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Furin is the most studied proprotein convertase which processes inactive protein precursors, con-
verting them into biologically active polypeptides. We have investigated cation effects of cesium, strontium,
cadmium, iron, cobalt and nickel on the furin activity. It was shown that in the presence of Ca?" (1 mM) these
ions were able to activate the enzyme, and the peak position of its activity depends on the nature of the ion.
Particularly, for Fe?* it was observed at the ion concentration of 15 mM, whereas for Cd?*, Co?* and Ni?* the
maximum activity of furin was at 20 mM, for Cs* the peak was at a concentration of 30 mM, and for strontium
ions it was 40 mM. The affinity of the cations for furin was estimated by Lineweaver-Burk plots for low con-
centrations of ions for the ascending branch of furin activity dependence on the cation concentration. It was
found that their affinity in comparison with Ca** was sharply reduced (~ 18-150 times). The studied cations
(under physiological conditions) were shown not to be able to compete with calcium ions for furin, and in
natural environment they cannot influence its activity.
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endoproteinase — belongs to the family of so-
called proprotein convertases (PCs), which
process the inactive protein precursors, transforming
them into biologically active hormones, growth fac-
tors, receptors, matrix metalloproteinases, clotting
factors, adhesion molecules, etc. [1-3]. In addition
to the normal physiological functions, the enzyme
participates in the development of such pathological
conditions, as cancer and metastasis, neurodegenera-
tive diseases, obesity and diabetes, atherosclerosis,
as well as viral and bacterial infections [3, 4]. There-
fore furin is considered as a promising target for the
synthesis of appropriate inhibitors and for the crea-
tion on their basis the potential therapeutic agents of
a new generation [5-7].
As furin recognizes a region of the polypeptide
chain enriched with the residues of the basic amino

F urin (EC 3.4.21.75) — a Ca**-dependent serine

acids: -Arg-X -(Lys/Arg)-Arg-|, where n =0, 2, 4, 6,
and X is any amino acid other than Cys in its natural
substrates [4], thus positively charged substituents
are introduced into the enzyme inhibitor structure:
the guanidine group or its mimetics, such as ami-
dine, amidinohydrazone, aminomethylbenzamidine
and other groups [5, 8-11]. X-ray structural analysis
of human furin [12] showed the importance of elec-
trostatic interactions for the realization of binding in-
hibitors to enzyme, although hydrophobic contacts,
as well as the formation of wide network of hydro-
gen bonds, are also very important for catalysis [12].
Furin fulfills its functions in the cell when recycles
from the trans-Golgi network (TGN) to the surface
membrane and back. In this case, it can be located in
several compartments: in TGN, on the cells surface
and in endosomes [3]. As the ionic environment, pH
and the hydrophobicity within these organelles can
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be markedly different [13], it was necessary to study
in model experiments the effect of various compo-
nents of the reaction medium on the enzyme activity.

There are some data about the effect of cer-
tain ions on furin activity in literature. In particu-
lar, it is shown that it is Ca?-dependent enzyme
(Ky5 = 200 uM) and maximum of its activity is ob-
served at a calcium ion concentration of 1-2 mM [1].

According to the X-ray structure analysis there
are three Ca?* binding sites in the structure of the hu-
man enzyme; two of them are located at the surface
of the molecule, and last one that stabilizes furin
conformation is next to the active site [12]. Sodium
ions, for which a special binding site is also found in
the protein globule [12], at concentration 0-100 mM
weakly affect the catalytic properties of furin [14].
The dependence of the enzyme activity on concen-
tration of K*-ions is described by a bell-shaped curve
[14, 15]. Furin is also able to bind magnesium ions
(K, ~ 1.1 mM) [16], but their effect depends on the
structure of the substrate used [16]. Thus, the using
of synthetic FRET-decapeptides, which are deriva-
tives of viral proteins, usually stimulates the activity
of furin with magnesium ions. In contrast, for sub-
strates, derivatives of human proteins, the inhibition
of enzyme activity is observed under the action of
MgCl, [16]. The decrease in the activity of furin
under the influence of magnesium ions takes place
when using the synthetic fluorogenic substrate Ac-
Arg-Val-Arg-Arg-AMC [16].

In respect of other cations, it was found that
Zn?* or Hg?" at the concentration of 1 mM complete-
ly suppressed the activity of furin [1]. Cu?" can also
effectively block furin (IC,; = 0.14 uM) [17]. Zink,
mercury and copper belong to the group of heavy
metals (HM) that includes more than 40 elements of
D. I. Mendeleyev’s system. So, Hg, Pb, Cd and their
compounds are highly toxic substances capable of
contaminating the environment [18] and accumula-
ting in live organisms. A number of HM (Fe, Cu, Zn,
Mo, etc.) belong to trace elements which take part
in realization of normal biological processes, but a
certain threshold concentration being exceeded, they
determine the development of pathologic states [19].
That is why, it is important to investigate their effect
on the enzyme in the model experiments.

The aim of our work is to study the effect of
such HM cations as Cs*, Sr?*, Cd#, Fe?", Co*" and
Ni?* on the catalytic properties of furin and evalua-
tion of possible negative effect of the cations on the
enzyme activity.
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Materials and Methods

Reagents and preparations. We used the
following commercial salts: CsCl, SrCl,-6H,0,
CdCl,2,5H,0, NiSO,-7H,0, CoF,-4H,0, FeSO, (an-
hydrous) and also aqueous solutions of CaCl, (1 M)
and MgCl, (10%) of both domestic company Ukr-
reakhim, and foreign ones Fluka (Switzerland) and
Merck (Germany). Commercial products were also
EDTA (Serva, Germany), HEPES (Sigma, USA),
B-mercaptoethanol, Triton (Fluka, Switzerland).

The fluorogenic substrate Boc-Arg-Val-Arg-
Arg-AMC (Bachem, Switzerland) and the truncated
recombinant human furin (2000 U/ml) from New
England BioLabs (USA) were used in the work. For
the unit of furin activity, an amount of enzyme was
taken that, under standard conditions, cleaves 1 pmol
of 7-amino-4-methylcoumarin (AMC) from the
fluorogenic substrate in 1 min. Before experiments,
the solution of the commercial enzyme preparation
was diluted with a working HEPES buffer (pH 7.3)
20-80 times and the resulting solution was used to
perform the enzymatic reaction.

Determination of furin activity. An aliquot of
the furin solution containing 1 unit of the enzyme
activity was incubated in pH 7.3 buffer (100 mM
HEPES, 1 mM CaCl,, 0.5% Triton X-100 and 1 mM
B-mercaptoethanol) for 1 h at 37 °C with the fluoro-
genic substrate (75-250 uM) in a sample of 150 pl.
The reaction was stopped by the addition of 2 ml
EDTA (initial concentration 5 mM) and relative
fluorescence was measured on a PTI Quanta Mas-
ter 40 spectrofluorimeter (Canada) at an excitation
wavelength of 380 nm and emission of 460 nm.
The width of both slots was 2 nm. The fluorescence
readings were recorded for 60 sec. The values of the
Michaelis constants were determined by plotting the
Lineweaver-Burk graphs in three independent ex-
periments.

Determination of the effectiveness of the action
of salts. The reaction was performed for 1 h as de-
scribed above in the absence of calcium ions or in
the presence of 1 mM CaCl, and increasing concen-
trations (0-80 mM) of salts specified above. The total
volume of the sample was 150 pl. The reaction was
terminated by adding EDTA and the fluorescence
of the corresponding solution was measured as de-
scribed above.

The plotting and processing of the measure-
ment results was carried out by WordExel program
using at least two independent experiments.
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Results and Discussion

The results of studying the effects of cesium,
strontium, cadmium, iron, cobalt and nickel, on
furin activity are presented below. In particular, it
was studied how these ions affect the efficiency of
the enzymatic reaction (Fig. 1, A) with the synthetic
tetrapeptide Boc-Arg-Val-Arg-Arg-AMC, and also
the concentration dependence of the ion effects on
the enzyme (Fig. 1, B). According to our data with
using the synthetic substrate Boc-RVRR-AMC

A 175

magnesium ions at a concentration of 5 mM activate
furin, whereas in the article [16] Izidoro M. A. et
al. observed a decrease of its activity, when working
with Ac-RVRR-AMC.

The reaction was carried out in standard
HEPES buffer (100 mM), pH 7.3 both in the absence
and in the presence of 1 mM CaCl,. The obtained
data indicate that the enzyme reaction does not take
place without calcium ions, and the cations Cs*,
Mg?, Sr#, Cd*, Fe*, Co*, Ni?* in the absence of
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Fig. 1. Effects of cations on furin activity: A) the maximum value of enzyme activity, B) the dependence of furin

activity on cation concentration
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calcium ions are not able to activate furin (the data
are not presented).

When investigating the effect of different con-
centrations of ions on furin activity, it was found that
the cations under study are capable of activating it at
concentrations, depending on the ion nature. With
gradual increasing of the cations concentration (from
zero to ~ 10-15 mM) in incubation media, a slight
inactivation of the enzyme is observed with follo-
wing activation. Further raising of ions concentra-
tion led to the increasing of furin activity. The posi-
tion of maximal enzyme activity depends on the ion
nature. Thus, for Fe**, maximum activity of furin is
achieved at a concentration of 15 mM, and for Cd%,
Co?* and Ni?" it occures at 20 mM, while for Cs*, it is
30 mM, and Sr** maximizes the enzyme at 40 mM.

The ions Fe?, Co?*, Ni?* (concentration of 15-
20 mM) were shown to have insignificant effect on
the activity of furin: their effect is actually within
the error of the experiments. In this connection, fur-
ther investigations of these ions have not been car-
ried out.

According to Rockwell N. C. and Fuller R. S.
[15], the effects of metal ions on the enzyme are ex-
plained by the fact that the enzyme is able to interact
with cations stepwise and this causes the formation
of several forms of enzyme, differing in the num-
ber of ions associated with the protein globule: E°,
EM* and E**. Stimulation of furin is explained by
the ion interaction with the site of high affinity and
by formation of the EM*-form, while furin inhibi-
tion occurs due to the attachment of the ion to the
center with low affinity and the appearance of the
E>M*-form.

To estimate furin affinity for the ions under
study, the Lineweaver-Burk graphs were plotted for
the upstream section of the dependence of enzyme
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Fig. 2. The Lineweaver-Burk plot of the effect of
strontium ions on furin activity
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activity on the concentration of the corresponding
salts. As an example, Fig. 2 shows the Lineweaver-
Burk graph for strontium ions.

It can be seen that this graph is nonlinear. In the
first approximation, it may be presented by two more
or less linear sections: one of them for low concen-
trations, and the other one for higher concentrations
of strontium. A graph plotted for low strontium con-
centrations (10-25 mM) is a straight line. This allows
us to estimate the apparent constant of furin activa-
tion by strontium ions, interacting with the center of
high affinity (K, = 4.2 mM).

Using Lineweaver-Burk plots for other ions, the
apparent constants of furin activation by these ions
were similarly evaluated. The results are presented
in a Table. It shows the nature of the cations, their
concentrations, at which maximum activity of furin
takes place, the values of the apparent activation
constants of the enzyme by these ions and the data
of reducing of the ions affinity for furin in compari-
son with that of Ca?". It is easy to notice that in com-
parison with Ca?, the affinity of the studied ions for

Physicochemical characteristics of furin interaction with cations

Concentration

* Constant of

The decrease in ion affinity

Cations of cations, Furin activity, % furin activation for furin compared to enzyme
mM by cations, mM affinity for Ca?*, multiplicity
Ca* 1 100 £ 1.7 0.235 (0.200) -
Mg?* 5 126.9 £ 3.0 (1.08) ~ 5 times
Cd* 20 1270+ 6.5 19.0 81 times
Cs* 30 150.4 £ 291 34.8 149 times
Srz 40 1450+ 4.0 4.2 18 times

*Note: The literature data are shown in parentheses for Ca?* [1] and Mg?* [16]
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the enzyme decreases sharply: for magnesium ions,
it is reduced 5 times, for cadmium — 80 times, for
cesium — almost 150 times, and for strontium — 18.

To sum up, we have made a conclusion that the
studied ions in model experiments showed the same
behaviors, concerning furin activity: firstly they ac-
tivated it, with the subsequent increasing in cation
concentration the maximum activity of the enzyme
is reached, followed by its decline. We speculate that
Cs*, Sr?*, Cd?* are not able to influence the activity of
the enzyme under physiological conditions, as due to
their low affinity for furin, they cannot replace Ca?*
from the calcium-binding center of the enzyme and
cannot compete with calcium ions for furin. In other
words, the effects of the studied cations on furin at
physiological concentrations of Ca* and nontoxic
concentrations of the cations have no biological con-
sequences.
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dypun - HaNO1ITBIIe BHBUEHA
MIPONPOTETHKOHBEPTA3a CCaBIliB, 3/IIHCHIOE TIPOIIe-
CHHT HEaKTHUBHUX TIONEPEIHUKIB MPOTEiHIB, mepe-
TBOPIOIOYX iX y O10JIOTIYHO aKTUBHI MOJIMENITH/TH.
Mu fpocnmiuinyd BIUTMB Ha AaKTHBHICTH (ypH-
HY KaTiOHIB TaKMX METaNiB: IE3if0, CTPOHILiIO,
Ka/IMilo, 3aii3a, KOOAJIBTY Ta HIKENIO 1 TOKa3alu,
mo B mpucytHocti Ca?* (1 MM) 11 ioHW 3marHi
aKTHBYBaTH (QypHH, MPUUOMY TIOJOXKEHHS iKY
aKTHBHOCTI 3aJIe)KUTh BiJI TMPUPOIU i0HA. 30Kpe-
Mma, /it Fe?* BoHO criocTepiraioch 3a KOHIIEHTpAITi1
iona 15 MM, toxi ax mua Cd?, Co?* ta Ni** Makcu-
MallbHa aKTHUBHICTH 3Haxoamyiack npu 20 MM, s
Cs* mpu 30 MM i mast Sr** — 40 MM. TToGynoBOFO
rpadikiB y koopamHarax JlaitHyiBepa—bepka 3a
HU3BKUX KOHIEHTPAIiil KaTioHiB BUCXiTHOI T1TKU
3aJIeKHOCT] aKTUBHOCTI ypUHY BiJ KOHIIEHTpAIii
i0Ha, 3/1iiiCHEeHa OIliHKa CMOPIAHEHOCTI KaTioHIB J10
(hypuny. 3HaitneHo, mo ix aQiHHICTH y TIOPIBHAHHI

3 Ca?" pisko 3meniiena (~ y 18—150 pasis). Orxe 3a
(hi3i070r1YHUX YMOB KaTiOHHW, IO BUBYAIUCS, HE
3[aTHI KOHKYPYBAaTH 3 10HAMHU KaJIbLil0 32 QypHH i
TOMY B IPUPOTHOMY CEPEIOBHIII HE MOXKYTh BILIH-
BaTH HA MOT0 aKTHBHICTb.

KnwoyoBi cimoBa: pypun, BIUTUB KaTioHIB,
AKTHBHICTh YpUHY, aKTUBAIlisl, IHT1I0yBaHHSI.
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OypuH — Hanbosiee U3yUueHHAs MPOMPOTEHH-
KOHBEpPTa3a MJICKOMTUTAIOIINX, OCYIIIECTBISICT IIPO-
[IECCHHT HEAKTUBHBIX MPOTEHHOBBIX TIPEIIISCTBCH-
HUKOB, TIpeBpalas ux B OHMOJIOIMYECKH aKTHBHBIC
MOMUMIENTHAB. MBI M3YUIJIN BIWUSHUE HA AKTUB-
HOCTh (DypHHA KAaTHOHOB CIICAYIOIIUX METaJJIOB:
1[e3usi, CTPOHIIHS, KaJAMUs, XKejne3a, Kooaabra U HUl-
KeJIsl ¥ ToKa3aiu, 9ro B npucytcteuu Ca" (1 MM)
9TH WOHBI CITIOCOOHBI aKTUBHUPOBATH YH3UM, IPUIEM
MOJIOKEHNWE TTMKA aKTUBHOCTH 3aBUCUT OT MPHPO-
I6l oHA. B wactHOCTH, 1151 Fe?* oHO HAOIIONAnoch
MpU KOHIICHTpAIUu KaTuoHa 15 MM, Torma kak Jjis
Cd#, Co?" u Ni** MmakcuMaJibHasi aKTUBHOCTh (hypH-
Ha Haxoxuinack npu 20 MM, mis Cs* mpu 30 MM,
u s noHoB cTpourus — 40 mM. IloctpoeHuem
rpadukoB B koopnuHarax JlaiinynBepa—bepka miis
HM3KUX KOHIIEHTpalMil MOHOB BOCXOJSIIEH BETBU
3aBUCUMOCTH aKTHUBHOCTU (pypHHA OT KOHIICHTpa-
U KaTHOHA, OCYIIIECTBJICHA OIIEHKA CPOJICTBA HO-
HOB K »H3uMy. Haiineno, uto ux ad)(pUHHOCTH IO
cpasHenuio ¢ Ca?* pesko cumxkena (~ B 18—150 pas).
CrnenoBareibHO, NPU (PU3HOIOTHUSCKHUX YCIOBHAX
UCCIICIyeMbIC KATHOHBI HE CHOCOOHBI KOHKYPHPO-
BaTh ¢ MOHAMU KaJIBLIMS 32 PypHUH, U B IPUPOTHON
cpejie He MOTYT BIIUSThH HA €T0 aKTUBHOCTb.

KnrmoueBbie cioBa: QypuH, BIUSIHHUE Ka-
THOHOB, aKTUBHOCTH (pypHHA, aKTUBALIUS, HHTUOU-
pOBaHUe.
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