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Honumanue mexanuzma 63aumooeiicmeus 1eKapCneeHHbIX 6eU{eCe C OenKamu npuee-
Kaem eHumaHnue muozux ucciedosameinei. Tepmoounamuueckue uccied08anus HeuoKkopazHvix
cucmem, cOOepIHcaniux nenmuod U 1eKapCcmeenHoe cpedcmeo, n0360AI0M OnPedeaums npupooy
u oguicywiue Cuilbl 63aumMo0elicmeus mexycoy Humu. B oannoit cmamve npedcmaenensl pe3ynb-
mamal ucciedosanusn ezaumooeiicmeus nenmuoa L-kapnozuna (Car) kak mooenu noarunenmuo-
HbIX Yenell 8 OelKe, ¢ U30OHUKOMUHOBOI U HUKOMUHOBOU KUCIOMAMU, KAK MOOEIAAMU eKap-
CH18EHHbBIX CPEOCH 8, 8 600OHDIX PACMBOPAX C UCNOJIb306AHUEM KATIOpUMempPUiecKozo memooa. Ka-
JlopumempuyecKue UMepeHus IHMAaIbnuU pacmeopeHus L-kaprno3una e 60de u 600HOM pac-
meope ¢ 0obasKamu u3zoMepos NUPUOUHMOHOKAPOOHOBO KUCTIOMbBL RPOBOOUTU HA U30NEPUDOTIU-
YecKkoM Kanopumempe pacmeopeHus amnyasvnozo muna npu 298,15 K. Ilozpewinocmo usmepenus
00UHOYHBIX Men06bIX IPhexmoe He npesviuiana 0,2%. OmuocumenbHas KOMOUHUPOBAHHAA NO-
2PeUHOCID U3MEPEeHUl IHMAIbRULL pacmeopenus cocmaenana ne oonee 0,7%. Ha ocnoseanuu
HONIYUEHHBIX IKCHEPUMEHMAILHBIX OAHHBIX U C HOMOUbI0 KomnbiomepHou npozpammoel HEAT
paccuumansl mepmoounamuieckue napamempot (IgK., A.G, AcH, A.S) komnnexcoodpazoeanusn
medxncoy peazenmamu. Ilposedeno cpagnenue cnocodbnocmu nenmuoa K 63aumooeticnmeulo ¢ HUKo-
muno8oul u u30oHUKomunoeoi kucnomamu. Iloxasano, umo é3aumooeiicmeue L-kapuosuna c uzo-
HUKOMUHOB0U KUCTIOMOI NPUBOOUM K 00paA306anuto 601ee cmaduibHo20 KOMnieKcd, 4em ¢ Hu-
KOMUHO0B0I KUC10moil. Imom (hakm MoHCHO 00bACHUmMb, HPEXHCOe 6Ce20, USMEHEHUEM UOHHO20
COCIOAHUA PeazeHMOo8 8 paAcmeope U npeodiadanuem yeummep-uoHHbIX opm 011 U3OHUKOMU-
HOB0Il KUCIIOMbl N0 CPAGHEHUI0 C HUKOMUHO80H Kuciomoi. Ilonyuyennsie oannvie ceudemenn-
CMEYIOm 0 HATUYUU 6 60OHBIX PACMEOPAX MOSEKYAAPHBIX KOMNIAEKCO8 KAPHOZUHA C U30OMEPAMU
RUPUOUHKAPOOHOB0H Kuciomul co cmexuomempueil 1:2. Komnaekcol kapHo3una ¢ u3oHuKomu-
HO80Il KUC/I0MOIl 6 OCHOBHOM CHAOUIUUPOBAHBL IHMATLNUIHBIM 6KIAOOM, A KOMNJIEKCbl Kap-
HO3UHA ¢ HUKOMUHOGOU KUCI0MOU CMAOUNUIUPOBAHbI KAK IHMATbAUIIHbIM, MAK U IHMPONUIl-
HbIM eK1adamu 6 c60000uy0 Inepeuro I'uooca. Ilpeononazaemcsn, umo 0CHOBHLIMU MUNAMU 630~
umoOeiicmeuil npu 00pa3oeanuu KOMHIEKCO8 AGIAMCA INeKMPOCMamuiecKue CUivl U 06pazo-
6anue 6000POOHBIX CEA3CH MENHCOY NENMUOOM U RUPUOUHKADOOHOBLIMU KUCTIOMAMU.
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Understanding the mechanism of interaction of drugs with proteins has drawn attention of
numerous researchers. The thermodynamic investigations of liquid-phase systems containing pep-
tide and drug make it possible to determine the nature and driving forces of the interaction between
them. In this work, we present results of interaction study of peptide L-carnosine (Car), as model
of polypeptide chains in protein, with isonicotinic and nicotinic acids, as the drug models, in aque-
ous solution using calorimetric method. Calorimetric measurements of the enthalpy of L-carnosine
dissolution in water and aqueous solutions with two isomers of pyridine carboxylic acid additives
were performed on an ampoule-type isoperibolic dissolution calorimeter at 298.15 K. The error of
measuring single heat effects was below 0.2%. The relative combined uncertainty in the measure-
ments of the enthalpies of dissolution was not more than 0.7%. Based on the obtained experimental
data and the using the HEAT computer program, the thermodynamic parameters (IgKc, 4.G, 4cH,
AS) of the complex formation between the reagents were calculated. A comparison of the affinity
of peptide to interaction with nicotinic acid and isonicotinic acid was carried out. It is shown that
the interaction of L-carnosine with isonicotinic acid leads to the formation of a more stable complex
than with nicotinic acid. This fact may be mainly explained by the changing of ionic state of the
reagents in solution and the predominance of the zwitterionic forms of isonicotinic acid in com-
pared with nicotinic acid. The data obtained reveal the presence of molecular complexes between
Car and isomers of pyridine carboxylic acid with 1:2 stoichiometry in agueous solutions. The com-
plexes of Car with the isonicotinic acid are mainly enthalpically stabilized, while those of Car with
nicotinic acid are stabilized by both enthalpic and entropic contributions to the free Gibbs energy.
The main interactions in complexes stabilization are believed to be electrostatic forces and hydro-

gen bonds formation between peptide and pyridine monocarboxylic acids.
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INTRODUCTION

Molecular interactions have received exten-
sive attention in a wide range of disciplines, from
chemistry and biomedical to biotechnology [1, 2]. In
recent decades, the research and development of drug
delivery systems have progressed, including in areas
such as delivery routes, transport vehicles and target-
ing strategies [2, 3]. The human serum albumin (HSA)
is the model protein lacking toxicity and immunogen-
icity that makes it an ideal aspirant as drug carrier [4, 5].
Investigation on the nature and driving forces of the in-
teraction between drugs and proteins, determination of
their selectivity and preferred types of binding are still
relevant. Due to the experimental difficulties often as-
sociated with the direct study of protein thermodynam-
ics in aqueous solution of drugs, there have been stud-
ies of drugs interactions with amino acids and peptides
which are the basic blocks of proteins. The thermody-
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namic properties of model compounds in aqueous me-
dia provide information on solute-solvent and solute-
solute interactions which in turn enhance our under-
standing of more complex biochemical processes [4-9].

Pyridine derivatives (including pyridine car-
boxylic acids) are important compounds in pharmaceu-
tical, cosmetic and food products. These organic mol-
ecules exist in different isomeric forms (nicotinic acid,
isonicotinic acid, picolinic acid), having biological im-
portance such as antibacterial, antitubercular, antioxi-
dant, pellagra-preventing, taking physiological and
metabolic effects, etc. Only few studies on interaction
between pyridine derivatives and biological active
compounds (amino acids, cyclodextrins, biometals)
have been published [10-13].

The dipeptide B-alanyl-L-histidine, also known
as L-carnosine (Car), is a naturally occurring substance
synthesized by endogenous carnosine synthetase. In
carnosine molecule the two amino acids (f-alanine and
L-histidine) is bound together by means of a peptide
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linkage. The L-carnosine and its derivatives have sev-
eral biomedical applications. Carnosine has a protec-
tive effect in inhibiting the formation of cataracts [14].
Due to its antioxidant, protective, chelating, anti-gly-
cation activity, this dipeptide can be used to prevent
and treat diseases such as diabetes, neurodegenerative
diseases, diseases of the sense organs and cancers [15].
L-Carnosine was found to be form a 1:2 complex with
nicotinic acid in aqueous and buffer solutions [16].
Isonicotinic acid is a structural isomer of nicotinic acid,
with the carboxylic group in para-position of pyridine
ring. In this paper, we report the interaction of peptide
L-carnosine, as model of polypeptide chains in protein

(albumin), with isonicotinic acid (INA), as the drug
model, in aqueous solution using calorimetric method.
For the first time, the experimental values of the en-
thalpy of dissolution of Car in an aqueous solution of
isonicotinic acid have been measured. Under the ex-
perimental conditions chosen, the stability constants
(IgKc) and thermodynamic parameters of complex for-
mation (AG, AcH, AcS) were determined for the reac-
tion of Car with INA at 298.15 K. The obtained results
were compared with the data for Car — NA — H20 sys-
tem [16]. The chemical structures of above solutes are
shown in the scheme.

N=\ Oy -OH 0
" . NH
B = OH
H
0 N N
L-Carnosine Isonicotinic acid Nicotinic acid

Scheme. Molecular structures of chemicals
Cxema. MonekysipHbIe CTPYKTYPBI BEILIECTB

EXPERIMENTAL PART

All chemicals were used as received from the
suppliers. The specifications, molecular mass and
structures of the chemicals used are given in Table 1.
L-Carnosine (Car) and isonicotinic acid (INA) were
used without further purification after drying for 24 h
at 356.15 K in a vacuum until reaching constant
weight. They were kept in desiccators at least for 48 h
before use. Bidistilled water (with specific conductiv-
ity 3.1 uS-cm™, pH 5.4) was used to prepare the aque-
ous solutions by mass (accurate to 1x10° g) using a
Sartorius-ME215S balance. The standard uncertainty
in the molality of the solutions was estimated within
+2x10* mol-kg™.

The measurement of heat effects of dissolution
of crystalline samples of Car in in pure water and in
aqueous solution with INA were performed at 298.15 K,
using a precise hermetic isoperibol ampoule-type calo-
rimeter fitted with a 110 mL reaction vessel. The de-
scription of the construction of calorimeter and the
measuring procedure has been described in depth pre-
viously [17]. The calorimetric measurements for sam-
ple were performed at least twice and average values
are reported. The error of measuring single heat effects
was below 0.2%. The relative combined uncertainty in
the measurements of the enthalpies of dissolution was
not more than 0.7%.

The enthalpies of dissolution of the solid Car
were measured in water and in water containing INA
(0.001440.0002 molkg?) at T = 298.15 K. The ob-
tained values are presented in Table 1 as functions of
peptide molality.
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Table 1
Enthalpies of dissolution of crystalline L-carnosine
(Car) in water and in aqueous solution of isonicotinic
acid (INA) as a function of peptide molality at T=298.15 K
Tabnuya 1. JHTAIBINU PACTBOPEHUS] KPUCTAJINYE-
CKOro L-kapHo3uHa B YHCTOIf Bojie U B BOJTHOM pac-
TBOpe M30HHKOTHHOBOM KHCJIOTHI B 3ABHCHMOCTH OT

KoHIeHTpamun nentuaa npu T=298,15 K

_ solFIm(W. solFm(W+

fmol'kg* / kJ-mol* / kJ-mol*?
0.000 11.19 11.19
0.0019 11.28 -11.61
0.0021 11.30 -11.75
0.0034 11.36 -11.99
0.0037 11.38 -12.11
0.0048 11.44 -12.35
0.0049 11.45 -12.46
0.0059 11.49 -12.59
0.0086 11.64 -12.89
0.0112 11.77 -13.02
0.0120 11.82 -13.22
0.0148 11.96 -13.25
0.0167 12.06 -13.46
0.0182 12.14 -13.56
0.0207 12.27 -13.68
0.0252 12.51 -13.69
0.0281 12.66 -13.58

Note: *Concentration of INA is fixed as (1.4+0.2)-10 mol kg™*
[Tpumeuanue: *Konuentpauus MHK ¢ukcupoBana u cocras-
nsiet (1,4£0,2)-107 monp krt
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RESULTS AND DISCUSSION

L-Carnosine (Car) and pyridine monocarbox-
ylic acids (PyCOOH) can exist in different ionic forms
in aqueous solutions depending on the pH. The mole-
cule of PyCOOH has two main ionizable sites (COOH
and N atom in pyridine ring) whereas the molecule of
Car has three active sites (amino- and carboxyl groups,
imidazole ring with two nitrogen atoms), subject to
ionization when pH changes. The diagrams of the frac-
tion of the ionic forms of the peptide and the pyridine
derivatives depending on the pH of the medium were
earlier presented in our works [16, 18, 19]. When Py-
COOH dissolved in pure water (with pH 5.4), their
aqueous solution becomes acidic with pH ~ 3.6. Car-
nosine, when dissolved in this acidic solution, get pro-
tonated on the N terminal group (-NHs*) and the imid-
azole side chain and also ionized on carboxyl group
(COO). The addition of Car into the PyCOOH aque-
ous solution leads to small shift of the pH of the solu-
tion. In the concentration range studied, the pH value
in the experimental aqueous solutions was found to be
~4.1. At this pH value, the presence of predominantly
zwitterionic forms [HL]* and partially negatively
charged form [A] of PyCOOH was observed. The pep-
tide takes the form of cation [H.L]", i.e., tricharged ion
(++-). Thus, the solute-co-solute interactions can be in-
terpreted by considering the dominant ionic forms of
the peptide and PyCOOH in water.

As can be seen (Table 1), the values of disso-
lution enthalpy, AsoiHm, Obtained for Car are positive in
the case of pure water solvent and negative in the case
of an aqueous solution of INA. The dissolution en-
thalpies become more negative with increasing the
concentration of peptide in the (Car — INA — water)
system. Thus, the interactions of Car with components
of solvents cause the heat evolution (a negative contri-
bution to the enthalpy of solution). Calorimetry is a di-
rect method to obtain the thermodynamic parameters
of complex formation (IgKc, A:G, AcH, AcS) and to des-
ignate the driving forces of binding. The enthalpies of
transfer, AxHm, of Car from solvent (water) to the Py-
COOH (L) solutions were calculated from the experi-
mental enthalpies for Car dissolution in a pure solvent
(w), AsaHm(W), and in an aqueous solution containing
co-solute (L), AsoHm(W+L):

AvHm = AsoIHm(W‘l'I—) - AsoIHm(W) (1)

The AsoHm(w+L) and AyHm values formed a
basis for calculation of the thermodynamic functions
of complex formation. Enthalpy of dissolution of Car
in pure water was found to be (11.19+0.08) kJ-mol?,
which agrees with the available literature value being
(11.09£0.09) kJ-mol™ [17]. The concentration depend-
ences of the enthalpies of transfer of the peptide, AxHm,
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from pure water to aqueous PyCOOH solutions are
represented in Fig.

AHkI mol™

26 e

Te—e—

-27

T T T T T T T T
0,000 0,005 0,010 0,015 0,020 0,025 0,030 0,035

m, mol kg*
Fig. Isotherms of L-carnosine binding with nicotinic acid (1) and
isonicotinic acid (2) in aqueous solutions at T=298.15 K
Puc. U3otepmbl cBsa3biBanus L-kapHO31MHA ¢ HHKOTHHOBOW KUCIIO-
Toii (1) M M30HUKOTHHOBOM KUCIIOTOM (2) B BOJHBIX pacTBOpax
mpu T=298,15 K

It was found that the heat effects of the inter-
action of Car with PyCOOH in an aqueous solution af-
ter some decrease become practically constant. The
AvHm values demonstrate non-linear dependence on
peptide concentration indicating the complex for-
mation between Car and INA (or NA). The thermody-
namic functions of complex formation were calculated
using the initial concentrations of reagents and experi-
mental values of the enthalpies of transfer by means of
the computer program HEAT [20, 21], in which the
search for the unknown parameters (IgKc, AcH) are re-
duced to the numerical minimization of the F func-
tional given by

FZZileWi(AtrHi,exp— AtrHi,caIc)2 (2)
where AyHiis the enthalpy effect from the i-th
reaction, N is the number of experiments and w; is a
weighted factor. Thus, the mathematical treatment of
the AxHm = f(m) dependences allows to simultaneously
estimate the stability constant and the enthalpy of com-
plex formation. The binding stoichiometry was also
given as parameters when fitting the binding isotherm.
To remove the contributions of protolytic equilibriums
from thermodynamic parameters of complex for-
mation, the values of the equilibrium constants and
heat effects of the possible secondary reactions of Car
and INA dissociation were introduced into the calcula-
tion program [16, 19]. It was found out that the best
matching of experimental points and calculated data
occurs when complex with 1:2 stoichiometry is as-
sumed to form for the Car with INA in water. The ther-
modynamic parameters obtained for complexation of
Car with NA and INA are presented in Table 2.
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Table 2
Apparent thermodynamic parameters of the complex
formation of L-carnosine with pyridine carboxylic acids
in water at T=298.15
Tabéumna 2. Kazxkynmuecs TepMoAHAMHYeCKHe Napa-
MeTpPhI KOMILIEKCO0Opa3oBanns L-kapHo3uHa ¢ mupu-
JHHKAPOOHOBBLIMM KHUCJI0TaMH B Bojge mpu T=298,15K

Complex Car:2INA Car:2NA [*]

IgK: 6.83240.005 5.465+0.003

AG (kJ mol?) -38.98+0.10 -31.15+0.05

AcH (kJ mol?) -53.45+0.20 -24.32+0.19
TAGS (kJ mol K1) -14.47+0.74 6.83+0.71

*Data from [16]
*Jlannble 13 [16]

Free energy and entropy of complex formation
were calculated in term of the well-known thermody-

namic equations:
AG = - RT InK¢ (3)
AG = AH - TAS 4)

The results of calorimetric study showed that
the A.G° values are more negative for aqueous solution
of Car and INA, thus indicating that the process of com-
plex formation is more spontaneous in comparison to
Car and NA in water. The influence of position of N
atom and COOH group in the pyridine ring of PyCOOH
on the complex formation with Car was shown. The
binding constants of the complexes of Car with INA are
greater than with NA. The study indicate that the
Car:2INA complex is more stable than Car:2NA complex.

Thermodynamic parameters of complex for-
mation reflect the contributions from different pro-
cesses: destruction of solvation shells of the solutes;
amino acid — PyCOOH interactions (hydrogen bond-
ing, electrostatic, hydrophobic, van der Waals interac-
tions, staking effects), and hydration of the complex
[22]. Various types of interactions that can give posi-
tive or negative contributions to the enthalpy of com-
plexation are as follows: (i) electrostatic interaction
and hydrogen bond formation (negative contribution);
(ii) hydrophobic — hydrophobic interaction (positive
contribution); (iii) hydrophobic — hydrophilic interac-
tion (positive contribution); (iv) partial desolvation of
hydrated shells of the molecules of solutes (positive
contribution); (v) hydration of the solute — solute com-
plexes obtained (negative contribution). The competi-
tive balance of the above interactions leads to the dif-
ference in thermodynamic parameters of complex for-
mation of the solutions studied.

In general, the complexation between Car and
PyCOOH (INA, NA) is an exothermic process. The
complexation of Car with INA was found to be highly
exothermic, the exothermicity decreasing for complex
Car with NA. The negative AcH° values observed for
Car in solutions of INA and NA can be mainly at-
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tributed to hydrogen bonding and electrostatic interac-
tions [22]. Total entropy change upon binding is the
sum of a change in configuration entropy and change
in solvation entropy [21, 23]. The TA.S value is nega-
tive for complex of Car with INA whereas it becomes
positive for complex of Car with NA. In case of Car —
NA — water, positive AcS values can be explained by
the prevalence of dehydration of the solutes upon the
complex formation and by an existence of various
configurations of complex [24]. It should be also men-
tioned that nicotinic acid can exist in two confor-
mations which differ in the orientation of the carboxyl
group, whereas only one stable conformer has been de-
scribed for isonicotinic acid [25]. In case of Car — INA
—water, it is the predominance of the processes of pep-
tide — PyCOOH interactions and hydration of the com-
plex that determines the negative changes for enthalpy
and entropy of complexation. Negative entropy value
obtained for this system confirms that INA contributes
to more strengthening of the structure of the Car — wa-
ter system than NA.

In the aqueous solution, the formation of com-
plex between Car and isomers of PyCOOH probably
involves the interactions of a positively charge imidaz-
ole ring and an end amino group (NHs*) as well as a
negative charge COO" group of peptide with an ionized
carboxyl group (COO") and with a protonated pyridine
nitrogen atom of pyridine carboxylic acids. The main
interactions in complexes stabilization are believed to
be electrostatic forces and hydrogen bonds formation.
In addition, hydrophobic forces owing to the presence
of non-polar fragments in the molecules of the com-
pounds involved can also affect the stability of com-
plexes formed. The more efficient stabilization of com-
plex between Car and INA as compared to NA in aque-
ous solution may be mainly explained by the changing
of ionic state of the reagents. Since the molar fraction
of zwitterions for NA (0.82) is some less than for INA
(0.86) at pH 4.1, it can be expected that the exothermic
contribution of electrostatic interactions with Car in the
case of NA will be less than in the case of INA. The
adding of INA into Car — water system is apparently ac-
companied with a increase in the solution structuring
upon the formation of the solvate complex of Car:2INA.
Thus, all above factors determine the some different abil-
ity of nicotinic and isonicotinic acids to form complexes
with Car and to structure their agueous solutions.

CONCLUSION

The present study shows that Car forms com-
plexes of 1:2 stoichiometry with INA and NA in aque-
ous medium. The stability of Car complexes obtained
is higher for INA than that for NA. The formation of
complexes between Car and NA is accompanied by the
negative enthalpy and positive entropy changes in wa-
ter, so one can say that the complex of Car with NA is
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stabilized by both enthalpic and entropic contributions
to the Gibbs energy. The complex formation between
Car and INA is characterized by large negative values
of enthalpy and entropy changes, so one can say that it
is enthalpy driven. The various stability of above com-
plexes is mainly governed by the some difference in
ionic states of 3- and 4- structural isomers of PyCOOH
as well as their conformational and energetic comple-
mentarity under binding with the peptide Car.
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