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Abstract

The inhibitory effect of 1,3-substitutguttert-butylcalix[4]arenes on butyrylcholinesterase from horse serum has been dis-
covered and kinetically investigated with photometric microassay techniques. The interaction of calix[4]arene with the
enzyme is described in accordance with the formal kinetics of competitive reversible inhibition. The inhibition constants
calculated depend on the substituent in the lower rim of the calix[4]arene and vary in the range of (5-LG) M.

The proposed mechanism of inhibition involves the cooperative interaction of indophenyl acetate used as a substrate,
calix[4]arene and the enzyme without any covalent or electrostatic binding of the functional groups in the active site of
cholinesterase. This results in the coordination of the calixarene on the enzyme surface in the proximity of the enzyme
active site. Such interaction prevents the substrate from entering the enzyme active site.

Introduction tions of tert-butylcalixarenes synthesized were introduced
into the liquid lipophilic membranes and a selective transfer

The synthesis of selective molecular receptors, which reali@eglycolic, d,l-tartaric and amygdalic acids through these
the principles of host guest chemistry, i.e., calixarenes, cygembranes has been kinetically investigated [23, 24]. In this
lodextrins and crown ethers, is one of the promising way¥ork, the specific interaction of dialkyl derivatives tfrt-

in the further progress of organic and bioorganic chemistiitylcalix[4]arenes with butyrylcholinesterase was explored
Calixarene derivatives and their analogs have many adva#id their inhibiting effect quantified.

ages in the construction of molecular recognition systems,

i.e., the variety of steric structure, the diversity of func-

tioning and relative availability. In addition, the calixaren&xperimental

conformation is rigid enough for fixing the desirable co-

ordination of functional groups at the lower and/or uppdtreparation of substituted calix[4]arenes

rims and providing for the multi-point binding of the guest . _ . _
molecules. Substituted calix[4]arened {7, 9, Figure 1) were obtained

Calixarene based complexing agents have been descrif@§ P-tertbutylcalix[4Jarene and alkyl halides by select-
for the selective binding of metal ions [1-7] and organil’® 1,3-alkylation in the presence of potassium carbonate

compounds [8-14]. They find application in the optical anf acetonitrile. The yields obtained were from 60 to 80%.

electrochemical methods of analytical determination of af°MPoundg) was obtained by the nitration ds(with nitric

propriate guest species [4, 15, 16] and their extraction frofgid in the presence of acetic acid/methyle_ne chloride at low
water media in organic solvents [17, 18]. The complexdgmperature [24]. Compound@ was obtained and char-

of macrocyclic compounds are also used as catalysts3fterised in accordance with [25]. Calixareng$ §nd12)
stereoselective organic synthesis [19]. were obtained from compound8)(and @0), respectively,

The further extension of the spectrum of guests as well 8§ described below. The structures b+{2 were proved by

the improvement of the selectivity of host-guest interactiori"NMR spectroscopy, mass-spectrometry and elemental

can be achieved due to the implementation of novel bindi@jalysis. Two doubletH-NMR signals of bridging methyl-
sites and optimisation of their complexing features. ene protons in a macrocyle confirm the cone conformation

Previously, the conditions of regioselective alkylation off the calix[4]arenes investigated.
the hydroxyl groups of calix[4]arenes have been established 1h€ nonsubstituted 5,11,17,23-tefraertbutyl-25,26,
[20—-22]. On this basis, a series of alkyl derivativeseat- 27,28-t¢trahydroxy(_:allx[4]_arene was synthesized in accord-
butylcalix[4]arenes were synthesized and examined for tABC€ With [24], melting point 342-34€.

Complexation ofx-amino anda-hydroxy acids. The solu- Synthesis of 26,28-disubstituted derivatives Of-5,11,
17,23-tetrap-tert-butyl-25,26,27,28-tetrahydroxycalix[4]

* Author for correspondence: E-mail: Gennady.Evtugyn@Kksu.ru arene (1-7, 9). A mixture of 1.54 mmol of p-tert
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Figure 1. The stucture of the 1,3-substitutquitert-butylcalix[4]arenes
investigated.

ArCHg,,Ar], 4.29 [4H, d,23yn = 13.35 Hz, ACH,,,Ar],
5.11 [4H, s, OEH;], 6.81 [4H, s, ArH], 6.96 [4H, s, ArH],
7.34[2H, s, -OH], 7.37-7.39 [6H, m, ArH], 7.65-7.69 [4H,
m, ArH]. MS (CI): 828.51 (MF).

Calix[4]arene (6). Yield 0.88 g (59%), m.p. 116C.H
NMR (CDCl3) 8, ppm: 0.93 [18H, s, C(Ch)3], 1.26 [18H,
S, C(CHp)3), 1.36 [6H, t,3J4y = 7.17, O-CH-CHg], 3.28
[4H, d, 234 = 13.22 Hz, ACHg,,Ar], 4.25 [4H, d,%3yn =
13.22 Hz, ACHg,,Ar] 4.37 [4H, q, 33y = 7.17, OCH,-
CHz], 5.12 [4H, s, OCH,Ar], 6.78 [4H, s, ArH], 7.04 [4H,
s, ArH], 7.26 [2H, s, -OH], 7.76 [4H, d®J4n = 8.39 Hz,
BzH-ortho], 8.02 [4H, d3J4H = 8.39 Hz, BzH-meta]. MS
(CI): 972,55 (M).

Calix[4]arene (7). Yield 0.85 g (59%), m.p. 206—
207°C.1H NMR (CDCl3) 8, ppm: 0.97 [18H, s, C(CH)3],
1.29 [18H, s, C(CH)3], 3.29 [4H, d, 24y = 13.35 Hz,

butylc_:alix[4]arene, 3.24 mmol of the appropriate a”‘_yJArCHZEqAr], 4.36 [4H, d, 234y = 13.35 Hz, ACHo..AT],
bromide and 1.7 g (0.01391 mol) of anhydrous potassiugy,q [4H, s, OCH,], 6.84 [4H, s, ArH], 7.05 [4H, s, ArH],

carbonate in 30 mL of acetonitrile was boiled for 12 hoursf_30_7_35 7.42-7.48, 7.63—7.83 [14H, m, ArH], 8.4 [2H, s
Then the solvent was evaporated, the residue was trealgfly ws (,Cl)i 928 54 (M), T ’ ’

with 10 mL of 5 M HCI and extracted with 50 mL of Calix[4]arene (9)Y|eId 0.88 ¢ (60%), m.p. 1106C. 14
CHCls. The chloroform fraction was dried with 4 A molecu-\ R (CDCl) 8, ppm: 0.99 [18H, s, C(CH)3], 1.27 [18H,
lar sieves. After the evaporation of chloroform the residL§ C(CHb)a], 1.34 [6H, t, 33 = 7.14, C(O)-CH-CHa],
was recrystallized from a chloroform/methanol mixture. 3.33 [4H, d, 23y = 13.10 Hz, ACHz,, Ar], 4.31 [4H, g,
L Calix[4]arene (1) Yield 0.9 g (60%), m.p. 2102119C. 3HHH =7.14, C(O)CHZ-CHg], 4.47 [4H, dyZJHH =13.10
H NMR (CDCL) 8, ppm: 0.96 [18H, s, C(CH)3l, Hz ArCH,, A, 4.73[4H, s, OCHoAT, 6.82 [4H, s, ArH],
1.26 [18H, s, C(CH)3], 32.17 [4H, d, Iy = 13.20 Hz, 7 03 [4H, s, ArH], 7.06 [2H, s, -OH]. MS (CI): 822.51 (N).
ArCHae Arl, 4.24 [4H, d, "3y = 13.20 Hz, ACH2,.AT], 5,17,dinitro-11,23-ditert-butyl-25,27-dihydroxy-26,
5.97 [4H, s, OEH], 6.81 [4H, s, ArH], 6.85 [2H, s, -OH] 5g ighenzyloxy)calix[4]arene (8)0.5 mmol of calix[4]-
7.00[4H, s, ArH], 7.12-7.18 [2H, m, FInH], 7.40-7.46 [4H 4o 0 in 50 mL of dichloromethane was mixed with 2.9
m, FInH], 7.68-7.70[2H, m, FInH]. MS (C1): 1072,73(M. )| o glacial acetic acid and 5.6 mL (80 mmol) of 65%
L Calaix[4]arene (2). Yield 1.09 g (78%), m.p. 280. NO, The solution was stirred for 30 min at room tem-
H NMR (CDCl) §, 0-962[18"" s, C(CH)s], 1.30 [18H, perature and then 50 mL of water were added. The organic
S, C(C"b)3]'23-35 [4H, d,%Jan = 13.15 Hz, ACHzeqATl,  |ayer was separated, washed twice with water and dried with
4.24[4H, d,"Jnn = 13.15 Hz, ACH2,,AT], 5.17 [4H, S, O- 5 & molecular sieves. The solvent was evaporated and the
CHoAr], 7.83 [4H, s, ArH], 7.08 [4H, s, ArH], 7.15 [2H, S, eqique was recrystallized from ethanol/dichloromethane.
—OH], 7.93 [4H, d,3JHH = 8.37 Hz, BZH-OI’thO], 8.17 [4H, Yield 0.25 g (625%), m.p. 204C. 1H NMR (CDClg) s,
d, 3JHH.: 8.37 HZ, BzH-meta]. MS (C|) 918,48 (M ppm: 1.03 [18H, s, C(Cb')S]y 3.45 [4H, d,ZJHH =13.18 HZ,
Calix[4]arene (3). Yield 0.92 g (68%), m.p. 246— ArCHy,,Ar], 4.27 [4H, d, 234y = 13.38 Hz, ACH2,Ar],
247°C.'H NMR (CDCl) 8, ppm: 0.95 [18H, s, C(CH3l. 508 [4H, s, OCH,AI], 6.91 [4H, s, ArH], 7.42—7.44 [6H,
1.30 [18H, s, C(CH)s], 3.31 [4H, d,?}n = 13.15 HZ, 1y ArH] 7.58-7.62 [4H, m, ArH], 8.05 [4H, s, ArH], 8.90
ArCHzqur], 4.21 [4H, d, 2‘JHH = 13.15 Hz, ACHzaxAr], [ZH, s, -OH] MS (CI) 972.552 (M)
5.12[4H, s, OCHRAT], 6.80[4H, s, ArH], 7.02[2H, s, ~OH] = 5 17 17 23tert-butyl-25,27-bis(N-benzyl-2-carbamoyl-
7.07[4H, s, ArH], 7.67 [4H, diJun = 8.62 Hz, BZH-0tho], methoxy)-26,28-didroxy calix[4]arene (11)A mixture of
7-83 [4H, d,°JH = 8.62 Hz, BzH-meta]. MS (CI): 878.50 o gg mmol of calix[4]arened) and 0.93 mmol of ammonium
(M™). _ ) chloride in 3 mL of benzyl amine was boiled for 1 hour.
Cal|xl[4]arene (4). Yield 0.76 g (56%), m.p. 190- Thg reaction mixture was washed once with water and then
191°C. "H NMR (CDCls) §, ppm: 0-942[18"" S, C(CHsl,  with several portions of dilute HCI. The white precipitate
1.30 [18H, s, C(CH)g], 32-32 [4H, d, “in = 13.16 Hz, 54 recrystallized from the dichloromethane/hexane mix-
ArChize Arl, 4.37 [4H, d, “duy = 13.16 Hz, ACHa AL, yyre. Yield 0.2 g (38%), m.p. 266 'H NMR (CDCl) 5,
4.72 [4H, d,*}u = 6.14 Hz, OCHy], 6.57 [2H, d:t> b pom: 1,23 [18H, s, C(Ch)a]. 1.53 [18H, s, C(CH)a], 3.54
= 6.14 Hz, *Jyans = 15.91 Hz, CHCH=CH-GsHsl, 44 g 23, = 11.78 Hz, ACHa,,Arl, 4.06 [4H, d, 2du
6.77 [4H, s, ArH], 6.84 [2H, d.*3nwans = 15.91 HZ, _ 11 78 Hz, ACHy, All, 4.61 (4H, s, O-CH), 4.78 94H,
CHZCH:CH-CeHs], 7.06 [4H, S, AI’H], 7.20 [2H, S, -OH], d, 3JHH = 4.4 Hz, N-Cl’t), 7.06 [4H, s, AI‘H], 7.52, [4H, s,
7.24-7.30 [6H, m, ArH], 7.38—-7.43 [4H, m, ArH]. MS (CD:ArH], 7.43-7.55 (10H, m, ArH), 9.17 [2H, 834y = 4.4 Hz,
880.54 (M"). _ N-H]. MS (CI): 942.55 (MF).
Cal|x[4]arene (5).Y|eld 1.0 g (79%), m.p. 202-20%C. 5,11,17,23tert—buty|—25,27-dihydr0xy-26,28-bis-(N—

1 .
H NMR (CDCk) &, ppm: 0.96 [128H' s, C(CH3l.  penzoyl-2-amidoethoxy calix[4]arene (12)A mixture of 4
1.30 [18H, s, C(CH)3], 3.28 [4H, d, 234 = 13.35 Hz,
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g (5.78 mmol) calix[4]arenel() and 2.61 g (11,56 mmol) » *% .
of benzoic acid anhydride in 30 mL of benzene was boile
for 2 hours. Then the solvent was evaporated, the precipite
was treated with a saturated solution of sodium carbonal
washed with water, dried and washed with hexane. The ligr
yellow crystals of 12) were finally dried in vacuum. Yield

2.7 g (59%), m.p. 135-6. 1H NMR (CDCl) §, ppm: 1.12 0.03 7
[18H, s, C(CH)3], 1.23 [18H, s, C(CH)3], 3.39 [4H, d,
23n = 14.11 Hz, ACHg,Ar], 3.62 (4H, dd, 33 = 4.53

0.06 1

Hz, 3J4H = 4.94 Hz, CH-N), 4.03 (4H, t,334y = 4.53 Hz, 0 —— T T T T
O-CHp), 4.18 [4H, d,2J4y = 14.11 Hz, ACHy,,Ar], 7.02 510 15 20 25 30 35 40 45
[4H, s, ArH], 7.07 [4H, s, ArH], 7.31 [4H, d3y = 7.40 s

Hz, 3JHH = 7.11 Hz, ArH], 7.43 [2H, tt,3JHH = 7.40 Hz, Figure 2. Kinetic curves of the ChE hydrolysis of indophenyl acetate prior
4J4n = 1.28 Hz, ArH], 7.95 [4H, ddBdyy = 7.11 Hz Ay =  to (1) and after (2) contact of the enzyme with calix[4]arene. D — optical
1.28 Hz, ArH], 821 [2H, t,?’JHH = 4.94 Hz, N-H], 8.39 [2H, density of the solution measuredxab30 nm.

s, -OH]. MS (ClI): 957.57 (M).

IR and*H NMR spectra of the calix[4]arenes and of theifected into the same cell and the initial rate of the enzymatic
complexes with benzoic acid were measured af 2th  reaction was monitored with a AKI-C-01 miniphotometer
a Specord M-80 spectrometer and a Varian XL-300 spe@ScC “Biomashpribor”, Russia) at 530 nm (indophenyl acet-
trometer (300 MHz), respectivelyH NMR spectra were ate) or 495 nm (butyrylcholine iodide in the presence of
recorded for 8& 102 M solutions of calix[4]arenes, benzoicBromothymol Blue as a pH indicator). The slope of a linear
acid and tetrabutylammonium benzoate in £Gbntaining portion of the kinetic curve (see Figure 2) was calculated as
5% of deuteroacetone (GRCO. For IR spectroscopic in- a measure of the initial rate of reaction.
vestigation, solid complexes of calix[4]arene and benzoic

acid were isolated from 50% ethanol. IR spectra of SO|D=<:>=N—©—OCOCH3 FHO — 0=®=NOOH

complexes and appropriate initial compounds were record - crmeoott Indopheny! acetate

in vaseline oil in the range of 3600-600 ctfn 1)
O

Measurements of enzyme activity l ’

brown products
Butyrylcholinesterase from horse serum (ChE, EC 3.1.1.8)), o o ]
specific activity 500 U mg! of peptide, indophenyl acet- The kinetic parameters of inhibition were determined
ate and butyrylcholine iodide were purchased from Sign{iP™ the dependence of the relative shift of the ChE activ-
Chemical Company (St. Louis, USA). All the other reagent§/ On the concentration of the substrate and calix[4]arene.
used were of analytical grade (Reakhim, Russia, and Flukd® dependence of the initial rate of an enzymatic reac-
Neu-Ulm, Switzerland). tion on calix[4]arene concentration is linear in the plots

Calix[4]arenes were first diluted in acetone and the®f (vo/vi) vs. Ci for the concurrent addition of the sub-
mixed 1:4 (v/iv) with 0.04%N-phthalylchitozan solution ;trate and inhibitor (reversible |n_h|b|t|on measurement) and
used as a ChE stabilizer [26]. As was previously estafsl the plots of Ing,/v;) vs. Cy if the enzyme was pre-
lished, the final concentration of organic solvents as well §icubated with calix[4]arene solution for 10 min before the
the stabilizer do not affect the ChE activity. The maximurﬁdd't'c?” of a _substrate. vo and vi are the initial rates of en-
concentration of calix[4]arenes used for measurements wagnatic reactions before and after the contact of an enzyme
limited by their solubility in the organic-water mixture.With an inhibitor, respectively, and, is the calix[4]arene
Before contact with the ChE, calix[4]arene solutions wergPncentration [27, 28]. _ N
equilibrated for at least 24 hours to avoid their heterogen- [N Some experiments, the ChE was immobilised on tra-
eity after dilution. The solutions obtained did not change/"d Paper by a 3 min treatment with 3% glutaraldehyde
their inhibitory effect for at least four days if stored at roon®S described in [29]. The resulting specific activity of the
temperature. No opalescence or sediment formation wéfgmobilised enzyme was found to be 0.01 E¢mThe
observed for the working solutions for the whole period dictivity of the immobilised enzyme and the influence of
their use in kinetic measurements. calix[4]arenes on the ChE immobilised on paper were de-

For the determination of the enzyme activity and thtermined by microtitration of butyric acid formed in the ChE

quantitative estimation of the inhibitory effect, the modifie@ydrolysis of butyrylcholine with 0.1% NaOH.
photometric techniques described in [26] were used. For this

purpose, 4QuL of ChE solution in 0.002 M phosphate orgesyits

Tris (tris-hydroxymethylaminomethane) buffer solution was

placed in the cell of a standard plate for an immunochemte inhibitory effect of calix[4]arenes

ical assay. Equal volumes of the calix[4]arene solution in

aqueous ethanol or acetone and af2 10~* M indophenyl Tertbutylcalix[4]arenes 1-10Q with aromatic substitutents
acetate or B x 10~> M butyrylcholine iodide were then in- in the lower rim as well as the ester derivat®eshowed
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Table 1. Inhibitory effect of 1,3-substituted calix[4]arenes toward ChE 3.5 7
(vo andv; are initial reaction rates prior to and after contact of the en- Vo/Vi
zyme with the inhibitor, respectively). For compouh@ the parameters
obtained with butyrylcholine as a substrate are presented in brackets 1
Reversible inhibition,v,/v; = a + b x (C|, uM), for 6 repeated 2.5
measurements
No. a b r Concentration 2
range,C|, uM 1.5 1
1 090+0.09 00160+0.0013 0.9820 12-100
2 106+0.14 00093+0.0008 0.9846 20-320
3 1.05+0.34 00083+ 0.0019 0.9310 80-180 0.5 T T T !
4 0.93+0.03 00084+0.0002 0.9990 60-280 0.0 0.5 1.0 1.5 52.0
5 102+0.04 0014+0.003 0.9809 13-120 G 10, M
6 082+010 0021+0.002 0.9656  10-46 Figure 3. The influence of benzoic acid on the inhibitory effect of
7 107+0.02 00148+ 0.0007 0.9922 10-55 calix[4]arene 2. The inhibition curves obtained prior to (1) and after
8 0794003 00193+00067 0.9207 15-65 addition of 55 x 10~ M benzoic acid (2).
9 1.04+ 0.06 0022+ 0.002 0.9832 15-50
10 096+002 00029+00002  0.9950  14-100 (2-6) x 107> M reduces the inhibitory effect by 40-50%
(1.11£003 (0.0056+0.0004 (0.9946) (10-70) for different calix[4]arenes (see Figure 3). Meanwhile, the

presence of up to & 10~* M of benzoate salt alone did not

alter ChE activity. In these experiments, sodium benzoate
was first added to the buffered calix[4]arene solution, pH
a reversib'e |nh|b|t|ng effect on ChE after 10 min incub7.5. Then after 1 hOUI’ incubation the miXture was injected

ation both inTris- and phosphate buffer solutions in thdnto the enzyme solution and the rate of indopheny! acetate
presence of indophenyl acetate used as a substrate. Anfigrolysis was measured as described earlier. The effect of
derivative10 affects the enzyme activity irrespective of théenzoate anion, which is well pronounced in weakly basic
substrate used, i.e., both for indophenyl acetate and Buedia, becomes lower and less reproducible with the de-
tyrylcholine used as ChE substrate. Calix[4]areh&sind Crease of pH value, i.e., in neutral and weakly acidic media.
12 exert neither a reversible nor an irreversible inhibiting/nfortunately, the narrow range of thg/v; variation did
effect on free and immobilised ChE. The results of inhibitioROt contribute to discussing the influence of calix[4]arene
measurements are presented in Table 1. The calix[4]ar&#gIcture on the effect of benzoate additives.

solutions show a highly reproducible inhibiting effect during ChE immobilised on paper by cross-linking with glut-

the whole period of their storage, i.e., during at least fo@raldehyde is insensitive towards the calix[4]arenes until
days after preparation. their saturated concentration in a 30% aqueous ethanol is

In the case of the pre-incubation of ChE in d4eached irrespective of the nature of the substrate used.

calix[4]arene solution with no substrate (incubation stage),
the variation in the incubation time does not lead to t

correspondmg decay Of, enzyme "’_‘Ct'v'ty as predicted ¥he mechanism of inhibition was established on the basis of
accordance with the Aldridge Equation (2) [27]. the kinetic analysis of the dependence of the relative decay
of the rate of enzymatic reaction on the concentrations of a
In[vo/vi] = kit Ci, (2) substrate and calix[4]arene. The measurement data obtained
for the same substrate and different calix[4]arene concen-
trations are linear in the plots af,/v; vs. C| (Figure 4
and Table 1). All of these curves obtained with different
ubstrate concentrations intersect at one point. This refers
the case of competitive inhibition [28] and theco-
) ordinate of intersection equals the opposite value of the
v > 30 min. inhibition constantk; % The average values of the inhib-

In experiments with butyrylcholine as the ChE SUbStraFﬁon constants calculated from the curves obtained for six

the inhibitory effect vx_/as_found to be 10-100 times IOWeEoncentrations of indophenyl acetate and for five concen-
than that observed with indophenyl acetate under the sa

¢ diti Th | ton i . dfpftions of calix[4]arene are summarised in Table 2. The
measurement conaitions. The only exception 1S amino xperimental values of the bimolecular inhibition constant

][Nat'getlot') T:le.enzymatm htydr(zly?;? OT bhu.'lt)ytrylctrr\]ollntehw?s,“ calculated for a 10 min incubation from the Aldridge
ound 1o be twice as sensitive 1o this inhibitor than tha guation (2) are also presented for comparison.

indophenyl acetate (see Table I).
The a_ddition_ of other compouan which can form COMcomplexation investigation
plexes with calix[4]arenes results in a decrease of the in-
hibitory effect observed for calix[4]arenes alone. Thus, theodium benzoate was chosen for the investigation of the
addition of sodium benzoate in the concentration range wfechanism of calix[4]arene inhibition because its compl-

etermination of inhibition kinetics

wherek), is the bimolecular inhibition constant, M min—1,

7 is the incubation time, min, and, is the concentration of
irreversible inhibitorM. When the incubation time exceed
15 min, the shift of enzyme activity is irregular, and a sm
irreproducible activationi, /v; ~ 0.8-0.9) is observed for
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Table 2. Inhibition constants of the 1,3-substituted calix[4]arenes

No. 1 2 3 4 5 6 7 8 9 10
Ki, uM 5 55 83 110 25 26 22 6 12 2
Ky, uM~Imin~1 - 006 0.04 003 05 007 007 005 008 0.02
vimn 0] and 1300 cm? related to the dimer of benzoic acid, dis-
1 appeared completely. These changes as well as the shift

of the carboxylate group from 1690 crhin the dimer to

1700 cnt! in the complex indicate the destruction of the

initial dimer structure of benzoic acid compensated by the

strong interactions in the complex with calix[4]arene. The

strong complexation of benzoic acid can be related to the

well known macrocyclic effect (i.e., entropy factor). The
diaryl substituted calix[4]arene is a rigid pre-organized sys-
tem with two hydroxyl groups well arranged for hydrogen
bonding with the carboxyl group of a guest molecule.

The existence ofr-stacking interactions of aromatic

0.5 1

(VRS VS

— T 66 r T r . rings of the host and guest are also confirmed by the sharp
-1 05 0 0.5 1 1.5 2 decreae of absorbance intensity at 940 and 710%coor-
; C, 10 M responding to non-planar deformation oscillations of the
Ki carboxyl OH-group and C-H bonds of the aromatic ring of

Figure 4. The determination of the inhibition constantg from the de- P€NZoic acid in a complex with calixarebe

pendence of the rate of enzymatic reactipon the inhibitor concentration The hindrance for non-planar deformation oscillations

Ci (calix[4]arene5). The concentration of indophenyl acetate is: 0.41 (1}s probably associated with the incorporation of benzoic

0.52(2),0.62(3), 0.73 (4) and 0.83 (5) mM. acid into the molecular cleft formed by two benzyl sub-
stituents of calix[4]arene. Thus, the absorbance intensities

. . . _ . corresponding to asymmetrical and symmetrical stretching
exation with the diaryl substituted p-tert-butylcal|x[4]arene\§,|brations of carboxylate anion (1600 and 1400 dines-

ha; bee_n established previously [23]. The cqmplex_es of b%’é’ntially decreased after the complex formation and the band
zoic fc'd and calix{4]areneh, 5 and7 were investigated at 700 cnt! corresponding to the scissor oscillations of
with "H NMR and IR spectroscopy. carboxylate anion disappeared. This agrees with the pro-

. The addition of benzoic a_C|d o the calix|4]arene sol posed interaction of carboxylate with two free OH groups
tion does not change the calixarene spectrum. Under th $%he macrocyclé

conditions, benzoic acid forms a stable and inert dimer. Similar shifts of'H NMR spectra were observed for in-

In contrast., tetrqbutylammonlum ben_zoate causes ghanggfﬁhenyl acetate — calix[4]arene mixtures under the same
of appropriate _S|gnals. Thus, fqr callx[4]areﬁet_he S19° ‘measurement conditions (Figure 5). Thus, the proton sig-
nals of aromatic protons are shifted to lower field by O'ﬁ?ls of indophenyl acetate were shifted to lower field by
ppm and the S|gpals Of. methyl and methylene protons 8'0s-0.1 ppm in the presence bf This corresponds to
teFrabutyIammomym cation by 0.05-0.1 ppm. The INCOTPOe complex with the guest molecule oriented outside the
ation 9f benzoate Into the molecular cleft formed by two ar?éralix[4]arene cavity. Otherwise, i.e., for indophenyl acetate
substituents of calix[4]arene probably leads to the screenifdy ded into the calixarene cone. the proton signals would
of the aromatic rin_g in_the ben_zoate ar_1ion by ben_zyl substitgig 14 higher field due to the séreening effect [30]. The
ents due tm-stakmg interactions. This process is follpwe ignals of benzyl protons of calix[4]arene susbtituents are
by the ”"%‘”SfO”.‘""'?‘“"” of a close tetrabutylammonium g4, spifted to lower field by about 0.05 ppm and the signal
benzoate ion pair into one ;epargted by. solvent. of OH protons to higher field by 0.13 ppm. Unfortunately,
On the other hqnd, a higher field shift was o_bserved f?ﬁe isolation of appropriate complexes from aqueous ethanol
OH—protons of_cal|x[4]aren6 and7 d_ue to their hydro- solution was followed by partial hydrolysis of indpophenyl
gen bonding with the carboxylate moiety. For the fluorenyl ;o oo his complicates the interpretation of the IR spec-

derivatiyel no Shiﬂ of OH proFons _signqls was obseryed. trum because of the intensive absorbance of the products
The interaction of benzoic acid with aryl substltuentgormed in accordance with (1)

of calix[4]arene was also confirmed with IR spectrometry.

The complexation results in significant changes of the ab-

sorbance characteristics of the initial spectra. Thus, thgscussion

3000-2500 cm! absorbance band corresponding to the

valency vibrations of hydroxyl groups in a dimer as welarious cholinesterases offer a remarkably wide list of
as the absorption bands of a six-membered ring at 14@0@emicals affecting their activity [31-33]. It includes or-
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Although the first results of structure interpretation were ob-
tained for acetylcholinesterase framrpedo californicathe

@ mechanism of “Nature’s vacuum cleaner” accounting for the
high substrate specificity of cholinesterase was later con-
firmed for human and some mutant cholinesterases and is
accepted for other cholinesterases [35].

The 1,3-substituted calix[4]arenes investigated do not
belong to any of the types of inhibitors described, there-
fore their inhibitory effect was rather surprising and has
never been observed previously. This cannot be related to
the probable heterogeneity of the solutions used for kin-
etic measurements. This is confirmed by the reproducibility
(V] of the changes in the ChE activity observed for various
calix[4]arene concentrations several days after their prepar-
ation as well as by the lack of any changes in the ChE
activity in the presence ofl1 and12. Even assuming the
formation of a colloidal system in the dilution of the initial

organic solution of calix[4]arene (see Experimental), the rate
e of reagent transfer is much higher than that of enzymatic
Lol e el e i e Sl e I reaction and does not cause any changes in the experimental
kinetic parameters. The feasibility of applying homogeneous
enzymatic kinetics to heterogeneous systems has long been
© known. Thus, the maximum of the inhibitory effect of beryl-
lium on alkaline phosphatase was observed at pH 9.8, i.e.,
in the conditions of full hydrolysis of beryllium salt [36].
Moreover, the kinetic control of enzyme inhibition was con-
firmed even for the enzymes immobilized in thin layers on
solid supports [37,38].

The competitive mechanism of inhibition established
from kinetic data suggests that an inhibitor and a substrate
Figure 5. 1H NMR spectra of indophenyl acetate (a), the complex ofnteract with the same site of an enzyme globule. The inhib-
calix|4]arene5 with indophenyl acetate (b) and calix[4JareBec). Con- jtion constants consecutively decrease with the increase of
centration 8x 10~< M, solvent 5% of deuteroacetone in GCI . . . .

the substituent chain or its branches (see Table 2). This al-
lows us to propose another mechanism of interaction which

) . involves the multi-point binding of calix[4]arene with the
ganic esters of organophosphorus, carbamic and sulphoRigmatic residues in the area near the rim of the gorge.
acids, most metal cations and organic compounds with ao¢ shown by IR and'H-NMR spectroscopy, the

quaternary nitrogen atoms or amino groups protonated dgjixi4jarenesl, 5 and7 form stable host-guest complexes
aqueous solution, including hydrazones. Their influence Qi benzoate anion where carboxylate is coordinated on
the interaction of the substrate with the enzyme active sitej%, |ower rim of the calixarene cone (Figure 6). A similar
ysually con_sidered in the context of two different meCha'E'omplex structure was proposed for calix[4]ar&neith in-
isms. The first accounts for the effect of organophosphorigynpenyi acetate. The complex structure is additionally fixed
carbamate pesticides and sulphonic acid ethers. It invol ar-stacking interaction of appropriate aryl substituents

the formation of a covalent bond between an inhibitor al host and guest. Similar complexes can be proposed for
the serine residue in the active site of cholinesterase [33l1,ar host molecules investigated.

This reaction results in the formation of a stable product
i.e., phosphorylated, sulphonylated or carbamylated choli
esterase, which cannot convert the substrate. The sec of a gorge like a stopper so that the molecule of a

mechanism common for cationic species is based on strate is not allowed to be inserted into the gorge of

electrostatic interaction of an inhibitor with the enzyme acfy o gctive site. Indopheny! acetate binding is confirmed by
ive site followed by a full or partial restriction of substratqhe influence of sodium benzoate on the inhibitory effect
access [32]. In a sense, cationic species reveal analogs,pfix[4]arenes. Benzoic acid competes with indophenyl
the natural substrate acetylcholine. In accordance with theqiate for the same binding site of calixarene, i.e., for the
three-dimensional structure of cholinesterase established\if|ecular cleft between aryl substituents at the lower rim of
1991, the active site is placed on the bottom of a narroye cajixarene. As a result, the concentration of the binary
gorge lined with 14 aromatic residues [34]. The positively,mpex calix[4]arene — indophenyl acetate becomes lower
charged species are pushed into the active site due t0 & Iafg§ hence its influence on the ChE activity diminishes. Bu-

dipole moment oriented parallel to the gorge axis and a Cqu'rylcholine cannot form similar complexes because it does
stantly increasing negative potential inside the gorge itselt.

T T T T
8.00 780 7.60 7.0 7.20 700 6.80 6.60

— ———— e ]

T T T T T T T T 1
8.00 T80 7.60 7.0 720 700 6.80 6.60 6

' While this host-guest complex draws together the act-
e site of ChE, thetert-butylcalix[4]arene will close the
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effect because it does not alter thenteractions of aromatic
rings. In contrast, the presence of polar groups {NEDCN,

3, COOGH, 6) in the R? substituents diminishes the inhib-
itory effect due to the weakening of the indophenyl acetate
binding. In a similar way, the separation of an aromatic ring
from the calix[4]arene platform by the aliphatic chaindn
increases th& value and decreases the enzyme sensitivity
toward the inhibitor as compared with the benzyl derivative
5. Increase of the distance by additional methylene groups
(seell and12in comparison with3 and5) makes inhib-
ition impossible. The inclusion of indophenyl acetate into
the gorge is not followed by the necessary close contact of
aromatic rings in the gorge.

The multi-point interaction of the host-guest complex
and the ChE active site is kinetically hindered. Similar weak
adducts can be formed with other functional groups far
away from the location of the active site. Such reversible
Figure 6. The possible structure of the complex formed in the solution aion-specific interaction can be important at the preliminary
1,3-substitqtegiert—butylc_alix[4]arene and indophenylacetate (RCOPR stage of drawing together the complex partners. The same
For R? decriptions see Figure 1. . . . Lo . -

interactions complicate their kinetic description. In compar-
ison with the investigations of the traditional ChE inhibitors

not contain any aromatic rings and is positively chargefl® plots ofv,/v; vs. Cy are linear in a narrow concen-
Thus, the inhibitory effect of calixarene in the presence &f@tion range. The minimal concentrations of calix[4]arene
this ChE substrate is not observed. inhibiting the ChE differ much less than the calculatéd
The realisation of the above mechanism of ChE irfalues. . . _ .
hibition is related to the following special features of the The pre-incubation of ChE witkert-butylcalix[4]arene
calixarene structure: does not provide for the effective binding of the reaction
o the size of the-tert-butylcalix[4]arene platform is close partners: This IS pro_babl_y due_ to the_ elimination of the I_<ey
to that of the ChE gorge (about 20 A): stage of interaction, i.e., inclusion of indophenyl acetate into
e the distance between the guest molecule (indophertth active site gorge followed by the optimal mutual orient-
acetate) and calix[4]arene in the complex formed is Smé‘?on of the calixarene cone and the active site. As a result,
e effective calix[4]arene concentrations and the deviation

enough to establish the close contact of the phenyl rin Ekinetic data are much higher than those obtained for sim-

of the calix[4]arene cone and the aromatic residues of t . L
amino acids lining the gorge while indophenyl acetate% aneous addition of both the substrate and inhibitor (zero

drawn to the active site: uration of incubation stage).

) .. The formation of a similar complex between bu-
o the calix[4]arene does not form stable complexes WIEhr Icholine andert-butylcalix[4]arene is unlikely. The qua-
cations introduced into the cavity therefore the electrg= y y Y- d

static forces do not disturb the necessary orientation of - o>, ammonium cations are involved in the cavity of
. y Ofi¢ calixarenes [40, 41]. This provides for the opposite ori-
the calix[4]arene and the gorge of the active site.

. . ) entation of the host and the guest as compared with the
From this point of view, both the substrate and 8-, 6\iously described indophenyl complex. As a result, when

putylcalix[4]arene are necessary for the ChE inhib.ition. Thé?pproaching the enzyme globule, the complex is coordin-
indophenyl acetate provides for the implementation of thgaq it thetert-butyl substituents to the gorge of the

complex into the gorge. Due to the hydrophobic interagyye site. This coordination does not allow the complex
tions and large-sizewrt-butyl substituents on the upperrim,i, enter the gorge and hence to interlock the active site of

the calixarene plugs the active site like a cork in a bottlg,o chE. Even in case of stable complex formation, the in-
A similar mechanism of the ChE inhibition was previouslyeraction of butyrylcholine and calixarene will result in a

proposed for the snake toxin fasciculin [39]. Computer Mot jigible decrease of the bulk concentration of the substrate

elling and ChE mutation studies have localised the area Qfijable for the enzyme. As a result, the inhibiting con-

interaction of fasciculin and acetylcholinesterase to the argsnrations of calix[4]arenes established in experiments with
matic residues near the rim of the gorge, but not to g rvicholine as a ChE substrate, are comparable with the
specific active site as such. . concentration range of the substrate, irex (10-4-1073)

The established relationships of the kinetic inhibitioR; A similar orientation of the host and the guest is prob-
constants and substituent structures confirm the above meggry attained for calix[4]arent0. The protonation of amino
anism. Thus, the lowest inhibition constarits were 0b- 44,55 due to the release of acetic acid in the enzymatic reac-
tained fortert-butylcalix[4]arenes with the planar substitusjon, (1) results in the reversible inhibition of ChE caused by
ents1, 5and8. The replacement of t-butyl radical by they,q inciusion of a cation in the enzyme active site similarly to

B l .
NO group at the upper rimA substituent, compounds  qiher cations. In contrast to the mechanism proposed above,
and8, Figure 1) does not significantly change the inhibitory
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this interaction involves the functional groups of the ChEs.
active site. Consequently, this can be discovered using all
the ChE substrates irrespective of their structure, e.g., bqﬁﬂ
indophenyl acetate and butyrylcholine. 11.

12.
13.
14,
15.
The molecular design of synthetic receptors is one of tHé
most attractive goals of host-guest chemistry. Most inter-

esting in this case is, that the decay of the ChE activity is.
related to the similarity in the geometry of local sites on

the enzyme globule and the cooperative interaction of all the
species involved in the reaction. This mechanism of inhibjg.
tion does not involve any specific chemical binding and cax.
be extended to some other targeting biomolecules. The intro-
duction of various substituents in the upper and lower rims ot
calixarenes or the change of the cavity size can result in the
directional alteration of the biological activity of appropriate2.
calixarenes. Surely, the values of inhibition constants est&is-
lished are small enough in comparison with those obtained
for specific ChE inhibitors. On the other hand, the inhibitinga.
effect of the calixarenes investigated is suggestive of the ne-
cessity of a toxicity assay for the compounds recommended
for industrial use, for example, for solid extraction or waste™
water treatment. 26.

Conclusion
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