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Removal of divalent heavy metal ions from aqueous solutions by Dowex HCR-S
synthetic resin
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lon exchange technology is currently the best way to remove heavy metals from water and wastewater. In this study,
we investigated heavy metal ions as cadmium (Cd*), nickel (Ni?*) and zinc (Zn?*) removal from aqueous solutions
using synthetic resin. Batch experiments on the removal efficiency of heavy metal ions at under different conditions
such as initial solution pH, stirring speeds, temperatures, initial concentrations and resin dosages of synthetic
wastewater solutions were carried out. The maximal exchange levels attained were as follows: 99.76% Cd**, 93.66%
Ni?* and 83.10% Zn*" onto Dowex HCR-S synthetic resin at 293 K, 250 mg L™ initial metal concentration, ion
exchange time of 60 min, 400 rpm stirring speed, pH: 6.0 and 2 g resin dosage.
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INTRODUCTION

Fast industrialization has affected to rise up
disposal of heavy metals into the environment. The
exceeding increase in the use of the heavy metals
over the past few decades has unavoidable
consequence in an increased flow of metallic
substances in the aquatic environment.

Toxic heavy metal ions get introduced to
wastewater through various industrial activities
such as mining, refining ores, fertilizer industries,
tanneries, batteries, paper industries, pesticides etc.
[1]. Heavy metals are not biodegradable and tend to
be accumulated in living organism, causing various
diseases and disorders; therefore, they must be
removed before discharge to natural resources [2,
3].

A number of technologies have been developed
over the years to remove heavy metals from
industrial  wastewater. The most important
technology includes coagulation/flocculation [4],
chemical precipitation [5], adsorption [6], ion-
exchange [7], biosorption [8], electrochemical
processes [9] and membrane technology [10].

lon exchange can be used to remove heavy
metals from wastewater using an ion exchange
resins as synthetic ones derived from guaran [11],
Chelex 100 [12], clinoptilolite [13], Amberlite (IR
120, 200, and 252 ZU) [14], Dowex M-4195 [15],
Lewatit [16], indion BSR [17], Amberlite IR-96
and Dowex 1x8 [18], and Dowex 50W [19].

* To whom all correspondence should be sent:
E-mail: baybarsalifil2@gmail.com

In the present study, ion exchange of Cd*,
Ni?* and Zn?* on Dowex HCR S/H strongly acidic
cation exchanger resin is examined. The purpose of
this study, is examine the interest for different
heavy metals of the resin. The parameters that
influence adsorption such as initial nickel
concentration, stirring speed, resin dosage,
temperature, pH and contact time were
investigated.

2. MATERIALS AND METHODS

Synthetic Dowex HCR S/H in hydrogen form
was obtained from Fluka Co. The properties of
Dowex HCR S/H are given in Table 1. The heavy
metal solutions of Zn (lI), Ni (I1I) and Cd (II)
chloride (analytical grade from Sigma Co) were
prepared in double-distilled water.

To study the effect of important parameters like
contact time, stirring speed, resin amount, pH,
initial metal concentration and temperature on the
removal of Cd (I1), Ni (1) and Zn (Il) by Dowex
HCR S/H, experiments were conducted at room
temperature except those in which the effect of
temperature. The parameters chosen in the
experiments were given in Table 2.

A batch system was used for removing by the
exchange reaction of heavy metal ions from
wastewater. Experimental period was determined as
60 min result of the preliminary tests. The
temperature of the reactor was controlled with a
HAAKE D8 thermostat connected to reactor. The
experimental set up is shown in Figure 1 [20].
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Table 1. Properties of Dowex HCR-S resin

Parameters Value
Type Strong acid cation
Change capacity 1.8 meg/ml
Particul size 300 pm — 1200 um
pH 0-14
Max. operating 100 °C
temperature
lonic form H*
lonic density 1.22 g/cm®
Physical form Uniform particle size, spherical
beads

Table 2. Experimental parameters

Parameter Studied ratio
Initial metal concentration 25,50, 100, 250, 500 and
mg/L 1000
Adsorbent dosage 0.25, 0.50, 1.00, 1.50 and
(9/500 ml) 2.00
pH 3.0,4.0,5.0and 6.0

200, 300, 400, 500 and 600
293, 313, 333 and 353

1. Mechanic stirrer

Stirring speed (rpm)
Solution temperature (K)

2. Liebig condenser
3. Three-neck flask
4. Automatic pipette
5. Thermometer

6. Thermostated water bath
and pump

7. Stirrer
output

8. Isolated bath

Fig. 1. Experimental set up.

Kinetic experiments were made by using 500 ml
of heavy metal solutions (Cd**, Ni* and Zn*") of
various concentrations. Samples were taken at
different time intervals and remaining metal
concentrations were analyzed. The remaining metal
concentration in solution with atomic absorption
spectrometers (AAS — 6800) device was decided.
The amount of metal removal onto Dowex HCR
S/H was calculated from the percent efficiency
equation as follows:
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%efficiency = [MJ x100

C &)
where C, (mg L ™) is the initial metal concentration,
C: (mg L™ is the concentration of metal ions in

solution at time t.
3. RESULTS AND DISCUSSION

3.1 Effect of pH on ion exchange process
In order to establish the effect of pH on the ion
exchange of zinc (II), cadmium (I1) and nickel (I1)
ions on to synthetic resin, the batch equilibrium
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Fig. 2. The effect of initial pH on removal efficiency for
the here metal ions (250 mg L initial metal
concentration, 293 K solution temperature, 400 rpm
stirring speed, 1 g/500 ml resin dosage).
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Fig. 3. The effect of initial metal concentration on
removal efficiency (pH 6.0, 293 K solution temperature,
400 rpm stirring speed, 1 /500 ml resin dosage).

studies at different pH values were carried out in
the range of 3.0 — 6.0 for a constant resin amount of
1 g/L and initial metal concentrations of 250 mg/L
at 293 K (Fig. 2). Because of precipitation of heavy
metal ions, high values of pH were not studied. Fig.
2 shows the change in metal uptake by synthetic
resin at different initial pH levels. It can be seen
from Fig. 2 that the pH of the aqueous solution is
an important control parameter in the ion exchange
process [12]. The percentage of removal metals
increased with pH from 3 to 6 with maximum
binding occurring pH 6. At pH 6, 52.336% for zinc,
94.777% for cadmium and 70.359% for nickel.
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Fig. 3a. The effect of initial metal concentration on
removal efficiency and exchange capacity (pH 6.0, 293
K solution temperature, 400 rpm stirring speed, 1 g/500
ml resin dosage).

3.2 Effect of initial metal concretions on ion

exchange process

Half litre of each of the three metal solutions
(zZn**, Cd** and Ni**) of different concentrations
ranging from 25 to 1000 mg/L with 1 g of synthetic
resin was stirred at 400 rpm and ambient
temperature (293 K) for a contact period of 1 h. The
results obtained are shown in Fig. 3 and Fig. 3a and
indicate that all the curves have the same shape.

It was also realized that the capacity of metal
removal by Dowex HCR S/H at the equilibrium
increased with the initial concentration of metal but
the percent removal decreased with the increase in
initial metal concentration from 92.09% for 25
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mg/L of Zn to 24.849% for 1000 mg/L of Zn, from
98.842% for 25 mg/L of Cd to 45.338% for 1000
mg/L of Cd and from 97.167% for 25 mg/L of Ni to
31.500% for 1000 mg/L of Ni. Similar results were
obtained for Ni (1) on Lewatit resin [16] and Cd
(1) on Duolite ES 467 resin [21]. Apparently, the
initial heavy metal concentrations played an
important role in affecting the capacity of metal
exchange onto synthetic resin. The higher the heavy
metal concentrations, the stronger the driving forces
of the concentration gradient, and therefore the
higher the adsorption capacity. In general, the
percentage of metal removal increased rapidly up to
approximately 10 min and thereafter, rose slowly
before attaining a saturation value.

3.3 Effect of solution temperature on ion exchange

process
The effect of solution temperatures onto heavy
metal removal is shown in Fig. 4. The removal of
heavy metal ions as Zn®*, Cd** and Ni*" increased
slightly increasing temperature from 293 K to 353
K. It is seen from Fig. 4 that when synthetic resin
for Zn (I) was used with an increase in temperature
from 293 to 353 K, the ion exchange efficiency
capacity increased from 52.366% to 59.280% for
the initial metal concentration of 250 mg L?; in the
case of Cd (1) and Ni (1), the efficiency increased
from 94.777% to 98.719% and from 70.359% to
74.680 for the same initial metal concentrations and
pH 6.0. This indicated that the exchange reaction
was endothermic in nature and ions exchange
mechanism favors higher temperatures [7]. An
increase in the removal with the rise in temperature
may be explained by active site onto synthetic resin
being more active at high temperatures.
Additionally, an increase in temperature results for
mobility of the ions being increased and a decrease
in the retarding forces acting on the adsorption ions
[22].

3.4 Effect of resin dosage on ion exchange process

The percentage efficiency of each of the three
heavy metal ions at different doses of Dowex HCR
S/H strongly acidic resin is shown in Fig. 5 and Fig.
5a. The degree (%) of removal efficiency increased
as the resin dose was increased. It might be
concluded that by increasing the resin dose, the
removal efficiency of heavy metal ions increased,
while ion exchange density decreased with increase
in resin dose. The decrease in ion exchange density
may be due to the fact that some adsorption sites
may remain unsaturated during the adsorption
process whereas the number of sites available for
adsorption increases by increasing the resin doses
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and that results in the increase of removal
efficiency [23]. It could be seen from Fig. 5 when
increased resin dosage from 0.25 to 2.00 g, removal
efficiency increased from 22.143% to 88.099% for
Zn (1), from 42.625% to 99.757% for Cd (Il) and
from 27.591% to 93.665% for Ni (I1).
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Fig. 4. The effect of solution temperature on removal
efficiency (pH 6.0, 1 g/500 ml resin dosage, 400 rpm
stirring speed and 250 mg L' initial metal
concentrations).
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Fig. 5. The effect of resin dosage on removal efficiency
(pH 6.0, 293 K solution temperature, 400 rpm stirring
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3.5 Effect of stirring speed on ion exchange process

Experimental results regarding the effect of
agitation speed (200, 300, 400, 500 and 600 rpm)
were presented. It is clear that stirring is found to be
appropriate for maximum exchange of metal ion
from the synthetic wastewater. The removal of
metal ions using Dowex HCR S/H reaches
56.622% for Zn (I1), 98% for Cd (Il) and 73.805%
for Ni (11) at 600 rpm, (Fig. 6). The effect of the
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20
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Fig 6. The effect of stirring speed on removal efficiency

(pH 6.0, 1 ¢g/500 ml resin dosage, 293 K solution

temperature and 250 mg L initial metal concentration).

Agitation speed was examined at agitation speeds
of range of 200-600 rpm. Stirring speeds higher
than 600 rpm were not studied due to the effect of
centrifugal forces on the system will increase. It is
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obvious that agitation increased metal removal
from aqueous solutions. This is due to the fact that
metal ions, through their transportation to the solid
phase, come on resistance at the liquid phase,
through the boundary layer. The moving induced
by the stirring of suspensions during experiments
leads to a reducing of the boundary layer thickness
and to a consequent decrease of the transportation
resistance of metal ions. This increases the transfer
rate of the ions and, thus, the ion exchange rate of
the Zn (1), Cd (I1) and Ni (I1) ions [21].

CONCLUSION

The batch experiments presented in this study
revealed that the Dowex HCR-S strongly acidic
cationic synthetic resin could be effectively used as
adsorbent for removing heavy metals. Treatment of
heavy metal ions from aqueous solution was found
to increase by increasing the resin dosage, stirring
speed, temperature and solution pH. Increase of
initial metal concentration decreases removal
efficiency but the percent removal decreases with
the increase in initial metal concentration.
According to the heavy metal removal studies by
using Dowex HCR-S strongly acidic cationic
synthetic resin, the selectivity sequence could be
given as Cd (II) > Ni(ll) > Zn(Il) at all studying
parameters such as initial solution pH, stirring
speeds, temperatures, initial concentrations and
resin dosages of synthetic wastewater solutions.
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OTCTPAHABAHE HA I[BYBAJ'IEHTHI/I?IOHH HA TEXKU METAJIA OT
BOJIHU PA3TBOPU CbC CUHTETUYHA NOHOOBMEHHA CMOJIA DOWEX
HCR-S

B.A. ®un, A.E. Munmas, P. Boumxykmkyoony,C. Basp

VYHusepcuter ,,Atatiopk”, ®akynTeT 1o HHXeHepCTBO, JlenapTaMeHT 1o eKOJIOTHYHO HHXeHepcTBo, 25240 Ep3ypym, Typrms
Ioctenuna Ha 23 nekemBpw, 2011 r.; npepaborena Ha 16 Maif, 2012 .
(Pesrome)

B MoMeHTa HHOHOOOMEHHUTE TEXHOJIOTHU MPEIOCTAaBAT Hali-M0OpUsSl HAYMH 32 OTCTPAHSBAaHE HA TEXKKU METAlIU OT
BOJaTa M OTHAAbYHUTE BOAW. B Taszu pabora Hue HW3cileqBaMe OTCTPAHIBAHETO HA WOHUTE HA TEXKKH METAlld KaTo
kaammii (Cd®Y), muken (Ni%*) m muak (Zn?*) ot BomHM pasTBOPH C TOMOIITA HA CHHTETHYHA HOHOOOMEHHA CMOIA.
IpoBeneHu ca B IEPUOMYHH YCIOBHS SKCIICPUMEHTH BBPXY €(DEKTHBHOCTTA HA OTCTPAHSBAHE HAa METATHUTE HOHH OT
CHHTETHYHH OTMAJbYHHA BOJM TMPU PAa3IHYHH YCIOBHS — HadanHa cToiHOCT Ha pH, ckopocT Ha pa3GbpkBaHe,
TeMIIepaTypa, HaYalHi KOHIICHTPAIIMH U KOJMIECTBO CMOJIa. MaKCUMAJHU CTETIEHN Ha M3BIMYaHE CE MOCTHUraT KaKTo
crensa: 99.76% Cd?', 93.66% Ni** u 83.10% Zn®* Bpxy Dowex HCR-S mpu 293 K, Hauanna KOHUEHTpaius Ha
mertanuuTe itorn 250 mg L™, kouTaktHO Bpeme ot 60 MuHyTH, cKOpocT Ha pa3ébpkBane 400 o6/mum, pH 6.0 u 2 T
cmomna/500 M.
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Optimization of reaction conditions for synthesis C-tetramethylcalix[4]resorcinarene
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2 Institute of Polymers, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria
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A new alternative method for the synthesis of calix[4]resorcinarenes has been shown. The optimal parameters for
obtaining a C-tetramethylcalix[4]resorcinarene as a representative of the class of calix[4]resorcinarenes have been
determined by varying the reaction conditions. It has been demonstrated that cyclic products can be prepared under
certain conditions using catalytic amounts of mineral acid. It has been found that cis-cis (rccc) and trans-trans (rttt)
isomers of C-tetramethylcalix[4]resorcinarene can be synthesized selectively by changing the ratio of water-organic
phase, i.e. by changing the polarity of the medium. The reaction products have been separated using semi preparative
liquid chromatography and characterized by gel permeation chromatography (GPC), nuclear magnetic resonance (*H
NMR), ultraviolet (UV) and fourier transform infrared (FTIR) spectroscopy.

Key words: C-tetramethylcalix[4]resorcinarene, polycondensation, resorcinol, acetaldehyde

INTRODUCTION

Resorcinarenes, the cyclic compounds belonging
to calixarenes group are products of a
polycondensation reaction between resorcinol and
acetaldehyde (Figure 1) [1-9]. The presence of two
hydroxide groups in the benzene rings, forming the
macro cycle determines their relatively easy
participation into large number of chemical
interactions. Recently there has been a growing
interest in the use of resorcinol based calixarenes
and especially the calix[4]resorcinarene that have
proved to be valuable for many applications in
chemistry, biology and medicine [10-12].

Usually the synthesis of calix[4]resorcinarene is
carried out by acid activated polycondensation in
the presence of mineral acids and various alcohols.
Concentrated hydrochloric acid in equimolar
guantities to other reagents is the most used
catalyst. Isolation of final cyclic products has been
done through different approaches ranging a
practical yield. Some authors reported for
preparation of isolated products of relatively high
yields in the presence of acid as a catalyst and in
the presence of adequate solvents (methanol,
ethanol) [13-15]. Reported reaction conditions
(temperature, reaction time, sequence of reagents
addition, etc.) have been varied widely, which leads
to contradictory conclusions.

Therefore the aim of the present work is to

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

investigate and optimize the route to the synthesis
of C-tetramethylcalix [4]resorcinarene.

The effect that the catalyst amount has on
polycondensation and subsequent cyclization of
oligomeric products has been traced in the course
our research. The influence of the polarity of the
medium on product composition has been also
investigated. A procedure for optimization the
isolation of cyclic products has been worked out as
well.

EXPERIMENTAL

Materials

The reagents were purchased from Fluka
(resorcinol and acetaldehyde), Merck (hydrochloric
acid (37%)) and Lab-Scan (ethanol (96%),
methanol, tetrahydrofurane (THF)).

Syntheses

Syntesis of calix[4]resorcinarene in ethanol
medium using different amount of catalyst. The
synthesis was performed according to methodology
analogous to the one suggested by Ito and
coworkers [16].

Resorcinol 15,46mmol (1,71g) and 20ml of
ethanol were placed into a two-necked flask fitted
with a reflux condenser and stirrer. The mixture
was homogenized till complete dissolving of the
resorcinol. The solution was placed into an ice bath
and 15.46mmol (0,86ml) of acetaldehyde in 10ml
of ethanol were added in a separating funnel for
10min. Then the required amount of hydrochloric
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acid (0.01 — 30.15 mmol) was added taking care
that the temperature of the reaction medium did not
increase highly. Having added the catalyst the
reaction solution was heated at 75°C for 5 to 24h.
Then the resulting mixture was cooled to room
temperature. The precipitate formed was filtered,
washed with hot water (to neutral pH of washing
water fractions) and dried under vacuum at 40°C.

Synthesis ~ of  calix[4]resorcinarene in
ethanol/water medium using catalytic amount of
hydrochloric acid. A series of syntheses was
conducted using the optimal catalytic amounts of
hydrochloric acid found experimentally and varying
the ratio of ethanol/water in the reaction medium.

Resorcinol 0,3 mol (33,03g), 0,3mol (13,23ml)
acetaldehyde and 120 ml ethanol/water mixture of
different ratios were placed into a two-necked flask
fitted with reflux condenser and stirrer. Acid
catalyst (4 mol % compared to the other reagents
concentrated hydrochloric acid) was added to the
homogenized solution. The reaction solution was
heated at 75°C under stirring for at least 1h. Then
the resulting mixture was cooled to room
temperature. The precipitate formed was filtered
and recrystallized from methanol/water (v/v=50/50)
solution. The reaction products were isolated using
semi preparative liquid chromatography and
characterized by GPC and 'H NMR.

Instrumentation

Gel permeation chromatography (GPC). GPC
experiments were performed on a chromatography
line consisting of a tunable absorbance detector M
484, a differential refractive index detector M 410
(@l Millipore Co., Waters Chromatography
Division), a U6K universal injector and a set of
three UltraStyragel gel columns (Waters) with
nominal pore sizes of 100A, 500A and linear. THF
was used as an eluent at 45°C and a flow rate of 1.0
ml.min". Molecular weight characteristics were
calculated using a calibration curve constructed
with monodisperse poly(vinylpyridine) standards
on a station for collection and processing of data
through Clarity software. 1,3-dihydroxybenzene
was used as an internal standard.

High-performance  liquid  chromatography
(HPLC). The chromatograms were taken on a HP
1100 chromatography line (Agilent Technologies)
equipped with a diode array UV detector, and a
Kinetex C18 column with 2.6 pore size.
Acetonitrile/water (68/32 v/v) mixture was used an
eluent at 30°C and a flow rate of 0,7 ml.min™.

Semi preparative liquid chromatography. The
chromatographic separation was achieved on a

chromatography line consisting of M501 pump, a
tunable absorbance detector M 490 (all Millipore
Co., Waters Chromatography Division), a U6K
universal injector and a semi preparative
chromatographic column “pBondapak”C18 with a
nominal pore size of 10 um. A mixture of
acetonitrile  (A)/methanol (B)/phosphoric acid
(0.5% water solution) (C) was used as an eluent.
The samples were separated by running a linear
gradient scheme as shown in Table 1.

Table 1. Gradient elution scheme

Time, (min) Solvent mixture, %
A (%) B (%) C (%)
0 20 20 60
6 30 30 40
10 60 10 30
20 60 40 0
30 20 20 60

Ultraviolet spectroscopy (UV). UV spectra of
the samples were recorded on a HP 1100
chromatography line  (Agilent Technologies)
equipped with a diode array UV detector in the
course of chromatographic studies.

Fourier transform infrared spectroscopy (FTIR)
Infrared spectra of the samples were recorded on a
Bruker Vector 22 FT-IR spectrometer using
potassium bromide pellet technique.

Nuclear magnetic resonance spectroscopy (*H
NMR). *H NMR spectrs were recorded on a Bruker
Avance DRX 250 (250 mHz) instrument. The
samples were dissolved in deuterated solvent
(dimethyl sulfoxide-ds). Trimethylsilane was used
as an internal NMR standard.

RESULTS AND DISCUSSION

Influence of catalyst amount on the yield of the
reaction products

The reaction of polycondensation of resorcinol
and acetaldehyde was carried out with different
amounts of hydrochloric acid as a catalyst (0,01 to
1,00 mol per mol phenolic compound). It was
found that reaction products of different
composition and amount are obtained depending on
the amount of hydrochloric acid used as shown on
Figure 1. Increasing the acid amount (up to
equimolar) led to a higher content of higher
molecular weight linear oligomeric products
(Figure 1a). That became an obstacle to obtaining
cyclic products in the next stage of the process.
Using a catalytic amount of catalyst resulted into
the formation of predominantly cyclic product
(Figure 1b).
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Fig. 1. GPC chromatograms of products obtained at 24h
reaction time of polycondensation process catalyzed by
hydrochloric acid: a) 1.0 mol per mol phenolic
compound; b) 0.04 mol per mol phenolic compound (1-
low molecular weight oligomers; 2- high molecular
weight oligomers; 3- cyclic products.

Therefore, it was interesting to determine the
minimum effective catalyst amount whereupon the
reaction of polycondensation and oligocyclization
proceeded at a comparable rate. Under the selected
reaction conditions (see experimental section) a
maximum yield of cyclic product was obtained with
about 0,04 mol hydrochloric acid per mol phenolic
compound as illustrated in Figure 1b. Further
studies were preformed with that ratio.

Influence of medium polarity on the yield and
composition of the reaction products

Our previous investigations as well as data in
the literature demonstrated the influence that
polarity of reaction medium had on the composition
of the polycondensation products obtained [10].

To determine the effectiveness of influence of
medium polarity on the yield and composition of
the reaction products the ethanol/water ratio was
varied in a wide range — from pure ethanol to neat
water solutions. Dielectric constant was used as an
effective feature for the polarity of the medium.
According to the literature [16-21] the dependence
changes linearly with a change of ethanol or water
in their mixtures. This dependence can be
illustrated with the average values varying in the
range of 3-5 units as shown in Figure 2. The
reduction of the amount of ethanol in the reaction
medium increases its polarity.

The polycondensation process performed in the
span of 24 h was monitored by GPC technique. Due
to the strong reactivity of resorcinol the
polycondensation process  begins  almost
immediately upon reaching 75°C. Reaching this
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Fig. 3. GPC traces of reaction products obtained with
hydrochloric acid (0.04 mol/mol phenolic compound) in
ethanol/water mixture (20/80 v/v) at temperature 75°C
for reaction time as follows: a) Oh; b) 2h; ¢) 5h; d) 24

temperature is considered to be conditional zero of
the reaction. At this moment the products of
different molecular weight are already formed as
seen in Figure 3a. Their fractional composition
changes with increasing the reaction time.

Semi preparative liquid chromatography of
reaction mixtures is used to clarify the mechanism
of the polycondensation process as well as to define
the products obtained. The fractionation of the
products obtained at conditional zero and at 24 h
reaction time was carried out. The fractions
collected were analyzed by GPC chromatography
and 'H NMR spectroscopy as shown in Figure 4
and Figure 5, respectively.

It was found fractions of molecular weight of
about 200, 340, 550 Da and those within range 800-
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Fig. 4. GPC traces of reaction products obtained with
hydrochloric acid (0.04 mol/mol phenolic compound) in
ethanol/water mixture (30/70 v/v) at 75°C for 20h
reaction time (a) and of fractioned products (b), (c), (d),
(e) separated and isolated by semi preparative liquid
chromatography.

Fig.5. 'H NMR spectra of fractionated by semi
preparative liquid chromatography reaction products (b),
(c), (d), (e) (see Fig. 4 caption).

1300 Da regardless of the ratio of ethanol/water
reaction mixtures to be the dominant (Figure 4). In
the '"H NMR spectrum of fraction 4 (Figure 5e)
with experimentally determined average number
molecular mass (Mn) is 890 Da (Figure 4e)
multiple signals within the ranges of 1.32 — 1.39
(36H), 4.11- 4.30 (8H) and 4.69 (4H) ppm were
observed. They can be attributed to protons of
methyl and methine groups connecting aromatic
rings, respectively. The total number of
experimentally determined protons does not exactly
correspond to the theoretically calculated ratio of
protons in the elementary unit of the polymers
obtained. Taking into account that finding as well
as the high polydispersity index of the fraction
(D=1.348) one can conclude that it consists of
oligomeric chains with different numbers of
elementary units. Furthermore, the observed
resonance signals at 9.40 and 10.01 ppm in NMR
spectra (Figure 5e) are attributable to the protons of
hydroxyl groups. Most probably the signal at 9.40

ppm corresponds to dihydroxyalkyl oligomeric
product while the signal at 10.01 ppm is attributed
to the corresponding cyclic oligomeric product.

The *H NMR spectrum of fraction 1 (Figure 5b)
having a molecular mass of about 200 Da as
determined by GPC (Figure 4b) signals at 6.57 and
7.27 ppm which can be attributed to protons of the
aromatic rings. The chemical shift at 7.78 ppm is
estimated as a signal corresponding to four protons
of hydroxyl groups. The presence of these signals
and others at 4.94 ppm (2H) and 1.41 ppm (6H)
attributed to the protons of methine and methyl
groups in alkyl subsitute suggest that the product
obtained is a dihydroxyalkyl derivative of
resorcinol. Besides, the experimentally found
molecular mass of 195 Da corresponds well to the
theoretically calculated one of 198 Da.

In the *"H NMR spectrum of fraction 2 (Figure
4c and 5¢) multiple signals at 1,37 — 1,43 (9H),
4,05 (1H) and 5,05 (2H) ppm, respectively, were
observed which can be attributed also as protons of
methine and methyl groups. The resonance signals
at 6,54 (2H) and 7,01(2H) ppm are referred to
protons in the aromatic ring. Taking into account
their number as well as other signal at 8,52 (6H)
ppm corresponding to protons in hydroxyl groups it
is presumed that the product obtained comprise
dimers of dihydroxyalkyl derivative of resorcinol as
main component. The theoretically calculated
molecular mass of 334 Da matches the
experimentally found one (336 Da) which also
supports the supposed structure of the product
obtained.

The multiple resonance signals at 1,28 — 1,30
(12H) and at 4,43 — 4,47 (4H) ppm observed in *H
NMR spectrum of fraction 3 (Figure 5d) are
attributed to protons of methine and methyl groups.
The other signals observed at 6,43 (4H) and at 7,30
(4H) ppm corresponds to protons of the aromatic
ring while that one at 10,00 (8H) ppm — to protons
of hydroxyl groups. The experimentally found
molecular mass of 553 Da is in good agreement
with the theoretically calculated one of 544 Da
which  implies the C-tetramethylcalix [4]
resorcinarene as a reaction product formed.

All separated fractions obtained at different
stages of process of C-tetra-methylcalix [4]
resorcinarene isolation were characterized by GPC
chromatography and *H NMR spectroscopy. Well-
established structures of the products obtained give
grounds to suggest the most likely mechanism of
the  polycondensation and  oligocyclization
processes presented in Scheme 1.
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Scheme 1. Proposed mechanism of the process of
polycondensation and oligocyclization.

The proposed mechanism of propagation of
oligomeric chains occurs mainly through
dihydroxyalkyl derivative of resorcinol and its
dimer product. A similar pattern is typical for
polycondensation of p-substituted phenols [22]
which ensures the formation of linear oligomers.

Considering the composition dependency of
fractionation products allow the following
conclusions:

1) Increasing the polarity of the reaction
medium leads to an increase of oligocyclization
which yields predominantly C-tetramethylcalix
[4]arene products, respectively;

2) In contrast, decreasing the polarity, i.e. more
ethanol in ethanol/water mixture, the longer
reaction time is needed for the process of
hydrolysis to proceed with hence for formation of
“high molecular” weight oligomeric products.

Optimization of C-tetramethylcalix[4]arene
isolation obtained by varying polarity of the
medium

It is found from the above studies that the
reaction mixtures after 24 hours time contain
mainly cyclic products but in a quantity less than
expected one. In order to optimize the procedure of
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Scheme 2. A route to separation and isolation of C-
tetramethylcalix[4]arene

isolation of C-tetramethylcalix[4]arene in a
maximum quantity the following scheme was used
(Scheme 2).

Initially, the precipitate (I) was separated from
the reaction mixture. The filtrate was evaporated to
dryness and recrystalized from methanol/water
mixture. A new residue (Il) and filtrate (II) were
collected. The methanol was evaporated from the
filtrate (1) and additional precipitate (I11) was
collected. Following this procedure, the cyclic
product obtained was almost completely isolated.
The products yielded from the process run at
different polarity of the medium ranged from 42%
to almost quantitative (99%).

All products obtained at different stages of the
procedure for the isolation of C-tetramethylcalix [4]
arene are subjected to fractionation using semi
preparative liquid chromatography. The fractions
collected were characterised by HPLC, GPC, IR
and *H NMR techniques to define the structure of
products obtained. The summarized data are
presented in Table 2.

As seen from Table 2 the increased medium
polarity (at minimum ethanol content in
ethanol/water mixtures) increases the formation of
cyclic products. Their maximum yield is reached at



Table 2. Composition of separated and isolated products obtained upon various polarity of the reaction medium

Ethanol/water solvent composition ratio

0:100 20:80 30:70 40:60 50:50 60:40 70:30 80:20 100:0
Fractionated products content in precipitate 1 (%)
L1* 58,83 - - - - - - 6,81 30,60
L2** - 17,43 - - - - - - -
Cl*** 18,80 48,34 58,69 33,95 25,83 21,21 31,26 5,58 -
C2**** - - 19,78 4,25 - - - - -
Fractionated products content in precipitate 2 (%)
L1* - - - 1,45 0,65 - 5,47 - 1,33
L2** - - - - - - - - 2,62
Cl*** 14,74 25,45 18,20 19,93 18,36 17,88 32,56 44,93 22,05
C2**** - - - 4,05 1,23 1,17 7,84 9,23 4,43
Fractionated products content in precipitate 3 (%)
L1* - - - - - - - - -
L2** - - - - - - - - -
Cl*** - 3,18 - - - - - - -
C2**** 5,18 4,70 1,19 2,70 2,07 1,36 3,20 1,43 2,30
Total content of fractionated products (%)
Total: 97,35 99,10 97,86 64,88 48,12 41,62 75,57 68,05 63,83
Content of oligocyclic isomers (%):
Cl*** 33,54 76,97 76,89 53,88 44,19 39,09 63,82 50,51 22,05
C2**** 5,18 4,70 20,97 11,00 3,30 2,53 11,04 10,66 6,73
Total: 38,72 81,67 97,86 64,88 47,49 41,62 74,86 61,17 28,78

*L1-Linear hydroxyl- and dihydroxyl derivatives of molecular mass up to 400 Da; **L2- Linear oligomers of molecular mass over 800 Da;
*** C1 — rccc-isomer of C- tetramethylcalix[4]arene; **** C2- rttt-isomer of C-tetramethylcalix[4]arene

30 % ethanol content. Generally, an increase in
medium polarity increases twice the content of
linear low molecular weight hydroxyl and
dihydroxyl derivatives which facilitates the subse-
guent cyclization. It should be noted that the
comparable amount of cyclic product is obtained in
both extreme cases (pure ethanol or water solution)

The existence of fractions of comparable
molecular masses in some of precipitated products
was found (for example C1 (553 Da) and C2 (556
Da) fractions). In addition, the existence of two
peaks at different elution volumes but with identical
UV spectra in HPLC eluograms (similar to those
shown in Figure 4) are observed. Moreover, the IR
spectra of these products were in a good agreement
with each other.

A triplet signal at 1.28 — 1.32ppm in '"H NMR
spectrum of C1 fraction was observed (analogous to
Figure 5). The spectrum of C2 fraction showed the
existence of triplet signal at 1.54 ppm. In both
cases, these peaks correspond to 12 protons and can
be attributed to the signals characteristic for the
protons of methyl groups. The observed signals at
448 ppm (C1 fraction) and at 4.54 ppm (C2
fraction) correspond to 4 protons assigned for the
protons of methine groups. Singlet signals observed
at about 10.0 ppm (C1 fraction, Figure 5e) as well

as those at 9.8ppm and 8.9 ppm (C2 fraction,
Figure 5d) both corresponding to 8 protons were
assigned to the protons of hydroxyl groups of
resorcinol since their disappearance in spectrum
upon addition of deuterated water. Therefore, these
products can be referred to rccc—and rttt-isomers
of C-tetramethylcalix[4]arene, respectively.
Regardless of their equal theoretical molecular
weight (544 Da) due to the difference in
hydrodynamic volumes a shift in elution volumes
was observed on chromatogram.

The growing interest in the optimization of the
reaction conditions for the synthesis of C-
tetramethycalix[4]resorcinarene is not accidental.
These products may serve as receptors of ionic and
neutral species [23] and as building blocks of
supramolecular chemistry structures of, i.e. as
components of capsules [24], cavitand [24,25],and
nanotubes [26,27]. The C-tetramethylcalix[4]
resorcinarene isomers and their derivatives are
applicable in the molecular recognition reactions
[28], separation procedures [29] and as mimetics of
biological processes [30].

CONCLUSIONS

The influence of the acid catalyst (hydrochloric
acid) on the yield and structure of the products

213



obtained in the course of polycondensation of
resorcinol and acetaldehyde was studied. It has
been shown that cyclic oligomeric products of
guantitative yields are obtained under certain
reaction conditions and catalytic amounts of
hydrochloric acid.

The influence of the polarity of the medium on
the composition of the obtained products has been
investigated. It has been found that by altering of
polarity of the reaction medium the formation of
cis- or trans-isomers of cyclic oligomeric products
can be controlled selectively. A possible
mechanism of the polycondensation and
oligocyclization processes is proposed. The
structure of the products obtained has been defined.

An optimized procedure for the separation and
isolation of the cyclic C-tetramethylcalix[4]arene
products has been proposed. It has been shown that
the cyclic product of quantitative yield is formed by
running the synthesis in alcohol - water reaction
mixture containing 30% ethanol.
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OIITUMMN3ALINA HA PEAKIIMOHHUTE YCJIIOBUA 3A CUHTE3 HA C-
TETPAMETUJIKAJIMKC[4]PE3OPLIMHAPEHU

. HnaqKOBa-HeTpOBal, II. HeTp0Bal, Cr. MI/IJ‘IOI_HCBl*, Xp. Hopakop?

! XHMMHUKOTEXHONOTHYEH U METATypriYeH yHUBEpCHTET, JIenapTaMeHT 10 TeXHOIOTHs Ha MOTMMEPHTE,
1756 Codus
2 MucruryT no momuMep, beiirapceka akagemus Ha Haykute, 1113 Codust

Tloctenuna Ha 18 stuyapu, 2012 r.; npueta Ha 16 romu, 2012 .

(Pe3tome)

IMoka3aH e HOB alNTePHATHBEH METOJ 3a CHHTE3 Ha Kajukc[4]pesopuunapenu. OmpeiencHH ca ONTHMATHHUTE
mapametrpu 3a moiydaBaHe Ha C-teTtpamermnkanukc[4]pe3opiMHapeHn, Karo MOpEACTaBUTE Ha Kiaca Ha
kanukc[4]pesopiiHapernTe, Ype3 BapupaHe Ha PEAKIMOHHUTE ycioBus.. [loka3aHo e, ue Te3d HUKINYHH MPOIYKTH
Morar jia ObJaT MOJy4eHH MPU ONpENeNICHH YCIOBHS, U3IIOJI3BalKK KaTAIUTUYHO KOJMYECTBO MUHETApHA KHCEJINHA.
YcranoBeHo e, ue 1uc-uuc (rcCc) u tpanc-tpaHe (rttt) uzomepu Ha C-Terpamerun-kanukc[4]pe3opiuHapeHd Moxe Ja
OBIAT CHHTE3UpaHU CENICKTUBHO Ype3 MPOMSIHA HAa CHOTHOLICHHETO Ha BOJHO-OpraHWYHarta asa, T.e. 4pe3 MpOMsHA
MOJIIPHOCTTA Ha cpefara. PeakiMOHHUTE NPOAYKTH ca pa3feieHH 4pe3 MONyNpenapaTHBHa Te4Ha XpoMmarorpadus u
OXapaKTepU3MPAHH dUpe3 ren-poTukeama xpomarorpadus (GPC), sapeno wmarmmren pesomanc ((H  NMR)
yarpasuoiieroBa (UV) u @ypue npeobpasysaina undpauepsera (FTIR) crnextpockomust.
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The correlation between the structure and spectroscopic properties of 2-amino-3, 5-dibrompyridine (1) is studied,
using the methods as single crystal X-ray diffraction, IR- and UV-spectroscopy. The X-ray diffraction investigation
showed that, the unit cell contains 4 molecules, forming dimmers by means of the NH...N hydrogen bonding. In
particular, the linear-dichroic IR-spectroscopy coupled with the orientation technique of solid samples as liquid crystal
suspension is applied for identification of the IR-bands, characteristic for the structural fragments. The presence of
dimmers formation in the unit cell assumed Fermiresonance splitting effect of the V® w2 Of (1) in the solid-state IR-
spectra. Quantum chemical calculations are performed in order to obtain the electronic structure and spectroscopic
properties of the compound studied (1).

Keywords: 2-amino-3, 5-dibromopyridine, Crystal structure, Linear-Dichroic Infrared Spectroscopy (IR-LD), Quantum

chemical calculations.
INTRODUCTION

The substituted aminopyridines are  N-
heterocyclic amines possessing biological activity.
Their action and biological effect as K+ and Caz+
channel inhibitor and the role of the transition metal
complexes and coordination capability has been
discussed systematically [1-6]. It is known, that
aminopyridines are weak bases and they can exist
in neutral or protonated cationic form at
physiological pH. This characteristic however
complicates the elucidation of the mechanism and
the site of action [7, 8]. On the other hand any in
vivo studies are based on the detail investigations
and correlations between the structure and
spectroscopic properties in vitro. In our previously
works [9-13] it was established the influence of the
protonation on the charge redistribution in
pyridinium ring and the effect on the optical and
magnetic properties, as well the self-association of
different substituted pyridines in solution and solid
state applying various methods for analysis. As a
part of our systematic study of pyridine derivatives
in this paper is presented structural and
spectroscopic investigation of the titled compound,
which structure is shown in Scheme 1. For that
purpose were used different methods as a single
crystal X-ray diffraction, comparatively

* To whom all correspondence should be sent:
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characterization by means of Irand UV-
NH,
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Scheme 1. Chemical
dibromopyridine (1)
spectroscopy in particular, the linear-dichroic
infrared (IR-LD) spectroscopy. Quantum chemical
calculations at the DFT, MP2 and CIS levels of
theory using 6-311++G**basis set are employed for
predicting and supporting of the experimentally
observed properties.

EXPERIMENTAL
Materials and methods

diagram of 2-amino-3,5-

Starting compound (1) is trade product (Sigma-
Aldrich). The suitable for the single Xray
diffraction measurements crystals were obtained by
recrystallization from ethanol.

The IR-spectra were measured using a Bomem-
Michelson 100 FT-IR-spectrometer (4000 — 400
cm ™, + 2 cm * resolution, 150 scans) equipped with
a Perkin Elmer wire-grid polarizer. The non-
polarized solid state IR spectra were recorded using
KBr disk technique.

The oriented samples were obtained as
suspension in a nematic 4’-Cyano-4’-alkyl-
bicyclohexyl mixture (ZLI-1695 in the Merck
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notation), mesomorphic at room temperature. The
poor Irspectrum makes possible to record the guest-
compound bands in the whole 4000-400 cm™
range. The presence of an isolated nitrile stretching
IR-band at 2233 cm‘additionally serves as an
orientation indicator. The effective orientation of
the solid state sample was achieved through the
following procedure: about 5 mg of the compound
studied was added to the appropriate liquid crystal
substance until a slightly viscous mixture is
obtained. The suspension thus prepared was pressed
between two KBr-plates rubbed out in advance in
one direction by means of fine sandpaper. The
grinding of the prepared mull in the rubbing
direction promotes an additional orientation of the
sample [14-17].

The UV-VIS spectra of the compound studied as
1.10* mol/l solutions (1-cm quartz cell) in
acetonitrile were recorded on Evolution 300
spectrometer (Thermo Scientific, USA) with + 2
nm resolution.

The X-ray diffraction intensities were measured
on a Bruker Smart X2S diffractometer, using
microsource Mo-K - radiation and employing the
®-scan mode. The data were corrected for Lorentz
and Polarization effects. An absorption correction
based on multiple scanned reflections [18]. The
crystal structures were solved by direct methods
using SHELXS-97 [19]. The crystal structures were
refined by full-matrix least-squares refinement
against F2 [18-21]. Anisotropic displacement
parameters were introduced for all nonhydrogen
atoms. The hydrogen atoms attached to carbon
were placed at calculated positions and refined
allowing them to ride on the parent carbon atom.

Quantum chemical calculations were performed
with GAUSSIAN 98 and Dalton 2.0 program
packages [22, 23]. The output files were visualized
using the GausView03 program [24]. The geometry
of (1) was optimized at two levels of theory:
second-order Moller-Pleset perturbation theory
(MP2) and density functional theory (DFT) using
the 6-311++G** basis set. The DFT method
employed is B3LYP, which combines Backe’s
three-parameter nonlocal exchange function with
the correlation function of Lee, Yang and Parr. The
molecular geometries of the studied species were
fully optimized by the force gradient method using
Bernys’ algorithm. For every structure the
stationary points found on the molecule potential
energy hypersurfaces were characterized using
standard analytical harmonic vibrational analysis.
The absence of the imaginary frequencies, as well
as of negative eigenvalues of the second-derivative

matrix, confirmed that the stationary points
correspond to minima of the potential energy
hypersurfaces. The calculation of the vibrational
frequencies and infrared intensities were checked to
establish which kind of performed calculations
agree the best with the experimental data. The
empirical scaling factors 0.9614 and 0.8929 are
made to achieve better correspondence between the
experimental and theoretical values. The UV
spectra in the gas phase and in acetonitrile solution
are obtained by CIS/6-311++G** and TDDFT
calculations at the same basis set. We use the
methods of Hartree-Fock theory and density
functional theory, systematically explained in [25-
29].
RESULTS AND DISCUSSION
Crystal and molecular structure of (1)

The X-ray diffraction investigation of the 2-
amino-3, 5-dibromopyridine (1) was carried out.
The obtained crystallographic data show, that
compound (1) crystallizes in the monoclinic space
group P2i/n. The presented in Fig. 1 an ORTEP
plot illustrates the structure at the 50% thermal
ellipsoids. The unit cell of the compound (1)
contains 4-molecules, which form dimmers by
means of the NH...N hydrogen bonding (3.041 A)
as is shown in Fig. 2.

Fig. 1. ORTEP plot of (1) at the 50% thermal ellipsoids;
Hydrogen atoms are shown as spheres of arbitrary radii.

Fig. 2. Unit cell contents and hydrogen bonding scheme
in (1).
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The asymmetric hydrogen bonding type with
participation of the NH2-group proposes an
observation of the Fermi-resonance splitting effect
[30-33] of the vs NH2 in the corresponding solid-
state IR-spectra of (1). The performed quantum
chemical calculations of the molecular geometry of
(1) show a good correlation of the obtained bond
lengths and angles, in comparing with the
experimental crystallographic data. The obtained
difference of 0.012 A and 1.0(2) ° is a good
background for the next vibrational spectral
analysis.

Vibrational and IR-LD spectral analysis

The calculated IR-spectrum of (1) is shown in
Fig. 3. From the spectrum can be see that, the most
typical in this respect are the characteristic bands of
the pyridine skeleton vibrations at 1619 cm™, 1587
cm*, 1496 cm-1 and out-of-plane peak at 966 cm-1
assigned according to Wilson notation [34] as 8a,
8b, 19a and 11-ycH, respectively. Comparing with
the data of other pyridine derivatives [14-18], the
presence of the Br-substituents leads to the higher-
frequency shifting of the in-plane skeleton
vibrations. The band at 1360 cm-1 belongs to vc.y
vibration. Comparing the theoretical and
experimental IR-bands a difference of 2 cm s
obtained for the above stated frequencies.
Significantly different are the IR-bands for the
NHz2-vibrations, as a result of the participation of
the group in the intermolecular interactions.

The theoretical IR-bands of v*yu2, ViNH2, Onwe
and oy, are at 3505 cm'*, 3385 cm™, 1619 cm-1
and 377 cm-1 (Fig. 3).

_JJL % JW \L‘l_,_”LLU\JLAL L__

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Absorbance /W averambers (cm ™)

Fig. 3. Calculated IR-spectrum of (1).

The corresponding bands at the experimental
solid-state spectrum are at 3464 cm-1, 3280/3210
cm?, 1627 cmand 700 cm™, respectively (Fig.
4.1). The band of v’y is Fermi resonance splitted
[25-29]. However, both bands are with the same
sign in the corresponding difference IR-LD
spectrum in Fig. 4.2. Direct proof of this statement
follows by the obtained elimination of these
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maxima at the same dichroic ratio (Fig. 4.3). The
last elimination leads to strong reduction of the
band at 1627 cm-1 of dnwe as a result of the
difference of the transition moments of the v’y
and Onn; an angle of 12.3(1)° according the
crystallographic data. The elimination of the v*yu,
leads to the reduction of the i.p. maxima at 888 and
706 cm*, which is also in accordance with the
calculated resulting transition moments (Fig. 4.4).
The elimination of the o.p. band at 960 cm-1 leads
to disappearance of the bands at 824 cm™* and 687
cm-1, which directly shows their belonging to the
same symmetry class (Fig. 4.5).
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Fig. 4. Non-polarized IR-(1), difference (2) and reduced
IR-LD spectra of (1) after the elimination of the bands at
3280 cm ™ (3), 3464 cm ™ (4) and 687 cm™ (5).

UV-spectral data

In accordance with the data literature [35, 36]
the electronic spectrum of 2-amino pyridine posses
two characteristic bands at 242 nm (¢ = 11000 L
mol*cm™) and 262" nm (¢ = 788 L mol‘cm™)
belonging to pyridine aromatic system. Other result
is observed looking on the UV-VIS spectrum of 2-
amino-3, 5-dibromopyridine. The spectrum of (1)
contains one broad band at 255 nm (¢ = 10160 L
mol ‘cm™) as a result of the presence and influence
of the bromine atoms as a substituents in the 2-
amino pyridine structure. These data are in a good
agreement with the theoretically predicted
electronic spectrum. The HOMO-LUMO Mos gaps
of (1) are given in the Scheme 2 and correlated well
with the obtained experimental data.

Scheme 2. HOMO and LUMO MOs gaps of (1)
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CONCLUSION

In this work is has performed structural and
spectroscopic analysis of 2-amino-3,5-
dibromopyridine by means of X-ray diffraction, IR-
and linear-polarized IR-spectroscopy of oriented
colloid suspensions in nematic host, UV-VIS
spectroscopy and theoretical calculations. It was
established the presence of dimers formation by
NH...N hydrogen bonding in the unit cell, which
proposes Fermi-resonance splitting effect of the
vs NH2 of (1) in the solid-state IR-spectra. The
guantum chemical calculations of (1) show a good
agreement of the obtained data (bond lengths and
angles) with the experimental crystallographic data.

SUPPLEMENTARY MATERIAL

Crystallographic data for the structural analysis
have been deposited with the Cambridge
Crystallographic Data Centre, CCDC 761691.
Copies of this information may be obtained from
the Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK (Fax: +44 1223 336 033; e-mail:
deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk)

Acknowledgements: The author thanks for the
single crystal X-ray diffraction measurements on
the Bruker Smart X2S (Sofia University St. KI.
Ohridski) a donation of the Alexander von
Humboldt Foundation

REFERENCES

1. P Gisele, C.A.Carlos, C. Yara, Eur. J. Pharmacol.
469, 57 (2003).

2. A. Nino, C. Munoz-Caro, Biophys. Chem. 91, 49
(2001).

3. C. Munoz-Caro, A. Nino, Biophys. Chem. 96, 1

(2002).

S. Akyuz, J. Mol. Struct. 482, 171 (1999).

Y. Buyukmurat, S. Akyuz. J. Mol. Struct. 651, 533

(2003).

6. P. Zimmermann. W. Buhr, C. Brehm, A. Palmer, M.
Feth, J. Senn-Bilfinger, W. Simon, Bioorg. Med.
Chem. Lett. 7, 5374 (2007).

7. H. Meves, H. Pichon, J. Physiol. Lond. 251, 60
(1979).

8. J. Raust, S. Goulay-Dufay, M. Le Hoang, D. Pradeau
& F. Guyon, J. Pharmaceut. Biomed. Anal. 43, 83
(2007).

9. B. Koleva, R. Nikolova, A. Chapkanov, S. Zareva, T.
Kolev, H. Mayer-Figge, M. Spiteller, W.S. Sheldrick,
Polish J. Chem. Techn. 11, 35 (2009).

10. A. Chapkanov, S. Zareva, R. Nikolova, T. Kolev, B.
Koleva, E. Trendafilova, Collect. Czech. Chem.
Commun. 74, 1295 (2009).

o s

11. A. Chapkanov, Struct. Chem. 21, 29 (2010).

12.B. Ivanova M. Arnaudov, H. Mayer-Figge,
Polyhedron, 24, 1624 (2005).

13.B. Koleva, E. Trendafilova, M. Arnaudov, W.
Sheldrick, H.Mayer-Figge, Trans. Met. Chem. 31,
866 (2006).

14.T. Kolev, M. Spiteller, B. Koleva, Amino Acids 39,
309 (2010).

15. B. lvanova, M. Arnaudov, P. Bontchev, Spectrochim.
Acta, 60A, 855 (2004).

16.B. Ivanova, V. Simeonov, M. Arnaudov, D. Tsalev,
Spectrochim Acta, 67A, 66 (2007).

17.B. Koleva, T. Kolev, V. Simeonov, T. Spasov, M.
Spiteller, J. Incl. Phenom., 61, 319 (2008).

18. G. Sheldrick, Acta Cryst. 64A, 112, (2008)

19. Sheldrik GM, SHELXL-97, Program for Crystal
Structire  Solution,  University of  Cottingen,
Germany, 1997.

20.R. Blessing, Acta Cryst. 51A, 33 (1995).

21.21A. L. Spek, J. Appl. Cryst. 36, 7, (2003).

22.Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria
G.E., Robb M.A., Cheeseman J.R., Zakrzewski V.G.,
Montgomery J.A., Stratmann R.E., Burant J.C,,
Dapprich S., Millam J.M., Daniels A.D., Kudin K.N.,
Strain M.C., Farkas O., Tomasi J., Barone V., Cossi
M., Cammi R., Mennucci B., Pomelli C., Adamo C.,
Clifford S., Ochterski J., Petersson G.A., Ayala P.Y .,
Cui Q., Morokuma K., Salvador P., Dannenberg J.J.,
Malick D.K., Rabuck A.D., Raghavachari K.,
Foresman J.B., Cioslowski J., Ortiz J.V., Baboul
A.G,, Stefanov B.B., Liu G., Liashenko A., Piskorz
P., Komaromi I., Gomperts R., Martin R.L., Fox D.J.,
Keith T., Al- Laham M.A., Peng C.Y., Nanayakkara
A., Challacombe M., Gill P.M.W., Johnson B., Chen
W., Wong M.W., Andres J.L., Gonzalez C., Head-
Gordon M., Replogle E.S., Pople J.A. Gaussian 98,
Gaussian, Inc., Pittsburgh, PA, 1998.

23. Dalton 2.0 Program Package,
http://www.kjemi.uio.no/software/dalton/dalton.html

24. GausView03,
http://www.softwarecientifico.com/paginas/gaussian.
htm

25.B. Koleva, T. Kolev, R.W. Seidel, H. Mayer-Figge,
M.Spiteller, W.S. Sheldrick, J. Phys. Chem. 112A,
2899 (2003).

26.B. Koleva, T. Kolev, R.W. Seidel, M. Spiteller, H.
Mayer-Figge and W.S. Sheldrick, J. Phys. Chem.
113A, 308 (2009).

27.T. Kolev, B. Koleva, R.W. Seidel, M. Spiteller and
W.S. Sheldrick, Cryst. Growth Des. 9, 3348 (2009).

28.T. Kolev, T. Tsanev, S. Kotov, H. Mayer-Figge, M.
Spiteller, W.S. Sheldrick, B. Koleva, Dyes &
Pigments 82, 95 (2009).

29.T. Kolev, B. Koleva, M. Spiteller, W.S. Sheldrick, H.
Mayer-Figge, J. Phys. Chem. 111A, 1084 (2007).
30.B. Koleva, T. Kolev, R.W. Seidel, Ts. Tsanev, H.
Mayer-Figge, M. Spiteller, W.S. Sheldrick,

Spectrochim. Acta, 71A, 695 (2008).

219



At. G. Chapkanov, B. B. Ivanova: Structural and spectroscopic characterization of 2-amino-3, 5-dibromopyridine

31.B. Ivanova, H. Mayer-Figge, J. Coord. Chem. 58, 34.G. Varsanyi, Vibrational Spectra of Benzene

653 (2005). Derivatives, Academia Kiado, Budapest, 1969.

32.B. Koleva, E. Trendafilova, M. Arnaudov, W. 35.S. Smrckova, K. Juricova, V. Prutianpv, Collect.
Sheldrick, H. Mayer-Figge, Trans. Met. Chem. 31, Czech. Chem. Commun. 59, 2057 (1994)
866 (2006). 36.S.F. Mason, J. Chem. Soc. 219 (1960).

33.T. Kolev, B. Koleva, T. Spasov, E. Cherneva, M.
Spiteller, W.S. Sheldrick, H. Mayer- Figge, J. Mol.
Struct. 875, 372 (2008).

CTPYKTYPHO U CIIEKTPOCKOIICKO OXAPAKTEPU3MPAHE HA 2-
AMMUWHO-3,5-JUEPOMOITNPUINH

A.T. I‘IaHK’bHOBl*, B. b. UBanosa®

Kameopa “Xumus”, Ipupodo-Mamemamuuecku gpaxyimem, FKeosanaden ynusepcumem ,, H. Puncxu“, 2700
Brazoesepad® Kameopa “Ananuuuyna xumus”, Xumuuen gaxynmem, CY ,, Ce. Knumenm Oxpuocku“, 1164 Cogus

ITocTpnuna Ha S 1oHH, 2012 r.; npueta Ha 23 omu, 2012 1.
(Pesrome)

W3zcnenBaHa e B3amMHATa 3aBHCHMOCT MEXIy CTPYKTypa M CIEKTPOCKOIICKHTE CBOICTBa Ha 2-aMHMHO-3,5-
JTUOPOMOTIMPUANH H3MOI3BAHKN METOANTE HAa PEHTIeHO-CTPYKTYpHuUs aHanu3, Y- u YB-cnektpockonusTa. [lanaute
OT PEHTTCHO-CTPYKTYPHHUS aHAIN3 II0Ka3BaT, Y€ eIEMEHTapHaTa KJIETKa ChAbPXKa 4 MOJEeKynu, oOpa3yBaiiku quMepn
ype3 NH...N BomopoaHo cebp3BaHe. OTIENHO € NPUIOKEeHa TUHEHHO - IuxponyHata MY-criekTpocKomus B ChUeTaHue C
TEeXHHKaTa Ha OPUCHTHPAHU TBBPJAU NPOOH KAaTO CYCIICH3Ms B T€UeH KpUCTaN 3a uaeHTuduiupane Ha Ha MY-usunure,
XapakTepHH 3a ChOTBETHHUTE CTPYKTYpHHU (pparmMeHTH. Hannunero n o6pazyBaHeTo Ha AUMEPH B elIeMEHTapHAaTa KJIeTKa
npeanonara edexta Ha Pepmu pe3oHaHCHHOTO pasuensane Ha v NH, Ha (1) B MU-criekTbpa B TBBPIO CHCTOSHHME.
W3BbplieHUTe KBAaHTOBO-XMMHUYHHM M3YHCIEHHS ca C Iel Ja ObJaT MOJy4YeHH eJeKTPOHHATa CTPYKTypa H
CIIEKTPOCKOTICKUTE CBOWCTBA HA M3y4aBaHOTO cheantenwue (1).
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Novel cysteic acid s-amides substituted in the sulfonamide function. Synthesis and
modifications
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In the present work we reported the synthesis of several analogues 5a-e of cysteic acid S-amides with
substituted sulfonamide function, where fully protected D,L-cysteic acid S-chlorides were treated with the required
aliphatic amines to give a series of new derivatives which could be considered as structural sulfoanalogues of leucine,
isoleucine and norleucine, respectively. We presented here new method for preparation of D,L-cysteic acid S-chlorides.
Various modifications with N,-, and C,- protective groups useful in peptide synthesis have been successfully achieved.
These novel compounds are of potential interest in structure-activity studies, easily applied in solid phase, as well as in

conventional synthesis of biologically active peptides.

Keywords: Amino acids, Cysteic acid S-amides, Aliphatic amines, Alkaline protease, Antimetabolites

INTRODUCTION

Increasing the likelihood of a chance discovery,
which is still a major route in drug development, it
seems prudent to consider synthetic transformations
of side-chain groups of the natural amino acids as
an alternative strategy for the preparation of
biologically active analogues and its incorporation
in peptides. The relationship between the antagonist
and the natural metabolite is one in which the -
carboxyl group of aspartic is replaced by the sulfo-
group in the analogue. Accordingly, the
sulfonamide or substituted sulfonamide derivatives
of cysteic acid were obtained in the similar manner
by different authors, [1-4] based on oxidative
chlorination of the disulfide bond in the cystine
molecule, followed by replacement of the chlorine
atom in the sulfochloride by an amino group. Due
to its structural similarity to asparagine, S-cysteine
sulfonamide was suspected to have the ability to act
as antagonist [5] and the early structure-activity
relationship studies with the cysteic acid S-amide
[6] aimed at developing inhibitors of L-asparagine
synthetase and potential antitumor agents with
substituted sulfonamide moiety [7,8]. It was found
that they inhibit grouth of asparagine - dependant
mutants of some microorganisms [9], exibit fairly
wide range of other antibacterial activities as well &
possess a low [10], or moderate antineoplastic
activity [11]. However, very little was done for the

* To whom all correspondence should be sent:
E-mail: tamara@bio21.bas.bg

application of the cysteic acid S-amide and its
derivatives with substituted sulfonamide function,
as structural sulfoanalogues of the appropriate
natural amino acids in the peptide design [12]. The
synthesis of sulfoanalogues of lysine [13] and
arginine [14], as well as their incorporation in some
model biologically active peptides have been
achieved [15,16]. Most of the cysteine sulfonamide
containing oligopeptides, synthesized by classical
methods of peptide chemistry, displayed higher
antibacterial activity than cysteine sulfonamide
[11,17].

On the basis of the above data and continuing
our research progr am on new nonproteinogenic
acids, we considered to synthesize several new
structurally related cysteic acid S-amides in order to
verify whether such kind of substitution could
improve the biological activity of this class of
compounds.

In this paper we report the synthesis of the
following new nonproteinogenic cysteic acid-S-
amides: cysteic acid S-(N,N-dimethyl) amide (5a),
cysteic acid S-(N-methyl, N-ethyl) amide (5b),
cysteic acid S-(N-methyl) amide (5c), cysteic acid
S-(N-ethyl) amide (5d), and cysteic acid S- (N-
propyl) amide (5e). They could be considered as
structural sulfoanalogues of the corresponding
natural amino acids - leucine, isoleucine and
norleucine, respectively and named as following -
sLeu, slle and sNle (sNle;, sNle, and sNle;) (Fig.
1):

222 © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

Melting points were determined on a Biichi
melting point apparatus and are uncorrected.
Elemental analysis was compatible for all new
products synthesized. Electron spray mass spectra

HooC HooC N
W Leu ﬁ/\soz sLeu
NH NH 5a
Hoocﬁ)\/ le HOOC SdN\/ slle
2

NH, 2 5b
W'
HOOC
HOOC N
Y\A Nle Y\SOZ ~ sNle,
NH2 NH, 5¢
W'
HOOC ‘N sNle
ﬁ/\SOQ ~ 2
5d
NH, H
|
HOOC -N sNle
W/\SOQ ~ 3
NH, 5

Fig. 1. Structures of the sulfoanalogues of natural amino
acids Leu, lle, Nle.

(ESMS) were done on a Vestec 201 single
guadropole mass spectrometer using
ACOH:H,0:MeCN (4:46:50) as a solvent. ESMS
spectra of the products were in agreement with the
composition of each compound. Optical rotation
was measured with a Perkin-Elmer polarimeter 241
(sodium lamp, 589nm). Thin-layer chromatography
(TLC) was run on precoated silica gel plates ( 60F-
254, Merck ) with the following solvent systems :
(@) 1-butanol : AcCOH : H,O (4:1:5), upper phase;
(b) 1-butanol : AcOH : H,O (4:1:1); (c) 1-butanol :
AcOH : H,0 : pyridine (15:3:3:10); (d) chloroform
: methanol (7:3); (e) I-butanol : AcOH : H,O
(2:1:1). Loads of 10-15 pg were applied and
chromatograms were developed at a minimum
length of 10 cm. Compounds were visualized by
UV, ninhydrin as well as the chlorine gas procedure
for the RIl-starch reagent. Analytical HPLC was
performed on a Waters 810 instrument under the
following conditions: gradient/solvent system A -
90:10 to 30:70 0,05% aqueous TFA : 0,05%TFA in
MeCN, linear gradient over 60 min at 1.0 ml/min
and B: 60:40 to 15:85 H,O/H3PO, (pH 3): MeCN,
linear gradient over 30 min at 1.0 ml/min. In both
cases a Mickrosorb C;g column  (Rainin Instrument
Co., Inc) was used. Overall yields are calculated
from the starting amino acid.

General procedure for synthesis of fully protected
cysteic acid S-amides( compounds 2a-€)

Na-Z-D,L-cysteic acid S-chloride ethyl ester, 1
(3.49 g, 10 mmol) dissolved in 15 ml CHCl; was
added dropwise to an ice-cold solution (DMF, 15
ml) of approptiate aliphatic amine (dimethylamine,
methylethylamine, methylamine, ethylamine and
propylamine) hydrochloride (30 mmol) previously
converted to a free base by treatment with Et;N (30
mmol). The mixture was stirred for 2-3 h at 0°C.
After completion of the reaction (TLC-monitoring)
the solvent was removed under reduced pressure,
and the evaporated residue was precipitated twice
from DMF/hot water and acetone light petroleum
consecutively.

Enzymatic resolution of parent No-Z-D,L-cysteic
acids S-amides ethyl esters (2a-e). Preparation of
compounds 3a-¢ end 4a-e

The amino acid 2a-e (10 mmol) was
dissolved in a mixture of DMF (40 ml) and water
(60ml) containing 30 mmol NaHCO;. Alkaline
protease from Bacillus subtilis DY strain (0.2 g)
was added and the mixture was stirred for about 4
hours (TLC monitoring) at 37°C. After removal of
the solvents under reduced pressure, water was
added to the residue, pH was adjusted to 9 with 5%
NaHCQO;, and the mixture was extracted with ethyl
acetate (3 x 70 ml). The combined organic phases
were washed with water, dried with Na,SO,, and
the solvent was evaporated under reduced pressure.
The isolated D-esters were crystallized from
DMF/H,0O and/or recrystallized from CHCly/light
petroleum. The aqueous phase was acidified with 5
% NaHSO, solution to pH 3 and extracted with
ethyl acetate (3 x 70 ml). The combined organic
phases were washed with water, dried with Na,S0,,
and the solvent was evaporated under reduced
pressure. The resulting L-enantiomers were
crystallized from MeOH or 2-PrOH.

General procedure for removing of Na-Z-protective
groups from L-enantiomers (4a-e). Preparation of
compounds 5a-e

No-Z-L-cysteic acid S-[N-(RiR,)] amide (5
mmol) was hydrogenated on Pd/C in 4,4% formic
acid/ MeOH (50 ml). After completion of the
reduction (1 hour), the Pd was filtered off and the
solution was concentrated under reduced pressure.
The residue solidified upon consecutive treatment
with MeOH and dry diethyl ether. The solid
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products were obtained as white foams and were
directly used for the next modifications.

General procedure for synthesis of Na-
substituted Boc-sulfonamide derivatives.
Compounds 6a-e

Each of the solid products 5a-e (10 mmol)
was dissolved in a mixture of 2-PrOH (30 ml),
water (10 ml) and EtzN (4.2 ml, 30 mmol) with
stirring. (Boc),0 (2.9 ml, 13 mmol) was added
dropwise and kept stirring until completion of the
reaction (12 hours, TLC monitoring). The organic
solvent was evaporated under reduced pressure, and
the cooled aqueous solution was acidified to pH 2 -
3 with 0,5% NaHSO,. The resulting mixture was
extracted with ethyl acetate (3 x 40 ml). The
organic layers were combined, washed with brine,
dried over Na,SO, and evaporated under reduced
pressure. The products were recrystalized from
DCM in a high purity.

Synthesis of methansulfonate of Z-Ser-OEt, 9

To stirred solution of Z-Ser-OEt (2.67 g, 10
mmol) in CH,CI, (20 ml) in the presence of DIPEA
(1.9 ml, 11 mmol) was added at 0°C a solution of
methanesulfonyl chloride (0.8 ml, 10.4 mmol) in
CH,CI, (10 ml). The mixture was stirred at room
temperature for 20 minutes, then the solvent was
evaporated under reduced pressure. The residue
was treated with ethyl acetate (20 ml) and water (20
ml). The organic layer was separated, washed
consecutivly with aqueous 5 % NaHCO; (3 x 10
ml) and brine (3 x 10 ml), dried over anhydrous
Na,SO, and filtered. The solvent was removed
under reduced pressure to give 9 (3.1g, 91%) which
then was used for the next steps without further
purification.

Synthesis of fully protected cysteic acid, 10

Sodium sulfite (1.7 g, 13.5 mmol) was added to
a solution of 9 (3.45 g, 9 mmol) in a mixture of
water : dioxane (1:1, 20 ml) and the mixture was
stirred at room temperature for 24 hours. Dioxane
was evaporated under reduced pressure, agqueous
solution was acidified to pH 3 and 10 was left to
crystallize at 4°C. Product (10) was obtained in 2.94
g (89%).

Synthesis of sulfonyl chloride of N- and C-protected
cysteic acid, 1

The SOCI; (1.4 ml, 19.4 mmol) was added
slowly to CH,Cl, (10 ml) at 0°C. The ice bath was
removed and 10 (2.94 g, 8.8 mmol) in CH,CI, (10
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ml) was added dropwise over one minute. The
mixture was stirred for 1 hour at room temperature
and then solvent was removed by evaporation under
reduced pressure. Residue crystallized from
absolute ethanol to give key intermediate, 1 (1.4 g,
45%).

RESULTS AND DISCUSSION

To our knowledge, until now only the
single synthesis of L-cysteic acid S-(N,N-dimethyl)
amide (5a), employing a similar approach to ours
has been published [12]. On the other hand, our
special interest concerns the synthesis of
corresponding  suitable protected sulfonamide
derivatives (4-7a-e, Fig. 2), useful clues for the
design of more potent and selective biologically
active compounds.

Et00C i EoO0C
SOLl . HNRR, \%/\SOQNFQR2

NHZ NHZ
2a-e

1 ‘ii

|

HooC
T SONRR,
NHZ

Et00C
\]//\\SOZNRIRZ
NHZ

da-e 3a-e

P

HooC
Sa-e v " SONRR

—

HooC
" SONRR
NHBoc
6

NHFmoc
Ta-e

a b c d e

R, CH; CH; H H H

R, | CHy CHg CH, CHy CH,

Fig. 2. Synthesis of protected sulfoanalogues. Reagents
and condition: i) CHCIy/DMF/-5°C; ii) Bac. Subt.
DY/DMF-H,O/NaHCO3/37°C;

iii) 10% Pd/C/MeOH/HCOOH; iv) (Boc),0/i-PrOH-
H,0/5% Na,COs; v) Fmoc-OSu/Dioxan-H,O/NaHCOs.

The synthetic route chosen for preparation of the
required compounds is illustrated in Fig. 2. The key
intermediate 1 was obtained according to the well-
known procedures previously described [4,7], based
on oxydative chlorination of the disulfide bond in
the cysteic molecule, followed by replacement of
the chlorine atom in the sulfochloride by an amino
group. In addition we present also a new synthetic
rout for preparation of the key initial compound —
sulfonyl chloride of cysteic acid 1 (Fig. 3). On the
first step mesylated N- and C-protected serine was
obtained. Preparation of this compound was done in
the presence of  N,N-diisopropylethylamine
(DIPEA) as a base in CH,Cl,. Methanesulfonyl
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chloride was added to the reaction mixture at 0°C
and the process continue at room temperature for
additional 20 minutes. Product was obtained easily
by simple washing of its organic solution in very
good yield of 91%. Next step of this synthetic
scheme is preparation of N- and C-protected cysteic
acid. It was made by reaction of methanesulfonate
with sodium sulfite in water : dioxane mixture for
24 hours at room temperature. N- and C-protected
cysteic acid was obtained in good yield (89%), after
evaporation of dioxane and consecutive acidifying
of the aqueous solution. Sulfonyl chloride 1 was
synthesized in reaction of 10 with SOCI, with
moderate yield of 45%.

SO,H

/[OH i /[OMS ii A i /[
ZNH ZNH ZNH
8

so,Cl

COOEt COOEt COOEt ZNH™ "COOEt

9 10 1
Fig. 3. Synthesis of sulfonylchloride. Reagents and
condition: i) CH3SO,CI/DIPEA/DMF; ii) Na,SOs/H,0;
iii) SOCI,/CH,Cl,.

The experiments showed that stable cysteine
sulfochloride derivatives could be obtained only if
both the amino and the carboxy groups are blocked
[6]. The synthesis of all compounds I-7a-e was
accomplished in a similar manner as it is outlined in
our initial studies [18]. The parent derivatives 2a-e
were afforded by simple condensation of the
starting racemic compound N,- carbobenzoxy-
cysteic acid S-chloride ethyl ester with the desired
aliphatic amine (dimethylamine, methylethylamine,
methyl-, ethyl-, or propylamine). In all cases the
sulfochloride/amine ratio was kept 1:3, the reaction
was held at —5 to 0°C, and was realized by drop
wise adding of the solution of sulfochloride in
CHCl; to the ice-cold stirred solution of the
corresponding amine in DMF, previously converted
to a free base by treatment with EtsN. After
completion of the condensation monitored by TLC,
the obtained crude material was precipitated from
DMF/hot water and recrystallized from ethyl
acetate/light petroleum. These initial derivatives
were obtained in yields ranging from 65 to 88%.
Resolutions of the racemates 2a-e was achieved
using alkaline protease from Bacillus subtilis DY
strain, whose applicability to selective hydrolysis of
amino acid esters with L-configuration was shown
in previous studies [19]. As well as the high level of
enantiomeric  discrimination  involved  with
enzymatic processes, the work-up procedure after
the use of protease is usually particularly

straightforward since the unchanged D-amino acid
derivatives 3a-e can be extracted from the reaction
mixture using a water-immiscible solvent, while the
N,-L-protected enantiomers 4a-e — after acidifying
the reaction mixture. In our present experiments we
achieved good resolution of the racemic derivatives
of di-substituted aliphatic amines 2a,b defer from
those of mono-substituted methyl, ethyl- and
propylamine 2c-e, where the vyields of D-
enantiomers 3c-e were quite low — 20 to 25%.

The  Ng-benzyloxycarbonyl protected L-
enantiomers 4a-e, recrystallized from appropriate
alcohol in good yields (65 to 93%), were used for
catalytic hydrogenation step in order to obtain the
final L-cysteic acid S-amides 5a-e. The Z-
protecting group was removed by hydrogenolysis
with 10% palladium on charcoal in methanol using
formic acid as a hydrogen donor. Because of the S-
content the reaction time was taken longer, up to 4
hours, determined by thin layer chromatographic
analysis of samples taken at various times. The
required S-cysteic acid sulfonamides 5a-e, easily
obtained as solids from aqueous ethanol directly
were used for further modifications or purified
finally by reversed phase MPLC (0-30% i-PrOH in
0,2% AcOH).

N,-Boc-protected  derivatives 6a-e  were
obtained by treatment of the free L-enantiomers 5a-
e with (Boc),O in misture of water/isopropanol and
pH was adjusted to 7.5 - 8.0 with 5% Na,COs. All
of the  obtained Boc-derivatives  after
recrystallization from appropriate alcohol were
obtained in high yields (95 to 96%) and purity.

Cleavage of the Boc-protecting group was
achieved using ethyl acetate saturated with
anhydrous HCI  (1.5-4N  HCI/EtOAc) or
TFA/anisole (9 : I) in 98% yield. Fmoc-OSu was
chosen as the preferable reagent for the synthesis of
the Fmoc-derivatives 7a-e because its use results in
reproducibly high yields under mild conditions. The
optimum procedure was utilized a 10% excess of
corresponding L-cysteic acid S-amide over Fmoc-
OSu, a minimum volume of dioxane to agqueous
phase (~ 1:10 by volume) and two fold excess of
sodium carbonate over amino acid component. The
reaction was most efficient when the reactants were
stirred vigorously at room temperature. The
preparation of Fmoc-cysteic acid S-amides was
accomplished without serious side reactions, in 84
to 85% vyields.
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All newly reported cysteic acid S-amides and
the corresponding derivatives were obtained

Table 1. Analytical data of analogues 5a-e and derivatives

chromatographically pure (TLC and HPLC) and

Elemental ESMS
analysis
| [alo® )
Comp. Yield M.p. c=01 Found/ Calc.
N [%] [°C] (C=0L, % C % H %N %S
EtOH)
Found/ Calc. Found/Calc. Found/ Calc. Found/ Calc.

2a 81 94- 96 50,03/50,27 6,11/6,19  26,32/26,78 9,03/ 8,95 358.2 /358,419
3a 85 92-93 +8,8 50,16/50,27 6,01/6,19 7,88/ 7,82 8,90/ 8,95 358.6 /358,419
4a 91 103-104 -18,4 47,12/4726 5,30/5,49 8,42/ 8,48 9,80/ 9,71 330.3 /330,365
5a 95 157-160 -35,3 30,55/30,61 6,23/6,16 14,35/ 14,28 16,42 /16,34 195.9/196,221
6a 95 147-148 -158 40,30/4053 6,72/6,80 9,33/ 9,45 10,88/10,82 296.4 / 296,348
7a 84  133-134 -12,7 57,09/57,40 5,28/5,30 6,75/ 6,69 7,44/ 7,66 418.3/418,474
2b 88 85- 87 51,46 /51,60 6,37/6,50 7,341752 8,29/ 8,61 372.4/ 372,446
3b 80 83-84 +7,7 5153/ 5160 6,38/ 650 7,63/7,52 8,60/ 8,61 372.5/372,446
4b 93 112-113 -20,2 48,41/ 48,83 5,55/ 5,85 8,03/8,13 9,17/ 9,31 344.3/ 344,392
5b 95 160-163 -37,1 34,33/34,28 6,80/6,71  13,43/13,32 15,34 /15,25 210,3/210,248
6b 93  140-142 -17,0 42,67/ 4257 7,21/7,14 9,19/9,03 10,23/10,33 310.4 /310,375
7b 87 129-131 -146 58,43/58,46 5,66/ 537 6,27 /6,49 7,19/ 7,43 431.3/431,482
2c 65 87- 90 48,76/ 48,83 5,81/5,85 8,20/ 8,13 9,35/ 9,31 344.3 ] 344,382
3c 45 86-88 + 9,1 48,71/ 48,83 5,87/5,85 8,15/ 8,13 9,40/ 9,31 344.4 ] 344,382
4c 65 113-115 -20,7 45,60/ 4556 5,04/5,10 8,67/ 8,86 10,30/10,14 316.2/ 316,328
5c 88 178-180 -356 26,47/ 26,37 5,66/553 1533/1538 17,71/17,60 182.1/182,194
6¢c 91  149-151 -14,1 38,39/ 38,29 6,48/6,43 9,98/ 9,92 11,41/11,36 282.4 /282,311
7c 82  140-142 -16,1 56,52/ 56,57 4,35/4,75 6,43/ 6,94 7,05/ 7,95 403.3 /403,429
2d 54 89-92 49,76/ 50,27 6,71/ 6,19 7,20/ 7,82 8,35/ 8,94 358,42/ 358,408
3d 24 88-91 +8,9 50,71/ 50,27 6,71/ 6,19 7,20/ 7,82 8,35/ 8,94 358,42/ 358,408
4d 67 113-117 -21,7 4536/47,27 5,40/ 5,49 8,17/ 8,48 9,30/ 9,70 330,4/ 330,354
5d 61 181-183 -36,6 29,82/30,61 5,74/6,16 14,93/14,28  16,87/16,34 195,0/ 196,221
6d 84  149-151 -145 39,33/40,52  7,11/6,80 9,39/ 9,49  10,42/10,81 297,1/ 296,454
7d 76  143-146 -17,1 58,11/57,52  4,88/5,07 7,06/ 6,74 6,90/ 7,68 416,7/ 417,572
2e 70 90-91 51,33/ 51,60 6,47 /6,50 7,38/ 7,52 8,43/ 8,61 372.6 / 372,446
3e 51 93-95 +9,1 51,33/ 51,60 6,47/6,50 7,38/ 7,52 8,43/ 8,61 372.3/ 372,446
4e 78 115-116 -21,8 48,74/4883 5,69/5,85 8,17/ 8,13 9,23/ 9,31 344.3/ 344,392
5e 85 183-184 -38,7 34,32/3428 6,85/6,71 13,13/13,32 15,38/15,25 210.3/210,248
6e 96 152-153 -14,7 42,66/4257 7,18/7,14 9,23/ 9,03 10,02/10,33 310.4 /310,375
Te 85  145-148 -186  58,49/58,46  5,45/5,37 6,38/ 649 7,51/ 7,43 431.5/431,482

identified by elemental analysis and electron spray
mass spectra (ESMS). The chiral purity of the final
compounds was verified also. The collected
physico-chemical and analytical data of the
described compounds are presented in Table 1.

In summary, a set of new chirally pure unusual
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amino acids, based on cysteic acid S-amide was
synthesized. We have reported also, the new
approach for synthesis of the lead compound 1.
According to our recent investigations these new
members of cysteinsulfonamide family are
promising candidates for studies on the
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physiological roles of the corresponding natural
amino acids — leucine, isoleucine and norleucine, as
well as attractive peptide modifiers, useful clues for
design of more potent and more selective
biologically active compounds.
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HOBU S-AMUJIN HA HUCTEMHOBATA KUCEJIMHA, 3AMECTEHU B
CYJIOOHAMUJIHATA I'PYITIA. CUHTE3 1 MOJJU®UKALINNA

C.C. Ilanuesal, P.X. Kanay3ka, E.C. Mosuesa, T.A. J3umboBa, E.I1. [Tonreopruesa,

T.N. IlaitnanoBa

Hocreruna va 10 ronu, 2012 r.; npuera Ha 3 aBrycr, 2012 .

(Pesrome)

HUnemumym no monexyasapua 6uonocus ,, Axao. P. [{anes, BAH, 1113 Coghus

B mnHacrosimara pa60Ta NpeaAcTaBAMEe CUHTE3aTa Ha IMOpeaAvla aHallo3u S5a-e Ha S-aMI/II[I/ITe Ha IOUCTCHHOBATa

KHUCEJInHa CbC 3aMCCTCHA Cyﬂ(i)OHaMI/IILHa rpymna. Hanbaao 3allIUTCHUTC S'XJ’IOPI/I,HI/I Ha D,L'III/ICTCI/IHOBaTa KHCCJIINHAa
BSaHMOHGﬁCTBaT CbC CbOTBCTHUTC EU'II/I(I)EITHI/I aMHHHU, IIPU KOCTO €€ 1oJIydaBa cepursd OT HOBU ITPOU3BOJHH, KOUTO MOTaT
Jla ¢c€ MpueMaT KaTo CTPYKTYPHU cynq)o-aHanom Ha JICBLIMH, U30JICBIMH U HOPJICBIIUH, CbOTBETHO. TyK € MPCACTABCH U
HOB MCTOJ 3a IOJy4aBaHE Ha S'XJ'IOpI/I,HI/I Ha D,L-III/ICTGI/IHOBaTa KHCEeIIMHA. Y CIICIIHO ca HalpaBCHU MO,Z[I/I(i)I/IKaIII/II/I C
pa3aniHu No- u Ca-SaIIII/ITHI/I Tpynu 3a HEJIUTC Ha NCINTUAHUA CUHTE3. Te3n CbCIMHCHUS Ca NOAXOAAIIN 3a U3yYaBaAHE
Ha BpPBb3KaTa CTPYKTYpa — aKTHUBHOCT, TBil KaTO MOTaT JIECHO Aa C€ HUBIOJ3BAT KAKTO IIpU TBT:p,HO(l)aSCH, Taka U Opu

KOHBCHIITMOHAJICH CUHTC3 Ha OMOJIOTHYHO aKTUBHU NCITHH.
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Abstract: The synthesis of N-acetyl derivatives of a-amino acids (L-Gly, L-Val, L-Phe, L-lle, L-Pro and L-Cys)
using a simple and efficient method for preparation was carried out. The N-acetyl derivatives were obtained using acetic
anhydride in basic conditions at room temperature. The methyl amides of N—acetyl amino acid were synthesized by
mixed anhydride procedure using a Piv—Cl as a reagent. The conventional and IR-LD spectral analysis were applied for
elucidation and characterization of typical IR-bands of the starting and intermediate compounds. Spectral investigation
includes IR-characteristic bands assignment and elucidation of amino acids as zwitterions structures — L-Valine (L—
Val), L-Proline (L-Pro) L-Cystein (L-Cys) and their intermediates by linear-dichroic infrared (IR-LD) spectroscopy
of oriented solid sample as a nematic liquid crystal suspension. The experimental IR-characteristic bands obtained, were
accompanied with spectral elucidation and structural prediction of the investigated compounds.

Key words: a-amino acids, N-acetyl-derivatives, IR —LD spectral analysis

INTRODUCTION

The profound significance of biological
compounds in our daily lives has prompted a lot of
research into their analysis and identification. The
determination of peptide and protein structures
constitutes one of the pillars of current investigation
in molecular biology and biochemistry.

A great interest to N-acetyl derivatives of a-
amino acids is because of their wide spectrum of
actions [1]. There are many examples for N-
acetylated amino acids in living organisms. N-—
acetyl derivatives of L—proline, L-glutamine and 4—
hydroxyl-L—proline are particular importance,
because of their uses as medicines and biologically
active  supplements.  N-Acetyl-4-hydroxy-L—
proline has found practical use in producing of the
medicines which has anti-inflammatory and
analgesic actions [2, 3]. N-Acetylaspartic acid is a
derivative of aspartic acid, which is the second
most concentrated molecule in the brain after the
amino acid glutamate. It is synthesized in neurons
from the amino acid aspartate and acetyl coenzyme
A. N-Acetyl-L-glutamine is used in sport medicine
as a component for increasing training intensity,
muscle growth and strength. N-Acetyl cysteine is

* To whom all correspondence should be sent:
E-mail: chapkanov@swu.bg

derived from cysteine found in food and
synthesized in the body. It helps the body to
synthesize glutathione, which is used as a
mucolytic agent to reduce the viscosity of mucous
secretions [4].

The development of an effective synthetic
method of N-acethyl derivatives of amino acids has
a practical importance, as well as the development
of fast and simple analytical methods for structure
determination. Powder X-ray diffraction is one of
the powerful and routine method for determination
of solids in pharmaceutical industry. However, the
method is relatively expensive, difficult for
operation and requiring a preliminary samples
treatment.

Infrared (IR-) and Raman spectroscopy are other
also wide used in the practice and pharmaceutical
industry. However, in many cases the choice of
suitable method for analysis often is difficult on
account of the typical for crystals effects of Fermi-
resonance [5-7]. Linear-polarized IR-spectroscopy
of oriented colloids in nematic host could resolve a
lot of these problems. The method is unique for
experimental assignment of the characteristic bands
and local structural elucidation independently of the
crystalline or amorphous character of the samples
[8-11]. Different N-acetyl amino acid derivatives
were synthesized, characterized and reported earlier
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as well as and the corresponding spectral study
[12-19].

EXPERIMENTAL
Materials and methods

Amino acids and solvents were purchased from
Fluka and wused without further purification.
Melting points were measured on Biichi
(Switzerland) model 535. Optical rotation was
determined on Polarimeter 141, Perkin Elmer
(USA). For TLC silicagel plates (Merck, 60Fjs,)
were used and following systems: A) CHCI; :
MeOH : H,0 (80:30:5); B) CHsCN : H,0 (4:1).

SYNTHESIS

N-Acetyl amino acids Amino acid (0.1 g) was
dissolved in 5N NaOH (3 ml) and acetic anhydride
(2 x 0.2 ml) was added over 15 min. period of time.
Reaction mixture was stirred at room temperature
for 1 hour and the water was evaporated under
reduced pressure. The residue obtained was dried
and used without further purification in the next
reaction stage.

N-Acetyl amino acid methyl amides. To the
solution of N-acetyl amino acid (3 mM) in the
solvents (2 ml DMF and 2 ml THF) mixture, NMM
(0.33 ml, 3 mM) was added and the reaction
mixture was chilled to —10°C. The reagent Piv-Cl
(0.37 ml, 3 mM) was added dropwise and after 10
minutes solution of methyl amine hydrochloride
(1g, 15 mM) and EtsN (0.415 ml, 15 mM) in water
(2 ml) was added. The reaction process completed
after 1.5 hour at —10°C and the solvents were
evaporated under reduced pressure. The residue
was dissolved in CHCI; (10 ml) and washed with
water (2 x 10 ml). Organic layer was dried over
anhydrous Na,SO, and CHCI; was evaporated. The
pure product was obtained after column purification
(silicagel) and eluent: CH3CN : H,O (4 : 1, viv).

METHODS

The IR-spectra were measured using a Bomem-
Michelson 100 FT-IR-spectrometer (4000 — 400
cm?, 2 cm* resolution, 150 scans) equipped with a
Perkin Elmer wire-grid polarizer. Non-polarized
solid-state IR spectra were recorded, using the KBr
disk technigue. The oriented samples were obtained
as a colloidal suspension in a nematic 4’—cyano—4’-
alkylbicyclohexyl mixture (ZLI1-1695, Merck),
whose poor IR-spectrum allows the recording of
the guest-compound bands in the whole 4000 — 400
cm ' range. The presence of the isolated nitrile
stretching IR-band at about 2230 cm™ additionally

serves as an orientation indicator. The effective
orientation of the solid samples was achieved by
the next procedure: the investigated compound (5
mg) was mixed with the liquid crystal substance
until obtaining of a slightly viscous suspension. The
phase prepared thereby was pressed between two
KBr-plates, which in advance were rubbed out in
one direction by fine sand-paper. The grinding of
the prepared mull in the rubbed direction promotes
in addition the sample orientation [20, 21]. For
polarized IR-spectra interpretation, the IR-LD
spectroscopy use stepwise reduction procedure [22—
25]. The IR-LD data interpretations are consisted in
subtraction of the perpendicular spectrum (IRs — a
result of the 90° angle between the polarized light
beam electric vector and the orientation of the
sample) from the parallel spectrum (IRp) obtained
with a co-linear mutual orientation. The recorded
difference  (IRp-IRs) spectrum divides the
integrated absorbance into positive and negative
bands. Positive bands originate from transition
moments which form average angles with the
orientation direction (n) between 0° and 54.7°
(magic angle) and negative bands corresponding to
transition moments, which are directed between
54.7° and 90°. In the reducing-deference procedure,
the perpendicular spectrum, multiplied by the
variable parameter c, is subtracted from the parallel
spectrum and parameter c is varied until at least one
band or set of bands is eliminated in the obtained
(IRp — cIRs) reduced IR-LD spectrum. The
simultaneous disappearance of these bands in the
reduced spectrum provides information about the
mutual disposition of the molecular fragments. This
elimination method is carried out graphically using
the attached subtracting procedure for processing of
IR spectra.

RESULTS AND DISCUSSION

This work is a part of systematic synthetic,
spectroscopic and structural investigations on
amino acids, their derivatives and small peptides
about the possibilities for application as potential
medicines [26-28]. The aim was to develop simple
and efficient methods for preparation N-acetyl-a-
amino acids derivatives using a mixed anhydride
procedure — the action of acetic anhydride using
water as the reaction medium. The synthesis of the
desired N-acetyl amino acid methyl amides was
done according to the Scheme 1.

The first step in our scheme is the synthesis of
N-acetyl amino acid derivatives using acetic
anhydride at basic conditions (5N NaOH) in
aqueous solution and room temperature for 1 hour.
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Schemel. Synthesis of N-acetyl amino acid methyl
amides

N-Acetyl amino acids were used on the next
step after evaporation of the solvent, drying of the
crude product without further purification. N-
Acetyl amino acid methyl amides were obtained in
mixed anhydride procedure — Piv—Cl was used as a
reagent. The reaction was carried out at -10°C in
mixture of THF and DMF as solvents. The reaction
process continued for 1.5 hour and the desired N-
acetyl amino acid methyl amide was obtained after
column purification (silicagel, CH:CN : H,0, 4:1,
v/v). Some physical constants and chemical
characteristics of the synthesized compounds are
presented in Table 1.

Table 1. Some physical data and characteristics of
amino acid derivatives

. . Melting . . .
Amino acid point Optical rotation  Yield
derivatives [0]p® (%)

(mp), °C
Ac-Pro 115-117 -86 (C=1, C,Hs) 77
Ac-Val 124-125 +7,4 (water) 82
Ac-Gly 207-209 - 80
Ac-Cys 109-112 —-35 (water) 81
Ac—Phe 168-169 +47 (water) 78
Ac-lle oil +42 (water) 81
Ac—Pro-NH-CHj; 32 -210°(C=1, water) 25
Ac-Gly-NHCH; oil 27

-24 (MeOH) 31
+2.9 (MeOH) 33
~1.5 (MeOH) 26

Ac—Cys-NHCH; 81
Ac—Phe-NHCH; 196
Ac—lle-NHCH; 220

IR-SPECTRAL ANALYSIS

The spectral results of the investigated
compounds are assigned on the basis of known IR-
data about similar systems [29-32]. The
characteristic IR-bands of the pure amino acids L-
Val, L-Pro and L-Cys are listed in Table (2). Using
the statement, that pure amino acids stabilize
zwitterionic (HsN*-R-COO- (Lval and L-Cys)) and
H,N*-R-COO™ (L-Pro) structure with characteristic
IR-spectral bands of -NH;" and -COOgroups, the
comparison and assignment of the solid-state IR-
spectra (Figs. 2.1) of the systems studied was
carried out. The method of polarized IR-
spectroscopy is appeared to be unique for the
experimental proving of the vibrational bands to
corresponding modes. In all cases a preliminary
deconvolution and curve-fitting procedure for the
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peak positions obtained and corresponding integral
absorbance are in the 1750 — 1500 cm ™ region
according to [18].

Table 2. IR-characteristic bands of some amino acids in
1700 — 1350 cm * region

Assignment L-Val L-Cys L-Pro
v[em?]
vNH;" 3200 — 2700 3320-1800
VENH,* 3170
vNH," - 3000 — 2400
8 NH;" 1629 1654
8% NH,* 1612 1610
8°NH," 1567 1530
SNH,* 1626, 1612
vECOO0- 1585 1589, 1567, 1552
v*COO- 1508 1397, 1407, 1402
VvSH 2551
5 NH," +tNH;" 2068
vC—N 1349

*IR-data obtained after applied deconvolution and curve-fitting
procedures

The comparative spectral analysis shows the
presence of bands in the 3320 — 1800 cm™ region
assigned to the v®yus+ and Vypa+ Stretching
vibrations of the protonated amino group -NH;" for
amino acid L-Val and L-Cys and vy Stretching
vibrations for L-Pro. The band with frequency at
3170 cm™ belongs namely to vz of L-Cys. In
the spectra of L-Val and L-Cys are observed two
caple of bands at 1629, 1612 cm™ and at 1654,
1610 cm™ characterizing asymmetric banding
vibrations (8%®wn3+). The corresponding bands for
protonated —NH, group in L-Pro are at 1626 and
1612 cm. (see Table 2). The bands at 1567 cm™ (
L-Val) and at 1530 cm™ (L-Cys) are assigned to the
symmetric banding vibrations (8°yus+). The typical
-COO™ maxima are in the 1600 — 1400 cm* spectral
range. The character of the band at 1585 cm™ and
1508 cm™ are assigned and belonging to the
asymmetric and symmetric stretching modes of
COO-fragment (v¥coo- and vcoo.) in the molecule
of L-Val. The bands at 1589 and 1397 cm™
correspond to V¥po. and V’coo.  stretching
vibrations of COO-fragment of L-Cys. For L-Pro
are definited two pair of bands corresponding at
1567, 1552 cm'(v®co0) and 1407, 1402 cm*
(v*COO-) probably as a result of different molecul
interactions (see Fig.1). The observed other bands
for L-Cys at 2068 cm?t corresponds t0 &wma+ +
Tnhz+ COmbination mode, while the intensive band
at 2551 cm™* corresponds to vg stretching vibration
of the SH-group.The band at 1349 cm™ belongs to
ven Stretching mode.

Using stepwise reduction procedure of IR-LD
method, the obtained reduced spectrum for L-Pro
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Fig. 1. Non-polarized IR-(1) and reduced IR-LD (2)
spectra of L-Pro after elimination of 1626 cm™* peak

illustrated the strong reduction of 1567 cm™ peak
with the 1626 cm™ one (see Fig.1.2 and Table 2).
Due to the last procedure second pairs of observed
maxima at 1612 cm™ and 1552 cm™ probably
correspond to Synp+ and v¥COO- modes of other
second molecule which is very likely to be oriented
differently in the frame unit cell of L-Pro. This
assumption is confirmed by single crystal X-ray
data of L—Pro [33], where the unit cell contains four
molecules which are similarly mutual oriented by
pairs. Similar behaviour is observed in L-Val,
where the simultaneously elimination of pairs of
peaks at 1629 cm™ and 1612 cm™ confirmed their
character as 8%\us+ and & “wua (Tab. 2) due to
their possession of the same symmetry class.

It is necessary to underline, that the non-
polarized IR- and IR-LD spectra of N-acetyl-L-
cysteine (Fig.2) are characterized with significant
degree of particles orientation in nematic liquid
crystal [10, 11], allowing the precise assignment of
corresponding IR-bands. The observed broad
absorption band in the 3100 — 1800 cm™ range
belongs to wvoy Stretching vibration of the
intermolecular interaction OH-group of the COOH,
typical for carboxylic acid. The obtained maximum
with low intensity at 1918 cm™ is typical too for
systems with stronger intermolecular hydrogen
bonding. The intensive band at 3374 cm™ belongs
to vnu Stretching vibration of the amide fragment,
while the maximum at 1716 cm ™ to ve-o stretching
vibration of COOH group (see Fig.2).

The reduction of last band in the difference IR—
LD spectrum (Fig.2) indicates, that the transition
moment of corresponding C=0 vibration is oriented
towards the orientation direction (n) of the liquid
crystal at angle of 54.7° (magic angle). The
intensive band about 1575 cm™ belongs to Sy
bending vibration. This maximum is strong reduced

Fig. 2. Non-polarized IR-(1) and difference IR-LD (2)
spectra of N-acetyl-L-cysteine

with the elimination of the vq-o band from —-COOH
group (Fig.2) which is in accordance with the
assumption, that both transition moments are
approximately equal oriented. The same procedure
leads to elimination of the band at 541 cm™,
indicating probably its belongings to bending
vibration (8¢c=0) Of carbonyl group. On the other
hand, the elimination of the vc-o band leads to
reduction of the maximum at 2551 cm™
Characterizing stretching vibration of vsy, Which
shows, that both transition moments are also near to
co-linear oriented.

CONCLUSION

The N-acetyl- derivatives of a-amino acids (L—
Gly, L-Val, L-Phe, L-lle, L-Pro and L-Cys) were
synthesized by efficient and simple method using
acetic anhydride in basic conditions and mixed
anhydride procedure following using Piv-Cl as a
reagent. The IR - spectral investigation includes
determination of the characteristic bands of some
strating compounds (as zwitterionic structure) and
N-acetyl- derivatives (N-acetyl-L-cysteine). The
method of linear polarized vibrational IR-
spectroscopy of oriented colloids in nematic host is
applied on L-Val and L-Cys, with a view to obtain
experimental bands assignment and local structural
elucidation in  solid-state. ~ The  obtained
experimental IR-LD  results confirm  the
applicability of the used spectral method for
structural determination.

Acknowledgements: This investigation was
supported by the project SRP-A8 “Synthesis and
spectral characterization of biological-activated
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derivatives’- SWU”N. Rilski”, 201 1.
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CHUHTE3 U NY-JII CITEKTPAJIHO OITPEAEJIAHE HA N-ALETUJI
AMUWHOKUCEJIMHHU ITPOU3BOIHN

A.T. Yanksros® ', T. A. [lsumGosa®, B. b. Usanosa®

'Kameopa “Xumus”, [IM®, KOz03anaden ynusepcumem ,, H. Puncku“, 2700 Brazoeszpad
2HHcmumym no monexynapua éuonoeus ,, Akao. P. [lanes”, BAH, 1113 Cogus
S Xumuuen gaxyimem, CV ,,Ce. Knumenm Oxpuocku®, 1164 Cogus

[Tocrpmuna Ha 10 ronu, 2012 r.; onobpeHa Ha 3 asrycr, 2012 r.

(Pesrome)

B HacTodlara pa60Ta € MpCACTaBCH JICCEH U e(l)I/IKaCGH METOA 3a CHUHTE3 Ha N'aHCTI/IJ'IHI/I MpOU3BOAHU Ha O-

amuHokucenunure (L-Gly, L-Val, L-Phe, L-1le, L-Pro u L-Cys). N-AuetnunHure mpou3BOIHH ca MOIYYSHHU C TOMOIITA
Ha OICTEH aHXWJPHJ] B aJKallHA CpeJa MpH CTaiHa TeMiepaTypa. MeTwiaMuanTe Ha N-aleTull aMHHOKHCEIHHUATE ca
CHUHTE3MpaHU C W3IOJI3BAHETO HAa MeToja Ha cMeceHute aHxuiapuan u Piv-Cl xato pearent. 3a omnpexensHe Ha
xapaktepuctuyHute WMY-uBHIM Ha M3XOAHWTE M MEXKIWHHU ChEIUHEHUS € NMPUJIOKEeH KOHBeHuuoHaseH u MY-JI]
cnekTpaneH aHanm3. CIEKTpalHUTE HW3CIEIBAaHMS BKIIOYBAT ONpeAesIHe Ha Xapakrtepuctuunure WY-mBumm Ha
aMHHOKHMCEIMHUTE KaTo LBUTEp-HOHHM cTpykTypu - L-Bammu (L-Val), L-mpomun (L-Pro) L-mucreun (L-Cys) u
texHurte npou3BogHu ¢ MY-JIJI ciekTpockonusi B HEMaTU4YEH Te4eH KpucTal. EKcriepuMeHTaIHUuTe XapaKTepUCTUYHU
NY-mBnny ca W3MON3BAaHM 3a CIIEKTPATHO OXapaKTepU3WpaHe W IpeICcKa3BaHE HA CTPYKTypaTa Ha H3CJICIBAHUTE
CHCTMHEHUS.
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New C-amide analogs of octreotide (SMS 201-995) modified at positions 5 with Orn, Dab (diaminobutanoic acid)
and Dap (diaminopropanoic acid) and at positions 6 with the unnatural amino acids Tle (t-leucine) were synthesized.
The antioxidant capacity of the compounds was tested by ORAC (Oxygen Radical Antioxidant Capacity) and HORAC
(Hydroxyl Radical Averting Capacity) methods. All substances express significantly higher antioxidant capacity by
comparison with gallic acid. Compound 1 (D-Phe-c(Cys-Phe-D-Trp-Dab-Tle-Cys)-Thr-NH,) showed the highest

antioxidant effect.

Kew words: antioxidant, antiproliferative, somatostatin analogs, SPPS, unnatural amino acids

INTRODUCTION

Oxygen free radicals or, more generally,
reactive oxygen species (ROS), as well as reactive
nitrogen species (RNS), are products of normal
cellular metabolism. ROS and RNS are well
recognized for playing a dual role as both
deleterious and beneficial species, since they can be
either harmful or beneficial to living systems.
Beneficial effects of ROS occur at low/moderate
concentrations and involve physiological roles in
cellular responses to noxia, as for example in
defense against infectious agents and in the
function of a number of cellular signaling systems.
The harmful effect of free radicals (oxidative stress)
is observed by the excess of ROS which can
damage cellular lipids, proteins, or DNA inhibiting
their normal function [1].

Naturally occurring somatostatins have diverse
biological effects in many cells and organs
throughout the body. They are produced by normal
endocrine, gastrointestinal, immune and neuronal
cells, as well as by certain tumors. The effects of
somatostatins are broadly inhibitory on the
secretion of hormones (e. g. growth hormone), as
well as on the proliferation and survival of both
normal and tumor cells [2]. Native somatostatin
(SST) has a very short or transient effect in vivo as

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

it is rapidly inactivated by endo- and exo-peptidases
[3, 4]. In recent years, increasing data have
supported the hypothesis that different somatostatin
analogs with longer half-life can also function as
antineoplastic agents capable of inhibiting tumor
growth and tumor angiogenesis [5-9].

Octreotide (Sandostatin, SMS 201-995: D-Phe-
c(Cys-Phe-D-Trp-Lys-Thr-Cys)-Thr-ol) is  the
somatostatin analog used in clinical practice that
mimics natural hormone somatostatin (SST-14:
Ala-Gly-c(Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-
Phe-Thr-Ser-Cys) pharmacologically, but it is more
potent inhibitor of growth hormone, glucagon, and
insulin than SST [10]. It is used for the treatment of
acromegaly, diarrhea and flushing episodes
associated with carcinoid syndrome, in nuclear
medicine imaging and peptide receptor radionuclide
therapy [11-13].

Previous structure-function studies indicate that
the sequence required for biological activity of the
shortened SSAs consists of the B-turn fragment
Phe-Trp-Lys-Thr corresponding to the residues 7—
10 of the somatostatin. A B-turn structure about
Trp-Lys (or Orn) in the analogs was a preferred
stable conformation [14-17]. The introduction of
D-residues increased the half-life and biological
activity of the SST analogs. The substitutions of D-
Trp decreased significantly or lead to full loss of
antitumor activity [18]. The replacement of the C-
terminal carboxyl group with amide group led to
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molecules with high biological activity [14-19].
RC-102 is the SST analog with GH and insulin-
inhibitory activity [18].

Recently new modified C-amide analogs of
Octreotide were synthesized substituting ornithine
(Orn), diaminobutanoic (Dab) and
diaminopropanoic (Dap) acids for lysine (Lys) and
with Tle (t-leucine) for the threonine (Thr) based on
templates D-Phe-c(Cys-Phe-D-Trp-Lys-Thr-Cys)-
Thr-ol (Octreotide, Sandostatin, SMS 201-995).
The in vitro antiproliferative activity were
evaluated against 4 human tumor cell lines (HeLa,
Hep G-2, MDA-MB-231, HT-29) and in the non-
tumor Lep-3 cell line. The compounds showed
different activity depending on the cell line and
amount applied. The compound 2 (D-Phe-c(Cys-
Phe-D-Trp-Dap-Tle-Cys)-Thr-NH,) had
antiproliferative effects on MDA-MB-231 cells
with the ICso 0.03 mM. The most antiproliferative
effect against the HeLa and HepG-2 cells exert the
peptides 3 (D-Phe-c(Cys-Phe-D-Trp-Lys-Tle-Cys)-
Thr-NH,), 4 (D-Phe-c(Cys-Phe-D-Trp-Orn-Tle-
Cys)-Thr-NH,) and 5 (RC-102). The peptides were
not cytotoxic to the normal Lep-3 cells [20].

Our results demonstrated that these new
somatostatin  analogs exhibit cytotoxic effect
against some tumor cell lines (HelLa, Hep G2,
MDA-MB-231 and HT-29) but their antioxidant
effect is still unknown.

The aim of present investigation was to study
the antioxidant capacity of  the previously
synthesized modified C-amide analogs of
Octreotide: D-Phe-c(Cys-Phe-D-Trp-Dab-Tle-Cys)-
Thr-NH, (1), D-Phe-c(Cys-Phe-D-Trp-Dap-Tle-
Cys)-Thr-NH; (2), D-Phe-c(Cys-Phe-D-Trp-Lys-
Tle-Cys)-Thr-NH, (3), D-Phe-c(Cys-Phe-D-Trp-
Orn-Tle-Cys)-Thr-NH, (4) and D-Phe-c(Cys-Phe-
D-Trp-Lys-Thr-Cys)-Thr-NH, (5) (RC-102) by
ORAC (Oxygen Radical Antioxidant Capacity) and
HORAC (Hydroxyl Radical Averting Capacity)
methods.

EXPERIMENTAL

Synthesis

The protected amino acids and Fmoc-Rink
Amide MBHA Resin were purchased from Iris
Biotech (Germany). All other reagents and solvents
were analytical or HPLC grade and were bought
from Merck (Germany). The LC/ MC spectra were
recorded on a LTQ XL Orbitrap Discovery
instrument, Thermo Corporation, USA. The optical
rotation was measured on automatic standard
polarimeter Polamat A, Carl Zeis, Jena.

The conventional solid-phase peptide synthesis
based on Fmoc (9-fluorenylmethoxycarbonyl)
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chemistry was employed to synthesize a series of
new analogues of SSAs. Rink-amide MBHA resin
and TBTU (2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate) were used as
solid-phase carrier and condensing reagent. Three-
functional amino acids were embedded as N*-
Fmoc-Thr(tBu)-OH, N®Fmoc-Cys(Acm)-OH, s
N®-Fmoc-Lys(Boc)-OH,  N"-Fmoc-Orn(Boc)-OH,
N*-Fmoc-Dab(Boc)-OH, N®“Fmoc-Dap(Boc)-OH,
N*-Fmoc-D-Trp(Boc)-OH. The coupling reactions
were performed, using for amino
acid/TBTU/HOBUDIEA/resin a  molar ratio
3/3/3/9/1. The Fmoc-group was deprotected by a
20% piperidine solution in dimetilformamide. The
coupling and deprotection reactions were checked
by the Kaiser test. For direct disulphide bond
formation on the solid phase TI(CF3CO,); has been
employed, using a mixture of 1,2 mmol
TI(CF3C0O,)3, 43 mmol anisol and 100 ml DMF at
0°C for 2.5 h. The oxidized peptidyl-resin was
dryed and next cleaved from the resin. The
cleavage of the synthesized peptide from the resin
was done, using a mixture of 95% trifluoroacetic
acid (TFA), 2.5% triisopropylsilan (TIS) and 2,5 %
water. The peptide was obtained as a filtrate in TFA
and precipitated with cold dry ether. The precipitate
was filtered, dissolved in water and lyophilized to
obtain the crude peptide. The disulphide bridges
were proved by reduction of the cyclic peptides
with TCEP (tris(2-carboxyethyl)phosphine). The
peptide purity was monitored on a RP-HPLC XTera
C18 3.5 um (125x2.1mm) (Waters Co.) column,
flow 200 pl/min, using a linear binary gradient of
phase B from 10% to 90% for 15 min (phase A:
0.1% HCOOH/H,0; phase B: 0.1%
HCOOH/ACCN). The compounds were checked by
electrospray ionization masspectrometry and the
optical rotation was measured in water.

Cytotoxic effect

Cytotoxicity of the substances was measured in
vitro, using cultivated human tumor cell lines
(American Type Culture Collection ATCC,
Rockville, MD, USA). The cytotoxic activity of the
tested somatostatin analogs (1-5) was evaluated by
the MTS-dye reduction assay for cell viability
against the Hep G-2 (human hepatocellular
carcinoma cell line), MDA-MB-231 (human breast
cancer cell line), HT-29 (human colorectal cancer
cell line), HeLa (cervical cancer cell line), Lep-3
(normal human diploid cell line, delivered from 3-
month embryo) as a control. Cells were cultivated
with different amounts of the substances at
concentration from 4.10° —4.10° M.
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The test (Cell Titer 96 Non-Radioactive Cell
proliferation assay, Promega Corporation USA)
was performed according to protocol of “Promega”
and the details are previously described [20-22].

ANTIOXYDANT ACTIVITY

Preparation of the samples

Approximately 2 mg of each sample were
dissolved in 2 mL acetone: dist. water: conc. acetic
acid = 70:29.5:0.5 at room temperature for 1 hour.
This solvent system is widely applied for enhanced
extraction of phenolic substances from plant
materials, foods etc. [23]. The solutions obtained
were applied for determination of the antioxidant
capacity immediately.

Determination of antioxidant capacity

AAPH, (2,2'-azobis-2-methyl-propanimidamide,
dihydrochloride), a water-soluble free radical
(peroxyl radical, ROO®) generator was delivered
from Cayman Chemical Company. Fluorescein-
disodium salt, gallic acid and TROLOX® (6-
Hydroxy-2,5,7,8-tetramethylchroman—2—
carboxylic acid) (a water-soluble analog of Vitamin
E) were delivered from Sigma Aldrich. All other
chemicals were of reagent grade.

HORAC (Hydroxyl Radical Averting Capacity)

The applied procedure is based on a scheme
given by Ou et al. with some modifications [24].
Fluorescein-disodium salt (Aex 493 nm, Aem 518
nm) was used as indicator for monitoring the
generation of hydroxyl radical according to Fenton
reaction mechanism and the effect of the tested
substance.

ORAC (Oxygen Radical Antioxidant Capacity)

The procedure used is based on the thermal
destruction of AAPH, which is accompanied by
generation of peroxyl radicals (ROO®) as it is
described by Yilmaz and Toledo [25], Wada and
Ou [26] and Gheldof and Engeseth [27].

The experiments in both cases (HORAC &
ORAC) were performed on a Perkin Elmer LS 5
spectrofluorimeter, equipped with thermostated cell
holder (working temperature 37°C) in a 10 mm
quartz cell. Data were collected for 30 min at a
constant step of 0.5 sec.

Processing of data. The data obtained for each
sample, the corresponding standard and the blank
probe are normalized to the initial value (lp) and the
measuring interval (0.5 sec). Then the Area Under
Curve (AUC) value is calculated according to the
formula:

AUC = |2/|0 + |3/|0 + ...+ In_]_/lo

The calculation of the antioxidant capacity
proceeds according to the equation:

Antioxidant capacity =
AUCSampIe - AUCBIank * Cesf;d

AUCStd - AUCBIank Cesf?mme

[uM Std Equivalents/g sample]
if the effective concentration of the sample is in
o/L.

The effective concentrations of the standard and
the sample are their final concentrations in the
cuvette. If we introduce in the formula the
molecular mass of the tested substance, the result is
obtained as uM Std Equivalents/M sample. The
data processing can be achieved using the standard
Excel software.

RESULTS AND DISCUSSION

In our previously investigation we synthesized
some new modified C-amide analogs of Octreotide
with the following sequences:

D-Phe-c(Cys-Phe-D-Trp-Xxx-Yyy-Cys)-Thr-
NH,

where:

Xxx: Dab (compound 1), Dap (compound 2),
Lys (compounds 3, 5), Orn (compound 4)

Yyy: Tle (compounds 1- 4), Thr (compound 5)

The synthesis and cytotoxic assays were
described [20].

All tested substances express significant
antioxidant capacity. In Fig.1 and Fig. 2 are shown
the fluorescence decay curves in the HORAC -
procedure for tested substances.
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Fig.1. Fluorescence decay curves of compounds 1, 2 and
3 in the determination of HORAC
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Fig. 2. Fluorescence decay curves of compounds 4 and 5
in the determination of HORAC

It is evident that there is no significant
difference in the hydroxyl radical averting capacity
of the individual samples, especially in the case of
peptide 4 and 5. The capacity of compound 1 is
slightly higher. The lag-phase is not well defined.
All tested substances express significantly higher
capacity by comparison with gallic acid, i.e. they
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Fig. 3. Comparison of HORAC and ORAC values
of the tested substances. GAE - gallic acid
equivalents; Tr.E — TROLOX — equivalents.

are good helators of metal ions thus preventing the
generation of hydroxyl radicals.

The scavenging effect of the tested substances
towards peroxyl radical (ORAC) follows the same
logics (data not shown). The substance 1 is a
stronger free radical scavenger by comparison with
the other tested substances (Table 1 and Fig. 3).

Table 1. Summarized data on the antioxidant properties of the tested substances

Ne STRUCTURE MM eyact HORAC ORAC
M GAE/M M Tr.E/M
1 D-Phe-c(Cys-Phe-D-Trp-Dab-Tle-Cys)-Thr-NH, 1015.4408 12.030 2.883
2 D-Phe-c(Cys-Phe-D-Trp-Dap-Tle-Cys)-Thr-NH, 1001.4252 11.150 0.996
3 D-Phe-c(Cys-Phe-D-Trp-Lys-Tle-Cys)-Thr-NH, 1043.4721 10.560 1.104
4 D-Phe-c(Cys-Phe-D-Trp-Orn-Tle-Cys)-Thr-NH, 1029.4565 9.470 1.249
5 D-Phe-c(Cys-Phe-D-Trp-Lys-Thr-Cys)-Thr-NH, 1031.4357 10.910 1.294
The antioxidant activity of proteins is thought to CONCLUSION

encompass both free radicals scavenging by amino
acid residues and chelation of prooxidative
transition metals; however the precise mechanism
by which this occurs, remains unclear [28]. In beta-
lactoglobulin particularly, Cys was oxidized more
easily than Trp. Further, the extent of exposure of a
given amino acid residue greatly affects its
oxidation Kinetics. In our case theoretically the Lys-
residue and its analogs (Dap, Dab, Orn) are
possible target points. The pKa-value of the
epsilon-NH,-group of Lys is about 10.0 and
theoretically it should decrease following the order
Dap<Dab<Orn [29]. This means that these amino
acid residues are relatively reactive and modifiable
under physiological conditions. In other words, the
observed antioxidative capacity is a result of the
corresponding modifications of lysine residues in
the peptide structure. The elucidation of the
detailed mechanism requires further investigations.
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In conclusion we can summarize that the new
previously synthesized somatostatin analogs with
established in vitro anticancer activity express
considerable antioxidant activity. Compound 1 has
the greatest anti-ROS capacity and moderate anti-
proliferative  response. To  determine the
relationship between these activities further
investigations are needed.
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®llenapmmenm no opzanuuna xumus, XumMukomexnoiozusen u memanypausen ynueepcumem, oyi. ,, Ceemu Knumenm
Oxpuocku” Ne 8, Cogpus 1756
6HHcmumym no opeanuuna xumus, beaeapcka akademus na naykume, Cogpus 1113
‘Uncmumym no excnepumenmania Mop@honous, namoious u aHmponono2us ¢ myseii, bvreapcka axademusn na
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MoupHUIHPaxMe

IMonyuena na 10 ronu, 2012 r.; npuera Ha 10 aBrycr, 2012 .

(Pesrome)

Hue cuHTe3mpaxMe HOBU aHano3u Ha oktpeotun (SMS 201-995) mon dopmara Ha C-kpaiiHu amuan. AHajo3uTe
¢ Hekoaupanute amuHokuceianHu Orn (opuutuH), Dab (nmamuHOOyTaHOBa KucenuHa) u Dap

(IMaMuHOMpPOMAHOBa KHCENMHA) B MO3MLMSA 5, KAKTO M C aMHHOKHCeNnuHata Tle (TpeTHdeH JeBUHH) B MO3MLHA O.
AHTI/IOKCI/I}laHTHaTa AKTUBHOCT HAa HOBOCHUHTC3HUPAHUTEC ICOTHAW H3CJICABAXME C MOMOMIITAa Ha METOIUTE ORAC
(Oxygen Radical Antioxidant Capacity) 1 HORAC (Hydroxyl Radical Averting Capacity). Bcuuku cheauHEHUs
IpOosABABAT 3HAYUTCIIHO II0-BUCOKAa AHTHOKCHJAHTHA AKTUBHOCT B CPABHCHUE C M3NOJI3BAHWA CTaHAAPT TajloBa

KHCCIIMHA.

KanamurerT.

Mentun 1 (D-Phe-c(Cys-Phe-D-Trp-Dab-Tle-Cys)-Thr-NH,;) moka3Ba Haii-BHCOK aHTHOKCHIAHTCH
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In 1988 the remarkable ability of a peptide to traverse a cell's plasma membrane independent of a membrane
receptor was revealed. They cause changes in the membranes leading to their permeability. This type of peptide
molecules is called cell penetrating peptides (CPP). One of these peptides is sweet arrow peptide (SAP). Herein, we
report for the synthesis of four analogues of SAP. A new interesting strategy for synthesis of Asn and GIn containing
peptides starting from Glu and Asp and using Rink amide resin was applied.

Keywords: cell penetrating peptides, SAP analogues, CPP-medical drug hybrid molecules

INTRODUCTION

As it is well know the main problem with
medical drugs absorption in human body is their
hydrophilicity. Moreover, cell wall and membrane
of the pathogen microorganisms and the membrane
of eukaryotic cells and organelles, represent a
major barrier to hydrophilic substances to penetrate
into the cell.

The process of introducing drugs into cells has
always proved a major challenge for research
scientists and for the pharmaceutical industry. The
cell membrane is selectively permeable and
supports no generic mechanism for their uptake. A
drug must be either highly lipophilic or very small
to stand a chance of cellular internalization. These
restrictions mean that the repertoire of possible
drug molecules is limited. The existing methods for
delivery of macromolecules, such as viral vectors
and membrane perturbation techniques, can result
in high toxicity, immunogenicity and low delivery
yield. However, in 1988 the remarkable ability of a
peptide to traverse a cell's plasma membrane
independent of a membrane receptor was revealed.
They cause changes in the membranes leading to
their permeability. This type of peptide molecules
is called cell penetrating peptides (CPP) [1].

CPPs have the ability to enter cells independent
of a membrane receptor, and they show no cell-type
specificity. They are small (10-30 residues in

* To whom all correspondence should be sent:
E-mail: dancho.danalev@gmail.com

238

length), often positively charged sequences of
amino acids. CPPs facilitate cellular uptake of
various molecular cargo (from small chemical
molecules to nanosize particles and large fragments
of DNA). The "cargo" is associated with the
peptides either through chemical linkage via
covalent bonds or through non-covalent
interactions. The function of the CPPs are to deliver
the cargo into cells, a process that commonly
occurs through endocytosis with the cargo
delivered to the endosomes of living mammalian
cells. CPPs hold great potential as in vitro and in
vivo delivery vectors for use in research and
medicine. Remarkable is the extremely low toxicity
that these peptides show. Their current application
in medical practice is limited due to lack of cell
selectivity in delivery of goods and lack of
understanding of how their utilization. However,
the CPP have found many applications in medicine
as suppliers of medicines to treat various diseases
including cancer, inhibitors of viruses, as well as in
diagnosis, as transporters of contrast agents for
cellular "labeling".

Three different mechanism of cellular uptake
were revealed [2]:
o direct penetration
e translocation through the formation of a
transitory structures
e translocation mediated by the formation of
inverted micelles

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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But today, it is thought that each CPP
expresses its own preferred mechanism of uptake.
CPPs typically could be 2 different types:

e with amino acid composition containing a high
relative abundance of positively charged amino
acids such as lysine or arginine;

e or have sequences that contain an alternating
pattern of polar/charged amino acids and non-polar,
hydrophobic amino acids.

These two types of structures are referred to as
polycationic or amphipathic, respectively.

A well know member of second group peptides,
with proven membrane-penetrating properties, is so
called “sweet arrow peptide” (SAP) (VRLPPP);
described by Fernandez-Carneado et al. in 2004 [3].

Herein, we report on the synthesis of four SAP
analogues replacing Leu residue with Asp, Glu,
Asn and GlIn in order to introduce in the final
molecule a specific functions we need to obtain
hybrid structures CPP-medical drug.

RESULTS AND DISCUSSION

Our attention was attracted by SAP because it
has relatively simple and easily realizable
synthetically primary structure consisting of 6
amino acid residues.

We chose to replace Leu residue of SAP with
the amino acids Asp, Glu, Asn and GIn and to
synthesise the following products:

H-Val-Arg-Asp (drug molecule)-Pro-Pro-Pro-
OH;
H-Val-Arg-Glu (drug molecule)-Pro-Pro-Pro-
OH,;

H-Val-Arg-Asn-Pro-Pro-Pro-drug molecule;

H-Val-Arg-GIn-Pro-Pro-Pro-drug molecule.

These amino acids were chosen because of its
adequate structure to provide us the necessary
additional functional groups in their side chains for
binding of the drug molecules. This decision was
also framed by the idea of using two strategies for
the synthesis of CPP-drug molecule. For the
synthesis of aim CPP we used conventional SPPS
(solid phase peptide synthesis) by Fmoc-strategy.

Here drug molecule was previously linked to the
carboxyl function of the side chain of Asp or Glu.
For this purpose, two acidic amino acids were
previously protected on their “NH,-group with
Fmoc-group and “COOH group as allyl esters. This
type of esters became very useful in recent years
due to their specific properties. They are
completely stable in acidic and alkaline hydrolysis,

unlike other ester groups such as OMe, OEt, OBzl
and OBut. On every stage, this function can be
successfully unblocked by treatment with tetrakis /
Pd, allowing the extension of the main chain. At the
beginning Wang resin was used as solid phase
carrier. After connecting the second Pro residue
during the reaction of deblocking of Fmoc-function,
we found that the obtained dipeptide Pro-Pro is
cleaved from the resin. The literature data shown
that during the synthesis of difficult sequences to
the C-terminal peptides as a Pro-Pro, Val-Pro, Tyr-
Pro and others in the process of unblocking of
Fmoc-group in alkaline medium using Wang-resin
the diketopiperazines are formed [4]. The authors
recommend using of chlorotrytyl resin for this type
of sequences. That's why we changed our strategy
and used cholotrytyl resin for synthesis of target
peptides. Thus, we synthesize the first two peptide
H-Val-Arg-Asp(drug  molecule)-Pro-Pro-Pro-OH
and H-Val-Arg-Glu(drug molecule)-Pro-Pro-Pro-
OH. Compounds were synthesized according to the
following scheme:

Strategy |

Since in our opinion the incorporation of drug
molecule in the middle of the peptide fragment
could lead to distortions of secondary and tertiary
structure of the peptide, and hence the loss of its
membrane penetrating properties, we decided to
realize the synthesis of these peptides, but linking
drug molecules to their C-terminus. For this
purpose, was used strategy I1.

Strategy 11

Again, we replaced the amino acid Leu in the
structure of SAP with GIn and Asn using an
original strategy for the synthesis of GIn and Asn —
containing peptides previously created by us,
assuming adequately protected Glu and Asp and
connect them to the Rink amide resin [5]. For this
purpose the connection of peptide and resin is made
by COOH functions in a side chain of Glu and Asp.
Typical of Rink amide resin is that the final peptide
unblocking leads to the amides obtaining. Thus
using Glu and Asp as starting amino acids, in the
final peptides they become to GIn and Asn.
Reactions were conducted according to the
following scheme 2:
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Fmoc-Pro-OH + Cl-trytyl resin

DIPEA/CH,CI,
Y

Fmoc-Pro-trytyl resin
1. 20% piperidin/DMF
2. Chloranil test
3. Fmoc-Pro-OH / HBTU / DIPEA
Y 4. Chloranil test
Fmoc-Pro-Pro-trytyl resin
1. 20% piperidin/DMF
2. Chloranil test
3. Fmoc-Pro-OH / HBTU / DIiPEA
4. Chloranil test
Fmoc-Pro-Pro-Pro-trytyl resin
1. 20% piperidin/DMF
2. Chloranil test
3. Fmoc-Xaa-OH / HBTU / DIiPEA
MD
4. Chloranil test
Fmoc-Xaa-Pro-Pro-Pro-trytyl resin
MD | 1. 20% piperidin/DMF
2. Chloranil test
3. Fmoc-Arg(Pbf)-OH / HBTU / DIiPEA
4. Chloranil test

Fmoc—Arg(be)—)|<aa—Pro—Pro—Pro—trytyI resin
MD
1. 20% piperidin/DMF
2. Chloranil test
3. Fmoc-Val-OH / HBTU / DIiPEA
4. Chloranil test
Fmoc-Val-Arg(Pbf)-Xaa-Pro-Pro-Pro-trytyl resin
MD
l 1. 20% piperidin/DMF
2. Chloranil test
H—Val—Arg(Pbf)—)I(aa—Pro—Pro—Pro—trytyI resin
D
50% DCM / 50% TFA
TIS
H—VaI—Arg—>I(aa—Pro—Pro—Pro—trytyI resin
MD

Scheme 1. SPPS of peptides H-Val-Arg-Asp(drug molecule)-Pro-
Pro-Pro-OH and H-Val-Arg-Glu(drug molecule)-Pro-Pro-Pro-OH,

where Xaa = Asp or Glu and MD = medical drug

CONCLUSION

We synthesized 4 new peptides analogues of
SAP with potential cell penetrating properties. A
new interesting strategy for synthesis of Gln and
Asn containing peptides starting form Glu and Asp
and using Rink amide resin was applied for the
synthesis of two of the target peptides. The
biological investigations on the cell penetrating
properties of newly synthesized peptides are in the
progress.

Acknowledgements: This work is realized by
financial support of project 10911 with Scientific
Research Centre of UCTM.

240

e

Fmoc-Rink amide resin
1. 20% piperidin/DMF
2. Chloranil test
3. Fmoc-)l(aa-OAII /HBTU / DIPEA
OH
4, Chloranil test
Fmoc->|<aa-rin|< amide resin
OAll
1. 20% piperidin/DMF
2. Chloranil test

3. Fmoc-Arg-OH / HBTU / DIiPEA

4. Chloranil test
Fmoc—Arg(be)—?(aa—rink amide resin

OAll

1. 20% piperidin/DMF

2. Chloranil test

3. Fmoc-Val-OH / HBTU / DIiPEA
4. Chloranil test

Fmoc—VaI—Arg(be)—)I(aa—rink amide resin

OAll
1. Tetrakis / Pd / Ar
2. H-Pro-OAll / HBTU / DIiPEA

Fmoc-VaI-Arg(be)-%(aa-rink amide resin
Pro-OAll
l 1. Tetrakis / Pd / Ar
2. H-Pro-OAll / HBTU / DIiPEA
Fmoc—VaI—Arg(be)—)I(aa—rink amide resin
Pro-Pro-OAll

1. Tetrakis / Pd / Ar
2. H-Pro-MD / HBTU / DIiPEA

Fmoc-VaI-Arg(be)-)I(aa-rink amide resin
Pro-Pro-Pro-MD
1. 20% piperidin/DMF
2.95% TFA /5% CH,CI, / TIS
3. Chloranil test

H-Val-Arg-Yaa-Pro-Pro-Pro-MD
Scheme 2. Synthesis of H-Val-Arg-Asn-Pro-
Pro-Pro-drug molecule and H-Val-Arg-GIn-Pro-
Pro-Pro-drug molecule, where Yaa = Asn or
GlIn, and MD = medical drug
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CHUHTE3 HA HOBU XUGPUIHW MOJIEKYJIN BKIIIOYBAIIA
MEMBPAHHO ITPOHUKBAIIUA ITEITTUANA 1 JIEKAPCTBEHN MOJIEKYJIN

JIJL. Jlananes™, P.H. Paiikosa®, JI.A. Mapunkosa®, JL.K. Viorosa®, C.I'. Baiipsmos’, B.X. Xpucrosa®, B.C.
CrosiHOBA®

)X IMHKOTEXHOJIOTHYCH 1 MeTaTypTU4eH YHUBEPCUTET, KaTeapa ,,buorexnonorus, 1756 Codpus

6)PyceHcm VYuusepcurer “Anren Keaues”, katenpa “PeMoHT, HageXHOCT 1 XUMUYHH TexHosorun”, 7017 Pyce

IMocrermna Ha 10 rouu, 2012 r.; npuera Ha 3 aBrycrt, 2012 1.

(Pesrome)

IIpe3 1988 e orpuro 3a0e’ECKUTEITHOTO CBOWCTBO Ha Tpyla MENTHAW Oa TIPEMHHABAT Mpe3 KIeThYHATA
MeMOpaHa, He3aBUCHMO OT MEMOpaHHHUTE penenTopy. Te Mpeau3BUKBAT IPOMEHN B MEMOpaHaTa, BOJICIIH JI0 MTOSBA Ha
MIPOITYyCKIMBOCT. Te3n MoJyeKysn ca HapedeHH MeMOpanHo npoHukBammy nentunu (CPP). Exnn npencraButen Ha Ta3su
rpyna cheIMHeHus e T.Hap. ,,Sweet arrow” nentuz (SAP). B ta3u pabota HHe nokiagBaMe CUHTe3aTa Ha 4 aHajora Ha
SAP. Onucanu ca ¥ HAKOM HWHTEPECHH IMOJIXOIHM 3a CHHTE3 Ha MenTuau BkarouBamyd AsSn u GIn u3xoxmgaiikd ot
cpoTBeTcTBanmTe UM Kicenunau Glu u Asp, cebp3anu kbM RinNK amunen TBbpaodaseH HOCHTEI.
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Computer modeling of ligand-receptor interactions — enkephalin analogues and delta-
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Since, Hughes determined endogenous opioid pentapeptides — enkephalins, large number of synthetic analogues
were prepared. Many analogues of enkephalins were synthesized by our group in addition. In our previous study we
established a relationship between the replacement in position 2 in endogenous enkephalins and their 8-opioid receptor
selectivity.

Computer modeling was used in this study to analyze binding affinity of a series of &-opioid selective enkephalin
analogues to the model of 5-opioid receptor, published in PDB (id: 10ZC). MolDoc SE algorithm implicated in the
software program Molegro Virtual Docker was used.

Basing on docking results was established that: 1) all encephalin analogues have good binding affinity to 6-opioid
receptor by forming H-bonds with specific amino acid residue in the receptor pocket; and 2) the rank of the derivatives
obtained with this approach is rather different compared with the rank of their biological in vitro assay activity. These
results reveal further steps for the computer modeling of selective encephalin analogues such as: 1) development of a
novel optimization procedure; and 2) application of a different algorithm and software.

Key words: enkephalins, delta-opioid receptor, computer modeling, docking

check the reliability of three dimensional (3D)
INTRODUCTION models of the DOR using the experimental data
obtained with in vitro assay and the parameters

It is well established that there are at least three X
calculated from docking approach.

major opioid receptor types in the brain and
periphery. These receptors are referred to as p—, 6-, METHODOLOGICAL APPROACHES
and «-opioid receptor and have distinct 1. Obiects/Ligands-

pharmacological profiles, anatomical distribution, -0 9 ;

and functions [1-4]. [Met’]- and [Leu’] - DPDPE ([D-Pen*’]-enkephalin, selective &-
enkephalins have high affinities for &-opioid opioid receptor agonist) [5];
receptors. Many analogues of enkephalins were endogenous opioid pentapeptides ([Leu®]- and
synthesized and their biological activity was [Met’]-enkephalin) and their analogues are
evaluated, in order to establish selective ligand to - presented in Table 1 [5-8].

opioid receptor (DOR) [5-8]. This process is time

. . o Table 1. Ligands used in our study.
consuming, very expensive and it involves many

specialists: chemists, biologists, and medics. Ligand Primary structure
Computational approach is innovative and rational DPDPE 1
method, in which chemical synthesis and biological Tyr-D-Pen-Gly-Phe-D-Pen
screening is replaced by virtual screening. It makes Ekﬂeeut%zgt IY;-g:y-glly-EE:-:\-ﬂeeli
possible screening a huge number of compounds in [Cys(Bal)’. Lowe]-enk Tyr_%ys(ézl)_ély_Phe_Leu
a short period of time in a low cost. Therefore, the [Cys(Bzl)?, Met*]-enk Tyr-Cys(Bzl)-Gly-Phe-Met
target of our work is the DOR. [Cys(O,NH,)? Leu®]-enk  Tyr-Cys(O,NH,)-Gly-Phe-Leu
Here we present a computer assisted modeling [Cys(O:NH,)>, Met’]-enk  Tyr-Cys(O,NH,)-Gly-Phe-Met

[DCys(O,NH,)?, Leu’]-enk Tyr-D-Cys(O,NH,)-Gly-Phe-Leu
[DCys(O,NH,)?, Met®]-enk Tyr-D-Cys(O,NH,)-Gly-Phe-Met
[HCys(O,NH,)?, Leu’]-enk Tyr-HCys(O,NH,)-Gly-Phe-Leu
[HCys(O,NH,)?, Met’]-enk Tyr-HCys(O,NH,)-Gly-Phe-Met
Target: human 3-opioid receptor (DOR), published in PDB (id:

of ligand — receptor interactions, in our case o-
opioid selective ligands with DOR. Our aim is to

* To whom all correspondence should be sent: 10zC), [9]-
E-mail: tania_dzimbova@abv.bg © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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2. Docking Procedure

To apply the docking procedure we postulated
the following assumptions:

Opioid receptors (ORs) belong to “G-Protein
Coupled Receptors (GPCRs)” which have structural
similarity with the bacteriorhodopsin. Because the
receptor is located in the membrane, 3D structures
of GPCRs are unknown. In the absence of
crystallographic data, indirect methods, which
include site-directed mutagenesis, chimeric studies,
the substituted cysteine accessibility method, and
affinity labeling studies, have been instrumental in
locating key contacts for molecular recognition
[10]. As a target of our docking procedure we used
model of human DOR, published in PDB (id:
10ZC), [9]. It was found that there are several key
amino acid residues which are responsible for
ligand binding. First very important residue is
aspartate in trans membrane helix Ill. It is
conserved among all biogenic amine receptor
families. The role of this residue is to bind a free
amino group of the ligand. Since the structurally
similar phenolic group is often essential for opiate
and opioid activity [11], it was believed that the
formation of a hydrogen bond might be important
for the recognition processing of the opioid receptor
family as well. Histidine (His) residue in helix V is
very important for hydrogen-bond formation with
opioid phenol of Tyr residue. In key positions DOR
has Trp in helix VI and Leu in Helix VII.

Basing on these assumptions, ligands were
evaluated by external electrostatic interactions and
external hydrogen-bond formation, during docking
procedure. MolDoc SE algorithm [12] was used
with 10 runs for each ligand with energy
minimization and hydrogen-bond optimization after
docking. Five poses for each ligand were generated.
Because receptor did not contain any cavity,
procedure of docking was made four times with
different constrains, in fact they were four different
amino acid residues in binding site of receptor —
Aspl128, Trp274, His278 and Leu300.

3. Computational tools

In this study we used a model of DOR,
published in PDB (id: 10ZC, [9]). Docking studies
were performed using Molegro Virtual Docker, run
on Windows operating system. Visualizations of
enkephalins, enkephalin analogues and of docking
poses were made and analyzed on Molegro
Molecular Viewer, and evaluation function for
efficacy of docking of the ligand and receptor is the
following:

Escora = Ez'ntar + Ez'nrr'rz,
where Eqore is a docking scoring function, Ejer —
ligand-protein interaction energy, and Ejy. —
internal energy of the ligand [12]. Values of the
scoring function and its components were presented
in Table 2.

4. Correlations

In order to find relationship between sets of data
derived from in vitro assay and docking results, we
tried to predict it with a help of the Spearman
correlation, using GraphPad Prism 3.0. Spearman's
rank correlation coefficient is a non-parametric
measure of statistical dependence between two
variables. It assesses how well the relationship
between two variables can be described using a
monotonic function. If there are no repeated data
values, a perfect Spearman correlation of +1 or —1
occurs when each of the variables is a perfect
monotone function of the other. To interpret
Spearman, for values of ry of 0.9 to 1, the
correlation is very strong; between 0.7 and 0.89,
correlation is strong; between 0.5 and 0.69,
correlation is moderate; between 0.3 and 0.49,
correlation is moderate to low; between 0.16 and
0.29, correlation is weak to low; and below 0.16,
correlation is too low to be meaningful [13]. It can
be calculated by the equation:

o=1— &% de

nin®—1)
where differences d; = x; — y; between the ranks of
each observation on the two variables are
calculated, and n is the number of the variables in
each set.
RESULTS

1. Docking results

Docking program generates five pose for each
analogue. Total energy of the ligand-receptor
complex was calculated and hydrogen-bond
interactions were evaluated.

Analyzing these docking results, we choose the
best pose for each ligand with the lowest value of
the scoring function. The data are presented in
Table 2. The range of the values obtained was
between -137.509 to 41.3876 kcal/mol. The lowest
potential energy is characteristic for the complex of
DOR with [Leu’]-enk and the highest for
[Cys(O,NH,)?, Met’]-enk.
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Table 2. Ligands in ascending order of the scoring
function (Eg.re) Obtained with docking.

. E
ngand Escore Elnter (Vg\t,r;)
[Leu5]-enk -137.509 -156.052 82.0781

DPDPE
[Cys(O,NH,)?, Leu®]-enk
[DCys(O,NH,)?, Leu®]-enk
[DCys(O,NH,)?, Met®]-enk
[Met®]-enk
[Cys(Bzl)?, Met®]-enk
[Cys(Bzl)?, Leu®]-enk
[HCys(O,NH,)?, Leu®]-enk
[HCys(O,NH,)?, Met®]-enk
[Cys(O,NH,)?, Met®]-enk

-127.274 -141.104 71.3263
-111.597 -157.553 137.362
-110.925 -161.443 135.278
-109.216 -145.814 87.1034
-107.048 -127.242 85.6935
-90.9322 -171.597 179.634
-71.2288 -130.887 142.195
-59.6588 -133.404 303.431
-44.7916 -80.1617 165.299
-41.3876 -104.626 133.122

The data presented in Table 3 concerns the
number of hydrogen bonds formed during
interaction between DOR and the ligands. DPDPE
well-known selective DOR agonist binds to the
receptor pocket with four hydrogen bonds: Tyr129
forms 3 H-bonds with 2 NH-groups of peptide
backbone and with free NH,-group of Tyr; and
Trh213 with CO group from peptide backbone.

Table 3. H-bonds and interactions between ligand and
receptor pocket.

Numbe
r of
Ligand hydrog Other interactions
en
bonds
DPDPE 4 no
[Leu®]-enk 3 no
[Met®]-enk 2 Salt bridge
[Cys(Bzl)?, Leu®]-enk 3 -1 Trp274 — Phe
[Cys(Bzl)?, Met®]-enk 2 - Phe218 — Phe
[Cys(O,NH,)? Leu®]-enk 3 m-m Trp274 — Tyr, SO,NH,

— Aspl28, Tyr308
-1 Phe218 — Tyr, SO,NH,
—Thr213, Val179
2SO,NH, — Tyr308
SO,NH, — Tyr129
-1 Phe222 — Phe, SO,NH,
—Tyrl29
[HCys(O,NH,)?, Met’]-enk 3 SO,NH, —His278
In the case of [Leu’]-enk there are 3 H-bonds:
Tyr129 with CO-group from peptide backbone and
Tyr interact with the receptor by forming H-bonds
with VVal179 and Thr213 (Figure 1A).

,,,,,,

[Cys(O;NH,)?, Met’]-enk 4

[DCys(O,NH,)?, Leu®]-enk
[DCys(O,NH,)?, Met®]-enk
[HCys(O,NH,)? Leu’]-enk 5

w o

Fig. 1. Interactions in the bidning pocket of DOR with:
A) [Leu’]-enkephalin and B) [DCys(O.NH,)? Leu’]-
enkephalin
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[Met’]-enk bind to the receptor pocket by
forming two H-bonds: Asp128 with NH; of Tyr and
His278 with Tyr. Additionally it forms the salt
bridge with COO™ of Asp128 and NH;" of Tyr.

In the case of [Cys(Bzl)’] analogues of [Leu®]
and [Met’]-enkephalins, 7-m interactions occur:
Phe274 with Phe in [Leu’], and Phe218 with Phe in
[Met’]-analogue. [Cys(Bzl)? Leu’]-enk forms three
H-bonds in DOR pocket — OH group of Tyr forms
H-bonds with Vall79 and Thr213, and COOH
group of Leu with Tyr308. [Cys(Bzl)?>, Met’]-enk
binds receptor with two H-bonds — Tyr129 with NH
from peptide backbone and Val217 with OH of Tyr.

Complex of [Cys(O.NH,)?, Leu’]-enk with DOR
has relatively high total potential energy but it
binds very strong to the receptor pocket by three H-
bonds (SO,NH, with Asp128, Tyr308 and Tyrl129
with  NH from peptide backbone) and =n-n
interaction (Trp274 with Tyr).

[Cys(O,NH,)?, Met’]-enk binds to the receptor
with four H-bonds. SO,NH, interact with Thr213,
Vall79, Tyr129 — with NH group from peptide
backbone, and His278 — with OH group of Tyr.
Additionally n-w interaction occurs between Phe218
and Tyr rings.

The data with [DCys(O,NH,)? Leu®]-enk are
very different. It forms six H-bonds with the amino
acid residues in the receptor pocket. The
interactions are as follows: Tyr129 forms two H-
bonds with CO groups from peptide backbone,
Vall79 and Thr213 with OH group of Tyr residue,
Val217 with SO,NH,, and Tyr308 with COOH
group of Leu (Figure 1B).

In the case of [DCys(O,NH,)?, Met®]-enk just
three hydrogen bonds are formed: Tyrl29 — CO
from backbone, 11304 — OH (Tyr), and Tyr308 —
OH (Tyr).

[HCys(O,NH,)?, Leu®]-enk forms five H-bonds
with receptor pocket. Tyrl28 interacts with OH
group of Tyr, 11e304 with free NH; group, Tyr308
forms two H-bonds with SO,NH, group and one
with NH group from peptide backbone. Between
Phe222 and Phe rings n-m interaction is established.

The complex [HCys(O,NH,)?, Met’]-enk — DOR
is formed with three H-bonds: OH group of Tyr
interact with Vall79 and Thr213, and SO,NH,
group with His278.

2. Correlations

The Spearman’s correlation coefficients for all
correlations within data obtained with in vitro assay
and docking are in the range from -0.1545 to
0.1455 for E;w/Ka correlation and E;./ICs
correlation, respectively. For example, correlation
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of 1Cs, and Ege is presented on Figure 2. The
Spearman’s correlation coefficient is 0.1091. This
low value shows that the correlation between Eggre
and 1Cs, value is very low.

757 ' Spearman r = 0.1091
P value = 0.7545
o 50
el
O
25
O T T T T = 1
2150 -125  -100  -75 -50 -25

Escore

Fig. 2. Figure 2. Spearman correlation for Ege and 1Csq
values.

DISCUSSION

The substitution in second position in the
encephalin structures with amino acid containing
SO;NH, increases additionally the binding of the
respective analogue to DOR.

The incorporation in position 2 in the encephalin
molecules of Cys(Bzl) does not interfere on their
ability to bind to DOR. So, additional interaction
due to Bzl group does not appear. Total potential
energies of their complexes are similar to the
endogenous enkephalin complexes with DOR and
number of H-bonds formed is the same.

It appears that Tyr129 is very important amino
acid residue in receptor pocket, because ligands
interact with this residue. It is able to form H-bonds
with its OH group and different functional groups
of ligands, such as: OH group of Tyr, NH and CO
groups of peptide backbone, and SO,NH, group of
amino acid analogue in position 2.

Docking data obtained allow characterizing
some structural and chemical properties of the
investigated analogues. The results of in vitro
studies of [Leu®]- and [Met’]-enkephalins and their
analogues obtained previously were summarized in
Table 4. In this table ICsy corresponds to the
potency of the ligands, the affinity and efficacy are
presented by K, and ey, respectively. Calculation
of the parameters of in vitro experiments did not
concern directly 3D structure of the receptors.
However, in docking procedure 3D structure is the
main tool. In this study we applied 3D model of
DOR, published in PDB (id: 10ZC).

The ranking of the compounds based on their in

vitro assay or docking data are rather different

because the correlations between them were not
Table 4. I1C5, K and e, obtained in vitro [12].

Mouse vas
Ligand deferens ICsqg K (NM) Erel
(nM)
DPDPE 6.18+1.17 180+35 30.2+10.0
[Leu®]-enk 11.45+2.06 54.9+13.1 5.8+1.0
[Met®]-enk 18.9142.15 48.4+7.5 3.6+0.3

[Cys(Bzl)?, Leu®]-enk  8.30+1.40 68.5+29.7 9.3+3.2
[Cys(Bzl)?, Met®]-enk  9.53+1.20 23.8£3.0 3.5+0.3
[Cys(O;NH,)?, Leu®]-enk  1.29+0.31 36.4+16.4 29.249.5
[Cys(O;NH,)?, Met’]-enk  2.22£0.45 14.1+54 7.3+2.0
[DCys(O,NH,)? Leu’]-enk 11.40+2.01 73.4+12.7 7.4+1.9
[DCys(O,NH,)?, Met®]-enk 75.96+11.67 463+161 7.1+1.8
[HCys(O,NH,)?, Leu®]-enk 31.9245.10 76.4+7.1 3.4+0.2

[HCys(O,NH,)?, Met’]-enk 16.09£1.90 55.7£6.1 4.5+0.3

established, including between Egre and ICsq. This
fact shows that the increasing of the potency (ICsp)
of the derivatives does not lead to increasing or
decreasing of the value of the scoring function,
obtained with docking.

Obviously for this kind of investigations on
ligand — target interactions a novel optimization
procedure has to be initiated in further studies.
Since we obtained a set of parameters with docking
or with in vitro bioassay, probably multi-
dimensional vectors have to be introduced, such as
two-dimensional vector (K, €r) or three-
dimensional vector (ICso, Ka, €r). In the same way
docking results could be presented not only with
one but with several scoring functions and the
vector would be with the following elements -
Escore, Einter, Eintra-

In these two sets of vectors for in vitro and
docking studies, respectively, it is possible to
introduce a partial order, so that these sets become
partially ordered sets. Analysis and comparison of
maximal elements in the ordered sets could help to
understand better the relationship between in vitro
biological effects and docking studies and to
answer whether the models of the biological
macromolecules (in our case 6-opioid receptor)
correspond to the real 3D structure.

CONCLUSIONS

Basing on docking results obtained with
Molegro Virtual Docker it was established that all
enkephalin analogues have good binding affinity to
6-opioid receptor. All of the ligands interact by
forming many H-bonds with the receptor.
Additional interaction between receptor and ligand
appears in the case of analogues substituted with
amino acid containing SO,NH, group. This study
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KOMITIOTHPHO MOJIEJIMPAHE HA B3AUMOJIEVICTBUETO JINT AH]I-
PELIEIITOP — EHKE®AJIMHOBU AHAJIO3U U AEJITA-OIIMOUAEH
PELEIITOP

T. [[31/1M60Ba1, P. MaBpeBCKI/IZ, H. HqueBaz, T. HaﬁnaHOBal, I1. Munanos>>

1P[Hcmumym no monekynapua ouonoeus ,, Akao. P. [lanes*, FAH, 1113 Cogus
2FOz03anaden yuueepcumem ,,H. Puncku“, 2700 bnazoesepad
3Hl-tcmumym no mamemamura u ungopmamuxa, bAH, 1113 Coghus

[ocreruna va 10 ronu, 2012 r.; npuera Ha 26 romm, 2012 r.
(Pesrome)

Crien onpenensiHe Ha €HIOTCHHUTE ONMMOWAHM nenTuau — eHkedanuuu ot Hughes, ca cuHTe3upanu ronsm Opoit
TEXHH CHUHTETHYHHM aHallo3W. Hamiata rpyna e cuHTe3upajsa MHOTO W pa3iMYHM aHajIo3d Ha eHkedanuHute. B
NPEAMIIHO Hallle W3CJe/IBaHEe € YCTAaHOBEHa Bpb3KaTa MEXIy 3aMECTBAHHUSITa BbB BTOpA IMO3UIMS B CHIOTCHHHUS
eHKe(aJIMH U TAXHATA CEJICKTUBHOCT T10 OTHOLICHUE Ha O-OMUOUIHHS PELETITOP.

C nen ycTaHOBsSIBaHE HA Bpb3KaTa CTPYKTypa — OHOJIIOTHYHO JIeHCTBHE HA €HKe(ATMHOBU aHAJIO3U M O-OMMOUIHUST
peuenTop € H3IOoJ3BaH JOKMHI. 1B KaTo JIMICBAT KpUCTAJIOTpa)CKM JaHHU 3a CTPYKTypara Ha O-ONMHOWIHHAT
penerntop, m3nomsBaxme myonukyBaHusaT B PBD (id: 1ozc) mogen. M3nomean e MolDoc SE anroputsm, KOHTO JIEKH B
ocHoBata Ha Molegro Virtual Docker. KaTto nuranan 0sixa U3mosi3BaHu eHKe(aIMHOBH aHAIO3M C IPOMSIHA BBB BTOPA
MO3ULIHsSL, 38 KOUTO UMa JaHHHM OT iN Vitro n3cieqBaHus.

B pesynrar Ha JOKMHTa C MOJyYEHH CIIEIHUTE PE3yaTaT: 1) BCHUKH eHKe(alHOBH aHaJIO3M Ce CBHP3BAT J00pe ¢
O-OTIMOUIHYSI PEIeTITOP, KaTo 00pa3yBaT MHOTO BOJOPOIHH BPB3KHU; 2) MOAPEKTAHETO HA MMPOU3BOJIHUTE, TIOIYUISHO C
MOMOIITa HA JOKWHTA, € Pa3IndHO OT MOAPEKIAHETO MM TpH IN Vitro tecroBere. Te3w pe3ynTaTH H3WUCKBAT IIO-
HaTaThIIHA ONTUMHM3AIMS Ha NIPOLIelypaTa 3a JOKHHT, KAaKTO M IPOMSIHA Ha alITOPUTBMBT U copTyepa.
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Urinary bladder decompensation following partial bladder obstruction is directly related to decreased tissue
perfusion, resulting in periods of hypoxia and ischemia. Hence, it is important to look for substances which could
counteract against the ischemia/reperfusion- induced neuronal damage in detrusor muscle and in such a way to
ameliorate the functional disorders of urinary bladder. Many neuropeptides have been found to be synthesized, stored
and released in the lower urinary tract. Some of them were reported to reduce ischemia-reperfusion injury. The purpose
of this study was to examine the efficacy of vasoactive intestinal peptide (VIP), somatostatin and Sandostatin®
(Novartis) to counteract the damage suffered by neurons in urinary bladder exposed in vitro to experimentally induced
ischemia-reperfusion in guinea-pig. We found that VIP (0.3 uM), somatostatin (300 nM) and sandostatin (1 to 300 nM)
improved significantly the response to electrical field stimulation during reperfusion as compared to the control,
utreated tissues. The antioxidant activity of VIP, somatostatin and sandostatin, assessed as their capability to scavenge
peroxyl radicals during linoleic acid oxidation corresponded to 6.4 + 0.1, 6.7 = 0.3 and 7.0 £+ 0.6, respectively. The
antioxidant activity of the above mentioned peptides could underlie their neuroprotective action during reperfusion,
when a significant amount of free radicals has been formed.

Key words: urinary bladder, vasoactive intestinal peptide, ischemia, somatostatin, sandostatin, injury
and urethra. In the human urinary bladder neck

VIP-containing nerve fibres localized close to
noradrenergic and cholinergic intramural neurons

INTRODUCTION
Many neuropeptides have been found to be

synthesized, stored and released in the lower
urinary tract. Some of them are released from the
peripherial neural terminals of the autonomic
neurvous system — vasoactive intestinal peptide
(VIP), tachykinins (substance P), neuropeptide Y,
calcitonin gene-related peptide, neurokinin A.
Others are locally synthesized and act by para-/auto
and intacrine mechanisms — for example
angiotensin Il. The functional role of many of these
peptides has not been fully established, however
they may have a sensory role, efferent function [1,
2] or serve as NANC neurotransmitters and/or
neuromodulators in the bladder ganglia or at the
neuromuscular junctions. Their actions have been
thought to include mediation of the micturition
reflex activation, smooth muscle contraction,
potentiation of efferent neurotransmission and
changes in vascular tone and permeability [3, 4].
Vasoactive intestinal peptide is expressed in the
neural pathways regulating the lower urinary tract.
VIP-immunoreactivity is present in afferent and
autonomic efferent neurons innervating the bladder

* To whom all correspondence should be sent:
E-mail: reni_kalfin@abv.bg
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have been identified. In both types of nerve, VIP
co-localizes with other transmitters, such as
calcitonin gene-related peptide, neuropeptide Y,
substance P, nitric oxide [5, 6]. Recently, the
peptide somatostatin was found to be distributed in
the sensory dorsal root ganglia neurons supplying
porcine urinary bladder [7]. Sensory nerves,
particularly the nociceptive nerves, may send
collaterals to the smooth muscle, to the intramural
ganglia and to the ganglia of the pelvic plexus [8].
This may be of great importance for the
development of the unstable detrusor muscle in the
urinary bladder.

Bladder outlet obstruction generally due to
prostatic hyperplasia, a common problem in men
over 60 years of age, is a major urologic problem
that has been the subject of many clinical and
experimental studies. The hyperplasia of prostate
leads to obstructed micturition, during which occurs
periodic bladder ischemia. The latter has been
suggested to result in the partial denervation of the
detrusor smooth muscle through ischemia and
reperfusion injury to the post-ganglionic
parasympathetic neurons within the bladder wall
[9]. Previous investigations showed that in vitro
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ischemia-like conditions were more damaging to
the nervous tissue than to the detrusor muscle [10].
Hence, it is important to look for substances which
could counteract against the ischemia/reperfusion-
induced neuronal damage in detrusor muscle and in
such a way to ameliorate the functional disorders of
urinary bladder.

It was demonstrated that the urinary bladder
neuromodulator  vasoactive intestinal  peptide
possesses the ability to scavenge oxygen free
radicals and to reduce the intracellular calcium
overloading in ischemic and reperfused heart [11].
Somatostatin-14 and particularly its  stable
analogue, the cyclic octapeptide Sandostatin®, are
known to exert cytoprotective activities in
peripheral tissues and in neuronal cells [12, 13].
The somatostatin peptides were also shown to
afford protection against neuronal damage caused
by experimentally induced cerebral ischemia in rats
[10], to limit intestinal ischemia-reperfusion injury
in macaques via suppression of NF-kappaB
cytokine pathway [14], and to ameliorate ischemia-
reperfusion injury through the early induction of
heme oxygenase [15].

The purpose of this study, therefore, was to
examine the efficacy of VIP, somatostatin and
sandostatin, to counteract the damage suffered by
neurons in urinary bladder exposed in vitro to
experimentally  induced  ischemia-reperfusion
injury.

EXPERIMENTAL METHODS

Male guinea-pigs (300-500 g, Charles River)
were anaesthetised with Ketavet and sacrificed by
cervical dislocation. The animals were treated in
accordance with European Commission standards
concerning the care and use of laboratory animals.
The urinary bladders and part of the urethra were
removed and placed in oxygenated (95% O2 and
5% CO2) cold Krebs solution. The ureters were tied
off using silk ligatures. The prostate gland was
excised to expose the urethra and the bladder
emptied. The urethra was secured to a stainless-
steel tube (8 mm long, 2.5 mm diameter) sealed to a
glass J-shaped tube that was connected by a three-
way valve to a compensated pressure transducer.
The organ was filled with 2 ml oxygenated glucose-
free Krebs solution at 37°C and suspended in an
insulated, 100-ml isolated organ bath containing
Krebs solution maintained at 37°C and equilibrated
with 95% O, and 5% CO,, Silver plate electrodes
on either side of the bladder connected to a Grass
S48 stimulator enabled electrical field stimulation
(EFS) of intrinsic nerves. Isometric contractions
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were evoked by EFS using 5-s trains of square
pulses (20 Hz, 1 ms pulse width, 70 V) delivered at
10-min intervals. After a minimum equilibration
period of 40 min the bladder was exposed to 10 uM
carbachol for about 5 s to test the contractile ability
of the tissue. After 30 min recovery from carbachol
exposure, the intrinsic nerves were stimulated
selectively every 10 min (as described above) until
the response was reproducible. Ischemia-like
conditions (1 h) were achieved by replacing the gas
mixture with 95% N, and 5% CO, (anoxia) and the
organ bath solution with glucose-free Krebs
solution (glucopenia). Recovery in normal Krebs
solution was then allowed for 2 h. EFS was applied
every 10 min during both anoxia-glucopenia and
recovery. During the recovery period the Krebs
solution was changed every 30 min. Carbachol (10
uM) was applied again at the end of the
experiment.

All tested compounds at different final
concentrations were added to the Krebs solution
during the entire period of ischemia and the first 30
min of reperfusion. The EFS responses obtained in
the presence of the tested compounds were
compared with those in their absence (control).
Control experiments (25% of all experiments) were
performed in a randomised manner during the
study.

Results are given as means = SEM. The
significance of differences between means was
assessed by one-way analysis of variance
(ANOVA) followed by Dunnett’s test for multiple
comparisons, P < 0.05 was considered significant.
Areas under the curve (AUC) relating muscle
contraction to time were calculated for ischemia
and re-perfusion conditions separately, using
appropriate software (Prism v. 3.03, GraphPad, San
Diego, California, USA).

RESULTS AND DISCUSSION

The response to electrical field stimulation
(EFS) declined rapidly in the combined absence of
oxygen and substrate (ischemia-like condition), and
was abolished within an hour (Fig. 1 and Fig. 2).
After reintroduction of normal conditions, the
recovery of the response to electrical field
stimulation (neurogenic response) in control
bladders was poor, reaching in 2 hours a maximum
of about 25 % of the initial response (Fig. 1 and
Fig. 2). At this time, however, the response of the
muscle to carbachol had fully recovered (data not
shown). To see if somatostatin and Sandostatin®
could partially reduce the nerve damage described
above, the peptides have been perfused during
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Fig. 1. Electrical field stimulation-induced contractile
responses of guinea-pig whole urinary bladder subjected
to 60 min of ischemia and subsequent 120 min of
reperfusion. Experiments were carried out in the absence
or presence of the peptide somatostatin, applied for the
first 90 min. Results are expressed as mean £ SEM of six
urinary bladders (n = 6).
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Fig. 2. Electrical field stimulation-induced contractile
responses of guinea-pig whole urinary bladder subjected
to 60 min of ischemia and subsequent 120 min of
reperfusion. Experiments were carried out in the absence
or presence of the peptide Sandostatin®, applied for the
first 90 min. Results are expressed as mean = SEM of six
urinary bladders (n = 6).

ischemia and the first 30 min of reperfusion, as it is
supposed that the major damage to the tissue
develops not only during ischemia, but also at the
beginning of reperfusion when free radicals are
being formed intensively. Sandostatin® at 1, 100
and 300 nM improved significantly the EFS-
induced contractile response in reperfusion phase as
compared to untreated control bladders (n = 6, P <
0.01) (Fig. 3B).
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Fig. 3. Electrical field stimulation-induced contractile
responses of guinea-pig whole urinary bladder subjected
to 60 min of ischemia and subsequent 120 min of
reperfusion. Experiments were carried out in the absence
or presence of peptides somatostatin (A) or Sandostatin®
(B), applied for the first 90 min. Results are expressed as
mean of area under curve (AUC) = SEM of six
experiments in each group. Differences were evaluated
by one-way ANOVA followed by Dunnett’s post hoc
comparison test (*P < 0.05 and **P < 0.01 versus
control; n = 6).

Somatostatin at concentrations of 1 and 100 nM
did not exert significant effect as compared to the
control (Fig. 1, Fig. 3A) while at 300 nM it
increased the recovery of contractile response
during reperfusion (n = 6, P < 0.05) (Fig. 3A).

The antioxidant activity of the peptides was
assessed for their capability to prevent linoleic acid
peroxidation. Both vasoactive intestinal peptide,
somatostatin and Sandostatin® exhibited remarkable
antiperoxidant activity with a pICsy M values of 6.
4£0.1; 6.7+ 0.3 and 7.0 + 0.6, respectively (Table
1).

Ischemia, reperfusion, and subsequent free
radical damage have been implicated in many
voiding disorders. The structure and function of
detrusor smooth muscle may be altered by a series
of noxae including hypoxia, over distension,
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Tablel Inhibition of lipid peroxidation

Antioxidant IC5o (mM) £ pICso (mM) £
SEM SEM
DTBHA 0.088 + 0.006 7.1+£0.5
Sandostatin®  0.097 + 0.011 7.0£0.6
Somatostatin 0.164 +0.019 6.7+0.3
Vasoactive 0.380 +0.008 6.4+0.1
intestinal peptide

BHA 0.428 + 0.005 63+04
B-TAG 1.040 + 0.330 6.0+0.4
Propofol 3.100 + 0.380 55+0.3
B-GLU 9.910 + 2.480 5.0+04

diabetes, and ischemia. It was shown that both
experimental ischemia and partial outlet obstruction
of the urinary bladder induce similar dysfunction
with regard to the contractile responses to electrical
field stimulation [16]. Previous investigations
demonstrated that the response to nerve-mediated
stimulation declined rapidly as O, and glucose were
withdrawn, and recovered only to a limited extent
when perfusion with O, and glucose started again
[17, 16]. We reported that VIP improved this
recovery by protecting nervous tissues against
anoxia/glucopenia damage [18]. To elicit
neuroprotection, however, we incubated the guinea-
pig detrusor strips with VIP during the
anoxia/glucopenia (i.e. experimental ischemia)
phase and the first 30 min of reperfusion. In the last
years, increasing evidence has been accumulating
that reactive oxygen species (ROS), i.e. hydrogen

peroxide (H,O,) as well as superoxide anion (O,)

and hydroxyl radical (-OH) generated in greater
amounts after reperfusion of the ischemic tissue
[19, 20] are important mediators of tissue injury
during reperfusion following an ischemic insult.
Reactive oxygen species, including the singlet
molecular oxygen (‘O,), by promoting lipid
peroxidation can damage cell membranes, causing
severe dysfunction with impairment of intracellular
Ca®" homeostasis. In turn, increases of intracellular
Ca”* concentration during reperfusion following
ischemia, may activate a cascade of events, which
leads to neuronal cell death [11]. Indeed, it was
confirmed that reperfusion results in greater injury
than 2 h of ischemia in the rabbit bladder, and that
the  mechanisms of this injury involve
mitochondrial and neuronal damage [21]. The
reactive oxygen species burst at the beginning of
reperfusion and cytosolic Ca?* overload are two
proposed mechanisms to explain cell injury. It is
difficult to separate cause-and-effect relationship
between these variables, since ROS by activating
kinases upstream may induce Ca** overload, and
both ROS and Ca®* are known to be mediators in
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the regulation of mitochondrial permeability
transition pore formation [22], a key step in the
process of reperfusion injury.

In the present study, a remarkable antioxidant
activity of Sandostatin®, somatostatin  and
vasoactive intestinal peptide has been found, which
could underlie their neuroprotective action during
reperfusion, when a significant amount of free
radicals has been formed. The exact mechanism by
which the above mentioned peptides protect the
detrusor muscle nerves from reperfusion injury is
only a matter of speculation, though a loss of VIP
and  somatostatin  among  other  sensory
neuropeptides in the obstructed human bladder has
been previously described [23]. Probably activation
of some peptide receptor/receptors is involved in
their protective action. Indeed, it was recently
reported that activation of somatostatin receptor (sst
5) protects rat retina from neurotoxicity [24], and
that changes in VIP and associated receptor
transcripts and protein expression in micturition
pathways resemble some, but not all, changes
observed after induction of wurinary bladder
inflammation [25]. In summary, the
pharmacological action of drug Sandostatin®
(Novartis), outlined in the present study, may
represent a new therapeutic option for the control of
functional disorders of the urinary bladder.
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HEBPOIIEIITUIN N YBPEXIAHE HA ITMKOYHMA MEXYP BCJIIEJACTBUE
NCXEMUA U PEITEPOY3UA

P. Kanqul*, E. HeBeHmeBa-Hequal, JIK. Crapam/lz, ®. IMecuna®
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[ocreruna va 10 ronu, 2012 r.; npuera Ha 26 romm, 2012 r.

JlexoMIieHCcanusATa HAa THMKOYHMSA MeXyp, cJelBallla YacTHYHaTa OOCTPYKIMS, € IUPEKTHO CBBp3aHa C
HaMaJsiBaHe Ha ThKaHHara mepdys3us, KOeTO BOJM 0 IOsIBa HA XHUIIOKCUS M ucxemus. Clie[oBaTeIHO € BaXKHO Jia ce
TBHPCST CyOCTaHIUK, KOUTO HaMalsBaT MPEAU3BHKAHOTO OT UCXEMUsTa U pernepdy3usra yBpexJaHe Ha HEBPOHUTE B
JIETPYCOPHUSI MYCKYJ M IO TaKbB HAuWH Jia MOAOOPST (QYHKIMATA HA IMUKOYHUS MEXyp. YCTAHOBEHO €, Y€ MHOTO
HEBPOIIETITU/IA C€ CHHTE3UPaT, ChbXpaHsABaT U 0CBOOOK/AaBaT B JI0JHATA YacT Ha MUKOYHWTE mbTuina. IlokasaHo e, ge
HSKOW OT TSX HaMallsiBaT yBPEXKAAHETO, NMPEAN3BUKAHOTO OT McXxeMus M penepdysus. Llenra Ha HacTosmara paborta
Oerre /1a ce M3cieBa CIOCOOHOCTTa Ha Ba30aKTUBHMS MHTecTHHANEH rentux (BUIT), comarocrarnna n CangoctaTHH®
(Novartis) na HamansaT yBpeXIaHETO HAa HEBPOHHUTE MPH EKCIEPUMEHTANTHA HCXEeMHs H pernepdy3us B H30JIUpaH
MHMKOYECH MEXyp OT MOPCKO CBUHYE TIPH YCIIOBUsI UH BUTpPO. YcTaHoBHxMe, ue BUII (0.3 [TM), comaroctatud (300 nM)
n caggocttuH (1 mo 300 nM) momoOpsBaT 3HAYMUTENHO ENEKTPUUECKHU-TIPEIM3BUKAHIS CHKPATHTEIEH OTTOBOP Ha
MUKOYHHMSL MeXyp [0 BpeMe Ha pernepdy3usira B CpaBHEHHE C TO3M B KOHTPOJHHTE IHKOYHH MEXYypH.
AHTHOKCHIaHTHaTa akTUBHOCT HAa BUII, comarocTatvH M caHI0CTAaTHH, ONpenessiHa choOpa3HO TAXHATA CIIOCOOHOCT
Jla TIPEOTBPATST MEPOKCHAAINATa Ha JIMHOJEOBaTa KHcelInHa, Oeme cpoTBeTHO 6.4 + 0.1, 6.7 + 0.3 m 7.0 = 0.6.
AHTHOKCH/IaHTHATAa aKTUBHOCT Ha W3CIICABAHMTE ITENTHAM BEPOSATHO € B OCHOBaTa Ha HEBPOIPOTEKTHBHOTO UM
JieficTBrE TI0 BpeMe Ha penepdys3usiTa, Korato ce 00pazyBa 3HAYUTETHO KOJIMYECTBO CBOOOIHH PaIUKaIH.
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The purpose of this study was to analyze and compare the force and time-parameters of Angiotensin Il (Ang I1) and
Arginine-Vasopressin  (AVP)-provoked contractions on muscle strips from rat urinary bladder and rectum in
experiments in vitro. Mature Wistar rats, weighting 250-300g, were used. Longitudinal strips from urinary bladder and
rectum were prepared and influenced by Ang Il and AVP in a dose of 10° M. The recorded force-vs.-time curves were
analyzed including calculation of amplitudes, area under the curve (AUC) of the smooth muscle contraction, as well as
defining of different time-parameters. Ang Il and AVP caused urinary bladder tonic contractions with similar
amplitudes (1.74 £ 0.27 g and 1.55 £ 0.16 g, respectively) and different AUC. Marked difference was observed in the
application of both peptides on strips from rectum. Ang Il caused tonic reactions with amplitude of 4.60 + 0.42 g, while
AVP do not change significantly phasic contractions. The time-parameters analysis established an analogy in the
developed response to Ang Il of both organs.In urinary bladder, the action of Ang Il derivatives and the interactions of
the two peptides with the ion channels of the plasmalemma might be the reason for the observed differences in the
contraction parameters.The similarity in the time-parameters of Ang Il-mediated contractions of the bladder and the
rectum indicates an analogical mechanism of the development of the contraction. The lack of a rectal tonic response
when AVP was applied is probably due to different type of the receptors or modifications in the transductional signal
pathway.

Key words: Angiotensin Il, Vasopressin, rectum, urinary bladder, time-parameters

INTRODUCTION The physiological role of Ang Il for the function
of the urinary bladder and the exact mechanism
mediating its effects has not been fully revealed.
According to experimental data of Anderson and
co-workers [6], Ang Il has a possible role in the
micturition. It is proven that Ang Il and its
precursor Ang | cause dose-dependent contractions
of muscle strips from rat urinary bladder [7], and
probably act as modulators in neurotransmission in
this organ [1]. There are evidences that Ang Il
accomplish its physiological effects by binding to
AT1 receptors [8], whose number in the membrane
of the detrusor smooth muscle cells can vary
significantly [9, 10]. AT1 receptors activate
phospholipase C (PLC), dihydropyridine-sensitive
Ca”*-channels and inhibit adenylilcyclase, reducing
intracellular cAMP [11].

Except the well-known constriction of the
vessels, AVP affects the contractility of the
urogenital smooth  muscle, manifested in
experiments with rats [1]. It is proven the presence
of V1-receptors in smooth muscle of the urinary
bladder, whose binding to AVP also leads to
activation of the IP; pathway, similarly to binding

The growing incidence of micturition disorders
and faecal incontinence focuses attention of many
researchers on the study of motor activity of the
urinary bladder and the recto-anal segment of
gastro-intestinal tract. These two organs have
mainly a reservoir and evaquatory functions. The
maintenance of their adequate tone is essential for a
normal quality of life. The precisely coordinated
and complex smooth muscle activity of bladder and
rectum is regulated by interplay between neural
(somatic and autonomic) and endocrine control
mechanisms.

The neuropeptides Angiotensin Il (Ang Il) and
Arginine-Vasopressin (AVP) are important factors
in the regulation of the blood wvessels tone.
Furthermore, there is growing evidence for the
involvement of these two peptides in the regulation
of the smooth muscle activity outside the vascular
system, such as urinary bladder and distal segments
of the gastrointestinal tract [1-5].

* To whom all correspondence should be sent:
E-mail: petia_hadjibojeva@abv.bg © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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of Ang Il to AT1[12, 13].

There is not enough information in the literature,
regarding the exact effects of Ang Il and AVP on
the recto-anal segment of GIT. Local renin-
angiotensin system or parts of it had been found in
rat rectum [14]. The role of Ang Il had been
confirmed in the development of diseases such as
internal anal sphincter incontinence [4, 5]. In recent
years the significance of AVP as an important
regulator of the gastro-intestinal smooth muscle
activity is growing [15, 16]. Regarding the tone of
the rectal musculature this question remains still
opened.

The purpose of this study was to analyze and
compare in details the registered Ang Il and AVP-
provoked contractions in experiments in vitro on
muscle strips from rat urinary bladder and rectum.

EXPERIMENTAL METHODS
Sample Preparation

The experiments were performed in the urinary
bladder and rectal smooth muscles isolated from
adult Wistar rats, weighing 250-300 g. The animals
were anesthetized with Nembutal 50mg/kg i.p. and
exsanguinated. The experiments were carried out in
accordance with the national regulations and the
Directive 2010/63/EU of the European parliament
and of the Council (22 September, 2010)
concerning the protection of animals used for
scientific purposes.

Abdominal and pelvic cavity were opened and
the urinary bladder and rectum were dissected out
and immediately placed in cold Krebs solution (3
°C), containing the following composition (in
mmol): NaCl 118.0, KCI 4.74, NaHCO; 25.0,
MgSQO, 1.2, CaCl, 2.0, KH,PO, 1.2, and glucose
11.0. The surrounding tissue was dissected and
longitudinal ~ sections  from  both  organs
(approximately 8-10 mm long) were prepared.

The two ends of each preparation were tied with
ligatures. The distal end was connected to the organ
holder; the proximal end was stretched and attached
to a mechano-electrical transducer FSG-01
(Experimetria Ltd., Hungary) via a hook. The
preparations were placed in organ baths TSZ-
04/01, containing Krebs solution, pH 7.4,
continuously bubbled with Carbogen (95% O,,
5%CO,). The organ baths were mounted in parallel
above an enclosed water bath, maintaining the
solution temperature at 37 °C. Preparations were
placed under an initial tension (preload) of 1 g and
allowed to equilibrate for at least 75 min (three
periods: 15 min, 45 min and 15 min and two
washes with Krebs solution between them). After

the equilibration period, preparations were
influenced by Ang Il and AVP in a dose of 1 umol
(10°° M), applied separately.

Recording of mechanical activity

Mechanical activity was digitized and recorded
by using S.P.E.L. ISOSYS Advanced Software
(Experimetria Ltd., Hungary). The conversion of
the data for later analysis was performed with
KORELIA-Processing and the analysis and graphic
processing—with  KORELIA-Dynamics computer
programs [17, 18].

Chemicals and drugs

Ang Il (Sigma-Aldrich) and AVP (Sigma-
Aldrich) were solubilized in bidistillated water. All
reagents for the preparation of Krebs solution were
purchased from Sigma-Aldrich.

Data analysis and statistical processing

The recorded force-vs.-time curves were
analyzed including calculation of amplitudes,
integral force of tonic contraction, presented as area
under the curve (AUC), as well as determination of
time-parameters. The different phases of the
peptide - induced tonic contractions, were clarified
and analyzed by application of a time -parameter
analysis, similarly to that made in the study of the
skeletal muscle contraction [19].

The following time-parameters were defined
(Fig. 1.): 1% half-contraction time (Tho), 2™ half-
contraction time (TTp), contraction time (T),
half-relaxation time (Ty.), contraction plus half-
relaxation time (T¢qy).

The duration of the interval for analysis of tonic
contraction was defined from the beginning of the
contraction, until the amplitude fell to 50% (Fig.1).

For a better analysis and understanding of the
different phases of the induced SMC, a
normalization of time-intervals was performed. All
of the normalized time-intervals were calculated as
a relative part from Ty,

Data obtained were processed by the statistical
program Statistica 6.1, StaSoft, Inc. and presented
as mean + standard error. A P-value less than or
equal to 0.05 was considered to be statistically
significant.

RESULTS
Amplitude and AUC urinary bladder

After an equilibration period, the isolated strips
from urinary bladder displayed spontaneous activity
with an amplitude of 0.30 = 0.06 g (n=19). Time-
parameters of peptide-induced tonic contraction are
presented on Fig. 1.
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Fig. 1. Time-parameters of peptide-induced tonic
contraction:F.« — maximal force of the smooth muscle
contraction (SMC); Fnax/2 — half of maximal force of the
SMC; Ty — 1% half-contraction time: the time interval
between the start of the SMC and Fpu/2; T - The — 2™
half-contraction time: the time interval between 1% half-
contraction time and F, ; T, — time interval between the
start of the SMC and Fa ; The — time interval between
Fmax and Froad/2 ; Tene — time between the beginning of
the SMC until the amplitude fell to Fy../2.

1200 s
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% =
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600
2
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Ur.bL & Angll Ur.bL & AVP

Rectum & Angll Rectem & AVP

Fig. 2. Amplitudes and integral forces (presented as
AUC) of Ang IlI- and AVP- induced tonic contractions
from rat urinary bladder and rectum.

Ang Il at a concentration 1 umol induced tonic
contraction with an amplitude of 1.74 + 0.75 g
(n=10) (Fig. 2, Fig. 3) and an integral force of
muscle contraction of 126.6 + 67.8 gs (Fig. 2).

AVP at the same concentration (1 pmol)
induced tonic contractions with an amplitude of
1.55+0.5 g (n=18) (Fig.2, Fig. 3). The integral force
of AVP-induced contraction - 871.5+287.8 gs was
significantly greater than Ang Il-provoked (Fig. 2).

Rectum

After a period of equilibration, the isolated
longitudinal  strips  from rectum displayed
spontaneous activity with an amplitude of 1.03 +
0.5 g (n=8), which was significantly higher than the
urinary bladder spontaneous activity. Ang Il (1
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umol) led to significantly increased (P < 0.05)
amplitude and integral muscle force of tonic
contraction (4.22 + 1.12 g, 260 + 92.7 gs) in
comparison to bladder contraction (Fig. 2 and
Fig.3). The application of AVP in a concentration
of 1umol did not cause onset of tonic contraction,
but there was observed a noticeable increase in the
frequency and the amplitude of the rectal phasic
activity (Fig.3).

Fig. 3. Original recordings from S.P.E.L. ISOSYS
Advanced Software (Experimetria Ltd., Hungary).

Time-parameter analysis

Regardless the reported differences in the
amplitude and AUC of Ang Il — induced rectal and
urinary bladder contractions, such were not
observed when time-parameter analysis was applied
(Table 1). The initial time - parameter (T,.) was
significantly shorter in comparison to the
subsequent interval (T—Ty) and the parameter
characterizing the process of relaxation (Ty). In
both of the Ang Il — induced responses the interval
for the second part of the development of
contraction was bigger. Statistically significant
differences between the absolute time-parameters
of the Ang Il- provoked contractions from the two
preparations were observed only in the second half-
contraction time (bladder - 19.5 + 2.3 s and rectum
- 295 £ 2.6 s). AVP-induced contraction was
characterized by a significantly longer duration of
all time-parameters compared to those induced by
Ang Il
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Table 1. Calculated time — parameters of Ang Il — induced rectal and urinary bladder tonic contractions, as well as AVP
— induced urinary bladder response. The application of 1umol AVP did not led to appearance of rectal tonic contraction
Organ Peptide Thc [5] Tc_Thc [5] Tc [5] Thr [5] Tchr [S]
Urinary Ang I 12.8+1.6 19.5+2.3 32.24¢33 615+136  93.84133
bladder
Rectum Ang I 11.2+¢1.4 29.5+2.6 40.7+2.6 57.9+8.5 98.6+9.1
glfiggfy AVP 28.0+4.1 99.4+16.8  127.4+#180 2553351  382.7#43.1
adder

Normalized time - parameters

After the normalization of the time - parameters,
the differences between AVP and Ang Il - induced
urinary bladder contractions disappeared. The
normalized Ty of AVP-induced bladder contraction
was significantly less than that of Ang ll-induced
and represented 0.08 + 0.01 and 0.16 = 0.03,
respectively (Fig. 4). The comparison of Ang Il —
provoked bladder and rectal responses revealed
differences only in the second part of the
contraction (0.23 + 0.03 and 031 = 0.03,
respectively).

[cThe
Urinary bladder aTe-The
and Anglotensin 11 WThr

OThe
COTe -The
|EThr

Urinary bladder
and Vasopressin

1The
HTe-The
W Thr

Rectum and
Angiotensin 1l

Fig. 4. Normalized time-parameters. All of the
normalized time-intervals were calculated as a relative
part from T, .

DISCUSSION

Ang Il —and AVP- induced urinary bladder
contractions: a detailed view and some
assumptions

Ang Il receptors have been discovered in
detrusor of many species, including human and
there is wide variation in the response to this
peptide [1]. The application of Ang Il and AVP in
our experiments at a concentration of 1umol led to

development of tonic contractions, which confirms
our previous investigations and available literature
data for the effect of these peptides on urinary
bladder contractile activity .[2, 12, 13, 20, 21].

The comparison of the results from the
independent influence of Ang Il and AVP on
bladder activity demonstrates that the observed
contractions were with approximately equal
amplitude, but the developed integrated muscle
force was significantly increased after the
application of AVP. Time — parameter analysis
indicates that Ang Il causes contractions for a
shorter period of time: the first and the second half
— contraction time as well as half — relaxation time
were significantly brief. AVP - induced response,
which reached a noticeable maximal integrated
force, is due to a prolonged achievement of the
maxim and the subsequent much slower relaxation.
The absence of significant differences in the
normalized time - parameters, excluding the initial
period of contraction, indicates that the bladder
contractile responses to Ang Il and AVP generally
follow an identical pattern. This is precisely due to
the activation of same signal transductional
pathway by both peptides. Then what are the
differences between the mechanisms of action of
the two peptides that alter the muscle force and the
absolute time — parameters? A possible explanation
is that Ang Il is metabolized and its derivatives are
biologically active. Their effect, however, is
opposite to that manifested by Ang Il [22].

Also we can express the assumption that the
probable reason for this difference is a consequence
of the interaction of these two peptides with the ion
channels of the plasmalemma. There is data for the
impact of AVP over potassium channels of brain
cells after fluid perscussion brain injury indicating
that AVP blunted Karp and Kc, channels [23]. It is
known that smooth-muscle cells of the bladder have
a number of potassium channels, including ATP-
dependent K channels and Ca-dependent K
channels [2]. Such data could be a possible
explanation for the prolonged effect of AVP on
SMC.
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Ang Il stimulates the activity of T-type voltage
dependent calcium channels in vascular smooth

muscle cells [24]. We can assume that in the
smooth muscle cells of the rat bladder is realized
the similar effect.

Ang Il — provoked rectal response. Comparioson
with the urynary bladder response

The application of Ang Il on the rectal
preparation caused a development of expressed
tonic contraction, which amplitude and integral
muscle force were significantly greater than those
of the bladder. The higher amplitude is achieved at
the expense of the second half of the contraction.
The higher values of the absolute and normalized
time — parameters for this interval are the evidence.
The difference in the total muscle mass of the
preparations significantly contributes for these
distinctive force parameters. It is worth noted, that
the time-parameters (absolute and normalized) of
Ang Il — mediated bladder and rectal SMC, with the
exception of T, Ty parameter, do not indicate
significant differences. This proves the suggestion
that in the urinary bladder and rectum the Ang Il -
mediated contractions are developed by similar
mechanisms. Moreover, this assumption is an
indirect evidence for an approximately equal
density of Ang Il receptors in these two organs. The
uniformity of response to Ang Il is supported by the
fact that it the rectum a local renin-angiotensin
system has also been established [14]. It could be
considered again that the locally generated
metabolites of Ang Il contribute for this pattern of
the contraction process.

Does AVP have an importance for the motility of
the rectum?

Dose-dependent effects of AVP on gastro-
intestinal tract from different species were
observed, but regarding the rectal musculature the
information is unsufficinet and controversial [25].
AVP has been shown to increase the gastric and
duodenal motility in humans and rabbits [15, 16],
as well as colonic peristalsis [16], but the
expression of the exact AVP receptors in intestine
has not been examined yet [16]. Some authors have
demostrated that AVP increase the gastro-intestinal
motility via the oxytocin OT1 receptors, but the
experiment is only for stomach and duodenum from
rabbits [15].

In our study, the application of AVP does not
significantly alter the characteristics of the
spontaneous phasic contractile activity of the
rectum. This could be explained with the absence of
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AVP receptors type V1, which are present in the
urinary bladder. In rectal musculature V2 receptors
could be presented — in such a case, the rectum as a
terminal department of gastro-intestinal tract shows
analogy with the distal and the collecting tubules of
the kidneys. This is still an assumption that remains
to be investigated.
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E®EKTU HA AHITMOTEH3UH Il 1 BA3SOIIPECHUH BBHPXY
CBKPATUTEJIHATA AKTUBHOCT HA N30JIMPAHU ThbKAHHU UBULIN OT
[TMKOYEH MEXVYP U PEKTYM HA TII'bX

I1.B. XamkuGoxesa® , I.K. FeopmeBl, P.E. KambI/IHZ, AH. Tonekosa®

1 .
Kameopa no ¢usuonoeus, namoghuzuonozus u papmarxonozus, Meouyuncku gaxynimem, Tpaxuiicku ynusepcumenm,
Cmapa 3azopa, bvreapus

2
Hnemumym no nespobuonocus, Bvreapcka akademus na naykume, Cogpus, bvaeapus

[Toctenuna Ha 10 rouu, 2012 r.; npueta Ha 26 ronu, 2012 1.
(Pesrome)

LlenTa Ha HACTOSIIOTO M3CNIEIBAHE € Ja CE aHAIM3UPAT U CPABHAT CUJIaTa M BPEMEBHTE XapaKTEPUCTUKH Ha
Amnruorensud Il (Anr Il) u Aprunun-Bazonpecun (ABII) — npenu3BHKaHH KOHTPAKIMM HA MYCKYIHH HBHUIH OT
MUKOYECH MEXYp M PEKTYM Ha ILTBX, IIPH MPOBEICHH N VItro ekcriepuMeHTH. M3MoM3BaHy ca MBXKHU IUIBXOBE - JIMHUS
Wistar, ¢ terno 250-300g. Ot nmuko4YHHS MEXyp M PEKTYyMa ca MPUrOTBEHH JIOHTUTYIWHAIHU MpenapaTH, Ha KOUTO €
BB3/IelicTBaHO camocTosTenHo ¢ Amr I wmn ABII, B 1o3u mo 10™° M. 3amucanuTte KpUBH CHIIa-BpeMe Ca aHATH3HPAHU
MOCPECTBOM M3YMCIISIBAHE Ha aMIUIMTYIA Ha ChbKpanieHneTo, o noja kpusara (AUC), kakTo U 4pe3 omnpeaesHe Ha
Hsakou BpemeBu mapamerpu. AHT |l u ABII npeaus3Bukaxa TOHUYHM KOHTPAKIMM HAa MHUKOYHHSA MEXYpP, CbC CXOTHA
ammutyaa (ceotBeTHO 1.74 £ 0.27 g u 1.55 £ 0.16 @), Ho ¢ pasmuunun AUC. OTueTiuBY pas3ivKu ce HabIro[aBaxa npu
NPWJIOKEHNETO Ha JiBaTa IENTHIa BbPXY IIIAJKO-MYCKYJIHHTE Ipenaparu oT pektym: AHr Il mpenusBuka ToHHYEH
oTroBop ¢ ammautyaa ot 4.60 = 0.42 g, noxato ABII He mpomeHH chlllecTBEHO (a3uyHATa CIIOHTAHHA aKTUBHOCT Ha
mpenapatute. AHaIU3BT 110 BPEMEBU IapaMeTpH YCTAHOBH aHAJOTMYHO Pa3BHTHE Ha OTroBopure KbM AHT |l u npu
JBaTa BHJA opranu. Ilpu nukouHus mMexyp, HabmogaBanute paznnuust B AHT || — u ABII — MequupanuTe KOHTPAaKIIMU
Orxa MOIJIM Jla ce JbJDKAT Ha JOIBJIHUTENHO jaeiicTBue Ha AHr |l — nepuBaTé n/minm Ha B3aMMOJEHCTBHETO Ha ABaTa
NenTH/Ia ¢ HOHHNTE KaHaueTa Ha masmaneMara. CXoJICTBOTO BbB BpeMeBUTE apaMeTpy Ha AHT || — npenusBukanuTe
CBKpaIeHNs Ha IMKOYHMS MEXYp M PeKTyMa HAacO4Ba KbM BEPOSATEH CXOJICH MEXaHU3bM Ha Pa3BUTHE HA KOHTPAKIIHATA
npu JBara opraHa. Jluncara Ha TOHHYEH OTTOBOP NPH PEKTyMa, ciex Bb3neicTBue ¢ ABII, HaBsipHO ce OBIKM Ha
Pas3JIMyueH THIT PEIENTOPH WM MOANGDHKALUY Ha TPAaHCAYKIIHOHHATA CUTHAJIHA BEPHTa.
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Coronary angiogenesis and collateral growth are chronic adaptations to myocardial ischemia. In human coronary
atherectomy tissue significant expression and angiogenic activity of the pro-inflammatory chemoattractant peptide
interleukin-8 (IL-8) was observed. The aim of the present study was to introduce a method for measuring the IL-8
levels in rat heart tissue and to study whether ischemic preconditioning enhances IL-8 level in the infarcted heart. We
stimulated myocardial angiogenesis in Sprague Dawley rats through ischemic preconditioning in the form of in vivo 4
short repetitive cycles of coronary artery occlusion (5 min) each followed by reperfusion (10 min). Rats were randomly
divided into 5 groups: baseline control; normoxia + sham surgery; ischemic preconditioning + sham surgery; normoxia
+ myocardial infarction; ischemic preconditioning + myocardial infarction. Tissue samples from left ventricle were
homogenized and sonicated. Aliquots of homogenate supernatants were obtained and frozen at —70° C until thawed for
assay by specific 1L-8 ELISA. Samples were assesed in duplicate using cellular communication assay kit for rat 1L-8
(GROI/CINC-1). Arteriolar and capillary density was evaluated by the standard deparaffinization protocol. We found
that concentrations of IL-8 in the left ventricle were significantly elevated after 2, 4, 7, 14 and 28 days of left coronary
artery occlusion in the ischemic preconditioning + myocardial infarction group as compared to the normoxia +
myocardial infarction and/or baseline control. The nonparametric correlation showed that IL—8 concentration correlates
significantly (P < 0.05) and negatively with arteriolar and capillary density. Therefore, IL-8 could be one of the
angiogenesis “promoters” in the infracted heart.

Key words: peptide, interleukin-8, myocardium, ischemia, heart

INTRODUCTION collateral growth are chronic adaptations to

The peptide Interleukin-8 (IL-8) is a ”.‘YO.C?‘rd‘a' ischem_ia. Simonin_i et a_I. [10.] _observed
chemoattractant cytokine for neutrophils [1], sngnlflcant expression and angiogenic activity of IL-
lymphocytes [2], and fibroblasts [3]. It is a 2[31|1n] hlg:;gﬁg{;?:dry ?;gireftogny;:zs#]giggang eFt)raol.
o raman e tommon o ogi rspor i gl calls Evidenc
endothelial cells [4, 5] and smooth muscle cells [6]. ?ggezs é oixt/n-lre(;u?;t:dr g;g![ﬂgeerrl];:p o?((i:;O::Séscad_e
IL-8 is produced by monocytes, endothelial cells, Recently, an increase of plasma IL-8 level iﬁ
fibroblasts, lymphocytes, neutrophils, keratinocytes, patients ,Wi'[h chronic heart failure was reported
epithelial cells, hepatocytes, and lung macrophages. [12]. Having in mind all these facts, we examined a
IL-8 is a potent cytokine involved in mitogenesis novél method  of stimulatin,g myocardial
[6] and angiogenesis [5]. It was shown that at angiogenesis through short cycles of ischemic
physiological concentrations human IL-8 induces preconditioning followed by reperfusion
transient neovascularization in a rabbit corneal '
pouch model, accompanied by a modest EXPERIMENTAL METHODS
lymphocytic infiltrate [7]. In addition, IL-8 was
reported to take part in neovascularization in a
variety of tumors [8, 9].

On the other hand, coronary angiogenesis and

All animals used in this study received humane
care in compliance with the principles of laboratory
animal care formulated by the National Society for
Medical Research and Guide for the Care and Use
of Laboratory Animals published by NIH. The
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E-mail: reni_kalfin@abv.bg
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receiving approval from the institutional Animal
Care Committee.

Surgical procedures

Male Sprague Dawley rats weighting between
250 and 300 g were anesthetized with ketamine
(100 mg/kg i.p.) and xylazine (10 mg/kg i.p.). As
preoperative antibiotic cover we administered
cefazolin (25 mg/kg i.p.). Rats were randomly
divided into 5 groups: baseline control; normoxia +
sham surgery; ischemic preconditioning + sham
surgery; normoxia + myocardial infarction;
ischemic preconditioning + myocardial infarction.
After tracheotomy and initiation of ventilation, the
heart was exposed through a left lateral
thoracotomy. Non-traumatic occluder was applied
on the left anterior descending coronary artery
(LAD). The myocardium was preconditioned by
carrying out a short duration of temporary regional
ischemia (5 min) followed by a period of
reperfusion (10 min), repeated 4 times. Myocardial
infarction was produced by permanent LAD
occlusion. The rats in the sham group underwent the
same procedure except for the LAD ligation. After
completion of all surgical procedures the chest wall
was re-closed, rats received buprenorphine (0.1
mg/kg s.c.) and were placed on a heating pad while
recovering from anesthesia.

IL-8 enzyme-linked immunosorbent assay (ELISA)

Tissue samples from left ventricle were
homogenized and sonicated in 1 ml antiprotease
buffer consisted of 1 x PBS with 2 mM
phenylmethylsulfonyl fluoride, and 1 pg /ml each of
leupeptin  and pepstatin  A. Total protein
concentrations were determined using bicinchoninic
acid protein assay kit (Pierce Chemical Company,
Rockford, IL, USA). Aliquots of homogenate
supernatants were obtained after centrifugation at
10 000 x g for 10 min and frozen at —70° C until
thawed for assay by specific IL-8 ELISA. Samples
were assesed in duplicate using commercially
available cellular communication assay kit for rat
IL-8 (GRO/CINC-1) from Amersham Pharmacia
Biotech Inc., NJ, USA. The sensitivity of the assay
was 0.49 pg/ml. Absorbency was measured by a
plate reader at 450 nm. In the heart tissue IL-8
levels were scalar (amount per milligram protein).

Arteriolar and capillary density

The standard deparaffinization protocol was
used. Endothelial cells were labeled using mouse
monoclonal anti-CD31/PECAM-1 (1:100,

Pharmingen, San Diego, CA, USA) followed by a
biotinylated horse anti-mouse secondary antibody
(1:200 dilution). The reaction product (brown) was
visualized with DAB substrate using the Vector
ABC  Vectastatin  Elite  Kit  (Vectorlabs,
Burminghame, CA, USA) and was counterstained
with methyl green (Vectorlabs). On separate slides,
vascular smooth muscle cells were labeled using
mouse monoclonal anti-smooth muscle actin (1:50,
Biogenex, San Ramon, CA, USA) followed by a
biotinylated  rat-adsorbed  horse  anti-mouse
secondary antibody (1:200 dilution). The reaction
product (violet) was visualized with VIP substrate
using the Vector ABC Vectastatin Elite Kit
(Vectorlabs). Images were captured and stored in
digital “tiff” format for later image analysis.
Counts of artetiolar and capillary density per mm?
were obtained after superimposing a calibrated
morphometric grid on each digital image using
Adobe Photoshop Software (Adobe Systems Inc.,
San Jose, CA, USA).

Statistical analysis

Data are presented as mean + standard error of
the mean (SEM). Differences between groups were
tested by one-way ANOVA followed by Newman-
Keuls post hoc multiple comparison test.
Correlation of arteriolar or capillary density vs. IL—
8 concentration in IPMI-group was performed
according to the non-parametric statistical method
of Spearman. Differences were considered
significant when P < 0.05. All statistical analyses
were performed using GraphPad Prism 3.03
(GraphPad Software Inc., San Diego, CA, USA).

RESULTS AND DISCUSSION

Concentrations of IL-8 in the left ventricle were
significantly elevated after 2, 4, 7, 14 and 28 days
of left coronary artery occlusion in the ischemic
preconditioning + myocardial infarction group as
compared to the normoxia + myocardial infarction
and/or baseline control or sham groups, which we
found to decrease gradually with time (Fig. 1).

Ischemic preconditioning increased capillary
and arteriolar density in our experiments. The
nonparametric correlation found by plotting of IL-8
levels vs. arteriolar or capillary density is shown in
Figures 2 and 3, respectively. In both cases IL-8
concentration correlated with arteriolar and
capillary density.

Significant experimental and clinical research
has focused on protection of ischemic myocardium.
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Fig. 1. Concentration of the peptide interleukin-8 (IL-8)
in left ventricle of rats, randomly divided into five
groups: baseline control (BS); normoxia + sham surgery
(CS); ischemic preconditioning + sham surgery (IPS);
normoxia + myocardial infarction (CMI); ischemic
preconditioning + myocardial infarction (IPMI). Results
are expressed as mean + S.E.M. of five hearts per group.
Significant differences from the CMI group are
indicated: *P < 0.05; **P < 0.01.
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Fig. 2. Non-parametric Spearman correlation of the
arteriolar density vs. interleukin-8 concentration in the
left ventricle of IPMI (ischemic preconditioning followed
by myocardial infarction) group: P < 0.05, r =-0.91.

Successful protection strategies are diverse and
have included sublethal ischemia and certain
pharmacological approaches. The biological process
now recognized as "preconditioning” enhances
endogenous cellular mechanisms within the
myocardium, and results in protection against
postischemic injury. Angiogenesis, i.e. the growth
of new blood vessels from pre-existing vessels, is
induced when the metabolic requirements of the
tissue exceed the perfusion capability of existing
vessels. It is a sequence of events and appears to be
a tightly regulated process, for example by various
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Fig. 3. Non-parametric Spearman correlation of the
capillary density vs. interleukin-8 concentration in the
left ventricle of IPMI (ischemic preconditioning followed
by myocardial infarction) group: P < 0.05, r =-0.90.
growth factors and cytokines. However, the
initiation of angiogenesis still remains unclear.
Among the various triggers of angiogenesis, tissue
hypoxia has been identified as being a particularly
important stimulus for the induction of new vessel
growth [13, 14]. For example, for a large series of
angiogenesis factors it has been shown that these
were strongly induced by tissue hypoxia. Based on
currently available data, hypoxia inducible
angiogenesis factors are VEGF, IL-8, angiogenin,
FGF and PDGF [15].

The cytokine interleukin-8 is considered to be
involved in angiogenesis, since a structural amino
acid ELR motif (Glu-Leu-Arg), present in CXC
chemokoines as IL-8, is suggested to be associated
with stimulation of new blood vessels formation:
chemokines that lack this motif, such as IL-10,
appeared to be angiostatic [16, 17]. Our findings,
described in the present study reveal that in the
ischemic preconditioned infracted heart increased
IL-8 levels correlate significantly and negatively
with arteriolar and capillary density, hence IL-8
could play a role of angiogenesis “promoter”.
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HUBA HA IIEIITUJA MHTEPJIEBKWH-8 ITPU ITPEKOHAWINA HA
MUOKAPIA ITOCPEACTBOM KPATKHU HHUKJIM HA UCXEMUM -
PEIIEP®OY3UA
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(Pesrome)

MuokapabsT ce TMpHCIOco0sBa KbM XPOHMYHATA HCXEMHs IOCPEICTBOM PAaCTEX HA MAJIKUTE KPBHBOHOCHH
cpaoBe. HabmromaBaHo e, 4e KOpOHapHaTa aTepeKTOMHs NpPH YOBEK 3HAYWTEIHO YBEIMYaBa EKCIPECHsTa |
AQHIMOTCHHATa AKTHBHOCT Ha MpO-BB3MNAJIMTEIHUS XEMOATpaKTaHTeH mentua uHTepiaeBkuH-8 (IL-8). Llenta Ha
HacTosimaTa pabora Oemre 1a ce BbBEIE METOJl 32 M3MepBaHe HUBara Ha |L-8 B chplie Ha ITBX M Jla ce U3cieaBa J1alu
NCXeMHUYHATa NMPEKOHAMIMS IOBHIIABA KOHIEHTpauusaTa Ha |IL-8 npu mudapkT Ha Muokapma. Hue crumymmpaxme
aHrMOTeHe3aTa B MHOKap/Ia Ha IThXO0BE OT mopojara Sprague Dawley mocpencTBOM HCXeMUYHA TIPEKOHIANIMS MH BUBO
o hopMaTa Ha 4 KbCH MOBTAPSINH CE ITUKBJIA HA KOPOHAPHA apTepHaiiHa OKITy3us (5 MUH) clieiBaHa OT penepdy3us
(10 mun). [TrpxoBeTe Gsixa pasmelieHd Ha 5 TPYIH: KOHTPOJIHA;, HOPMOKCHS + OTBapsiHE Ha TPBAHHS KOII, HCXEMHUIHA
NPEKOHAMIMSI + OTBapsHEe Ha TIPBIHMS KOII, HOPMOKCHS + HMH(APKT HA MHOKapja; MCXEMUYHA MPEKOHIULUS +
nHpapkT Ha Muokapja. TbKaHHHUTE MPOOU B3ETH OT JisiBaTa Kamepa 0sXa XOMOTeHU3UPAHH U COHUKUPAHH C YITPa3BYK.
TeuHocTTa OT cynepHaTaHnTara Oemle pasnpezeieHa B eneHa0phKu u cbxpansBana npu -70° C no nposexxnanero Ha IL-
8 crnenuduyHUs eH3UM-CBBp3aH UMYHOCOpOeHTeH aHanu3. [Ipodute Osxa m3cinenBaHK B JyIUIMKAT 4Ype3 crenupuueH
KkuT 3a ompezaensHe Ha mwibuK 1L-8 (GRO/CINC-1). IlnpTHOCTTa Ha apTEepUONIUTE M KamwusIpuTe Oelie ompeaensiHa
MIOCPEACTBOM CTaHAApTEH JenapadMHUIMOHEH METOJ. Y CTaHOBMXME, Ye KOHLeHTpalusara Ha |L-8 B nsBara kamepa e
3HAYMTENHO MOBUIlIeHa Ha 2, 4, 7, 14 u 28 neH cnen okiay3usTa Ha JsBaTa KOPOHApHA apTepus B rpymnara ¢ UCXeMHUYHA
NPEKOHANIMS + MH(PAPKT HAa MUOKap/a B CpaBHEHHE C IpylaTta HOPMOKCHs + MH(pApKT Ha MHOKapAa WM KOHTPOJIHATA
rpyna. HemapameTpudHHAT KOpenanuoHEH aHanu3 mokasa 3HauurenHa (P < 0.05) HeraruBHa Kopenmamust MexIy
KoHIleHTpanusaTa Ha |L-8 u mrpTHOCTTA Ha aprepuonute U Kamuisapure. CiaemnoBarenno, IL-8 moxe na Obae enuH OT
,,IPOMOTOPUTE” HA aHTUOTEHE3aTa MPH ChPIIE B ChCTOSHUE HA HH(DAPKT.
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Aim of the present study was to evaluate the effect of four recently synthesized peptide mimetics, derivatives of L-
Valine, containing moieties of nicotinic/isonicotinic acids and hydrophobic spacers with two different lengths, on the
cognitive functions of rodents. Male Albino mice were treated with these compounds in daily doses 125 and 250 mg/kg
b. wt. for 3 consecutive days. Their learning and memory were evaluated with Step-through test, their exploratory
activity with Hole-board test and their muscular coordination - with Rota-rod test. The ability of the used substances to
affect metabolism of biogenic amines in hippocampus was studied in Wistar rats, 1 hour after single treatment (250
mg/kg i.p.). Our results revealed a significant dose-dependent effect of two of the compounds, which appear as
positional isomers and contain longer hydrophobic spacer. Their effect on the parameters of learning and memory,
exploratory activity and muscular coordination, was well pronounced. The levels of neuromediators in hippocampus
were significantly changed after a single treatment. Serotonin (5-HT) levels were increased significantly by both
compounds, one of which increased also noradrenaline levels. The improving effect on cognitive functions of rodents is
most probably related to the presence of L-Valine, as well as nicotinic or isonicotinic residue. The much stronger
influence of the pair with a longer hydrophobic spacer is due to the better lipid solubility and the possible blood-brain
barrier transport related to it, so as to modulate biogenic neuromediators' levels in rat hippocampus.

Key words: peptide mimetics, L-valine, nicotinic acid derivatives, cognitive functions, neuromediators,
neuropharmacological effect

H-bonds, and to self-assemble into supra-molecular
INTRODUCTION complexes, particularly forming nano- and micro-
filaments both in the absence of a solvent and in
some solutions [1-3]. Determining of pKa shows
that at pH=7 the four compounds exist mainly in
their unionized form, which means that at
physiological conditions (pH=7.4) they are again in
a molecular (non-charged) form [5]. Studies of the
solubility of these compounds in water and in
octanol revealed a much higher (in orders)
solubility in octanol than in water, defining high
values of the partition coefficient (log P) that
characterizes their distribution between water and
lipid phase in the body [5].

Our previous studies established low in vivo oral
and intraperitoneal toxicity (over 2000 mg/kg b.w.)
and high therapeutic index for all studied
substances (over 8). In vitro studies showed the
lack of practical toxicity at concentrations 250 uM -

Four newly synthesized peptide mimetics,
derivatives of L-Valine bound to nicotinic or
isonicotinic acids from one side and to alkyl
hydrophobic spacer from the other side, have been
synthesized by Tsekova et al. [1]. Their synthesis
and self-assembly behavior have been published
earlier [1-3] and some data for their biological
properties have been recorded [4,5], although
investigations on their biological activities are still
in progress. In our previous publications these
compounds were introduced as M3, P3, M6 and P6,
where the sign M means derivatives of m-pyridinic
(nicotinic) acid and P means derivative of p-
pyridinic (isonicotinic) acid, while 3 and 6 point the
number of methylene groups building the
hydrophobic spacer in the molecule. All of them
possess a very high ability to form intermolecular
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toxicity is lower even than that of ascorbic acid
(Vitamin C) [5]. Some changes in the orientation
and nociception in white mice treated with the same
substances were also established [5].

On the basis of all the data cited above we
decided to study the neuropharmacological
activities of these four peptide mimetics as potential
pharmacological agents in rodents.

The aim of the study is to evaluate the ability of
the used compounds to affect the cognitive
functions of mice and to clarify some biochemical
correlations in the rat brain after treatment with the
compounds.

MATERIALS AND METHODS

Male ICR Albino mice were used for treatment
with the targeted compounds in daily doses 125 and
250 mg/kg b. wt. intraperitoneally for 3 consecutive
days. A control group has been treated with the
same volume of solvent (Ol. Helianthi).

Several tests were performed to study the
changes in the animals’ cognition:

o for learning and memory (Step-through test) —
on the 1% and 7" day,

¢ exploratory activity (Hole-board test) - on the
1% 2" and 3" minute and

e muscular coordination (Rota-rod test).

In parallel experiments the changes in biogenic
levels in hippocampus of dopamine (DA),
noradrenaline  (NA) and  serotonin-  5-
hydroxytriptamine-(5-HT) were studied
fluorimetrically 1 hour after single administration
of M6 and P6 (250 mg/kg, b.wt. i.p). Experiments
were performed on male Wistar rats, applying a
method described by Jacobowitz et al (1978) [6].

The Student-Fisher test was used for statistical
assessment of the experimental data.

RESULTS AND DISCUSSION

Our results demonstrate a significant improving
effect of the pair of positional isomers with a longer
spacer — both compounds M6 and P6 (125 mg/kg b
wt, 3 days) - on all of the parameters studied:
learning and memory, exploratory activity and
muscular coordination.

As it is seen in Fig. 1, compound M6 has a
positive influence on learning and memory in mice,
evident both on the 1% and on the 7" days after
treatment with the substances. Compound P6 has
significant effect only on the 7th day, while the
effect of M6 is well pronounced both on the 1st and
on the 7th day (Fig. 1). It was established that the
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Fig. 1. Learning and memory after 3 days of treatment
with M6 and P6 (125mg/kg, i.p.).
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Fig. 3. Exploratory activity after 3-days of treatment
with compounds M6 and P6.

positive effect of the compound M6 is dose-
dependent (Fig. 2). Fig. 3 presents the effect of the
active compound upon exploratory activity and it is
well visible that both P6 and M6 compounds
increase exploratory activity; although on the 1%
day this influence was only slightly expressed, on
the 7" day it had better expression. Neuromuscular
coordination was improved significantly by M6 and
P6 treatment and this effect was recorded not only
on the 1% day, but also on the 7" day (Fig. 4).

The fact that the improving effect of the
compounds lasts relatively long after the treatment-
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Fig. 4. Neuromuscular coordination (Rota rod test) after
3 days of treatment with M6 and P6

e.g. on the 7"day - is quite interesting and leads us
to the suggestion of a slow metabolism and slow
elimination of the studied compounds from the
body.

The other two compounds — (M3 and P3), that
contain 3 methylene groups in their spacer, did not
affect significantly the processes of learning and
memory (results are not presented) even though
they increased moderately the exploratory activity
of mice (Fig. 5a and 5b).

Both compounds decreased significantly motor
coordination of the treated animals in comparison
to the controls (with 22 % with M3 and 32 % with
P3) (Fig. 6). Our experiments clearly demonstrated
that the four used compounds can be divided into
two groups on the basis of their investigated
neuropharmacological activity, the first one
including 6 methylene groups in their spacer -M6
and P6, which are positional isomers, and the
second group: M3 and P3, another pair of positional
isomers including 3 methylene groups in the
molecule. The two groups affect cognitive
functions of mice differently. All three parameters
of the cognition (see above) were changed in a
different way by the compounds with 6 methylene
groups in the spacers in comparison to compounds
with 3 methylene groups in the spacers. M6 and P6
increased them, as it is visible from Fig. 1 on the
1%, and with an enhanced effect on the 7" day;
while M3 and P3 decreased them (they increased
exploratory behavior as visible from the Hole-board
test in Fig.5a and 5b).

The stable preventive effect of M6 and P6 on the
cognitive processes, together with the physico-
chemical analysis of compounds (water solubility
and their partition coefficient), suggest a long half-
life time and a slow metabolism of compounds in
the body. Higher neuropharmacological activity of
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Fig. 6. Changes in neuromuscular coordination (Rota rod
test) after 3 days of treatment with M3 and P3.

both compounds with 6 methylene groups spacer is
probably related to their higher lipid solubility
(higher log P) compared to shorter spacer ones [5].
Results obtained show that both compounds M6
and P6 influence the same cognitive functions,
which is obviously due to the Val presence. The
fact that the strength of their effect differs, we
assume, is related to the different effects of the
isonicotinic and nicotinic acid moieties, which are
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positional isomers, contributing to the differences
in the activity and pharmacokinetics of the
compounds.

Biochemical studies in rat brain indicated
significant changes in the levels of some
neuromediators in the hippocampus after M6 and
P6 treatment. Even after single administration both
peptide mimetics with longer spacer increased
significantly the serotonin (5-HT) levels in
hippocampus in comparison to control levels. The
isomer P6 increased significantly noradrenaline
brain levels too.

The idea to use L-a-aminoacids and their
derivatives for improving brain functions is not
new. There are some publications in the literature
revealing the important role of such substances for
the better functioning of the CNS. The effects of
several natural essential amino acids: branched-
chain amino acids (BCAAs) and tryptophan, on the
cognition of rodents and humans have been
reported from other authors [7-9]. It has been
reported in the literature that dietary BCAAS,
including L-Val, ameliorated injury-induced
cognitive impairment in mice [7], and also,
supplementation with BCAAs in patients with
severe traumatic brain injury improved recovery of
cognition [8]. Dietary supplementation with
tryptophan has been found to increase 5-HT levels
in rat brain which correlated with a significant
improvement in memory function of rats, as
reported in a different study [9]. Also, a large body
of research has documented memory-improving
effects of the 5-HT uptake inhibitors, which are
known to increase 5-HT-ergic neurotransmission by
increasing 5-HT concentrations in the synaptic cleft
[10].

Improving effects of the peptide mimetics
containing L-Valine on some cognitive functions of
rodents were also established in our experiment
described here. Experimental results demonstrated
positive effects of two of the newly synthesized
peptide mimetics on cognitive functions and their
biochemical correlates in rodents. Taking into
account the important role of the hippocampus in
cognition, we suggest that the increase of 5-HT
level in this brain region by the compounds M6 and
P6 may be one of the important neurochemical
correlations of their nootropic effects.

The established changes in 5-HT and NA levels
in rat hippocampus by P6 provided evidence for the
realization of its CNS effect through changes in
monoamine levels. P6 can modulate levels of

biogenic amines probably via regulation of the
release of noradrenaline and serotonin.

We assume that the two new compounds with 6
methylene groups in the spacer can be useful as
pharmacological modulators of declined cognitive
functions, and they most probably exert their
effects by influencing 5-HT metabolism in the
brain.

CONCLUSIONS:

The neuropharmacological effects of M6 and P6
established in rodents can be related to the ability of
compounds to modulate biogenic neurotransmitter
levels in brain and especially 5-HT metabolism in
hippocampus. The improving effect on cognitive
functions of rodents is probably related to the
presence of L-Valine, as well as of a nicotinic or
isonicotinic residue, but the much stronger effect of
the pair with a longer hydrophobic spacer is due to
the better lipid solubility and is related to the
possible transport to the brain cells.
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[Tocrbnuna Ha 10 rony, 2012 r.; npuera Ha 7 aBryct, 2012 1.

(Pesrome)

Ien Ha HACTOSIIOTO H3cheaBaHe Oe Ja ce OneHH e(eKTa Ha YEeTHPH HOBOCHHTE3MPAHH MENTHIOMHMETHKA,
MPOM3BOJIHY Ha L-BaliH, ChIBPIKAIIN OCTATHIM OT HUKOTHHOBA/M30HUKOTUHOBA KUCEIHHHU, U XuApohOoOHHU creiicepu
C JIB€ pa3ivHU IbJDKUHU, BBPXY KOTHUTHBHU (YHKIMHU y Tpu3aud. bsxa M3MON3BaHH MBKKU J1aOOPATOPHU MHIIKH,
KOHMTO 0siXa TPETHpaHHU C Te3W CheAMHEHUS B JHEBHH a03u 1mo 125 m 250 mg/kg T.M. 3a Tpu MOCHEIOBATEIHU JHU.
Texuure mameT U oOydenue Osxa uscieasann Step-through tect, uscienosarenckoro um mosenenue - ¢ Hole-board
TECT, a HEBPO-MYyCKylHaTa WM KoopauHaims - ¢ Rota-rod tect. CrmocoOHOCTTa Ha W3CIICIBAHUTE BeEIIECTBA Ja
MOBJIMsABAT MeTaboIM3Ma Ha OMOTEHHHM aAMHMHHU B XHITOKaMIl, Oe u3cieaBan npu misxoe Wistar, 1 yac cien exuHuyna
no3a (250 mg/kg i.p.). Pesynratute HU pasKkpuxa 3HAYMTENIEH J1030-3aBHCUM €(DEKT HA JIBE OT CHEIUHEHHATA, KOUTO
MPEACTABISIBAT MO3UIIMOHHU M30MEPU M ChIBPIKAT MO-IBJIBI Xuapodoben creiicep. EQexThT UM BBPXY MapaMeTpure
Ha 00yYeHHE W MaMeT, U3CJIeJ0BaTeICKa aKTHBHOCT U HEBPO-MYCKYJIHA KOOpAuHanus, 0¢ mo0pe uspaseH. Husara Ha
HEBPOME/IMATOPH B XUIIOKAMIT OsXa 3HAYMTEIIHO IPOMEHEHH el einHnaHo Tpetupane. Ceporonntnosure (5-HT) HuBa
0sixa 3aBHIICHH 3HAYUTEIIHO M OT JBETE CHEJIMHEHUS, €JHO OT KOWUTO YBEIHYH ChHIUIO HOPAIPEHATUHOBUTE HHUBA.
[Moa06psiBaIMAT KOTHUTUBHU (QYHKIIMK y TpU3aul e(DEKT Ha BEIIECTBATA HAil- BEPOSTHO € CBBbP3aH C HAIHMYUETO Ha L-
BaJIMHOB, KAKTO U Ha HUKOTHHOB WJIM U30HUKOTHHOB OCTAThK. MHOI0O TO-CHUITHOTO TOBJIMSIBAHE OT CTPaHa Ha JBOiKara
¢ mo-ABJIBT XuApohoOeH crieiicep, 3a Ja Morat ja ObJaT MOIYJIMPAHU HUBATA HA OMOT€HHH HEBPOMEIHATOPH B ILTHIINS
XHMIIOKaMII, C€ IbJDKH Ha MO-1o0para JUIOPa3TBOPUMOCT HAa TE3W ChEAMHCHUS, O0YCIaBsIa BB3MOXKHHS TEXCH
TPAHCIIOPT IPe3 KPhbBHO-MO3bYHATA Oapuepa.
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Thaumatin crystallization in hanging drop and in thin layer by vapour diffusion
method
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Crystallization of the protein Thaumatin in a drop and in a thin layer at hanging drop set up has been studied. Two
main orientations of its tetragonal crystal were observed for crystals formed and grown on a flat foreign surface. They
were well shaped inside the drop and show habitus changes as well as depression formations when growing in a thin
layer. Crystals nucleated and grown at the end of the layer, often in aglomerates, also show specific morfology.

Keywords: Protein crystallization, Thaumatin, hanging drop method, solution layer, morphological (in)stability

INTRODUCTION

Crystallization of biological macromolecules is
important for the X-ray diffraction studies, but it is
also intensively exploited topic because of the
efforts to understand the crystallization process.
Biological macromolecules crystallize usually from
complex aqua solutions with specific parameters
like type and pH of the buffer, ionic strength,
inorganic and organic additives and concentrations
of all of the ingredients [1,2]. Developments in
crystallization  methodologies, protocols, and
reagents are also facilitating crystallization efforts.
The most often applied approach used for obtaining
protein crystals is the vapour diffusion one,
particularly as a hanging drop method. There are
many publications relating to the application of this
method and very few considerations of the
processes that happen in such systems [3,4]. In this
set-up several areas with different influence on the
protein solution behaviour exist: bulk, contact of
protein solution with the cover slide from one side
and with the air — from the other side, as well as
simultaneous contact of the protein solution with
both solid surface and air. Studies of the influence
of the cover slide surface, in some cases
additionally treated to obtain new templates, as well
as other solid foreign substrates, on the
crystallization behaviour of proteins are published
by many research groups [5]. It is well known that
heterogeneous  nucleation is  easier than
homogenous, so in case of attraction between a
foreign  surface and  protein  molecules,

* To whom all correspondence should be sent:
E-mail: d_tsekova@uctm.edu

crystallization is facilitated. Kaishev developed a
model, to show that heterogeneous surface
nucleation is easier than in the bulk, and also that
the nucleation in a concave corner is easier than the
surface one [6].

Here, crystallization of the protein Thaumatin in
a hanging drop and in a solution layer again in the
hanging drop set-up is presented. Solution layer,
instead of hanging drop is a modification which is
not recorded up to now in the literature. Results
obtained concern microscope observations of the
grown at these conditions crystals. Thaumatin is a
sweet protein with molecular weight (Mw) of 22
kDa, 207 amino acids and isoelectric point of 12
[7]. Even it was crystallized in several different
singonies, the most often used conditions for
crystallization are from buffers with pH around 7
and the presence of tartaric acid or its
sodium/potassium salts. Crystals grown and
examined in this report were obtained also
following this protocol and belong to the tetragonal
space group P41212.

MATERIALS AND METHODS
Materials

Thaumatin from Thaumatococcus daniellii (T-
7638.) was purchased from Sigma-Aldrich:. Salts,
buffers components, all used solvents were
analytical-grade reagents (Sigma, Merck). Cover
Glass 18x18 mm — Borosilicate glass, VWR (Cat
No 631-0120).

Crystallization experiments were performed
using 48 wells Linbro tissue boxes for vapour
diffusion crystallization in hanging drop. Crystals

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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were observed by optical microscope Olympus
BX51M equipped with a CCD video camera.

Cover slides cleaning

Glass slides were cleaned with a hot mixture of
concentrated nitric and sulphuric acids (3:1
concentrated H,SO,:HNO,) at 50-60 °C and then
rinsed in deionized water until removing the acidic
mixture. The washed slides were dried in an oven
at 120 °C and after that cooled to room temperature.

Solutions used for protein crystallization

Thaumatin crystallization solutions were in 50
mM PIPES, pH=6.8, sodium potassium tartrate in
the interval 0.34M to 1 M and Thaumatin from 16
to 75 mg/ml.

All solutions of protein and salts were prepared
in appropriate buffer concentrations and were
filtered prior to mixing for crystallization through
0.22 um porous filters.

Concentrations are defined according balance
data for the solute and data for final solution
volume presented in mg/ml, percent [%] or molar
[M] units.

Hanging drop crystallization

The hanging drop method was performed in two
variants — classical — protein solution is in the shape
of adrop [1,2] and in a thin layer (see Figure 1).

Coverslip with solution containing
proteinand precipitantin bufferas a

drop layer
[ 71\ o
A et B | S C

Forces on protein moleculesin
solution and onthe interface
Reservoir with buffer and precipitant

Fig. 1. Hanging drop crystallization set-up: A. in the
classical (drop), and B. new modified variant (layer). C.
Protein molecules in the bulk and on the interface.
Intermolecular forces that arise between two equal
molecules are demonstrated by arrows.

The set-up used consisted of 2-5 ul protein
containing solution placed on a clean or a salinized
glass cover slide and stabilised over the reservoir
solution of 200-500 ml. The reservoirs did not
contain any protein. Crystallization occurs only in
the protein solution on the cover slide. Normally,
the initial relation of precipitant concentration in
the protein solution (C,) versus that in the reservoir
(2C,) is 1:2, which during the equilibrium leads to
the protein solution volume shrinking twice
(because of water evaporation) and adequate
increasing of its supersaturation. In the classical

268

variant the protein solution is just dropped on the
cover slide, which immediately is reversed and
sealed over the reservoir.

A modification has been applied in the shape
and the disposal of the protein solution for this
study. Dropped by means of automatic pipette
protein solution was purposely spared on the cover
glass surface. In this procedure, the real spreading
depended also on the hydrophobicity of the surface.
The diameter of the layers in the described here
experiments was in the range 5 — 8 mm and
adequate layer thickness: 50-250 um.

In this set-up several important regions can be
recognized (see Figure 1 C) — first - in the bulk,
where the supersaturation is the main factor and
second - on the interface, where solution contact
either the surface of the cover slide or the air, and
interactions with the foreign surface can have
contribution to the process of crystal formation [5].
Besides these two cases of bulk and ,,solution-
foreign surface® interactions, we can distinguish a
third possible location of protein molecules taking
part in a nucleus formation — |, solution-glass
surface-air”, which is the circus line around the
layer, laying on the cover slide. Interactions of the
protein molecules situated exactly on this line differ
from above commented cases — in the bulk and on
smooth substrates. It is well known and also visible
in the Figure 1 A and B that areas of contact of
protein solution: ,,cover slide surface-solution®,
»air-solution” and ,,solution-glass surface-air, in
the solution layer variant are several times more
extended than in the drop and it is on the account of
the bulk interactions in the solution.

RESULTS AND DISCUSSIONS

Bulk crystallization of Thaumatin.

Crystals nucleated and grown at the conditions
used and presented above, belong to the P41212
tetragonal space group. Typical habitus observed
for such formed crystals is presented in the Figure
2. Bulk nucleated and grown crystals develop full
number of faces typical for this space group, like it
is presented in the Figure 2A. Of course, when
crystal growth is hampered by different obstacles
this shape is usually changed in various ways —
faces smoothness violation, change in the number
of appeared faces and so on.

Inside the droplet or the layer contacting with a flat
foreign surface

The influence of solid surfaces, having different
chemical composition and surface properties on the
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Fig. 2. Tetragonal Thaumatin crystals formed in a
hanging drop. A. Bulk nucleated and grown crystal —
photo and depicted crystal morphology. B. The most
often revealed morphologies, containing reduced number
of faces — depiction and photo. Crystals grown from 50
mM PIPES, pH=6.8, sodium potassium tartrate 0.5 M
and Thaumatin 26 mg/ml.

I

100 pm
Fig. 3. Thaumatine crystals grown in a thin layer vapor
diffusion. Two different orientations are shown,
corresdponding to these given in the Figure 2B. Crystals
grown from Thaumatin of 16 mg/ml and sodium
potassium tartrate 0.34 M in 50 mM PIPES, pH=6.8,
solution layer on a glass slide covered by phenyl groups

(see [8]).

crystallization of Thaumatin in consideration of
number and sizes of crystals, was published as a
different study [8]. Here attention is paid on the
morphology of the crystals formed on an alien
surface. Obviously the heterogeneously formed and
grown on flat surfaces crystals develop reduced
number or particularly developed faces like these
ones presented in the Figure 2B. The same
phenomena — growth of different orientations of
crystals formed and grown on foreign surfaces was
found for lysozyme and ferritin [9].

When the growth happens in a thin layer the
lack of space reflects on the shape of the growing
crystal. First of all, as it is visible from the Figure 3,
apexes and edges necessary to have pyramidal
constructions, like these presented in the Figure 2
miss here, instead new ,faces” parallel to the
substrate tried to appear. Another important
element in these crystals is the lack of smoothness
of these ,,new faces and depression formations.
This phenomena called ,,morphological instability*
was noticed before for other two proteins -
lysozyme and ferritin crystals growing in a very
thin (40 um) glass cell [10] reaching during their
growth a phase boundary. Actually papers
concerning this polyhedral instability in case of

Fig. 4. Steps generated from the apexes that move
towards the central part of a facet. The stability (flatness)
of this face is determined by the step advance velocity
and the step generation rate at the corners.

protein crystallization are limited in number
[10,11]. More reports have been published for low
molecular systems, where various attempts have
been made to understand and predict morphological
stability of growth of polyhedrons from solution
[12].

When a polyhedral crystal grows from solution,
the solute concentration around it is no uniform
distributed, but the highest is around the edges and
the lowest is in the central parts of the faces. That is
why it is believed that 2D nucleation process of
new layers is realized at the edges and continues
propagation as new crystal layers towards the
center of the face (see Figure 4). In the Figure 4 it is
indicated how the steps generated from the two
neighbouring corners are moving in opposite
directions. When two steps meet, step annihilation
occurs and a new facet is formed.

Chernov’s theory for polyhedral stability [12a]
is based on the idea, that the concentration
inhomogeneity is compensated by the change of the
kinetic coefficient in the center of the crystal face.
He SUgges'[Edi OcornerKcorner = OenterKeenter, WHEre o is
the supersaturation, given as a difference between
real concentration in the corner (Ceomer) OF CeNter
(Ceenter) and equilibrium one (Ce); (Ceorner — Ce OF
Ceenter — Ce), and k is the Kkinetic coefficient. This
compensation would work when the difference
Ceormer — Ceenter 1S in @ reasonable range, suggested to
be lower than 10-20% [11]. If the solution becomes
sufficiently thin, solute transfer along the growing
face will be hampered and this difference will
become higher, then the spreading speed of the
steps will be low. As the steps are continuously
generated from the corner of the crystal then the
step density will be much higher around the corners
decreasing toward the central part, so the face will
lose the flatness and will develop depression in its
center.

Depressions formed in these crystals, as it is
well visible from the photos in the Figure 3, are
polygonysed and do not Ilook as rough
morphological defects, which is most probably a
result from the slow Kkinetics of protein crystal
growth.
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Crystals nucleated and grown on the contact area
,,solid surface-protein solution-air

When a solution layer is used, often crystals
formed on this border line (solid surface-protein
solution-air) are many and sometimes agglomerate
during their growth if they are very close each to
other (see Figure 5). Reasons for that are more than
one. According the theory, nucleation of crystals in

Fig. 5. Crystals nucleated and grown at the end of the
solution layer. A. A monocrystal. Besides the reduced
number of faces, the developed morphology also much
differ than typical habitus of tetragonal Thaumatin
crystals. B. Agglomerations surrounding the solution
layer. Growing crystals merge and there is no visible
boundary between different crystals.

a concave corner is even easier than on a smooth
foreign surface [6] so many crystals are expected to
be nucleated at this boundary. Although air cannot
be considered as solid substrate, the forces acting
on the interface solution-air favour increasing the
concentration of molecules with hydrophobic
regions on their surfaces [13,5h]. So to some extent
the effect of the interphase can be expected to be
similar to the hydrophobic surface. Therefore, the
nuclei formed and grown on the border line —
,substrate-solution-air most probably represent
examples of crystals that nucleate in the concave
corner [6], which are even smaller and have less
number of faces than these formed on the surface.
Also, right there it is expected the increasing in the
local concentration (supersaturation) to be most
pronounced because of the bevelling the layer,
which causes additionally significant change in the
morphology of growing there crystals.

CONCLUSIONS

The results obtained show that the
crystallization of proteins is highly dependent on
the presence of phase boundaries in the solution,
e.g. solid substrates, air bubbles, solid impurities
like dust, synthetic or natural fibres and so on. They
can be used both to facilitate nucleation and to track
the growth of crystals, which is important for
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understanding the fundamental
crystallization of proteins.

Depression formation on the surface of crystals
growing at a phase boundary where the diffusion
supply is hampered confirms that growth of the
crystal face occurs by 2D nucleation and
propagation of separate monolayers.

Results obtained reveal also that the equilibrium
shape of crystals grown depends on where the
nucleus was formed, as it was considered and
derived by Kaischew [6]. Indeed, recent studies
have shown that crystallization of some proteins
and other low molecular compounds passes through
two phases - liquid dense clusters and then solid
nucleus inside the liquid phase [14], however, the
observed phenomena clearly show that the surfaces
have an impact on both the process of nucleation
[5] and the shape of crystals further developed.

process  of
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KPUCTAJIMSAIINA HA TAYMATHH BbB BUCAIIA KAIIKA 1 B ThHBK
CJION YPE3 I[TPUJIAT'AHE HA ITAPHO JU®Y3NOHHUA METO/

J.C. llexoBa

Kameopa no opeanuuna xumus, Xumuxomexunorocuuen u memanypeuven ynusepcumem, Cous 1756

Tocrenuna Ha 10 ronu, 2012 r.; mpuera Ha 17 aBrycr, 2012 r..

(Pestome)

WscnenBana e kpucranuzanusra Ha Oentbka TaymMaTHH B Kalka U B THHBK CJIOW IO METOJa Ha BHCSINATA KalKa.
JIBe OCHOBHHM OpHEHTAllMM HA HETOBUTE KPUCTAIM OT TeTparoHalHaTa MPOCTPAHCTBEHa Ipyla ca HaOJlloJaBaHH,
THUIMYHM 3a CIy4auTe Ha oOpasyBaHe U pacTeX BBPXY IUIOCKA MMOIoxkKa. Kpucranure ca 1o6pe opopmeHu, Korato ca
HapacTBaHM B Kalka M ¢ IPOMEHEH XaOHuTyc, 4yecTo ¢ oOpa3yBaHe Ha BUTLOHATHHH, KOI'aTO Ca HAPACTBAHU B THHBK
cioil. OOpa3yBaHHTE W HApACTHATH B Kpas Ha CJIOS KPUCTAJH, HEPSAKO TPYNUPAHU B arjioOMepaTH, ChLIO MPOSBSBAT
cnenuuaHa MOPQPOIOTHS.
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