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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 (Ki = 58.2 μM). 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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Proteolytic enzyme furin (3.4.21.75) is a mem-
ber of the family of Ca2+-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 

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, β-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 µl containing 1 unit of enzymatic activity were 
incubated with Boc-Arg-Val-Arg-Arg-AMC (final 
concentration 75-250 µM) in the buffer, pH 7.3, con-
taining 100 mM Hepes, 1 mM CaCl2, 0.5% Triton 
X-100 and 1 mM β-mercaptoethanol, for 1 h at 37 °C 
in a total sample volume of 150 µl. 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 µM and the enzymatic reaction was al-
lowed to proceed for 1 h at 37 °C. The total volume 
of the mixture was 150 µl.

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 Ki was determined 
from the Dixon plot at substrate concentrations of 
100 and 200 µM. The concentration of calixarene 
CX3im was in the range of 50-200 µM.

Data analysis and plotting were carried out 
using Origin Professional 8.0 software (Origin-
Lab). At least two measurements were used for each 

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 µM) 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 µM. 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 R1–R4 Furin 

inhibition, %R1 R2 R3 R4

CX3im -(CH2)2-CH3 -(CH2)2-CH3 66.2± 1.3

CX3N -(CH2)2-CH3 -(CH2)2-CH3 59.8 ± 1.0

CX3 -(CH2)2-CH3 -(CH2)2-CH3 45.8 ± 2.4

CX8im -(CH2)7-CH3 -(CH2)7-CH3 41.7 ± 4.3

CX6im -(CH2)5-CH3 -(CH2)5-CH3 24.2 ± 3.9

C-100 -C(CH3)3 -(CH2)2-CH3 H 22.1 ± 0.3

C-89 -(CH2)2-CH3 -(CH2)2-CH3 18.4 ± 4.3

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 (Ki) by Dixon method, which was found 
to be 58.2 µM. It can be assumed that introduction 

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 

v. k. kibirev, t. v. osadchuk, r. v.  rodik, V. I. kalchenko
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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 µM. Mean values of two independent experi-
ments were presented

Fig. 2. Effect of various concentrations of CX3im on 
furin activity (pH 7.3) at fluorogenic substrate con-
centration of 200 µM. 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 µM; 
2 – 200 µM. Results of a representative experimentis shown

mechanism of competitive or mixed inhibition,with 
Ki = 58,2 µM. 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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Метою роботи було вивчення анти
фуринової активності похідних калікс[4]арену, 
які модифіковано за верхнім вінцем макроци-
клу позитивно зарядженими  або нейтральни-
ми угрупованнями. Знайдено, що каліксарен 
CX3im, функціоналізований позитивно зарядже-
ними N-метилімідазолієвими циклами, дійсно 
здатний інгібувати фурин (Ki = 58,2 мкМ). Вели-
чина ефекту залежить також від гідрофобності 
замісників, що знаходяться на нижньому вінці 
каліксаренів. Одержані дані свідчать про прин-
ципову можливість створення на платформі 
калікс[4]аренів непептидних інгібіторів фурину 
нової генерації.

К л ю ч о в і  с л о в а: калікс[4]арени, фурин, 
інгібітори фурину.
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Целью работы было изучение антифурино-
вой активности производных каликс[4]арена, мо-
дифицированных по верхнему ободу макроцикла 
положительно заряженными или нейтральными 
группировками. Установлено, что каликсарен 
CX3im, функционализированный положитель-
но заряженными N-метилимидазолиевыми цик
лами, действительно способен ингибировать 

фурин (Ki = 58,2 мкМ). Величина эффекта за-
висит также от гидрофобности заместителей, 
находящихся на нижнем ободе каликсаренов. 
Полученные данные свидетельствуют о прин-
ципиальной возможности создания на платфор-
ме каликс[4]аренов непептидных ингибиторов 
фурина новой генерации.

К л ю ч е в ы е  с л о в а: каликс[4]арены, фу-
рин, ингибиторы фурина.
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