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EDITORIAL

The Bulgarian Peptide Society organized the Fifth Bulgarian Peptide Symposium under the auspices of
the European Peptide Society. This event took place at Bachinovo, Rila mountain resort, on 28-30 May
2008. The symposium was aimed at bringing together peptide researchers and young investigators to present
and discuss results of common interest. There were 70 registered participants from different Bulgarian
universities, laboratories, hospitals, and organizations. The Organizing Committee highly appreciated the
attendance of Prof. Jean Martinez, Prof. Ettore Benedetti, Prof. Anna-Maria Papini, Prof. Beatriu Escuder,
Prof. Rudolph Willem, and Dr. Tzvetana Lazarova. Also, young foreign participants were present.

The scientific program within three days included 15 lectures and 38 posters. The lectures and posters
covered topics such as structure-activity studies on bioactive peptides, peptidomimetics, physiological
studies on bioactive peptides, synthesis and physiological studies of modified amino acids and structural and
conformational analysis of peptides, isolation and biological activity of natural peptides, kinetic investigation
and theoretical studies on peptide mimetics, and proteomic and neuropeptides investigations. Two memorial
lectures in tribute to Prof. Dimitar Petkov, D.Sc., were dedicated to its life and scientific achievements. Prof.
Jean Martinez and Prof. Ettore Benedetti delivered a welcoming speech. The lectures were delivered by Prof.
J. Martinez, Prof. E. Benedetti, Prof. A. Papini, Prof. L. Vezenkov, Prof. B. Escuder, Prof. B. Tchorbanov,
Dr. Tz. Lazarova, Dr. D. Danalev, Dr. S. Vezenkov, Dr. D. Tzekova, Dr. Camelia Mihai, and Dr. O.
Apostolov. L. Van Lokeren and B. Benkova, both Ph.D. students, gave interesting talks on the same
problems. The best three scientific works presented by young researchers were awarded.

Financial support from the European Peptide Society, MakMetal Co., Aquachim Co. Ltd., University of
Chemical Technology and Metallurgy, Sofia, Med Co., South-Western University of Blagoevgrad, and FOT
Co., enabled the Organizing Committee to invite several distinguished scientists, to support the participation
of more than 15 young researchers and students, and to organize the publishing of part of presented scientific
communications.

Prof. Lyubomir Vezenkov, D.Sc.
University of Chemical Technology and Metallurgy

Assoc. Prof. Tamara Pajpanova, Ph.D.
Institute of Molecular Biology,
Bulgarian Academy of Sciences



In Memoriam

Professor Dimitar Petkov

Professor Dimitar D. Petkov, D.Sci., Ph.D., died on March 8,
2008 at the age of 66 after a short and bitter fight with cancer. By
sheer strong will, he supervised his Ph.D. students to the last.

Born in 1941 in the village of Sushica, VelikoTarnovo District,
Petkov graduated chemistry at Sofia University in 1967. His Master’s
Thesis with N. Tyutyulkov was in the field of quantum chemistry.
Petkov joined the Institute of Organic Chemistry, Bulgarian
Academy of Sciences (1967-2007), first in D. Shopov’s Laboratory
of Organic Catalysis doing theoretical work, soon after went over
(1969) to the Laboratory “Proteins” headed by M. Karadjova, where
his main interest was enzyme catalysis by proteinases. He spent six
months (1976) in Cornell University with Hames. He became Head
of the Spin-off Laboratory BIOCATALYSIS (1988). The last decade
of his life was dedicated to the intriguing field of ribosome catalysis.

Being Docent (1984) in Sofia University he taught there Bioorganic Chemistry and related courses in the
Chemical and the Biological Faculties.

The scientific legacy of Dimitar Petkov comprises 85 papers cited more than 400 times, a text book
“Biorganic Chemistry” (1996), several patents on peptide synthesis. He was a Member of the American
Peptide Society and the European Peptide Society and co-founding Member of the Bulgarian Peptide
Society.

Even the first studies of D. Petkov (coauthored with A. Andreev and D. Shopov) provoked already keen
interest. One of the papers (J. Catalysis, 1969) treating the quantum chemical estimation of the modes of
hydrogen adsorption on nickel was cited 55 times.

Moving to the Protein Laboratory headed by Maria Karadjova, Petkov’s research work focused on the
chemistry of serine proteinases: urokinase, trypsin, chymotrypsin covering a wide range of problems: from
enzyme-catalysed synthesis of peptides, methods of assay of activity to the mechanism of enzymatic action.
Highlights issues from a practical point of view are his papers ‘“Nucleophilic specificity in chymotrypsin
peptide synthesis” (Biochem. Biophys. Res. Commun. 1984, most cited paper 82 times), “Enzyme peptide
synthesis and semisynthesis — kinetic and thermodynamic aspects” defining the best conditions for in vitro
synthesis nicely demonstrated by the development of an iterative procedure of peptide synthesis in a
nucleophile pool. Structure-activity relationships helped to elucidate the transition state in urokinase aided
peptide hydrolysis. Most of the peptide work was carried out in collaboration with Senior Research Fellow
Dr. Ivanka Stoineva. The recognition of these achievements is materialized in the foundation of a
commercial laboratory for conversion of swine into human insulin, the activity of which was unfortunately
discontinued because of market considerations.

As it was already mentioned, the last decade of the research efforts of Petkov and his numerous associates
were dedicated to the fascinating field of the catalytic action of ribosomes during protein biosynthesis. Using
model substrates complex enough to mimic credibly the nucleoside structure and aprotic solvents, imitating
the anhydrous environment of the active site of the ribosome, the catalytic role of neighbouring sugar
hydroxyl and the modes of proton transfer were established using the experimental methods of physical
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organic and computational chemistry. The publication of these results in JACS and Angewandte Chemie
proves convincingly the quality of these results.

Science dominated his life and his emotions. He would come early in the morning on his bicycle and
work the whole day. Dominating in his research work and teaching was his keen interest in modern science,
which drew the best young scientists to work or do Ph.D. with him. Many of them are now scattered in
renowned labs in the world. Over the years, he corresponded and collaborated with top scientists in the field.

The way Petkov treated science reminds of a story told about the Nobel Prize-winner biochemist Albert
Szent-Gyorgi, discoverer of vitamin C. He was fishing in the lake of Balaton when a fellow fisherman
noticed: Why are you using such large hooks — there are no such large fish in the lake?! Szent-Gyorgi
answered: | have no time for small fish.

The memory of Professor D. D. Petkov will be revered by the traces he left in the world of science, by his

many former students whom he introduced to the frontiers of scientific endeavour and by his friends for his
stimulating personality.

Ivan Pojarlieff
Corresponding Member of the Bulgarian Academy of Sciences
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One of the most important enzymes in blood coagulation cascade is Factor Xa. That is why its inhibitors are
promising alternative against thrombotic disorders. In our previous work, we reported the synthesis of hybrid structure
between isoform 2 and 3 of antistasin and the active sequences D-Phe-Pro-Arg; D-Arg-Gly-Arg; Phe-Ile-Arg and
Tyr-Ile-Arg. Besides the analogues with C-terminal COOH group, the peptide D-Phe-Pro-Arg-Pro-Lys-Arg-NH, was
synthesized. The biological activity of the last one was 60 times bigger than that of the natural isoform 3 of ATS and
some times more active than that of the all other synthesized analogues. In the current work, we described synthesis and
biological activity of C-terminal amide analogues of all early synthesized peptides in order to deduce the structure-
activity relationship. The anticoagulant activity according to the APTT and ICs, was determined.

Key words: anticoagulant activity, Factor Xa, thrombin, antistasin, peptide mimetics.

INTRODUCTION

During the last years the number of deaths due to
hemostatic impairments such as coronary angio-
plasts, coronary thromboembolisms, myocard heart
attack, pulmonary embolism, etc. has become equal
to those caused by cancer formations. Haemostasis
is a key process whose correct functioning is an
important defence mechanism of the human
organism. It is a blood coagulation process activated
in case of injury of the blood system. If it is
functioning correctly, vascular-motor and cell
reactions are triggered and the blood coagulation
cascade is activated. Coagulation is a defence
function of the organism that has to be strictly
regulated. After the bleeding is stopped, a number of
limiting self-regulatory mechanisms are initiated.
They act competitively and their role is to:

- stop further coagulation;

- prevent the thrombus formation in the organism;

- restrict the coagulation to the injured are.

Besides the mechanisms limiting the formation
of thrombocytes, the availability of plasma proteins
is also important in this respect as they deactivate
the serine proteinase of the coagulation, i.e. they act
as inhibitors. The main function of blood coagula-
tion is the conversion of the soluble fibrinogen into
insoluble fibrin clot. This process is accompanied by
a series of enzyme reactions described in 1964 as an
enzyme cascade (Fig. 1) [1]

* To whom all correspondence should be sent:
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Fig. 1. Scheme of the blood coagulation cascade.

A major role in them plays a number of serine
proteinases, which are known as:
* Blood clotting factors

- extrinsic system: Factor III, Factor VII;

- intrinsic system: Factor XII, high molecule
kininogen, prekalikrein, Factor XI, Factor IX,
Factor VIII;

-common pathway: Factor XI, Factor V,
Phospholipids, Factor II, Factor I, Factor XIII

* Factors of the fibrinolysis;
* Factors of the control mechanisms (inhibitors).
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According to the avalanche theory, coagulation
can be considered as an auto-bioenhancing process.
As a result, the inhibition of proteinases located in
the centre of the process would prevent the
avalanche formation of strong enzyme substrates
down the chain. This thesis is proved by the fact that
the inhibition of Factor Xa prevents the activation of
138 thrombin molecules [2]. That is why the main
target in the creation of anticoagulants is the inacti-
vation of Factor Xa.

In the last 20 years, a number of proteins and
peptides with different molecule mass and well-
established anticoagulation activity have been
isolated from the salivary glands of several blood-
sucking animals. Many of the strongest anticoagu-
lants isolated from bloodsucking animals are found
in the saliva of different types of leeches (Table 1).

In 1987 Tuszynski et al. reported for 119 amino
acids protein isolated form the salivery glands of
Mexican leech Haementeria officinalis with strong
anticoagulant properties, which they named anti-
stasin [64] (Fig. 2).

One year later kinetic investigations of Nutt et al.
revealed that antistasin is a potent, slow, tight-
binding Factor Xa inhibitor [45, 65]. A large part of

the natural anticoagulant peptides and proteins
isolated later show partial or complete similarity
between their active centres and other parts of their
molecules and those of antistasin. Thus, it becomes
the founder of the largest group of natural anti-
coagulants — antistasin type inhibitors.

Two years later Condra et al. reported that they
have isolated three isoforms of antistasin corres-
ponding to its C-terminus which saved good anti-
coagulant activity [66]:

- isoform 1 /Arg-Pro-Lys-Arg-Lys-Leu-lle-Pro-

Arg/ICso =5 nM;

- isoform 2 /Arg-Pro-Lys-Arg-Lys/ICs5, = 500 nM;
- isoform 3 /Arg-Pro-Lys-Arg/ICsy = 740 nM.

Recently, the data in literature for short peptides
with strong anticoagulant activity increased. A lot of
authors publish data for tripeptide sequences as
D-Phe-Arg-Pro, D-Arg-Gly-Arg, Tyr-lle-Arg, Phe-
Ile-Arg, which show anticoagulant activity in nano-
molar range [51, 57, 58].

EXPERIMENTAL

All compounds were synthesized by standard
SPPS by means of Rink amide resin/Fmoc-strategy.
The structures were proved by ES/MS.

Table 1. Sources, molecular mass and attacked enzymes of natural inhibitors of the series proteinases published in

literature [3—63].

N ; Inhibition activity against different series proteases Molecular
. ame o imo- ; weight, Source
inhibitor  thrombin plasmin trypsin fr};grsll(il CI;II?:;E; ;Ei?;i elastase Fa;((:;or Di
AT III + ND ND ND ND ND ND + 65000 Blood plasma
haemadin + - - - - - - - 5000 Haemadipsa sylvestris
draculliND - - - - - - - + 83000 Desmodus rotundus
TAP - - - - - - - + 6977 Ornithodorus moubata
savignin + - - - - - - - 12430 Ornithodorus savignyi
AcAP ND ND ND ND ND ND ND + 8697 Ancylostoma caninum
anophelin + ND ND ND ND ND ND ND 6500 Anopheles abimanus
Hirudin + ND ND ND ND ND ND ND ND Hirudo medicinalis
bdellastasin - + + - - - - - 6333 Hirudo medicinalis
hirostasin - - - - - + - - ND Hirudo medicinalis
madanins + ND ND ND ND ND ND ND 7000  Haemaphysalis longicornis
therostasin - - + - - - - + 8990 Theromyzon tessulatum
theromin + - - - - - - - 7215 Theromyzon tessulatum
therin - - + - - - - - 5376 Theromyzon tessulatum
rhodniin + ND ND ND ND ND ND ND ND Rhodnius prolixus
lefaxin ND ND ND ND ND ND ND + 30000 Haementeria depressa
ixolaris ND - - - ND ND ND - ND Ixodes scapularis
guamerin ND ND ND ND ND ND + - 6110 Hirudo nipponia
pyguamerin - + + + + + - - 5090 Hirudo nipponia
ekotin - - + + - - + + 36000 Escherichia coli
ATS - - + - - - - + 15000 Haementeria officinalis
ghilantens - - + - - - - + 15000 Haementeria ghilianii

* 2.6 uM plasma concentration is enough to NDutralized reserve of proteins of factor Xa and thrombin.

ND — not determined.
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Domain 2

Fig. 2. Primary structure of antistasin.

RESULTS AND DISCUSSION

In 2004 we synthesized and characterized a
series of hybrid structures between isoform 2 and 3
of antistasin and the above mentioned tripeptides
[59]. The aim of these compounds creation was to
obtain new structures with better anticoagulant
activity and good selectivity towards different
enzymes included in the blood coagulation cascade
as well as to reveal the role of some amino acids in
the different positions of the molecule. We have
established interesting structure-activity relation-
ships. In the same work, we reported for the syn-
thesis of one hexapeptide replacing its C-terminal
COOH function with CONH,: D-Phe-Pro-Arg-Pro-
Lys-Arg-NH,. The latter showed 12 times better
activity than its analogues with C-terminal COOH
group and 40 times higher activity than the natural
isoform 3 of antistasin (ICso = 60.6 nmoles).

Based on the fact mentioned above, herein we
reported the synthesis of all previously obtained
hybride structures but replacing their C-terminal
COOH function with amide:

Tyr-Ile-Arg-Pro-Lys-Arg-NH,

Tyr-Ile-Arg-Pro-Lys-Arg-Lys-NH,

Phe-lle-Arg-Pro-Lys-Arg-NH,

Phe-Ile-Arg-Pro-Lys-Arg-Lys-NH,

D-Arg-Gly-Arg-Pro-Lys-Arg-NH,

D-Arg-Gly-Arg-Pro-Lys-Arg-Lys-NH,.

The anticoagulant activity according to APTT
and ICsy values were determined. All newly
synthesized peptides have manyfold higher activity
than the natural isoforms of antistasin. Their ICs, are
in nanomolar range. The kinetic investigations on
the enzymes from blood coagulation cascades are in
progress in order to determine the specificity of new
hybride structures. The toxicity studies are in
progress, too.
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CONCLUSIONS

1) Lys'" is very important for the substrate-
enzyme interaction.

2) The replacement of C-terminal COOH with
CONH, results in manifold increasing of anti-
coagulant activity.

3) The replacement of L- with D-amino acid in
P; position is not a key factor for increasing the
anticoagulant activity.
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JIN3AVIH, CUHTE3 U AHTUKOATYJIAHTHU U3CJIEABAHUS HA HOBU AMUIHU AHAJIO3U

HA N3090PMU 2 U 3 HA AHTUCTA3MH

. JI. Jananes*, JI. T. Besenkos

Kameopa ,, Opeanuuna xumust *, XuMuKomexHoi02uier u Memaiypeuier YHugsepcumen,
oya. ,, Knumenm Oxpuocku“ Ne 8, 1756 Cogpus

[octpnuna Ha 6 1onu 2008 r.; Ilpepaborena Ha 18 cenremBpu 2008 r.

(Pesrome)

Enun or Hail-BaXHUTE €H3UMM B Kackajara Ha KpbBHata koarynauus € ®Dakrtop Xa. ETo 3amo Herosure

WHXHOUTOpPHU ca enHa oOelIaBalia anTepHATHBA Cpelly TpoMOOTHYHH 3aboisBaHusA. B mpenwmHa Hama pabota Hue
JOKJIaIBaXMe CHHE3aTa Ha XMOPHIHU CTPYKTYPH MEXIy M30(popMH 2 M 3 Ha aHTHUCTa3MHA W aKTHBHHUTE MOCIENO-
BatenHoctu D-Phe-Pro-Arg; D-Arg-Gly-Arg; Phe-lle-Arg u Tyr-Ile-Arg. OcBen ananosure ¢ C-kpaiina COOH rpyna,
Oeme cuHTe3mpaH u xekcamentun amupa D-Phe-Pro-Arg-Pro-Lys-Arg-NH,. Toit mokasza 60 mpTH mO-BHCOKA
6I/IOJ'IOFI/I'-IHa AKTUBHOCT OT IIpUpoaHaTa 1/130(1)0pMa 3 Ha aHTUCTa3WHA U HIKOJIKO II'bTU II0-BHCOKA AKTUBHOCT OT BCHYKHU
OCTaHAJIM HOBOCHHTE3MPAaHU aHaNo3U. B HacTosmara paboTa HUEe onucBaMe CHHTe3a U OMOJIOrMYHATa akTUBHOCT Ha C-
KpalHUTE aMHUJHHM aHAJIO3M Ha BCHUYKU I10-PAHO CHHTE3WPAHM INENTUAN C LeJ Jia U3BEIEM 3aBHCUMOCTU CTPYKTypa-
OMONIOrMYHA aKTHBHOCT. AHTHKOAryJlaHTHAaTa akTUBHOCT Oemre u3MepeHa no otHoureHne Ha APTT u 6s1xa onpenenenu

ICSO CTOMHOCTHUTE 32 BCHUKHU HOBOCUHTC3UpPAHU CbCANHCHUS.
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From molecule to sexual behaviour — the role of brain neuropentapeptide proctolin in
acoustic communication of the grasshopper Chorthippus biguttulus (L. 1758)
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The acoustic communication of Chorthippus biguttulus (Ch.b.) is a suitable behavioural model system to explore the
physiological effects and underlying molecular mechanisms of identified neuropeptides. Neuropentapeptide proctolin
was shown to play a modulatory role in a brain neuronal circuit that controls the acoustic, respectively sexual behaviour
of males Ch.b. Proctolin receptors activation triggered courtship singing, the second level of excitation in the sexual
behaviour preceded by calling singing, triggered by mAChRs activation. Pharmacological studies showed that PLC
pathway is involved in courtship singing since neomycine and Li" showed strong inhibitory effect on the proctolin-
stimulated singing. In addition, the phorbol ester, injected in proctolin sensitive sites in the brain, elicited stridulation
alone. The latter showed that PKC could mediate the effects of PLC activation. The observed results suggest possible
molecular mechanisms that are involved in the decision-making brain center controlling the sexual behaviour — what
(by altering the context), when (by controlling the initiation) and how long (by increasing the basal excitation) should

the male sing.

Key words: neuropeptide, proctolin, PKC, acoustic communication, courtship, Chorthippus biguttulus.

INTRODUCTION

Acoustic communication in orthopteran insects
has become one of the favourite subjects for
investigations on the neuronal basis of invertebrate
behaviour. The stereotyped stridulation patterns, the
relative ease of their elicitation, and the simplicity of
the neuromuscular organization, which permits
electrophysiological and pharmacological work in
freely-moving animals, favour both an ethological
and a neurophysiological approach [1]. Proctolin
(RYLPT) was the first neuropeptide to be isolated
and sequenced from insects [2] and was subse-
quently found to have wide distribution throughout
the arthropods [3]. First proctolin has been reported
[4] as a “gut factor”, which caused slow graded
contractions of proctodeum longitudinal muscles in
the cockroach Periplaneta americana. On the other
side, a G-protein coupled receptor (encoded by
CG6986) for proctolin in Drosophila melanogaster
has been identified and characterized [5]. Proctolin
receptor immunosignals have been found in the
hindgut, heart and in distinct neuronal populations
of the CNS.

Previous studies have demonstrated a role for

* To whom all correspondence should be sent:
E-mail: vezenkov_neuro@abv.bg
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acetylcholine (ACh) and both nicotinic acetyl-
choline receptors (nAChRs) and muscarinic acetyl-
choline receptors (mAChRs) in the cephalic control
of the singing behaviour of various grasshopper
species [6, 7]. Injections of proctolin into the proto-
cerebrum can elicit species-specific stridulation in
both male and female grasshoppers of the species
Ch.b. The stimulated behaviour is similar to the
natural stridulation with respect both to the temporal
structure and patterns of stridulatory movements of
the hindlegs [8]. This study presents the role of
intracellular signal transduction coupled to proc-
tolin-stimulated singing behaviour.

EXPERIMENTAL
Animals

Adult specimen of the gomphocerine grass-
hopper Chorthippus biguttulus (L. 1758) (Ch.b.)
were caught in the vicinity of Gdttingen, Germany,
and kept in the laboratory for up to several weeks.
Additional Ch. biguttulus were reared from eggs
that were collected in the previous summer and kept
at 4°C for > 4 months. The nymphs hatched after
~ 1 week at 26°C and were raised on wheat and
supplemental food for crickets (Nekton, Pforzheim)
at a 16/8 h light-dark-cycle. All pharmacological
experiments were conducted with male and female

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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adults at room temperatures of 20-25°C. Virgin
females were separated as third or fourth stage
nymphs kept in separation and used as adult for
acoustic stimulation experiments.

Basic scheme

Small amounts (< 10 nl) of neuroactive sub-
stances were pressure-injected via microcapillaries
inserted dorsally into the brain. By the use of
double-barrel electrodes two different substances
were administered to the same location within the
brain. Therefore, sequential injections of identical
volumes of the same or of two different substances
(excitatory, inhibitory or modulatory) could in
principle influence the same set of neurons. To
monitor the stridulatory behaviour, the hind leg
movements and the produced sound were recorded
with two opto-electronic cameras and a microphone.
The animal is attached to a holder. The head is
opened and the brain is exposed. The micro-
capillary is attached to the mechanic micromani-
pulator and is connected to the pressure-injection
device through pressure resistant tubes. A three-way
stopcock allows the pressed air to flow in two
directions, respectively into one of the two barrels
of the micro-capillary. The pump is connected to a
system that continuously supplies compressed air.
Two optic-electronic devices according to von
Helversen [7] record the stridulatory movements of
the hind legs and transform them into a voltage
signal. The latter is amplified and visualized on the
computer screen. The signal is stored in data format
(*.dat) by the program Turbo Lab 4.2 or 4.3 for
DOS.

Drugs used for injection

The neuroactive substances were usually dis-
solved in grasshopper saline [9] to give concen-
trations of 1 mM. Muscarine, proctolin, neomycin
obtained from Sigma-Aldrich; SQ 22536 obtained
from Calbiochem; phorbol-12-myristate-13-acetate
(PhE, porbol ester), thapsigargin, TMB-8, ryano-
dine, LiCl, purchased from Sigma-Aldrich were
studied using the upper-described basic scheme.
Stock solutions of proctolin (10 mM concentration
in d H,O) were preserved at —20°C. Water-soluble
substances were dissolved in grasshopper saline to
give concentrations of 1 to 0.1 mM. Different ions
(Ba*", Ni*") were added to the saline to give 1 to 5
mM. Substances soluble in DMSO (thapsigargin,
TMB-8, ryanodyne, obtained from Sigma-Aldrich)
were dissolved in saline to give a 5% final content
of DMSO. All solutions were preserved at —4°C, not
longer than 1 day.

Data processing

The recorded signals were digitized on-line by
means of an A/D-converter card (Real Time Devices
AD3300) with the software Turbolab 4.2 (Bressner
Technology, Germany) and stored as data files. The
sampling rate for recording the stridulatory move-
ments, the sound and the injection pulses was 5 kHz
per recorded channel. The software NEUROLAB
(8.2, Hedwig and Knepper) was used for visual
examination and filtering of the original data. One
injection of a stimulating drug usually released
several song sequences separated by short pauses.
The time between stimulation pulse and the begin-
ning of the first stridulatory sequence was deter-
mined as Latency. The sum of the durations of all
individual song sequences released by one stimu-
lation was calculated as the total sequence duration
(S Duration) of stridulation. The duration from the
beginning of the first sequence to the end of the last
sequence was taken as the complete duration (C
Duration) of stridulation. Latency and the durations
of stridulation were normalized to the longest
latency and the duration in that particular experi-
ment (same volume of drug injected to the same site
within the brain). The values were calculated and
given in percent (%). Normalization was necessary
to enable comparison between different experiments
with variable efficacy of proctolin stimulations,
depending on the exact site of injection and the
condition of the grasshopper. Potential changes in
the latency and duration of proctolin-induced stridu-
lation following the injection of a test-substance
were evaluated by the nonparametric Friedman test
(ANOVA). “Raw” diagrams were generated with
Excel 2000 and subsequently imported into graphics
program CorelDraw 9 (Corel Corporation) for
assembly into composite figures and labelling.
Original data (hind leg movements, pressure pulse)
were exported from Neurolab 8.2. and subsequently
re-assembled and labelled with CorelDraw 9. All
figures were stored as graphics files (*.jpg) and
imported into Word 2000.

RESULTS AND DISCUSSION

Proctolin alone elicits courtship singing behaviour
in males Ch.b.

Injections of proctolin into the frontal part of the
central complex and an adjacent neuropil anterior
and dorsal to it elicited a species-specific singing
behaviour in males of Ch.b (Fig. 1). Both proctolin
and muscarine stimulated stridulation in a region
that includes the anterior portion of the central body
and the area between the central body and Proto-
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cerebral Bridge. However, the responses to both
drugs differed in latency, duration (Fig. 2), also in
internal time courses of the hind legs movements.
The temporal structure of muscarine- and proctolin-
stimulated stridulation were likely to respectively
calling song and courtship song which correlate to
two different excitation levels [8]. The proctolin-
elicited singing might be the second level of
excitation because the courtship singing in the
natural sexual behaviour appears after the calling
singing. The male produces courtship song when
duets together with the responding female that
shows copulatory readiness. Thus, proctolin might
trigger the courtship singing of the male,
respectively the higher, behavioural different, level
of excitation in comparison to muscarine-stimulated
calling singing.

PLC pathway and the proctolin-stimulated singing

Typically, the actions of proctolin are slow in
onset and prolonged, suggesting the involvement of
a second messenger activated by a metabotropic
receptor or G-protein coupled receptor. An ubi-
quitous cascade that is mediated through G proteins
and evokes many responses is the phosphoinositide
cascade or simply PLC pathway. Likewise the other
cascades, it converts extracellular signals into
intracellular ones. It has previously been reported
that the PLC/IP;/DAG signal transduction cascade
mediates the performance of calling singing
behaviour in Ch.b. following activation of mAChRs.
Inhibition of PLC activity by U-73122 and neo-
mycin, which act by different mechanisms, can
completely suppressed muscarine-stimulated stridu-

RHL
54" sec

proctolin

lation [10]. It was shown also that scopolamine, an
inhibitor of mAChR, did not affect the proctolin-
stimulated singing injected together with proctolin
[8]. To investigate a possible involvement of phos-
phoinositides in mediating the proctolinergic excita-
tion, neomycin, a substance that reduces PLC
activity by binding to the enzyme’s substrate PIP,
was injected to site where proctolin stimulates
singing. Injection of this inhibitor produced a
gradual reversing reduction of proctolin-stimulated
stridulation. The average duration of singing in all
experiments decreased significantly (P < 0.05, n =
10) in the period of 12—16 min (Fig. 3A). In 3 other
experiments, the proctolin-initiated stridulation was
suppressed irreversibly and were not put into
analysis. Li’, also known as a PLC inhibitor, was
tested. In all experiments (n = 9, P < 0.05) a
reversible decrease of both sequential (SD) and
complete (CD) duration of proctolin-stimulated
singing occurred (Fig. 3B).

The robust appearance of the inhibitory effect of
neomycin and Li" on proctolin-stimulated singing
behaviour suggested a main role for the PLC
pathway mediating proctolinergic excitation in the
brain of Ch.b.

PKA might mediate the proctolin-stimulated singing

Diacylglycerol (DAG) is a second messenger
generated through PLC signaling and activates the
proteinkinase C which phosphorilates proteins, ion
channels, receptors, efc. and alters the neuronal
activity. In various insect preparations, DAG has
been shown to contribute to proctolin receptor-

triggered excitation [11, 12].

1 sec

—

Iy
i N
/ >

1 sec

Fig. 1. Proctolin, injected inbetween the central body and Protocerebral Bridge of the brain, alone elicits
courtship singing in male Ch.b. (RHL — right hindleg).
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Fig. 2. Comparison between proctolin- and muscarine-stimulated stridulation induced at the same spots in the
protocerebrum of males Ch.b.  A. The latency of proctolin-induced stridulation was shorter (P < 0.05);
B. The duration of the proctolin produced singing was much shorter than muscarinic (P < 0.01).
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Fig. 3. Effects of the PLC inhibitors neomycin (A) and Li" (B) on proctolin-stimulated singing (males, Ch.b.). A. Two
phases of reversible inhibition were observed: the first one from 4™ to 8" min and the second — 12" to 20™ min (n = 10,
P <0.05); B. Li" co-injected with proctolin reduced both S and C Duration of proctolin-induced singing (n = 9, P<0.05).
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Fig. 4. Male singing (Ch.b.) induced through proctolin (A) and phorbol-12,13-dibutirate (phorbol ester, PhE) (B),
injected at the same spot in the brain.
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Fig. 5. S and D durations of proctolin- and phorbol ester-induced singing (males, Ch.b., n = 4).

A. 0,3, 6 min and 18, 21, 24 min — responses to proctolin; 9, 12, 15 min — responses to PhE;
B. Average values of the S and D durations (P < 0.05).

A possible role of DAG in proctolin-stimulated
singing was examined through injections of
phorbol-12,13-dibutirate (phorbol ester, PhE) at the
same brain areas of Ch.b., where proctolin stimu-
lated singing. In the first series of experiments PhE
was injected alone from the second chamber of the
capillary following and preceding 3 proctolin pulses
all injected with the same interval between indi-
vidual stimulations. Injections of PhE into the Ch.b.
brain elicited coordinated singing movements that
were indistinguishable from proctolin-stimulated
singing induced at the same site within the brain
(Fig. 4A, B). However, the time course of the
released singing differed in that the average relative
duration of singing behaviour after injection of PhE
was significantly shorter (from 80%, SD = 9.77%
down to 50%, SD = 23.88%; P < 0.05; n = 4) than
the preceding and following injections of proctolin
(Fig. 5A, B), while the latency was significantly
longer (data not shown). After 3 pulses PhE the
durations of proctolin-elicited singing increased up
to slightly higher levels than before (Fig. SA, B),
indicating a weak after-effect on the excitation due
to PhE stimulation. Thus, the PKC might mediate
the PLC activity triggered by proctolin and the
relevant G-protein coupled receptors.

CONCLUSIONS

The proctolin-stimulated singing differed
significantly from muscarine-stimulated one due to
its time course and context, respectively courtship
and calling singing. Additionally, the blockade of
PLC through neomycine and Li" showed strong
inhibitory effect on the proctolin-stimulated singing
in males (Ch.b.), since complete inhibition was
common in most of the experiments. On the other
hand, proctolin effects have been not altered by
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scopolamine, a mAChRs inhibitor. This suggests that
the proctolin receptors, coupled to PLC pathway,
play a main role in the brain control of courtship
singing, triggered by proctolin in comparison to the
controlled by mAChRs activation calling singing.

PKC activation (through phorbol ester) poten-
tiated proctolin-stimulated responses, indicating
additional level of excitation to this induced by
proctolin. This may suggest a potential side entry
for additional synergistic effects on singing related
arousal from other receptors coupled to PLC
signalling pathway. Moreover, phorbol ester
injected alone to sites, where proctolin was induced
singing, mimicked partly the proctolin response.

The latter suggests that proctolin receptors,
activated by proctolin that stimulate courtship
singing behaviour in males (Ch.b.), are coupled to
intracellular PLC signalling pathway and most
likely uses DAG as a second messenger.

The observed results suggested possible mole-
cular mechanisms that are involved in the decision-
making brain centre controlling the sexual behaviour
— what (by altering the context), when (by con-
trolling the initiation) and how long (by increasing
the basal excitation) should the male sing in
presence (courtship) or absence (calling) of a female.
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OT MOJIEKYJIATA IO CEKCYAJIHOTO ITOBEJIEHUE — POJIITA HA MO3BUHUA
HEBPOITEHTANENTH/I [IPOKTOJINH B AKYCTUYHATA KOMYHUKAILWS
HA CKAKAJIELIA Chorthippus Biguttulus (L.1758)

Cr. P. Besenkos'*, P. Xaitnpux’, H. Encuep’

! Kameopa ,,Toconedus “, Kzo03anaden ynusepcumem ,, Heogpum Puncku“,
ya. ,,Mean Muxatinos Ne 66, 2700 brazoesepao,
? Tenapmamenm ,, Heepo6uonozus *“, Hncmumym no 300102us, anmpononozus u 61oj02us Ha paseumuemo,
ya. ,,Bepnunep “ Ne 28, 37073 I'vomuneen, ®P I'epmanus

Tocrprnmna Ha 20 romm 2008 r.; [Ipepabotena ua 30 cenremBpu 2008 r.
(Pesrome)

3ByKoBaTa KOMyHMKaius Ha ckakaneua Chorthippus biguttulus (Ch.b.) e ynoOeH NOBeJEHUECKH MOJEN 3a
n3cieBaHe Ha HEBPO(PHU3HOJIOTHYHUTE €PEKTH HAa UICHTU(GHULIMPAHH HEBPOIIETITUIN M CTOSIIIUTE 331 TSIX MOJICKYJIIPHU
MexaHu3MHU. HeBpONeHTANenTuabT MPOKTOJIMH WUIpae MOIYJIMpAIla pojis B MO3bYHATA HEBPOHAIIHA MpPEkKa, KOSATO
KOHTPOJIMpA 3BYKOBAaTa KOMYHHKAIUs (CTPHIYJIAIHs), PECIEKTUBHO CEKCYaTHOTO MOBEJCHUE HAa MBKKUTE OT BUIA
Ch.b. AKTUBHpaHETO Ha NMPOKTOIWHOBUTE PEENTOPH MHUIUIPA M3MBIHCHUETO Ha JIF000BHA meceH (courtship song),
BTOPO HUBO Ha CEKCYalIHO MOBEJCHHUE, MPEIX0XKAaHO OT cepeHasa (calling song), KOHTPOIUPAHO OT AKTUBHPAHETO HA
MyCKapuHOBUTE aneTmixoianHoBH perentopu (mAChRs). dapmakonornyHnTe HW3CIEABAHMS IOKa3axa, de BBTPE-
KJIEThYHATA CHTHAIHA Kackaza Ha ¢ocdoaumasza [ (PLC) e cBbp3aHa ¢ JOOOBHOTO MEEHE, Thil KATO HEOMHIIUHBT U
JMTUEBUTE WOHM MMaxa CHJIEH MHXHOMTOpPEH e(eKT BbPXY CTUMYJHMPAHOTO OT IPOKTOJMHA reeHe. Hemo moseuye,
(dopOonoBusiAT ectep (aHAJIOr HAa BTOPUYHHS TMOCPETHHMK IHALMITIMLEPOJ), WHKEKTUPAaH B YyBCTBUTEIHUTE KbM
NPOKTOJIMH MECTa B MO3bKa, ITPEAU3BUKBA CTPHIYJIAlMs CaMOCTOsATeNTHO. ToBa 1oka3Ba, 4e npoTeMHKkuHaza L] meauupa
epexrute Ha axTMBUpaHata (ocdonunaza L. [lomydeHure pesynraTH IOKa3BaT BB3MOXKHHTE MOJIEKYJISIPHU
MEXaHHM3MH, KOUTO y4acTBaT IIPU B3UMAHETO HA PEIICHNE B MO3bYEH IIEHTHP, KOHTPOJIHPALL CEKCYaTHOTO TTOBEJICHNE —
KaKBO (Upe3 MpoMsiHa Ha KOHTEKCTa Ha M3IThJIHSABAHATA IIECEH), Kora (Ype3 KOHTPOJI Ha MHUIMALMATA Ha IPOLyLUpaHe
Ha 3BYLH) M KOJKO MPOJBIDKUTEIHO (Ype3 MOBUINIABAHE HUBOTO HAa BB3OYMHHS IPOIEC) MBKKHS CKaKalel Ja
MIPOM3BEI/IA BUOBO U MOJIOBO CICIU(PUIHHU 3BYIIH.
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Self-assembly is an efficient approach for the preparation of supramolecular structures with sizes ranging from
nanometers to micrometers. Investigation of self-assembled fibres and fibrils is in the focus of very active research as
these materials have potential applications in tissue engineering, template for inorganic nanofibres, electrooptical
materials, etc. Here we report that recently synthesized L-valine and pyridine containing low-molecular compounds,
self-assemble under solvent-free conditions into fibril structures in solid state. Heating of a dry powdered sample caused
formation of rod-like particles. The initially formed nanofibres evolved to microscale needles upon further heating. The
habitus of the fibres grown remains stable upon cooling. Results obtained represent an interesting alternative for the
preparation of organic crystalline nanoobjects and microfibres in solvent-free conditions.

Key words: low-molecular gelators, supramolecular complexes, organic nano- and microfibres.

INTRODUCTION

The interest in new designs for self-assembly
approaches in producing microscopically small
objects continuously increases in the last decades
[1-3]. An attractive morphology of such nano- and
micro-items is the fibrous one as many properties
(mechanical, electrical, optical, transport, etc.) can
be controlled along the fibre sizes. Conventional
methods used up to now in the preparation of supra-
molecular nano- and micro fibres from small mole-
cular organic compounds involve work in solution.
Here, we are describing organic compounds that are
capable of self-assembling into fibres with nano-
and micro-dimensions in the absence of solvent.
Some examples for solvent-free processes like
chemical reactions [4, 5], synthesis of nano-capsules
[6], etc. are presented in literature and although they
are still limited in number, obviously it is more
economic and pure approach, definitely preferred,
when it is applicable. It is also in a good agreement
with the principles of green chemistry.

Recently we reported [7] that compound 1 (Fig.
1), which belongs to the family of the so-called low-
molecular gelators (LMWG), forms gels or other
precipitates in organic solvents and in water. All the
solids obtained from its solutions (xerogels, spheru-
lites, etc.) were found to be constructed by thin
fibres which X-ray powder diffraction (XRPD) data
showed the crystalline structure called 1a. We found
that when heating a powdered solid material from

* To whom all correspondence should be sent:
E-mail: d_tsekova@abv.bg

la above 225°C, a solid state polymorphic transition
took place leading to a fiber-like polymorph 1.
Polymorph 1P was obtained also after melting of the
product and cooling down to room temperature.
XRPD, differential scanning calorimetry (DSC),
infrared spectroscopy (IRS) and circular dichroism
spectroscopy (CD) measurements gave an evidence
of the solid-solid transformation [7].
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Fig. 1. Compounds used in the experiments.

Here we report that compounds related to 1 (Fig.
1) during the heating in the absence of solvents
exchange their morphology and the particles, shape-
less at the micro scale (Fig. 2a), self-organize into
filament formations (Fig. 2b). The fibres formed
belong to two types: the first one corresponds to
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straight fibres which are isolated and with no
branching and the second one — to twisted pronged
fibres that can even be wrapped as rope. Their habitus
depends on the chemical structure and conditions of
obtaining (Fig. 2, 3). Polymorphic exchange noticed
for compound 1 during the heating [7] (Fig. 4.1) is
not always observable with the other compounds.
Noticeably, the fibres obtained from compounds 3
and 4 under the same conditions posses helical
structure (Fig. 3a, b, d, e,), which is a very good
example for amplification of molecular chirality in
supramolecular aggregates. One of the active
research fields nowadays concerns translation of
chirality from molecular level to micro- and macro
scale. It was pointed by other authors summarising
the results obtained over the past decade that the
predicting of amplification of chirality is chal-
lenging but still impossible [8].

EXPERIMENTAL

Compounds used in this work are presented in
Fig. 1. They were synthesized according to pre-
viously described protocols for compound 1 [7], 2
[9], 3 and 4 [10]. All they belong to the group of
LMWG and form gels or other solid precipitates in
different solvents. In order to check their self-
assembly ability in the absent of solvent, demon-
strated from compound 1, as well as correlated with
this process phenomena, e.g. solid state phase tran-
sition, a series of experiments was realised.

Thermal treatment and preparation of samples
for scanning electron microscopy (SEM). Thermal
treatment of the substances was done in two ways.
First one was similar to that explained for com-
pound 1 [7]. Briefly: Sample of well-crushed material
obtained as a product of the synthesis, or after
recrystallization (xerogel, spherulites, etc.), was put
on a cover glass slide, placed over a heating plate
and observed with the loupe while heating. Along
the heating, at temperatures individual for each
compound, the powdered material (Fig. 2a) starts to
rearrange into fibril objects. Keeping the tempe-
rature higher than this one and lower than the
melting point leads to exchanges of the fibril sizes.
Temperature intervals and time of heating are indi-
vidual. The observed habitus remained stable upon
cooling the samples to room temperature. A number
of samples were prepared and for each one the
heating was stopped at a different level of shape
exchange, left for cooling and used for SEM studies
(Fig. 2b, ¢, Fig. 3a, b, d, e). Second way for
preparation of patterns for SEM studies was in DSC
apparatus. We tried to relate conditions of the open
system with those in a closed system in DSC pans,

where all parameters were strictly defined. In DSC
pans, the powdered material was enclosed, sealed
very well and thermal conditions were set before
starting the experiments. After cooling, the pans
were opened and transformations were recorded by
SEM observations (Fig. 3c, f).

DSC measurements also were done to follow the
thermal behaviour of the compounds, in order to
have precise data for melting points and polymorph
transitions, in case they take place. XRPD, IR and
CD measurements of solids obtained from solutions
as well as after thermal treatment at specific tempe-
rature were performed in order to determine the
characteristics of these materials and any relation
between them.

RESULTS AND DISCUSSION

First of all, we should notice again that all
compounds from Fig. 1 belong to LMWG. Results,
concerning the behaviour of these compounds in
solutions, show that all they always make gels or
solid precipitates, constructed from thin fibrils and
their structure was studied by electron microscopy
[7, 9, 10]. Xerogels and other solid precipitates that
were formed in the supersaturated solutions of
compound 1 showed no brunched adhered each to
other fibers with diameter about a micron [7]. The
morphology of solids obtained from compound 2
solutions is similar to that found for compound 1
[9]. Detailed studies of xerogels from each of the
four compounds revealed elongated objects of
different size (in nano- and microscale) [9], as well
as entangled network of fibres [10].

Thermally-induced self-assembly
in the absence of solvent

As it is mentioned above, during the heating of
ground material the morphology of the powdered
substance exchanges and compound reorders into
fibrils. Depending on the substance and conditions
of thermal treatment two main types of fibrils have
been obtained. Compounds 1 and 2 (Fig. 4) have
very close melting points (270 and 276°C), both
reveal solid-state self-assembly in the same tempe-
rature range (~ 220-270°C) and the obtained crys-
talline needles look straight and very well shaped
rods. Needles obtained from both compounds have
similar morphology; nevertheless they have been
prepared on the heating plate in the hood, or in DSC
pans. Fig. 2 presents fibres obtained from 1 and 2,
the sizes and number of the needles for any of these
two compounds depend on amount of the used
material and thermal regime (temperature, time and
rate of heating).
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Fig. 2. Crystalline microfibres obtained from 1 and 2: a — Sample of the starting grounded material;
b, ¢ — Straight needles formed during the thermal treatment from 1 (b) and 2 (c).

Compound 3 i Compound 4

Fig. 3. Fibrils obtained from compounds 3 and 4 on the heating plate and in the DSC pans: a-c — Compound 3;
d-f— Compound 4; a, b, d and e — Samples obtained on a heating plate; ¢ and f — Samples obtained in the DSC pans.
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Fig. 4. DSC data for compounds 1, 2, 3 and 4, prepared
according to the protocols described in [7, 9, 10].

Compounds 3 and 4 also self-organize into fibril
shapes. The type of the fibrils obtained for these two
compounds depend on the conditions of thermal
treatment, too. The most important difference for
these two compounds in comparison with the first
two, is the fact that they self-assembly into
helicoidal structures in case of thermal treatment on
the heating plate (in the hood) (Fig. 3a, b, d, e).
When the heating was performed in DSC apparatus
again straight fibres (at the highest possible magnifi-
cations) were observed (Figs. 3c and 3f).

Thermally induced self-assembly
in the presence of solvent

As it was reported before, compound 1 in all
solids obtained from different solvents has one and
the same crystalline structure, denoted as 1a, which
structure during the heating undergoes polymorphic
transition at ~ 225°C to 1P (Fig. 4) Then, at up of
225°C starts rearrangement of 1f in the crystalline
nano- and microfibres [7] (Fig. 2b). Compound 2
does not reveal such transition no matter how the
solid was obtained (Fig. 4.2). Compounds 3 and 4
do not show such solid-solid transition in the forms
obtained as products of synthetic reaction (Fig. 4.3
and 4.4). In some cases, depending on the solvent
and conditions of preparations, 3 and 4 also undergo
such transitions, but, obviously, it is not influential
for the crystals shape exchanging. DSC studies
show also that the exact place of peak(s) denoting

phase transitions depends on the solvent used for the
solution prepared before gelation or precipitation.

The four compounds make gels, spherulites and
other formations from supersaturated solute but
single crystal was impossible to obtain from any of
these compounds.

All solids formed from solutions or after thermal
treatment are represented by very thin 1D forma-
tions (Figs. 2 and 3), which cannot be used for
routine XRD analysis. That is why XRPD have been
done only to the starting materials and those
obtained after prolonged heating at temperatures, at
which morphology transformation took place.
XRPD spectra for the four compounds are repre-
sented in the Fig. 5 and its four subfigures (5.1-5.4).
Two spectra for each compound are given — before
and after thermal treatment. All XRPD spectra
contain very sharp peaks, which means that all used
samples are crystalline, but spectra, obtained after
the heating, show low amount (not more than 10%)
of amorphous phase. As it is seen from Fig. 5.1,
only compound 1 has entirely different diffracto-
grams, which testifies to two different polymorphic
phases. Completely identical diffractograms were
registered for compound 2, no matter the spectra are
taken before or after thermal treatment, which is in
accordance with DSC data that this compound
changes its morphology during the heating, but does
not change its polymorphic state. Compound 3 has
the same behaviour like compound 2. In case of
compound 4 (Fig. 5.4) all peaks characteristic for
the thermally treated form (e.g. 260 = 6, 9.8, 18.5)
were observed in the pattern of solution obtained
solid. Probably, compound 4 crystallizes from the
solution in a mixture of two or more polymorphs.

CD signals confirm that thermal treatment of
compound 1 leads to rearrangement of the mole-
cules into different mode, while for all other
compounds any significant difference has not been
noticed. In Fig. 6 the CD spectra of the compounds
are presented and all they have negative absorbance
at about 230-235 nm, which corresponds to the
aromatic 7m-n* transition, and many of them have
well-defined absorbance at about 280 nm, which,
most probably, is associated with carbonyl/aromatic
transitions.

IRS data for compounds 2, 3 and 4 are also in
accordance with the other results. The IR spectra [9,
10] are absolutely identical for both materials (before
and after thermal treatment) and, because of that,
they are not presented here.
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Fig. 5. XRPD spectra of the four compounds before (bottom line) and after (top line) thermal treatment.
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Fig. 6. CD spectra of of compounds 1a, 1P, 2, 3 and 4
(KBr pellets 0.25% w/w).

On the basis of the results for solid-state poly-
morphic transition and solvent-free self-assembly of
compound 1, recently reported by us [7], we ampli-
fied this study on more compounds with similar
structures and found that all they are capable of
solvent-free self-assembly during heating. It turned
out that the solid-state polymorphic transition is not
a main condition for fibril formation, as for more
compounds it does not take part. One of the possible
reasons for the solid-state self-assembly observed in
the described experiments is sublimation and
deposition in new crystalline fibril formations

CONCLUSIONS

As a conclusion, we present a new approach for
nano- and microfibres formation at solvent-free
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conditions that can substitute commonly applied
work in solution aiming fibre formation. All used
compounds tend to form fibril networks in solutions
and we have shown that this property is manifested
without using solvents. This self-assembly proce-
dures are advantageous from technical and environ-
mental points of view and they are related to active
research in solvent-free procedures for organic and
organometallic synthesis [4, 5]. Fibres, formed at
some conditions, are an interesting example of
amplification of molecule’s chirality to supra-
molecular complexes that could be used in appro-
priate fields as asymmetric catalysis, molecular
recognition, optoelectronics, efc.
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CAMOIIOAPEXXIAHE HA MAJIKU OPI"TAHWMYHU MOJIEKYJIM B HUIHKOBUJHU
MUKPOCTPYKTYPU B OTCBCBHTBUE HA PA3STBOPUTEJI

JI. C. Llexosa'*, B. Eckronep’, X. Mupaser”

! Kamedpa ,, Opeanuuna xumus *, XuMukomexxono02uuen u Memanypeuien yHugepcumen,
oya. ,, Knumenm Oxpuocku“ Ne 8, 1756 Cogpus
2 Jlenapmamenm no neopeanuuna u opeanuyHa xumus, Ynusepcumem ,, Xavime I,
12071 Kacmenon, Ucnanus

Ioctrenmna Ha 17101 2008 1., IlpepaboTena Ha 25 cenremspu 2008. .
(Pesrome)

Camoopranuzanusara € eIuH e(pHUKaceH MOJAXO0J 3a IOJyYyaBaHETO Ha HAJMOJEKYJIHH KOMIUIEKCH C pa3MepH OT
NOpsbKa Ha HaHO- IO MUKpOMeTpHu. V3yuaBaHeTO Ha TO3M NpOLEC B CIy4ail Ha 0Opa3yBaHE Ha HUIIKHU M BIAKHECTH
CTPYKTYpH € OOEKT Ha aKTUBHU Hay4YHM M3CJIEIIBaHUS, ThH KaTO MOJYYEHHTE C TakaBa MOP(OJIOTHs MaTepHaId UMaT
MOTEHIMAIIHO MPHJIOKEHHE B THKAHHOTO MH)XEHEPCTBO, KaTo IIA0JIOHW 32 HEOPTaHWYHNW HAaHOHHIIKH, MaTephald B
SJIEKTPOONTHKAaTa U Ap. Tyk cboOliaBamMe 3a HaCKOPO CHHTE3MPAaHH HHCKOMOJICKYJHH NPOW3BOJHM Ha L-BanuHa u
MMUPUIMHA, KOUTO CE€ CaMOOpPTaHW3MpaT B HUIIKOBH CTPYKTYpH B TBBbpAa (a3a, T.c. B OTCHCTBHUE HAa KAKBBTO U Ja €
pastBopuTen. HarpsBaHeTo Ha CyXOTO pa3NpalieHO BELIECTBO BOIM A0 0Opa3yBaHETO HAa WITIOBHIHHM YacTUYKU C
HaHOpPa3MepH, KOUTO CE€ Pa3BHBAT B MHUKPO-NPBUMIM IPH MPOIBIDKABAIIO HarpsBaHe. XaOMTyChT HA HapacTHATUTE
HUIIKK C€ 3ala3Ba M ciel oxnaxaane. IlomydeHnTe pesynaTaTd MpeacTaBAT MHTEPECHA alTEPHATHBA 3a IOTY4aBaHETO
Ha KPUCTAJIMHHU OPTaHUYHU HAHOOOEKTH U MUKPOHHUILKY B YCIOBUE HA OTCHCTBHE HA Pa3TBOPUTEIL.
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Involvement of endogenous nitric oxide in the effects of kyotorphin and its synthetic
analogue on immobilization and cold stress-induced analgesia
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The aim of the present study was to investigate the involvement of endogenous nitric oxide (NO) in the effects of
neuropeptide kyotorphin (Kyo) and its synthetic analogue D-kyotorphin (D-Kyo) on immobilization and cold stress-
induced analgesia (SIA). In scientific literature, Kyo is considered as neuromodulator. D-Kyo is more stable
enzimatically. Some studies demonstrate that Kyo is a possible substrate for neuronal and inducible NO synthase, also
the NO system is stress-limiting and plays an important role in initiation and maintenance of pain.

Kyo and D-kyo were synthesized by the Group of Antimetabolites at the Institute of Molecular Biology, Bulgarian
Academy of Sciences. The proposed synthetic route was based on well-established liquid-phase methods of peptide
synthesis — active esters, using tert-butyloxycarbonyl (Boc) group for protection of the Na-amino group according
to the protocol previously described in the literature. Male Wistar rats were used in acute immobilization and cold stress
models. The evaluation of nociceptive effects was carried out using the paw pressure (PP) and hot plate (HP) tests. Kyo
and D-Kyo (both in dose 5 mg/kg), L-NAME (10 mg/kg), and L-Arginine (1 mg/kg) were dissolved in saline and were
injected intraperitoneally.

The result showed that endogenous NO is differently involved in the effects of peptides, which may be due to
different implication of opioid and non-opioid components of SIA. Probably, L- or D-form of the peptide is also

important, as well as the type of the stressor and its neurochemical signature.

Key words: kyotorphin, D-kyotorphin, nitric oxide, stress-induced analgesia.

INTRODUCTION

Kyotorphin (Kyo) is a dipeptide (L-Tyr-L-Arg)
(Fig. 1A) synthesized in specific brain regions [1].
The highest levels were found in the lower brain
stem and dorsal spinal cord, areas closely associated
with the pain regulatory system [2, 3]. D-Kyo-
torphin (D-Kyo or L-Tyr-D-Arg) (Fig. 1B) is a
synthetic analogue of Kyo. Both peptides bind to a
specific Kyo-receptor and induced Met-enkephalin
release at rates of approximately 4 times basal
release [4]. Literature data showed that Kyo-
receptor is identified in the membrane-preparations
of the brain, which suggests that it plays a physio-
logical significance in the neurotransmission as a
neurotransmitter/neuromodulator [5]. However, D-
Kyo shows enhanced analgesic activity, i.e. 5.6-fold
higher than that observed with Kyo. Takagi and co-
workers [1] suggested that this effect is a result of
protease resistance conferred by the substitution of
L-arginine (L-Arg) with a D-arginine residue [6].

It is also known that acute and chronic stress
induces biochemical changes affecting both pain
threshold and behaviour [7]. Stressors such as

* To whom all correspondence should be sent:
E-mail: el _dji@abv.bg
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immobilization and cold exposure can cause stress-
induced analgesia (SIA) [8]. It can be resolved into
an opioid, when it is antagonized by naloxone, but
also a non-opioid component [9].
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Fig. 1. Structural formula of: A. kyotorphin
(L-Tyr-L-Arg); B. D-kyotorphin (L-Tyr-D-Arg).
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Rat experiments have demonstrated that the
nitric oxide (NO) system fulfils the main criteria of
a stress-limiting system [10]. Earlier it was reported
that the mechanism of NO-induced antinociception
involved opioid components and was also dependent
on brain NO [11]. NO is an unique neurotransmitter
was synthesized by the enzyme nitric oxide synthase
(NOS) and plays an important role in initiation and
maintenance of pain [12]. Also, it is known that
Kyo, as well as L-Arg, are possible substrates for
neuronal and inducible NOS [13, 14]. The aim of
the present study was to investigate the involvement
of endogenous NO in the effects of kyotorphin and
D-kyotorphin on immobilization and cold stress-
induced analgesia.

EXPERIMENTAL

Chemistry. All reagents and solvents were of
reagent grade and used without further purification.
Amino acid derivative Boc-Tyr-OH was prepared
according to the general procedure of Pozdnev
[15] and Boc-Tyr-OSu — according to [16].

Active ester procedure (AE). No-protected
tyrosine succinimide ester (1 mmol) was dissolved
in I ml dimethylformamide (DMF), and 1.2 mmol
arginine (L- or D- form) in 1 ml DMF was added to
it. The pH was adjusted to 8-9 with 5% NaHCOs,
and the mixture was stirred at room temperature
overnight. After reduced pressure evaporation, the
residue was partitioned between 0.5 M NaHSO,4 and
n-BuOH. The acidic aqueous layer was extracted
twice with n-BuOH (2 x 30 ml) and the combined
organic extracts were washed with 10% NaHCO;
and brine. The organic phase was dried over Na,SOy,
and evaporated in vaccuo to a smaller volume;

Trifluoroacetic acid (TFA) deprotection. The
fully protected peptides were treated with TFA
(1/10 molar ratio) in the presence of anisole for 30
min at room temperature to remove the Boc-pro-
tecting groups. The crude peptides were purified by
suitable crystallization. The pure TFA salt obtained
in this way was converted to the target product by
treatment with ion-exchange resin Amberlite IR-45,
dissolved in water and lyophilized.

Analyses. The purity of the peptides and struc-
tural identity was established by TLC, analytical
HPLC and electrospray mass spectometry. TLC was
carried out on silicagel 60F254 pre-coated (Merck)
aluminum plates, with the use of the following
solvent systems: A = n-butanol:acetic acid:water
(4:1:5); B = chloroform:methanol:water (80:30:5).
Visualization was done with either UV, or nin-
hydrin. For the analytical gradient RP-HPLC, a
Merck-Hitachi liquid chromatograph, was used. A

water/0.1% TFA buffer, pH 2.25, and a linear
acetonitrile gradient were used for elution on a
100-5 Nucleosil Ci8 column. To check the purity of
compounds, a 5-100% acetonitrile gradient in 30
min was performed. Optical rotation was measured
with a Perkin-Elmer Model 141 polarimeter.

Animals. Male Wistar rats (180-200 g) were
used. The animals were housed in groups of 6 per
cage and kept under a normal 12 h light/dark cycle
and 22 + 2°C temperature. Rats had free access to
food and water.

Acute models of stress: Immobilization stress (1S).
The animals were placed for 1 hour in a plastic tube
with adjustable plaster tape on the outside so that
the animals were unable to move. There were holes
for breathing.

Cold stress (CS). The animals were placed in a
refrigerating chamber at 4°C for 1 hour.

Nociceptive tests. The evaluation of antinoci-
ceptive effects was carried out using the paw
pressure (PP) test of Randall and Selitto [17] and
hot plate (HP) test.

Paw-pressure test. The changes in the mecha-
nical nociceptive threshold of the rats were
measured by using an analgesimeter (Ugo Basile).
The pressure was applied to the hind-paw and the
pressure (g) required to elicited nociceptive res-
ponses such as squeak and struggle was taken as the
mechanical nociceptive threshold. A cut-off value of
500 g was used to prevent damage of the paw.

Hot plate test. The latency of response to pain
was measured from the moment of placing an
animal on a metal plate (heated to 55 + 0.5°C) to the
first signs of pain (paw licking, jumping). The cut-
off time was 30.

Drugs and treatment. Kyotorphin and D-kyo-
torphin (both in dose 5 mg/kg) were synthesized by
the Group of Antimetabolites at the Institute of
Molecular Biology, Bulgarian Academy of Sciences.
NOS inhibitor L-N%nitroarginine ester (L-NAME)
(10 mg/kg) and L-Arginine (L-Arg, 1 mg/kg) were
obtained from Sigma. All drugs were dissolved in
sterile saline (0.9% NaCl) solution and were injected
intraperitoneally (i.p.). The control group was not
submitted to stress procedure and was injected with
saline 1 ml/kg, ip. The nociceptive tests were
performed 15 min after peptide injection.

The experiments were approved by the Animal
Care and Use Committee of the Medical University,
Sofia.

Data analysis. The results were statistically
assessed by analysis of variance (ANOVA) followed
by Dunnetts’s multiple comparison test. Values are
mean £ S.E.M. Values of p < 0.05 were considered
to indicate statistical significance.
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RESULTS AND DISCUSSION

The proposed synthetic route was based on well-
established liquid-phase methods of peptide syn-
thesis — active esters, using tert-butyloxycarbonyl
(Boc) group for protection of the Na-amino group
(Fig. 2) according to the protocol previously
described in literature [18]. The strategy of the
minimal side-chain protection was adopted. Thus,
the phenolic group of tyrosine and oJ-guanidino
group of arginine were unprotected.

Tyr Arg
Boc—1— OH el 0O
Boc——— 0OSu
Boc : : OH

ii
H OH

2

Fig. 2. Scheme for the synthesis of kyothorphin and
D-kyotorphin. i) 5% NaHCO;, DMF;
i) 3 N HCI/EtOAc (TFA).

The Kyo and D-Kyo were synthesized by con-
densation of the preliminary prepared Boc-Tyr-OSu
with L-Arg or D-Arg, respectively. The reaction
carried out for 16-24 hours at room temperature
resulted in high yields.

After isolation and purification, the peptides
were identified and characterized by optical rotation,

TLC, analytical HPLC, mass-spectra and elemental
analysis.

The investigations started 15 min after intra-
peritoneal injection of each of the peptides. Our
results showed that in PP test Kyo (p < 0.01) and D-
Kyo (p < 0.01) (both at a dose of 5 mg/kg, i.p.)
administered immediately after stress procedure
significantly inhibited 1 hour immobilization stress-
induced analgesia (ISIA) at the beginning of the
experiment. On the 30" min only Kyo had kept this
effect, while D-Kyo significantly potentated pain
threshold (p < 0.05) (Fig. 3).

L-NAME (10 mg/kg, i.p.) and L-Arg (1 mg/kg,
i.p.) were injected 20 min before investigated
peptides and their interactions have been studied
after each stress model. Co-administration of Kyo
and D-Kyo with L-NAME or L-Arg significantly
decreased analgesia induced by IS and CS and
measured by PP and HP tests (Figs. 3, 4, 5 and 6).

In PP test L-NAME or L-Arg significantly
decreased inhibiting effect of Kyo on ISIA. Their
effect on D-Kyo was the same only on the 15th min,
while on the 30™ min they significantly decreased its
increasing pain threshold (Fig. 3).

Injected immediately after 1 hour CS, Kyo (p <
0.01) significantly inhibited cold stress-induced
analgesia (CSIA) during the whole investigated
period, while D-Kyo injected after 1 hour CS
procedure decreased significantly the analgesic
effect of CS on the 45" min (p < 0.01) from the
beginning of the experiment (Fig. 4).
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Fig. 3. Effects of Kyo and D-Kyo (both in 5 mg/kg, i.p.) and their combination with L-NAME (10 mg/kg, i.p.) and
L-Arg (1 mg/kg, i.p.) on nociception measured with paw pressure test after 1 hour immobilisation stress (IS) in male
Wistar rats (n = 5). Mean values + S.E.M. are presented. *p < 0.05, **p < 0.01 vs. control; 'p < 0.05, "p < 0.01 vs. IS.
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Fig. 4. Effects of Kyo and D-Kyo (both in 5 mg/kg, i.p.) and their combination with L-NAME (10 mg/kg, i.p.) and
L-Arg (1 mg/kg, i.p.) on nociception measured with paw pressure test after 1 hour cold stress (CS) in male Wistar rats
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Fig. 5. Effects of Kyo and D-Kyo (both in 5 mg/kg, i.p.) and their combination with L-NAME (10 mg/kg, i.p.) and
L-Arg (1 mg/kg, i.p.) on nociception measured with hot plate test after 1 hour immobilisation stress (IS) in male
Wistar rats (n = 5). Mean values + S.E.M. are presented. *p < 0.05, **p < 0.01 vs. control; p <0.05, “p < 0.01 vs. IS.

L-NAME and L-Arg significantly decreased
inhibiting effect of D-Kyo on CSIA on the 45™ min.
Co-administrations L-NAME+Kyo and L-Arg+Kyo
showed pain thresholds commensurable to that of
Kyo administered after CS (Fig. 5).

In HP test IS significantly increased HP latency
only on the 15™ min compared to control group (p <
0.01). This enlargement on analgesic activity was

significantly decreased by Kyo (p < 0.01) and
D-Kyo (p <0.01) (Fig. 5).

In Fig. 6 CS increased HP latency on the 15"
min (p < 0.01) and 30™ min (p < 0.05) compared to
control. Kyo significantly inhibited CSIA (p < 0.05).
D-Kyo showed the same effect, where HP latency
was more pronounced on the 30™ min (p < 0.01) and
was shorter than control.
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‘D control 01h CS @ CS+Kyo M CS+L-NAME+Kyo [1CS+L-Arg+Kyo B CS+D-Kyo E CS+L-NAME+D-Kyo £l CS+L-Arg+D-Kyo ‘

Fig. 6. Effects of Kyo and D-Kyo (both in 5 mg/kg, i.p.) and their combination with L-NAME (10 mg/kg, i.p.) and
L-Arg (1 mg/kg, i.p.) on nociception measured with hot plate test after 1 hour cold stress (CS) in male Wistar rats
(n =5). Mean values = S.E.M. are presented. *p < 0.05, **p < 0.01 vs. control; p <0.05, "'p <0.01 vs. CS.

Co-administration of Kyo and D-Kyo with
L-NAME or L-Arg significantly increased inhi-
biting effects of peptides on ISIA and CSIA
measured by HP test (Figs. 5 and 6).

NO is an exclusively important and many-sided
regulator of a number of physiological functions in
animals. It also acts as a neurotransmitter itself
and/or as a neuromodulator, influences plastic pro-
perties of the neurons, in particular the phenomenon
of long-lasting potentiation. NO production occurs
in the spinal cord after activation of NMDA
receptors and gives rise to acute pain [19].

It is known that stress activates the hypotha-
lamic-pituitary-adrenal (HPA) axis by stimulating
neuronal activity within the paraventricular nucleus
of the hypothalamus [20]. Some workers have
reported that HPA axis responses to neural stimuli,
which are not dependent on immune factors, can be
modulated by NO and also NO plays an important
role in regulating the response of the HPA axis to
various stresses. Data in literature showed that endo-
genous NO influenced nociceptive effects induced
by IS and thermogenesis [21].

Our previous data showed that Kyo and D-Kyo
applied alone exerted well marked and time
dependent analgesic effects, reduced by naloxone.
Also, they modulated ISIA and CSIA [22, 23].
Injection of L-NAME or L-Arg before Kyo or
D-Kyo showed different effects on ISIA and CSIA
in two nociceptive tests. These findings indicate that
endogenous NO is differently involved in the effects

120

of peptides, which may be due to different impli-
cation of opioid and non-opioid components in two
types of SIA — immobilization and cold.

Our unpublished observation and literature data
showed that the non-opioid system is mostly involved
in cold stress, while both systems — opioid and non-
opioid are equally presented in immobilization
stress [8]. On the other hand, Kyo, as well as L-Arg,
are possible substrates for neuronal and inducible
NOS [13, 14]. Literature data revealed that endo-
genous opioid peptides and NO mediated a wide
variety of physiological processes including pain
transmission and SIA [7]. The morphological studies
present evidence for the existence of a signaling
pathway between an opioidergic and the NO
systems in the hypothalamus of the rat brain [24].
Also, L- or D-form of the peptide is important for
possible NO production.

In conclusion, we suggest that there is a different
kind of involvement of endogenous nitric oxide in
the mechanisms of nociception of Kyo and D-Kyo
after immobilization and cold stress, which may be
due to different implication of opioid and non-
opioid components of SIA. Probably L- or D-form
of the peptide is also important, as well as type of
the stressor and its neurochemical signature.
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YYACTHUE HA EHAOI'EHHUA A3OTEH OKCHU B EGEKTUTE HA KUOTOP®VH 11 HEI'OB
CHUHTETHUYEH AHAJIOI' BEPXY UMOBUIIM3ALIMOHHA U CTYJOBA CTPEC-UHAYLIMPAHA
AHAIJITE3UA

E. b. Jlxam6asoa'*, A. 1. Bouesa', B. I1. Hukomnoa®
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ITocTepnuna Ha 16 roau 2008 1.
(Pesrome)

LlenTa Ha Hacrosimata paboTa € Ja ce M3CiIeABa y4acTHeTo Ha eHjoreHHus a3oreH okcuj (NO) B edexrture Ha
HeBponenrtuaa kuoroppuH (Kyo) u HeroBusi cunrernyer ananor D-kuotopdun (D-Kyo) BEpxy MMoOMIH3aMOHHA U
cTysoBa crpec-uHnynupana anairesust (SIA). B nayunara nureparypa Kyo e m3BecTeH kaTo HEBPOMOAYJATOp, a
D-Kyo e mo-crabuieHn Ha eH3UMHO pasrpakiaHe. Hskoum m3cnensanus mokaspat, ye Kyo e Bb3MOXkeH cyOcTpar 3a
HeBpoHaHa 1 nHAYynnOmwiHa NO cruHTaza, a NO cucteMa e cTpec-TMMUTHpalla U urpae BaskHa poJisi B MHUIUMPAHETO U
MOJIbpKaHEeTo Ha OoJKaTa.

CunTteszara Ha Kyo n D-Kyo 6e u3BbpIieHa B HHCTUTYTa 0 MOJeKyJsipHa Ouonorus npu BAH, u 6e ocHoBaHa Ha
JoOpe M3BecTHAaTa METOJIMKA 33 NENTHUACH CHHTE3 B pa3TBOP — METOJ] HAa aKTHBUPAHUTE €CTEPH, IIPU KOMTO Ce M3I0I3Ba
TpernuHa-OyTriokcukapbonmnHa (Boc) rpyma 3a 3amuTa Ha No-aMHHO Tpymara. 3a OCTPUTE MOJCTH Ha MMOOWIIH-
3aI[MOHEH U CTYHOB cTpec 0gXa M3MOJI3BaHN MBXKKHU IUTbXOBE JIMHKA Wistar. OLieHsABaHETO Ha HOLMIECIITUBHUTE e(EeKTH
6eure u3BbpuBaHo ¢ paw pressure (PP) u hot plate (HP) tecroe. Kyo u D-Kyo (5 mg/kg), L-NAME (10 mg/kg), u
L-aprunus (1 mg/kg) 6sxa pa3TBOpeHH BbB (pU3MOJIOIHYEH Pa3TBOpP U UHKEKTUPAHH UHTPANIEPUTOHEAITHO.

Pesynrature nokasaxa, ye engoreHHusT NO 1o pa3iiMueH HayMH y4acTBa B e()EKTUTE Ha MENTHIUTE, KOETO MOXE
01 e CBBP3aHO C Pa3IMuHOTO yyacTHE Ha ONMOWIHATA U HeomnouaHa koMroHeHnTta Ha SIA. BepositHo L- u D-popmara
Ha MENTUAUTE € CHIO Ba’KHA, KAKTO TUITA CTPECOP U HETOBHSAT HEBPOXUMUYEH ,,[TOJITNC .
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The development of new protective groups by means of stereospecific and selective reactions is very important for
the practice especially in the synthesis of semi-synthetic antibiotics and biologically active peptides. The aim of the
present investigation is to study the kinetics of enzyme hydrolysis of the Phenylacetyl (Phac) group in synthetic peptide
substrates. Two model compounds with two and three Phac, respectively, were studied. The enzymatic hydrolysis by
means of penicillin G acylase in pH range 6-9 was studied. The substrate concentration was between 0.4—40 mM.
Maximum degree of substrate conversion 75.5% (pH 9), which is closed to the degree of conversion to pH 7.8 (74.5%),
was obtained for 3 to 10 min. At pH 6.5 and 7 the degree of hydrolysis was 62.5 and 37.5%, respectively. The
possibilities for the reaction of hydrolysis in the presence of salts of different complex agents CuSO,.5H,0, NiCl,,
Ni(NOs), and MnCl, were investigated, too. There was 100% degree of Phac group hydrolysis in the presence of 10%
Ni(NOs3), for 9 min and full shift of equilibrium to the direction of hydrolysis was monitored in the presence of 25%

Ni(NO;),.

Key words: enzyme kinetic; penicillin G acylase; peptide mimetics; phenylacetyl protecting group.

INTRODUCTION

Peptides and a-amino acids are widely used in
the medical practice. The development of new
protective groups by means of stereo specific and
selective reactions is very important for the practice
especially in the synthesis of semi-synthetic anti-
biotics and biologically active peptides. Penicillin G
acylase (PGA) is an enzyme that demonstrated high
specificity on the phenyl acetyl residue. The
enzyme’s hydrolase activity is of a great importance
for the new substrates modifications [1-5].

The aim of the present investigation is to study
the kinetics of enzyme hydrolysis of the amide
function between Phenylacetyl (Phac) group and
amino acid residue.

EXPERIMENTAL

Materials and Methods

PGA [E.C 3.5.1.11] from E. Coli was supplied
by Fluka (Switzerland). The enzyme activity of 980
E/ml was determined according to [6]. In the
reaction solution, the product was diluted to 98

* To whom all correspondence should be sent:
E-mail: dancho_danalev@yahoo.com

E/ml. The solution with concentration 0.15 mg/ml
was used. KOH, KCl, NaOH, HCIl; NH,OH,
KH,PO4; K,HPO,4 and CH;CN - gradient grade for
HPLC were received from MERCK (Darmstadt,
Germany); NiCly; Ni(NOj),; CuS04.5H,0; MnCl,
were purchased from Reanal (Budapest , Hungary)

The IR spectra were recorded on a Perkin-Elmer
Model 1600 Series FTIR instrument. The purity of
the products and kinetics of the hydrolysis reactions
of phenylacetyl group were checked by RP-HPLC
on a Perkin-Elmer apparatus, C;s column 4.6x250
mm ODS-A, S-5 micron 120 A. 50% 0.02 M
KH,PO4:K,HPO, pH = 7: 50% CH;CN were used as
eluents, rate 0.8 ml/min, A = 220 nm and diode array
detector.

The needed substrates Boc-Lys(Phac)-Val-OMe
and Boc-Lys(Phac)-Lys(Phac)-Lys(Phac)-OH were
obtained by conventional peptide synthesis in
solution.

Boc-Lys(Phac)-Lys(Phac)-Lys(Phac)-OH  was
synthesized by drop-wise addition of Boc-
Lys(Phac)-OH to C-terminal H-Lys(Phac)-OH by
using of MA (mixed anhydrides) method:

1.00 mmol of Boc (or Z) amino acid (or peptide
obtained from Boc-peptide by treatment with 10-
fold excess of TFA) was dissolved in THF (10 ml)
and after cooling to —10 + —15°C and good stirring
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1.00 mmol Et;N and 0.98 mmol isobutyl chloro-
formate were added. After 15 min 1.00 mmol of
amino component without protecting groups
dissolved in 1.1 mmol 2 N NaOH was added
dropwise. The reaction mixture was stirred for 1 h at
—10 + —15°C and 24 h at room temperature. After
that it was concentrated in vacuo and 2 N HCI was
added to pH 2-3. The product was extracted with
EtOAc (3%10 ml) and the organic layer was washed
with 10% citric acid (3x10 ml) and H,O to pH 7.
The solvent was dried with Na,SO, and removed in
vacuo. The obtained products Boc-Lys(Phac)-
Lys(Phac)-OH and  Boc-Lys(Phac)-Lys(Phac)-
Lys(Phac)-OH were oils.

Boc-Lys(Phac)-Val-OMe was obtained by the
DCC/1-HOBt method:

1.00 mmol of HCI.H-Val-OMe was dissolved in
DMF (10 ml) and after cooling to —5°C, neutralized
to pH 7-7.5 with EtN. 1.2 mmoles of Boc-
Lys(Phac)-OH; 1.20 mmol of DCC and 1.4 mmol of
1-HOBt were added. The reaction mixture was
stirred for 24 h at room temperature. The obtained
DC-urea was removed by filtration and then 30 ml
of water were added. The product was extracted
with EtOAc (3x10 ml) and the organic layer was
washed with 5% NaHCO; (3x10 ml), H,O (3x10
ml), 10% citric acid (3%x10 ml) and H,O to pH 7.
The solvent was dried with Na,SO, and removed in
vacuo followed by recristalization in EtOAc/petro-
leum ether.

The obtained product has the following IR
spectral characteristics: [cm’l] 3328 vnm; 3067 ven
(aromatic system); 2930 vcy (CHj3); 2853 ven
(CHy); 1740 vc—o (ester); 1700 vc—o (uretan); 1680
Ve-o (amide I); 1661 ve—o (amide II); 1574 Onn
(amide I); 1545 on.y (amide II); 1390 and 1367 dcy
(isopropyl and fert-butyl groups); 1247 vc.o.c
(uretan); 743 Oc-c and 696 dc—c (monosubstituted
aromatic system).

General procedure for the reaction of hydrolysis of
Phac by means of PGA

20 ml of substrate with the needed concentration
in 10% DMF/0.1 M KCI were alkalized till pH 9
with 4 M K,HPO,. The solution of PGA with
needed concentration was added. The hydrolysis of
substrate was monitored on HPLC at 0, 1, 2, 3, 5, 9,
15, 30 and 60 min after acidification. During the
reaction pH of the reaction mixture was hold up by
titration with solution with pH 11-12 of complex
agent’s salt with needed concentration or NH,OH.

RESULTS AND DISCUSSION

Two model reactions of hydrolysis of Phac were

studied in the presence of substrates containing one
and three Phac groups, respectively. The principal
scheme of the reaction is presented in Figs. 1 and 2.

lPGA
CHs (RNt cocH;
CHy—C —O—(—NH—CH

CH; O o) -
NH CH;,
(‘:H—(‘:H —CHj
COOCH;
CH; (CH,),NH,
CH,COOH CHr(‘: ,O,ﬁ —NH— ‘CH
(‘?H3 o) ‘ o)
— . NH CH;,
C‘H —‘CH —CH,
Loock,

Fig. 1. Reaction of hydrolysis of Phac group in dipeptide
ester Boc-Lys(Phac)-Val-OMe with PGA.

lPGA
(‘ZH; ((‘:Hzm\u-[—(‘,OCH2
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HyCO—NH(CHy), (CHo)NHEFCOCH;
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C‘Hz ((‘;HZ)ANHZ
CH,COOH CHy ¢ 0 N~
CH; O o

—> 3 . I\‘IH
(‘:HfCONHf H—COOH

H,N(CHy)y (CH)4NH;,

Fig. 2. Reaction of hydrolysis of Phac group in tripeptide
Boc-Lys(Phac)-Lys(Phac)-Lys(Phac)-OH with PGA.

It is well known that pH optimum of PGA
according to its natural substrate benzylpenicillin
sodium or potassium salt is 7.8-8.0 [7-9]. In our
investigation the used substrates are two peptides
which are not specific substrates for PGA, thus the
reaction of hydrolysis was monitored at pH range 6
+ 9. Series of reactions were carried out with 0.4
mM substrate at different pH (Fig. 3).

Maximum degree of substrate conversion 75.5%
(pH 9), which is closed to the degree of conversion
at pH 7.8 (74.5%), was obtained for 3 and 10 min,
respectively. At pH 6.5 and 7, the degree of hydro-
lysis was 62.5 and 37.5%, respectively. By that
reason, our next investigations on the reactions were
carried out at the optimum value of pH 9 and at
37°C. Kinetic studies of the Phac group’s hydrolysis
were done with different enzyme concentrations in
the synthetic substrate Boc-Lys(Phac)-Lys(Phac)-
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Lys(Phac)-OH. The results are shown in Fig. 4.
Maximum degree of substrate conversion 73.75%
was obtained in the presence of 0.04 ml PGA for 8
min, which is closed to that obtained with 0.4 ml of
PGA for 15 min (72.5%).

The obtained curves in the Figs. 3 and 4 clearly
show that the reaction of Phac group hydrolysis is
reversible. In order to attempt to shift the equi-
librium of the reaction to the direction of full hydro-
lysis of the protecting group in the model peptide
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substrates and to make this reaction non-reversible,
the same reaction was carried out in the presence of
metal ions, which are good complexing agents.
Their addition to the system might lead to the
formation of complex with released e-amino
function of Lys residues (Fig. 5). The obtained
complex might precipitate the forming product and
to shift the reaction to the right direction. The
possibility of similar complex formation was dis-
cussed previously by Schroder and Lubke [10].

TpH7 =A=pH78 =X=pHO

-

30 60, . 70
reactiontime, min

40 50

Fig. 3. Kinetics of hydrolysis of 0.4 mM synthetic substrate with 0.4 ml PGA at different pH.

35
=O=0.4mIPGA  ==0.04 mlPGA

quantity hydrolized substrate,mmM

0 10 20

== 0004 mIPGA  =X=0.002 mIPGA

30 40 50

60 70
reactiontime, min

Fig. 4. Kinetics of hydrolysis of 5.0 mM synthetic substrate with different concentrations of PGA.

The kinetic results depending on the Ni(NOs3),
concentration, as a complex agent, are shown in Fig.
6. The figure clearly shows that the reaction
equilibrium of hydrolysis of Phac group with
stepwise addition of 10% Ni(NO;), was shifted to
the direction of full hydrolysis of the protecting
group for 9 min. In this case the substrate was 40
mM and the final concentration of Ni(NO;), — 1 M.
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Fig. 6. Kinetics of hydrolysis of different amounts of synthetic substrate Boc-Lys(Phac)-Lys(Phac)- Lys(Phac)-OH with
0.002 ml PGA at pH = 9.0 and 37°C by stepwise addition of Ni(NOs), at different concentrations.
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Fig. 7. Kinetics of hydrolysis of 0.4 mM synthetic substrate Boc-Lys(Phac)-Val-OH with 0.4 ml PGA in the reaction
mixture at pH = 9.0 and 37°C by partial addition of different complex agents’ salts.

The possibilities for the reaction of hydrolysis in
the presence of salts of different complexing agents
like CuS0O4.5H,0, NiCl,, and MnCl, were investi-
gated, too (Fig. 7). As it can be clearly seen from the
figure, the maximum degree of conversion was
achieved in the presence of Ni*" in the reaction
mixture. The equilibrium of the reaction is shifted to
the direction of full hydrolysis of the protecting
group only in the case with stepwise addition of
Ni*". It was revealed that the concentration of Ni**

and the type of its salts are important, too. There
was 100% degree of Phac group hydrolysis in the
presence of 10% Ni(NOs3), for 9 min and a full shift
of the equilibrium to the direction of hydrolysis was
monitored in the presence of 25% Ni(NO5),.

CONCLUSIONS

The obtained results showed that the reaction of
Phac group’s hydrolysis was reversible at defined
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conditions of pH, temperature range and reaction
time.

Kinetic modelling studies of model peptide
substrates reveal that:

- The use of metal ions as complexing agents of
amino acid residues is a promising alternative for
the studied enzymatic reaction.

- An acceptable approach is found to draw out
the reaction of hydrolysis of phenylacetyl group
with PGA in model peptide substrates to a desired
direction.

- The best complex agents are Ni*".

- Maximum degree of substrate conversion
(100%) was obtained at pH 9 and 37°C in the
presence of 10% Ni(NO;),.
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CUHTE3 HA MOJEJIHU ITENITUAHU CYBCTPATU U U3CJIEJIBAHE HA PEAKIIMATA
HA EH3UMHA TPAHC®OPMAILIMA HA ®EHUJITALHETUJIHA I'PYIIA
CIIOMOIITA HA INIEHUILIWIVH G ALIIUJIA3A

1. J1. Tananes'*, JI. K. Morosa®
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[ocrpnuna Ha 4 1onu 2008 r.; Ilpepaborena Ha 18 cenremBpu 2008 r.
(Pesrome)

OTKpHBaHETO Ha HOBH 3alllUTHU TPYIH 3a OPTaHUYHHUSA CHHTE3, OCHOBAHM HAa CTEPEOCICHU(PUYHU U CTEpeo-
CEJIEKTUBHH PEAKIINH, € BaYKHO 32 MPAaKTHKAaTa, 0COOCHO MPH CHHTE3a Ha TOTYCHHTETHYHN aHTHOMOTHIN U OHOJIOTUIHO
aktuBHH mnentuan. llenta Ha HacTosmara pabora € 1Oa Hu3cIeaBaMe KWHETHKAaTa Ha €H3MMHAa XHApOiIu3a Ha
(eHMIaneTUIIHA TPyNa B CHHTETHMYHM MENTHUIAHU cyOcTpar. bsixa M3MON3BaHM J(Ba MOJCIHU MENTUAM, ChIbPIKAIIN
CBHOTBETHO €IHa U TpU (EHWIALCTUIHH 3alIUTHH rpynu. EH3uMHaTa Xuapoiu3a Oellle HampaBeHa C IOMOILNTAa Ha
Mennmmnua G arnmnasa B mupoxk pH nuamazon 6—9. M3momsBanute cyOcTpaTtHH KoHIeHTpanuu Osxa 0.4—40 mM.
MaxkcumanHa creneH Ha koasepcus 75.5% (pH 9), 6nuska 1o tasu npu pH 7.8 (74.5%) Gee HaOmromaBana 3a 3 g0 10
muHyTH. [Ipr pH 6.5 u 7 crenenrta Ha xunponusa Oemre cborBeTHO 62.5 1 37.5%. beue nscnenpana Bb3MOKHOCTTA 32
MPOBEXKIAHE Ha pPEaKIUiITa B NMPUCHCTBHE HA COJHM HA Pa3iIHYHU METaTHH KoMiuiekcooOpasyBarenn CuSO4.5H,0,
NiCl,, Ni(NOs), 1 MnCl,. beme nocrurnara 100% crenen Ha KOHBepcHs Ha eHIIaETHIHATA I'pyIia B IPUCHCTBHE Ha
10% Ni(NO3), 32 9 MHUHYTH ¥ IIBJIHO W3TCVISHE HA XMMHYHOTO PAaBHOBECHE B MOCOKA HA MpOIleca Ha XHIPOJIHA3a B
npuckcTBre Ha 25% Ni(NO;),.
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The effects of nociceptin analogues N/OFQ(1—13)-NH, or [Orn’J/JOFQ(1-13)-NH, on the blood pressure variability
were studied in conscious Wistar rats. Arterial blood pressure (ABP) wave was registered directly through a femoral
artery catheter by Gould Statham transducer connected to Biopac MP100WS. After a control period the effects of
N/OFQ(1-13)-NH, or [Orn’JJOFQ(1-13)-NH, applied in equal dose of 100 nmol/kg b.w., i.v. were investigated within
nine consecutive 10-min intervals. The spectrograms for systolic (SAP), diastolic (DAP) and mean (MAP) arterial
blood pressure were derived through Lab View 3.1.1 by Fast Fourier Transform (FFT) algorithm. Spectral power (P) in
the low- (LF), mid- (MF) and high- (HF) frequency band in mmHg2 for SAP, DAP and MAP spectrograms were
determined. The administration of N/OFQ(1—13)-NH, or [Orn’JJOFQ(1-13)-NH, did not change the mean value of
ABP during the whole experiment. N/OFQ(1-13)-NH, application led to a decrease in Pir in the spectrograms of SAP:
from 2.37 + 0.31 to 1.46 + 0.34, 1.38 + 0.33 and 1.55 + 0.23 mmHg?; DAP: from 2.17 + 0.39 to 1.29 + 0.24, 1.01 + 0.20
and 1.31 + 0.19 mmHg” and MAP: from 2.24 £ 0.35 to 1.42 £ 0.25, 1.14 + 0.10 and 1.42 + 0.15 mmHg? in the first
three investigated periods, (p < 0.05). It also reduced Py in the spectrograms of SAP by 34.5%, 47.9%, 43.7%; DAP
by 46.9%, 41%, 43% and MAP by 42.3%, 44.3%, 36.8%, (p < 0.05) in the same investigated intervals. The application
of [Orn’J/OFQ(1-13)-NH, did not change the fast oscillation of ABP. The replacement of lysine with ornitine in the 9"
position abolished the effects of nociceptin analogue N/OFQ(1-13)-NH, on blood pressure variability in Wistar rats.

Key words: Wistar rats, nociceptin analogues, blood pressure variability.

smallest analogue nociceptin (1-13)NH, produced a
INTRODUCTION dose-dependent fall of systemic arterial blood
pressure in both anesthetized and conscious rats
[10-12]. It has been established that nociceptin
inhibits in a concentration-dependent manner nor-
adrenalin release evoked by chemical or electrical
stimulation [13, 14]. The modulator action of noci-
ceptin on the peripheral activity of the para-
sympathetic fibres is also described [15]. Potent and
selective ligands are required for investigating the
functions regulated by the N/OFQ-OP, receptor
system in detail and ultimately, for identifying the
therapeutic indications of OP4 receptor agonists and
antagonists.

Despite the established facts about the modulator
role of nociceptin and its analogues on the
autonomic nervous system, there are no reports
addressing the participation of nociceptin or its
analogues in the regulation of fast oscillation of
blood pressure.

The aim of the present study was to determine
the effects of nociceptin analogues N/OFQ(1-13)-
NH, or [Orn’JJOFQ(1-13)-NH, on blood pressure
variability in conscious Wistar rats.

The autonomic nervous system plays an
important role in the regulation of cardiovascular
function. Methods to quantify heart rate and arterial
pressure variability have emerged as useful tools for
evaluating sympathetic and parasympathetic modu-
lation of the cardiovascular system in humans [1]
and experimental animals [2]. Blood pressure
variability has received considerable attention, not
only because enhanced blood pressure variability
has been an independent cardiovascular risk factor
[3, 4], but also because the patterns of blood
pressure variability may provide important infor-
mation about cardiovascular regulation [5-7].

Nociceptin is the endogenous ligand of a seven-
transmembrane domain G protein-coupled receptor
referred to as OP,. Via OP, receptor activation
nociceptin modulates several biological actions [8].
It has been established that both nociceptin and OP,
receptors are present in neuronal tissues involved in
the regulation of cardiovascular function [9]. An
intravenous injection of nociceptin as well as its

* To whom all correspondence should be sent:
E-mail: girchev@medfac.acad.bg
© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 127
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EXPERIMENTAL
Synthesis of nociceptin analogues

The solid-phase peptide synthesis by Fmoc
(9-fluorenylmethoxycarbonyl) chemistry was used
to obtain N/OFQ(1-13)-NH, and [Orn’]N/OFQ(1—
13)-NH,. Rink-amide resin was used as a solid-
phase carrier, and 2-(1-OH-benzotriazole-1-yl)-1,1,
3,3-tetramethyl-carbamide tetrafluoroborat (TBTU)
— as a coupling reagent. The 3-functional amino
acids were embedded as follows: Arg-as N*-Fmoc-
Arg(Pbf)-OH, Lys-as N“Fmoc-Lys(Boc)-OH,
Orn-as N*Fmoc Orn(Boc)-OH, Ser-as N*-Fmoc-
Ser(tBu)-OH and Thr-as N“Fmoc-Thr(tBu)-OH.
All coupling reactions were performed, at a molar
ratio of 3/2.9/3/6/1 for amino acid/TBTU/HOBt/
DIEA/resin. The Fmoc-group was deprotected by a
20% piperidine solution in dimethylformamide. The
coupling and deprotection reactions were checked
by the Kaiser test. The cleavage of the synthesized
peptide from the resin was done using a mixture of
95% trifluoroacetic acid (TFA), 2.5% triisopropyl-
silan (TIS) and 2.5% water. The protected amino
acids were purchased from IrisBiotech (Germany).
All other reagents and solvents were analytical or
HPLC grade and were supplied by Merck
(Germany).

The crude peptides were purified on a reversed-
phase high performance liquid chromatography
(HPLC) C18 column, using gradient elution with the
following solvents: A — H,0/0.1% TFA and B —
CH;CN/0.1% TFA. The peptide purity was checked
by electrospray ionization massspectrometry. The
analytical data for the new compound
[Orn’]N/OFQ(1-13)-NH, are as follows: tR 7.91
min, > 99% pure, 1368.6 calculated (MH+), 1368.5
observed (MH+).

Experimental design

Experiments were carried out on male, normo-
tensive Wistar rats at the age of 12—14 weeks. The
experiments were conducted in accordance with
guidelines for the care and use of laboratory animals
of the ethical commission at the Medical University,
Sofia based on the Convention on Animal Protec-
tion. The animals were housed under standard
conditions: 12/12 hours light/dark cycle; 22°C room
temperature; free access to tap water and standard
rat chow. The effects of nociceptin analogues
N/OFQ(1-13)-NH, or [Orn’J/OFQ(1-13)-NH, were
investigated in two different experimental groups
each consisting of 10 animals. For surgical prepara-
tion, one day before the experiments the animals
were anesthetized with Pentobarbital Sodium
(Nembutal, Sigma) 35 mg/kg b.w. given intra-
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peritoneally. The femoral artery for a continuous
blood pressure measurement and the femoral vein
for drug application were catheterized. To avoid
clotting the femoral catheters were flushed with 20
IU/ml heparin in 0.9% sterile saline. The catheters
were tunnelled subcutaneously and exteriorized at
the back of the neck. Rats were allowed 24 hours to
recover from the surgical intervention and the
experiments were performed on conscious, freely
moving animals. In both experimental groups, blood
pressure wave was monitored during 40-min control
period, 5-min equilibration and 40-min experimental
period. Arterial blood pressure wave was registered
by a Gould Statham transducer P23ID connected to
computerized data acquisition system Biopac
MP100WS through an arterial catheter. The analogue
to digital converted signal was received and
monitored by AcqKnowledge 3.8 software. The
nociceptin  analogues  N/OFQ(1-13)NH, or
[Orn’)/OFQ(1-13)-NH, were applied in the first and
second experimental groups by i.v. bolus injection
in a dose of 100 nmol/kg dissolved in 100 pl 0.9%
NaCl. The effects were studied five minutes after
the bolus injection of nociceptin analogues for nine
consecutive 10-min long intervals. The values of
systolic (SAP), diastolic (DAP) and mean (MAP)
arterial blood pressure were determined by peak and
rate detectors of the AcqKnowledge 3.8 software
and thereafter the mean values of SAP, DAP and
MAP were calculated. The obtained row data of
investigated parameter were resampled for 10 Hz.
The spectrograms for SAP, DAP and MAP were
derived from 512 successive values through a virtual
instrument developed in graphical programming
environment Lab VIEW 3.1.1., by using Fast Fourier
Transform algorithm. In the spectrograms, the
spectral power (P) in the low- (LF), mid- (MF) and
high- (HF) frequency band typical for rats (20-195;
195-605; 605-3000 mHz, respectively) in mmHg?
was studied [1].

Statistical analysis was performed by Student’s
t-test. The results are presented as mean = SEM.
Differences at a level p < 0.05 were considered
statistically significant.

RESULTS AND DISCUSSION

The application of nociceptin analogues
N/OFQ(1-13)-NH, or [Orn’J/JOFQ(1-13)-NH, in a
dose of 100 nmol/kg did not provoke changes of the
mean values of SAP, DAP and MAP during the
whole experimental period in Wistar rats (Table. 1).

In the spectral characteristics N/OFQ(1-13)-NH,
application led to a decrease of Prr in the spectro-
grams of SAP by 38.2% (from 2.37 + 0.31 to
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1.46 + 0.34 mmHg®), by 41.7% (to 1.38 + 0.33
mmHg?), by 34.4% (to1.55 + 0.23 mmHg?); DAP by
40.4% (from 2.17 + 0.39 to 1.29 + 0.24 mmHg?), by
53.1% (to 1.01 + 0.20 mmHg?), by 39.5% (to 1.31 +
0.19 mmHg?) and MAP by 36.6% (from 2.24 + 0.35
to 1.42 £ 0.25 mmHg?), by 49.2% (tol.14 + 0.10
mmHg?) by 36.9% (tol.42 + 0.15 mmHg?) in the
first three investigated 10-min long periods, (p <
0.05), (Fig. 1A). It also reduced Py in the spectro-
grams of SAP by 34.5%, (from 1.21 £0.14 t0 0.79 =+
0.07 mmHg?), 47.9% (to 0.63 + 0.23 mmHg),
43.7% (to 0.68 + 0.12 mmHg?); DAP by 46.9%
(from 1.11 + 0.13 to 0.79 £ 0.07 mmHg?), 41% (to
0.65 + 0.07 mmHg?), 43% (to 0.63 £ 0.09 mmHg?)
and MAP by 42.3% (from 1.26 = 0.13 to 0.73 + 0.08
mmHg?), 44.3% (to 0.75 + 0.07 mmHg?), 36.8% (to
0.75 + 0.07 mmHg?), (p < 0.05) during one and the
same investigated periods. In the course of the
fourth investigated period after application of
N/OFQ(1-13)-NH, the spectral power in the low-
and mid- frequency bands returned to their control
level. The fast oscillations in the high-frequency
band were not affected. The application of
[Orm’)/OFQ(1-13)-NH, did not change the fast
oscillation of arterial blood pressure (Fig. 1B).

The experimental data summarized in the present
study demonstrate that intravenous application of
N/OFQ(1-13)-NH, as well as of [Orn’)/OFQ(1-13)-
NH, does not lead to changes in the mean values of
arterial blood pressure in conscious Wistar rats five
minutes after its applications. Previously, it was
reported that a transient depressor effect of
nociceptin on the cardiovascular system in con-
scious rats develops within 30-90 s [16]. In our
experiments we investigated the effects of
N/OFQ(1-13)-NH, or [Orn9]/OFQ(1-13)-NH, 5

minutes after its application. Thus, we excluded the
non-stationary interval, caused by bolus injection on
blood pressure signal, unsuitable for spectral
analysis. In the absence of changes of the mean
value of arterial blood pressure in our work we
established a reduction in the spectral power in mid-
and low-frequency bands as a result of N/OFQ(1—
13)-NH, application. Mid-frequency blood pressure
fluctuations (0.2-0.6 Hz in rats), the so-called
Mayer waves, were associated mostly with the sym-
pathetic modulation of vascular tone [17-19]. It has
been established that nociceptin inhibits noradre-
nalin release evoked by chemical or electrical
stimulation [20]. The experimental data suggest that
nociceptin inhibits transmitter release from sym-
pathetic neurons by a selective blockade of N-type
Ca’" channels, which may be of importance for its
depressive effect on the cardiovascular system [21].
Evidence has been provided that nociceptin besides
neurogenic properties has a direct effect on blood
vessels [22]. The experimental data for involvement
of prostaglandins and histamine in the effects of
nociceptin have been available [23]. It is known that
direct vasodilatation produced by nociceptin on the
isolated vessels is endothelium independent [24].
Several experimental data have clearly indicated
that the action of nociceptin is not involved in the
NO-cGMP-dependent pathway [25]. It has been
established that muscarinic and alfa-adrenergic
receptors are not involved in the vasodilatation
evoked by nociceptin in the rat mesenteric vascular
bed [24]. The decrease in Prr during N/OFQ(1-13)-
NH; infusion may be a result of its interaction with
a variety of factors associated with LF blood
pressure variability (0.02-0.2 Hz in rats) at fre-
quencies below the frequency of the Mayer waves

Table 1. Mean values of systolic (SAP), diastolic (DAP) and mean (MAP) arterial blood pressure in control period and
in nine consecutive 10-min long intervals after bolus injection of N/OFQ(1-13)-NH, (left panel) or [Orn’J/OFQ(1-13)-

NH, (right panel) both applied in a dose of 100 nmol/kg.

N/OFQ(1-13)-NH,

[Orn’)/OFQ(1-13)-NH,

SAP DAP MAP SAP DAP MAP

(mmHg?) (mmHg?) (mmHg?) (mmHg?) (mmHg?) (mmHg?)
Control 131.40 £ 3.45 85.61 £3.69 104.34 + 3.30 134.02 £2.33 86.02 £2.62 105.34 +£2.28
I 130.40 £4.91 82.83 £4.43 102.10 £ 5.16 137.53 £3.59 85.31 £5.05 104.76 £ 3.44
I 134.93 £ 4.99 83.83+£4.11 104.30 £ 5.14 134.90 £ 3.20 84.62 +4.14 105.80 £ 3.99
II1 132.73 £3.99 84.01 £2.64 104.62 £ 4.76 135.93 £2.52 86.36 £3.17 106.91 £3.91
v 131.80 £ 4.51 84.35+£3.45 104.76 £ 4.77 136.56 £ 1.65 88.41 £5.56 106.86 + 3.55
A% 132.00 £+ 3.31 82.42 +£4.90 102.14 £ 4.88 13777 £1.22 89.70 £4.58 104.06 £ 4.27
VI 133.54 £ 3.12 84.00 £ 3.50 104.56 £ 4.52 137.00 £ 1.31 85.55£5.07 106.00 = 4.90
VII 130.77 £2.93 82.27 £4.99 103.22 £ 4.46 133.93 £ 3.60 88.02 £5.02 107.06 = 4.00
VIII 132.62 £ 3.75 83.47 £4.58 101.28 £ 4.12 137.42 £ 1.55 83.79 £5.71 104.35 £ 4.05
IX 133.01 £3.23 85.42 +£5.27 104.99 + 4.45 133.13 £ 1.67 82.99 +£5.21 103.10 £3.78
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Fig. 1. Power distribution in spectrograms of systolic (SAP), diastolic (DAP) and mean arterial blood pressure (MAP)
in low- (Prr), mid- (Pyr) and high- (Pyr) frequency bands in normotensive Wistar rats during the control period and
after N/OFQ(1-13)-NH, (A) or [Orn’J/OFQ(1-13)-NH, (B), application in a dose of 100 nmol/kg in nine consecutive
10-min intervals. * (p < 0.05) shows statistically significant effects as a result of intravenous application
(100 nmol/kg b.w.) of nociceptin analogue N/OFQ(1-13)-NH, compared to control value.

It is known that spectral power in the low-
frequency band is modified by bradykinin [26] and
the activity of the renin angiotensin system [26, 27]
or catecholamines [28]. The established decrease in
Pir and Pyr after N/OFQ(1-13)-NH, application
may be due to its interaction with different factors
involved in the modulation of low fluctuations as
well as in the direct inhibitor effect on the sym-
pathetic nerve activity. High-frequency (HF) blood
pressure variability linked to respiration [1] was not
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affected neither by N/OFQ(1-13)-NH, nor
[Orn’)/OFQ(1-13)-NH, applications.

The replacement of lysine with ornitine in the 9™
position abolished the effects of nociceptin analog
N/OFQ(1-13)-NH, on the blood pressure vari-

ability in Wistar rats.
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bBbP3U1 OCLHUJIAIIMUA HA APTEPUAJIHOTO HAJIATI'AHE V TUDIBXOBE Wistar
I10 BPEME HA TIPWJIOXEHUHUETO HA HOIIMLIEIITUHOBU AHAJIO31

P.A. Fbpqesl*, IT. II. MapKOBal, E. 1. Haﬁz[eHOBaz, JI. T. Be3enkos®

" Kameopa ,, ®usuonoeus”, Meduyuncrku ynusepcumem, oyn. ,, Ieopeu Cogputicku* Ne 1, 1431 Cogpus
? Kameopa ,, Opeanuuna xumus *, XuMukomexnonio02uden u Memanypuien yHueepcumen,
oya. ,, Knumenm Oxpuocku*“ Ne 8, 1756 Cogpus

ITocTpnuna Ha 16 romu 2008 r.; Ilpepabotena Ha 27 centemBpu 2008 T.
(Pesrome)

EdexTute Ha HomuienTiHoBuTe aHano3u N/OFQ(1-13)-NH, u [Orn’J/OFQ(1-13)-NH, Bbpxy Gbp3ute KonebaHus
Ha apTepHaIHOTO HaysAraHe Osfxa M3CieABaHM Ha OyAHM HOPMOTEH3MBHH IUTBXOBe Wistar. ApTEpHamHOTO KPBHBHO
Hamsrane (ABP) Oeme peructpupaHO AWPEKTHO Ipe3 KaTeTbp HMMIUIAHTHpPAaH BBB (eMopaiHaTa apTeprs, 4pe3
Tpancarocep 3a Hamsrane Gould Statham, cebp3an xkpm Biopac MP100WS. Crien KOHTpOJCH mepuon ePeKTHTe Ha
N/OFQ(1-13)-NH, u [Orn’)/OFQ(1-13)-NH, npunarani ch0TBeTHO B exHaksu 103u 100 nmol/kg T.m., i.v. Gsixa u3-
crenBanu B 9 mocnenosarensu 10-munyTHH HHTEpBana. CriekTporpamure 3a cuctoiaHoTo (SAP), nuacromHoro (DAP)
cpennoro (MAP) aprepranHo KpbBHO HaysiraHe Osixa mosrydeHu upe3 bvpsa ®ypue tpanchopmanus B Lab View 3.1.1.
B cnekrporpamure Ha SAP, DAP u MAP 0sixa uscnenBanu crekrpaiHuTe MouHoctH (P) B 30oHuTe Ha HUCKHU (LF),
cpennn (MF), u Bucokn (HF) uectorn. IIpunoxenuero kakto #a N/OFQ(1-13)-NH, taka u Ha [Orn’J/OFQ(1-13)-NH,
HE NMPOMEHH cpequnuTe cToiiHocTd Ha ABP mo Bpeme Ha menust excriepument. Ipunoxenuero na N/OFQ(1-13)-NH,
Npeau3BUKa MOHMKaBaHe Ha Py B cnekrporpamure Ha SAP: or 2.37 £ 0.31 na 1.46 + 0.34, 1.38 £ 0.33 u Ha 1.55 £
0.23 mm Hg2; DAP: ot 2.17 + 0.39 nHa 1.29 £ 0.24, 1.02 £ 0.20 u Ha 1.31 + 0.19 mm Hg2 u MAP: or 2.24 + 0.35 na
1.42+0.25,1.14 £0.10 m Ha 1.42 £ 0.15 mm Hg2 B mepBuUTE TpH U3cienBaHu nHTEpBaia, (p < 0.05). Hamanena Geme
cpio Pyr B criektporpamute Ha SAP ¢ 34.5%, 47.9%, 43.7%; DAP ¢ 46.9%, 41.6%, 43.1% u MAP c 42.3%, 40.4%,
36.8%, (p < 0.05) B chumTe m3caexBaHM nepuoad. Ipuoxennero Ha [Orn’]/OFQ(1-13)-NH, He npemms3suka
OpOMEHH B OBp3UTEe OCHWIANMK HA apTepPUalHOTO HaJsraHe. 3aMEeCTBAHETO HA JIM3WH C OPHUTHH B 9 mo3uuus
npemaxsa edexra Ha HouuuentuHoBus ananor N/OFQ(1-13)-NH, Bbpxy BapuaOHIHOCTTA HA apTEPHAIHOTO KPBBHO
HalsiraHe y mibxose Wistar.
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Four derivatives of L-Valine were studied as potential pharmacological agents. L-Valine is bound to either nicotinic
(m-pyridinic) acid (M) or isonicotinic (p-pyridinic) acid (P) from N-side and to an alkyl fragment (or species) consisting
of 3 or 6 methylene groups from C-side. In experiments iz vivo (in albino mice) and in vitro (on cell cultures F4AN) the
compounds showed very low toxicity (intraperitoneal and oral toxicity over 2000 mg/kg and citotoxicity lower than
vitamin C). At the same time, they demonstrated significant neuropharmacological activity. The experimental data
obtained for their solubility in water and octanol, as well as with calculated logP correlate well with the results for their

Central Nervous System effects.

Key words: L-Valine derivatives, neuropharmacological effect, pKa, logP, toxicity, in vivo, in vitro.

INTRODUCTION

Four compounds, derivatives of L-Valine, nico-
tinic (m-pyridinic) acid (M) or isonicotinic (p-pyri-
dinic) acid (P) were studied as potential pharma-
cological agents. The codes M3, M6, P3 and P6, are
used depending on the position and the length of the
alkyl fragment (or species) consisting of 3 or 6
methylene groups. The compounds belong to the
group of low-molecular gelators (LMWG) and have
very high ability to form intermolecular H-bonds,
involving also solvent molecules in their supra-
molecular complexes formation [1, 2]. The four
compounds are constructed by the natural L-a-
aminoacid — Valine, connected by amide (peptide)
bonds with neighbouring groups in a way different
from the natural L-a-aminoacids. In this meaning,
these compounds are representatives of the class of
peptidomimetics. The other ingredient of the mole-
cule is either nicotinic or isonicotinic acid, which

* To whom all correspondence should be sent:
E-mail: d_tsekova@abv.bg

are expected to determine their specific biological
activities.

There are number of reports in literature for
pronounced biological activities of compounds —
derivatives of nicotinic and isonicotinic acids.
Nicotinic acid and nicotinamide in the form of
NAD+ and NADP+ participate in many enzymatic
reactions [3]. Nicotinamide, known as vitamin B3 or
PP is essential for normal function of the nervous
system, gastrointestinal tract, normal tissue meta-
bolism, it has also shown anti-anxiety anxiolytic
properties similar to benzodiazepines [4] and has
demonstrated anti-inflammatory actions [5]. Some
isonicotinic acid derivatives are antituberculosis
medications [6, 7] and others possess anti-
depressant activities [8, 9].

Recently we reported that two of these
compounds (M6 and P6) had neuropharmacological
activities [10]. Up to this report, similar analogs
have not been used as major structures for drug
synthesis. Here we present additional results for M6
and P6 and two new structurally-related compounds
(M3 and P3). Physicochemical properties obtained
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experimentally and by model calculations, in vitro
and in vivo toxicity and pharmacological activities
are summarized and compared.
The directions of this study include:
Defining the physicochemical characteristics
of the target compounds:
- Solubility in different solvents.
-pKa.
- Partition coefficients.
Toxicity:
- In vitro toxicity (citotoxicity).
- Acute toxicity, effective doses, therapeutic
index.
Analysis of structure-activity relationships.

EXPERIMENTAL
Materials and methods

Physicochemical properties were defined by:

- UV spectrophotometry - for determining of
pKa and solubility concentrations. VARIAN
CARY 100 Scan UV-VIS Spectrophotometre
was used.

- ACD Labs.

Experimental biological activities:

Materials. 1. Male Albino mice ICR with initial
body weight of 18-20g (10 in groups).

2. FAN-mouse erythro-leukimic cells, obtained
by erythroidal cells, transformed by the Friend
virus.

Methods. Toxicological studies. In vitro: The
method is based on the ability of the live cells to
extrude the blue dye (Methylene blue) which pene-
trates through membranes and remains uncoloured,
while the dead cells are stained blue.

In vivo: For toxicology activities estimation the
following effects in the living body were defined:

1. Parameters of acute toxicity:

- Limit of acute activity (Limac).

- No observed effect level (NOEL).

- Lethal dose 50% (LD50) — according to

Bulgarian standards 15380-81.
2. Prolonged toxicity — after 5, 7 and 14 days.
3. Reversibility of the toxic damages — till the

14th day after acute administration of the
compounds.
RESULTS AND DISCUSSION

Data for pKa of M3, P3, M6 and P6

Applying ACD Labs data for pKa were
calculated and they are presented in Table 1.

The experimental values of pKa; and pKa, of P3
compound, related to both pyridine N atoms (1* and
2" N) were determined using a well-known spectro-
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photometric method [11]. The analytical wave-
lengths were chosen from the UV-absorption spectra
of P3 (at constant concentration of 1x10™* mol/l
(48.3 pg/ml)) at different pH. In Fig. la three
spectra are presented: of the neutral molecule — R
that exists at pH 7, the double ionized form RH,*"
existing at pH 1 and the mixture of forms that exist
at pH ~ 4, namely R, RH" and RH,”".

Table 1. Calculated pKa data for the four compounds.

1 N A N 5 6 N N2
3 o (0 4
Compound
P3 P6 M3 M6
pKa, 3.19 3.08 3.14 2.93
pKa, 3.8 3.71 3.74 3.62
pKa; 11.33 11.35 11.76 11.78
pKa, 11.94 11.95 12.37 12.38
pKas 15.73 15.96 15.75 15.97
pKag 16.64 16.58 16.65 16.59
35+
26 /\
;a0\
WANEDZ
09+ AN
R N
0,0+ . )
190 230 270 310 350
a Wavelength (nm)
25
3
20 \ .
15
2 al
« 1‘0 \" . '-‘«/__’:fc:/
};‘ 4Nt —s
) / /
2 6
00

e .
259 291 304 327 350
Wavelength (nm)

190 213 2%

b

Fig. 1. Absorption of compound P3 in the UV range at
different pH: a) 1-pH=7;2 - pH = 1; 3 — pH=3,8;
b) 1 -pH=3.64;2—-pH=3.47;3-pH =3.16;
4-pH=4.02;5—-pH=4.19; 6 — pH =4.33.

As it is seen from the figure, the differences in
the absorption (4) of both states R and RH,*" at A, =

231 and 264 nm have analytical values. Using the
data for the absorption at these wavelengths and
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applying equation (1) approximated pKa were
calculated:

A-A
pKa = pH +log R
ARH22+ -4
or
Ap — A
pKa = pH + log—=X (D
" RHZ

where Ay is the absorption of unionized molecule (at

pH7), 4, — the absorption of the double ionized
2

molecule (at pH = 1) and 4 is the absorption at pH,
which is between 1 and 7.

Results obtained show that:

- at pH 7, solution contains 99.99% R and 0.01%
of the mixture RH" + RH,*":

- at pH 1, 99.99% of the compound P3 exist in
the fully ionized form RH,*";

- pKa; is higher than 3.2;

- pKa, is lower than 4.3.

Both values of pKa are very close. The condi-
tions where only the monoionized form RH" exists
in a solution at concentrations higher than 99% can
not be created experimentally and thus its absorp-
tion can not be measured. In such cases, the absorp-
tion of RH" can be calculated by an extrapolation of
the absorption values of the other two forms (R and
RH,™) at different pH. The absorption of P3 has
been measured in the pH range between 3.16 and
4.33 and the resulting UV-spectra are presented in
Fig. 1b. The values of pKa; and pKa, were calcu-
lated using the method of consecutive approxima-
tions: pKa; = 3.23 £ 0.15 and pKa, = 4.16 = 0.10

(n=3, p=95%) at 20°C.

As the experimentally established values of pKa
were close enough to the theoretically calculated
ones, we accepted theoretically the found data as
applicable for all four substances.

Data for logP

One of the very important physicochemical
characteristic of the drugs is their partition coeffi-
cient logP that characterizes their distribution
between water and lipid phase in the body. In the
experimental model systems lipids are usually
presented by octanol and logP is defined by the
following equation:

C,.
log P = log(—c‘j‘ tanol J ()

water

where C is concentration of the unionized solute in
both solvents, octanol and water. The pKa data of
the four compounds, (Table 1), show that all they
exist in unionized form at the physiologically active
pH 7.4 (the physiological pH of blood serum),
which means that logP and logD (the apparent logP)
do not differ.

In order to define logP experimentally, we
needed information for solubility of the compounds
in both solvents. Experiments were performed to
define the standard calibration lines for absorption
in both solvents. The absorption bands in the region
190-310 nm for compound P3 are presented in Fig.
2. Concentrations used for water solutions were
between 0.1 and 0.0025 mg/ml, and those used for
octanol solutions — between 0.15 and 0.02 mg/ml.

b

Fig. 2. a. Bands of absorbance in the UV range for compound P3 in water. Used concentrations of P3 in water (mg/ml)
were: 0.1; 0.075; 0.05; 0.025; 0.01; 0.0075; 0.005; b. Bands of absorbance in the UV range for compound P3 in
octanol. Used concentrations of P3 in octanol (mg/ml) were: 0.15; 0.12; 0.09 0.06 0.003.

On the abscissas is the wavelength, A nm, and on the ordinates is the absorbance, A4.
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The spectra presented in Fig. 2 display two main
bands. It turned out that the lower one is more
sensitive to variation in concentrations and its
maximum appears at constant wavelength (1), while
the maximum of the higher one appears at different
wavelengths with exchanging of concentrations,
namely upon increase in concentration this taller
maximum shifts to higher values of A. Using data
for the absorptions of the compounds in water
solutions at 261 nm, and in octanol at 248 nm,
standard lines concentration/absorption were drawn.
In the course of the experiment an interesting fact
was detected: in water solutions the same substance
shows different molar absorptions depending on the
starting concentration. Figure 3 illustrates one of the
sets of calibration lines obtained for compound P3.
This result shows that after dissolving at high
temperatures and subsequent cooling each com-
pound forms stable supramolecular complexes of
different size depending on the initial concentration
obtained in hot solution. That finding restricted the
exact experimental log P measurement. On the other
hand, comparison of the solubility of four com-
pounds in water and in octanol shows that the
solubilities in octanol are in orders higher than those
in water, namely for M6 and P6 about 80-100
times, for M3 and P3 — 30-50 times, which results
agree with data obtained by theoretical calculations
(Table 2).

4

3,5 1
3 4
y =1,177x+ 0,0319 =0,7396x + 0,044
25 R?=0,9993 R? = 0,9996
2 4
1,5

y=0,63x+0,1435

™ R? = 0,9994

0,5 A

0

0 0,5 1 1,5 2 2,5 3 3,5

Fig. 3. Calibrating lines obtained for P3 in water with
starting concentrations of 3.1, 2.07 and 1.24x10™* M P3.
On the abscissas is the molar concentration and on the
ordinates is 4 at A = 261 nm.

Table 2. Data calculated for logP for the four
compounds.

Substance LogP (Theoretical data)
M3 1.14+£0.76
P3 0.33+£0.67
M6 2.20+0.68
P6 1.4+0.67
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Biological activities

Toxicity in vitro (citotoxicity): The four peptido-
mimetics were found as nontoxic at concentrations
equal or lower than 250 puM. For purpose of
comparison we tested Vitamin C at the same
experimental conditions and established that it
revealed toxicity at 200 puM, ie. our compounds
were less toxic than Vit. C.

Toxicity in vivo: As a result of the experiments
performed, a low acute effect and lack of prolonged
toxicity were observed. At doses over 2000 mg/kg
each of the tested compounds (applied in both
modes: intraperitoneal (i.p.) and oral (p.os)) did not
provoke any symptoms of intoxication, i.e. LD50 is
over 2000 mg/kg (p.os and i.p.).

No observed effect level (NOEL) was estimated
as 40 mg/kg i.p. and limit of acute toxicity (Limac)
was found at 80 mg/kg i.p.

Dissection of the animals at the 5, 7 and 14 day
of the treatment did not show any changes or
irreversible toxic damages in the organs which
points to the lack of prolonged toxicity.

In most of the experiments the effective doses
(ED50) of the compounds were about 250 mg/kg
b.w. i.p. Bearing in mind that LD50 is over 2000
mg/kg, a therapeutic index (LDS50/ED50) higher
than 8 could be expected.

Preliminary data showed that some of the
compounds (M6 and P6) had pronounced analgesic
effect as well as good dose-dependent effect on
learning and memory [10].

CONCLUSIONS

The four compounds are nontoxic at concen-
trations < 250 puM. They show citotoxicity even
lower than that of Vit C.

High therapeutic index > 8 can be expected.

At physiological pH 7.4 the four compounds
exist mainly in their unionized form.

Their solubility in octanol is much higher than in
water (for M6 and P6 about 80-100 times, for M3
and P3 — 30-50 times), which could be related to the
differences in the observed neuropharmacological
effects.

In water solutions each compound shows
different molar absorptions that points to formations
of stable supramolecular complexes with sizes
depending on the concentration of the compound.

The above data will be further used for pur-
poseful synthesis and molecular modelling studies
of structure-activity relationships of this new class
of peptidomimetics.
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Toctenmna Ha 17 romm 2008 1., IIpepaborena na 27 cenremspu 2008. T.

(Pestome)

W3cnenBanu Osixa 4yeTUpy NMPOU3BOJHM Ha L-BannHa kaTo nmoTeHHManHu Gpapmakonornynu areHTH. Ot N-kpast cu o-
AMHMHOKHCENIHATa € CBbp3aHa C HUKOTHMHOBA (m-IMPHIMHOBA) KHCENIMHA WM C M30HMKOTHHOBA (p-TIMPHIMHOBA)
kucenuHa U ot C-Kpasti CH — C QJIKWIOB OCTAaThK ChIbpiKall 3 uin 6 METWIEHOBHU Ipynu. B in vivo (6enn MuIIKN) U in
vitro (xsieTb4Hu Kyntypu F4N) eKcriepuMeHTH W 4eTHPHUTE CheIUHEHHS I10Ka3axa MHOTO HHUCKa TOKCHYHOCT (MHTpa-
TIEPUTOHEATHO M OPaJIHO BHBEAEHH BelllecTBaTa MposiBsiBaxa TOKCHYHOCT Hax 2000 MI/Kr, a Ipu KIEThYHHUTE KYJITYpH
TOKCHYHOCTTa O¢ mo-Hucka oT Ta3u Ha BuUTaMuH C). ChIIeBpeMeHHO Oe¢ OoT4YeTeHa 3Ha4nMa HeBpo(hapMaKoIOTHYHA
aKTUBHOCT IIPU JJOCTA MO-HUCKU JI03W HA W3CIICIBAHUTE BEIIECTBA. EKCIIEpUMEHTAIHO MONYyYeHUTE TaHHU, OTHACSIIH
ce /IO TSAXHATa pa3TBOPHMOCT BEB BoZa B okTaHOI (logP), KakTo M M3YMCICHUTE NTaHHU 3a logP, ca B 1oOpa Kopemarus
C pPe3yJTaTUTe CBbP3aHU C TeXHHUTE eheKTH BhPXY LeTpaHaTa HepBHA CHCTEMA.
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Three insulin analogues with modifications of the B-chain were synthesized by trypsin-catalyzed coupling of des-
octapeptide (B*-B*)-insulin (DOI) with Met’-enkephalin (Met’-enk) or Leu’-enkephalin (Leu’-enk). The derivatives
DOI-Met’-enk and DOI-Leu’-enk were prepared by a condensation between the amino group of the enkephalins and the
carboxyl group of arginine in position B**. To test the properties of DOI as a navigating molecule of active opioid
peptides, we examined DOI, DOI-Met’-enk and DOI-Leu’-enk following three types of in vivo nociceptive methods:
writhing test in mice, paw-pressure test and hot plate test in rats. The peptides were administered both
intracerebroventricularly (icv) and subcutaneously (sc). The ability of the peptides to inhibit the electrically-evoked
contraction in guinea-pig ileum and mouse vas deferens was also tested. To prove the opioid nature of the responses we
used naloxone (1 mg/kg intraperitoneally). Using paw-pressure and hot-plate test, all compounds exerted well-
pronounced antinociceptive effects (DOI < DOI-Met’-enk < DOI-Leu’-enk), with duration at least 40 min after icv
application. The differences in order of potency were established after sc application and the effects of all compounds
were developed for 20 min. The results obtained with writhing test in mice showed that all compounds did not influence
the visceral pain. In vitro effects were poor and were observed at concentration higher than 20 pM for DOI-Met’-enk
and higher than 100 nM for DOI-Leu’-enk. The present results suggested that the derivatives of DOI: DOI-Met’-enk
and DOI-Leu’-enk achieved prolonged antinociceptive action, while DOI at some extent could be used as a transport
molecule across the blood-brain barrier.

Keywords: des-octapeptide insulin; DOI; Met’-enkephalin; Leu’-enkephalin; pain; antinociception.

gradually with prolonged analgetic action. More-
over, the analgetic potency of DOI, as a part of
insulin molecule, was also presumed because the
antinociceptive effects of insulin are well-docu-
mented [6—7] and the painful neuropathy is common
in human diabetes [8]. So, the aims of the present
study were: (1) to investigate the analgesic proper-
ties of DOI, DOI-Leu’-enk and DOI-Met-enk,
using different in vivo tests for antinociception and
in vitro assays; and (2) to elucidate further if the
DOI could be used as a transport molecule across
the blood-brain barrier using both — intracerebro-
ventricularly (icv) and subcutaneously (sc) appli-

INTRODUCTION

The endogenous opioid pentapeptides Leu’-
enkephalin (Leu’-enk) and Met’-enkephalin (Met’-
enk) and their selective analogues participate in pain
control, have analgetic potency and decrease
electrically-evoked contractions during in vitro
assays [1-3]. Leu’-enk and Met’-enk are released
from the polypeptide precursor proenkephalin (267
amino acids), but can not be used as therapeutic
drugs, because: (i) the endogenous peptidases
degrade them rapidly; and (ii) the so-called peptide
transport system 1 [4], which transports enkephalins

out of the central nervous system or in both
directions, is disputable. However, an artificial
precursor of these short opioid peptides was
constructed in a previous study of Barth et al. [5] by
condensing desoctapeptide-insulin (DOI), which
molecule is much larger, with Leu’-enk or Met’-enk.
We suggested that the resulting peptides of this
condensation could be distributed in the organism
and enkephalins would be released from them

* To whom all correspondence should be sent:
E-mail: nevena_pencheva@yahoo.com

cation of the peptides before testing procedures.

EXPERIMENTAL
Animals

The experiments were carried out on male Wistar
rats (180-200 g), male albino mice ICR strain bred
(18-20 g) and male guinea-pigs housed in groups
under an artificial 12 h light/dark cycle in air-
conditioned room at a temperature of 24 + 1°C with
food and water available ad libitum except during

138 © 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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the experiments. Each group included 6—8 animals.
All tests were conducted between 09:00-12:00 h.

The following treatment groups were tested for a
given peptide: (1) control groups (rats) for NaCl
(i.p.- 0.9%) after icv or sc application; (2) group
(rats) for peptide tested after icv application in
volume of 50 pl and activity of 1 IU/kg b.wt.; (3)
group (rats) for peptide tested after icv application
with naloxone (i.p., 0.5 mg/kg b.wt.) injected 10
min before the test compound; (4) group (rats) for
peptide tested after sc application in volume of 50 pl
and activity of 1 IU/kg b.wt.; (5) group (rats) for
peptide tested after sc application with naloxone
(i.p., 0.5 mg/kg b.wt.) injected 10 min before the
test compound; (6) group (mice) for acetic acid
administered i.p. in the volume of 0.1 ml/10 g b.wt.;
and (7) groups for in vitro (guinea-pig ileum or
mouse vas deferens).

All experimental procedures were carried out in
accordance with the institutional guidance and the
general recommendations on the use of animals for
scientific purposes.

Peptides, drugs, solutions, application

DOI was prepared by trypsin-catalyzed cleavage
of porcine insulin as previously described [5]. It was
isolated and characterized by mass spectrometry
(MS), capillary electrophoresis, amino acid analysis
and analytic RP HPLC.

Leu’-enk and Met’-enk were commercial prepa-
rations. DOI-enkephalins (DOI-Leu’-enk and DOI-
Met’-enk) were prepared at the Institute of Organic
Chemistry and Biochemistry (Academy of Sciences
of the Czech Republic) according to the procedure
described previously [5]. The monitoring of the
condensation between DOI and enkephalins and the
isolation of the products was undertaken by RP-
HPLC. The derivatives of DOI were characterized
by RP HPLC, capillary electrophoresis, MS-FAB
and amino acid analysis.

For in vivo and in vitro experiments DOI, DOI-
Leu’-enk and DOI-Met’-enk were dissolved in HCI
and saline (with a correction of pH) and admi-
nistered icv or sc. For icv application rats were
anaesthetized by i.p. injection of ketamine (80
mg/kg b.wt.) solution for surgical manipulation
before application of peptides or NaCl. After
sectioning along sagital sature a small hole into the
skull was made with the following coordinates from
brigma: AP 0.8 mm, ML 1.5 mm and DV 3.5 mm.
Rats were allowed 24 h to recover from surgery.

To prove the opioid nature of the responses we
used the blocker of the opioid receptors naloxone.

Nociceptive methods (in vivo)

Chemical stimulus - writhing test (or acetic acid-
induced abdominal constriction test). Acetic acid
(diluted with distilled water to a concentration of
1%) was administered i.p. in the volume of 0.1
ml/10 g b.wt. The mice were placed in individual
cages and the number of abdominal constrictions
(writhes) of each mouse was counted at 5-min
intervals for 30 min. Counting of abdominal con-
strictions started immediately after injection of
acetic acid. The mice with decreased number of
writhes were considered protected by the test agent.

Mechanical stimulus - paw-pressure test (or
Randall-Selitto test). The changes in the mechanical
nociceptive threshold of the rats were measured
using an Ugo Basil analgesimeter (probe tip
diameter 1 mm). The pressure was applied to the left
hind-paw and the pressure (g) required to elicited
nociceptive responses such as squeak and struggle
was taken as the mechanical nociceptive threshold.
A cut-off value of 500 g was used to prevent
damage of the paw.

Thermal stimulus - the hot plate test. This test
consists of introducing a rat into an open-ended,
cylindrical space with a floor consisting of a
metallic plate that is heated by a thermode. Hot plate
temperature was set at 55 + 0.5°C. Rats were
removed from the hot plate in the absence of noci-
ceptive response within 60 s to avoid the tissue
damage. We measure the reaction time or the
latency (s) of the first evoked behaviour events such
as paw-licking followed by jumping.

In vitro

Male guinea-pigs (200-300 g) or mice were
stunned by a blow on the head. The terminal ileum
from guinea-pig or vas deferens from mice were
removed and placed in the modified Krebs solution
containing (mM): NaCl 112.5; KCl 4.75; NaHCO;
25.00; KH,PO, 1.19; MgCl, 1.2; CaCl, 2.4; glucose
11.5. The segments, 1.5-cm long were dissected out
from the ileum, while the length of vas deferens
preparations was about 12 mm.

Organ bath experiments. Each ileal segment was
set up in an organ bath containing 10 ml of modified
Krebs solution aerated with 95% O, and 5% CO,
and maintained at 37°C. The segments were
suspended under 5 mN tension. There was a 60 min
equilibration period before any measurements were
made. Contractile activity was recorded under iso-
metric conditions. Electrical field stimulation (EFS)
(0.5 ms, 0.1 Hz, supramaximal voltage intensity)
was applied. Vas deferens preparations were set up
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in 3 or 5 ml organ bath with 1 mN tension and the
same EFS.

RESULTS AND DISCUSSION
In vivo

Paw-pressure test and hot-plate test — icv
application. All compounds DOI, DOI-Leu’-enk
and DOI-Met’-enk exerted well-pronounced anti-
nociceptive effects using paw-pressure test and hot-
plate test (Fig. 1). During the paw-pressure assay the
pain threshold at the 10-min test interval, which was
120 + 25 g/em’ for the control group, was increased
as follows: DOI — to 240 + 30 g/cm’, DOI-Leu’-enk
—to 370 + 20 g/cm® and DOI-Met’-enk — to 250 +
30 g/em®. DOI-Leu’-enk exerted a maximal anti-
nociceptive potency in the hot-plate assay also,
because the maximal latency of the response was
31 £ 5 s at the 20-min interval, while that of DOI
and DOI-Met’-enk were 20 + 4 s (at the 20-min and
at the 30-min interval) and 20 + 5 s (at the 30-min
interval), respectively.

In the presence of the opioid antagonist naloxone
(in a dose of 1 mg/kg; i.p.) the antinociceptive
effects of all compounds tested were antagonized
(data not shown), which proved their opioid
character. Moreover, in the presence of naloxone,
the application of the DOI-Leu’-enk and DOI-Met’-
enk, but not of DOI, hyperalgesia was observed.

Paw-pressure test and hot-plate test - sc
application. Using this type of injection of the DOI
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and derivatives we obtain similar antinociceptive
effects, but with the following differences (Fig. 2):

— the antinociceptive effect of DOI and DOI-
Leu’-enk was less revealed than that after icv
application;

— the effects of all compounds were developed
for 20 min time course, while those after icv — for at
least 40 min;

— in the presence of naloxone we did not
observed hyperalgesia (data not shown).

It is well known that opioid receptors in the brain
modulate descending pain pathways and con-
sequently increase nociceptive response thresholds
[9]. Although attenuated at a big extent as compared
with icv application, the antinociceptive responses
of the DOI and derivatives after sc application
suggest that they probably penetrate the blood-brain
barrier. However, based on the results with these
two tests we need additional experiments to precise
the mechanisms of action as far as penetration of
blood-brain barrier is concerned.

Writhing test in mice (acetic acid-induced abdo-
minal constriction test). The results obtained with
writhing test in mice, which is informative for vis-
ceral pain, showed that all compounds did not change
the number of the abdominal constrictions after
either icv or sc injection. Thus, they did not influence
the visceral pain probably because the endogenous
enkephalins are rather delta- than mu-selective,
while according to Riviere [10] the peripheral
kappa-opioid agonists are specific for visceral pain.

a0r Hot plate icv
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Fig. 1. Antinociceptive effect of icv administrated desoctapeptide-insulin (DOI), DOI-Leu’-enkephalin (DOI-Leu’-enk)
and DOI-Met’-enkephalin (DOI-Met’-enk) in the paw-pressure and hot-plate test, expressed as mechanical thresholds
(g) and latencies (s) respectively. Each data point represents the means + s.e.m. response of 6—8 rats.

*p < 0.05 compared to control by using Mann-Whitney U test; “p < 0.05 compared to DOI and DOI-Met’-enk
by using Mann-Whitney U test.
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Fig. 2. Antinociceptive effect of sc administrated desoctapeptide-insulin (DOI), DOI-Leu’-enkephalin (DOI-Leu’-enk)
and DOI-Met’-enkephalin (DOI-Met’-enk) in paw-pressure and hot-plate test expressed as mechanical thresholds (g)
and latencies (s) respectively. Each data point represents the means + s.e.m. response of 6—8 rats.

*p < 0.05 compared to control by using Mann-Whitney U test; “p < 0.05 compared to DOI-Leu’-enk
by using Mann-Whitney U test.

In vitro

All three compounds did not affect the electri-
cally-evoked contractions of guinea-pig ileum (mu-
and delta-opioid receptors). However, at concentra-
tions higher than 20 pM DOI-Met’-enk had
naloxone-reversible opioid inhibitory effect, which
was about 20% inhibition of the control contractile
response.

In the mouse vas deferens (mu-, delta- and
kappa-opioid receptors, but predominantly model
system for delta-opioid receptors) only DOI-Met’-
enk showed naloxone-reversible opioid inhibitory
effect at concentrations higher than 100 nM. The
extent of the effect was about 65% inhibition of the
evoked electrical contractions. Since, the inhibitory
effects of endogenous enkephalins on electrically-
evoked contractions in different smooth-muscle
preparations are well documented [1-2], the poor
effects of DOI-Leu’-enk and DOI-Met’-enk could
be due to changes in enzyme degradation and in
release of the opioid pentapeptides from the conden-
sation peptide in these tissues.

CONCLUSIONS

The present results show that: (i) After mecha-
nical or thermal stimuli DOI, DOI-Leu’-enk and
DOI-Met’-enk exert antinociceptive effects with
opioid nature; (ii) The DOI and derivatives do not
influence the visceral pain and their in vifro effects
are also poor; (iii) The antinociceptive effects of the
peptides investigated after sc application in both
paw pressure test and hot-plate test suggest that they
probably have crossed the blood-brain barrier due to

DOI, which at some extent could be used as a
transport molecule; (iv) The antinociceptive effects
of the peptides investigated after icv application in
both paw pressure test and hot-plate test suggest that
analogues of DOI probably achieved prolonged
antinociceptive action, due to gradual release.
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(Pesrome)

Tpu uHCYynMHOBH aHanora ¢ MoAuduKanud Ha B-Bepurara 0sixa CHHTE3UpAHU YpPE3 TPHUIICHH-KATAIU3UPAHO
KyIUTHpaHe Ha des-oKTamanenTus (B* —B30)-HHcynHH (DOI) ¢ Met’-enkedamn (Met’-enk) i Leu’-enxedamnn (Leu’-
enk). Ananosure DOI-Met’-enk n DOI-Leu’-enk 6sixa ToydeHH upe3 KOHJEH3alHs MEXIy aMHHO TPYIHTE Ha
eHKedanuHuTe W KapOOKCHWIIHATA Tpyla Ha aprUHAHA B ITO3UIHA B*. 3a ga TtectBame cBoiictBata Ha DOI kato
TPAaHCIIOPTHA MOJIEKYJIa 3a aKTHBHHM ONMMOMIHH NenTuay, Hue miciaeasaxme DOI, DOI-Met’-enk and DOI-Leu’-enk,
4ype3 TPU TUINA in Vivo HOLMIENTHBHU MeToiu: writhing TecT Ha MHMIIKM, paw-pressure TecT M hot plate Tect Ha
wibxoBe. [lentuaure Osxa MPUIOKEHA IO JBAa HAuyWHA: WHTpAIepeOpPOBEHTPUKYJapHO (ICV) M TOIKOKHO (SC).
CnocoOHOCTTa Ha MIENTHANTE Jla MHXUOUPAT eIeKTPUIECKU-TIPEN3BUKaHN KOHTPAKLIMK HA MJIEYM OT MOPCKO CBHHYE U
vas deferens or mwumika, cpimo Oeme wu3cieaBaHa. 3a BepU(HKalMsd Ha ONHMOJMHATA NPUpPOJAa HA OTTOBOPHUTE
nsnon3Baxme HankcoH (1 mg/kg, naTpaneputoneanto). Ilpunoxenuero Ha paw-pressure u hot-plate Tecra nokasa, ue
BCHUKH ChEIMHEHHs yIpaKHsABaXa g00pe u3paseHn antuHoumuentueuu edexrn (DOI < DOI-Met’-enk < DOI-Leu’-
enk) ¢ IpoaBIHKUTEHOCT OT MEHUMYM 40 min cies icv mpuiIokeHne. bixa yCTaHOBEHH pa3iuyusi B MOTEHTHOCTTA Ha
MIENTHIUTE TIPH SC MPIIIOKEHHE W epeKTuTe ce pa3BmBaxa 3a 20 min. Pesymrature ot writhing Tecta Ha MHIIKA
MoKa3axa, 4¢ BCHMYKM HM3CJICIBAHM MENTHAN HE MOBIUABAT BUCIepaiHaTa Ooska. Edekrure in vitro 6sxa TBbpAE cliadu
¥ ce HaGmoaaBaxa Mpy KoHieHTpauuy Hax 20 uM 3a DOI-Met’-enk u mag 100 nM 3a DOI-Leu’-enk. Bb3 ocHoBa Ha
MIPEICTABEHUTE EKCIIEPIMEHTATHH PE3yJITAaTH MOXKE Jla Ce HallpaBH NpearnojioxkeHneTo, de anairozute Ha DOI: DOI-
Met’-enk and DOI-Leu’-enk mposiBsiBaT NpOJOHTHPAHO AHTHHOLMIENTHBHO AeiicTBue, a DOI B HAKAKBA CTENEH MOKE
Jla Urpae poJisi Ha TPAHCIIOPTHA MOJIEKYJIa Mpe3 KPbBHO-MO3buHAaTa Oapuepa.
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Alzheimer’s disease (AD) is affecting about 20 millions people worldwide. The last forecast shows that during the
next 20-30 years their number will double because of the human life-span increasing. The transformation of amyloid 8
(AB) soluble from the insoluble B-fibers is a critical stage in the AD progression. A resulted from the precursor protein
cleavage which is catalyzed by different proteinases named a, p and y-secretases. That is why the inhibition of some of
these enzymes is a promising alternative for AD treatment. The shortest peptide structure found with f-secretase
inhibition activity is Glu-Val-Asp-Leu-Ala. A lot of investigations show the role of various amino acids in different
positions for the inhibition activity and reveal important structure-activity relationships. Based on these investigations,
we synthesized ten peptide mimetics with potential B-secretase inhibition activity by means of conventional peptide
synthesis in solution. All newly synthesized compounds were characterized by TLC, m.p. and [a]ss>>. The biological

trials are in progress.

Key words: Alzheimer’s disease; B-secretase inhibitors, peptide mimetics.

INTRODUCTION

Alzheimer’s disease (AD) is affecting about 20
millions people worldwide. The last forecast shows
that during the next 20-30 years their number will
double because of the human life-span-increasing.
The transformation of amyloid B (AB) soluble from
the insoluble B-fibers is a critical stage in the AD
progression. AP resulted from the precursor protein
containing 695 to 770 amino acid residues. This
process starts with four cleavages of this protein
catalyzed by different proteinases, named a,  and
y-secretases. The tearing in AP, and APy is
catalyzed by the enzyme B-secretase. There is no
data in literature whether this enzyme is a part of the
other life process in the organism.

Last ten years provide a number of different
investigations on the B-secretase inhibition process.
Tung et al. revealed that the shortest peptide
structure with B-secretase inhibition activity is Glu-
Val-Asp-Leu-Ala [1]. Their experiments show that
Leu or Phe at P, position, Val or Leu at P; position
and Asp or Asn at P, position is compulsory for
inhibition activity availability. Additional investiga-
tions reveal that the minimal substrate with passable
[-secretase inhibition activity is Boc-Val-Asp-Leu-
Ala-OH. Based on that structure, we investigate the
influence of different amino acid residues at P4, P
and P, positions on the inhibition activity. At some

* To whom all correspondence should be sent:
E-mail: lvezenkov(@yahoo.com

structures the residues at P4 and P; position were
removed. It is well-known that the enzyme [-
secretase includes high hydrophobic S; and Ss-
pockets [2]. That is why the availability of hydro-
phobic amino acids at these positions is obligatory
for inhibition activity. In our new structure, we
choose Leu residue for these two positions. S, and
Ss-pockets are hydrophilic [3]. Tung et al. investi-
gated the residues Asn and Met for P, position.
Their X-ray analysis revealed that P, Asn residue in
the substrate made a hydrogen bond with Arg*” in
the enzyme binding site [1]. In our structure, Asp in
this position was used because we suppose that its
hydrogen bond formation potential is better than
Asn. For P4 position Tung et al. choose Glu or Boc
residue and they proved that —C=0O function
participates in the strong hydrogen bond obtaining.
There is no data whether the bonds made by Boc
group are stronger than those obtained by the o-
COOH function of Glu [1]. We decided to investi-
gate the length of the chain of the amino acid in this
position and choose Asp.

The additional investigations on the high-potent
B-secretase inhibitors conformation show that at P,’
position the chain of the compounds is turned off
and the side chains of the residues at P;’ and P4’
positions do not participate in the enzyme-substrate
interaction [4]. Based on the latter conclusion,
Ghosh et al. removed and replaced the residues at
P;> and P, positions by different C-terminal
residues [2]. They investigated the activity of deri-
vatives based on the sequence Boc-Val-Asp-Leu-
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Ala-Val-Glu(P5’)-Phe(P4’)-OH. They succeeded to
increase B-secretase inhibition activity replacing C-
terminal amino acids at P;> and P,” positions by
benzylamine. The latter results to fourfold inhibition
activity increasing (ICso = 28 nM, K; = 2.5 nM). The
other potential residue they determined was piri-
dinylmethylamine (ICso = 70 nM) [1]. Because of
the better activity of the compounds with benzyl-
amine C-terminus in our new structure the same
fragment as C-terminal moiety was used. On the
other hand, it is well-known that high hydrophobic
moieties play a key role in the molecule for blood
brain barrier passing. Based on this fact, a series of
analogues with C-terminal 3,4-dimethoxybenzyl-
amine residue was synthesized.

The X-ray investigations on the crystal structure
of the enzyme-substrate complex revealed that
COOH group of the residue at P,” position made a
strong hydrogen bond with OH group of Tyr'”®
which plays key role in the enzyme-substrate
interaction. That is why even in the shortest peptide
structure with B-secretase inhibition activity Glu-
Val-Asp-Leu-Ala(P,”) the availability of P,” residue
is obligatory. The question is: which is the best
choice for amino acid residue in this position? In
2005 Hanessian et al. synthesized three peptides
differing only by their residue at P,” position — NH-
Butyl (IC5p = 1.82 uM), Ala (ICso = 0.6 uM) and
Val (IC5o = 0.19 uM) [5]. The obtained results show
that the most powerful is the analogue with Val at
P’ position. That is why our design with Val in this
position was done.

EXPERIMENTAL

All newly synthesized compounds were char-
acterized by TLC, m.p. and [o]s4. Their structures
were proved by ES/MS. The purity of the products
was checked by TLC on precoated plates of Silica
gel 60 Fps4 (MERCK) with the following solvent
systems: CHCl;:AcOH 9:1 (v/v); n-BuOH:AcOH:
H,0 3:1:1 (v/v/v) and n-BuOH:AcOH:pyridine:H,O
60:6:24:20. Spots on TLC chromatograms were
detected by chlorine/o-tolidine reaction. The melting
points were deter-mined on a Kofler apparatus and
were uncorrected. The optical rotation was
measured on a Quick Russel-Jouan Type SLID
polarimeter.

General procedure for preparation by the N,N -
dicyclohexylcarbodiimid (DCC)/1-hydroxybenzo-
triazol (HOBt) method

1.00 mmol of the peptide (obtained from Boc-
peptide ester by treatment with 10-fold excess of
TFA) was dissolved in minimal amount of DMF and
after cooling to —5°C neutralized to pH 7-7.5 with
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Et;N. 1.20 mmoles of Z- or Boc-amino acid, 1.20
mmoles of DCC and 1.40 mmoles of 1-HOBt were
added. The reaction mixture was stirred for 24 h at
0°C and for another 24 h at room temperature. The
obtained DC-urea was removed by filtration and
then 30 ml of water were added. The product was
extracted into EtOAc (3x10 ml) and the organic
layer was washed with 5% NaHCO; (3x10ml), H,O
(3x10ml), 10% citric acid (3x10ml) and H,O to
pH = 7. The solvent was dried with Na,SO4 and
removed in vacuo followed by recristallization.

General procedure for preparation by the TBTU or
TCTU method

1.00 mmol of the peptide (obtained from Boc-
peptide ester by treatment with 10-fold excess of
TFA) was dissolved in minimal amount of DMF and
after cooling to —5°C neutralized to pH 7-7.5 with
diisopropylethylamine (DIEA). 1.20 mmoles of Z-
or Boc-amino acid, 1.20 mmoles of 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluo-
roborate (TBTU) or O-(6-chloro-1-hydroxybenzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-
borate (TCTU) and 1.20 mmoles of DIEA were
added. The reaction mixture was stirred for 24 h at
room temperature. Finally, 30 ml of water were
added. The product was extracted into EtOAc (3x10
ml) and the organic layer was washed with 5%
NaHCOj; (3x10ml), H,O (3x10ml), 10% citric acid
(3%x10ml) and H,O to pH = 7. The solvent was dried
with Na,SO, and removed in vacuo followed by
recristallization.

Deblocking of Z- and OBzl groups by catalytic
hydrogenation in the presence of Pd/C

1.00 mmol of protected peptide was dissolved in
MeOH and then Pd/C and 1.00 mmol (or catalytic
amount) of HCI was added. Hydrogen was passed
through the reaction mixture at room temperature.
The deblocking of the protecting groups was con-
trolled by TLC and after finishing the reaction, Pd/C
was filtered out and MeOH was evaporated in
vacuo. The formed oil was subjected to the next
deblocking.

RESULTS AND DISCUSSION

Based on the information above, a design of
peptide mimetics including minimal substrate sub-
units with C-terminal benzylamine and 3,4-dimeth-
oxybenzylamine functions was done. Ten peptide
mimetics with potential p-secretase inhibition
activity were synthesized by peptide synthesis in
solution according to Scheme 1-5: H-Asp-Leu-Ala-
Val-NH-Bzl; H-Asp-Leu-f-Ala-Val-NH-Bzl; Boc-
Leu-Asp-Leu-Ala-Val-NH-Bzl; Boc-Leu-Asp-Leu-
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B-Ala-Val-NH-Bzl; H-Asp-Leu-Asp-Leu-Ala-Val-
NH-Bzl; H-Asp-Leu-Asp-Leu-B-Ala-Val-NH-Bzl;
Boc-Leu-Asp-Leu-Ala-Val-NH-3,4-dimethoxyben-
zyl; Boc-Leu-Asp-Leu-p-Ala-Val-NH-3,4-dimeth-
oxybenzyl; H-Asp-Leu-Asp-Leu-Ala-Val-NH-3,4-
dimethoxybenzyl; H-Asp-Leu-Asp-Leu-p-Ala-Val-
NH-3,4-dimethoxybenzyl.

The first series of compounds include benzyl-
amine moiety as C-terminal residue. Initially, a
fragment condensation for all peptides was tried.
Because of a lot of secondary products obtained
during these reactions all newly compounds were
synthesized by stepwise addition of amino acids
starting from C- to N-terminus. The condensation
reactions in the presence of variety of coupling
reagent like TBTU, TCTU and DCC/1-HOBt were
done. The best methods according to the purity and
yields of the products were chosen. They are
presented in the reaction schemes.

(B-Ala)
Asp Leu Ala Val
Z-—NH—BzI
) H}/Pd
Boc——OH  HS—NH—BzI
(Z)  TBTU/DIEA
Boc NH—BzI
(H,/Pd)
TFA
Boc—/OH H NH—BzI
DCC/HQBt
Boc NH—BzI
OBzl TFA
Boc—ZOH H NH—BzI
OBzl
Boc—-= TBTU/DIEA NH—Ba]
| OBzl 1.2N|NaOH 2. TFA
H— NH—BzI

Scheme 1. Synthesis of tetrapeptides
H-Asp-Leu-Ala(B-Ala)-Val-NH-Bzl.

The shortest needed fragments H-Asp-Leu-Ala-
Val-NH-Bzl and H-Asp-Leu-B-Ala-Val-NH-Bzl
were synthesized by stepwise attachment of Boc-
Ala-OH or Z- p-Ala-OH, Boc-Leu-OH, Boc-
Asp(OBzl)-OH and Boc-Leu-OH to the C-terminal
H-Val-NH-BzI residue according to Scheme 1. Most
of the reactions ran with high yields and good
purity. Some difficulties with Leu residue attach-
ment were met. DCC/1-HOBt method finally was
chosen as the most effective according to the yield

of the target product (78%). Asp and Ala residues
were subjected condensation in the presence of
TBTU with quantitative yields.

(B-Ala)
Leu Asp Leu Ala Val
Z--NH—BzI
@) H}/Pd
Boc—OH  H-—NH—BzI
() BTU/DIEA
Boc NH—BzI
(H,/Pd)
TFA
Boc—OH H NH—BzI
DCC/HOBt
Boc NH—BzI
OBzI TFA
Boc—“OH  H NH—BzI
OBzl
Boc— TBTU/DIEA NH—Bzl
OBzl TFA
Boc——OH H— NH—BzI
DCC/HOBt| OBz
Boc NH—BzI
2N NaOH
Boc NH—Bz|

Scheme 2. Synthesis of pentapeptides
Boc-Leu-Asp-Leu-Ala (B-Ala)-Val-NH-BzI.

According to Scheme 2, N-terminal Boc-Leu-OH
was linked to H-Asp-Leu-Ala-Val-NH-Bzl and H-
Asp-Leu-B-Ala-Val-NH-BzI obtained by Scheme 1.
The same difficulties as with condensation of first
Leu residue were met. The same methods were
carried out and finally TCTU was chosen leading to
quantitative yield of 96% for the reaction with
H-Asp(OBzl)-Leu-Ala-Val-NH-Bzl (67% for the
same reaction with DCC/1-HOBt method) and 45%
for the reaction with H-Asp(OBzle)-Leu-p-Ala-Val-
NH-Bzl (37% for the same reaction with DCC/1-
HOBt method) and better purity of the target
compounds.

The protected hexapeptides Boc-Asp(OBzl)-Leu-
Asp(OBzl)-Leu-Ala-Val-NH-Bzl and Boc-
Asp(OBzl)-Leu-Asp(OBzl)-Leu-B-Ala-Val-NH-Bzl
were obtained by consecutive attachment of Asp
residue to the products synthesized by Scheme 2 in
quantitative yields (Scheme 3). The final products
were obtained by deblocking the protecting groups
by treatment with 2 N NaOH and TFA, sub-
sequently.

145



L T. Ivanov et al.: New peptide mimetics with potential f-secretase inhibition activity

The second series of compounds include 3.4-
dimethoxyphenylamine as C-terminal residue and
were synthesized according to Schemes 4 and 5

(B-Ala)
Asp Leu Asp Leu Ala Val
Z--NH—Bz|
2) H}/Pd
Boc——OH  H——NH—Bz
éZ) TBTU/DIEA I
0C yield =909 NA—BZ
(H,/Pd)
Boc—OH H TFA NH—BzI
.-. DCC/HOB}(yield 78%
Boc - NH—BzI
(yield B-Ala [[CTU 52%
OBzl TFA
Boc—=0OH H NH—BzI
OBzl
Boc—! : TBTU/DIEA NH—B2I
yield 83%{(86%)
OBzl TFA
Boc——OH H— NH—BzI
TCTU _ OBzl
Boc - NH—BzI
yield 45%(>90%)
OBz| TFA OBzl
Boc—{=OH H NH—BzI
OBzl TBTUVDIEA OBzl
Boc— N NH—BzI
yield 86%4(>90%)
1. 2N NaOH 2. TFA
H NH—BzI

Scheme 3. Synthesis of hexapeptides
H-Asp-Leu-Asp-Leu-Ala(p-Ala)-Val-NH-Bzl.

The same problems as with the first series of
compounds, concerning the reactions of condensa-
tion of Leu residues were met. The reactions of
condensation were carried out again at different
conditions and in the presence of condensation
agents with a view to get the best results with
respect to yields and purity of products. Similar
problems in this series of compounds were met with
the reaction of condensation with participation of
Boc-Asp(OBzl)-OH. The best results according to
the condensation agent and yields are shown in the
reaction schemes.

Boc-protecting group in all compounds was
removed by treatment with 10-fold excess of TFA.
Z- and —OBzl protecting groups were removed by
catalytic hydrogenation in the presence of HCI
(molar or catalytic amount) and Pd/C. The melting
points and [a]ss>> are presented in Table 1:
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(B-Ala)
Leu Asp Leu Ala Val
OCHj
Hp
Z—NH—C —<j>—00H3
@) HYPd OCHs
2
Boc——OH  H{—NH—C —<j>—0<:H3
OCH
(@) TBTU/DIEA H, °
Boc NH—C — OCHg
(Hy/Pd) OCH,
TFA Hp
Boc——OH H NH—C — OCH3
" OCH;
Boc DCCHOBt NH—CZ—O—OCH;;
OCH;
0Bzl TFA Hy
Boc—“OH  H NH—C — OCHj
OBzl H OCH,
Z|
Boo] TBTU/DIEA NH—P2_ @_ oCH,
OCH;
0Bzl TFA Hy
Boc——OH  H— NH—C — OCHs
OCHj
DCC/HOBt | 0Bzl Hy
Boc NH—C — OCH3
Y OCH;
Boc 2N NaOH NH \,2—/\¥_/>—0(:H3

Scheme 4. Synthesis of pentapeptides Boc-Leu-Asp-Leu-
Ala(B-Ala)-Val-3,4-dimethoxybenzylamide.

(B-Ala)
Asp Leu Asp Leu Ala Val
OCH;
Hy
Z--NH—C —@—Ocm
@) HY/Pd OCH;
Boc—OH H+—NH—C — OCH;§
OCH
@ tpTUDIE H, 3
Boc—— NH—C2— ocH,
yield >909%
(Hy/Pd) ocHs
TFA H,
Boc——OH H NH — OCHg
OCH,3
DCC/HOB] it .
0T yield 68%] (60%) _< >— s
OCH;,
OBzI TEA Hy
Boc—ZOH H NH—C — OCH3
OBzl " OCH;
_1-0Bzl TRTUIDIEA Hy @_
Boo ™ 10 =909 (44%) NH—C OCH,
OCH3
| OBzl TFA Hy
Boc——OH H—; NH—C — OCH;3
OCH3
DCC/HOB| 0Bzl Lt "
SO ield 75 (17%) N —< >— s
OCH
OBz TFA |_osz " 5
Boc—/~OH H N2 ocHs
OBzl H OCHs
OBzl TBTU/DIEA |_ 0Bz ,
B — OCH
| yield >90%{ (62%) NH—— ( §—ocH,
OCH,
1. 2N NaOH 2. TFA H, =
NH—C —) ,)—OCH;

Scheme 5. Synthesis of hexapeptides H-Asp-Leu-Asp-
Leu-Ala(B-Ala)-Val-3,4-dimethoxybenzylamide.
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Table 1. Melting points and [a]*s46 of the newly synthesized products.

No Product M.p., °C [0]%s46, ©
1 Z-Val-NH-Bzl 167-169 —40
2 Boc-Ala-Val-NH-Bzl 164-166 -120
3 Z-B-Ala-Val-NH-Bzl 184-186 -
4 Boc-Leu-Ala-Val-NH-Bzl 139-141 -130
5 Boc-Leu-p-Ala-Val-NH-Bzl 169-171 —40
6 Boc-Asp(OBzl)-Leu-Ala-Val-NH-Bzl 121-123 —0.2*
7 Boc-Asp(OBzl)-Leu-B-Ala-Val-NH-Bzl 124-126 +40
8 Boc-Leu-Asp(OBzl)-Leu-Ala-Val-NH-Bzl 197-199 -

9 Boc-Leu-Asp(OBzl)-Leu-p-Ala-Val-NH-Bzl 200-201 -
10 Boc-Asp(OBzl)-Leu-Asp(OBzl)-Leu-Ala-Val-NH-Bzl 193-195 -
11 Boc-Asp(OBzl)-Leu-Asp(OBzl)-Leu-B-Ala-Val-NH-Bzl 191-193 -10
12 Asp-Leu-Ala-Val-NH-Bzl 119-121 =50
13 Asp-Leu-B-Ala-Val-NH-Bzl 152-154 +30
14 Boc-Leu-Asp-Leu-Ala-Val-NH-Bzl 125-127 +30
15 Boc-Leu-Asp-Leu-B-Ala-Val-NH-Bzl 123-125 +20
16 Asp-Leu-Asp-Leu-Ala-Val-NH-Bzl 117-119 +40
17 Asp-Leu-Asp-Leu-p-Ala-Val-NH-Bzl 114-116 +60
18 Z-Val-3,4-dimethoxybenzylamide 144-146 -
19 Boc-Ala-Val-3,4-dimethoxybenzylamide 151-153 -90
20 Z-B-Ala-Val-3.,4-dimethoxybenzylamide 187-189 -
21 Boc-Leu-Ala-Val-3,4-dimethoxybenzylamide 183-185 -60
22 Boc-Leu-B-Ala-Val-3,4-dimethoxybenzylamide 169-171 =20
23 Boc-Asp(OBzl)-Leu-Ala-Val-3,4-dimethoxybenzylamide 178-180 -10
24 Boc-Asp(OBzl)-Leu-B-Ala-Val-3,4-dimethoxybenzylamide 191-193 +36
25 Boc-Leu-Asp-Leu-Ala-Val-3,4-dimethoxybenzylamide 136-138 -
26 Boc-Leu-Asp-Leu-p-Ala-Val-3,4-dimethoxybenzylamide 210-212 -
27 Asp-Leu-Asp-Leu-Ala-Val-3,4-dimethoxybenzylamide amorphus -
28 Asp-Leu-Asp-Leu-p-Ala-Val-3,4-dimethoxybenzylamide 217-219 -

For all compounds [o]%s4 [°] is for C 1 MeOH except *C 0.5 MeOH.

Biological trials of all newly synthesized com- 3. S. J. Stachel, C. A. Coburn, T. G. Steele, M. C.

pounds are in progress. Crouthamel, B. L. Pietrak, M. T. Lai, M. K.
Holloway, S. K. Munishi, S. L. Graham, J. P. Vacca,
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HOBU ITEIITUAHU MUMETU3U C IIOTEHLIMAJIHA B-CEKPETA3HA MHXWBUTOPHA
AKTHUBHOCT

W. T. Usanos, 1. JI. Jlananes, JI. T. BezeakoB™

Kameopa ,, Opeanuuna xumus *, XuMuKomexHoI02uuer u Memaiypeuier yHusepcumen,
oya. ,, Knumenm Oxpuocku“ Ne 8, 1756 Cogpus

Tocrprmna Ha 10 romm 2008 r.; [Ipepabotena Ha 25 centemspu 2008 r.
(Pesrome)

Bonecrra Ha Anuxaiimep (BA) e 3acernana oxono 20 MHIMOHA JIymH 1Mo menus cBsAT. [lociequnTe npoydyBaHus
MoKa3Bart, ye npe3 cieasammre 20-30 roguHu OposIT UM IIe ce YJBOM IOpaau HapacTBallaTa MPOABIKUTETHOCT Ha
YOBEMIKMS XHUBOT. [IpeBphInaneTo Ha pa3rBopumus 3 ammiouaeH rmentun (AP) B HeroBata Hepa3TBopuMa (opMma e
KITFOYOB cTaanii B porpecusara Ha BA. AP ce momydaBa kaTo pe3yiTaTr OT pa3KbCBaHE Ha MPEKYPCOPHUS B aMHIOUACH
MENTUI, KOETO € KaTaIM3UPaHO OT Pa3IMYHU NPOTEas3H, N3BECTHH KaTo a-, 3- U y-cexperaszu. ETo 3amo nHXuOMpaHeTo
Ha HSKOW OT Te3W eH3UMHU e olelaBaiia ajTepHaTHBa npu JedeHueTo Ha BA. Haii-kbcara mentuana cTpykTypa C
yCTaHOBEHA MHXMOMTOPHA aKTHUBHOCT cpenty P-cekperaszata e Glu-Val-Asp-Leu-Ala. B nureparypara ca nyonukyBanu
MHOXXECTBO U3CJICABaHMs, ITOKa3BalllU pOJIsATa HA pa3IMYHUTC aMUHOKHCCIIMHUA B TO3W NEINTUA 3a I/IHXI/I6I/ITOpHaTa My
AKTUBHOCT M Ca M3BEIEHHU HAKOM 3aBUCHUMOCTU CTPYKTypa—aKTHBHOCT. OCHOBaBalKM ce Ha T€3W JINTepaTypHU AAHHU
HUC HAlpaBUXME AW3aliH W cuHTe3upaxme 10 MenTHIHM MHMETHIM C MOTCHIHalHA [-CeKpeTasHa HHXUOMpaiia
aKTMBHOCT, C IIOMOIITa HA CTAHIAPTEH NENTHJEH CHHTE3 B Pa3TBOp. BCHYKM HOBOCHHTE3MpaHW ChEIUHEHHs Osxa
oxapaxtepusupanu upe3 TLC, T.T. u [o]s45°. BHOIOrHUHMTE H3CIIEIBAHMS Ca B XOJI.
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We have studied self-assembly properties of recently synthesized L-Valine and pyridine containing low-molecular
compounds, in the presence of some metal ions. It turned out that availability of CuCl, in ethanol solution of these
compounds leads to metal-organic framework (MOF) gel formation. Hydrogels including Na" and K* ions are also
concerned. Here we present some topological features of such gels including Na*, K" and Cu®* ions in their structures.

Key words: Metal-organic polymers, xerogel, porous structure, pH responsive gels.

INTRODUCTION

Investigations of gels based on low-molecular
organic molecules have received increased attention
in the recent years [1-7]. Physical and chemical
properties of such gels are useful for the develop-
ment of functional materials that have potential
applications in fields including tissue engineering,
catalysts, photonic materials, pharmaceutical
diagnosis, etc. [8—11]. Gels structure consists of
nano- and micro-shaped objects. That is why their
study is also of great interest for application as
templates for preparation of nanotubular materials
[12-15]. A few cases of low-molecular gelators
containing pyridine units have been reported until
now [16-20]. The presence of a pyridine moiety in
this type of molecules provides the basis for the
formation of pH-responsive gels and for the incor-
poration of catalytic metals onto the fibres. Here we
report on the formation of physical gels of two
pyridine and L-Valine containing compounds (Fig.
1) in the presence of some metal ions. In some cases
of metal-organic compounds, the metal ions are able
to serve as centres linked into one-, two- or three-
dimensional structures by directional bonding with
small organic molecules. This type of hybrid
materials is known in literature as metal-organic
frameworks (MOFs). Although MOF research is
still in its very beginning, this concept has been
developed extremely rapidly in the recent years [21—
23]. Like other gels, these ones obtained by MOF,
consist of nano- and micro-sized particles and after
removing (evaporating) the solvent they convert into

* To whom all correspondence should be sent:
E-mail: d_tsekova@abv.bg

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

porous materials with unique properties that found
applications as catalytic, absorbents, sensors and
other responsive materials [24-26], endowed with
complex behaviours by the presence of metal
centres. On the other hand, their porous structure
was found very useful, moreover they can be used
as templates for other porous materials [27], as
microporous materials have properties with exploit-
able industrial applications (e.g. as molecular sieves
or supports), as well as every day use, e.g. laundry
detergent [28]. Perhaps the most fundamental and
important aspect of the syntheses of microporous
materials is the control over pore topology (i.e. pore
dimensions and shape). The experimental data
obtained reveal topology of two types of metal-
organic gels. The first one is obtained in water
solutions by adjusting pH in the presence of Na' or
K" ions. The second type — where a simple mix
between two clear solutions of the organic
compound and the cupro salt in a short time led to
coloured gel formation, although in the absence of
this salt, the used organic compounds (substances)
never made gels in methanol, ethanol or propanol.

EXPERIMENTAL

Organic compounds used for the experiments
(Fig. 1) were synthesized by applying previously
reported procedures [19-20].

As it was mentioned above, two main types of
metal containing gels were prepared. The first one
was hydrogel containing alkali metals Na or K.The
second one was organogel obtained in ethanol by
reacting of organic molecule (1 or 2) with CuCl,.
Preparation was done following next recipes:
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Fig. 1. Organic compounds used in the described
experiments with codes 1 and 2.

I. 5 mg of the organic compound (1 or 2) were
dissolved in 500 pl of 0.1 M HCI. Adequate amount
of water solution of NaOH, NaHCO; or K,CO;,
prepared in the range from 0.2 to 1 M, was added to
the above described acidic solution. The obtained
mixture turned into gel. The time for gelation
depended on the concentration of the substance and
varied from seconds, for the most concentrated, to
days for the most diluted. At these conditions,
compound 2 gave opaque to white gels, while
compound 1 gelated in opaque to transparent
formations in dependence on the concentration.

II. 5 mg of the organic compound (1 or 2) were
dissolved in 500 pl hot ethanol. Solutions of 20 mM
CuCl, in ethanol in equivalent amount were added
to the hot solution of organic compound and the
mixture obtained immediately turned into gel
coloured in blue and green nuances.

Scanning electron micrographs were taken in a
JEOL JSM 6390, as well as LEO 4401 microscopes
equipped with digital cameras. The accelerating
voltage was 10 keV in all cases. Before electron
microscope observations the xerogel samples were

covered by thin (nano-size) layer of amorphous
carbon or Au/Pd for their better conductivity.

RESULTS AND DISCUSSION

Bearing in mind that the molecules of the studied
compounds possess two pyridine rings and the
calculated and measured for both compounds
protonation constants Ka; and Ka, are between 3
and 4 [10], it is obvious that they are soluble in
water at pH < 3 as both pyridine groups are
protonated. After dissolving of any of the com-
pounds in acidic water (HCI, higher than 0.1 M),
gels were easyly obtained (immediately or in a few
minutes to hours) after addition of solutions of
NaOH, NaHCO; or K,CO; in relevant concen-
trations and amount. The stability of the obtained
gels increased with increasing the ionic strength of
the solution (NaCl, 0.1 M).

The second type of gel was obtained as a result
of the reaction between organic compound and
CuCl, in hot ethanol and most probably, the
resulting coloured gels are coordination polymers,
the so-called MOFs. The fast gelation of the metal
and ligand suggests that there is a rapid cross-
linking polymerisation between Cu’" and organic
molecule (1 and 2), leading to the growth of
coordination polymer particles, which themselves
subsequently cross-link to leave macroscopic

solvent-filled cavities. In fact, compounds 1 and 2
are able to make gels in some organic solvents (e.g.
toluene, dioxane) but having high solubility in lower
alcohols, they never made any kind of gels in
methanol, ethanol or propanol.

Fig. 2. A. SEM microphotographs of xerogels obtained from compound 1: a) only organic compound in CH,Cl,;
b) from hydrogel containing NaCl; c) 1:CuCl, = 1:1 in ethanol; B. SEM microphotographs of xerogels obtained from
compound 2: a) only organic compound in dioxane; b) from hydrogel containing KCI; c¢) 2:CuCl, = 1:1 in ethanol.
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SEM study of the microstructures of dried gels
(xerogels) obtained only by organic compound,
hydrogels containing Na™ or K" ions and these
obtained as organogels in the presence of CuCl,
show pronounced differences in the topology of
materials, some of them are shown in Fig. 2. The
observations of gels obtained reveal that both
organic compounds can make gels with different
microstructure: fibril (Fig. 2Ba) and laminar (Fig.
2Aa). Most probably, the gel structure depends also
on the solvent used, as previously published data
show that gels of compound 1 in some solvents are
constructed by very thin fibres [19]. That is why we
do not exclude that this laminar structure, presented
in Figure. 2Aa, consists of fibers, which diameter is
in the range of several nm (bellow the resolution of
the used microscope technique). Nevertheless, from
the photo (Fig. 2Aa) it is obvious that the gel
obtained from compound 1 has very large pores due
to undulation of the lamellas, while this formed by
compound 2 (Fig. 2Ba) could be regarded as meso-
porous.

Comparison of hydrogels, containing alkali
metals (Na, K) presented in Figs 2Ab and 2Bb,
displays that both gels have fibril structures with 10
to 30 nm diameter of a fibre and in case of 2Ab,
fibrils are additionally organized in spheres, which
diameter is lower than 2 pm. Again the material
obtained from compound 1 possesses higher pores
than 2 (Fig. 2Bb) because of the space included
among the micro-spheres (Fig. 2Ab).

Figures 2Ac and 2Bc present xerogels, obtained
after reaction between organic compounds and
CuCl,, and most probably they belong to MOFs.
Fibrilar structure was not observed in gels obtained
and obviously, these materials are macroporous, as
their pores are in the range of microns.

CONCLUSIONS

In summary, we report the formation of novel
metal-organic hydro- and organogels with different
porous structures. Further studies into their porosity,
magnetic property and other characteristics of these
materials as well as the molecular structure defining
are in progress.

Acknowledgements: We are grateful to the Univer-
sity of Chemical Technology and Metallurgy for
funding this work under the project 10508.
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MUKPOCTPYKTYPA HA HOBU METAJIO-OPTTAHUYHU I'EJIOBE
ITOJIVUEHHU OT I'EJIOOBPA3YBATEJIM C HUCKA MOJIEKYJIHA MACA

II. C. Llexosa'*, B. b. CrostHOBa®
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N3cnenBaHoO € CBOMICTBOTO CaMOOpTaHU3AIH Ha HACKOPO CHHTE3HPAaHU HICKOMOJIEKYITHU ChEIUHECHHUS ChIbPKAIII
L-BanuH v TUPUANHOBH KOMIIOHEHTH B MOJICKYJINTE CH B IIPHCHCTBHETO HA HSAKOW METAHU HOHHU. Y CTAaHOBEHO 0O€, Ue B
eraHosioB pa3tBop Te pearupar ¢ CuCl, no oOpa3dyBaHe Ha METalO-OpPraHWUYHHM IOJMMEPU C TejioBa CTPYKTypa.
Pasrnenanu ca chIIO XUAPOTEIOBE HA CHIIUTE OPraHMYHU ChEAUHEHHUS, BKJIHOYBALIU Na" u K' ionn. Tyk ca
MPEICTABEHN HSIKOW TOMOJOTUYHM XapaKTEePUCTHKH Ha TaKWBa MPOAYKTH, BKIIOYBAIIN Na', K' u Cu*" iionn B
CTPYKTypara CH.
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The Tyr-MIF-1 family of neuropeptides (Tyr-MIF-1’s) includes MIF-1, Tyr-MIF-1, Tyr-W-MIF-1 and Tyr-K-MIF-1.
Nowadays it is certain that they can modulate pain and some forms of stress-induced analgesia (SIA) by antiopiate and
p-specific processes.

The objectives of the present study were twofold: 1) to determine the involvement of opioid system in analgesia
induced by immobilization, cold and heat stress (IS, CS and HS); 2) to examine whether opioid system and second
messengers are involved in the nociceptive effects of Tyr-MIF-1’s after the three stress models mentioned above.

Male Wistar rats were used and nociception was measured by paw-pressure (PP) test. Tyr-MIF-1’s (all in 1 mg/kg),
naloxone (Nal, 1 mg/kg) and Methylene Blue (MB, 500 pg/paw) were dissolved in saline and were injected
intraperitoneally (i.p.). In the first experimental series Nal was administered 20 min before or immediately after stress
procedure. In the second experimental series Nal and MB were administered immediately after stress procedure, 20 min
and 60 min, respectively, before the administration of the investigated peptides.

The results showed that: (i) opioid and non-opioid components are differently involved in each of stress models. The
non-opioid system is mostly involved in CS, opioid — in HS, while both systems are equally presented in IS; (ii)
different potency of Tyr-MIF-1’s was observed on immobilization, cold or heat SIA, which may be due to their peptide
structure, specific binding sites and different interaction with components of SIA; (iii) opioid system and second

messengers are involved in the nociceptive effects of Tyr-MIF-1’s after IS, CS and HS.

Key words: Tyr-MIF-1’s, stress, nociception, opioid system, second messengers.

INTRODUCTION

The Tyr-MIF-1 family of peptides (Tyr-MIF-1’s)
includes MIF-1, Tyr-MIF-1, Tyr-W-MIF-1 and Tyr-
K-MIF-1, which have been isolated from bovine
hypothalamus and human brain cortex [1, 2]. Nowa-
days it is certain that these endogenous peptides are
potent neuromodulators. They can modulate pain by
antiopiate and p-specific processes [3].

MIF-1 (Pro-Leu-Gly-NH,) can antagonize opiate
actions, and the first report of such activity also
correctly predicted the discovery of other endo-
genous antiopiate peptides. MIF-1 has an effect
similar to that of naloxone blocking the analgesic
effects of enkephalins and morphine in the tail-flick
test and blocking the non-analgesic thermal effects
of morphine [4]. The tetrapeptide Tyr-MIF-1
(Tyr-Pro-Leu-Gly-NH,) not only shows antiopiate
activity, but also pronounced selectivity for the p-
opiate binding site. Tyr-MIF-1 and Tyr-W-MIF-1
(Tyr-Pro-Trp-Gly-NH,) have antinociceptive effects
by binding to p-opioid receptors as well as to their
specific non-opiate receptors in the brain [5]. Tyr-K-
MIF-1 appears to bind to Tyr-MIF-1 specific sites

* To whom all correspondence should be sent:
E-mail: adriana_bocheva@abv.bg

and to its own specific sites [1, 3].

Stress is known to exert an influence on neuro-
endocrine, autonomic, hormonal, and immune
functioning. It has debilitating effects on numerous
body systems. Various stress models (immobiliza-
tion, foot shock, hot and cold exposure) have been
reported to induce analgesia referred to as stress-
induced analgesia (SIA). It is an important phenom-
enon relevant to the perception and response to pain
and to the modulation of behavioral responses, and
it is partially due to release of endogenous opioid
peptides. SIA has been categorized into one of two
broad categories, opioid and non-opioid [6—8]. The
opioid form of SIA is reversed by naloxone or
naltrexone, whereas the nonopioid analgesia is
insensitive to these opioid receptor antagonists [9].

Our and literature data showed that Tyr-MIF’s
are able to inhibit the expression of some forms of
SIA in various species [8, 10].

Literature data about involvement of opioidergic
system in SIA are rather contradictory. A potent
blocker of opioids, naloxone (Nal), reduces the
inhibition of the tail-flick and hot-plate responses
induced by immobilization suggesting the involve-
ment of opioid system [11-16]. SIA due to acute hot
exposure is Nal-dependent [17]. There are also
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investigators who claim that the opioid system is not
engaged in the nociceptive responses since Nal does
not affect immobilization stress-induced antinoci-
ception in male mice [18, 19]. Also, Nal has no
effect on cold SIA [17] or administered before the
cold stress it blocks SIA [20].

The objectives of the present study were twofold:
1) to determine the involvement of opioid system in
analgesia induced by immobilization, cold and heat
stress (IS, CS and HS); 2) to examine whether
opioid system and second messengers are involved
in the nociceptive effects of Tyr-MIF-1’s after the
three stress models mentioned above.

EXPERIMENTAL

Chemistry. The synthesis of Tyr-MIF-1 peptides
was based on well-established methods of peptides
synthesis. For optimization purposes, three different
activation procedures were used: mixed anhydride
(MA), dicyclohexyl carbodimide (DCC/HOBt) or
active ester (AE) methods. The strategy of the
minimal side-chain protection was adopted [21].
After isolation and purification, the peptides were
identified and characterized by optical rotation,
TLC, analytical HPLC, mass-spectra and elemental
analysis.

Animals. The experiments were carried out on
male Wistar rats (180-200 g) housed at 12 h
light/dark cycle. Food and water were available ad
libitum. All experiments were carried out between
09.00 a.m./12.00 p.m. Each group included 8-10
rats.

Nociceptive test. Paw-pressure (PP) test. The
changes in the mechanical nociceptive threshold of
the rats were measured by analgesimeter (Ugo
Basile). The pressure was applied to the hind-paw.
The pressure (grams) required eliciting nociceptive
responses such as squeak and struggle was taken as
the mechanical nociceptive threshold. A cut-off value
of 500 g was used to prevent damage of the paw.

Acute models of stress: Immobilization stress (IS).
The animals were placed in a plastic tube with
adjustable plaster tape on the outside so that the
animals were unable to move. There were holes for
breathing. The control group was not submitted to
restraint. The immobilization procedure was carried
out for 1 hour;

Cold stress (CS). The animals were placed in a
refrigerating chamber at 4°C. The cold stress
procedure was carried out for 1 hour;

Heat stress (HS). Each rat of this group was
subjected for a single exposure in the incubator at a
temperature of 38 + 1°C and relative humidity of
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45-50% for one hour.

Drugs and treatment. MIF-1, Tyr-MIF-1, Tyr-
W-MIF-1 and Tyr-K-MIF-1 (all at a dose of 1
mg/kg) were synthesized by the Group of Anti-
metabolites at the Institute of Molecular Biology,
Bulgarian Academy of Sciences. Naloxone (Nal, 1
mg/kg) and Methylene Blue (MB, 500 pg/paw), an
inhibitor of activation of guanylyl cyclase and NO-
synthase, were obtained from Sigma. All drugs were
dissolved in sterile saline (0.9% NaCl) solution.
Peptides and Nal were injected intraperitoneally
(i.p.). In the first experimental series Nal was
administered 20 min before or immediately after
stress procedure. In the second experimental series,
Nal and MB were administered immediately after
stress procedure, 20 min and 60 min, respectively,
before the administration of the investigated pep-
tides. The experiment began 15 min after injection
of Tyr-MIF-1’s. The control group was injected
with saline 1ml/kg, i.p.

The experimental procedures were carried out in
accordance with the institutional guidance and
general recommendations on the use of animals for
scientific purposes.

Data analysis. The results were statistically as-
sessed by one-way analysis of variance (ANOVA).
Values are mean + S.E.M. Values of P < 0.05 were
considered to indicate statistical significance.

RESULTS AND DISCUSSION

In the first experimental series we determined
involvement of opioid system in analgesia induced
by IS, CS and HS using a non-competitive anta-
gonist of opiate receptors Nal (1 mg/kg, i.p.). It was
administered 20 min before or immediately after
stress procedure. In the first case the changes in
analgesia were measured immediately after stress,
while in the second case — 20 min later (Fig. 1).

Our results showed that IS, CS and HS have
well-pronounced analgesic effects compared to the
control (Figs. 1-4). Administration of Nal (1 mg/kg,
1.p.) immediately after IS decreased significantly the
pain threshold measured 20 min after injection of
Nal (P < 0.01). Nal injected 20 min before IS did not
show significant change in pain threshold compare
to immobilization-SIA (ISIA) measured imme-
diately after stress procedure. The obtained results
for CS were similar. Nal injected immediately after
CS decreased significantly cold-SIA (CSIA) when
the pain threshold was measured 20 min later (P <
0.05). In contrast, Nal adminis- tered 20 min before
HS or immediately after it strongly inhibited heat-
SIA (HSIA) (P < 0.001) (Fig. 1).
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Fig. 1. Effects of naloxone (Nal), immobilization stress (IS), cold stress (CS) and heat stress (HS) on nociception
measured with paw pressure (PP) test. Also administration of Nal (1 mg/kg, i.p.) before (Nal bIS, Nal bCS, Nal bHS)
and after each of stress procedure (Nal alS, Nal aCS, Nal aHS) in male Wistar rats (n = 5). Mean values = S.E.M.
are presented. *P < 0.05 vs. control; "P < 0.05, P <0.01, ""P <0.001 vs. respective stress.

In the second experimental series we examined
the involvement of opioid system and second
messengers in the nociceptive effects of Tyr-MIF-
1’s after the three stress models using Nal (applied
immediately after stress procedure and 20 min
before peptide) and MB (applied immediately after
stress procedure and 60 min before peptide). The
peptides applied alone were injected just after the
stress procedure. The investigation started 15 min
after peptides injection.

MIF-1 (P < 0.01), Tyr-MIF-1 (P < 0.01), and
Tyr-K-MIF-1 (P < 0.05) (all at a dose of 1 mg/kg,
i.p.) significantly decreased the pain threshold
compared to the group of animals with ISIA (Fig.
2). Tyr-W-MIF-1 (P < 0.05) significantly decreased
the pain threshold compared to IS 30 min after its
injection (not shown in the figure). Combination of
peptides with Nal or MB (with exception of MIF-1)
after IS significantly decreased the pain threshold

compared to respective peptide (Fig. 2).

Only two of the investigated peptides, Tyr-MIF-
1 (P < 0.05) and Tyr-K-MIF-1 (P < 0.05) injected
alone after CS, significantly inhibited CSIA (Fig. 3).
Tyr-W-MIF-1 (P < 0.05) showed the same effect 30
min later (not shown in the figure).

Tyr-MIF-1 (P < 0.01), Tyr-W-MIF-1 (P < 0.01)
and Tyr-K-MIF-1 (P < 0.01) significantly decreased
the pain threshold compared to HSIA (Fig. 4).

MIF-1 (P < 0.05) did not show any effect on
CSIA or HSIA. Co-administration of all peptides
with Nal or MB after CS or HS significantly
decreased the pain threshold compared to the
respective peptide (Figs. 3 and 4).

The analgesia induced by stress is an adaptive
response that occurs both in laboratory animals and
humans. Opiod and non-opioid pain inhibitory
pathways appear to be activated by such stimuli [6].
The SIA is classified as opioid when it is anta-
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gonized by naloxone and non-opioid when different
mediators such as dopamine, histamine, serotonin or
excitatory amino acids seem to be mainly respons-
ible for the analgesic effects observed after certain
stress conditions [22]. A lot of literature documents
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demonstrated that the parameters of the laboratory
stressor will determine the neurochemical identity of
the resultant analgesia. In rats, low severity stressors
produce opioid analgesia and higher severity
stressors produce nonopioid analgesia [23].
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Fig. 2. Effects of MIF-1, Tyr-MIF-1, Tyr-W-MIF-1, Tyr-K-MIF-1 (all in 1 mg/kg, i.p.) and their combination with Nal
(1 mg/kg, i.p.) and methylene blue (MB, 500 pg/paw) on nociception measured with paw pressure (PP) test after 1 hour
immobilisation stress (IS) in male Wistar rats (n = 5). Mean values + S.E.M. are presented. *P < 0.05, **P < 0.01 vs. IS;
“P<0.05, ""P<0.001 vs. respective peptide.
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Fig. 3. Effects of MIF-1, Tyr-MIF-1, Tyr-W-MIF-1, Tyr-K-MIF-1 (all in 1 mg/kg, i.p.) and their combination with Nal
(1 mg/kg, i.p.) and methylene blue (MB, 500 pg/paw) on nociception measured with paw pressure (PP) test after 1 hour
cold stress (CS) in male Wistar rats (n = 5). Mean values + S.E.M. are presented. *P < 0.05, **P < 0.01 vs. CS;

s
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Fig. 4. Effects of MIF-1, Tyr-MIF-1, Tyr-W-MIF-1, Tyr-K-MIF-1 (all in 1 mg/kg, i.p.) and their combination with Nal
(1 mg/kg, i.p.) and methylene blue (MB, 500 pg/paw) on nociception measured with paw pressure (PP) test after
1 hour heat stress (HS) in male Wistar rats (n = 5). Mean values + S.E.M. are presented. **P < 0.01 vs. HS;
P<0.01, P <0.001 vs. respective peptide.

According to the obtain results, the opioid
system is involved in the three models of stress. Nal
showed effect administered after each of stress
exposures. The greatest influence was observed on
HSIA. These results and literature data showed that
opioid and non-opioid components are differently
involved in each of stress models. The non-opioid
system is mostly involved in CS, opioid — in HS,
while both systems are equally presented in IS [24].
We confirm some findings that there is the so called
mixed form of SIA, which possesses opioid and
non-opioid components.

The observed different potency of Tyr-MIF-1
peptides may be due to their peptide structure,
specific binding sites and different interaction with
opioid or non-opioid components of the three stress
models — IS, CS and HS. In particular, Tyr-MIF-1"s
have anti-opioid properties, since they decreased the
effect of morphine, L-NAME and some forms of
SIA [2, 3, 10].

Our results are in accordance with some
literature data that Tyr-MIF-1 modulates stress
responses in mice. Authors suggest that the peptide
regulates the endogenous biological alert system
responding to stress exposure, perhaps, counter-
acting the excessive response of the system [25].

It is known that different kinds of stress are
known to alter the brain neurohormones and neuronal
activities [26]. The endogenous peptide Tyr-MIF-1
has been shown to have modulating activity on the

endogenous opiates released with SIA [1, 27]. In
particular, Tyr-MIF-1 induces inhibitory effects on
analgesia induced by shock, novel-environment and
warm water-swim [28], defeat-induced analgesia
and inhibition of aggression [29] and restraint
induced analgesia in the mouse [30].

Opioid system and second messengers are
involved in the nociceptive effects of Tyr-MIF-1’s
after IS, CS and HS since Nal and MB altered the
pain thresholds of peptides.

CONCLUSIONS

i. Opioid and non-opioid components are
differently involved in each of the stress models.
The non-opioid system is mostly involved in CS,
opioid — in HS, while both systems are equally
presented in IS.

ii. Different potency of Tyr-MIF-1’s was
observed on immobilization, cold or heat SIA. This
results may be due to their peptide structure,
specific binding sites and different interaction with
opioid or non-opioid components of SIA.

iii. Opioid system and second messengers are
involved in the nociceptive effects of Tyr-MIF-1’s
after IS, CS and HS.
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OIMMOAEPTMUYHATA CUCTEMA N BTOPUYHUTE ITIOCPEJHULIU TTOBJIMABAT
HOLMIEIITUBHUTE E®EKTU HA TYR-MIF-1 ITEIITUAWTE CJIEA TPU MOJIEJIA HA CTPEC

A. U. boueBa*, E. b. JIxxam0azoBa
Kameopa ,, [lamogu3zuonoeus , Meouyurcku ¢paxynmem, Meouyuncku yrusepcumem, yi. ,,30pase“ Ne 2, 1431 Coghus

[Mocremuna va 17 romm 2008 1.; Ipepabotena Ha 25 cenrremBpu 2008 T.
(Pestome)

Hesponentuanara rpyna Tyr-MIF-1 (Tyr-MIF-1’s) sxiitousa MIF-1, Tyr-MIF-1, Tyr-W-MIF-1 n Tyr-K-MIF-1. B
HaIlld JTHA € U3BECTHO, Ye T€ MOTaT Jia MOJyJIHpar OoJKaTa W HAKOM (OpPMHU Ha cTpec-MHIynupaHa aHanreszus (SIA)
4ype3 aHTHOHOUIHY U |I-CIIeIM(pUIHH JeHCTBUS.

Lenta Ha Hacrosmara pabora Oe: 1) ma ce ompemeny ydYacTHETO Ha ONHMOHMIHATAa CHCTEMa B aHAITE3MATa
MpeIu3BUKaHa OT IMOOWIM3anoHeH, cTyqoB U TorumHeH cTpec (IS, CS u HS); 2) nma ce u3cnensa mamm omurongHaTa
CUCTEeMa M BTOPUYHUTE IIOCPEAHHUIN Ca BBbBIICUeHH B HommuenTuBHUTE edextn Ha Tyr-MIF-1’s cien Tpure moaena Ha
CTpecC CIIOMEHATH I10 TOpe.

MBbxKH TUIBXOBe JMHUA Wistar Osixa M3mon3BaHu M OOJKOBHUs Tpar Oe m3MepBaH upe3 paw pressure (PP) Tect.
Tyr-MIF-1’s (Bcuuku B 103a 1 mg/kg), nanokcon (Nal, 1 mg/kg) u Merunen bay (MB, 500 pg/nana) 6sixa pa3rBapssHu
BbB (DM3HMOJIOTHYEH pa3TBOP M HH)KEKTUPAHU HHTpPANCpUTOHEeanHO. B mbpBara ekcrnepuMeHTanHa cepusi Nal Oe
BbBeXaH 20 min npean WIM BeIHara ciiell cTpec npouenypara. BeB Bropara cepus excrniepumentd Nal u MB Gsixa
BBBEKIIAHU BeJHATA CJe]] cTpec-miporenypara, 20 min 1 60 min peCieKTUBHO MPEIH U3CICIBAHUTE TCTITH/IH.

PesynraTute mokaszaxa, 4e: i) ONMOWJIHATA U HEONMMMOUHATA KOMIIOHEHTa UMAT PA3IMYHO YYaCTUEC BHB BCCKH CIUH
oT MozaenuTe Ha crpec. Heommonanara cucrema ydactBa npeaumuo npu CS, onmoumnata — npu HS, mokato nBere
CHUCTEMH ca TpPHONM3WUTENHO enHakBo 3acTeieHn mpu IS; ii) Tyr-MIF-1’s mokasaxa pasmudHa MOTEHTHOCT IIPH
MMOOMIIN3AIIMOHHA, CTyIOBa WIM TOoIUMHHA SIA, KOeTo Moke OM € CBBp3aHO C TSAXHATa NENTHAHA CTPYKTYpa,
cnenn(UIHA MecTa Ha CBBpP3BaHE W Pa3NIMYHO B3aWMOJCHCTBHE ¢ KOMIIOHeHTUTe Ha SIA; iii) onmnonagHata cuctemMa u
BTOPUYHHUTE ITOCPEIHUIIM yJacTBaT B HoruuenTiuBHATE edextn Ha Tyr-MIF-1’s cnen IS, CS u HS.
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During the last few years, a base attention is directed to improve the existing methods for unhairing of hides and
skins. The major developments have been the rapid hair-saving with alkaline pretreatment and enzymatic. The sheep
skins unhairing process with preliminary alkaline treatment of the wool leads to the obtaining of two unnatural
dipeptide mimetics lysinoalanine (Lys -Ala) and ornithinoalanine (Orn"-Ala). They are a result of the keratin hydrolysis
process. The changes in wool keratin make it resistant to sulphide degradation. We synthesized and characterized these
unnatural dipeptides under experimental conditions. The structures and mechanism of Lys -Ala and Orn’-Ala obtaining
were elucidated. The application of the newly synthesized products as markers for control of wool’s keratin changes

during skin unhairing process was demonstrated.

A comparison between the data on the three samples of wool and some recommendations for the ways this
secondary solid waste can be considered as a raw material due to its physical and chemical properties were done.

Keywords: Peptides mimetics, unnatural amino acids, hides’ and skins’ unhairing.
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INTRODUCTION

During the application of the classical methods
(alkaline conditions) for wool’s keratin unhairing
two problems are raised:

- lost hair as additional material due to keratin
hydrolysis;

- increasing of pollution problems related to
waste water.

The highest polluted beam house liquid effluents
in leather production are from unhairing and liming
methods - high organic load, suspended solids,
Ca(OH), and Na,S content, fats, hair wastes. There
are two main directions for reducing the concen-
trations of these chemicals and wastes: unhairing
with alkaline pretreatment of the hair keratin and its
removal and /or recycling of waste waters.

Unhairing methods used in this work are hair-
saving. The surface of the received wool was
damaged, but the hair maintains the fiber structure.
The waste waters have lower concentrations of total
nitrogen, suspended solids, Ca(OH), and Na,S
content, fats, hair wastes. The results show lower

* To whom all correspondence should be sent:
E-mail: dancho_danalev@yahoo.com

pollution to the environment. Depending on the
quality of the wool, after the mechanical removal, it
can find different industrial applications. The main
is in agriculture as a source of compost and
production of animal food [1]. Improvement of
quality may enlarge its putting into practice, for
example in textile and building industries.

Every new technological approach aiming the
solvation of the mentioned problems needs of
markers for monitoring the keratin hydrolysis
process. The products of keratin hydrolysis process
under alkaline conditions had been studied [2, 3]. In
1976 Feairheller et al. [2] and Money later [3]
suggested the compounds, which are obtained as a
result of unhairing by lime-sulphide method. They
both reported that the treatment of leather by this
method, except natural amino acid, leads to many
products, which are modified amino acids and
peptides like lantionin, lysinoalanine (Lys*-Ala),
ornithino-alanine (Orn*-Ala), efc. (Fig. 1). Money
published a possible mechanism for the obtaining of
these products as a result of decomposition of cystin
residues included in leather’s hair. To characterize
these products Feairheller et al. synthesized them by
the methods described in [2].
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Fig. 1. Structures of published in [1] dipeptide mimetics
Lys*-Ala and Orm*-Ala.

The aim of our work was the synthesis of
markers to prove the above-mentioned dipeptide
mimetics in wool keratin during the unhairing
process by using the methods described in [2]. They
are very important because their availability will
allow process monitoring. On the second place, the
goals are to make a comparison between the data of
the three samples of wool and to give some
recommendations for the ways this secondary solid
waste can be considered as a raw material due to its
physical and chemical properties.

EXPERIMENTAL
Procedure for preparing Lys*-Ala and Orn*-Ala

For preparation of Lys*-Ala and Orn*-Ala,
methyl a-acetamidoacrylate was dissolved in 0.3 N
NaOH solution with a three-fold molar excess of the
appropriate protected amino acid (Za-Lys-OH or
Zo-Orn-OH) and allowed to stand at room
temperature for about 6 h. The resulting solution
was then evaporated to oil under vacuum. Excess 6
N HCI was then added to these residues and the
resulting solution was heated at reflux for 24 h. The
resulting mixture was evaporated under vacuum to
dryness and until free of hydrogen chloride. The
products were obtained from the residues as
crystalline dihydrochlorides and were recrystralized
from water-alcohol mixture [2].

The purity and synthesis of new the compounds
were monitored by RP-HPLS through isocratic
elution with 50% AcCN/50% K,HPO,:KH,PO;,,
pH = 7, C18 column, A = 220 nm, rate 1 ml/min,
diode array detector.

The obtained products were characterized by
NMR spectra recorded on a Bruker DRX-250
spectrometer, operating at 250.13 MHz for 1H,
using dual 1H/13C probe head, COSY, DEPT-135
and HMQC.

Lys*-Ala: '"H NMR (D,0) & (ppm): 1.41-1.64
(m, 2H, H4), 1.601 (s, 3H, CHj3), 1.67-1.82 (m, 2H,
H5), 1.90-2.15 (m, 2H, H3), 3.050 (t, J = 7.5 Hz,
2H, H6), 4.183 (t, ] = 6.3 Hz, 1H, H2).

BC NMR (D,0) & (ppm): 24.15 (C4), 28.06
(CH;), 28.94 (C5), 31.85 (C3), 41.86 (C6), 55.42
(C2),95.32 (C), 174.51 (C=0), 177.52 (C = 0).

Orn*-Ala: "H NMR (D,0) & (ppm): 1.580 (s, 3H,
CHj), 1.67-1.82 (m, 2H, H4), 1.90-2.12 (m, 2H,
H3), 3.072 (t, J = 7.5 Hz, 2H, H5), 4.100 (t, ] = 6.3
Hz, 1H, H2).

BC NMR (D,0) & (ppm): 24.43 (C4), 25.17
(C3), 28.06 (CH3), 41.71 (C5), 55.46 (C2), 95.57
(C), 174.81 (C=0), 17791 (C=0).

RESULTS AND DISCUSSION

Our investigation allows us to define more
accurately the preliminary structures given in
literature. It was interesting that by the method
described in [2] we obtained two different major
products (Fig. 2).

o)

2-amino-5-[(1~aming- 1-carboxyethyl yJaminoJpentanoic acid (Om*-Ala)

Fig. 2. Structures of dipeptide mimetics Lys*-Ala and
Orn*-Ala obtained in the present study.

According to NMR data of the obtained
products, the attack of the nucleofil N atom onto the
quaternary C atom of methyl o-acetamidoacrylate
was proven (Fig. 3).
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Fig. 3. Scheme of the reaction of Lys*-Ala and Orn*-Ala obtaining.

The immunization of keratin is the transfor-
mation by an alkaline pretreatment (or at alkaline
conditions) of part of the existing —S—S— cross-links
into more stable ones. Keratin has a high stability as
a consequence of the disulphide bridges of cysteine
amino acid between adjacent protein chains. The
possible mechanism of the immunization reaction
can be associated with the alkaline transformation of
disulphide bonds of cystine into other, much more
stable cross-links like amino acids lantionine,
lysinoalanine and ornithinoalanine.

It is possible a direct transformation of cystine
cross-links into two moles of a-amino acrylic
residues and H,S generation. Possibly, they react for
example with lysine and ornithine, and lysinealanine
and ornithinealanine, too.

Epidermal keratinized zones, root sheaths, and
follicles chemically have low cystine content and do
not contain cystine cross-links in comparison with
the high amount of cystine in the hard keratin. The
immunization of the mature keratin is easier than
that of unmature in internal root sheath and external
root sheath, as well as these in the epidermis. On the
basis of all observations, the differences between the
solubility of the hair and roots are increasing, as
well as the saving of the wool during the unhairing
process. The amino acid analysis of the wool,
received by both the enzyme unhairing method and
unhairing method with alkaline pretreatment of the
wool, shows the availability of the obtained by us
dipeptide mimetics. The wool, which was immu-
nizated with alkaline pretreatment, has 261.46 nmol
of both Lys*-Ala and Orn*-Ala. In the wool,
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obtained by the enzyme unhairing method, their
amount is 79.46 nmol. The wool, received by the
enzyme unhairing method, is with intact fibres, not
met together, clean, undestructive, with good
quality. Our results show that in these concen-
trations the peptide mimetics do not affect
negatively the wool features and can be used for
industrial purposes in different ways as a raw
material.

Secondary electron micrographs (SEI) were
produced using a JSM-6390 JEOL (Jeol Scanning
Microscopy). Figure 4 shows the cuticle scales on a
native wool fibre. There is no degradation of the
scales, which can be getting in a drum unhairing
process.

Fig. 4. The cuticle scales on a native wool fibre.

Figure 5 shows a wool fibre, obtained by the
unhairing method with alkaline pretreatment of the



M. Koleva et al.: Peptide mimetics as markers for chemical changes

wool. Some Ca(OH), can be seen upon the opened
cuticle scales. It can be caused by the poor washing
of the received wool. The prior immunization does
not transform the existing —S—S— cross- links into
amino acid lantionine in the keratin, but in modified
unnatural amino acids lysinoalanine (Lys*-Ala) and
ornithinoalanine (Orn*-Ala) [4]. Occasionally, this
reaction does not cause the problems of remediation.
The immunization reaction made the hair resistant
to —S—S— bond reduction. The alkaline solubility
data showed [5] a weak damage — 10-15%. This can
be explained with the hydrolysis of part of the
sulphur cross-links, as well as the bonds of the

Fig. 5. Wool received after alkaline pretreatment.

The immunization reaction of wool fibres leads
to little degrading intact cuticle. It can be caused by
alkaline pretreatment. The wool is weakly damaged
— with worsen alkaline solubility and mostly
carbamid-disulfite solubility [5]. Quality by hand is
for mat, weakly destructive material. The received
hair is applicable in different productions, as it is
whole, intact.

The wool received by the enzyme unhairing
method is with little opened cuticle scales, but is
still observed (Fig. 6). Probably, this is due to the
alkaline pH of soaking and unhairing. This type of
soak causes some immunization. The data of the
amino acid analysis of wool show the availability of
the obtained by us dipeptide mimetics [4]. Alkaline,
acid and carbmide-disulphite solubility of the wool
showed untouched peptide bonds and not damaged

hair. The wool obtained by the enzyme unhairing
method is with intact fibers, not met together, clean,
undestructive, with good quality. It can be used for
industrial purposes in different ways as a raw
material.

Fig. 6. Wool received from the enzyme unhairing
method.

CONCLUSION

The synthesized by us markers could be used for
keratin hydrolysis monitoring. For this aim some
additional relationships between Lys*-Ala and
Om*-Ala concentrations and possibilities for later
skins applications which will be used in practice
have to be made.

Unhairing methods used in the work are hair-
saving. The surface of the received wool was
damaged, but the hair maintains the fibre structure.
The results show lower pollution to the environment
and possibilities of utilizing the received by-product
(the wool of the unhairing methods) in other
productions.
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[Ipe3 nocnenHUTE HAKOJIKO TOJMHN OCHOBHO BHHUMaHHE CE€ OOpbIIa Ha I10100psBaHE HA CHINECTBYBAIIUTE METOIN
3a o0e3KocMsiBaHe Ha KOXH. OCHOBHHTE pa3pabOTKU ca HACOYEHM KbM HaMHUpaHe Ha Obp3u M e(heKTHMBHU METOAM 32
00e3KocMsIBaHe ChC 3alla3BaHE HA CBOMCTBATa Ha IOJyYEHHTE KOXH Upe3 MpeBapHTellHa ajlKalHa o0paboTKa U 4pe3
eH3UMHH MeTonu. [IporechT Ha 00e3KoCMIBaHE Ha OBYM KOXKH C NPEABApUTEIIHA alIKaJiHa 00pab0TKa Ha BBJIHATA BOIN
JIO TIOJTy4aBAHETO Ha [BA HEMPUPOIHH MENTHIHN MAMeTHIM iusiHoananus (Lys -Ala) n opauTrHOanannH (Orn'-Ala).
Te ce nosryyaBat KaTo pe3yirar OT Ipolieca Ha XUIPOoIn3a Ha kepatuHa. [I[poMeHuTe B KepaTHHa Ha BBJIHATA IO MIPABST
PE3UCTEHTEH KbM CyNhHIHO pasrpaxaaHe. Hue cuHTe3npaxMme U oXapakTepU3UpaxMe Te3d JBa MENTHIHA MUMETHKA.
INToka3aHa e BB3MOXHOCTTA 32 U3IIOJI3BAHETO MM KaTO MapKepH 3a KOHTPOJ Ha IPOMEHUTE B KepaTHHA Ha BBJIHATA I10
BpeMe Ha Ipoleca Ha obOe3kocMsaBaHe. CpaBHEHHETO, HAIPaBEHO MEXIy AAHHUTE Ha TpUTe IpoOu moOHUTa BBIHA U
IPENopbKUTE 33 HEHHOTO M3IOJI3BaHE IIOKa3Ba, Y€ TO3U OTMNAJBK MOXE Jla Ce€ CUMTa 3a CypOBHHA (CypoB MaTepuam)
Ccb0OOpa3HO HETOBUTE XUMUYHU U (DM3UYHHU TTOKA3ATEIH.
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the European Internet Centre for Impedance Spectroscopy for their alacrity in making quick and professional
reviews of the manuscripts, as well as the editorial board of Bulgarian Chemical Communications for the
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The effect of ion carrier crown ether dibenzo-18-crown-6 on the electrochemical features of the phosphatidylcholine
bilayer membrane was investigated by impedance spectroscopy. The experiments have been carried out with various
forming solution compositions and at various potassium ion concentrations in the electrolyte solution. Potassium
chloride was used as the electrolyte. A complex was formed between the dibenzo-18-crown-6 molecule and K* ion on
the lipid bilayer/electrolyte solution interface. Based on derived mathematical equations, the heterogeneous equilibrium
constant (K}), association rate constant of the complex (kr) and dissociation rate constant of the complex (kp) were

determined.

Key words: Bilayer lipid membrane, impedance spectroscopy, phosphatidylcholine, crown ether.

INTRODUCTION

Biological membranes show selectivity to
penetration of different ions even if their physico-
chemical parameters are very similar; selectivity to
sodium or potassium ion is a classical example. The
carrier theory is an attempt to explain the selectivity
of the membranes: the ion is stated to form a
transition complex with a membrane component,
which enables their transport across the membrane.
Some compounds are able to form complexes with
mono- or divalent cations. This property makes it
possible to use these compounds as artificial ion
carriers to the cell or through mitochondrial mem-
branes. Detailed studies on ion transport are facili-
tated by simple structure of artificial membranes in
contrast to that of complex lipid and protein
mixtures present in natural membranes. Several
classes of macrocyclic compounds are frequently
used in the studies on potassium ion penetration
through lipid bilayers. Among them, there are depsi-
peptides like enniatin B or valinomycin and its
analogues, polyesters-polyethers like monactin-
dinactin and pure polyethers, e.g. crown ethers [1].

Crown ethers have been studied extensively
since their discovery nearly four decades ago [2, 3].
Literally, thousands of crown ether derivatives [4]
have been prepared and their ability to complex
cations [5—7] under equilibrium conditions [8] has

* To whom all correspondence should be sent:
E-mail: monikan@uwb.edu.pl

been evaluated. In addition, there are numerous
reports of cation transport through bulk liquid
membranes mediated by crowns of widely varying
structures [9]. Sodium and potassium are the two
most common cations in solutions in vivo and agents
that complex and alter their natural balance are
expected to exhibit biological effects. Indeed, the
toxicity of certain crown ethers was established
shortly after their discovery [10—13].

The first one discovered and most versatile of the
aromatic crown compounds is dibenzo-18-crown-6
(Fig. 1) yielding 1:1 complex with the potassium
ion. The aim of the authors was to utilize electro-
chemical impedance spectroscopy to study the for-
mation of this complex at the membrane/electrolyte
solution interface. The heterogeneous reaction was
described by mathematical equations and was
further verified experimentally. The following para-
meters, describing the complex, were determined:
association rate constant of the complex, disso-
ciation rate constant of the complex and hetero-
geneous equilibrium constant.

Fig. 1. The structure of 2,3,11,12-dibenzo-1,4,7,10,13,16-
hexaoxacyclooctadeca-2,11-diene (dibenzo-18-crown-6).

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 167
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THEORY

In the following we base the impedance analysis
of the phosphatidylcholine membranes, modified
with crown ether dibenzo-18-crown-6, on a model
of carrier-mediated ion transport that has already
been used for the treatment of phosphatidylcholine
membranes containing valinomycin [14]. Specifi-
cally, this model assumes that a mobile, positively
charged 1:1 complex MSH+, is responsible for charge
transport through the membrane. The formation of
the complexes, which cross the membrane, preferen-
tially occurs at the interfaces, where carrier mole-
cules S from the membrane combine with cations
M+ from the aqueous phases. This heterogeneous
reaction can be described by rate constants kr
(association, recombination) and kp (dissociation)
and its mechanism can be formally written as:

M +S ::> MS* (1)

This reaction is at equilibrium:

Kh = k_R ()

where Kh is the heterogeneous equilibrium constant
(cm’*mol ).

If the volume concentrations of the complex
MS+ and the free carrier S are denoted by ¢, and

cg (expressed in mol-cm ) and the ion activity by

a,, (expressed in mol-cm ), the heterogeneous
equilibrium constant has the form:

b

c

K, = 3)
Cg-a,,

As membrane component concentrations can be
related to its surface area by multiplying volume
concentrations by the lipid bilayer thickness, the
heterogeneous equilibrium constant is given also by
the expression:

Kh = M (4)
N;-a,,

where: Nys - surface concentration of the complex
(mol-cm %), Ns - surface concentration of the free
carrier (mol-cm™?).

Introducing the total carrier surface concen-
tration in the bilayer NT as the sum of complex and
free carrier surface concentrations

Nt = Nus + Ns ()
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and combining Eqns. (4) and (5), the surface con-
centration of the complex is derived:

_K,-ay Ny
1+K, -a,

(6)

MS

The total quantity of the carrier, added to the
solution forming the membrane, can be expressed as
follows:

iV =,V +e, Vi (7)

here: cf, cm, caq — concentrations of the carrier in

the membrane-forming solution, the membrane and

the electrolyte solution (mol-cm™), respectively; V7,

Vi Vaq volumes of the membrane-forming

solution, the membrane and the electrolyte solution
(cm®), respectively.

The partition coefficient of the carrier 7 can be
represented in the form:

c
Vs =—— ®)

Caq

Therefore, from Eqns. (7) and (8), the total
carrier surface concentration can be expressed by
the equation:

:YS ¢V -d
,YS V +Vaq

m

Ny €)

in which d is lipid bilayer thickness (cm).

Determination of membrane conductivity R; in
terms of Ohm’s Second Law yields:
R'l = E . ,Ll . NMS

m d MS d

here: S - membrane surface area (cm?), ums —
mobility of the complex (cm®V''s™"), F — Faraday’s
constant (Cmol ™).

If Eqn. (6) is inserted into Eqn. (10), the
following expression for the membrane conductivity

as a function of total carrier and/or electrolyte
concentration is derived:

K -a. -
R; =£2'ﬂMs'F'M
d 1+K, -a,

F (10)

(11

The kp value can be determined by the equations
determining the real and imaginary parts of transfer
across interface impedance [15]:

_VRT 1 1

it~ 20 ' 2 (12)
nF" Nysky 1+(o/k,)
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1 VRT 1 o/ ky

= . . (13)
o-C, n’F? Ny -ky 1-i-(0)/kD)2

in which: R; — resistance of the transfer across
interface (Qcm?®); Cj - capacity of the transfer
across interface (uF-cm?); v — stoichiometric coeffi-
cient of the complex; ® — angular frequency (s );
R, T, n, F have their meaning.

At low frequencies, where @ is considerably
smaller than kp, the above formulae are reduced to:

2
) _V RT' 1 (14)
W F* N, kg
2
1 Vv°RT 1 0 (15)

©-C, n*F> N -k, ky

It results from Eqns. (14) and (15) that the resist-
ance of the transfer across the interface is frequency
independent for the frequencies approaching zero,
whereas 1/w-Cj; increases proportionally to w .

At high frequencies, where @ is considerably
greater than kp, Eqns. (12) and (13) are simplified

into:
R VRT 1 (kY
" R*F? Nyky \ o

1 _VRT 1 ky (17)
o-C, n’'F Nk, o

(16)

It means that the resistance and the capacity of
the transfer across the interface approach zero at
high frequencies: both 1/w-Cy and R;; decrease with
the increasing value of w.

EXPERIMENTAL
Reagents and preparation of the forming solutions

99% pure egg phosphatidylcholine was purchased
from Fluka (Neu-Ulm, Germany) and it had the
following fatty acid composition: 16:0 ~ 33%, 18:0
~ 4%, 18:1 ~ 30%, 18:2 ~ 14%, 20:4 ~ 4%. The
98% dibenzo-18-crown-6 was obtained also from
Fluka (Neu-Ulm, Germany). Phosphatidylcholine
was dissolved in chloroform to prevent oxidation
and the solvent was evaporated in an atmosphere of
argon. Dibenzo-18-crown-6 was added as a solution
in chloroform (20 mg'ml™") and the solvent was
again removed by argon. Dried residues (phosphati-
dylcholine or phosphatidylcholine and dibenzo-18-
crown-6 mixture) were dissolved in a hexadecane-
butanol mixture (10:1 by volume). The forming
solutions contained phosphatidylcholine (20 mg-ml ™'
of solvent system) or a phosphatidylcholine-dibenzo-

18-crown-6 mixture (weight ratios: 100:1, 90:1, 80:1,
70:1, 60:1, 50:1 and 40:1) and were stored at 4°C
for less than a week. The method of preparation and
storage gave reproducible electrochemical features
of the membranes when samples prepared at
different times were examined by impedance spec-
troscopy.

The solvents were of chromatographic purity
standard grade: chloroform and butanol were from
Aldrich (Milwaukee, WI, USA), hexadecane was
from Fluka (Neu-Ulm, Germany).

1, 0.1, 0.01, 0.001 and 0.0001M potassium
chloride solutions were used as electrolytes for the
experiment. Potassium chloride produced by POCh
Co. (Poland) was analytical grade of purity and was
calcined prior to use at 400°C for 4 h to remove
traces of organic material. Water purified by Milli-
Qll (18.2 M, Millipore, USA) was used in all
solutions and in all cleaning procedures.

All experiments were performed at room tempe-
rature 20 + 1°C.

Preparation of the bilayer membranes

Bilayer membranes were obtained as bubbles at
the Teflon cap, constituting a measuring vessel
component. The use of hexadecane as the solvent
allows one to obtain membranes of thickness and
capacity values similar to those of membranes
formed of monolayers [16, 17]; there is almost no
solvent retained in the bilayer. Small quantity of
butanol has a negligible effect on the impedance
parameters of the bilayers created, but however it
considerably accelerates the membranes formation.
The thinning of the membranes was monitored
visually by means of the microscope, which was
being reached by reflected white light. The reflected
light beam showed the grey colour initially, then,
along with decreasing of thickness of the membrane,
interference colours were appearing, until the image
attained the black colour finally. After obtaining the
black colour, the process of forming was ended - no
further changes were being observed. The formation
of the bilayers was also monitored electrically by
measuring the membrane capacitance at low
frequency. The capacity of the membranes increased
with time after bilayers formation until a steady-
state value was reached some 10-20 min later. The
measurements started only after the low frequency
capacitance became stable; increasing by less than
1% per hour. When the capacitance had stabilized it
was assumed that diffusion of solvent out of the
bilayer was complete, although some hexadecane
molecules might remain “dissolved” in the mem-
brane interior. The bilayers area was determined by
a microscope with a micrometer scale built into the
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lens and was between 4x107-8x1072 cm? (the
values are given for the bilayers area with subtracted
margin).

Impedance analysis

Electrochemical impedance spectroscopy was
performed with an a.c. impedance system (EG&G,
Princeton Applied Research, Model 388) that
included a personal computer, a two-phase lock-in
amplifier (Model 5208) and a potentiostat/galva-
nostat (Model 273), in which a four-electrode input
was applied within the pre-amplifier. The electro-
chemical cell contained two identical reversible
silver-silver chloride electrodes and two identical
current platinum electrodes, and it was described in
details in [18-20]. The use of the four-electrode
system in the studies of electric phenomena
occurring in membranes, makes it possible to
considerably reduce the errors caused by electrode
and electrolyte impedance [21, 22]. A 4-mV ampli-
tude sine-wave signal perturbation was applied in
the 0.1-10000 Hz frequency range. The PowerSuite
2.4 software package was used for acquisition of
impedance data. These data were analyzed using
complex nonlinear least squares (CNLS) fit to a
model, represented by an equivalent -electrical
circuit. The CNLS program used in this work was
ZSimpWin 3.21.

RESULTS AND DISCUSSION

Dependence of crown ether-modified phospha-
tidylcholine membranes in a potassium ion medium
was measured as function of dibenzo-18-crown-6
concentration using electrochemical impedance
spectroscopy. Impedance measurements of the lipid
membranes were carried out with unmodified
membranes and with membranes modified by seven
different carrier concentrations and at five different
KCl concentrations. The total carrier surface
concentration in the individual forming solution was
calculated using Eqn. (9), taking into account the
partition coefficient of the carrier to be equal to
1.26x10° [23]. The following values NT were
obtained:  2.54x107, 2.82x107",  3.17x107",
3.62x10°"%, 4.21x107", 5.03x10"* and 6.26x10°"*
mol-cm *>. The arithmetic mean values of the
impedance parameters were determined based on six
independent measurements of the lipid bilayer.

Fig. 2 depicts typical impedance spectra of the
phosphatidylcholine bilayers, both pure and con-
taining dibenzo-18-crown-6. Very simple impe-
dance diagrams were obtained in the absence of
crown ether; they had the form of impedance semi-
circles in the entire analyzed frequency range; it was
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the evidence that the lipid bilayer was a dielectric
layer with leakage (Fig. 2a). The semicircles were
distorted because the lipid bilayer itself was not a
simple and uniform dielectric layer. The dielectric
layer was composed of substructures, which are
difficult to extract unless the phase angle can be
determined separately at each frequency and very
accurately. Karolis et al. [17] demonstrated the
presence of seven separate elements of lipid
bilayer/electrolyte systems on the basis of low
frequency impedance measurements of pure phos-
phatidylcholine bilayers. Four of these can be attri-
buted to the acyl chain, carbonyl, glycerol bridge
and phosphatidylcholine regions of the lecithin
molecule. The equivalent circuit used for data
analysis (Fig. 3a), consists of a parallel arrangement
of the capacitor C,, and resistor R,,, attributed to the
electrical properties of the bilayer, completed with a
serial resistor Ry for the conductivity of the bulk.
The possibility of misinterpretation of the recorded
data is reduced by the simplicity of the circuit. This
electric circuit is characteristic for an artificial lipid
membrane only, when ionophore systems, specific
channels-pores and adsorption are absent [24].
Based on this equivalent circuit, the nonlinear least
squares analysis was used to simulate the impedance
plots; then the values of R, and C,, were extracted
from the fit. The CNLS fit is represented by the
solid line in Fig. 2a and it is in good agreement with
the data obtained.

The frequency response was drastically different,
when ion carrier was added to the membrane (Fig.
2b). The impedance diagrams of the bilayers, modi-
fied with crown ether, exhibited capacitive contri-
bution at high frequencies, with the indication of a
second semicircle at low frequencies related to
potassium ion transport in the area close to the
membrane surface. The impedance experiments
have been carried out with various forming solution
compositions and at various potassium ion concen-
trations in electrolyte solution. Except for the Z
values, all recorded impedance spectra are char-
acterized by common general features and the same
dynamic behaviour. For this reason, the data for one
KCI concentration and for one ion carrier concen-
tration are shown in Fig. 2b. Fig. 3b represents the
equivalent circuit, used to describe the transport of
ions through the bilayer. This circuit takes into
account the impedance components of the mem-
brane and the impedance representing the situation
at the membrane interface. The membrane impedance
is composed of the electric capacity of the
membrane C,,, and of the electric resistance of the
charged complex transport inside the membrane R,,,.
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Fig. 2. Impedance diagrams obtained in a solution containing 0.0001 M KCI: a) a membrane made of phosphatidyl-
choline, b) a phosphatidylcholine bilayer, modified with dibenzo-18-crown-6 (total carrier surface concentration is
equal 4.21x10"* mol-cm?). The solid lines represent the results of the fitting procedure.
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Fig. 3. Equivalent circuits representing the electrical properties of pure phosphatidylcholine membranes (a)
and phosphatidylcholine membranes containing dibenzo-18-crown-6 (b). R, — electrolyte resistance;
Cn and R, — capacitance and resistance of the membrane, respectively; C;; and R;, capacitance and resistance
of the transfer through interface membrane/electrolyte solution.

Capacity and resistance of the transfer through
interface membrane/electrolyte solution are denoted
by Ci and Ry, respectively (subscript it stands for
transfer across interface). Based on this equivalent
circuit, the nonlinear least squares analysis was used
to simulate the plots; then the values of the
impedance parameters were extracted from the fit
(the CNLS fit is represented by the solid lines in
Fig. 2b).

The Figs. 4 and 5 illustrate the experimental
values of the Rm’l, Cun, Ry, and Cy parameters as
functions of potassium ion concentration in the
solution and of total dibenzo-18-crown-6 surface
concentration in the membrane. The presence of the
crown ether in the membrane and of the K ion in
the solution has no significant effect on membrane
capacity, which varies in the 0.6 uF-cm” < Cy, < 0.8
uF-cm? range (Fig. 4b). This can be explained by
the higher water content in the bilayer, which
enhanced electric permittivity, and thus, the capacity

of the membrane. No clear variation of the mem-
brane capacity values with electrolyte concentration
was also observed by other authors who studied the
effect of carrier on potassium ion transport through
lipid bilayers [25]. The standard deviations are not
shown in Figs. 4a, 5a and 5b for the sake of clarity
(otherwise, figures would be illegible by close
super-imposed data due to too little difference in the
impedance parameters values). Deviations amounted
up to 5% of the mean capacity of the transfer across
interface values and up to 15% of the mean
resistance values.

The scatter of the results increased with
increasing crown ether concentration as the mem-
brane stability became then poorer. The capacity
and resistance of the transfer through interface
membrane/electrolyte solution values were not
determined for 1 M KCI because the formation of a
second semicircle was observed to start at a KCl
concentration as high as 0.1 M KCL
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dibenzo-18-crown-6 surface concentration at various electrolyte concentrations. The experimental values are marked by
points and the theoretical values by solid lines.
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Fig. 5. The dependence of the resistance of the transfer across interface (a) and the capacitance of the transfer across
interface (b) on the total dibenzo-18-crown-6 surface concentration at various electrolyte concentrations.

Analyzing the data represented in Figs. 4 and 5 it
is possible to state, that an increase in potassium ion
concentration at constant dibenzo-18-crown-6 surface
concentration provokes a noticeable decrease in Rm
(Fig. 4a) and in Rit (Fig. 5a) as well as a noticeable
increase in Cit (Fig. 5b). Similarly, both resistances
decrease and the capacity of transfer across interface
increases with increasing carrier concentration at
constant potassium ion concentration (increasing
membrane conductivity). The increase in conduct-
ivity was due to the increasing amount of the
dibenzo-18-crown-6-K" complex in the membrane,
resulting from increasing potassium ion and crown
ether concentration. The complex is more soluble in
the hydrophobic phase than the hydrated potassium
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ion itself is. The conductivity increases in the
presence of such a complex in the lipid phase,
because the macrocyclic compound-potassium ion
complex has a net positive charge. This point of
view is supported by the results of the study of
membrane non-isothermal potential and of kinetic
studies on biphasic extraction [26 and literature
cited there in].

There are several classes of macrocyclic com-
pounds, which can yield observable changes in the
selective K™ permeability of the lipid membranes;
the most important among them are depsipeptides
and polyethers. The number of ring atoms in these
active compounds varies from 18 in the case of
enniatin B and dibenzo-18-crown-6 to 36 in valino-
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mycin. Enniatin B and dibenzo-18-crown-6 affect
the membrane resistance to much weaker extent
than valinomycin and the polyene antibiotic,
monactin-dinactin, with a 32-atom ring. Polyethers
with less than 18 ring atoms cause a greater
permeability increase through the lipid bilayer for
the sodium ion than that for the potassium ion.
Although the substituents on the rings vary in these
different compounds, they are all aliphatic in
character and lack functional groups. All these
compounds, which are able to increase the perme-
ability of the lipid bilayer to the potassium ion, are
uncharged [1, 27].

According to Eqn. (11), the membrane conduct-
ivity can be expressed as a function of total carrier
and/or electrolyte concentration. This Eqn. (11) is of
the y = ax type, where: y = Ry ', x = Nr and
a = (SId) s F-(Kyaw)/(1 + Kyay). The a coeffi-
cient was determined using linear regression and it
was applied to present the agreement of the Eqn.
(11) data (solid lines) with the experimental data
(points) in Fig. 4a. It can be seen from this figure
that the agreement between the experimental and
theoretical points is good, which verifies the cor-
rectness of equations presented in this article. From
the linear dependence of the membrane conductance
on the total crown ether surface concentration one
can conclude that a single dibenzo-18-crown-6
molecule is the smallest transporting unit and that
this molecule participates as a carrier but not as a
channel [28]. The linear increase in the transport of
cations together with the growing concentration of
crown ether is in agreement with the classical carrier
model for ion transport [29]; such a behaviour being
observed also in case of polymer [30] and liquid
[31] membranes, modified with dibenzo-18-crown-
6. The conductance is also proportional to the
potassium ion concentration logarithm; this depend-
ence is illustrated graphically in Fig. 6. This fact,
together with the Fig. 4a data, suggests that the 1:1
dibenzo-18-crown-6-K* complex is the carrier of
charge in the membrane.

The above equation can be presented in another
way, more suitable for calculation:

LZ%'IUMS.F'Kh_Kh'p (19)
a,, d
This equation is of the y = ax + b type, where:
y=play, x=p, a=Kyand b= (S/d*) ps F-K.
The heterogeneous equilibrium constant of the
1:1 dibenzo-18-crown-6-K" ion complex formation
calculated based on the parameter ¢ amounts to
about 3.43x10° dm’-mol ",

1 (E-03 -
o
E ,
T 10E-04 - " a : §
- X
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Fig. 6. The dependence of the conductance of the
membrane on potassium ion concentration logarithm at
various total dibenzo-18-crown-6 surface concentrations.

The values of the stability constants for the 1:1
complexes of the potassium ion with dibenzo-18-
crown-6 in various solvents [32-40] are shown in
Table 1. The nature of solvent plays the most
important role in the complexation reaction because
general and specific solvation effects differ in com-
plexed and uncomplexed states [32]. The method of
the measurement and the applied counter-ion has a
smaller influence on the values of stability constant.
The systems in which solvents are showing various
solvating effects (from very solvating water to
almost inert 1,2-dichloroethane) are represented in
Table 1. The data collected in Table 1 reveal that the
formation constants of the 1:1 dibenzo-18-crown-6-
K" ion complexes in inert solvents (1,2-dichloro-
ethane) are quite large compared with those in sol-
vating solvents, for example, 10° times larger than
those in water and 10* times larger than those in
methanol. The desolvation process plays an important
role in the complexation in solutions. Particularly, it
was reported that the desolvation of metal ions has a
large effect in solvating solvents [41].

Table 1. Selected values of stability constants of K™ com-
plexes with dibenzo-18-crown-6 in solvents differring in
polarity at 25°C.

Solvent logKk References
water 1.74 [33, 34]
acetonitrile 4.80 [35]
metanol 5.00 [32,36]
5.08 [35]
nitromethane 5.94 [34]
5.39 [37]
nitrobenzene 6.90 [38]
1,2-dichloroethane 9.36 [39]
9.90 [40]
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The value of heterogeneous equilibrium constant
presented in this paper describing the chemical
reaction at the interface between a carrier molecule
from the membrane and a potassium ion from the
aqueous phase (logKj, is equal to 3.54) shows how
strong is cation solvation by water in the examined
system.

In order to determine the value of dissociation
rate constant of the complex and to propose a
correct equivalent circuit to reproduce the electric
properties of the phosphatidylcholine membrane,
modified with crown ether, the experimental data
were substituted both in Eqns. (14, 15) and (16, 17).
The results were found to agree at low frequencies
as it has been shown in Fig. 7 for the imaginary part
of the impedance.
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Fig. 7. Frequency dependence of the imaginary part of
impedance (f < 15.85 Hz).

This fact was decisive in view that the transfer
across interface parameters could be related to the
semicircle occurring in the impedance spectrum at
low frequencies. The mean kp value determined
from Eqns. (14) and (15) amounts to (133 + 40) s'.
With the dissociation rate constant of the complex
being known, the association rate constant was
thus calculated from the kg = Ky kp relationship.
The resulting value was (4.56 + 1.37)x10° M "s".
The dissociation and association rate constant values
of the complex have not been reported in the avail-
able literature of the subject.
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M3MEPBAHUS HA IBOMHU CJIOEBE OT ®OCOATUIUIIXOJINH ChABPXKAILN
JAWUBEH30-18-KOPOHEH-6 ETEP UPE3 UMIIEJAHCHA CIIEKTPOCKOIINA

M. Haymosuu'*, 3. A. ®uramenckn'”

I o «
Xumuyecxku uncmumym, Ynugepcumem na banucmox, oya. ,, M. Iuncyocku ™ 11/4, Barucmox 15-443, IHonwua
2
Jlabopamopus 3a enekmpoxXuMuyHy USMOYHUYYU Ha MoK, Xumuyecku gaxyrmem, Bapwascku ynusepcumem,
ya. ,,[acmvop “ Ne 1, Bapwasa 02-093, [lonwua

IMocteruna Ha 25 rouu 2008 r., [Ipepabortena nal5 romu 2008 r.

(Pesrome)

W3cnenBan e epekThT Ha HOHHO MPOBOAMM TUOEH30-18-KOpOHEH-6 eTep BBPXY EIEKTPOXUMHYHHUTE CBOICTBA Ha

IBycioiHa MeMOpaHa oT (GocaTHAMIXOIMH Ype3 MMIIENAHCHA CIIEKTPOCKOMNHMsA. EKcCIiepMMEHTHTE ca IPOBEACHU C
Pa3IMYHM KOMIIO3UIMK 00pa3yBald Pa3TBOP M IIPU Pa3IMYHU KOHLEHTPAIUH Ha KalUeBUTE HOHM B €JIEKTPOIUTHU
pastBop. Kato enextponur e msmomnssan kanues xiopun. Ha mexnydaszoBaTa rpaHuIa JIMIUICH JBOEH CIIOI/eneK-
TPOJIUT ce oOpa3yBa KOMIUIEKC MEXAy KalueBHs HOH U MOJEKylaTa Ha KOpoHHHA erep. Ha ocHoBara Ha
MaTeMaTHYeCKH ypaBHEHHS Ca ONpe/ieieHH KOHCTaHTaTa Ha XeTepOreHHO paBHOBecHe (K}, ), KOHCTAHTHTE Ha CKOPOCTTA
Ha oOpasyBaHe (kr) ¥ Ha CKOPOCTTa Ha JUCOLMALs Ha KoMILIekca (kp).
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Taking into account that there are no experimental proofs that Electrochemical Impedance Spectroscopy (EILS) four
electrode plate cell measurements can be attributed only to the central plate, in the present work measurements with
variable counter-electrode plate areas and one and the same central plate were made. This was done in a frequency
range from 10* to 10 Hz and at different central plate states of charge. The results show that for positive-negative-
positive plate ensembles, at all studied frequencies and state of discharge, the EIS data can be attributed to the central
negative plate, except for the highest counter-electrode/central working electrode areas ratio, , and higher discharge
levels, at the lower studied frequencies. Instead of that, for negative-positive-negative ensembles, the EIS data can be
attributed to the central positive plate only at the high and middle studied frequencies in all discharge levels and area
ratios. Totally charged central positive plates must be excluded because their impedance depends on the counter-
electrode area at all  ratios. All these results are discussed and suppositions are made for their interpretation.

Key words: electrochemical impedance spectroscopy, four electrode EIS method, single plate EIS, counter-electrode

variable area, lead acid battery plate EIS.

1. INTRODUCTION

The Electrochemical Impedance Spectroscopy
(EIS) of porous electrodes has been studied theo-
retically [1-7] and experimentally [6—12]. From
theoretical point of view, most of the models have
been based on one pore model EIS [1], sometimes
not taking into account the surface in which the pore
is present. From experimental point of view, there
are results on many different pores structures, going
from simple roughness surfaces [6] to the most
varied real porous electrodes [6—12].

Theoretical work on a single pore has shown that
EIS depends on the pore shape, if this is located on a
conductive metal surface [2]. At low frequencies,
the theoretical EIS tends to show a simple capacity
behavior (a straight line perpendicular to real axis,
in Nyquist’s plot). This straight line gives at the real
axis, by extrapolation, something near to an average
resistance of the inner solution inside the pore.
Nevertheless, the equations without extrapolation at
middle and high frequencies, due to different inner
solutions resistances for each pore surface region,
give EIS values shifted to the left in Nyquist’s plot.
This is because there is a.c. current distribution, due
to these resistance differences. They give rise to a
lower real impedance component, which produces a

* To whom all correspondence should be sent:
E-mail: dalkaine@dq.ufscar.br

shift to the left of simple capacity behavior at low
frequencies. This fact can even give rise to a partial
capacity loop, followed at low frequencies by the
capacity behavior, when the pore has a geometrical
drop shape [2].

The experimental data with flat metal electrodes
[13] give results, which seem to indicate one
constant phase angle component. In contrast to that,
powder metal electrodes seem to give two different
phase angles components, at two different frequency
ranges [8].

Considering EIS experimental data from real
porous systems, the simple capacity behavior has
never been observed. In general, EIS plots of real
porous systems [6—12, 14] present inductive loops at
very high and low frequencies. In the middle
frequency range, they can have one or more capacity
loops. The observed structures are different in
different frequency ranges because the current
related to the perturbation will go deeply inside the
porous structure when the frequency is reduced [9,
10]. This is valid only for electrode materials, which
have reasonable electronic conductance.

In the specific case of lead acid batteries EIS
measurements, several papers have been published
on batteries “as received” from factory [14—18]. On
the other hand, papers have been published on open
batteries. This permits access to the plates and
introducing a reference electrode [15, 19]. This
procedure refers to battery configuration of succes-
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sive plates: positive-separator-negative-separator-
positive-etc., with positive and negative plate
ensembles. For this kind of configuration, several
papers attribute the measured impedance to one of
the ensembles [14—17]. Nevertheless, it has not been
demonstrated experimentally that the total impe-
dance can be attributed only to one plate ensemble.
This is true even having one of the ensembles one
plate in excess. On the other hand, if in this
configuration the system is discharged, the two
ensembles of plates will be discharged, in general,
under different conditions and the external plate
working solution will be depleted during the dis-
charge. This last problem is not solved by waiting
for some time to come to the rest potential, before
the EIS measurement.

To solve the problem of two ensembles of plates
(positive and negative), there are papers that reduce
the configurations only to negative-separator-posi-
tive(central)-separator-negative (NspsN) or positive-
separator-negative(central)-separator-positive (PsnsP)
ensembles [19-21]. These configurations, depending
on the cell dimensions and waiting time before EIS
measurements, can have or not variation of external
solution concentration when the system is dis-
charged or charged. Beside this, in these systems the
problem of attributing the total impedance to central
plate, as stated in references [19-21], has not been
experimentally demonstrated. Is the introduction of
two counter-electrode plates enough to disregard
their impedance contributions? A more difficult
problem is the case NspsN configurations, because
the BET surface area of positive active mass can be
10 to 20 times higher than the negative one [22].
This problem also affects studies without separators,
where the cell has negative-positive-negative (NpN)
configuration, like in references [23, 24], or posi-
tive-negative-positive (PnP) configuration. Never-
theless, these kinds of configurations are nearer to
the traditional form to do EIS measurements.

The EIS measurements in the literature, with the
pointed out problems, have also been made at
different states of charge or discharge, in general,
considering they can be referred only to the central
plate. These measurements have been made during
charge or discharge [17], sometimes, after stopping
charge or discharge and waiting [23].

Nevertheless, it is possible to point out for all
these kinds of configurations that all literature results
present common patterns. In general, for NspsN or
PsnsP or NpN or PnP configurations or even
batteries, EIS results can be presented in Nyquist

plots: a) an inductive loop at high frequencies; b) at
least, as a minimum, a capacity loop at middle and
low frequencies and c) even a new inductive loop at
very low frequencies. Some papers [21] have found
this last very low frequency inductive loop during
intermediate states of discharge. Sometimes, these
components do not appear, depending on the kind of
plates, measurement cell characteristics, ways to
obtain EIS data, used frequencies range and state of
discharge (or charge). Finally, total charged systems
seem to have particular behaviour [24], at least for
NpN configuration.

The problem to disregard the counter-electrode
plate contributions in a four electrode plate cell (a
central working plate electrode, two lateral counter-
electrode plates of opposite polarity and a reference
electrode) will be central objective in the present
work. To do that, external solution concentration will
be maintained constant and counter-electrode plate
surface area will be varied, maintaining the central
working plate electrode at the geometrical centre of
the ensemble. The work results, if they really give
the central working plate impedance, will permit us
to state with certainty, which are the real EIS results
for negative (in PnP configuration) and positive (in
NpN configuration) plates, at constant external
concentrations and different states of discharge.

EXPERIMENTAL

The used experimental set-up was a four-
electrode configuration (a working central plate
electrode, two lateral plate counter-electrode and a
reference one) shown in Fig. la for the discharge
cell of the central plate and in Fig. 1b, for the EIS
measurement cell. These permit two configurations
for the EIS measurement cell, the positive-negative-
positive one (PnP) and the negative-positive-nega-
tive one (NpN), which will be referred to in all the
discussions. In the measurement cell the counter-
electrodes were of variable area with the central
electrode always in the centre of them. The
distances between the lateral counter-electrodes and
the central one were 3 cm in both cells, to maintain
the external solution concentration constant in the
discharge cell and to be able to place and to remove
the central electrode in both cells. The cell solutions
were always 4.6 M H,SO, and the reference elec-
trodes always Hg/Hg,SO4/4.6 M H,SOy, in regard to
which all potentials will be given. The reference
electrodes in both cells were always located near the
central working one (see Figures 1a and 1b).
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b

Fig. 1. Four electrode configuration with a central
working plate, two lateral counter-electrode plates and
a reference electrode. (a) Charge and discharge cell;
(b) EIS measurement cell with variable
counter-electrode area.

The electrode plates were real battery plates,
removed from stationary batteries of two different
sizes. The central electrodes were removed from a
12 Ah/6 Volts VRLA battery and the counter
electrodes from a 600 Ah/2 Volts VRLA battery.
All measurements, in the discharge and the EIS
measurement cells, were made using the same
central working electrode plate and counter-
electrodes. The use of the same central plate was
made because different plates can give slightly
different data, which fact does not affect the results.

The central negative or positive working elec-
trode plate dimensions were 4.4x6.6 cm (geo-
metrical area about 60 cm” double face). Their real
capacities, after stabilization, were 2.6 Ah for the
negative plate electrode and 3.0 Ah for the positive
one, in Cyy discharge rates. These values will be
used to calculate the state of discharge given in
percentages, (4. The Q4 is in regard to the above
real capacities. For the discharge cell, the counter-
electrode plates had the same central working plate
dimensions (see Fig. la) and they were always
initially fully charged. On the other hand, counter-
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electrode dimensions for EIS measuring cell were
14.0x20.0 cm (total geometrical area 280 cm” single
face), always with the same width (14.0 cm) and
initially fully charged. To vary counter-electrode
area in the EIS measurement cell, these counter-
electrode plates were partially immersed at different
depth (see Fig. 1b). This gives rise to counter-
electrode geometrical immersed single face areas of:
a) 45 cm”® (14.0x3.2 cm), b) 110 cm® (14.0x7.9 cm)
and ¢) 205 cm® (14.0x4.6 cm). The different area
ratios between counter-electrodes and central plates
(single areas), called r, will be expressed as 1.5/1.0,
3.7/1.0 and 6.8/1.0, respectively. For measurements
and discussions, these last values will be used. The
positive real counter-electrode capacity, totally
immersed, was 25 Ah at a C,, rate and that of the
negative one, 22 Ah. The central working plates
were always fully immersed and located, as near as
possible, in the centre of the two counter-electrode
immersed areas.

In the discharge cell, the partial or total dis-
charges of the central plate were performed galva-
nostatically. For central negative plates the current
density was 2.5 mA-cm” (double face), at C;
discharge rate. For positive central plates this
current density also was 2.5 mA-cm > (double face),
at a C, discharge rate. In cases of total state of
discharge, the cutting potential was up to —0.70 V
for central negative plates and 1.05 V for the central
positive plates.

To perform the impedance measurements, the
central electrode at a given state of discharge was
removed, each time, from the discharge cell (Fig.
la) and immersed into the EIS measurement cell
(Fig. 1b) with a given .

The EIS data were obtained in different states of
discharge using a Gamry Impedance System. The
EIS galvanostatic measurements were made at the
rest reversible potential (zero continuous current)
and only after two hours of immersion in the
measurement cell, at open circuit potential. A
sinusoidal perturbation of 1 mA rms amplitude was
used, in the linear region, with a frequency range
from 10* to 102 Hz and 10 points per decade.

RESULTS AND DISCUSSIONS

Taking into account that BET negative plate
surface areas are about 0.5 m2~g’1, while those of
positive plate can be from 5 to 10 m*>g ™', we shall
be firstly analyzed data from PnP configuration.
This configuration can be considered as having
enough real area ratio », between counter and
working electrodes. On the other hand, data from
NpN configuration could have area ratio problems.
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This is why it will be discussed later. The problem
is the geometrical counter-electrode area duplication
(which does not mean real area duplication) that
could be not enough, in NpN configuration. A high
real area ratio r permits to disregard, in EIS
measurements, counter-electrode impedance contri-
bution. In both cases, PnP and NpN configurations,
the analysis will begin with completely charged and
discharged working electrode plates (central plates),
discharged up to the cutting potential. Finally,
changes on the polarization resistances of found
capacity loops at different state of discharge of both
configurations will be discussed.

The PnP configuration

In Fig. 2 EIS results are plotted of the PnP
configuration with totally charged and discharged
working plates, for different » values. For » 3.7/1.0,
the working electrode was over discharged beyond
the cutting potential, to show that for negative plate
the impedance module in these states of discharge
becomes very much larger. This must be related to
the fact that new products are formed on electrode
pore surface. This does not happen in the case of
positive plate, showing that negative and positive
plates have different behaviors even when, in
general, it is considered that they give as discharge
final product the same material: insoluble PbSO,.

A second point observable in Fig. 2 is that, as
expected for PnP configuration at the different r
values, the charged or totally discharged plates, give

the same Nyquist’s plot. These results show that
there is no Z dependence on . The Z independence
on 7 shows that the counter-electrode impedance can
be disregarded. Nevertheless, there is an exception
for highest » of charged plates. The explanation of
6.8/1.0 » value can be related to the existence of a
non-uniform current distribution at the central plate,
due to its specific geometrical configuration. To
consider that the 6.8/1.0 result is the correct one is
wrong. This is because it is incompatible with the
other  values results.

A final point which arises from Fig. 2 is the fact
that impedance imaginary components at the lowest
measured frequency are equal inside the ensembles
of charged or discharged negative plates. Never-
theless, the real component increases from charged
to discharged plates, in agreement with the discharge
growth. In connection with this fact, it must be
taken into account that the impedances have been
measured after 2 hours of stabilization in the
measurement cell. In the charged cases, this implies
auto-discharge reactions, producing very low
discharge levels, which makes the charged and
discharged electrodes not so different.

The EIS results for PnP configuration in inter-
mediate states of discharge can be seen in Fig. 3 (Qq4
30%), Fig. 4 (Qq4 60%) and Fig. 5 (Qq 90%). In all
these figures, to compare the data for different r
values, the serial resistance at high frequencies (R;)
for the highest » value was used as reference, shifting
the other data. This was done at the respective inlets.
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Fig. 2. PnP configuration EIS data under fully charged or
fully discharged conditions, showing a case with central
plate over discharge. Different r are pointed out in the
figure. Fully charged: full symbols; fully discharged: open
symbols.
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Fig. 3. PnP configuration EIS data for 30% state of
discharge. Different  values pointed out in the figure.
(a) Data shifting to coincide R; at its lower value.
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Fig. 4. PnP configuration EIS data for 60% state of
discharge. Different r values pointed out in the figure.
(a) Data shifting to coincide R; at its lower value.

It is important to point out that R,’s and, as a
consequence, the differences between them are the
same at each r in the three figures (the last ones
giving approximately 0.032 Q for 6.8/1.0, 0.035 Q
for 3.7/1.0 and 0.040 Q for 1.5/1.0, with an error of
+ 0.001 Q). These differences agree quite well with
theoretical calculations for different » values for the
differences in solution resistances.

Figs. 3 and 4 show after shifting (see the inlets)
that the data overlap for different . This means that,
in agreement with Fig. 2, the Z of the counter-
electrode can correctly be disregarded. On the other
hand, when discharge progresses, the real and
imaginary Z components observed at the inlets, for
the lowest frequency, practically do not grow
(approximately, Zi, of 0.018 Q and Z,, of 0.08 Q).
This fact is in agreement with the idea that the
discharge reaction follows a zone reaction pattern
[25].

When these data are compared with those at 90%
of discharge, Fig. 5, a new aspect appears: the
impedance differences for all the r ratios at low
frequencies (see the inlet). It is like as if, with the
reaction zone arriving to the end of plate pores a
non-uniform current distribution appears influ-
encing impedance measurements. The fact is
interesting because in the evolution from Q4 90% to
100% (total state of discharge), this situation
disappears, as it is seen in Fig. 2. The supposition to
accept as explanation of the above facts that the
value of counter-electrode impedance cannot be
disregarded, is incorrect. This is because the
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Fig. 5. PnP configuration EIS data for 90% state of
discharge. Different » values pointed out in the figure.
(a) Data shifting to coincide R; at its lower value.

measured impedance has grown in view of Figs. 3
and 4 and the phenomenon occurs only at low
frequencies. It is important to note that all these
facts are totally reproducible with a given plate.

The NpN configuration

In Fig. 6, equivalent data to those in Fig. 2 are
shown for NpN configurations. For this configura-
tion, the two sets of data, for charged and
discharged conditions, present problems in EIS
measurements. This is because for both cases the
impedance depends on r, for any value of this
parameter. This is indicating that, in principle,
counter-electrode impedance cannot be disregarded
at least for » 1.5/1.0 and 3.7/1.0. The data for 6.8/1.0
must not be considered because it looks like
presence of current distribution problems. All these
are in agreement with the BET area ratios for
negative and positive plates. Nevertheless, even
considering that the central plate true impedance is
not attainable, it is interesting to point out that in all
these cases there is an important growth of the
imaginary and real impedance components from
charged to discharged central plates. This can be
clearly seen at the lowest frequency. Here the
impedance measurements under charged conditions
were also made after sufficient waiting time during
which some discharge can occur. These data are
pointing out the differences in positive and negative
plate behaviors in relation to discharge process,
even when it is considered in the literature that both
give the same final product: insoluble PbSO,.
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Fig. 6. NpN configuration EIS data under fully charged
or fully discharged conditions. Different » values pointed
out in the figure. Fully charged: full symbols;
fully discharged: open symbols.
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Fig. 8. NpN configuration EIS data for 40% state of
discharge. Different r values pointed out in the figure. (a)
Data shifting to coincide R; at its lower value. (b)
Magnification of inlet (a) region .

Another fact to be noted, because it is totally
reproducible, is related to the discharge EIS plate
data in Fig. 6 from 1.5/1.0 to 3.7/1.0, where there is
a shift to the left in the figure. This is in agreement
with the lower solution external resistance of the
second case. Nevertheless, the data at » 6.8/1.0 seem
to cross the others (this crossing is observable
between 6.8/1.0 and 3.7/1.0, even without shifting
the data). It is like the data from 1.5/1.0 to 3.7/1.0,
which were “well” ordered (in some agreement with
the external solution resistances). On the other hand,
the data for 6.8/1.0 present “good” behaviour at high
and middle frequencies, but problems at low fre-
quencies. These problems can be interpreted in terms
of a non-homogeneous current distribution, as it was
previously supposed for other cases (Figs. 2 and 5).
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Fig. 7. NpN configuration EIS data for 20% state of
discharge. Different  values pointed out in the figure.
(a) Data shifting to coincide R; at its lower value.
(b) Magnification of inlet (a) region .
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Fig. 9. NpN configuration EIS data for 80% state of
discharged. Different » values pointed out in the figure. (a)

Data shifting to coincide R; at its lower value. (b)
Magnification of inlet (a) region .

The data with NpN configurations for partial
discharged central positive plates are plotted in Figs.
7 (Q4 20%), 8 (Qq 40%) and 9 (Qq4 80%). In all these
cases it is possible to see, looking at the respective
inlets (which have the shifted data), that 1.5/1.0 and
3.7/1.0 ratios give always the same impedance
behaviours. The » 6.8/1.0 presents for all cases and
only at low frequencies a difference: a shifting to the
right (see the inlets). At high and medium frequen-
cies all the data coincide at the inlets. This means
that the data under intermediate discharge condi-
tions can be attributed to central positive plate impe-
dance at high and middle frequencies. At low fre-
quencies, increasing them with the discharge level,
the data depend on r. This fact is in the sense that
under these conditions (high discharge level and low

181



C. V. D’Alkaine et al.: Experimental critical analysis of plate impedance

frequencies) there is a non-homogeneous current
distribution interfering in the measurements. It is
interesting that, under completely discharged condi-
tions, the non-homogeneous current distribution
becomes observable at all frequencies (see Fig. 6).

A last point in Figs 7, 8 and 9 is that, looking at
observed impedance module for 1.5/1.0 and 3.7/1.0
ratios at the lowest frequency, they are practically
constant from Fig 7 (Qq4 20%) to Fig. 8 (Q4 40%).
Nevertheless, there is an increase of module from
Fig. 8 (Q4 40%) to Fig. 9 (Q4 80%). This gives
another experimental basis to the idea that this last
increase is related to the reaction zone reaching the
bottom of the pores.

Analysis of polarization resistances versus
discharge conditions

As it has been concluded in the two previous
sections, it seems that the impedance measurements
made in different states of discharge can be attri-
buted only to the central plate impedance. Never-
theless, this statement is incorrect because of: a) the
totally charged negative plates for » 6.8/1.0 (Fig. 2);
b) the negative plate at high degree of discharge for
r 6.8/1.0 and very low frequencies (Fig. 5); c) the
positive plates at medium and high degree of dis-
charge for  6.8/1.0, at low frequencies (Figs. 8 and
9) and d) the totally charged or discharged positive
plates at all the analyzed frequencies (Fig. 6). As a
consequence, it can be stated that the data at r
1.5/1.0 are representative of the impedance of all
central plates except for: i) totally charged or
discharged NpN configurations; ii) positive partially
charged plates, at low frequencies and iii) negative
plates near to the end of the discharge, at low
frequencies.

In all first three cases (a, b, and c¢), it seems that
the phenomenon can be attributed not to an incorrect
area ratio, but to a non-homogeneous current distri-
bution at the central plate. Case d) (Fig. 6) seems to
be related to PbO, electrode specific characteristics,
together with its discharge product, both detected by
the EIS method. These facts point out that the
positive plate discharge product is different from
that formed in negative plates [25].

The present EIS results on partially or totally
discharged plates show an inductive loop at high
frequencies and two capacities distributed loops, at
middle and low frequencies. These ideas have been
schematically represented in Fig. 10, together with
some parameters used in the literature like R, (2 and
Ry, [19]. In the present work it was possible to
determine the polarization resistances R,; and R,
(see Fig. 10) in different states of discharge. They
could be attributed to processes occurring on the
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surfaces of two different kinds of pores. The idea
about two kinds of pores comes from the measure-
ments of Hg porosimeter and BET surface areas,
which give different results. The R,,; and R, results
seem to be a polarization resistance of the processes
on the surfaces of these two kind of pores. In this
sense, it is interesting to plot the results of these two
parameters (R,; and R,,) for PnP and NpN confi-
gurations, against the plate state of discharge. To do
that, the determination of R,; and R, was made by
non linear fitting of the points, considering only
those from a single capacity loop.
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Fig. 10. Schematic representation of EIS lead acid battery
plates results including all the observed phenomena in
partial or totally discharged plates.

In Fig. 11 R,,; and R, are plotted results versus
discharge levels for PnP configuration and, in Fig.
12, those for NpN configuration. The first important
aspect is that both results are coherent in them-
selves, because they give rise to continuous curves
for each case. A second point is that for both cases
the R,; seems to be independent of the state of
discharge, except for the NpN configuration at high
discharge level. In this region, there is a little
increase of R, ;. The average value of R, for the
PnP configuration (related to negative central plate)
was 46 £ 7 mQ and that of NpN configuration,
taking out the high discharge levels, was 24 £ 6 mQ.
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(state of discharge) plot for a PnP configuration.
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Fig. 12. R, and R, versus discharge percentage
(state of discharge) plot for a NpN configuration.

On the other hand, the R,, results are different
for PnP and NpN configurations. In PnP configura-
tion cases, considering the determined R,, value as
due only to negative central plate, there is a drastic
change of behaviour of the related process in about
80% state of discharge. It can be attributed to the
fact that this drastic change occurs, when the
discharge reaction zone reaches the bottom of the
pores measured, indirectly, through BET. For the
NpN configuration results (considering now the R, »
related only to the positive central plate), they seem
to have a more extended reaction zone, which makes
impossible to detect clearly the reaching of the
discharge reaction zone to the bottom of BET pores.

Pointing out that the determined R,; and R,
results are reproducible, these two concepts can give
base to be used in understanding other systems,
which have behaviour like those schematically
represented in Fig. 10. In this sense, it is interesting
to note that R,; is higher in negative than positive
plates, while R,, has an opposite behavior for the
same states of discharge. These last facts need to be
more deeply studied in different lead acid battery
systems.

CONCLUSIONS

On the basis of the fact that in the literature for
EIS measurements in different kinds of four
electrodes cells, there are no experimental proofs
that the total measured impedance can be attributed
only to the central plate studies were made in the
present work, to clarify experimentally the problem.
The four-electrode cells use lead acid battery plates
as central electrode and lateral counter-electrodes
with different polarity, plus a reference one. Lite-
rature sources consider the two counter-electrodes
presence enough to resolve the counter-electrode
impedance problem.

To perform these studies on plates a special four
electrode EIS measurement cell was developed, to
be able to vary the counter-electrode plate area at
the same time when the central working plate area
was maintained constant. The central plate was
located geometrically at the centre of two counter-
electrodes and at 3 cm distance from them. This last
prerequisite was established to assure, so far as
possible, that the increase in the counter-electrode
areas does not introduce increasing currents at
central plate borders. This cell was used under two
configurations, PnP and NpN (see the text), with the
central plate electrode in different states of
discharge, and the reference electrode near to the
central one. The used area ratios r between the
counter-electrode and the central plate were 1.5/1.0,
3.7/1.0 and 6.8/1.0. For discharge cell an equivalent
configuration but with » of 1.0 was used.

The results for the PnP configuration show that
in these cases it was always possible to attribute the
EIS measurements to the central negative plate,
even for totally charged central plate. This does not
occur only at lower used frequencies and higher
degrees of discharge, where the EIS measurements
become dependent on the » value. Nevertheless, in
the present work there are arguments to attribute this
fact to a current distribution problem at the central
plate borders, and not to a specific counter-electrode
contribution to the total impedances.

The results for NpN configuration are more
complicated. In these cases (NpN) it can be stated
that at high and middle frequencies the measured
impedance can be attributed to the central plates,
except for totally charged plates where it depends on
r. On the other hand, at low frequencies, in all these
cases (state of discharge, different » and even totally
charged plates) there are dependences on the » values.
Nevertheless, again, arguments are put forward in
the sense that this dependence could not be related
to counter-electrode impedance contributions, but to
central plate current distribution problems. In this
sense, it becomes an open problem, to which point
non-homogeneous distribution of a.c. current
densities. Perturbations can invalidate impedance
measurements.
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EKCIIEPUMEHTAJIEH KPUTUYEH AHAJIN3 HA UMIIEJAHC HA AKYMVYJIATOPHU IVIOYN
C.B. JU Ankaune'*, . A. ne Onuseiipa bpuro', K. M. Tapcus?, I1. P. Umnnancn’

! Ipyna no enexmpoxumus u nonumepu, Xumuuecku denapmamenm, dedepanen ynusepcumem na Coa Kapnoc,
oyn. ,, Bawunemon Jlyusz* 234, 13560-905 Cao Kapnroc, bpaszunus
? Jlabopamopus no 6amepuu, Hncmumym no mexnonozuu 3a pazeumue, Ionumexnuuecku yenmuwp, ITK 19067,
81531-980 Kypumuba, Bpasunus

[ocremuna va 24 1oam 2008 1., Ilpepaborena Ha 12 cenremBpu 2008 T.
(Pesrome)

OTunTaliKi OTCHCTBUETO HAa EKCIIEPHMEHTAIHH JOKA3aTeJCTBA 3a TOBA, Y€ M3MEPBAHMATA Ha KJIETKAa C YETUPU
IUIOYM Ype3 eJeKTpoXuMH4HaTa umrenaHcHa crekrpockonust (EMC) ce cBbp3BaT camo ¢ IeHTpajgHara Iuioda, B
HacTosmara padboTa ca IPOBEACHH M3CICABAHMUS C PA3IMYHHU IO IUIOINI IUTOYM HA MPOTHBOEIEKTPOA MPH €1HA U ChINa
LeHTpalHa ioya. M3MepBaHuATa ca MpOBeJeHH B uecToTHata obmact ot 10% g0 107 Hz npu pasnuuHa cTeleH Ha
3apexJaHe Ha NEHTpajHaTa Iuloda. Pe3ynTarhre IOKa3BaT, Y€ 3a KOMOWHAIMATA IIOJIOKHTEIHA-OTPUIATEIHA-
MIOJIOKUTEIHA TUI0YA NP BCUUKHU U3CIICIBAHN YECTOTH U ChCTOSIHME Ha paspeneHocT nanHute ot EMIC morar na 6paat
OTHECEHM 3a LEHTpaJHaTa OTPHUIATENHA IUIOYa, OCBEH NpPHM HAN-TOISIMO OTHOIIEHWE Ha IJIOIIUTE / CPABHHUTENIEH
eNEeKTPOJ/IIeHTpaIeH PAabOTeH €JeKTPOJ W IO-BHCOKA CTENeH Ha pa3peklaHe B 30HaTa HA IO-HUCKHUTE PabOTHH
YeCTOTH. 32 KOMOMHALIMATA OTPULATENICH-TIOJIOKUTENEH elekTpos pesynrarure ot EVIC morat na ObaT oTHECEHH KbM
[EHTpaJHaTa MOJOXUTENHA II0Ya CaMo 3a BUCOKM M CPEIHH YECTOTH IPU BCHYKHM HUBA HA Pa3ps] U OTHOIIEHHS Ha
wiomuTe. HambiiHO 3apeeHuTe LEHTPAIHU IOJOKUTETHM IUIOYM TpsiOBa Ja ObIAT M3KIIOYEHH, 3alI0TO TEXHHUAT
HMIIEZIAHC 3aBUCH OT IUIOIITa Ha IPOTHBOENIEKTPOJA NMPHU BCHYKH CHOTHOLIEHUs r. Pesynrature ca oOchaeHH U ca
HallpaBeHH IMPEAIIOI0KEHHS 32 TAIXHOTO O0SICHEHHE.
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Electrochemical impedance spectroscopy was used for the study of two-component lipid membranes.
Phosphatidylcholine and stearic acid were to be investigated, since they play important biochemical role in cell
membranes. The research on biolipid interaction was focused on quantitative description of processes that take part in a
bilayer. Assumed models of interaction between amphiphilic molecules and the equilibria that take place there were
described by mathematical equations for the studied system. The possibility of complex formation for this two-
component system forming bilayers was assumed, that could explain the deviation from additivity rule. The molecular
area and the equilibrium constant of the complex were determined.

Key words: Phosphatidylcholine, stearic acid, complex formation, equilibrium constant, bilayer lipid membrane,

electrochemical impedance spectroscopy.

INTRODUCTION

The inspiration for lipid bilayer research work,
without question, comes from the biological world.
Although the first report on self-assembled bilayer
lipid membranes in vitro appeared in 1961, experi-
mental scientists including surface, colloid, and
bioscientists have been dealing with these interfacial
phenomena since Robert Hooke's time (1672).
Bilayer lipid membranes have been used in a
number of applications ranging from basic
membrane biophysics studies to the conversion of
solar energy via water photolysis, and to biosensor
development using supported bilayer lipid
membranes [1].

Bilayer lipid membranes are made predomi-
nantly of amphiphiles, a special class of surface-
active molecules, which are characterized by having
a hydrophilic and a hydrophobic group in the same
molecule [2]. Usually, a zwitterionic or non-ionic
lipid is used as the basic lipid for the preparation of
bilayers. Phosphatidylcholines, whose construction
is represented in Fig. la, are the most widely used
bilayer-forming molecules because of their relevance
to the behaviour of these components in cell mem-
branes. They contain two fatty acids themselves,
which are esterified to glycerol. The interaction
between different acyl chains within a phospholipid
molecule or among the different phospholipid

* To whom all correspondence should be sent:
E-mail: elchem@uwb.edu.pl

molecules in the bilayer should determine the
physical properties of biomembranes. The bilayer
membranes mostly consist of either natural or
synthetic phospholipids, but other double-tail surf-
actants such as dialkyl quaternary ammonium com-
pounds in pharmaceutical applications are also used.
In addition, minor amounts of single-tail surfactants,
such as fatty acids (stearic acid depicted in Fig. 1b
belongs to the class of fatty acids), may be added to
affect specific characteristics such as the membrane
permeability or electric charge density [3].
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Fig. 1. Comparison of phosphatidylcholine and stearic
acid molecular structures.

The physico-chemical studies of the phospho-
lipid-fatty acid mixture may have an additional
significance other than the interest to the alteration
of membrane function caused by fatty acid. The
study of the phase behaviour of the hydrated bilayer,
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composed of a phospholipid-fatty acid mixture
would be useful to understand the acyl-acyl inter-
actions playing such an important role in phospho-
lipid bilayers [4].

In this work, the electric capacity and the electric
conductance of the phosphatidylcholine-stearic acid
membranes were determined within the composition
range, where the bilayer formation was possible. A
1:1 complex has been proposed to exist in the
examined bilayers. The aims of these investigations
were to study the mixed phosphatidylcholine-stearic
acid bilayers, to characterize the molecular inter-
action between the phospholipid and fatty acid and
to determine the values of parameters of the
complex: the equilibrium constant and the molecular
area.

The data presented in this work, mathematically
obtained result and confirmed experimentally, are of
great importance for the interpretation of the phe-
nomena occurring in lipid membranes. The know-
ledge of equilibrium represented by the complexing
reaction lets us understand the processes that take
place on bilayer surface. The obtained results can be
used in quantitative description of physical and
chemical properties of biological membranes and, in
our opinion, can help for a better understanding of
biological membranes and in their biophysical
studies.

THEORY

A two-component forming solution can be used
to obtain a lipid membrane. The components may or
may not form another compound.

The model, which has been represented in full
detail previously [5—7] assumes that in the cases,
where the membrane components do not form
chemical compounds, any two-component system,
regardless if it forms a monolayer or a bilayer, can
be described by the equation expressing additivity
of the capacitance:

C,.=CcS, +CxS,

(1)
here:
cS
xl = s 1 s (2)
¢ +a,
x+x,=1 (3)

where: Cp, [uF'm ] — the measured capacitance of
the membrane; C;, C, [uF-m—?] — the capacitance of
the mem-brane built by components 1 and 2, res-

pectively; ¢, ¢; [mol'm?] — the surface concen-
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trations of components 1 and 2, respectively, in the
membrane; S;, S, [mz-mol’l] — the surface area,
occupied by one mol of components 1 and 2, res-
pectively; x; x, — the molar fractions of components
1 and 2, respectively.

Elimination of ¢ and ¢, yields the linear equation:

(C,-C)x, L%(cm -C,)x, “4)

1

Since the first stability constant in complexes, as
the most essential one, is usually the biggest and
should be taken into consideration [8], the existence
of 1:1 complex (compound 3) in lipid-fatty acid
system was assumed. Then, the set of Eqs (1)—(3) is
modified because the electric capacity is the sum of
the contributions of all the compounds [9, 10]:

C,=CcS,+Cx,S, +Cici S, Q)
here:
CS

Ky == : s (6)

¢ -c

¢ +c
xl = s : N > s (7)

¢ +c;+2c

=6t ®)
Ch =6 e ©)
x+x,=1 (10)

where: C; [uF-m ] — the capacitance of the mem-
brane built by compound 3; c; [mol'm ] — the sur-
face concentration of compound 3 in the membrane;
c},c’, [mol'm ] — the total surface concentrations

of components 1 and 2, respectively, in the mem-
brane; S5 [m*mol '] — the surface area, occupied by
one mol of compound 3; Kx [m*mol '] — the stabi-
lity constant of compound 3.

After solving equations system (5)—(10), the
following basic equation is derived:

[(Cm 'Cl)Ble +(Cm 'Cz)lez:IX
(G,-C)Bx, +(C-G,) Bx, +(C,-C)) (x,-x,) | _
= K Sy'B,B,[(C,, - C))(x,-x,) +(C; - Cm)lezL

[(C-Cy)(x,-%,)+(C;-C,)Byx, | (11)
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in which: g = S5 and B, =
S

1 2

Sy

The Eqn. (11) is an equation of second degree
with respect to Cy,, to the complex composition as
well as with respect to the constants: Cy, Cy, C;, By
and B,. The opening of the parentheses results in a
great complexity of the equation, and it is trouble-
some when directly applied to the determination of
constants. The constants mentioned above can be
determined in individual cases using simplified
forms of this equation.

The Eqn. (11) may be simplified taking into
account the sufficiently high value of the stability
constant of the complex. With this assumption it
represents a straight line for small x, values (x; < x):

(12)

(C,-C, )" -.pC,+BcC,

X,

while for the case of high x, values (x, > x;) Eqn.
(11) can be expressed by another straight line:

Xy =X

(13)

(Cz 'Cm) = 'Bzcs + BZCm

X

The Eqn. (11) can be simplified in some other
way. In the case where x, = x), the following form is
assumed:

[Qg#ggthauSﬂMQ$WQgQ-
-[CZS;1 +C8;1-C, (87455 )](S;‘ +87)C;

=K (S8 (CamC) gy

The parameters describing the complex deter-
mined from equations (11) and (14) can be applied
to represent the agreement of Eqn. (11) with the
experimental data by using Eqn. (15):

KRSI"S;1 (a1 +a2)(a3 —(Jt,)Cm2 +
Jr[KRS{lS;l (Cla] -C3a})(a1 +a2)~
-I('RAS‘I'ISZ'1 (C2a1 + C3c12)(a3 -a1)+a4S3'1 (a3 +a, )] c .+

+K,S.'S, a,C,(Ca, +Ca,) —

27373

_K,.S'S)aC,

2711

(aC, +a,C,)-a,S; (Ca,+Ca,)=0
(15)
where:
a, =83 (xz -xl); a,=83'x; ay = S7'x,;
a, = [S; (C1 -Cz)(x2 -x1)+
+(C-C) xS +(C, -G ) xS

MATERIALS AND EXPERIMENTAL DETAILS
Reagents and preparation of the forming solutions

The lipid bilayer was formed from the Fluka
product of 99% egg lecithin (3-sn-phosphatidyl-
choline) and from stearic acid (97%) also produced
by Fluka. Both substances were dissolved in chloro-
form to prevent oxidation and mixed in appropriate
proportions to achieve the desired molar fractions.
The solvent was evaporated under a stream of argon.
The dried residues were dissolved in a hexadecane-
butanol mixture (10:1 by volume). The resultant
solution was used to form the model membrane
containing 20 mg:ml ' of substances in solution.
This solution containing the membrane components
was unsaturated; therefore, it contained any propor-
tion of the components. During membrane forma-
tion, the solvent mixture was removed and the
created membrane had the same proportion as that
in the resultant solution.

The solvents were of chromatographic standard
purity grade: chloroform and butanol were from
Aldrich, hexadecane was from Fluka.

Potassium chloride solution of 0.1 mol-dm™ was
used as the electrolyte for experiments. KCl was
analytical purity grade and was heated prior to use at
400°C for 4 h to remove traces of organic material.
Water purified by Milli-QIl (18.2 M, Millipore, USA)
was used to make the electrolyte and in all cleaning
procedures.

Preparation of the bilayer membranes

Bilayer membranes were obtained as bubbles at
the Teflon cap constituting a measuring vessel com-
ponent. The use of hexadecane as a solvent allows
one to obtain membranes of thickness and capacity
values similar to those of membranes formed of
monolayers. A small quantity of butanol has negli-
gible effect on the impedance parameters of the
bilayers created, whereas it accelerates considerably
the formation of membranes. The process of mem-
brane formation was monitored by visual obser-
vation in transmitted light and by measuring the
membrane capacitance. The bilayer area was deter-
mined with a microscope employing a micrometer
scale as 4x1072 — 8x10 % cm’ (the values were given
for the bilayer area without margin).

Impedance analysis

Electrochemical impedance spectroscopy was
performed with an a.c. impedance system (EG&G,
Princeton Applied Research, Model 388) that
included a personal computer, a two-phase lock-in
amplifier (Model 5208) and a potentiostat/galva-
nostat (Model 273), in which a four-electrode input
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was fed to the pre-amplifier. The electrochemical
cell contained two identical reversible silver-silver
chloride electrodes and two identical platinum
electrodes (described exactly in [11-13]). A 4-mV
amplitude sine-wave signal perturbation was applied
in the 0.1-10000 Hz frequency range. The
PowerSuite 2.4 software package was used for
acquisition of impedance data. These were analyzed
by wusing the complex nonlinear least squares
(CNLY) fitting to a model represented by an equi-
valent electrical circuit. The CNLS program used in
this work was ZSimpWin 3.21. All the experiments
were carried out at room temperature of 20 = 1°C.

RESULTS AND DISCUSSION

The effect of stearic acid on capacitance and
resistance of the phosphatidylcholine bilayer was
examined in the presence of different amounts of the
fatty acid by using electrochemical impedance
spectroscopy. The stearic acid content was varied up
to a 0.80 molar fraction, above this limit the acid
induced disorder of the acyl chains of phosphatidyl-
choline and we were not able to form a bilayer
stable enough to carry out measurements on it. The
capacity of a bilayer membrane is well defined,
when it is in the black state. The resistance may
vary by at least one order of magnitude, possibly
because of impurities in the bilayer, border leakage
at the membrane support, the appearance of lipid
“crystals” at the periphery of the bilayer, or way of
introducing the lipid solution (if the forming
solution is introduced with a micro-syringe, instead
of a brush, the irreproducibility of the bilayer can be
minimized). The resistance of a single membrane,
however, is usually constant until a short time
before the membrane ruptures. Therefore, any
changes in the resistance due to addition of ions,
proteins, drugs, etc., can be determined with a rela-
tively high degree of accuracy [3]. The impedance
technique was used in our study to characterize the
membrane features as this method has been shown
to measure the capacitance and resistance of bilayer
lipid membranes accurately. The mean values of the
determined parameters were obtained based on six
independent measurements of the lipid bilayer. In
view of numerous results given in the literature and
our own experimental results, we assume that the
membranes created by us do not contain solvent. If
some solvents are contained in the membranes, then
one should treat them as trace impurities. As it is
impossible to determine their quantity and their
nature, one cannot take them into account in quanti-
tative considerations (except for a possible quali-
tative indication). In the opposite case, we would
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take into account the possible presence of any
solvent in the derived equations.

Figs. 2a,b represent typical impedance spectra of
the phosphatidylcholine membranes, pure and con-
taining stearic acid. Very simple diagrams were
obtained for all the examined membranes; they have
the form of semicircles in the entire analyzed
frequency range. The centres of the semicircles lie
on the real axis, provided that the lipid bilayers are
considered as dielectric layers with leakage and the
apexes of the semicircles satisfy the equation
CnRnw = 1. The CNLS fits (according to the equi-
valent circuit illustrated in Fig. 3) are represented by
solid lines and are in good agreement with the data
obtained.

D | gri5 -
o
B 1.7E+05
[ %]
o
hy 6.0E+14
0.0E-+HI0 . . .
OOEHID 60E+04 12E+05 13EH05 24E+05
Z'.8 l:m2
M iEeas
(2}
E 14E403
(-
'-‘7‘ 7OE+H14
0pE+I0 3 . . .
OME+00  10E+05  20E+05  30EHS
f 2
Z' Qe

Fig. 2. Plots of the imaginary component of impedance —
Z” versus the real component of impedance Z’ over a
frequency range of 0.1 Hz — 10 kHz for a phosphatidyl-
choline bilayer modified with stearic acid (x, = 0.80).
(-) CNLS fit to the equivalent circuit shown in Fig. 3.

An equivalent circuit depicted in Fig. 3 describes
the electric properties of the analyzed lipid mem-
brane. The impedance of the phosphatidylcholine
bilayers modified with stearic acid is represented by
the electrolyte solution resistance R,, which is in
series with a paralleled circuit, composed of the
resistance of the membrane R,, and of the membrane
capacitance C,,. The possibility of misinterpretation
of the recorded data is reduced by the simplicity of
the circuit. This electric circuit is characteristic of an
artificial lipid membrane only when ionophore
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systems, specific channels, pores and adsorption are

absent [14].
%
R,

R,

Fig. 3. An equivalent circuit representing electric
properties of the phosphatidylcholine membrane
modified with stearic acid: R, — resistance of the
electrolyte, Cy, — capacitance of the membrane,
R, —resistance of the membrane.

The dependence of the capacitance of phosphati-
dylcholine membranes containing stearic acid is
illustrated in Fig. 4 as a function of the molar frac-
tion of fatty acid. The resulting dependence deviates
from linearity, indicating that some bonds are formed
in the membrane. The capacitance value of pure
phosphatidylcholine bilayer (component 1) C; was
measured directly and represented earlier [7, 10, 12]
as 0.62 + 0.02 pF-cm 2. There are no reliable
literature data on capacitance values for the pure
component 2 (stearic acid), because it does not form
a bilayer membrane.

However, in order to characterize the course of
the experimental curve, the C, value for the pure
component is necessary, which will be used in the
calculations. In this case, the hypothetical capa-
citance value for membrane built from stearic acid
was estimated by fitting the experimental curve with
a straight line for four different molar fractions of
fatty acid and extrapolating x, = 1 value. The capa-
citance value obtained in this way for pure stearic
acid is equal to 0.48 uF-cm .

160 7
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Fig. 4. Dependence of the capacitance C,, of the
phosphatidylcholine-stearic acid membrane on the molar
fraction of stearic acid x,. Error bars indicate the
experimental scatter. The solid line represents the
theoretical values calculated from Eqn. (15).

The resistance value of pure phosphatidylcholine
bilayer is equal to (2.30 +0.25)-10° Q cm® The
resistance value of phosphatidylcholine bilayer

modified with the highest content of stearic acid (x;
= 0.88) amounts to (2.99 + 1.05)-10° Q cm®. The
quantitative description of equilibrium in the
phosphatidylcholine-stearic acid membrane, based
on values of conductance, is not given here because
of the very close values of resistances obtained for
the analyzed bilayers and the irreproducibility of
results.

Fig. 5 represents the dependence of (C,—Ci)x;
versus —(C,—C5)x, described by Eqn. (4). According
to Eqn. (4), as it is in the case where the membrane
components do not form chemical compounds, the
values of this function should lie on a straight line.
As one can see, this is not the case, which suggests
that there is a complex or other chemical compound
formation in the phosphatidylcholine bilayers
containing stearic acid.
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Fig. 5. Plot of (Ci—C1)x1 Vs (C—Co)x;

C,, — capacitance of the membrane, C; — capacitance of
the phosphatidylcholine membrane, C,— capacitance of
the stearic acid membrane, x; — molar fraction of the
phosphatidylcholine and the x, — molar fraction of stearic
acid. The arrows denote the direction of the increasing x,
values and the dashed line indicates the order of points.

Therefore, the formation of a complex in this
system was assumed. Because the existence of a 1:1
complex is a typical case [§], the formation of a 1:1
phosphatidylcholine-stearic acid complex was
accepted.

Thus, Eqn. (5) and the stability constant K,
describing a third compound formed in this system,
broaden the theoretical description. After a simple
modification of Eqn. (5), one can obtain information
represented by Eqn. (11). The capacitance values of
C; and C; have been given above. The other con-
stants B, B, and C; were obtained assuming that the
value of the stability constant of the phosphatidyl-
choline-stearic acid complex was sufficient with
respect to the simplified Eqns. (12) and (13). From
the B, and B, constants, which were determined
based on these equations it was possible to calculate
the capacitance value of the complex C;. The mean
value is equal to 1.52 pF-cm™.
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Eqns. (12) and (13) could also be applied to
calculate the surface area per a single phosphatidyl-
choline-stearic acid molecule S;. The values of the
surface area, occupied by one mol of components 1
and 2, are necessary for this calculation. The surface
area occupied by the phosphatidylcholine molecule,
depends on the way the phospholipid is prepared,
because this affects the length, conformation and
degree of unsaturation of the fatty acids chains.
Therefore, the values in the literature range between
54 and 99 A% [15, 16]. In our case, we chose the S;
value, determined in our laboratory as 85 A* [17].
The surface area occupied by the stearic acid
molecule, reported in the literature, is equal to 19 A?
[18]. The resulting S; value amounts to 122 A* and
it is bigger than the sum of areas occupied by each
component of the complex (104 A?). It is probably
connected with the arrangement of lecithin
molecules in the complex and with its structure.

The only value to be determined was the stability
constant of the phosphatidylcholine-stearic acid
complex. It could be determined based on Eqn. (14)
for x; = x, = 0.5 leading to 2.87x10" m*mol ", This
value is relatively high, giving additional evidence
for the prevailing of the 1:1 complex in mixed
phosphatidylcholine-stearic acid bilayers. This value
also confirmed that the assumptions, used to sim-
plify Eqn. (11), were correct.

The parameters determined based on Eqns. (11)
and (14) were applied to represent the agreement of
the data, evaluated from Eqn. (11) (solid lines) with
the experimental data (points) in Fig. 4 by using
Eqn. (15). As Eqn. (15) is of second order, it can
yield two solutions. The values yielding a better
agreement of the experimental points with equation
describing the complex formation between mem-
brane components were chosen. Good agreement
between experimental and theoretical points verifies
the assumption about the formation of a 1:1 phos-
phatidylcholine-stearic acid complex in the lipid
membrane as well as the assumption of the correct
choice of the C, value for component of the mem-
brane. The small variances between the experi-
mental and the theoretical capacitance values
indicate that complexes of different stoichiometries
or associates are also possible in the phosphatidyl-
choline-stearic acid bilayer.

The phase behaviour of the phospholipid-fatty
acid mixtures most extensively studied so far, is
concerned with the mixture of diacylphosphatidyl-
choline and saturated fatty acids with C,,—C;g chain
lengths, in which phase diagrams over the whole
composition range have been reported for some
mixture systems [19—23]. All the phase diagrams
have exhibited the formation of a molecular

190

compound (or phase compound) in the gel phase
with the stoichiometry of diacylphosphatidyl-
choline:fatty acid = 1:2, which means that a strong
attractive interaction acts between the two com-
ponents in the gel phase bilayer. Although an
agreement is documented for complex formation,
there seems to be a discrepancy in the phase dia-
grams reported for the composition ranges of both
low and high fatty acid concentrations [19, 20, 22].

In our previous paper [24], we represented the
dependence of interfacial tension on the composi-
tion for the phosphatidylcholine-stearic acid mem-
brane. A 1:1 complex has been assumed to exist in
the bilayer, but the existence a fatty acid in the form
a dimer was taken also into account. The value of
stability constant of such complex is 2.18x10°
m*mol~!, whereas the experimental by determined
area occupied by one phosphatidylcholine-stearic
acid complex molecule is 187 A® [24] (the only
values available in the literature).
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UMIIEJAHCHU XAPAKTEPUCTUKHU HA JIMTITMJHU MEMBPAHI OBPA3YBAHU OT CMEC
HA ©OCOOJIUIIN 1 MACTHA KUCEJIMHA
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(Pesrome)

Upe3 eneKTpOXMMUYHA WMIICHAHCHA CIIEKTPOCKONHKSA Ca W3YYCHHW JBYKOMIIOHCHTHH JIUIHIHU MeMOpaHHu.
WzcnenBanm ca QocaTuauaXoluH W CTEApUHOBA KUCEIWHA, THH KAaTO TC WrpasT BaKHA OMOXUMHYHA POJIL B
KIeThYHHTe MeMOpanu. V3cienBaHeTo Ha OMONMIHIHUTE B3aMMOACUCTBHSI € (POKYCHPAaHO BBPXY KOIMYECTBEHOTO
ONMCAHWE Ha IMPOLECUTE, KOUTO MNpOTHYAT B JBOMHMS cnoi. Ilpuerure Monenn Ha B3aUMOIEHCTBUE MEXKIY
aMpUPUITHATE MOJEKYIH ¥ pPAaBHOBECHETO KOETO C€ YCTAaHOBSBA B HW3CJIEOBAHUTE CHCTEMH Ca OIHCAHH C
MaTeMaTH4ecKu ypaBHeHUs. [lomycka ce Bb3MOKHOCTTA 32 00pa3yBaHe Ha KOMIUIEKC B Ta3W ABYKOMIIOHEHTHA CHCTEMA,
KosATO 0Opa3yBa MABOMHH CJOEBE, C KOETO MOXKE Ja ce OOSCHH OTKJIOHEHHETO OT IPABHIOTO 3a aJUTHBHOCT.
Omnpexneneny ca MOJIEKyJTHATa TUIOII M PABHOBECHATA KOHCTaHTA Ha KOMILIEKCA.
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spectroscopy measurement data based on weighted harmonics autocorrelation
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A procedure taking into account the inter-correlation of the harmonics, observed in experimental EIS, is shown to
provide realistic error estimation useful for reliability considerations. The deduction of the algorithm of this “weighted
harmonics autocorrelation” procedure as well as the results of EIS control experiments, performed on well known

objects, are thoroughly discussed.

The influence of three different kinds of specific interference on the measurement results is shown: distortions by a
nonlinear system characteristic, contamination of the response signal by pink noise and contamination of the response
signal by single frequency disturbance. The uncertainty predicted by the weighted harmonics autocorrelation procedure
is compared with the deviations observed in the practical measurements.

Key words: Electrochemical Impedance Spectroscopy, error determination, uncertainty, monochromatic oversampling,
limited frequency selectivity, weighted harmonics autocorrelation.

INTRODUCTION

In Electrochemical Impedance Spectroscopy
(EIS), measurement results are commonly used in
conjunction with mathematical models to extract
physical parameters or to identify physical
phenomena. In the early years, the comparison
between experiments and deterministic process
models was mainly qualitative. With growing
number of fields for EIS application and ongoing
improvement of the measuring technique, the aim of
EIS changed to more quantitative terms, i.e. finding
out of precise numerical values of particular
quantities of interest. Such values, representing
physical and chemical system parameters, appear
encoded in the spectral transfer function, which
usually can be modeled by equivalent circuits (EC)
or reaction mechanism analysis (RMA).

The parameters searched for are determining the
model transfer function and express desired research
information about (for instance losses/efficiencies of
batteries) rate constants and diffusion parameters of
electrochemical reactions and over potential shares
in fuel cells. As for all experimentally determined
quantities, the knowledge of their uncertainty is
essential to judge their reliability. Many aspects of
the principle error structure of EIS data have already
been treated thoroughly in literature [1]. Also the
error propagation through the typical simulation and
fitting procedure can usually be determined reliably.

* To whom all correspondence should be sent:
E-mail: cas@zahner.de
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However, a complete error treatment can be per-
formed only if a reasonable uncertainty estimation
of the initial EIS measurement data is available, too.

It is necessary to enlighten the role of different
possible error contributions to the deviations,
observed experimentally in EIS. The popular
assumption that deficient instrumentation is usually
responsible for discrepancies between observed and
expected impedance data does not usually hold true.
In practice, a much more important class of error
sources lies in the misinterpretation of the system
under test: the less experienced scientist expects a
certain frequency response by his object, which he
assumes as ideal, but may overlook that the
observed frequency response belongs to an imper-
fect real world object, often affected significantly by
accompanying parasitic properties of the set-up
around the sample. Parasitic reactance generated by
stray capacitance, connection line inductance, bridge
coupling [2] and mutual induction effect [3]
represent an important class of error sources in the
experimental practice. However, apart from mutual
induction, errors caused by these effects can be
taken into account without problems by extending
the model accordingly and they are not subject of
this work.

Instead, the topic here is the uncertainty due to
the effect of Limited Frequency Selectivity (LFS):
an experimental impedance spectrum assigns the
course of certain measured impedance values to
certain frequencies, but basically, this assignment
can never be mathematically true. This can be

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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understood considering the response to a mono-
chromatic excitation: due to the very basic effect of
limited measurement time, monochromatic excita-
tion never exists in perfection [4]* and the response
must be always the response to a mixture of dif-
ferent frequencies with — hopefully — the frequency
of interest dominating. For the same reason, the best
conceivable signal frequency filter in the data
acquisition path of any impedance instrumentation
has a LFS defined by the measurement time
allocated, too.

Generally, the effect of the LFS appears as
follows: apart from the wanted response signal,
belonging to a certain frequency of interest,
unwanted noise is recorded additionally. So the
Signal to Noise ratio (S/N) can be considered as a
measure of the uncertainty in principle.

As a strategy for error determination it has been
suggested in the literature to measure the data at a
certain frequency for more than few times or even
for several complete spectra [5]. As a result,
uncertainty can be calculated directly from the
scattering. A severe disadvantage of this procedure
is that the later error reduction by calculating the
mean values scales only with the square root of the
time interval, while continuous coherent data
acquisition would have reduced the error
proportionally with the time. Besides, coherent data
acquisition often can suppress deviations perfectly,
even if the individual time slot samples would
exhibit large scattering — a too pessimistic error
estimation is the consequence.

In the present work, an alternative approach,
based on harmonic analysis, is described which
avoids the drawbacks mentioned above. The
reported procedure uses the fact that under mono-
chromatic (sinusoidal) excitation of a system the
harmonic distortion content of the response signal
can be used as a measure of the uncertainty. This
method requires two prerequisites: the EIS measure-
ment procedure must provide the necessary infor-
mation about the harmonics and the harmonic con-
tent must be unequivocally assigned to distortions.

EXPERIMENTAL

In order to determine the S/N ration of a single
measurement, monochromatic over sampling (MOS)
is applied. This means that in contrast to multi-

4 The correlation Av o« 1/t between lifetime t and spectral
purity respectively line width Av due to the quantum
mechanical uncertainty principle is not only valid for
photoemission but also determines measuring accuracy of
EIS.

spectral methods the harmonics are intentionally not
excited, but they are detected in the response signal
by Discrete Fourier Transformation (DFT) analysis,
nevertheless. In an ideal case, single-sine excitation
results in a response signal consisting of a single
line in the frequency spectrum. Limited measure-
ment time interval, non-linearity and noise in a real
system however add additional lines to the response
spectrum. The MOS method makes it possible to
calculate the impedance solely from the funda-
mental, while the harmonic content can unambi-
guously be attributed to unwanted distortions. In
contrast, when using multi-spectral excitation, the
noise origin of harmonics in the response spectrum
cannot be identified in general, because it is noise
mixed with the intentionally excited frequency line
response. As a work-around procedure it has been
proposed [6, 7] to correlate sequential multi-spectral
measurements with changing excitation content. It is
obvious that this strategy should fail if the system
under test is not strictly stable. Besides, a much
higher time effort is necessary until the noise
influence for a certain frequency sample becomes
accessible.

However, also for MOS, the overall S/N ratio
calculated from the harmonic content cannot simply
be used as a reliable uncertainty measure. Instead
the harmonic content has to be weighted in a certain

manner because of reasons discussed in the
following text.
uncompensated
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Fig. 1. Illustration of a signal and an interference at
3.5-fold frequency. The leakage due to the misfit in
periodicity is larger than that in Fig. 2.

Fig. 1 shows schematically a measurement
window time interval used for EIS with one period
of sinusoidal excitation, together with an inter-
ference signal of 3.5 times the signal frequency. Fig.
2 sketches a similar situation, where the interference
is 7.5 times the signal frequency. Comparing both
figures one can suppose that the remaining inter-
ference due to the misfit between time window and
periodicity decreases with increasing frequency. To
be more precise, due to the limited measurement
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time interval (in the example it is the minimum time
interval conforming to the systems theory), fre-
quency components which are not exactly periodic
with the time window are “rubbed off” on the
results for the periodic signals, like for instance the
fundamental wave. This “leakage” caused by the
“aliasing” mechanism [8] declines with increasing
frequency distance between interference and
disturbed signal. It is maximal if the interference
arises at (n + 0.5) times of the exci-tation frequency
(n is an integer) and it vanishes, if the interference
matches a harmonic (see Fig. 3).
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Fig. 2. Illustration of a signal and an interference at
7.5-fold frequency. The leakage due to the misfit in
periodicity is smaller than that in Fig. 1 because of the
shorter cycle time at higher frequency.
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Fig. 3. Illustration of a signal and an interference at
four-fold frequency. The leakage due to the misfit in
periodicity vanishes at integer multiples of the signal

frequency (harmonics).

If the interference frequency is an integer
multiple of the signal frequency, i.e. a harmonic, a
single line in the response spectrum results. As one
can see in Fig. 3, in this case the distortion can be
removed by the DFT filter perfectly. So, an
additional single line in the Fourier spectrum does
not indicate impaired accuracy automatically. In
contrast, interfering signals with frequencies dif-
fering from the harmonics will generate several
adjacent lines due to the leakage effect. They impair
the accuracy and have to be taken into account in an
uncertainty calculation. This can be accomplished
using the autocorrelation algorithm described below.
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The intensity of disturbing lines in relation to the
fundamental ones must be considered, too. Appar-
ently, a large signal is less affected by the same
absolute amount of noise than a small signal.

If the excitation signal already contains distor-
tions, e.g. due to imperfect functioning of the poten-
tiostat, harmonics can be observed, which may not
be mistaken for noise. The content of harmonics in
the response, which are already present in the
excitation signal, must be scaled down accordingly.

All these issues are considered in the “weighted
harmonics autocorrelation” procedure, which is
summarized in the following:

- Acquire the excitation and response signals
with the MOS method application;

- Extract the fundamentals from the response
spectrum. The quotient with the fundamental of the
excitation spectrum is used to determine the
impedance;

- Weight the harmonics of the response spectrum
due to existing degrees of distortion in the excitation
spectrum,;

- Normalize each residual harmonic according to
the intensity of the fundamental (division by the
fundamental amplitude) and weight it according to
its harmonic order (division by the frequency);

- Auto-correlate the weighted harmonic spectrum.
The resulting amplitude of the first-order line
distance yields the error indicator searched for.

The error indicator can be tested and calibrated
in a way that the uncertainty prediction for white
noise will match the error determined by a simu-
lation. For the simulation purposes, a sine wave with
an amplitude ‘A’ in a time window of 2" is
generated and superimposed by a defined distortion
amplitude. This distortion can be generated either by
white noise with a variable amplitude from 2 times
‘A’ to 0.1 times ‘A’, resulting in a S/N ratio of 0.5
to 10 respectively, or by a sinusoidal signal of
comparable amplitude with an arbitrarily varying
frequency. The resulting superimposed signal is
treated by DFT (in particular the Fast Fourier
Transform FFT) as a model for the MOS
measurement procedure. Then, the amplitude of the
fundamental is evaluated and the deviation between
the known original and the evaluated amplitude
affected by leakage in the disturbed case is recorded.

A linear correlation is found between the
observed deviation and the output of the weighted
harmonics autocorrelation procedure. Therefore, a
single constant weighting factor can be determined
to calibrate the weighted harmonics autocorrelation
uncertainty forecast.

The result of a simulation done for an interfering
sine-signal of varying frequency is depicted in Fig.
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4. As it is expected, the deviation is minimal at
integer multiples of signal frequency and it is locally
maximal at (n + 0.5) times the signal frequency.
Deviation also decreases with increasing frequency
of the interfering signal, as it stated above.
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0.5 —10.5

Actual Deviation
Estimate Deviation
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Frequency Ratio F; ./ F 10ae

Fig. 4. Simulation of a sinusoidal interference of varying
frequency.

The deviation observed from the simulation and
the predicted uncertainty calculated by the weighted
harmonics autocorrelation method are in good
agreement except for interference frequencies close
to the signal frequency

Obviously, the largest deviation appears for
interference  frequencies close to the signal
frequency. This problem can be assigned to the
fundamental relation between measurement time
window and frequency uncertainty: if the frequency
difference between a signal and a distortion tends to
zero, the necessary measurement time for a
successful separation tends to infinity.

The online error determination procedure was
also tested in practical measurements. Three
different kinds of specific interferences were used:
superimposed pink noise, sine interference and
inherent distortions due to a non-linearity of the
object. The set-up used in case of external
interference is sketched in Fig. 5: a signal generator
FG for interference overlay produces either sine

signal or noise with limited bandwidth,
alternatively.
. =
I || ” | Il.rl ]
HII'./- 1"#&"“»'\%"',*1 W ]
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e \h | IM6
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Fig. 5. Set-up for EIS control experiments consisting of a
frequency generator FG, a dummy cell DC, a summing
up circuit X, and an electrochemical workstation IM6.

The potentiostat terminals are WE for the
working electrode current output, WE, for the
working electrode potential sense input, RE for the
reference electrode potential sense input, and CE for
the counter-electrode current output

g
SED
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Fig. 6. Equivalent circuit of the dummy cell
(DC in Fig. 5).
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A dummy cell DC with well known properties is
used as a reference object. EIS measurements were
performed with the electrochemical workstation
IM6, which uses the MOS principle. During
measurements under interference overlay the
generator signal is fed into the reference input RE of
the IM6 via the summing up circuit X. The
equivalent circuit of the dummy cell is depicted in
Fig. 6.

RESULTS AND DISCUSSION

Injecting pink noise into the summing up circuit
Y (c.f. Fig. 5), results in an impedance spectrum of
the dummy cell (Fig. 6) depicted in Fig. 7 as Bode
plot.

pedance| / Q2
|phase| / °

AT o T
10 30 100
frequency /

1K 3K 10K
Hz =

Fig. 7. Bode plot of a dummy cell (Fig. 6) measurement
with the test set-up sketched in Fig. 5 with superimposed
pink noise (error rectangles) and flawless measurement
without noise (lines).

The rectangles characterize the measurement
result under pink noise interference, whereas the
lines represent the result of an undisturbed
measurement. The size of the rectangles, indicating
the standard deviation o derived by the algorithm
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discussed above, are in good agreement with the
measurement error known from a comparison with
the flawless measurement. This is more clearly
visible in the complex plane representation (Fig. 8).
Apparently the weighted harmonics autocorrelation
algorithm leads to a useful prediction of the
uncertainty caused by the presence of noise.

Measuring the dummy cell from 1 Hz to 1 kHz in
the presence of a sinusoidal interference signal of
100 Hz leads to the result shown in Fig. 9 as
complex plane plot.

5 -10 E
3 B ]
o i :
®
a R |
] = ]
3 -
Q :
m: [~
0 5 |;'i. | 1 T I
6 -4 -2 4 6 8
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Fig. 8. Complex plane plot of a dummy cell (Fig. 6)
measurement with the test set-up sketched in Fig. 5 with
superimposed pink noise together with the result of a
flawless measurement.

The straight line as well as the circles show the
measurement without noise, the squares with
centred crosses represent the predicted error with the
measurement data under interfering noise.

]

-800 -

-600

-400

impedance" / Q2

-200

AT T
800

400 600

0 200

impedance' / Q

Fig.9. Complex plane plot of an EIS measurement
of a dummy cell between 1 Hz and 1 kHz with a
superimposed interfering sine wave of 100 Hz.
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The squares with the centered circles indicate the
uncertainty predicted by the weighted harmonics
autocorrelation (one o) and the measurement data
with additional interference. The solid line char-
acterizes the correct (undisturbed) result.

As it is stated above, the largest deviation
between undisturbed (solid line in Fig. 9) and noisy
measurement (circles in Fig. 9) is observed at signal
frequencies around the interference frequency. The
error predicted by the weighted harmonics auto-
correlation algorithm is maximal in this frequency
region, too. As it can be seen, the weighted
harmonics autocorrelation algorithm leads to an
acceptable uncertainty estimation for the case of a
sine interference, too.

Further to external interference pick up, the non-
linear behaviour of an investigated object can lead
to errors in impedance measurements. As a repre-
sentative example for this kind of error contribution,
two power Schottky diodes connected in anti-
parallel way were investigated by EIS under a bias
current of 10 pA. In Figs. 10 and 11 a Bode and a
complex plane plot respectively show the results.
The straight lines represent a flawless measurement,
using only amplitude of 1 mV.
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Fig. 10. Bode plot of impedance spectra of two anti-
parallelly connected Schottky diodes.

The straight line was obtained with a 1 mV
excitation amplitude, circles and rectangles represent
the data points and the predicted uncertainty
evaluated at 20 mV amplitude.

Under such small-signal conditions the Schottky
diodes exhibit linear behaviour. An excitation
amplitude of 20 mV, however, forces a non-linear
response. Therefore, the spectrum must deviate from
the former, i.e. the straight line. This can be clearly
observed from a comparison of the measured data
points (circles) and the straight line obtained with an
amplitude of 1 mV.



C. A. Schiller and R. Kaus: Online error determination and processing for EIS measurement data

Again, the uncertainty predicted by weighted
harmonic autocorrelation is conform with the
deviation between the high amplitude spectrum and
the small signal control experiment: the larger the
actual deviation, the larger the predicted error.

|
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Fig. 11. Complex plane plot of the impedance spectra of
the two anti-parallelly connected Schottky diodes.
Further details as indicated in Fig. 10.

CONCLUSION

The weighted harmonics autocorrelation
algorithm represented here is a valuable method to
predict the uncertainty for most common kinds of
distortions appearing in EIS. This has been
demonstrated applying different kinds of artificial
interference, which usually appear also in practical
experiments. The uncertainty caused by super-
imposed noise was detected reliably, as well as the
uncertainty appearing in the presence of a discrete
frequency interference. Concerning the origin and
the resulting effect, a totally different type of dis-

turbance, assigned to inherent object non-linearity,
can be detected by the algorithm as well. It is
characteristic of this situation that well-shaped
impedance spectra with no extensive visible scat-
tering are observed. Nevertheless, the weighted
harmonics autocorrelation algorithm can detect such
a problematic situation and provide for a realistic
error forecast in this case as well.

In contrast to the error analysis of multi-spectral
excitation measurements, the represented algorithm
provides a straight forward, instant way of error
estimation even for a single sample. It is therefore
applicable not only to impedance spectra, but also to
single-frequency measurements versus time, poten-
tial, temperature etc. No time consuming, barely
transparent procedure relying on the reproducibility
of repetitive excitations is necessary, so even the
time drift of objects that are not perfectly in steady
state, does not affect the reliability of the uncertainty
determination.
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OH-JIAVIH OIIPEJEJISIHE U OBPABOTKA HA I'PELIKU ITPU JAHHU ITOJIYYEHMU C
EJIEKTPOXUMHWYHA UMIIEJAHCHA CIIEKTPOCKOIINA HA OCHOBATA HA
ABTOKOPEJIALIMA HA IIPETETJIEHUA XAPMOHUIU

K. A. Illunep'*, P. Kayc®

1
LJanep Meccucmem, Kponax, I'epmanus
2 N
Yuueepcumem JJonen Peiin, Kpegheno, I'epmanusa

[octpnuna Ha 12 romm 2008 1., Ilpepaborena Ha § aBryct 2008 r.
(Pesrome)

[IpencraBeHa e mporeaypa, OTYNTAIIA BFTPEITHATA KOPEIanys Ha XapMOHHUITUTE HAOII0JaBaHa TIPH €KCIICPUMEHTH
C eneKkTpoxumMuuHa mMiieaancHa crekrpockonus (EVC), kosATo maBa peaqricTHYHA OLEHKA HA TpeIIKaTta M OCHTypsiBa
HEoOXoMMaTa HaJeKHOCT Ha JaHHHUTe. [1oapoOHO € MUCKYyTHPaHO M3BEXKAAHETO HAa ajrOpUThMa Ha MpoLeaypara 3a
,»ABTOKOpENallus Ha MpPETeTJICHUTe XapMOHHIHM', KaKTO M pEe3yJNTaTHTe OT KOHTpONHH ekcnepumeHntn ¢ EUNC,
MPOBEICHHU BBHPXY J00pe MO3HATH OOCKTH.

Iloka3zaHo e BIMSHMETO Ha TpyU pas3jivdyHu BUOA CHeHI/I(l)l/IllHI/I BSaHMOﬂeﬁCTBMX BbpXY CKCIICPUMCECHTAJITHUTC
pe3yTaTu: ,ue(bopMaumn OT HEJIMHEHHHU CUCTEMHH XapaKTCPpUCTUKH, 3aMbPCABAHEC HAa U3XOAAIHA CUTHAJ C PO30B 1IyM,
3aMbpCsBaHe HAa W3XOJAIIUS CHTHAJ C CIUHMYHA YECTOTHA mepTypOarms. HeToyHOCTTa Tpecka3aHa OT aBTOKOpesa-
[IMOHHATA TPOIIeypa Ha MPETErNICHUTE XapMOHHIM € CpPaBHEHA C OTKJIOHCHHSATA HAOJIOJaBaHH NPU OOMKHOBCHHTE
HU3MEpPBAHUS.
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A procedure for evaluation and elimination of errors, caused by parasitic inductance and resistance in EIS studies of
two solid oxide fuel cells (SOFC) materials: yttria stabilized zirconia (YSZ) electrolyte and lanthanum strontium
manganite (LSM)/YSZ composite cathode is presented in this paper. It is shown that for these low impedance systems
the parasitic inductance can affect not only the high frequencies but also the middle and low ones. The parasitic errors
correction procedure increases significantly the reliability of the electrochemical impedance spectroscopy (EIS) results.

Key words: electrochemical impedance spectroscopy (EIS), parasitic inductance error correction, yttria stabilized
zirconia (YZS), composite lanthanum strontium manganite\yttria stabilized zirconia (LSM\YSZ) cathode.

INTRODUCTION

The complexity of the cathode and anode reac-
tions processes at the triple phase boundary
(gas/solid/solid), as well as the ionic-conductivity of
the electrolyte in solid oxide, require new approaches
for optimization of their performance. The Electro-
chemical Impedance Spectroscopy is emerging as
one of the most powerful, informative and
promising techniques, which combines the
advantages of the methods, elucidating the know-
ledge about the electrochemical kinetics of the
processes based on assessment of the general cell’s
behaviour.

The new generation high frequency response
analyzers work in a wide frequency range (1 mHz —
50 MHz), which ensures simultaneous study of
phenomena with big differences in the rates and in
the time-constants. However, for low impedance
systems, such as SOFCs, the direct application of
EIS encounters the problem of the errors caused by
the parasitic inductance. It originates basically from
the nature of the objects under study, from the
configuration of the measurement cell, including the
cables connected with the electrochemical interface,
which introduce also a parasitic resistance error. The
parasitic inductance can influence not only the high
frequencies but also the middle and low ones.

The theoretical analysis and topology simulation
show that the errors caused by the parasitic induct-
ance: (i) limit the measurement frequency; (ii) lead
to inaccurate parametric identification; (iii) deform

* To whom all correspondence should be sent:
E-mail: graikova@bas.bg

the impedance diagram [1-5]. Thus, the correct
model recognition requires an accurate estimation of
the parasitic inductance influence on the measured
impedance.

It has been found [1, 4, 6-8] (Eqn. 1) that the
inductance error ¢ is proportional to the square of
the frequency (w) and it depends on the values of
the object’s inductance (L) and of the capacitance
(Cn), which are specific properties of the object:

zZk -z
— Zim im =—602LC
L m
Zim .

where Zi];n is the imaginary component of the
system’s impedance and Z;, is the imaginary com-
ponent of an ideal system with zero inductance.

For large systems with high impedance the error
is dominated by the capacitance [1, 4, 9]. For low
impedance systems, such as SOFCs, the error is
dominated by the inductance [1, 2, 9, 10].

Figures 1 and 2 represent structural deformations
of some simple models, caused by the inductance
influence. At low inductance values the complex
plan impedance diagram of a Faradaic reaction is
similar to that of an inductance free model (Fig. 1).
With the increase of the inductance the capacitive
semicircle, typical for this model, changes its size
and shape drastically. The capacitive loop dis-
appears and only the imaginary component of the
main semi-circle remains, indicating that the
Faradaic process is entirely hidden by the influence
of the inductance.

g
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Fig. 1. A model of simple Faradaic reaction (R, = 0.1 Q;
C, =10 F; R, = 2 Q): a) Equivalent circuit; b) Complex
plane impedance diagrams at different values of L.

The results for a more complicated model of a
two-step reaction are similar (Fig. 2). At lower
inductance values, the deformation influences the
high frequency semicircle. With the increase of L
the first loop disappears and the deformation of the
impedance shape resembles that of one step reaction
(Fig. 2b).

The theoretical analysis of the errors shows that
the influence of the parasitic inductance can be
reduced by optimization of the cell’s configuration
and the sample’s shape and size. Thus, when it is
possible, the impedance measurements of objects
with very low resistance, such as SOFCs, have to be
carried out with small experimental cells, ensuring
small electrode’s surface area and thus smaller Cy,
(Eqn. (1)).

The deformed zones of the impedance diagrams,
caused by parasitic inductance, often include signi-
ficant information about the investigated object or
phenomenon, which cannot be analyzed properly.
The simple elimination of the inductive tail or the
performance of measurements at lower initial
frequencies [12] cannot solve the problem.

There are two main approaches for elimination
of the parasitic inductance and resistance errors. The
first one is to perform the identification procedure
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Fig. 2. A model of two-step Faradaic reaction involving

one adsorbed spesies (Ry=0.1 Q; C, = 10°F; R, =2Q;

C,=0.01 F; R, =2 Q): a) Equivalent circuit; b) Complex
plane impedance diagrams at different values of L.

including terms for the cell’s inductance and
resistance in the hypothetical model (this approach
cannot eliminate the difficulty to predict the correct
model in the presence of strongly deformed
diagram). The second approach is to perform
calibration procedures in the same frequency range,
followed by extraction of the parasitic components
for every frequency. Since the first approach can be
applied only for lumped elements, the second one
could be regarded as a more general solution [1, 4,
5]. This paper presents a method for correction of
the parasitic inductance, based on calibration
measurements and its application to impedance
characterization of materials for SOFCs.

EXPERIMENTAL
Impedance measurements

The impedance measurements of YSZ electrolyte
were performed on single crystal samples produced
by ESCETF Single Crystal Technology B.V, con-
taining 8.5 mol% Y,0;. They had a square form
with side length 10 mm and thickness 0.5 mm.
Platinum electrodes were first painted onto both
faces of the sample and then sintered in air at 900°C
for 120 min [4, 8, 12—14]. The impedance measure-
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ments were carried out on Solartron 1260 FRA in
the frequency range 13 MHz — 0.1 Hz with density 9
points per decade. The amplitude of the a.c. signal
was 50 mV. The measurements were performed in
the temperature range from 200 to 950°C, in air
atmosphere, at 50°C intervals. Before each measure-
ment the sample was allowed to equilibrate ther-
mally for 1 hour. For reduction of the cabling self-
inductance, the components of the measuring system
were connected externally by coaxial cables and the
connecting leads were as short as possible.

The measurements of the composite cathode
material (LSM/YSZ) were performed on three-
electrode half-cells with an apparent cathode surface
area of 0.23 cm’ and thickness of 50 um. More
information about the cell’s construction is given in
[15-17]. The impedance measurements were carried
out in air in the temperature interval between 400
and 900°C using an alumina-based rig with shielded
Pt wires. A frequency response analyzer Solartron
1260 and an electrochemical interface (Solartron
1186) were used. The measurements were per-
formed within the frequency range 0.1 Hz—50 kHz
with amplitude of the a.c. signal 10 mV.

Calibration and inductance errors correction
procedure

The performed calibration and correction pro-
cedure includes the following steps:

- Short circuit measurement. It serves for
evaluation of the cell’s inductance and resistance,
including that of the cabling. The cathode and anode
contacts of the cell are connected in a short circuit.
This measurement is performed at the experimental
frequency and in the temperature range.

- Measurement of a dummy object. This
measurement, serves for evaluation of the sample’s

2) L f(o)
0
1 kHz

c

N

N sl

10t 10 kHz
0 5 10
Z'Q

self-inductance and resistance. It is carried out using
a highly conducting (metal) dummy object with
shape and dimensions identical to those of the real
one. In the case of fuel cells, which are working at
high temperatures (700—1000°C), the melting point
of the metal has to be taken into consideration.

- Measurement of the investigated object (in the
cell).

- Correction of the impedance measured at every
frequency. This procedure is performed under the
assumption that the impedance of the object and of
the parasitic components are additive quantities.

RESULTS AND DISCUSSION
Calibration studies

In comparison with the impedance diagram of a
simulated inductance model (Fig. 3a), the Nyquist’s
plot of the short circuit measurements obtained with
the cell for YSZ studies (Fig. 3b) exhibit a “pipe”
shaped form [4, 8, 14]. Its shift from the zero point
determines the internal resistance of the cabling.
This result shows that (i) the inductance of the cell
and of the cabling is frequency dependent and (ii)
the calibration determines both the parasitic
inductance and resistance of the experimental con-
figuration.

It is important to note that changes in the cables’
length and configuration (for instance presence of a
single loop) strongly influence the impedance and
consequently the short circuit calibration measure-
ment (Fig. 4.)

The comparison of a short circuit measurement
of the experimental cell and of the external cable is
given in Figure 5. The impedance of the cell at short
circuit is shifted to the right with respect to that of
the cable, due to the cell’s parasitic resistance.

10
% L=f(@)
0 %
o 1 MHz
~N -10 o)
: o
N (@)
2200 o
O
(@]
30} o
@ 10 MHz
0 10 20
Z'/Q

Fig. 3. Complex plane impedance diagram of: a) simulated inductance model (L=10H); b) calibration short circuit
measurement of YSZ experimental cell.
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Fig. 4. Complex plane impedance diagram of the cabling:

(o) cable with 80 cm length; (A) cable with the same
length in the presence of a loop; (<) cable with 130 cm
length.

Figure 6 represents the calibration measurements
of a dummy object - brass disk with dimensions of
the YSZ sample. Obviously, the difference between
the cell’s and the objects’ inductance is negligible
and its influence can be neglected.

0.0
10kHz
R
R
Lo
G
~ 05 o
N, 4Ap 100kHz
A
A
o
-1.0 ‘
1.0 15 2.0
7'/Q

Fig. 6. Zoomed high frequency part of impedance
diagrams of short circuit measurements (A)
and of a dummy object (o).

Since the short circuit impedance is temperature
dependent (Fig. 7), the performance of calibration
measurements at each working temperature improves
additionally the accuracy of the inductance errors’
correction procedure.
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Fig. 5. Complex plane impedance diagram of the cabling
(©) and of short circuit calibration measurement
(A) of LSM/YSZ experimental cell.

The analysis of the calibration measurements
shows that they have to be carried out with fixed
configuration of the measurement cell and cables,
which should remain unchanged in the course of the
experiment.

Inductance errors correction in impedance studies
of YSZ electrolyte

The high frequency inductance pipe-shaped
“tail” in the impedance diagrams of YSZ appears at
temperatures above 450°C (Fig. 8).

The characteristic frequency @y, at which the
inductive and capacitive parts of the imaginary
component becomes equal [4], determines the high
frequency intercept with the real axis:

a)iRr
[Pl )
+0)LT

a)LL—

where 7= RC is the time-constant.
In this example w; does not change with the

temperature T
o, ~JI/LCy = £(T), 3)

where Ce is the effective capacitance of the system.

The procedure for correction of the inductance
and resistance errors was performed on the basis of
the assumption that the impedance of the object and
of the parasitic components are additive. It has been
applied to every working temperature.



G. Raikova et al.: Inductance correction in impedance studies of solid oxide fuel cells

room 250 450 650 850°C

200 300 600 900 °C
0 ‘ 0.0
10kHZ 2) b)
o} o * 10 kH
6 0U3.% 9 o oVv 0 o KHE
-1 o ODVore o o oOowv o %0
o 0V 0w o O Oov O~ %O
o o o 05 o ovwv O *0
— oL % Q c oovwv O *0
N -2r (e} m} g o TN
N oi%k O 3 cov
(o] a
3 o-% O
° ° 1.0 o oy O~ %0
° w . ®° %k @ 100kHz 0 Oy 04 %O
4 . . . . .
1 2 3 4 5 1.0 15 2.0
Z'Q 2/Q
Fig. 7.

Complex plane impedance diagrams of short circuit calibration measurements at different temperatures of:

(a) cell for YSZ studies; (b) cell for LSM/YSZ studies.
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Fig. 8. Complex plane impedance diagrams of YSZ electrolyte measured at different temperatures
(data before L-correction).

Figure 9 illustrates the correction procedure for
YSZ single crystal sample at 838°C: calibration
measurement at short circuit (Fig. 9a), measurement
of the cell with the sample (Fig. 9b), correction of
the sample’s impedance for the cell’s parasitic
inductance and resistance at each working frequency
(Fig. 9c, d).

The comparison of the impedance data obtained
at higher temperatures before and after the parasitic
errors correction shows (Fig. 10) that the deforma-
tions affect not only the high, but also the lower

frequency range. Part of the first semicircle, which
represents the resistance of the bulk material, is well

visible even at the highest temperatures due to the
correction.

The high frequency intercept with the real axis
shifts toward smaller values after the correction
(Figs. 9d, 10). The procedure increases the accuracy
of determination of the electrolyte resistances. The
inductance influences also the electrode reaction
behaviour, which is revealed in the low frequency
region. After the correction the estimated polariza-
tion resistance decreases (Fig. 10).

The estimated parasitic inductance of the
investigated YSZ sample is about 7 nH.
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Fig. 10. Complex plane impedance diagrams for YSZ at
793°C: (o) raw impedance data; (o) data after the errors
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Inductance errors correction in impedance studies
of LSM/YSZ cathode material

The inductive “tail” in the impedance diagrams
of LSM/YSZ composite cathode appears at 690°C
(Fig. 11). In this object w; is temperature dependent,
which could be attributed to Ceir (Eqn. (3)).
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1
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1 L L \ \
7 10 11 12
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Fig. 11. Complex plane impedance diagram of composite
LSM/YSZ cathode material at different temperatures.
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Fig. 12. Correction procedure for the LSM/YSZ sample measured at 840°C. Complex plane impedance diagrams of:
a) short circuit measurement; b) sample’s impedance raw data; c) sample’s impedance after the correction;
d) comparison of impedance data before (0) and after (o) the errors correction.

The procedure of the parasitic inductance (and
resistance) correction is represented in Figure 12.
The comparison of the impedance diagrams before
and after the correction (Figs. 12d, 13) indicates that
for this system the errors influence mainly the
higher frequencies (50—1 kHz). After the correction,
the high-frequency inductance “tail” is replaced by a
section of a semicircle, which represents the
response of the electrolyte (Fig. 13).

The errors influence also the high-frequency
region of the response related to the cathode reac-
tion behaviour (10-1 kHz), i.e. the “left” part of the
lower frequency arc (Fig. 13). While the raw data
describe a depressed semicircle at this segment, the
corrected ones follow a more linear shape. This dif-
ference can affect an eventual modeling procedure.

The evaluated parasitic inductance for the
investigated LSM/YSZ sample is about 4 nH.
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Fig. 13. Comparison of the zoomed high-frequency parts
of the complex plain impedance diagrams of LSM/YSZ
sample measured at 780°C before (0) and after (o) the
errors correction.
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CONCLUSIONS

The correction of the parasitic inductance and
resistance increases the informational capability of
the impedance experimental data. The herein
presented impedance studies of yttria stabilized
zirconia solid electrolyte and LSM/YSZ composite
cathode materials show the importance of the
calibration measurements. The fixed configuration
of the cell, cables and whole set-up during the
experiments ensure reproducible impedance data.
The results demonstrate the high accuracy, obtained
by applying the parasitic errors correction procedure,
which can be used for impendance studies of low
resistance systems.

Acknowledgements: The authors gratefully acknow-
ledge the financial support by the European Com-
mission (Programme Energy-2007-1-RTD) under
contract Ne 213389 “Innovative Dual mEmbrAne
fuel Cell” (IDEAL-Cell) and the project Alternative
Energy Sources (ALENES, contract No BG 051PO

001/07/3.3-02/17.06) that made possible the

presentation and edition of this paper.
REFERENCES

1. B. Savova-Stoynov, Z. Stoynov, J. Appl

Electrochem., 17, 1150 (1987).

2. Z. Stoynov in: Materials for Lithium-Ion Batteries,
C. Julien, Z. Stoynov (Eds.), Kluwer Academic
Publishers, 2000, p. 349.

3. Z. Stoynov, B. Grafov, B. Savova-Stoynova, V.
Elkin, Electrochemical Impedance, Nauka, Moscow,
1991 (in Russian).

4. D. Vladikova, Z. Stoynov, G. Raikova, in: Portable
and Emergency Energy Sources, Z. Stoynov, D.
Vladikova (Eds.), Marin Drinov  Academic

10.

11.
12.

13.

14.

15.

16.

17.

. D. Vladikova, Z.

Publishing House, Sofia, 2006, p. 383.

. Z. Stoynov, D. Vladikova, Differential Impedance

Analysis, Marin Drinov Academic Publishing House,
Sofia, 2005.

Z. Stoynov, B. Savova-Stoynova, T. Kossev, J.
Power Sources, 30,275 (1990).

D. Vladikova, http://accessimpedance.iusi.bas.bg,
Impedance Contributions Online, 1 (2003) L3-1;
Bulg. Chem. Commun., 36,29 (2004).

Stoynov, G. Raikova,
http://accessimpedance.iusi.bas.bg, Impedance Contri-
butions Online, 3 (2005) P8-1; Bulg. Chem.
Commun., 38, 226 (2006).

M. Keddam, Z. Stoynov, H. Takenouti, J. Appl.
Electrochem., 7, 539 (1977).

Z. Stoynov, B. Savova-Stoynova, T. Kossev, J.
Power Sources, 30, 301 (1990).

S. B. Adler, Solid State Ionics, 135, 603 (2000).

G. Raikova, D. Vladikova, J. A. Kilner, S. J. Skinner,
Z. Stoynov, http://accessimpedance.iusi.bas.bg,
Impedance Contributions Online, 2 (2004) P8-1;
Bulg. Chem. Commun., 37, 46 (2005).

D. Vladikova, G. Raikova, Z. Stoynov, H. Takenouti,
J. Kilner, S. J. Skinner, Solid State Ionics, 176, 2005
(2005).

D. Vladikova, J. Kilner, S. J. Skinner, G. Raikova, Z.
Stoynov, Electrochim. Acta, 51, 1611 (2006).

A. Barbucci, M. Viviani, P. Carpanese, D.
Vladikova, Z. Stoynov, Electrochim. Acta, 51, 1641
(2006).

A. Barbucci, M. Viviani, P. Carpanese, D. Vladikova,
Z. Stoynov, http://accessimpedance.iusi.bas.bg,
Impedance Contributions Online, 4 (2006) P4-1;
Bulg. Chem. Commun., 39, 203 (2007).

D. Vladikova, Z. Stoynov, A. Barbucci, M. Viviani,
P. Carpanese, G. Raikova, in: New Developments in
Advanced Functional Ceramics 2007, L. Mitoseriu
(Ed.), Transworld Research Network, Kerala, India,
2007, p. 457.

KOPEKIIMA HA UHAYKTUBHU I'PEIIKN B UMITEAAHCHU U3CJIEIBAHUA
HA TBBPJJOOKNCHU I'OPMBHU KIIETKH

T. PaﬁKOBal*, II. KapnaHeBez, 3. CToﬁHOBl, . BJ‘Ia,Z[I/IKOBal, M. BI/IBI/IaHI/I3, A. ]5ap6yt11/12

! Mnemumym no enexmpoxumus u enepeuiinu cucmemu, Bvieapeka akademus na naykume,
. ,,Axao. I'. bonueg*, 6n. 10, 1113 Cogpus
2 Daxynimem no umorcenepna xumus, Yuusepcumem Ienya, na. ,, Keneou* Ne 1, 16129 I'enya, Hmanus
S Hnemumym 3a enepeemuxa, Hayuonanen usciedosamencku yenmop, yi. ,,Jde Mapunu““ Ne 6, 16149, I'enya, Hmanus

Hocrpnuna ra 16 oktromBpu 2008 r., I[Ipepadortena Ha 10 nexemspu 2008 T.

(Pestome)

[Ipeanoxena e mpouexypa 3a OIEHKAa M OTCTPaHsABAaHE Ha I'PEIIKH, NPUYMHEHH OT NapasUTHH WHIYKTUBHOCT U
CBIIPOTUBIICHHUE, TPH HMIIEIAHCHN H3CJE/IBAaHMS Ha JBa MaTepHana 3a TBBPJOOKHCHHM ropuBHH kietku (SOFC):
UTPUEBO-CTaOMIM3UPaH UPKOHUEB OKcHJ enekTposnT (YSZ) u KOMIIO3UTEH KaroJ] Ha 0a3aTa Ha JIAHTAH-CTPOHIIMEB
MaHTaHUT/UTpHEBO-cTabmwim3npan nupkonueB okcun (LSM/YSZ). TlokazaHo e, 4e mpW TaKWBa HUCKO-UMIICTAHCHU
CHCTEMH IIapa3UTHAaTa WHAYKTHBHOCT MOJXKE Ja IOBJHsC HE CaMO Ha BHCOKOYECTOTHATA, HO CHIIO TaKa Ha CPEIHO- M
HHUCKOYeCTOTHaTa 30Ha. [Iponeaypara 3a KOpeKLUHs U OTCTpaHsIBaHe Ha IPEIIKH OT [Tapa3uTHA HHIYKTHBHOCT IIOBHILIABA
3HAYMTEIHO HAJEeKIHOCTTA HA PEe3yITaTHTE IIOJIY4YEHH C eeKTPOXUMHUYHATa uMIeaancHa crnexrpockonust (EUC).
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