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The aim of this work was to study antifurin activity of some derivatives of calix[4]arenes modified
on the upper rim of the macrocycle by positively charged or uncharged groups. It was found that calixarene
CX3im derivatives containing positively charged N-methylimidazolium cycles were indeed able to inhibit
furin (K, = 58.2 uM). The magnitude of the effects depended also on the hydrophobicity of the substituents
located on the lower rim of the macrocycle. The findings indicated the possibility of creating furin inhibitors

of new generation based on the calix[4]arene platform.
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ber of the family of Ca?*-dependent serine

proprotein convertase (PC) that is involved in
limited proteolysis of synthesized and initially inac-
tive proproteins, converting them into "mature™ bio-
logically active products such as hormones, growth
and differentiation factors, enzymes, blood clotting
factors, receptors, ion channels, adhesion molecules,
etc. [1, 2]. In addition to its normal biological func-
tions, furin, as other PCs, initiates pathological and
destructive conditions by activating some viral and
bacterial infections, participating in the development
of malignant neoplasms and metastases as well as
neurodegenerative disorders, diabetes and athero-
sclerosis [3, 4]. Therefore, PCs (including furin) are
considered promising targets for designing and syn-
thesis of corresponding inhibitors and development
of modern therapeutics and medications on their
basis [5-7]. While cleaving and activating the sub-
strates, these enzymes recognize a motif -(K/R)-Xn-
(K/R)-R-| in the proprotein structure and catalyze
cleavage of the peptide bond marked with an arrow,
at the C- terminus of the pair of the amino acid resi-
dues such as -Lys-Arg- or -Arg-Arg- [8], whose side
groups are charged positively under physiological
conditions. This fact is taken into consideration,
when furin inhibitors are developed, that the inhibi-
tors contain substituents with a positively charged
group. Such substituents are often a guanidine group
or its mimetics such as amidine, amidinohydrazone

P roteolytic enzyme furin (3.4.21.75) is a mem-
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or aminomethylbenzamidine residues [9-12]. Stud-
ies of the inhibitors’ properties showed a correlation
between the total positive charge of the molecule and
its antifurin activity [13].

In recent years, furin inhibitors, belonging to
various classes of organic compounds such as pro-
teins and their fragments, peptides, pseudopeptides,
peptidomimetics and compounds of a non-peptidic
nature, were synthesized [5-7].

While developing the strategy for discovering
the new generation of furin inhibitors, we focused
on calix[n]arenes, cyclic oligomers that comprise a
number of phenol units linked by methylene groups
in the ortho position to the phenol hydroxyl group
[14]. We aimed at studying calixarenes with relevant
biological properties as a possible platform for syn-
thesis of furin inhibitors.

The goal of this work was to study antifurin
activity of calix[4]arene derivatives modified at the
upper rim of the macrocycle by positively charged or
neutral groups.

Materials and Methods

Synthesis of calixarenes were performed using
methods described previously [16-19].

Reagents. Fluorogenic substrate Boc-Arg-Val-
Arg-Arg-AMC (Bachem, Switzerland) and truncated
recombinant human furin with a specific activity
2000 U/ml (New England BioLabs, United King-
dom) were used in the study. One unit of furin ac-
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tivity was defined as a quantity of the enzyme that,
under the standard conditions, cleaved off 1 pico-
mol of 7-amino-4-methylcoumarin (AMC) from the
fluorogenic substrate in 1 minute. The commercial
furin solution was 20-fold diluted with a working
buffer (pH 7.3) and used in the enzymatic reaction.

EDTA, B-mercaptoethanol, Hepes, Triton
X-100 were purchased from Sigma-Aldrich (USA).
All other reagents and solvents were obtained from
Chimlaborreaktiv (Ukraine).

Determination of furin activity. Furin solution
of 10 pl containing 1 unit of enzymatic activity were
incubated with Boc-Arg-Val-Arg-Arg-AMC (final
concentration 75-250 pM) in the buffer, pH 7.3, con-
taining 100 mM Hepes, 1 mM CaCl,, 0.5% Triton
X-100 and 1 mM B-mercaptoethanol, for 1 hat 37 °C
in a total sample volume of 150 pl. The reaction was
terminated by the addition of 2 ml of the EDTA so-
lution (initial concentration 5 mM), and the relative
fluorescence was detected with PTI Quanta Master
40 spectrofluorometer (Canada) (excitation, 380 nm;
emission, 460 nm; band widths 2 nm for both). The
readings were recorded for 60 sec.

Michaelis-Menten constant values were derived
using Lineweaver-Burk plots from three independent
experiments.

Determination of inhibitory effect of calix-
arenes. A sample of the compound was dissolved in
DMSO to obtain the stock solution of 10 mM. This
solution was then diluted with the buffer (pH 7.3) to
the required concentration. The DMSO concentra-
tion in the reaction mix did not exceed 2.5%.

The enzyme solution (1 unit of activity) was in-
cubated with the calixarene in the HEPES-buffer for
30 min at room temperature. Then a solution of the
fluorogenic substrate was added to a final concentra-
tion of 100 uM and the enzymatic reaction was al-
lowed to proceed for 1 h at 37 °C. The total volume
of the mixture was 150 pl.

The enzymatic reaction was terminated by the
addition of 2 ml of the EDTA solution and the quan-
tity of the released AMC was determined versus the
buffer as described above. The enzyme activity in
the absence of the studied compounds was taken
as 100%. The inhibitor constant K was determined
from the Dixon plot at substrate concentrations of
100 and 200 uM. The concentration of calixarene
CX3im was in the range of 50-200 pM.

Data analysis and plotting were carried out
using Origin Professional 8.0 software (Origin-
Lab). At least two measurements were used for each
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point. Experimental error did not exceed 10% of the
measured value.

Results and Discussion

Over the past few decades, calixarenes were
discovered to be highly promising compounds that
may be used for basic and applied research [20-23].
Functionalized calixarenes have structural features
and properties that contribute to their use for drug
development; for example, possibility of chemi-
cal modification of the upper and lower rims, con-
formation variability, presence of the cavity with
adjustable size for complexing various ions or
neutral molecules, ability to form associates with
macromolecules, possibility of creating molecular
sensors, vectors and switches, etc. [20-23]. Calixa-
renes possess a wide spectrum of biological activi-
ty; particularly, antiviral, antibacterial, antifungal,
anti-thrombotic, anti-cancer activities [24]. They
can act as synthetic receptors or mimetics of variable
domains of antibodies. Calixarenes are able to par-
ticipate in the supramolecular recognition and host-
guest interactions allowing them to be applicable to
various areas such as drugs discovery, nanotechnolo-
gy, catalysis, food chemistry, sensor technology, en-
vironmental protection, etc [20-23]. Introduction of
pharmacophoric groups into calixarene molecule is
important direction in synthesis of calixarene based
bioactive compounds including various enzyme
blockers, transport facilitators through the cell mem-
brane, channeling systems, etc. [20-24].

In the present work, Michaelis constant for the
fluorogenic substrate was at first determined from
the Lineweaver-Burk plot. The obtained value was
the same (55 M) as we had found previously. Then,
a study of the inhibitory effects of calix[4]arene de-
rivatives on furin activity was carried out. Fig. 1 pre-
sents data for seven representatives of calix[4]arenes
containing neutral substituents as well as positively
charged groups at the upper rim. The CX3im de-
rivative (compound code) is the most effective com-
pounds under our experimental conditions (pH 7.3,
37 °C). This compound inhibits furin by 66% at the
concentration of 100 uM. The CX3im derivative
contains positively charged N-methylimidazole rings
at the upper rim and propoxygroups at the lower
rim. When the latter replaced with more hydropho-
bic radicals, the inhibitory effect is decreased, for
example, up to 24% in case of hexyl groups (Table).
Calixarenes C-89 and C-100 are the least effective
compounds. They do not contain substituents with a
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Structure and effect of calixarenes on furin activity at pH 7.3

Code Structures of R -R, Furin
R, R, R, R, inhibition, %
N . _CH 2\, ~CH
CX3im /\N,/_+ N~ /\N./_+ N3 -(CH,),CH, | -(CH,),-CH, 66.2+ 1.3
CX3N /\}'11\/””2 /\}\'Ji\/’“’”z -(CH,),-CH, | -(CH,),-CH, 59.8 + 1.0
CX3 /\\Tf\/OH /\\Tf\/OH -(CH,),-CH, | -(CH,),-CH, 458 +2.4
2\, _CH 2\, ,_CH
cxgim | /TNTENTT L ONTENTTS L (CH)CH, | -(CH,),-CH, 417 +43
N, N,
cxeim | S TNTONTG L SNTON S L oy cH, | -CH)-CH, | 242+39
0]
C-100 -C(CH,), _N>—©*F -(CH,),-CH, H 22103
H
0 O
C-89 _N@C' _N@C' -(CH,),-CH, | -(CH,),-CH, 184+43
H H

positive charge. Therefore, these derivatives inhibit
furin by only 18-22%.

The degree of decreasing of furin activity de-
pends on the calixarene concentration in the incuba-
tion medium. It is evident from the data for CX3im
presented in Fig. 2. A rather flat curve of decreasing
the enzyme activity with increase of calixarene con-
centration indicates that this derivative is not a very
effective furin inhibitor. This conclusion was con-
firmed by a direct determination of the inhibitor con-
stant value (K,) by Dixon method, which was found
to be 58.2 uM. It can be assumed that introduction
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of basic groups such as guanidine or amidine frag-
ments into calixarenes molecule will allow obtaining
inhibitors with an increased affinity for furin.

An analysis of Dixon plot (Fig. 3) allows spec-
ulating that a decrease in furin activity in the pres-
ence of CX3im occurs through the mechanism of the
competitive or mixed inhibition. However, further
research is required to draw the final conclusion.

Thus, this study demonstrated, for the first
time, that the calixarene CX3im containing positive-
ly charged N-methylimidazole rings at the upper rim
of the molecule inhibits furin activity through the
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Fig. 1. Changes in furin activity (pH 7.3, 37 °C) in
the presence of various calixarenes at concentration
of 100 uM. Mean values of two independent experi-

ments were presented
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Fig. 2. Effect of various concentrations of CX3im on

furin activity (pH 7.3) at fluorogenic substrate con-

centration of 200 uM. Results of a representative
experiment is shown
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Fig. 3. Dixon plot of furin inhibition by calixarene CX3im at pH 7.3 and substrate concentrations: 1 — 100 uM;
2 =200 uM. Results of a representative experimentis shown

mechanism of competitive or mixed inhibition,with
K, = 58,2 uM. The magnitude of the effect also de-
pends on the hydrophobicity of substituents located
on the lower rim of the compounds. These data in-
dicate the fundamental possibility of creating new
generation of non-peptide furin inhibitors on the ca-
lix[4]arene platform.
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BUBUEHHSI BJACTUBOCTEM
IHT'IBITOPIB ®YPUHY HA OCHOBI
MNOXIIHUX KAJIIKC[4]APEHY CX3im
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MeTtoto poboTm Oyno BHUBUYEHHS aHTH-
(hyprHOBOI aKTHBHOCTI TMOXiTHUX Kaiikc[4]apeny,
sIKi MOIM(iKOBaHO 3a BEPXHIM BIiHIIEM MaKpOIIH-
KJIy TO3UTHBHO 3apsi/UKEHUMH a00 HeWTpasbHH-
MH yIpyNOBaHHSMH. 3HaiiieHO, IO KaJiKcapeH
CX3im, pyHKITiOHATI30BAaHUT TTO3UTUBHO 3apsiJIKe-
HUMHU N-METHIIMITA30JIIEBUMH IUKJIAMH, IIHCHO
3patnui inribysatu ¢pypun (K = 58,2 MmxM). Benn-
yuHa eeKTy 3alle)KUTh TaKOXK Bill TigpodoOHOCTI
3aMICHHKIB, 110 3HAXOASATHCS Ha HIDKHHOMY BiHIII
kaxikcapeHiB. OnepkaHi JaHi CBi9aTh PO MPHH-
LATIOBY MOXKJIUBICTh CTBOPEHHS Ha TmaTdopmi
Kaikc[4]apeHiB HeMeNTUIHUX 1HTIOITOPIB PypuHY
HOBOI TeHeparlii.

KnmouoBi cmoBa: kanikc[4]apenn, pypus,
1HTi0iTOpU DypHUHY.

WCCJIEJJOBAHUE CBOVICTB
NHI'MBUTOPOB ®YPUHA
HA OCHOBE ITPOU3BO/JHBIX
KAJIMKC[4]APEHA CX3im
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Llenbio paboThl OBLIO U3yUYEeHUE aHTU(YPHUHO-
BOH aKTUBHOCTH ITPOU3BOJHBIX KallnKc[4]apeHa, MO-
JUQHUIMPOBAHHBIX I10 BEPXHEMY 0001y MAKPOLIMKIIA
MOJIOKUTEIBHO 3apsSKCHHBIMH MM HEUTPaJIbHBIMU
IPYNIUPOBKAMHU. YCTaHOBJIEHO, YTO KaJHKCAPECH
CX3im, (pyHKUIMOHATU3UPOBAHHBINA IOJIOKUTEIb-
HO 3apsiKEHHBIMH N-METHJIMMUIa30JIUEBBIMU UK~
JaMH, JEHCTBUTENIBHO CIOCOOEH HWHIMOMPOBATH
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Gypun (K. = 58,2 MmxM). Benuunna s¢pdexra 3a-
BUCHUT Takke OT THAPOPOOHOCTH 3aMeCTHTEIEH,
HAXOJAIINXCS Ha HIKHEM 0007 KaJIMKCapeHOB.
[lomy4yeHHble JaHHBIC CBUJICTEIBCTBYIOT O TPHH-
[IUTTAAITEHONW BO3MOXKHOCTH CO3aHUS Ha TaTdop-
Me KaJuKc[4]apeHOB HENENTHIHBIX HHTHOUTOPOB
(hyprHa HOBOI reHepaInH.

KnrwueBbie ciuoBa: kanukc[4]apens, dy-
pUH, UHTUOUTOPHI (pypHHA.
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