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Calix[4]arene are known to be a promising scaffold for designing inhibitors of protein tyrosine phosphatases.
In this work calix[4]Jarene mono- and bis-a-hydroxymethylphosphonic acids have been tested in vitro for the
inhibitory activity against some therapeutically important protein tyrosine phosphatases. The results obtained
have shown that these macrocyclic compounds can inhibit CD45, PTP1B, and SHP2 with IC,, values in the
micromolar range. At the same time the inhibitors have demonstrated lower activity toward other protein tyro-
sine phosphatases such as TC-PTP and PTPg. It has been found that mono-substituted calix[4]arene is more
potent inhibitor of CD45 than the bis-substituted one and shows about 2-15 fold selectivity over TC-PTP, PTPg,
SHP2 and PTP1B. Model 4-hydroxyphenyl-a-hydroxymethylphosphonate displays at least one order lower ac-
tivity than the phosphonate derivatives of calix[4]Jarene. Thus, the combination of a macrocyclic platform and
a-hydroxymethylphosphonate group is essential for the inhibition activities of these compounds. Computer-si-
mulated docking studies have been performed using AutoDock 4.2 programme by the example of PTP1B. The
data obtained indicate that the inhibitors can bind in the active site of the enzyme. To clarify the inhibition mecha-
nism the possible enzyme-inhibitor complexes have been considered using several crystal structures of PTP1B

and all stereoisomeric forms of the inhibitors.

KAJIIKC[4]APEH a-I'APOKCU®OCOOHOBI KNCIIOTU SIK MOTEHLIAHI IHBITOPH MPOTEIHTUPO3NH-

POCPATA3
B.B.Tpyw, B.FO.TaH4yk, C.0.4epeHok, B.l. KanbyeHko, A.l.Boek
Knrovoei cnoea: npomeiHmupo3uHghocghamasu; iHeibimopu; KanikcapeHu; OOKiHe

Bidomo, wo kanikc[4]apeHu € nepcrnekmusHoro nnamagopmoro 05151 po3pobKu iH2ibimopie npomeiHmupo3uHgpoc-
gamas. Y uil pobomi karnikc[4]apeH MoHO- ma bic-a-2i0pokcumemurghocghoHosi Kucriomu bynu eunpobyeaHi sk
iH2ibimopu desikux meparnesmu4YHO 8aXXIUBUX rMpomeiHmupo3uHgocghamas. OmpumaHi pesynibmamu ceidyuiu
po me, WO Ui MaKpOUUKITIYHI Crionyku MoXymb iHeibysamu PTP1B, CD45 ma SHP2 3i s3HadeHHsamu IC, 8 Mikpomonsip-
HoMy Oiana3oHi. Pazom 3 mum, iHeibimopu 0eMoHcmpysanu MeHwWwy akmueHicmb 8iOHOCHO iHWUX MpomeiHmupo-
3uHgocghamas, makux sik TC-PTP i PTPB. Byno ecmaHoerneHo, wo MOHO-3aMiueHull Kasikc[4]apeH € Kpawum
iHeibimopom CD45, Hix bic-3amileHul Makpouuks i gusienisie npubnusHo 2-15-kpamHy cenekmueHicmb 8rnusy
8ioHocHo TC-PTP, PTPB, SHP2 ma PTP1B. ModensHa crionyka 4-2i0pokcugbeHin-a-2idpokcumemurgpocghoHam
Xapakmepu3yembCs WoHaliMeHuwe Ha rnopsidoK 2ipuWot akmusHIiCmio, Hixk (poccboHamHi NoxiOHi Kanikc[4]apeHy.
Takum YuHOM, MOEOHaHHS MakpOUUKiYHOI nnamgopmu ma a-2idpokcumemurghocghoHamHoi epynu gidiepae
saxxnusy porib 0ns iHeibytoyoi 30amHocmi yux crionyk. MonekynsapHuli dokiHe 6yno npogedeHo 3 8UKOPUCMaH-
Hs1 npoepamu AutoDock 4.2 Ha npuknadi PTP1B. OmpumaHi pe3ynbmamu rokasasnu, wo iH2ibimopu Moxymb
38’s13ygamucs 8 akmueHOMY ueHmpi pepmeHmy. [ns 3’acyeaHHs mexaHismy iHeibysaHHs1 Oynu po3ansaHymi
Moxriusi chepmeHm-cybcmpamHi KoMIekcu, cghopMo8aHi 3 BUKOPUCMAaHHSAM Pi3HUX KpucmaridyHux cmpykmyp

PTP1B ma ecix cmepeoizomepHUX ¢hopm iHeibimopie.

KAJIMKC[4]APEH a-r'JPOKCU®OCPOHOBbLIE KUCII0Tbl KAK NMOTEHLNAJIbHBIE UHTMBUTOPbI PO-

TEUHTUPO3NHDPOCDATA3
B.B.Tpyw, B.FO.TaH4yk, C.0.YepeHok, B.U.Kans4yeHko, A.U.Boek
Knrovesnbie cnosa: npomeuHmupo3uHghocghamasbl;, UH2UBUMOpPBI; KanuKkcapeHbl, OOKUH2

U3eecmHo, ymo kanukc[4]apeHbl Mmocym 6bimb nepcrekmusHol nnamgopmol 05151 KOHCMPYUPO8aHUsl UHaU-
bumopoes npomeuHmupo3uHgocgamas. B amotli pabome kanukc[4]JapeH MOHO- u buc-a-sudpokcumemurighoc-
¢oHo8bIe KUCIombi 6binu UCMbIMaHbl Kak UH2ubumopbl HEKOMOPbIX MmeparesmuyecKu 8aXXHbIX NPOMeuHmu-
po3uHgocghamas. NonyqeHHble pesynbmamsi caudemesibcmeosasiu 0 MmoM, Ymo 3mMu MakpoUUKIUYecKUe coe-
OuHeHus1 mogym uHaubuposams PTP1B, CD45 u SHP2 co 3HadyeHusamu IC,, 8 MUKpomorigpHoMm duarna3oHe.
Bmecme ¢ mem, uHeubumopbl eMOHCmMpPUPOBanu MEeHbLWYH aKmu8HOCMb OMHOCUMEbHO Opyaux MpomeuH-
mupo3suHgpocghamas, makux kak TC-PTP u PTPR. Bbino HalideHO, Ymo MOHO-3aMeu,eHHbIU Kalukc[4]apeH
Aengemcs nydwum uHeubumopom CD45 yem buc-3ameuw,eHHbIl MakpoOUUKI u rposiensem rnpubnuaumernbHo
2-15-kpamHyo cenekmugHOCMb Mo cpasHeHUro ¢ uHaubuposaHuem TC-PTP, PTPB, SHP2 u PTP1B. ModenbHoe
coeduHeHue 4-2udpokcucheHun-a-2udpokcumemurghocghoHam xapakmepuayemcs 1o MeHbwel Mepe Ha ro-
psA00K MeHbWel akmugHOCMIo, Yem ¢hocghoHamHbIe MPou3B80o0HbIe Kanukc[4]apeHa. Takum o6pa3om, Makpouu-
Knuyeckasi nnamepopma u a-2udpokcumemurichocghoHamHasi epynna uzpaem 8axHyto posb 051 obecrnedeHus
uHeubupyrowel criocobHocmu coeduHeHul. MonekynsapHbili QoKUHe bbin MpoeedeH ¢ UCMNonb308aHUEM MPO-
epammbl AutoDock 4.2 Ha npumepe PTP1B. lNony4YeHHbie pe3yribmamel nokasasu, 4mo uHeubumopsi Moaym
ces3bigambCsl 8 aKmusHOM UueHmpe ¢chepmeHma. [ns ebissiCHeHUs MexaHu3mMa uHaubuposaHusi bbinu paccmo-
MmpeHbl 803MOXHbIE hepMeHM-cybecmpamHbie KOMIIEKChl, CGhOPMUPOBAHHbIE C UCMOb308aHUEM Pa3IUYHbIX

Kpucmannudeckux cmpykmyp PTP1B u ecex cmepeou3omepHbix ¢hopm UH2ubUmopos.

39



ISSN 2308-8303

Journal of Organic and Pharmaceutical Chemistry. — 2014. — Vol. 12, Iss. 1 (45)

A number of bioorganic studies have been fo-
cused on searching for inhibitors of protein tyrosine
phosphatases (PTPs) [1]. The PTPs superfamily con-
sists of 107 members that can be divided into differ-
ent classes, which include the classical receptor and
non-receptor PTPs [2]. Because of their involvement
in various cellular processes, such as growth and
proliferation, differentiation and survival or apopto-
sis [3], these enzymes are considered to be promis-
ing targets for new drug discovery today. Increase
in activity or expression of PTPs may promote de-
velopment of cancer, diabetes, obesity, Alzheimer’s
disease, Noonan syndrome, and other diseases [1].
For example, one of the non-receptor enzymes, pro-
tein tyrosine phosphatase 1B (PTP1B) was found to
be a negative regulator of insulin, as well as leptin
signaling pathways [4]. The experimental data with
PTP1B knockout mice have shown that hyperactivity
of this enzyme may lead to type 2 diabetes and obesi-
ty [5, 6]. The activity of protein tyrosine phosphatase
SHP2 is associated with Noonan syndrome and the
negative effect on several oncogene signaling path-
ways [7, 8]. It has been shown that SHP2 can be in-
volved in pathogenicity of oncogenic bacterium Heli-
cobacter pylori that is associated with stomach can-
cer [9]. One more protein tyrosine phosphatase CD45
belongs to the receptor-like PTPs and plays an es-
sential role in signaling by T- and B-lymphocytes [10,
11]. This enzyme controls the immune response by
dephosphorylating Src family kinases [12, 13]. There-
fore, inhibitors of CD45 may be attractive as drugs
for treatment of the tissue transplant rejection or
autoimmune pathologies [14]. Thus, an opportunity
to control the activity of at least several PTPs could
lower risk of developing Type 2 diabetes and other
diseases.

Calixarenes represent macrocyclic molecules that
can be easily functionalized at either the upper or
lower rim. Because of their unique three-dimensional
structure they have used as important tools for in-
vestigations in bioorganic chemistry and medicine
[15-18]. The calixarenes were found to exhibit an-
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Fig. 1. Chemical structures of PTP inhibitors used in this work.
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tibacterial activity against gram-positive and gram-
negative bacterial strains [19-21], antiviral [22, 23]
and anticancer properties [24]. Finely, calixarenes
can be used for biochemical recognition and sepa-
ration of bioactive molecules such as amino acids,
proteins, nucleotides, saccharides and steroids [25].
Experiments on mice have shown that some of calix-
arene derivatives have low or no toxicity [26].

Based on understanding that the active site of PTP
accommodates a phosphorylated tyrosine residue, it
is likely that compounds with a non-cleavable phos-
phonate group, which mimic the phosphorylated ty-
rosine fragment, may be suitable for investigation as
possible enzyme inhibitors. Recent studies have iden-
tified PTPs as targets for new bioactive phosphonate
compounds [27, 28]. It has been shown also that pre-
organizing phosphonic or methylenebisphosphonic
acids into calix[4]arene derivatives provides a pro-
mising approach to design effective inhibitors of al-
kaline phosphatase [29-31], Yersinia protein tyrosine
phosphatase [32], and PTP1B [33].

Derivatives of 1-hydroxyphosphonic acid are shown
to have a wide variety of the biological activity. They
can be used as antihypertensive [34] and antiviral
agents [35], antibiotics [36] and pesticides [37]. Se-
ries of the compounds featuring aryl or heteroaryl
1-hydroxyphosphonate derivatives were investigat-
ed as inhibitors of CD45 [38]. We have already de-
termined that calix[4]arenes bearing hydroxymeth-
ylphosphonic acid fragments at the wide rim of the
macrocycle are able to inhibit alkaline phosphatase
and glutathione-S-transferase [39]. The present re-
search was undertaken to evaluate the inhibitory ac-
tivity of 1-hydroxymethylphosphonate derivatives of
calix[4]arene toward some of protein tyrosine phos-
phatases.

Calix[4]arene a-hydroxyphosphonic acid 1 in the
racemic form and compound 2 as a (RS)-stereoiso-
mer (Fig. 1) were synthesized according to the pro-
tocols previously developed [39]. At physiological
pH the phosphonic acid derivatives 1-3 can exist in
phosphonate monoanionic and partially phosphona-
te dianionic forms. The compounds synthesized were
evaluated in vitro for their inhibitory activity against
commercially available PTP1B, TC-PTP, CD45, SHP2,
and PTP. The activities of protein tyrosine phospha-
tases were determined by following the changes in
the concentration of p-nitrophenol released during
hydrolysis of p-nitrophenylphosphate used as a sub-
strate. The values of IC,, were calculated from a dose-
dependent curve as the concentration of the inhibi-
tor, which decreased the enzyme activity by 50% in
5 min of incubation of the reaction mixture.

The results obtained are summarized in Table 1
macrocyclic compound 1 It has been found that mac-
rocyclic compound is a potent inhibitor of CD45 (IC;,
= 0.64 uM) and PTP1B (IC;, = 1.6 pM). This macro-
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Table 1

The values of IC,, (uM) of calix[4]arene
a-hydroxymethylphosphonic acids 1 and 2
as inhibitors of protein tyrosine phosphatases?

Table 2

Docking results (AutoDock 4.2) of stereoisomers
of calix[4]arene-a-hydroxymethyl-phosphonates 1
and 2 in the active site of PTP1B

Inhibitor | PTP1B | TC-PTP | SHP2 PTPB CD45 AG,, (kcal/mol)
Compounds
1 1.6 11 35 45 0.64 2CM8 | 2CNF | 1Q6M | 1PHO | TNL9
2 84 59 17 45 7.6 1(R) -7.39 | -884 | -6.39 | 492 | -5.80
3 >10 >10 >10 N/D N/D 1(5) -7.38 | -886 | -435 | -5.10 | -5.91
2(RR) -7.19 | -5.66 | -7.21 -6.14 | -5.92
2 IC,, values determined with p-nitrophenylphosphate (in the

concentrations equal to K, values of enzymes) are the mean values 2(RS) -6.00 | -8.24 | -6.05 | -449 | -4.64
of three assays with standard deviations within 25%. 2(SS) -6.80 752 -3.72 347 535
1 hibit lectivity to CDAS TC-PTP and 3(R) -7.54 | -7.25 | -8.13 | -5.71 -5.90

Cycle exn1bits selectivity to over - an i} i} N i} i}
shows a modest selectivity over PTP1B, PTPf3 and 36) 836 | 790 | -8.22 >63 >-95

SHP2. Compound 2 seems to be less potent inhibi-
tor of PTPs than inhibitor 1. Bis-substituted inhibi-
tor 2 showed approximately the same values of IC,,
in case of inhibiting CD45 and PTP1B and was less
potent inhibitor against TC-PTP, PTP(3, and SHP2. The
data obtained indicate that calix[4]arene inhibitors 1
and 2 are more effective in comparison with a mo-
del compound, 4-hydroxyphenyl-a-hydroxymethyl-
phosphonate 3 (with IC.,values for PTP1B, TC-PTP,
and SHP2 which were greater than 10 pM). The acti-
vity of calix[4]arene a-hydroxymethylphosphonates
compared to the model compound can be explained
by effects of both the phosphonate fragment and the
molecular scaffold of the macrocyclic inhibitors.

To elucidate stereoselective effects of calix[4]are-
ne-a-hydroxymethylphosphonates 1 and 2 on the ac-
tivity of PTPs the inhibitors were docked into the
active site of PTP1B. This enzyme selected for com-
puter-simulation docking studies is represented by
more than one hundred PDB files. It is known that
PTPs catalyze the hydrolysis of phosphate monoes-
ters by two-step mechanism [40]. In case of PTP1B,
an important role in this action belongs to residues of
Cys215, Arg221 (active pocket) and Asp181 (WPD-
loop) [41]. All available X-ray crystal structures of
PTP1B have the main difference, which can be attri-
buted to open or closed conformation of WPD-loop
[42]. As shown, the structures belonging to these two
groups are also different and can be divided into sub-
classes [43]. To analyze the binding mode of the phos-
phonate inhibitors in the active site of PTP1B we
applied the previously reported approach of divid-
ing all PDB crystal structures into classes based on
similarity of the binding profile. This was achieved
by clustering all available conformations of PTP1B
in the RSCB Protein Data Bank. Five centroids repre-
senting the enzyme structures with open WPD-loop
(1NL9, 1PHO) and with closed WPD-loop (2CNE, 1Q6M,
2CM8) were used for docking of stereoisomeric forms
of compounds 1 and 2. According to the results ob-
tained all stereoisomeric forms of a-hydroxyphos-

phonates are able to bind to the active site of PTP1B.
The weak correlation between the experimental ac-
tivity of the inhibitors and predicted free energies
AG,,. is observed only for 2CNF. The values of bind-
ing free energies indicate that (RS)-isomer of 2 exhi-
bits stronger binding affinity than its (RR)- or (SS)-
analogues. Enantiomeric compounds (S)-1 and (R)-1
bind to the enzyme with the same affinity (Table 2).

Docking results have shown that the binding mode
of calix[4]arene derivative 1 is similar to that of in-
hibitor 2. The phosphonate residues of macrocycles
1 and 2 form a hydrogen bond with catalytic Cys215,
and with other amino acid residues from the active
pocket, such as Arg221, Ser216, and Ala217. Due to
the closed conformation of WPD-loop, Phe182 is clo-
se to the upper rim of the macrocycle. In addition,

. Phe182 /7

/ 7
{ /

Arg47

Ala217 Asp48

Fig. 2. The possible binding modes of (S)-calix[4]arene-mono-
a-hydroxyphosphonate (top) and (R)-calix[4]arene-bis-a-
hydroxyphosphonate (bottom) at the active site of PTP1B.
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hydrophobic interactions are observed between the
narrow rim of the macrocyclic platform and Tyr46,
Arg47, and Asp48. According to the data (Tab. 1) ex-
perimentally obtained the second a-hydroxymethyl-
phosphonate group of bis-substituted compound 2
does not interact with the enzyme surface (Fig. 2).

Experimental Part

The enzymatic reaction was carried out at 37°C
(PTP1B) and 30°C (TC-PTP, SHP2, CD45, or PTPB).
The assay solution contained 50 mM Bis-Tris (pH 7.2),
1 vol. % of dimethyl sulfoxide, 100 mM NaCl, 1 mM
DTT, 3 mM EDTA, 2 mM p-nitrophenyl phosphate
(for PTP1B), and the inhibitor. The final volume was
0.5 ml. The mixture was preincubated for 5 min and
the reaction was initiated by addition of the enzyme
(6nM in the reaction mixture). The p-nitrophenol re-
leased was determined by measuring the absorban-
ceat410 nm (e = 18.000 M'cm™).
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