HbI MEXaHWU3M VHIMBMPOoBaHUS.

JKkcnepuMeHTanbHasa YacTb. AKTBHOCTb NPP1 KOHTponvpoBany cnekTpogoTOMETPUYECKM MO CKOPOCTH
rmaoponmsa ouc-r-Hutpodpenundocdara. HykneotuanmpodocdartasHyto/docthoanactepasHyo akTMBHOCTb YenoBe-
YeCKOW CbIBOPOTKM OLEHUBAnNM B NPUCYTCTBUN M-HUTPOMEHUNOBOTO admnpa TMMmManH-5-MmoHodocdara B kavectse
cybcTtpara. lomonoruyeckas mogens Yenosedeckoh NPP1 6bina creHeprpoBaHa Ha OCHOBE KpUCTanM4yeckomn
CTPYKTYPbl MbILLMHOTO chepMeHTa. MoneKynsipHbIi LOKUHT NPOBOAMIICS € NOMOLLbI0 nporpaMmbl AutoDock 4.2.

BbiBoabl. [NonyyeHHble pesynsraTthbl Noka3anu CnoCoBHOCTb NPOU3BOAHbIX CynbdOoHUNKanukc[4]lapeHa nH-
rmbuposats in vitro NPP1, B Tom yucne HykneotuanupodocdatasHyto/dpocdoanactepasHyto akTMBHOCTb Chbl-
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BOPOTKN KPOBU YeroBekKa.

Knroyeenie criosa: kanvikc[4]apeH; Tnakanukc[4lapeH; cynboHunkanukc[4lapeH; Hykneotuanupodocda-
Tasa/pocdoauactepasa 1; MHIMOMPOBaHME; MOMNEKYNAPHbBIA JOKUHT

Nucleotide pyrophosphatase/phosphodiesterase 1
(NPP1, EC 3.1.4.1) represents a group of enzymes, which
catalyze the hydrolysis of phosphodiester bonds of
various substrates, including nucleotides [1]. NPP1
is amembrane bound glycoprotein presented in many
tissues and involved in the regulation of cell differen-
tiation, bone and tissue mineralization, and cellular
signaling [2]. The abberant activity of NPP1 can re-
sultin chrondrocalcinosis, pathological calcification,
osteoarthritis and other diseases [3].In this connec-
tion, NPP1 is considered to be a possible pharmaco-
logical target for novel therapeutics.

Several natural and synthetic compounds are de-
scribed as inhibitors of NPP1 [1, 4]. As an example, po-
tent non-nucleotide inhibitors of NPP1 were repre-
sented by polyoxometalates [5], polysaccharides [6],
glycosides [7], as well heterocyclic compounds [8, 9].

Taking into account the fact that NPP1 belongs
to the alkaline phosphatase superfamily, and there
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is certain similarity in the structure of active sites of
these enzymes [10], we assumed that the strategy of
phosphatase inhibition by calix[4]arenes [11-13] might
be used for searching for inhibitors of NPP1. The pre-
sent study was undertaken in order to assess the in-
hibitory potential of calix[4]arenes, thiacalix[4]are-
nes, and sulfonylcalix[4]arenes 1-6 against NPP1 (Fig. 1).

For assessment of functionalized calix[4]arenes
as inhibitors of NPP1 and alkaline phosphatases, bis-
p-nitrophenyl phosphate and p-nitrophenyl phospha-
te were used as substrates, respectively. As is seen
from Tab. 1, calix[4]arene and thiacalix[4]arene tetra-
kismethylphosphonic acids 1 and 2 showed approxi-
mately the same inhibition effects on the activities
of NPP1 and alkaline phosphatase from the bovine
intestinal mucosa with the micromolar values of IC;,,
The inhibition effects of these compounds on alkaline
phosphatase from the human placenta were not sig-
nificant. At the same time, methylphosphonic acid

OH

4-6
R=H(4); R=tert-But(5); R=NHC(O)CF,(6)

Fig. 1. Structures of calix[4]arene, thiacalix[4]arene, and sulfonylcalix[4]arene derivatives 1-6

42



ISSN 2518-1548 (Online)

XKypHan opraHidyHoi Ta hapmaueBTUYHOI Ximii. — 2017. — T. 15, Bun. 4 (60)

ISSN 2308-8303 (Print)

Table 1

Calix[4]arene, thiacalix[4]arene, and sulfonylcalix[4]arene phosphonic derivatives 1-6 as inhibitors NPP1
and alkaline phosphatases’

NPP1 Alkaline phosphatase | Alkaline phosphatase

- from the bovine from the human

Inhibitor - mucosa placenta
1Csp UM K, uM K uM
ICsp UM IC5p UM

1 0.37 £0.06 0.34+£0.03 0.63+£0.23 0.43 +0.04 > 100

2 0.36 £0.08 0.21 £0.07 0.30+0.06 0.27 £0.02 > 100

3 0.44 +0.08 0.39+0.12 n.a** n.a

4 2.3+£0.03 >50 n.a

5 84+18 n.a n.a

6 0.2 +£0.07 n.a n.a

Notes: * —IC,, values are the means of 2-3 assays + standard deviations; ** — not active at 20 uM.

derivative 3 bearing the sulfonylcalix[4]arene skele-
ton (Fig. 1) demonstrated the inhibitory activity only
against NPP1 and did not affect the activity of alka-
line phosphatases from the bovine mucosa and from
the human placenta. The results obtained indicates
that selectivity of sulfonylcalix[4]arene derivative 3
as an inhibitor of NPP1 can be attributed to the modi-
fied macrocyclic scaffold.

According to Lineweaver-Burk plots the effect of
inhibitors 1 and 2 on the activity of NPP1 are in agre-
ement with a mixed-type inhibition. The apparent K;
and K; values are of 0.34 uM and 0.63 pM (compo-
und 1) and 0.21 uM and 0.30 uM (compound 2), res-
pectively. The mechanism of NPP1 inhibition by methyl-
phosphonic acids 1 and 2 involves the binding of the
inhibitor to the enzyme with formation of enzyme-
inhibitor and enzyme-substrate-inhibitor complexes.
On the contrary, inhibition of NPP1 by sulfonylcalix[4]
arene tetrakismethylphosphonic acids 3 was found
to be of competitive type with the K, value of 0.39 pM

121

(Fig. 2, C). This type of inhibition suggests that the
sulfonylcalix[4]arene inhibitor binds to the enzyme
only in the substrate binding site.

Our further efforts for designing inhibitors of NPP1
were directed towards sulfonylcalix[4]arene 4 and com-
pounds 5 and 6 with non-ionogenic substituents (Fig. 1).
Among them, tetrakis-tert-butyl sulfonylcalix[4]arene 5
showed the lowest inhibition effect, while tetrakis-
3-fluormethylacetamide sulfonylcalix[4]arene 6 had
the IC,, value of 0.2 pM with selectivity over alkaline
phosphatases from the bovine mucosa and from the
human placenta (Tab. 2).

The nucleotide pyrophosphatases/phosphodies-
terase activity of the human serum was assessed in
the presence of sulfonylcalix[4]arene 1-3 using thy-
midine-5-monophosphate-p-nitrophenyl ester as a
substrate [14]. To the best our knowledge, sulfonyl-
calix[4]arene tetrakismethylphosphonic acid 3 ex-
hibited the inhibitory effect on the NPP1 activity of
the human serum preventing the hydrolysis of the

-0.5 1.5

05 15 35 55
18], mm™

Concentrations of inhibitor 1 (A):

—— 0 —e— 1.2 uM —— 0
—=— 0.4 uM —— 1.6 uM —a— 0.4 uM
—— 0.8 uM —4— 0.8 uM

Fig. 2. Lineweaver-Burk plots for inhibition of snake venom NPP1

1/[S], mM ™’

Concentrations of inhibitor 2 (B):

35 55 -1 0.5 2 35 5 6.5
1/[S], mM™

Concentrations of inhibitor 3 (C):

—e— 1.2uM —— 0 —e— 0.6 uM
—— 1.6 UM —&— 03pM  —— 0.75uM
—&— 0.45 uM
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Table 2

Free energy of binding of the conformers of calix[4]
arene derivatives 1-3 into the active site of the
homology model of the human NPP1

AG (kcal/mol)
Conformer
1 2 3
cone -6.53 -7.25 -9.73
partial cone -6.66 -9.86 -10.27
1,2-alternate -6.18 -8.9 -8.71
1,3-alternate -8.38 -8.48 -10.29

substrate. At the same time, compounds 1, 2, 4-6 did
not show sufficient effects (Fig. 3).

To get insights into a possible binding mechanism
of compounds 1-3 the molecular docking studies were
performed using the homology model of the human
NPP1 based on the X-ray structure of its murine or-
tholog. Four conformers [15] for compounds 1-3 were
docked to the homology model of the human NPP1
using Autodock 4.2. The docking results suggest that
the most preferable for binding are 1,3-alternate of
calix[4]arene derivative 1, the partial cone of thiaca-
lix[4]arene derivative 2, and both partial cone and
1,3-alternate of sulphonylcalix[4]arene derivative 3
(Tab. 2).

Further examination of the docking results sho-
wed that compounds 1-3 were oriented towards two
zinc ions of the enzyme. The differences in the inhibi-
tory activity (Fig. 3) might be explained by formation
of hydrogen bonds between SO,-bridged groups of
the sulfonylcalix[4]arene platform of compound 3 and
amino acid residues at the catalytic center of NPP1
(Fig. 4). One of SO,-groups of sulfonylcalix[4]arene
formed hydrogen bonds with amino acid residues of
His535, His380, Thr256, Asn277 located near metal
ions. Other SO,-groups had H-bonds with Ser377,
Lys291, and Tyr451. The OH-group on the lower rim
of the macrocycle provides the H-bond with Lys528.
The phosphonic acid groups interact with His535,
GIn519, Leu290, Lys291, Lys291, and Ser377. The oxy-
gen of the phosphonate group of the inhibitor and
two aromatic rings of the sulfonylcalix[4]arene plat-
form were involved in the interaction with His535,
Tyr340, and Lys528, respectively.

Fig.4. The posible binding mode of compound 3 at the active site of
the homology model of human NPP1: general view (A) and amino
acids involved in the complex formation (B)
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Experimental part

In vitro study of NPP1 inhibition

Phosphodiesterase 1 from Bothrops atrox (type V),
alkaline phosphatase from the bovine intestinal mu-
cosa (type VII-L), alkaline phosphatase from the hu-
man placenta (type XXIV), human sera, bis-p-nitro-
phenyl phosphate, p-nitrophenyl phosphate, thymi-
dine-5-monophosphate-p-nitrophenyl ester were pur-
chased from Sigma-Aldrich.

The effect of calix[4]arene derivatives on the rate
of hydrolysis of bis-p-nitrophenylphosphate catalyzed
by NPP1 was assayed in 0.05 M tris-HCl buffer (pH 8.8)
with 1 vol % of dimethyl sulfoxide. The mixture was
incubated for 5 min at 25 °C in a buffer solution with
the inhibitor. The reaction was initiated by addition
of the enzyme. The total volume of the reaction mix-
ture was 1.5 ml. The rate of hydrolysis of bis-p-nitro-
phenyl phosphate was measured by following the chan-
ge in absorption of p-nitrophenol at 410 nm (the mo-
lar excitation coefficient of 18300 M cm™). The value
of IC,, was calculated as the concentration of the in-
hibitor, which reduced the rate of the enzymatic re-
action by 50 %.

For the study of the alkaline phosphatase activity,
the reaction mixture contained 0.1 M Tris-HCI buf-
fer (pH 9), 0.5 mM p-nitrophenylphosphate as a subst-
rate, and the inhibitor had been preliminarily ther-
mostated for 5 min at 25 °C. The inhibitors 1-3 were
preliminary dissolved in dimethyl sulfoxide (2 vol %
in the reaction mixture).

The nucleotide pyrophosphatases/phosphodieste-
rase activity of the human serum was assayed in 0.05 M
buffer solution (pH 9) containing 1 vol % of dimethyl
sulfoxide, 0.2 mM thymidine-5-monophosphate-p-nitro-
phenyl ester, 4.5 mM MgClL,. The mixture with the in-
hibitor was incubated for 5 min at 37 °C, and the re-
action was initiated by addition of the human serum.
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Molecular docking

The docking calculations were carried by Auto-
Dock 4.2 [16]. For the preliminary preparation of do-
cking files, the program AutoDockTools was used.
Three dimensional structures of the inhibitors were
optimized in the MMFF94s force field by the prog-
ram Avogadro [17]. The homology model of the hu-
man NPP1 enzyme was generated based on the crys-
tal structure of the mouse NPP1 (PDB code 4GTW)
by the Swiss-Model server [18-20]. The sequence of
the human NPP1 was retrieved from accession num-
ber P22413 of the UniProtKB server. The energy mini-
mization of the model was performed by SPD viewer.

Synthesis of calixarenes

Calix[4]arene, thiacalix[4]arene, and sulfonylcalix
[4]arene methylphosphonic acids 1-3 were synthe-
sized according to the protocols previously developed
[21-23]. For the synthesis of sulfonylcalix[4]arene 4 and
its tetrakis-tert-butyl derivative 5 the procedures previ-
ously developed were used [24, 25]. Compound 6 was
obtained by the oxidation reaction of thiacalix[4]arene
tetrakis-3-fluormethylacetamide with NaBO, x 4H,0
in the presence of absolute trifluoroacetic acid.

The synthesis of 5,11,17,23-tetrakis(trifluoro-
methylacetamide)-25,26,27,28-tetrahydroxysul-
fonylcalix[4]arene 6. To the solution of 0.5 g (0.53 mM)
of 5,11,17,23-tetrakis(trifluoromethylacetamide)-
25,26,27,28-tetrahydroxythiacalix[4]arene in abso-
lute trifluoroacetic acid (5 ml) add 1.0 g (6.5 mM)
NaBO, x 4H,0. Stir the reaction mixture at 50 °C for
24 h, and then pour the reaction mass into a cooled
solution of 5 N H,SO, (20 ml). Filter the precipitate
and wash with water (2 x 10 ml). Dry the resulting
5,11,17,23-tetrakis(trifluoromethylacetamide)-25,26,
27,28-tetrahydroxysulfonylcalix[4]arene 6 (the crys-
talline substance of a white color) in vacuo (0.10 mm Hg)
at 60 °C for 2 h.

The yield - 0.42 g (74 %). M. p. > 300 °C.'"H NMR
(400 MHz, DMSO-d,): 6 8.45 (s, 8H, H-arom.), 11.54 (s,
4H, NH); F NMR (400 MHz, DMSO0-d,): 6 -74.54; 13C
NMR (400 MHz, DMSO-d,): 111.39; 114.26; 117.13;

References

119.99 (m, CF,, YJ,. 288 Hz); 126.80; 127.07; 130.16
(C-arom); 154.79 (m, COCF,, % .. 37 Hz). Anal. calcd
for C;,H,, F,N,0,.S,, %: C, 35.96; H, 1.51; F, 21.33;
N, 5.24; S,12.00. Found, %: C, 36.16; H, 1.71; E, 21.05;
N, 5.04; S, 11.85.

For the synthesis of 5,11,17,23-tetrakis(trifluoro-
methylacetamide)-25,26,27,28-tetrahydroxythia-
calix[4]arene add 2.38 g (11.35 mmol) of trifluoro-
methylacetic anhydride and 1.2 g (11.86 mmol) of tri-
ethylamine to the suspension of 0.9 g (1.29 mM) of
chlorhydrate aminothiacalix[4]arene [26] in absolute
tetrahydrofuran (20 ml) at the room temperature with
stirring. Stir the reaction mixture at room tempera-
ture for 24 h, filter the resulting precipitate, and eva-
porate the solution on a rotary evaporator. To the re-
sidue obtained add 10 ml of water, and filter the re-
sulting precipitate. Dry the resulting 5,11,17,23-tetrakis
(trifluoromethylacetamide)-25,26,27,28-tetrahyd-
roxythiacalix[4]arene (the crystalline substance of a
white color) in vacuo (0.05 mm Hg) at 60 °C for 2 h.
The yield - 0.75 g (62.5 %). M. p.> 300 °C (decomp.).
'H NMR (400 MHz, DMSO-d,): 6 7.85 (s, 8H, H-arom.),
11.09 (s, 4H, NH); *°F NMR (400 MHz, DMSO-d,):
074.36; *CNMR (400 MHz, DMSO-d,): 111.49; 114.35;
117.23;120.09 (m, CF;, J;.288 Hz); 120.94; 127.89;
128.85 (C-arom.); 154.05 (m, COCF,;, ?J..37 Hz). Anal.
calcd for C;,H,( F;, N,OgS,, %: C,40.86; H, 1.71; F 24.24;
N, 5.96; S, 13.63. Found, %: C,41.12; H, 1.83; E, 24.07;
N, 6.15; S, 13.45.

Conclusions

1. Calix[4]arene and thiacalix[4]arene derivatives
are found to be effective inhibitors of NPP1 with the
micromolar IC;, values.

2. The results obtained have shown the ability of
functionalized sulfonylcalix[4]arenes to selectively in-
hibit the activity of NPP1 in vitro, including the nuc-
leotide pyrophosphatase/phosphodiesterase activity
in the human blood serum.
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