
 

 



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 
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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: I 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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Design, synthesis and anticoagulant studies of new antistasin isoform 2 and 3 amide 
analogues 

D. L. Danalev*, L. T. Vezenkov 
Department of Organic Chemistry, University of Chemical Technology and Metallurgy,  

8 Kliment Ohridski Blvd., 1756 Sofia, Bulgaria  

Received July 6, 2008;   Revised September 18, 2008 

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-NH2 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 IC50 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] 

 
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). 

Bulgarian Chemical Communications, Volume 41, Number 2 (pp. 99–103) 2009

* To whom all correspondence should be sent: 
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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 Ха. 

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-Ile-Pro-

Arg/IC50 = 5 nM;  
- isoform 2 /Arg-Pro-Lys-Arg-Lys/IC50 = 500 nM; 
- isoform 3 /Arg-Pro-Lys-Arg/IC50 = 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-Ile-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]. 

Inhibition activity against different series proteases 
Name of 
inhibitor  thrombin plasmin trypsin Chimo-

trypsin
Plasma 

calicrein
Tissuae 
calicrein elastase Factor 

Ха 

Molecular 
weight,  

Da 
Source 

AT III + ND ND ND ND ND ND + 65000 Blood plasma 
haemadin + - - - - - - - 5000 Haemаdipsa sylvestris 

draculliND - - - - - - - + 83000 Desmodus rotundus 
TAP - - - - - - - + 6977 Ornithodorus moubata 

savignin + - - - - - - - 12430 Ornithodorus savignyi 
АсАР 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 µМ plasma concentration is enough to NDutralized reserve of proteins of factor Ха and thrombin.  
ND – not determined. 
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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 CONH2: D-Phe-Pro-Arg-Pro-
Lys-Arg-NH2. The latter showed 12 times better 
activity than its analogues with С-terminal СООН 
group and 40 times higher activity than the natural 
isoform 3 of antistasin (IC50 = 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-NH2  
Tyr-Ile-Arg-Pro-Lys-Arg-Lys-NH2 
Phe-Ile-Arg-Pro-Lys-Arg-NH2  
Phe-Ile-Arg-Pro-Lys-Arg-Lys-NH2 
D-Arg-Gly-Arg-Pro-Lys-Arg-NH2  
D-Arg-Gly-Arg-Pro-Lys-Arg-Lys-NH2. 
The anticoagulant activity according to АРТТ 

and IC50 values were determined. All newly 
synthesized peptides have manyfold higher activity 
than the natural isoforms of antistasin. Their IC50 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) Lys113 is very important for the substrate-
enzyme interaction.  

2) The replacement of С-terminal СООН with 
СОNH2 results in manifold increasing of anti-
coagulant activity. 

3) The replacement of L- with D-amino acid in 
P3 position is not a key factor for increasing the 
anticoagulant activity. 
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ДИЗАЙН, СИНТЕЗ И АНТИКОАГУЛАНТНИ ИЗСЛЕДВАНИЯ НА НОВИ АМИДНИ АНАЛОЗИ 

НА ИЗОФОРМИ 2 И 3 НА АНТИСТАЗИН 
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(Резюме) 

Един от най-важните ензими в каскадата на кръвната коагулация е Фактор Xa. Ето защо неговите 
инхибитори са една обещаваща алтернатива срещу тромботични заболявания. В предишна наша работа ние 
докладвахме синезата на хибридни структури между изоформи 2 и 3 на антистазина и активните последо-
вателности D-Phe-Pro-Arg; D-Arg-Gly-Arg; Phe-Ile-Arg и Tyr-Ile-Arg. Освен аналозите с С-крайна СООН група, 
беше синтезиран и хексапептид амида D-Phe-Pro-Arg-Pro-Lys-Arg-NH2. Той показа 60 пъти по-висока 
биологична активност от природната изоформа 3 на антистазина и няколко пъти по-висока активност от всички 
останали новосинтезирани аналози. В настоящата работа ние описваме синтеза и биологичната активност на С-
крайните амидни аналози на всички по-рано синтезирани пептиди с цел да изведем зависимости структура-
биологична активност. Антикоагулантната активност беше измерена по отношение на APTT и бяха определени 
IC50 стойностите за всички новосинтезирани съединения. 
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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 

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 Göttingen, 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 
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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 H2O) were preserved at –20°C. Water-soluble 
substances were dissolved in grasshopper saline to 
give concentrations of 1 to 0.1 mM. Different ions 
(Ba2+, Ni2+) 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/IP3/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-

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 PIP2 
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, etc. and alters the neuronal 
activity. In various insect preparations, DAG has 
been shown to contribute to proctolin receptor-
triggered excitation [11, 12]. 

 

 
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). 

  
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 4th to 8th min and the second – 12th to 20th 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).

 
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. 5A, 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 

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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ОТ МОЛЕКУЛАТА ДО СЕКСУАЛНОТО ПОВЕДЕНИЕ – РОЛЯТА НА МОЗЪЧНИЯ 
НЕВРОПЕНТАПЕПТИД ПРОКТОЛИН В АКУСТИЧНАТА КОМУНИКАЦИЯ  

НА СКАКАЛЕЦА Chorthippus Biguttulus (L.1758) 
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(Резюме) 

Звуковата комуникация на скакалеца Chorthippus biguttulus (Ch.b.) е удобен поведенчески модел за 
изследване на неврофизиологичните ефекти на идентифицирани невропептиди и стоящите зад тях молекулярни 
механизми. Невропентапептидът проктолин играе модулираща роля в мозъчната невронална мрежа, която 
контролира звуковата комуникация (стридулация), респективно сексуалното поведение на мъжките от вида 
Ch.b. Активирането на проктолиновите рецептори инициира изпълнението на любовна песен (courtship song), 
второ ниво на сексуално поведение, предхождано от серенада (calling song), контролирано от активирането на 
мускариновите ацетилхолинови рецептори (mAChRs). Фармакологичните изследвания показаха, че вътре-
клетъчната сигнална каскада на фосфолипаза Ц (PLC) е свързана с любовното пеене, тъй като неомицинът и 
литиевите йони имаха силен инхибиторен ефект върху стимулираното от проктолина пеене. Нещо повече, 
форболовият естер (аналог на вторичния посредник диацилглицерол), инжектиран в чувствителните към 
проктолин места в мозъка, предизвиква стридулация самостоятелно. Това показва, че протеинкиназа Ц медиира 
ефектите на активираната фосфолипаза Ц. Получените резултати показват възможните молекулярни 
механизми, които участват при взимането на решение в мозъчен център, контролиращ сексуалното поведение – 
какво (чрез промяна на контекста на изпълняваната песен), кога (чрез контрол на инициацията на продуциране 
на звуци) и колко продължително (чрез повишаване нивото на възбудния процес) мъжкия скакалец да 
произвежда видово и полово специфични звуци. 
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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 1α. We found 
that when heating a powdered solid material from 

1α above 225°C, a solid state polymorphic transition 
took place leading to a fiber-like polymorph 1β. 
Polymorph 1β 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, c, 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, c – Straight needles formed during the thermal treatment from 1 (b) and 2 (c). 

 
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; c 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 1α, which 
structure during the heating undergoes polymorphic 
transition at ~ 225°C to 1β (Fig. 4) Then, at up of 
225°C starts rearrangement of 1β 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. 2θ = 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 π-π* 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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1 2 

  
  

3 4 

  
Fig. 5. XRPD spectra of the four compounds before (bottom line) and after (top line) thermal treatment. 

 
Fig. 6. CD spectra of of compounds 1α, 1β, 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 

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, etc. 
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САМОПОДРЕЖДАНЕ НА МАЛКИ ОРГАНИЧНИ МОЛЕКУЛИ В НИШКОВИДНИ 
МИКРОСТРУКТУРИ В ОТСЪСЪТВИЕ НА РАЗТВОРИТЕЛ 
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Постъпила на 17юли 2008 г.,   Преработена на 25 септември 2008. г. 

(Резюме) 

Самоорганизацията е един ефикасен подход за получаването на надмолекулни комплекси с размери от 
порядъка на нано- до микрометри. Изучаването на този процес в случай на образуване на нишки и влакнести 
структури е обект на активни научни изследвания, тъй като получените с такава морфология материали имат 
потенциално приложение в тъканното инженерство, като шаблони за неорганични нанонишки, материали в 
електрооптиката и др. Тук съобщаваме за наскоро синтезирани нискомолекулни производни на L-валина и 
пиридина, които се самоорганизират в нишкови структури в твърда фаза, т.е. в отсъствие на какъвто и да е 
разтворител. Нагряването на сухото разпрашено вещество води до образуването на игловидни частички с 
наноразмери, които се развиват в микро-пръчици  при продължаващо нагряване. Хабитусът на нарастнатите 
нишки се запазва и след охлаждане. Получените резултати представят интересна алтернатива за получаването 
на кристалинни органични нанообекти и микронишки в условие на отсъствие на разтворител.  
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Involvement of endogenous nitric oxide in the effects of kyotorphin and its synthetic 
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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 Nα-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 

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].  

 

 

 
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). Nα-protected 
tyrosine succinimide ester (1 mmol) was dissolved 
in l 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% NaHCO3, 
and the mixture was stirred at room temperature 
overnight. After reduced pressure evaporation, the 
residue was partitioned between 0.5 M NaHSO4 and 
n-BuOH. The acidic aqueous layer was extracted 
twice with n-BuOH (2 × 30 ml) and the combined 
organic extracts were washed with 10% NaHCO3 
and brine. The organic phase was dried over Na2SO4 
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 6OF254 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 (IS). 
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 ± 0.5ºC) 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-NG-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, i.p. 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. 

E. B. Dzambazova et al.: Involvement of endogenous nitric oxide in the effects of kyotorphin 



 118 

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 Nα-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 δ-guanidino 
group of arginine were unprotected. 

 
Fig. 2. Scheme for the synthesis of kyothorphin and  

D-kyotorphin.   i) 5% NaHCO3, DMF;  
ii) 3 N HCl/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 30th 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 30th 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 45th 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 
(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. 
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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 45th 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 15th 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 15th 
min (p < 0.01) and 30th 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 30th min (p < 0.01) and 
was shorter than control.  
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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 

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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(Резюме) 

Целта на настоящата работа е да се изследва участието на ендогенния азотен оксид (NO) в ефектите на 
невропептида киоторфин (Kyo) и неговия синтетичен аналог D-киоторфин (D-Kyo) върху имобилизационна и 
студова стрес-индуцирана аналгезия (SIA). В научната литература Kyo е известен като невромодулатор, а  
D-Kyo е по-стабилен на ензимно разграждане. Някои изследвания показват, че Куо е възможен субстрат за 
невронална и индуцибилна NO синтаза, а NO система е стрес-лимитираща и играе важна роля в инициирането и 
поддържането на болката.  

Синтезата на Kуо и D-Kyo бе извършена в института по молекулярна биология при БАН, и бе основана на 
добре известната методика за пептиден синтез в разтвор – метод на активираните естери, при който се използва 
третична-бутилоксикарбонилна (Boc) група за защита на Nα-амино групата. За острите модели на имобили-
зационен и студов стрес бяха използвани мъжки плъхове линия Wistar. Оценяването на ноцицептивните ефекти 
беше извършвано с paw pressure (PP) и hot plate (HP) тестове. Kyo и D-Kyo (5 mg/kg), L-NAME (10 mg/kg), и  
L-аргинин (1 mg/kg) бяха разтворени във физиологичен разтвор и инжектирани интраперитонеално.  

Резултатите показаха, че ендогенният NO по различен начин участва в ефектите на пептидите, което може 
би е свързано с различното участие на опиоидната и неопиоидна компонента на SIA. Вероятно L- и D-формата 
на пептидите е също важна, както типа стресор и неговият неврохимичен „подпис“. 
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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 CuSO4.5H2O, NiCl2, 
Ni(NO3)2 and MnCl2 were investigated, too. There was 100% degree of Phac group hydrolysis in the presence of 10% 
Ni(NO3)2 for 9 min and full shift of equilibrium to the direction of hydrolysis was monitored in the presence of 25% 
Ni(NO3)2. 

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

INTRODUCTION 

Peptides and α-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 

E/ml. The solution with concentration 0.15 mg/ml 
was used. KOH, KCl, NaOH, HCl; NH4OH, 
KH2PO4; K2HPO4 and CH3CN - gradient grade for 
HPLC were received from MERCK (Darmstadt, 
Germany); NiCl2; Ni(NO3)2; CuSO4.5H2O; MnCl2 
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, C18 column 4.6×250 
mm ODS-A, S-5 micron 120 A. 50% 0.02 M 
KH2PO4:K2HPO4 pH = 7: 50% CH3CN were used as 
eluents, rate 0.8 ml/min, λ = 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 Et3N 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 HCl 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 (3×10 ml) and H2O to pH 7. 
The solvent was dried with Na2SO4 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 HCl.H-Val-OMe was dissolved in 
DMF (10 ml) and after cooling to –5°C, neutralized 
to pH 7–7.5 with Et3N. 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 (3×10 ml) and the organic layer was 
washed with 5% NaHCO3 (3×10 ml), H2O (3×10 
ml), 10% citric acid (3×10 ml) and H2O to pH 7. 
The solvent was dried with Na2SO4 and removed in 
vacuo followed by recristalization in EtOAc/petro-
leum ether.  

The obtained product has the following IR 
spectral characteristics: [cm–1] 3328 νN-H; 3067 νC-H 
(aromatic system); 2930 νC-H (CH3); 2853 νC-H 
(CH2); 1740 νC=O (ester); 1700 νC=O (uretan); 1680 
νC=O (amide I); 1661 νC=O (amide II); 1574 δN-H 
(amide I); 1545 δN-H (amide II); 1390 and 1367 δC-H 
(isopropyl and tert-butyl groups); 1247 νC-O-C 
(uretan); 743 δC=C and 696 δC=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 KCl were alkalized till pH 9 
with 4 M K2HPO4. 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 NH4OH.  

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. 
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Fig. 1. Reaction of hydrolysis of Phac group in dipeptide 

ester Boc-Lys(Phac)-Val-OMe with PGA. 
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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)-

D. L. Danalev and L. K. Yotova: Synthesis of model peptide substrates 



 124 

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 

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 ε-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 Schröder and Lubke [10]. 

 

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

 

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

 
The kinetic results depending on the Ni(NO3)2 

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(NO3)2 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(NO3)2 – 1 M. 
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Fig. 5. Structure of the complex of ε-amino function of 

Lys residues with different metals. 
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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(NO3)2 at different concentrations. 

 
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 CuSO4.5H2O, NiCl2, and MnCl2 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 Ni2+ 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 
Ni2+. It was revealed that the concentration of Ni2+ 

and the type of its salts are important, too. There 
was 100% degree of Phac group hydrolysis in the 
presence of 10% Ni(NO3)2 for 9 min and a full shift 
of the equilibrium to the direction of hydrolysis was 
monitored in the presence of 25% Ni(NO3)2. 

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 Ni2+.  
- Maximum degree of substrate conversion 

(100%) was obtained at pH 9 and 37°C in the 
presence of 10% Ni(NO3)2.  
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СИНТЕЗ НА МОДЕЛНИ ПЕПТИДНИ СУБСТРАТИ И ИЗСЛЕДВАНЕ НА РЕАКЦИЯТА  
НА ЕНЗИМНА ТРАНСФОРМАЦИЯ НА ФЕНИЛАЦЕТИЛНА ГРУПА  

С ПОМОЩТА НА ПЕНИЦИЛИН G АЦИЛАЗА 

Д. Л. Даналев1*, Л. К. Йотова2 
1 Катедра „Органична химия“, Химикотехнологичен и металургичен университет,  

бул. „Климент Охридски“ № 8, 1756 София  
1 Катедра „Биотехнология“, Химикотехнологичен и Металургичен Университет,  

бул. „Климент Охридски“ № 8, 1756 София  
Постъпила на 4 юли 2008 г.;   Преработена на 18 септември 2008 г. 

(Резюме) 

Откриването на нови защитни групи за органичния синтез, основани на стереоспецифични и стерео-
селективни реакции, е важно за практиката, особено при синтеза на полусинтетични антибиотици и биологично 
активни пептиди. Целта на настоящата работа е да изследваме кинетиката на ензимна хидролиза на 
фенилацетилна група в синтетични пептидни субстрати. Бяха използвани два моделни пептиди, съдържащи 
съответно една и три фенилацетилни защитни групи. Ензимната хидролиза беше направена с помощта на 
Пеницилин G ацилаза в широк pH диапазон 6–9. Използваните субстратни концентрации бяха 0.4–40 mM. 
Максимална степен на конверсия 75.5% (pH 9), близка до тази при pH 7.8 (74.5%) беше наблюдавана за 3 до 10 
минути. При pH 6.5 и 7 степента на хидролиза беше съответно 62.5 и 37.5%. Беше изследвана възможността за 
провеждане на реакцията в присъствие на соли на различни метални комплексообразуватели CuSO4.5H2O, 
NiCl2, Ni(NO3)2 и MnCl2. Беше постигната 100% степен на конверсия на фенилацетилната група в присъствие на 
10% Ni(NO3)2 за 9 минути и пълно изтегляне на химичното равновесие в посока на процеса на хидролиза в 
присъствие на 25% Ni(NO3)2. 
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Fast oscillations of arterial blood pressure during nociceptin analogues application  
in Wistar rats 
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The effects of nociceptin analogues N/OFQ(1–13)-NH2 or [Orn9]/OFQ(1–13)-NH2 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)-NH2 or [Orn9]/OFQ(1–13)-NH2 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)-NH2 or [Orn9]/OFQ(1–13)-NH2 did not change the mean value of 
ABP during the whole experiment. N/OFQ(1–13)-NH2 application led to a decrease in PLF in the spectrograms of SAP: 
from 2.37 ± 0.31 to 1.46 ± 0.34, 1.38 ± 0.33 and 1.55 ± 0.23 mmHg2; DAP: from 2.17 ± 0.39 to 1.29 ± 0.24, 1.01 ± 0.20 
and 1.31 ± 0.19 mmHg2 and MAP: from 2.24 ± 0.35 to 1.42 ± 0.25, 1.14 ± 0.10 and 1.42 ± 0.15 mmHg2 in the first 
three investigated periods, (p < 0.05). It also reduced PMF 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 [Orn9]/OFQ(1–13)-NH2 did not change the fast oscillation of ABP. The replacement of lysine with ornitine in the 9th 
position abolished the effects of nociceptin analogue N/OFQ(1–13)-NH2 on blood pressure variability in Wistar rats. 

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

INTRODUCTION 

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 OP4. Via OP4 receptor activation 
nociceptin modulates several biological actions [8]. 
It has been established that both nociceptin and OP4 
receptors are present in neuronal tissues involved in 
the regulation of cardiovascular function [9]. An 
intravenous injection of nociceptin as well as its 

smallest analogue nociceptin (1–13)NH2 produced a 
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-OP4 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)-
NH2 or [Orn9]/OFQ(1–13)-NH2 on blood pressure 
variability in conscious Wistar rats. 
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EXPERIMENTAL 

Synthesis of nociceptin analogues 

The solid-phase peptide synthesis bу Fmoc 
(9-fluorenylmethoxycarbonyl) chemistry was used 
to obtain N/OFQ(1–13)-NH2 and [Оrn9]N/OFQ(1–
13)-NH2. Rink-amide resin was used as а solid-
phase carrier, and 2-(1-OH-benzotriazole-1-yl)-1,1, 
3,3-tetramethyl-carbamide tetrafluoroborat (TBTU) 
– as а coupling reagent. The 3-functional amino 
acids were embedded as follows: Arg-as Nα-Fmос-
Агg(Рbf)-ОН, Lys-as Nα-Fmoc-Lys(Boc)-ОН,  
Orn-as Nα-Fmос Оrn(Вос)-ОН, Ser-as Nα-Fmос-
Ser(tBu)-OH and Thr-as Nα-Fmос-Thr(tBu)-OH. 
Аll coupling reactions were performed, at а molar 
ratio of 3/2.9/3/6/1 for amino acid/TBTU/HOBt/ 
DIEA/resin. The Fmoc-group was deprotected bу а 
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 а mixture of 
95% trifluoroacetic acid (TFA), 2.5% triisopropyl-
silan (TIS) and 2.5% water. The protected amino 
acids were purchased from IrisBiotech (Germany). 
Аll other reagents and solvents were analytical or 
НPLC grade and were supplied by Merck 
(Germany). 

The crude peptides were purified on а reversed-
phase high performance liquid chromatography 
(НPLC) С18 column, using gradient elution with the 
following solvents: А – Н2O/0.1% TFА and B –
CH3CN/0.1% TFА. The peptide purity was checked 
by electrospray ionization massspectrometry. The 
analytical data for the new compound 
[Orn9]N/OFQ(1–13)-NН2 are as follows: tR 7.91 
min, > 99% pure, 1368.6 calculated (МН+), 1368.5 
observed (МН+). 

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)-NH2 or [Orn9]/OFQ(1–13)-NH2 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-

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)NH2 or 
[Orn9]/OFQ(1–13)-NH2 were applied in the first and 
second experimental groups by i.v. bolus injection 
in a dose of 100 nmol/kg dissolved in 100 µl 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 mmHg2 
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)-NH2 or [Orn9]/OFQ(1–13)-NH2 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)-NH2 
application led to a decrease of PLF in the spectro-
grams of SAP by 38.2% (from 2.37 ± 0.31 to  
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1.46 ± 0.34 mmHg2), by 41.7% (to 1.38 ± 0.33 
mmHg2), by 34.4% (to1.55 ± 0.23 mmHg2); DAP by 
40.4% (from 2.17 ± 0.39 to 1.29 ± 0.24 mmHg2), by 
53.1% (to 1.01 ± 0.20 mmHg2), by 39.5% (to 1.31 ± 
0.19 mmHg2) and MAP by 36.6% (from 2.24 ± 0.35 
to 1.42 ± 0.25 mmHg2), by 49.2% (to1.14 ± 0.10 
mmHg2) by 36.9% (to1.42 ± 0.15 mmHg2) in the 
first three investigated 10-min long periods, (p < 
0.05), (Fig. 1A). It also reduced PMF in the spectro-
grams of SAP by 34.5%, (from 1.21 ± 0.14 to 0.79 ± 
0.07 mmHg2), 47.9% (to 0.63 ± 0.23 mmHg2), 
43.7% (to 0.68 ± 0.12 mmHg2); DAP by 46.9% 
(from 1.11 ± 0.13 to 0.79 ± 0.07 mmHg2), 41% (to 
0.65 ± 0.07 mmHg2), 43% (to 0.63 ± 0.09 mmHg2) 
and MAP by 42.3% (from 1.26 ± 0.13 to 0.73 ± 0.08 
mmHg2), 44.3% (to 0.75 ± 0.07 mmHg2), 36.8% (to 
0.75 ± 0.07 mmHg2), (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)-NH2 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 
[Orn9]/OFQ(1–13)-NH2 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)-NH2 as well as of [Orn9]/OFQ(1–13)-
NH2 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)-NH2 or [Orn9]/OFQ(1–13)-NH2 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)-NH2 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 
Ca2+ 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 PLF during N/OFQ(1–13)-
NH2 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)-NH2 (left panel) or [Orn9]/OFQ(1–13)-
NH2 (right panel) both applied in a dose of 100 nmol/kg. 

N/OFQ(1–13)-NH2 [Orn9]/OFQ(1–13)-NH2  
SAP 

(mmHg2) 
DAP 

(mmHg2) 
MAP 

(mmHg2) 
SAP 

(mmHg2) 
DAP 

(mmHg2) 
MAP 

(mmHg2) 

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 
II 134.93 ± 4.99 83.83 ± 4.11 104.30 ± 5.14 134.90 ± 3.20 84.62 ± 4.14 105.80 ± 3.99 
III 132.73 ± 3.99 84.01 ± 2.64 104.62 ± 4.76 135.93 ± 2.52 86.36 ± 3.17 106.91 ± 3.91 
IV 131.80 ± 4.51 84.35 ± 3.45 104.76 ± 4.77 136.56 ± 1.65 88.41 ± 5.56 106.86 ± 3.55 
V 132.00 ± 3.31 82.42 ± 4.90 102.14 ± 4.88 137.77 ± 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- (PLF), mid- (PMF) and high- (PHF) frequency bands in normotensive Wistar rats during the control period and 

after N/OFQ(1–13)-NH2 (A) or [Orn9]/OFQ(1–13)-NH2 (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)-NH2 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 
PLF and PMF after N/OFQ(1–13)-NH2 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 

affected neither by N/OFQ(1–13)-NH2 nor 
[Orn9]/OFQ(1–13)-NH2 applications.  

The replacement of lysine with ornitine in the 9th 

position abolished the effects of nociceptin analog 
N/OFQ(1–13)-NH2 on the blood pressure vari-
ability in Wistar rats. 
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БЪРЗИ ОСЦИЛАЦИИ НА АРТЕРИАЛНОТО НАЛЯГАНЕ У ПЛЪХОВЕ Wistar  
ПО ВРЕМЕ НА ПРИЛОЖЕНИЕТО НА НОЦИЦЕПТИНОВИ АНАЛОЗИ  

Р. А. Гърчев1*, П. П. Маркова1, Е. Д. Найденова2, Л. Т. Везенков2  
1 Катедра „Физиология”, Медицински университет, бул. „Георги Софийски“ № 1, 1431 София  

2 Катедра „Органична химия“, Химикотехнологичен и металургичен университет, 
бул. „Климент Охридски“ № 8, 1756 София  

Постъпила на 16 юли 2008 г.;   Преработена на 27 септември 2008 г. 

(Резюме) 

Ефектите на ноцицептиновите аналози N/OFQ(1–13)-NH2 и [Orn9]/OFQ(1–13)-NH2 върху бързите колебания 
на артериалното налягане бяха изследвани на будни нормотензивни плъхове Wistar. Артериалното кръвно 
налягане (ABP) беше регистрирано директно през катетър имплантиран във феморалната артерия, чрез 
трансдюсер за налягане Gould Statham, свързан към Biopac MP100WS. След контролен период ефектите на 
N/OFQ(1–13)-NH2 и [Orn9]/OFQ(1–13)-NH2 прилагани съответно в еднакви дози 100 nmol/kg т.м., i.v. бяха из-
следвани в 9 последователни 10-минутни интервала. Спектрограмите за систолното (SAP), диастолното (DAP) и 
средното (MAP) артериално кръвно налягане бяха получени чрез Бърза Фурие трансформация в Lab View 3.1.1. 
В спектрограмите на SAP, DAP и MAP бяха изследвани спектралните мощности (P) в зоните на ниски (LF), 
средни (MF), и високи (HF) честоти. Приложението както на N/OFQ(1–13)-NH2 така и на [Orn9]/OFQ(1–13)-NH2 
не промени средните стойности на ABP по време на целия експеримент. Приложението на N/OFQ(1–13)-NH2 
предизвика понижаване на PLF в спектрограмите на SAP: от 2.37 ± 0.31 на 1.46 ± 0.34, 1.38 ± 0.33 и на 1.55 ± 
0.23 mm Hg2; DAP: от 2.17 ± 0.39 на 1.29 ± 0.24, 1.02 ± 0.20 и на 1.31 ± 0.19 mm Hg2 и MAP: от 2.24 ± 0.35 на 
1.42 ± 0.25, 1.14 ± 0.10 и на 1.42 ± 0.15 mm Hg2 в първите три изследвани интервала, (p < 0.05). Намалена беше 
също PMF в спектрограмите на SAP с 34.5%, 47.9%, 43.7%; DAP с 46.9%, 41.6%, 43.1% и MAP с 42.3%, 40.4%, 
36.8%, (p < 0.05) в същите изследвани периоди. Приложението на [Orn9]/OFQ(1–13)-NH2 не предизвика 
промени в бързите осцилации на артериалното налягане. Заместването на лизин с орнитин в 9та позиция 
премахва ефекта на ноцицептиновия аналог N/OFQ(1–13)-NH2 върху вариабилността на артериалното кръвно 
налягане у плъхове Wistar. 
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Structure-activity relationships of new L-Valine derivatives with 
neuropharmacological effects 
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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 in vivo (in albino mice) and in vitro (on cell cultures F4N) 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-α-
aminoacid – Valine, connected by amide (peptide) 
bonds with neighbouring groups in a way different 
from the natural L-α-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 

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. F4N-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 рКа of М3, Р3, М6 and Р6 

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

The experimental values of pKa1 and pKa2 of P3 
compound, related to both pyridine N atoms (1st and 
2nd N) were determined using a well-known spectro-

photometric method [11]. The analytical wave-
lengths were chosen from the UV-absorption spectra 
of P3 (at constant concentration of 1×10–4 mol/l 
(48.3 µg/ml)) at different pH. In Fig. 1a three 
spectra are presented: of the neutral molecule – R 
that exists at pH 7, the double ionized form RH2

2+ 
existing at pH 1 and the mixture of forms that exist 
at pH ∼ 4, namely R, RH+ and RH2

2+.  
Table 1. Calculated pKa data for the four compounds.  

N
H

H
N

H
N

N
H

N N

O

O O

O

1 2
3 4

5 6
 

Compound  

Р3 Р6 М3 М6 

pKa1 3.19  3.08  3.14  2.93 
pKa2 3.8  3.71 3.74  3.62 
pKa3 11.33  11.35  11.76 11.78 
pKa4 11.94  11.95 12.37  12.38 
pKa5 15.73  15.96 15.75 15.97 
pKa6 16.64  16.58 16.65 16.59 

 

 
Fig. 1. Absorption of compound P3 in the UV range at 

different рH: 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 (A) of both states R and RH2

2+ at λ = 
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:  

AA
AApHpKa

RH

R
−

−
+=

+2
2

log     

or  

+−
−

+=
2
2RH

R
AA

AApHpKa log          (1) 

where AR is the absorption of unionized molecule (at 
pH 7), +2

2RHA  – the absorption of the double ionized 

molecule (at pH = 1) and A 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+ + RH2
2+: 

- at pH 1, 99.99% of the compound P3 exist in 
the fully ionized form RH2

2+;  
- pKa1 is higher than 3.2;  
- pKa2 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 
RH2

2+) 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 pKa1 and pKa2 were calcu-
lated using the method of consecutive approxima-
tions: pKa1 = 3.23 ± 0.15 and pKa2 = 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:  









=

water

oloc

C
C

P tanloglog   (2) 

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. 

 

0

0,5

1
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2

2,5
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3,5
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4,5

190 210 230 250 270 290 310 -0,5

0

0,5

1

1,5

2

2,5

200 220 240 260 280 300

a b 
Fig. 2. a. Bands of absorbance in the UV range for compound P3 in water. Used concentrations of Р3 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 Р3 in octanol (mg/ml) were: 0.15; 0.12; 0.09 0.06 0.003. 

On the abscissas is the wavelength, λ nm, and on the ordinates is the absorbance, А. 
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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 (λ), 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 λ. 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). 

y = 1,177x + 0,0319
R2 = 0,9993

y = 0,7396x + 0,044
R2 = 0,9996

y = 0,63x + 0,1435
R2 = 0,9994

0

0,5

1

1,5

2

2,5

3

3,5

4

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 1.24×10–4 M P3. 
On the abscissas is the molar concentration and on the 

ordinates is А at λ = 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 

 

Biological activities  

Toxicity in vitro (citotoxicity): The four peptido-
mimetics were found as nontoxic at concentrations 
equal or lower than 250 µМ. For purpose of 
comparison we tested Vitamin C at the same 
experimental conditions and established that it 
revealed toxicity at 200 µМ, i.e. 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 (LD50/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 µМ. They show citotoxicity even 
lower than that of Vit C.  

High therapeutic index > 8 can be expected. 
At physiological рН 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.  

D. S. Tsekova et al.: New L-Valine derivatives with neuropharmacological effects 



 137

Acknowledgements: We thank for the funding 
provided by the University of Chemical Technology 
and Metallurgy (Research Contract 10508). 

REFERENCES 
1. D. S. Tsekova, B. Escuder, J. F. Miravet, Cryst. 

Growth Des., 8, 11 (2008). 
2. J. F. Miravet, B. Escuder, Chem. Commun., 5796 

(2005). 
3. P. Belenky, K. L. Bogan, C. Brenner, Trends 

Biochem. Sci., 32, 12 (2007). 
4. J. F. Tallman, S. M. Paul, P. Skolnick, D. W. 

Gallager, Science, 207, 274 (1980). 
5. N. M. Niren, Cutis, 77 (1 Suppl), 11 (2006). 

6. A. Dömling, S. Achatz, B. Beck, Bioorg. Med. Chem. 
Lett., 17, 5483 (2007). 

7. G. S. Timmins, V. Deretic, Mol. Microbiol., 62, 1220 
(2006). 

8. M. Kobayashi, E. Arai, Psychopharmacology, 46, 
317 (1976). 

9. P. O. Ganrot, E. Rosengren, C. G. Gottfries, Cell. 
Mol. Life Sci., 18, 260 (1962). 

10. L. Tantcheva, V. V. Petkov, G. Karamukova, S. 
Abarova, Y. Chekalarova, D. Tsekova, B. Escuder, J. 
Miravet, K. Lyubomirova, Bulg. Chem. Comm., 38, 
54 (2006). 

11. A. Albert, E. Sergeant, Ionization Constants of Acids 
and Bases, Khimiya,. Moscow-Leningrad, 1964, р. 
64 (in Russian). 

 
 
 
 
 
 
 
 
 
 

ВРЪЗКА СТРУКТУРА-АКТИВНОСТ ПРИ НОВИ ПРОИЗВОДНИ НА L-ВАЛИНА  
ПРОЯВЯВАЩИ НЕВРОФИЗИОЛОГИЧНИ ЕФЕКТИ 

Д. С. Цекова1*, Е. Ц. Макакова2, П. С. Алов3, Г. А. Горнева4, И. К. Пъжева3, Л. П. Танчева5,  
В. В. Петков5, А. Р. Сурлева6, Б. Ескюдер7, Х. Ф. Миравет7, Е. Катц8  

1 Катедра „Органична химия“, Химикотехнологичен и металургичен  университет,  
бул. „Климент Охридски“ № 8, 1756 София 

2 Химически факултет, Софийски университет „Климент Охридски“,  
бул. „Дж. Баучър“ № 1, 1164 София 

3 Център по биомедицинско инженерство, Българска академия на науките, 
ул. „Акад. Г. Бончев“, бл. 105, 1113 София 

4 Институт по молекулярна биология, Българска академия на науките,  
ул. „Акад. Г. Бончев“, бл. 21, 1113 София 

5 Институт по невробиология, Българска академия на науките,  
ул. „Акад. Г. Бончев“, бл. 23, 1113 София 

6 Катедра „Аналитична химия“, Химикотехнологичен и металургичен университет,  
бул. „Климент Охридски“ № 8, 1756 София 

7 Департамент по неорганична и органична химия, Университет „Хайме I“,  
12071 Кастелон, Испания 

8 Еврейски университет, Йерусалим, Израел  

Постъпила на 17 юли 2008 г.,   Преработена на 27 септември 2008. г. 

(Резюме) 

Изследвани бяха четири производни на L-валина като потенциални фармакологични агенти. От N-края си α-
аминокиселината е свързана с никотинова (m-пиридинова) киселина или с изоникотинова (р-пиридинова) 
киселина и от С-края си – с алкилов остатък съдържащ 3 или 6 метиленови групи. В in vivo (бели мишки) и in 
vitro (клетъчни култури F4N) експерименти и четирите съединения показаха много ниска токсичност (интра-
перитонеално и орално въведени веществата проявяваха токсичност над 2000 мг/кг, a при клетъчните култури 
токсичността бе по-ниска от тази на витамин С). Същевременно бе отчетена значима неврофармакологична 
активност при доста по-ниски дози на изследваните вещества. Експериментално получените данни, отнасящи 
се до тяхната разтворимост във вода и октанол (logР), както и изчислените данни за logР, са в добра корелация 
с резултатите свързани с техните ефекти върху цетралната нервна система. 
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Three insulin analogues with modifications of the B-chain were synthesized by trypsin-catalyzed coupling of des-
octapeptide (B23-B30)-insulin (DOI) with Met5-enkephalin (Met5-enk) or Leu5-enkephalin (Leu5-enk). The derivatives 
DOI-Met5-enk and DOI-Leu5-enk were prepared by a condensation between the amino group of the enkephalins and the 
carboxyl group of arginine in position B22. To test the properties of DOI as a navigating molecule of active opioid 
peptides, we examined DOI, DOI-Met5-enk and DOI-Leu5-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-Met5-enk < DOI-Leu5-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 µM for DOI-Met5-enk 
and higher than 100 nM for DOI-Leu5-enk. The present results suggested that the derivatives of DOI: DOI-Met5-enk 
and DOI-Leu5-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; Met5-enkephalin; Leu5-enkephalin; pain; antinociception. 

INTRODUCTION 

The endogenous opioid pentapeptides Leu5-
enkephalin (Leu5-enk) and Met5-enkephalin (Met5-
enk) and their selective analogues participate in pain 
control, have analgetic potency and decrease 
electrically-evoked contractions during in vitro 
assays [1–3]. Leu5-enk and Met5-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 Leu5-enk or Met5-enk. 
We suggested that the resulting peptides of this 
condensation could be distributed in the organism 
and enkephalins would be released from them 

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-Leu5-enk and DOI-Met5-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-
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 
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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 µl 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 µl 
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.  

Leu5-enk and Met5-enk were commercial prepa-
rations. DOI-enkephalins (DOI-Leu5-enk and DOI-
Met5-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-
Leu5-enk and DOI-Met5-enk were dissolved in HCl 
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; NaHCO3 
25.00; KH2PO4 1.19; MgCl2 1.2; CaCl2 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% O2 and 5% CO2 
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-Leu5-enk 
and DOI-Met5-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/cm2 for the control group, was increased 
as follows: DOI – to 240 ± 30 g/cm2, DOI-Leu5-enk 
– to 370 ± 20 g/cm2 and DOI-Met5-enk – to 250 ± 
30 g/cm2. DOI-Leu5-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-Met5-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-Leu5-enk and DOI-Met5-
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  
 

and derivatives we obtain similar antinociceptive 
effects, but with the following differences (Fig. 2):  

– the antinociceptive effect of DOI and DOI-
Leu5-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. 
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Fig. 1. Antinociceptive effect of icv administrated desoctapeptide-insulin (DOI), DOI-Leu5-enkephalin (DOI-Leu5-enk) 
and DOI-Met5-enkephalin (DOI-Met5-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-Met5-enk  

by using Mann-Whitney U test. 
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Fig. 2. Antinociceptive effect of sc administrated desoctapeptide-insulin (DOI), DOI-Leu5-enkephalin (DOI-Leu5-enk) 
and DOI-Met5-enkephalin (DOI-Met5-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-Leu5-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 µM DOI-Met5-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-Met5-
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-Leu5-enk and DOI-Met5-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-Leu5-enk and 
DOI-Met5-enk exert antinociceptive effects with 
opioid nature; (ii) The DOI and derivatives do not 
influence the visceral pain and their in vitro 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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АНТИНОЦИЦЕПТИВНИ ЕФЕКТИ НА DES-ОКТАПЕПТИД-ИНСУЛИН  
СВЪРЗАН С ЕНКЕФАЛИНИ 
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(Резюме) 

Три инсулинови аналога с модификации на В-веригата бяха синтезирани чрез трипсин-катализирано 
куплиране на des-октапапептид (B23-B30)-инсулин (DOI) с Met5-енкефалин (Met5-enk) или Leu5-енкефалин (Leu5-
enk). Аналозите DOI-Met5-enk и DOI-Leu5-enk бяха получени чрез кондензация между амино групите на 
енкефалините и карбоксилната група на аргинина в позиция B22. За да тестваме свойствата на DOI като 
транспортна молекула за активни опиоидни пептиди, ние изследвахме DOI, DOI-Met5-enk and DOI-Leu5-enk, 
чрез три типа in vivo ноцицептивни методи: writhing тест на мишки, paw-pressure тест и hot plate тест на 
плъхове. Пептидите бяха приложени по два начина: интрацеребровентрикуларно (icv) и подкожно (sc). 
Способността на пептидите да инхибират електрически-предизвикани контракции на илеум от морско свинче и 
vas deferens от мишка, също беше изследвана. За верификация на опиодината природа на отговорите 
използвахме налксон (1 mg/kg, интраперитонеално). Приложението на paw-pressure и hot-plate теста показа, че 
всички съединения упражняваха добре изразени антиноцицептивни ефекти (DOI < DOI-Met5-enk < DOI-Leu5-
enk) с продължителност от минимум 40 min след icv приложение. Бяха установени различия в потентността на 
пептидите при sc приложение и ефектите се развиваха за 20 min. Резултатите от writhing теста на мишки 
показаха, че всички изследвани пептиди не повлияват висцералната болка. Ефектите in vitro бяха твърде слаби 
и се наблюдаваха при концентрации над 20 µM за DOI-Met5-enk и над 100 nM за DOI-Leu5-enk. Въз основа на 
представените експериментални резултати може да се направи предположението, че аналозите на DOI: DOI-
Met5-enk and DOI-Leu5-enk проявяват пролонгирано антиноцицептивно действие, а DOI в някаква степен може 
да играе роля на транспортна молекула през кръвно-мозъчната бариера.  
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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 β 
(Aβ) soluble from the insoluble β-fibers is a critical stage in the AD progression. Aβ resulted from the precursor protein 
cleavage which is catalyzed by different proteinases named α, β and γ-secretases. That is why the inhibition of some of 
these enzymes is a promising alternative for AD treatment. The shortest peptide structure found with β-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 β-secretase inhibition activity by means of conventional peptide 
synthesis in solution. All newly synthesized compounds were characterized by TLC, m.p. and [α]546

22. The biological 
trials are in progress.  

Key words: Alzheimer’s disease; β-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 β (Aβ) soluble from 
the insoluble β-fibers is a critical stage in the AD 
progression. Aβ 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 α, β and 
γ-secretases. The tearing in Aβ1 and Aβ11 is 
catalyzed by the enzyme β-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 β-secretase inhibition process. 
Tung et al. revealed that the shortest peptide 
structure with β-secretase inhibition activity is Glu-
Val-Asp-Leu-Ala [1]. Their experiments show that 
Leu or Phe at P1 position, Val or Leu at P3 position 
and Asp or Asn at P2 position is compulsory for 
inhibition activity availability. Additional investiga-
tions reveal that the minimal substrate with passable 
β-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, P3 
and P2 positions on the inhibition activity. At some 

structures the residues at P4 and P3 position were 
removed. It is well-known that the enzyme β-
secretase includes high hydrophobic S1 and S3-
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. S2 and 
S4-pockets are hydrophilic [3]. Tung et al. investi-
gated the residues Asn and Met for P2 position. 
Their X-ray analysis revealed that P2 Asn residue in 
the substrate made a hydrogen bond with Arg235 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=O 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 δ-
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 
β-secretase inhibitors conformation show that at P2’ 
position the chain of the compounds is turned off 
and the side chains of the residues at P3’ 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 
P3’ and P4’ 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(P3’)-Phe(P4’)-OH. They succeeded to 
increase β-secretase inhibition activity replacing C-
terminal amino acids at P3’ and P4’ positions by 
benzylamine. The latter results to fourfold inhibition 
activity increasing (IC50 = 28 nM, Ki = 2.5 nM). The 
other potential residue they determined was piri-
dinylmethylamine (IC50 = 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 P2’ position made a 
strong hydrogen bond with OH group of Tyr198 
which plays key role in the enzyme-substrate 
interaction. That is why even in the shortest peptide 
structure with β-secretase inhibition activity Glu-
Val-Asp-Leu-Ala(P1’) the availability of P2’ 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 P2’ position – NH-
Butyl (IC50 = 1.82 µM), Ala (IC50 = 0.6 µM) and 
Val (IC50 = 0.19 µM) [5]. The obtained results show 
that the most powerful is the analogue with Val at 
P2’ 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 [α]546

22. Their structures 
were proved by ES/MS. The purity of the products 
was checked by TLC on precoated plates of Silica 
gel 60 F254 (MERCK) with the following solvent 
systems: CHCl3:AcOH 9:1 (v/v); n-BuOH:AcOH: 
H2O 3:1:1 (v/v/v) and n-BuOH:AcOH:pyridine:H2O 
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 SL1D 
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 –5ºC neutralized to pH 7–7.5 with 

Et3N. 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 
0ºC 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 (3×10 ml) and the organic 
layer was washed with 5% NaHCO3 (3×10ml), H2O 
(3×10ml), 10% citric acid (3×10ml) and H2O to  
pH = 7. The solvent was dried with Na2SO4 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 –5ºC 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 (3×10 
ml) and the organic layer was washed with 5% 
NaHCO3 (3×10ml), H2O (3×10ml), 10% citric acid 
(3×10ml) and H2O to pH = 7. The solvent was dried 
with Na2SO4 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 HCl 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 β-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-β-Ala-Val-NH-Bzl; Boc-
Leu-Asp-Leu-Ala-Val-NH-Bzl; Boc-Leu-Asp-Leu-
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β-Ala-Val-NH-Bzl; H-Asp-Leu-Asp-Leu-Ala-Val-
NH-Bzl; H-Asp-Leu-Asp-Leu-β-Ala-Val-NH-Bzl; 
Boc-Leu-Asp-Leu-Ala-Val-NH-3,4-dimethoxyben-
zyl; Boc-Leu-Asp-Leu-β-Ala-Val-NH-3,4-dimeth-
oxybenzyl; H-Asp-Leu-Asp-Leu-Ala-Val-NH-3,4-
dimethoxybenzyl; H-Asp-Leu-Asp-Leu-β-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. 
 

Asp Leu Ala Val

Z NH Bzl

H
H2/Pd

NH BzlBoc OH

Boc NH Bzl

NH Bzl

TBTU/DIEA

H
TFA

Boc OH

Boc NH Bzl

H NH BzlBoc OH
OBzl

Boc

H

NH Bzl

NH Bzl

OBzl

OBzl

TFA

2. TFA1. 2N NaOH

DCC/HOBt

TBTU/DIEA

(β-Ala)

(Z)

(Z)

(H2/Pd)

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

The shortest needed fragments H-Asp-Leu-Ala-
Val-NH-Bzl and H-Asp-Leu-β-Ala-Val-NH-Bzl 
were synthesized by stepwise attachment of Boc-
Ala-OH or Z- β-Ala-OH, Boc-Leu-OH, Boc-
Asp(OBzl)-OH and Boc-Leu-OH to the C-terminal 
H-Val-NH-Bzl 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. 

 
Leu Asp Leu Ala Val

Z NH Bzl

H
H2/Pd

NH BzlBoc OH

Boc NH Bzl

NH Bzl

TBTU/DIEA

H
TFA

Boc OH

Boc NH Bzl

H NH BzlBoc OH
OBzl

Boc

H

NH Bzl

NH Bzl

OBzl

OBzl

OBzl

TFA

TFA

Boc

Boc OH

NH Bzl

NH Bzl
2N NaOH

DCC/HOBt

TBTU/DIEA

(β-Ala)

(Z)

(Z)

(H2/Pd)

DCC/HOBt

Boc  
Scheme 2. Synthesis of pentapeptides  

Boc-Leu-Asp-Leu-Ala (β-Ala)-Val-NH-Bzl. 

According to Scheme 2, N-terminal Boc-Leu-OH 
was linked to H-Asp-Leu-Ala-Val-NH-Bzl and H-
Asp-Leu-β-Ala-Val-NH-Bzl 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-β-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-β-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.  
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The second series of compounds include 3,4-
dimethoxyphenylamine as C-terminal residue and 
were synthesized according to Schemes 4 and 5  

 
Asp Leu Asp Leu Ala Val

Z NH Bzl

H
H2/Pd

NH BzlBoc OH

Boc NH Bzl

NH Bzl

NH Bzl

TBTU/DIEA

H
TFA

Boc OH

Boc NH Bzl

H NH BzlBoc OH
OBzl

Boc

H

NH Bzl

NH Bzl

OBzl

OBzl

OBzl

TFA

TFA

Boc

H

Boc OH

TFA

NH Bzl

NH Bzl

Boc NH Bzl

Boc OH
OBzl

OBzl

OBzl

OBzl

H
2. TFA1. 2N NaOH

(β-Ala)

(Z)

(Z)

(H2/Pd)

DCC/HOBt

TBTU/DIEA

TBTU/DIEA

yield >90%

(yield β-Ala TCTU 52%)

yield 83%(86%)

yield 45%(>90%)

(yield 78%)

TCTU

yield 86%(>90%)

 
Scheme 3. Synthesis of hexapeptides  

H-Asp-Leu-Asp-Leu-Ala(β-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 HCl 
(molar or catalytic amount) and Pd/C. The melting 
points and [α]546

22 are presented in Table 1: 
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Z NH
H2
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H
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NH
H2
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Boc NH
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C
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OBzl
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C
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OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

 
Scheme 4. Synthesis of pentapeptides Boc-Leu-Asp-Leu-

Ala(β-Ala)-Val-3,4-dimethoxybenzylamide. 
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C
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C

Boc OH
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TBTU/DIEA

TBTU/DIEA

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

OCH3

yield >90%

yield 68% (60%)

yield >90% (44%)

yield 75% (77%)

yield >90% (62%)

 
Scheme 5. Synthesis of hexapeptides H-Asp-Leu-Asp-

Leu-Ala(β-Ala)-Val-3,4-dimethoxybenzylamide. 
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Table 1. Melting points and [α]22
546 of the newly synthesized products.  

No Product M.p.,   oC [α]22
546,   ° 

1 Z-Val-NH-Bzl 167–169 –40 
2 Boc-Ala-Val-NH-Bzl 164–166 –120 
3 Z-β-Ala-Val-NH-Bzl 184–186 - 
4 Boc-Leu-Ala-Val-NH-Bzl 139–141 –130 
5 Boc-Leu-β-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-β-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-β-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-β-Ala-Val-NH-Bzl 191–193 –10 
12 Asp-Leu-Ala-Val-NH-Bzl 119–121 –50 
13 Asp-Leu-β-Ala-Val-NH-Bzl 152–154 +30 
14 Boc-Leu-Asp-Leu-Ala-Val-NH-Bzl 125–127 +30 
15 Boc-Leu-Asp-Leu-β-Ala-Val-NH-Bzl 123–125 +20 
16 Asp-Leu-Asp-Leu-Ala-Val-NH-Bzl 117–119 +40 
17 Asp-Leu-Asp-Leu-β-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-β-Ala-Val-3,4-dimethoxybenzylamide 187–189 - 
21 Boc-Leu-Ala-Val-3,4-dimethoxybenzylamide 183–185 –60 
22 Boc-Leu-β-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-β-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-β-Ala-Val-3,4-dimethoxybenzylamide 210–212 - 
27 Asp-Leu-Asp-Leu-Ala-Val-3,4-dimethoxybenzylamide amorphus - 
28 Asp-Leu-Asp-Leu-β-Ala-Val-3,4-dimethoxybenzylamide 217–219 - 

For all compounds [α]22
546 [°] is for C 1 MeOH except *C 0.5 MeOH. 

 
Biological trials of all newly synthesized com-

pounds are in progress. 
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НОВИ ПЕПТИДНИ МИМЕТИЗИ С ПОТЕНЦИАЛНА β-СЕКРЕТАЗНА ИНХИБИТОРНА 
АКТИВНОСТ 

И. Т. Иванов, Д. Л. Даналев, Л. Т. Везенков* 
Катедра „Органична химия“, Химикотехнологичен и металургичен университет,  

бул. „Климент Охридски“ № 8, 1756 София  

Постъпила на 10 юли 2008 г.;   Преработена на 25 септември 2008 г. 

(Резюме) 

Болестта на Алцхаймер (БА) е засегнала около 20 милиона души по целия свят. Последните проучвания 
показват, че през следващите 20–30 години броят им ще се удвои поради нарастващата продължителност на 
човешкия живот. Превръщането на разтворимия β амилоиден пептид (Aβ) в неговата неразтворима форма е 
ключов стадий в прогресията на БА. Aβ се получава като резултат от разкъсване на прекурсорния β амилоиден 
пептид, което е катализирано от различни протеази, известни като α-, β- и γ-секретази. Ето защо инхибирането 
на някой от тези ензими е обещаваща алтернатива при лечението на БА. Най-късата пептидна структура с 
установена инхибиторна активност срещу β-секретазата е Glu-Val-Asp-Leu-Ala. В литературата са публикувани 
множество изследвания, показващи ролята на различните аминокиселини в този пептид за инхибиторната му 
активност и са изведени някои зависимости структура–активност. Основавайки се на тези литературни данни 
ние направихме дизайн и синтезирахме 10 пептидни миметици с потенциална β-секретазна инхибираща 
активност, с помощта на стандартен пептиден синтез в разтвор. Всички новосинтезирани съединения бяха 
охарактеризирани чрез TLC, т.т. и [α]546

22. Биологичните изследвания са в ход.  
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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 CuCl2 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 Cu2+ 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 

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 CuCl2. 
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 µl of 0.1 M HCl. Adequate amount 
of water solution of NaOH, NaHCO3 or K2CO3, 
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 µl hot ethanol. Solutions of 20 mM 
CuCl2 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 440I 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 Ka1 and Ka2 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 (HCl, higher than 0.1 M), 
gels were easyly obtained (immediately or in a few 
minutes to hours) after addition of solutions of 
NaOH, NaHCO3 or K2CO3 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 
CuCl2 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 Cu2+ 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.  

A  

B  
Fig. 2. A. SEM microphotographs of xerogels obtained from compound 1:   a) only organic compound in CH2Cl2;  

b) from hydrogel containing NaCl;   c) 1:CuCl2 = 1:1 in ethanol;   B. SEM microphotographs of xerogels obtained from 
compound 2:   a) only organic compound in dioxane;   b) from hydrogel containing KCl;   c) 2:CuCl2 = 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 CuCl2 
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 µm. 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 
CuCl2, 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.  
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(Резюме) 

Изследвано е свойството самоорганизация на наскоро синтезирани нискомолекулни съединения съдържащи 
L-валин и пиридинови компоненти в молекулите си в присъствието на някои метални йони. Установено бе, че в 
етанолов разтвор те реагират с CuCl2 до образуване на метало-органични полимери с гелова структура. 
Разгледани са също хидрогелове на същите органични съединения, включващи Na+ и K+ йони. Тук са 
представени някои топологични характеристики на такива продукти, включващи Na+, K+ и Cu2+ йони в 
структурата си. 
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Opioidergic system and second messengers affected the nociceptive effects of  
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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 
µ-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 µg/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 µ-specific processes [3]. 

MIF-1 (Pro-Leu-Gly-NH2) 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-NH2) not only shows antiopiate 
activity, but also pronounced selectivity for the µ-
opiate binding site. Tyr-MIF-1 and Tyr-W-MIF-1 
(Tyr-Pro-Trp-Gly-NH2) have antinociceptive effects 
by binding to µ-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 

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 4ºC. 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  

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 µg/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, 
i.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 aIS, 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 

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 µg/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 µg/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;  
+++P < 0.001 vs. respective peptide. 
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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 µg/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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ОПИОДЕРГИЧНАТА СИСТЕМА И ВТОРИЧНИТЕ ПОСРЕДНИЦИ ПОВЛИЯВАТ 
НОЦИЦЕПТИВНИТЕ ЕФЕКТИ НА TYR-MIF-1 ПЕПТИДИТЕ СЛЕД ТРИ МОДЕЛА НА СТРЕС 

A. И. Бочева*, E. Б. Джамбазова 
Катедра „Патофизиология“, Медицински факултет, Mедицински университет, ул. „Здраве“ № 2, 1431 София 

Постъпила на 17 юли 2008 г.;   Преработена на 25 септември 2008 г.  

(Резюме) 

Невропептидната група Tyr-MIF-1 (Tyr-MIF-1’s) включва MIF-1, Tyr-MIF-1, Tyr-W-MIF-1 и Tyr-K-MIF-1. В 
наши дни е известно, че те могат да модулират болката и някои форми на стрес-индуцирана аналгезия (SIA) 
чрез антиопиоидни и µ-специфични действия. 

Целта на настоящата работа бе: 1) да се определи участието на опиоидната система в аналгезията 
предизвикана от имобилизационен, студов и топлинен стрес (IS, CS и HS);  2) да се изследва дали опиоидната 
система и вторичните посредници са въвлечени в ноцицептивните ефекти на Tyr-MIF-1’s след трите модела на 
стрес споменати по горе.  

Мъжки плъхове линия Wistar бяха използвани и болковия праг бе измерван чрез paw pressure (PP) тест.  
Tyr-MIF-1’s (всички в доза 1 mg/kg), налоксон (Nal, 1 mg/kg) и Метилен Блу (MB, 500 µg/лапа) бяха разтваряни 
във физиологичен разтвор и инжектирани интраперитонеално. В първата експериментална серия Nal бе 
въвеждан 20 min преди или веднага след стрес процедурата. Във втората серия експерименти Nal и MB бяха 
въвеждани веднага след стрес-процедурата, 20 min и 60 min респективно преди изследваните пептиди.  

Резултатите показаха, че: i) опиоидната и неопиоидната компонента имат различно участие във всеки един 
от моделите на стрес. Неопиоидната система участва предимно при CS, опиоидната – при HS, докато двете 
системи са приблизително еднакво застъпени при IS; ii) Tyr-MIF-1’s показаха различна потентност при 
имобилизационна, студова или топлинна SIA, което може би е свързано с тяхната пептидна структура, 
специфични места на свързване и различно взаимодействие с компонентите на SIA; iii) опиоидната система и 
вторичните посредници участват в ноцицептивните ефекти на Tyr-MIF-1’s след IS, CS и HS. 
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Synthesis of two peptide mimetics as markers for chemical changes of wool’s keratin 
during skin unhairing process and comparison of the wool quality obtained by 

ecological methods for skins unhairing 
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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.    

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)2 and Na2S 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)2 and Na2S 
content, fats, hair wastes. The results show lower 

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), etc. (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 Orn*-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 α-acetamidoacrylate was dissolved in 0.3 N 
NaOH solution with a three-fold molar excess of the 
appropriate protected amino acid (Zα-Lys-OH or 
Zα-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 HCl 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% K2HPO4:KH2PO4,  
pH = 7, C18 column, λ = 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: 1H NMR (D2O) δ (ppm): 1.41–1.64 
(m, 2H, H4), 1.601 (s, 3H, CH3), 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, J = 6.3 Hz, 1H, H2). 

13C NMR (D2O) δ (ppm): 24.15 (C4), 28.06 
(CH3), 28.94 (C5), 31.85 (C3), 41.86 (C6), 55.42 
(C2), 95.32 (C), 174.51 (C = O), 177.52 (C = O). 

Orn*-Ala: 1H NMR (D2O) δ (ppm): 1.580 (s, 3H, 
CH3), 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, J = 6.3 
Hz, 1H, H2). 

13C NMR (D2O) δ (ppm): 24.43 (C4), 25.17 
(C3), 28.06 (CH3), 41.71 (C5), 55.46 (C2), 95.57 
(C), 174.81 (C = O), 177.91 (C = O). 

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). 
 

 
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 α-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 α-amino acrylic 
residues and H2S 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, 

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 
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wool. Some Ca(OH)2 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 
peptide chains. 

 
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 
Orn*-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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СИНТЕЗ НА ДВА ПЕПТИДНИ МИМЕТИКА КАТО МАРКЕРИ ЗА ХИМИЧНИТЕ ПРОМЕНИ НА 
КЕРАТИНА НА ВЪЛНАТА ПО ВРЕМЕ НА ПРОЦЕСА НА ОБЕЗКОСМЯВАНЕ И СРАВНЯВАНЕ 

НА КАЧЕСТВОТО НА ПОЛУЧЕНАТА ВЪЛНА ПО ДВА ЕКОЛОГИЧНИ МЕТОДА НА 
ОБЕЗКОСМЯВАНЕ 
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(Резюме) 

През последните няколко години основно внимание се обръща на подобряване на съществуващите методи 
за обезкосмяване на кожи. Основните разработки са насочени към намиране на бързи и ефективни методи за 
обезкосмяване със запазване на свойствата на получените кожи чрез предварителна алкална обработка и чрез 
ензимни методи. Процесът на обезкосмяване на овчи кожи с предварителна алкална обработка на вълната води 
до получаването на два неприродни пептидни миметици лизиноаланин (Lys*-Ala) и орнитиноаланин (Orn*-Ala). 
Те се получават като резултат от процеса на хидролиза на кератина. Промените в кератина на вълната го правят 
резистентен към сулфидно разграждане. Ние синтезирахме и охарактеризирахме тези два пептидни миметика. 
Показана е възможността за използването им като маркери за контрол на промените в кератина на вълната по 
време на процеса на обезкосмяване. Сравнението, направено между данните на трите проби добита вълна и 
препоръките за нейното използване показва, че този отпадък може да се счита за суровина (суров материал) 
съобразно неговите химични и физични показатели. 
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