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Bzaumooeiicmeun 6enkoe ¢ paznuunvimu 0U0102UUECKU AKIMUBHBIMU 8eujecmeamnu (20p-
MOHAMU, J1eKAPDCMEEHHbIMU HPENAPAMAMU, IHZUMAMU U M.N.) J1eHCAm 8 OCHO8E MHOZUX OUOXUMU-
YecKux npoueccos, npomexaruwux é opzanuzme. B pamkax oonzocpounoit 3a0auu no ucciedosanuro
PAa3nUUHBIX ACNEKMO8 NPOUECCO8 83AUMOOCIICINGUA MEHCOY MOOETbHBIMU COCOUHEHUAMU DeNK08 U
2emepoyUKIUYeCKUMU COCOUHEHUAMU, 6XO0AUWUMU 8 CIPYKIMYPY MHOZUX IHIUMOG U J1eKAPCHEEH-
HBIX CpeOCcme, NPOBEOCHO MEPMOXUMUUECKOE UCCTIE006AHUE 800HBIX PACHIBOPOB8, COOEPHCAUUX AMUO
acnapazunoeoii kuciomul (L-acnapazun) u nepudokcanv-5-gocpam. Kanopumempuueckue usmepe-
HUA IHMATLRUU PACMBOPEHUS ACNAPAZUHA 8 800HOM PACMEOPE C 000A8KAMU NEPUOOKCANb-5-ghoc-
¢ama evinonnenvl Ha uU30NEPUGOIUYECKOM KATIOPUMEMPE PACHMEOPEHUA AMHYIbHO20 MURA RpU
298,15 K. Ilozpeutnocms usmepenus eOUHUUHO20 Meni0602o Iggexma ne npesvtana 0,2%. Omuo-
CUMENbHAA CYMMAPHAA NOZPEUIHOCH UIMEPEHUSA IHMAIbRUIL pacmeopenus He npesviuiana 0,7%.
Ha ocnoeanuu nojiyueHHbvix IKCHEPUMEHMAIbHBIX OAHHBIX U UCHONb308AHUA KOMNbIOMEPHOI RPO-
epammvl HEAT 6vinu paccuumansl KOHCHAHMbL CEA3bIGAHUSA U MEPMOOUHAMUYECKUE RAPAMEMPbl
(IgK, A.G, A:H, A.S) komnnexcoobpazosanus mericoy ucciedyemvimu peazenmamu. Ilposedeno cpas-
HeHue ahpuHHOCMU AMUHOKUCTIOMBL K 63AUMOOEICMEUIO C NEPUOOKCAIb-S -(hocdhamom u nupudox-
cunom. Buviaenenvt ocobennocmu ux noeedenus ¢ 600nom pacmeope. Iloxazano, umo e3aumoodeii-
cmeue L-acnapazuna ¢ nupuooKcunom npueooum K o0pazosanuro 601ee cmaduibHO20 KOMNIeKcd,
yem ¢ nepuooKcanv-S-gochamom. Imom paxm ModxcHO 00vACHUML HAUUUEM DO0N1ee 00bEMHOTL
ocghammnoit cpynnel, komopasn, no-euoumomy, 3ampyoHnsem 63aumooelicmeue nepudoxkcanb-5=-goc-
dama c amuoom acnapazunosoit kuciromel. Kpome mozo, 6 monexyne nepudokcanv-5"-ghocpama
HPUCYMCMEYIOM 6HYMPUMONEKYIAPHbIE 6000POOHbIE C8a3U Mecdy anvoecuonvimu CHO u gpenonv-
noitmu OH zpynnamu, Komopule 00124CHbL PA3pPyuiamscs nPu 63aumo0elicmeul nepuooKcaib-5"-gpoc-
ama c amunokuciomoit, umo mpeodyem 0OnoOAHUMENbHBIX IHEP2emuyeckux 3ampam. Takum odpa-
30M, CeIeKMUGHOCHIb 63AUMO0EUCMEUA U CIADUTLHOCHb 00PA3YeMbIX KOMNIEKCO8 Pecyaupyioncs,
6 OCHOBHOM, (haKmopamu CIPYKMYPHOU U IHEPZEMUYECKOT KOMNIEMEHMAPHOCU.
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Interactions of proteins with various biologically active substances (hormones, drugs, en-
zymes, etc.) underlie many biochemical processes in the body. As part of the long-term task to stud-
ying various aspects of the interaction between model protein compounds and heterocyclic com-
pounds that are into the structure of many enzymes and drugs, the thermochemical study of aque-
ous solutions containing aspartic acid amide (L-asparagine) and peridoxal-5“phosphate was car-
ried out. Calorimetric measurements of the enthalpy of L-asparagine dissolution in an aqueous
solution with pyridoxal-5“phosphate 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 measurements of the enthalpies of dissolution was not
more than 0.7%. Based on the obtained experimental data and the using the HEAT computer pro-
gram, the binding constants and thermodynamic parameters (IgK, 4.G, 4cH, 4.S) of the complex
formation between the reagents under study were calculated. A comparison of the affinity of amino
acids to interaction with pyridoxal-5“phosphate and pyridoxine was carried out. The features of
their behavior in an aqueous solution are revealed. It is shown that the interaction of L-asparagine
with pyridoxine leads to the formation of a more stable complex than with peridoxal-5*~phosphate.
This fact may be explained in terms of a bulky phosphate group that hinders apparently the inter-
action of POP with aspartic acid amide. In addition, the peridoxal-5*~phosphate molecule contains
intramolecular hydrogen bonds between aldehyde CHO and phenolic OH groups, which must be
destroyed by the interaction of peridoxal-5' - phosphate with an amino acid, which requires addi-
tional energy expenses. Thus, the selectivity of the interaction and the stability of the formed com-
plexes are mainly regulated by the factors of structural and energy complementarity.

Key words: thermodynamics, solutions, calorimetry, L-asparagine, pyridoxal-5'-phosphate, pyridoxine

INTRODUCTION

Proteins, the structural elements of with are
amino acids, function in composition of certain supra-
molecular assemblies, which are the basis of the mo-
lecular organization of biological systems [1-4]. Supra-
molecular structures play an important role in many bi-
ochemical processes (protein folding, transport of
drugs, biosynthesis, regulation of activity, enzyme sta-
bility, etc.). Investigation on the nature and driving
forces of the interaction between drugs and proteins,
determination of their selectivity and preferred types of
binding are still relevant. Nitrogen-containing hetero-
cyclic organic compounds have been the subject matter
for pharmacologists, medicinal chemists and physicists
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for the past decades to find the relationship between
chemical structure and biological activity [5,6]. Inves-
tigation of the interactions between pyridine deriva-
tives and model compounds of protein (amino acids,
peptides) is of special interest. Studies on physico-
chemical properties of their aqueous solutions play
crucial role in understanding the nature of molecular
interactions in more complex liquid mixtures.
L-Asparagine (Asn), as one of the common
amino acids in most plants, is not only a building block
of proteins but also plays an important role in the trans-
portation and storage of nitrogen and nitrogenous me-
tabolism of plants [1, 7]. It has carboxamide as the side
chain’s functional group. Asparagine has a high pro-
pensity to hydrogen bond, since the amide group can
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accept two and donate two hydrogen bonds. In addi-
tion, Asn can also be used in pharmaceutical synthesis
[6, 7].

Pyridoxine (PN), or 2-methyl-3-hydroxy-4,5-
bis(hydroxymethyl) pyridine, (vitamin B6) and pyri-
doxal-5"-phosphate, or 3-hydroxy-2-methyl-5-[(phos-
phonoxy)methyl]-4-pyridinecarboxaldehyde, pyrdoxal-
5’-phosphate (PLP) are pyridine derivatives. Pyridox-
ine (PN) is precursor of various coenzymes and defi-
ciency of these may lead to malfunctioning in living
world at epidemic levels. Owing to many such vital
roles of vitamin B6 in different biological processes,
its deficiency or over doses create various disorder in
living systems [8]. PLP is one of the most important
coenzymes in living organisms. PLP derivatives cata-
lyze a variety of metabolic processes including amino
acids, lipids and carbohydrates metabolism, and play
the key role in the hormones, neurotransmitters and
heme biosynthesis [9]. The most common type of en-
zymatic reaction requiring pyridoxal phosphate as co-
enzyme is transamination, the transfer of the a-amino
group of an amino acid to the a-carbon of an a-keto
acid [10].

It is well known that drugs, vitamins and en-
zymes most often act through the formation of molec-
ular complexes as intermediates. Such complexes are
mainly results of weak molecular interactions which
are important in physicochemical aspects [2-4, 9]. It
should be noted that the pyridoxal phosphate functions
as a coenzyme by virtue of the ability of its aldehyde
group to react with the a-amino group of the amino
acid substrate to yield a Schiff's base between the en-
zyme-bound pyridoxal phosphate and the amino acid.
It had been shown [11, 12] that the formation of suffi-
ciently stable Schiff bases of PLP and amino acids oc-
curs at pH 7.4 when the aldehyde group of PLP inter-
acts with the NH group of amino acids. In the pH (3-6)
range, the ability of amino group to involve in the co-
valent bonding with PLP is significantly reduced.

In this paper, we report the interaction of
L-asparagine with PLP in aqueous solution using calo-
rimetric method. From a comparison of the thermody-
namic results of this study with our earlier data [13],
the conclusions on the stability of complexes between
Asn and ligands (PN, PLP) will be drawn.

EXPERIMENTAL PART
L-Asparagine (CAS No. 305-84-0, Sigma-Al-
drich, ~ 0.99 purity) and pyridoxal-5’-phosphate (CAS
No. 853645-22-4, Sigma-Aldrich, > 0.98 purity) were
used as received from the suppliers. The solutes were

used without further purification after drying for 24 h
at 356.15 K in a vacuum until constant weight. They

14

were kept in desiccators at least for 48 h before use.
Sample solutions were prepared in double-distilled and
degassed water (with specific conductivity 3.1 uS-cm?,
pH 5.4). All solutions were prepared by weight using a
Sartorius-ME215S balance (with an accuracy of 1x107° ).
In our case, the concentration of PLP was fixed while
the molalities of the amino acid varied. The uncertainty
in the molality of the solutions was estimated within
+2x10"* mol-kg™.

Measurements of the thermal effects of disso-
lution of crystalline samples of Asn in the aqueous so-
lutions were performed at 298.15 K, using a precise
hermetic isoperibol ampoule-type calorimeter fitted
with a 110 mL reaction vessel. The description of the
construction of calorimeter and the measuring proce-
dure has been described in depth previously [13,14].
The calorimetric measurements for sample were per-
formed 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 meas-
urements of the enthalpies of dissolution was not more
than 0.7%.

RESULTS AND DISCUSSION

The enthalpies of solution of crystalline Asn in
aqueous solution containing pyridoxal-5 phosphate,
AsoHm, obtained are presented in Table 1.

Table 1
Enthalpies of dissolution of crystalline L-asparagine in
pure water and in aqueous solution with pyridoxal-5'-
phosphate as a function of amino acid molality at
T=298.15 K
Tabnuya 1. JHTAIBLINYA PACTBOPEHHUS KPUCTAINYe-
CKOro L-acnaparnﬂa B YHCTOM BOJA€¢ U B BOJTHOM pac-
TBOpe MUPHAOKCATb-5'-dochaTa B 3aBUCHMOCTH OT
KOHIIeHTpauuu aMuHokucaothl npu T=298,15 K

m/mol-kg* Water Water+PLP
AsoHm(W)/kJ-mol? | AsoiHm(w+L)/kJ-mol?
0.0018 22.77 24.84
0.0020 22.79 24.96
0.0034 22.88 25.28
0.0038 22.91 25.39
0.0048 22.96 25.52
0.0048 22.97 25.55
0.0059 23.02 25.66
0.0086 23.13 25.96
0.0111 23.22 26.09
0.0130 23.29 26.17
0.0145 23.35 26.20
0.0167 23.45 26.24
0.0182 23.54 26.29
0.0204 23.70 26.39

*Concentration of PLP is 1.3-:10° mol-kg™*
* xornenrpamus [1JI® 1,3 10 Moms/kr
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The molecules can be in three possible forms:
acidic, neutral and basic depending on the pH. Distri-
bution of particular chemical forms of the substances
was determined by the RRSU computer program [15].
The diagrams of the fraction of the ionic forms of the
amino acid and the pyridine derivatives depending on
the pH of the medium were earlier presented in our
works [13, 16]. The amino acid, Asn, ([HL]) exists as
zwitterions [HL]* in water (pH 5.4), the amino group
is protonated (-NHs"), while the carboxyl group is ion-
ized (-COO") [13]. The side amide group of Asn does
not carry a formal charge under any biologically rele-
vant pH conditions. The neutral PN ligand exists as the
zwitterionic form where N in the pyridine ring is pro-
tonated and the phenolic group is deprotonated [13]. At
pH 5.4, pyridoxine (PN) is predominantly zwitterions
and partially monodeprotonated form (H.L*), whereas
pyridoxal-5"-phosphate (PLP) exists as a mixture of
predominantly monoanions [H,L]" and partially dian-
ions [HL]? [16]. Thus, the solute-co-solute interactions
can be interpreted by considering the dominant forms
of the amino acid and vitamins B-group species present
in the pure water.

The important issue is the thermochemistry of
the interaction between various ligands and amino ac-
ids. Calorimetry is a direct method to obtain the ther-
modynamic parameters of complex formation (IgK,
AG, AcH, AS) and to designate the driving forces of
binding. The enthalpies of transfer, AyHm, of Asn from
solvent (water) to the ligands (L) solutions were calcu-
lated from the experimental enthalpies for Asn disso-
lution in a pure solvent (w), AsaHm(W), and in an aque-
ous solution containing ligand (L), AsoHm(W+L):

Ater = AsoIHm(W"'L) - AsoIHm(W) (1)

The AsgHm(w+L) and AyHm values formed a
basis for calculation of the thermodynamic functions
of complex formation. Enthalpy of solution of Asn in
pure water was found to be (22.04+0.17) kJ-mol?,
which agrees with the available literature values being
(22.57+0.11) kJ-mol* [17] and (21.64+0.05) kJ-mol*
[18]. Figs. aand b show the influence of increasing Asn
concentration on the AyHm values. For the systems un-
der investigation the AyHm values increase as the con-
centration of amino acid increases until nearly constant
values are reached. The binding isotherms of these sys-
tems displayed a non-linear dependence of the AyHm
on the concentration of Asn. Such behavior suggests
complex formation in the test systems.

The thermodynamic functions of complex for-
mation were calculated using the initial concentrations
of reagents and experimental values of the enthalpies
of transfer by means of the computer program HEAT
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[15, 19], in which the search for the unknown parame-
ters (IgKe, AcH) are reduced to the numerical minimi-
zation of the F functional given by

F:ZileWi(AtrHi,exp— AtrHi,calc)2 (2)
where A¢Hi is the enthalpy effect from the i-th reaction,
N is the number of experiments and wi is a weighted factor.
Thus, the mathematical treatment of the AsHm = f(m) de-
pendences allows to simultaneously estimate the sta-
bility constant and the enthalpy of complex formation.
The binding stoichiometry was also given as parame-
ters when fitting the binding isotherm. To remove the
contributions of protolytic equilibriums from thermo-
dynamic parameters of complex formation, the values
of the equilibrium constants and thermal effects of the
possible secondary reactions of Asn and PLP dissoci-
ation were introduced into the calculation program
[13, 16, 17]. It was found out that the best matching of
our experimental points and calculated data occurs
when complex with 1:1 stoichiometry is assumed to
form for the Asn — L — water system. In order to high-
light the nature of the interactions between above lig-
ands and amino acid thermodynamic parameters were
calculated. The thermodynamic parameters presented
in Table 2 are associated with 1:1 complexation mod-
els for aqueous solution.
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Fig. Isotherms of L-asparagine binding with pyridoxine [13] (a) and
pyridoxal-5"-phosphate (b) in aqueous solutions (T=298.15 K)
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Table 2
Apparent thermodynamic parameters of the complex
formation of L-asparagine with pyridine derivatives in
water with pH 5.4 at T=298.15 K
Tabnuya 2. Kaxymuecst TepMOAMHAMHYECKHE NTapa-
METPbI KOMI[JIeKCOOﬁp%BOBaHI/ISI L-acnaparnna C Ipo-
u3BOJAHBIMHU nupuauna B Boje (pH 5,4) npu T=298,15K

Complex Asn:PLP Asn:PN [13]

IgK; 3.953+0.001 | 4.23440.003

AG (kJ mol™) -22.54+0.10 | -24.14+0.20
AH (kJ mol™) 12.51+0.06 15.5140.13
TAS (kJ moltK?) 35.05+0.4 39.64+0.52

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)

As it is known [13, 19, 20], the acting forces
contributing to the binding of Asn with pyridine deriv-
atives include hydrophobic effect, van der Waals force,
hydrogen bond, and electrostatic attraction. Beside, the
thermodynamic parameters of complex formation re-
flect also the contributions from other processes: de-
struction of solvation shells of the solutes (dehydra-
tion) and hydration of the complex obtained. For the
Gibbs free energy, a negative value indicates that it is
a spontaneous process.

In case of Asn — PLP — water and Asn — PN —
water systems, the positive entropies and positive en-
thalpies indicated that the interaction forces of Asn and
the ligands are mainly hydrophobic character. The pos-
itive values of AcS obtained are normally regarded as
an evidence of hydrophobic interaction [13, 19, 20]. In
addition, the water molecules that are arranged in an
orderly way around the ligands and amino acid acquire
a more random configuration during interactions be-
tween solutes. Thus, the interactions of Asn with PLP
and PN are accompanied by endothermal effects
caused by the partial dehydration of solutes.

Interaction between the amino acid with above
pyridine derivatives depends on the type of their sub-
stituents. These compounds differ in the number and
position of hydroxyl, methyl, carboxylic, and methoxyl

substituents. The ligand PN is comprised of aliphatic
and aromatic alkoxide groups as well as pyridine nitro-
gen atom. Pyridoxal-5"-phosphate has a phosphate
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group at the side chain -CH;-O-P(0O)-(OH)-, and also
OH group in the para-position of side chain -CH»-OH
has been replaced with the carbonyl group compared
to pyridoxine. The O and N atoms in the considered
molecules are the best sites for forming the hydrogen
bonds with both water molecules and amino acid zwit-
terions. In addition, the pyridine aromatic ring in the
compounds is a source of electron which can interact
with the hydrogen atoms of water molecule and co-solute.
Pyridoxine and pyridoxal-5"-phosphate, which
have polar substituents in the pyridine ring and are
zwitterions and negatively charged ions respectively at
pH 5.4, form complexes with the amino acid Asn. The
thermodynamic parameters (Table 2) of complex for-
mation for pyridoxine are higher than that for pyri-
doxal-5"-phosphate. Apparently, the presence of phos-
phate group decreases the stability of amino acid com-
plexes of pyridoxal-5’-phosphate compared to pyri-
doxine. This behavior may be explained in terms of a
bulky phosphate group that hinders apparently the in-
teraction of PLP with aspartic acid amide. On the other
hand, in pyridoxal-5"-phosphate the intramolecular hy-
drogen bonds between aldehyde CHO and phenol OH
groups are present [21]. These have to be disrupted
during interaction PLP with Asn in agueous solution,
and this, in turn, requires additional energy expenses.

CONCLUSION

Thus, the present study shows that Asn forms
complexes of 1:1 stoichiometry with PLP and PN in
aqueous medium. The stability of Asn complexes ob-
tained is higher for pyridoxine than that for pyridoxal-
5°-phosphate. The enthalpy and entropy of complexa-
tion are, in magnitude, like those of typical molecular
complexes of moderate strength. Selectivity of interac-
tion and stability of the complexes are mainly governed
by the principles of geometric and energetic comple-
mentarity.
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