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B kauecmee ob6vekma uccinedosanus Hamu Oovl1 6vlOpan 3-2uopoxcu-2-memui-5-
[(pocponoxcu)memun]-4-nupuounxapooxcanvoezud nupuookcanv-5'-gpocgpam, PLP) - oono us3
8adICHeHMUX OuoN0ZUYecKU aAKMuUueHbvIX coedunenuil. Ilpamviv KanopumempuuecKkum memooom
U3MepeHbl mennossle IPhekmol 63aumooelicmeus pacmeopa nupudokcanv-5' - ocpama c pac-
meopamu a3omHou Kuciomel u cuopokcuoa kanusa npu 298,15 K u 3nauenusax uonnoii cunwt 0,5;
1,0 u 1,5 npu ponoeom nekmpoaume numpame Kanusa. Hzmepenus npoeoounuce Ha Kaiopumempe
C U30mepMUUECKOil 000104KOIl U AGMOMAMUYECKOI 3ANUCLI0 MEMNEPAMYPHO-6PEMEHHOU KPUBOTL, 6
PeaxkyuoHHom cocyoe oovemom 60 e’ u npu T = (293,15-308,15 K) + 0,01 K u P = 100,5+ 0,7 klIa.
OmHocumenvnan nNOZPeWHOCMb UMEPEHUs 011 MEnomsvl PACMEOPEHUA CIAHOAPDMHO20 6euje-
cmea cocmaenana-0,1-0,3%. bnauszkue 3nauenus KOHCMAaHm OUCCOUUAUUU RUPUOOKCANB-S'- ¢hoc-
¢ama ne nozeonaom eviderums maxyro oonacms pH, z0e npoucxoous 661 monbKo 00UH U3 npouec-
€08 CHyneHUamoil OUCCOUUAyUU, 8 C6A3U C YeM UZMEPATCA CYMMAPHDLI Men1080il Ighgexkm npo-
MOHUPOBAHUA RUPUOOKCATL-5'-hochama. Pacuem pasnosecHo20 cocmasa cucmemvl ¢ yUemom
npoueccos cmyneHuamou ouccoyuauuu RUpuOoKcanv-5'-gpocghama u ouccoyuayuu 600vl nPo6o-
ounca no npozpamme KEN. Tennoevie 3ghghexkmovt cmynenuamoit ouccoyuayuu RUpuooKcaip-5'-
docpama paccuumanst c ucnonviosanuem ynugepcanvhoi npozpammol HEAT. Ilockonvky menno-
evle Ihhexmut pazoasnenus oviiu uzmepenvt 8 mpex ouanazonax konyenmpauuii KNOz: 0,4-0,5;
0,9-1,0; 1,4-1,5 moanv/n, Konuuecmeo IKCREPUMEHMOG 8 KANCOOU cepuu 0bvllo He MEeHee Yemblpex.
/lna pacuema oosepumenbHozo unmepeana cpeorezo 3nauenus AH kpumepuii Cmorodoenma 6341u
0,95. Bvintu naiioenvl cmanoapmuvle menjioevle IPghekmovl CmyneHuamou UOHU3AUUU RUPUOOK-
cany-5'-ghochama nymem sxcmpanonayuu IKCnEPUMEHmMAIbHO NOIYUEHHBIX KOJIUYECHE RUPUOOK-
canv-5' - pochama na nyneeyro uonHylo cuy pacmaeopa.

KiroueBble ci10Ba: TEPMOANHAMHKA, KAJIOPUMETP, SHTAIBIN, TUPUAOKCATb-5'-hocdar
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As the object of the study, we selected 3-hydroxy-2-methyl-5-(phosphonic) methyl-4-
pyridincarboxaldehyde (pyridoxal-5'-phosphate) which is one of the most important biologically
active compounds. Direct calorimetric method was used to measure the thermal effects of interac-
tion of the solution of pyridoxal-5'-phosphate with solutions of nitric acid and potassium hydrox-
ide at 298.15K and ionic strength values of 0.5; 1.0 and 1.5 against the background of electrolyte-
supporting potassium nitrate. The measurements were carried out in a calorimeter with an iso-
thermal shell equipped with a 60 cm? reaction vessel and electric calibration at T = 298.15K +
0.01 K and P = 100.5+ 0.7 kPa and automatic recording of the temperature-time curve. Relative
measurement error for heats of dissolution of a standard substance was -0.1-0.3%. Close values
of constant sequencing of pyridosal-5'-phosphate do not allow to distinguish such an area of pH
where only one of the processes of step dissociation would occur. In this regard the total thermal
effect of protonation of pyridoxal-5'-phosphate would be measured. Calculation of the equilibri-
um composition of the system took into account processes step dissociation and water dissociation
was carried out according to the KEV program. The thermal effects of stepwise dissociation of
pyridoxal-5'-phosphate are calculated using the universal HEAT program. Because, the thermal
effects of dilution were measured in three concentration ranges of KNOs: 0.4-0.5;0.9-1.0; 1.4-
1.5 mol /I, the number of experiments in each series was at least four. To calculate the confidence
interval of the average value of DH Student's criterion was taken at a confidence interval of 0.95
The standard thermal effects of stepwise ionization of pyridoxal-5'-phosphate were found by ex-
trapolation of experimentally obtained amounts of piridoxyxal-5'-phosphate to zero ion force of

the solution.

Key words: thermodynamics, calorimeter, enthalpy, pyridoxal-5'-phosphate
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INTRODUCTION

For a long time, the name "vitamin Bs" meant
a set of biologically active compounds — derivatives
3-hydroxy-2-methylpyridine. The most important of
these are pyridoxin, pyridoxal, pyridoxamine, pyri-
doxal-5'-phosphate, pyridoxamine-5'-phosphate and
pyridoxin-5'-phosphate. In enzymatic catalysis most
active  phosphorylase esters are pyridoxal-5'-
phosphate and pyridoxamine-5'-phosphate [1-3]. We
have selected 3rd-hydroxy-2-methyl as the subject of
the  study-5-[(phosphonoxes)Methyl]-4-pyridincar-
boxaldehyde (pyridosal-5'-phosphate, PLP):

Fig. 1. Structural formula of pyridoxal-5'-phosphate molecule
(pH=2.5)
Puc. 1. CtpykrypHas GpopMyiaa MONEKYNbI MUPUAOKCANTb-5'-

dhochara

PLP is one of the most important biologically
active compounds. PLP-dependent ferments play a
key role in the metabolism of amino acids, fats and
carbohydrates, as well as hormone biosynthesis, neu-
rotransmitters [4-8].

In literature, there is a greater amount of data
on constants of the ionization of pyridoxal-5-
phosphate [9-15]. These works are performed at dif-
ferent ionic strength values, against the background of
supporting electrolytes that differ in nature. There-
fore, in order to compare and analyze literature data,
it is necessary for each ionic strength values find the
most probable values of the dissociation constants. In
this way, the constants are extrapolated to zero ionic
strength using the lowest squares method using an
equation with one individual parameter [16]. The
values of pK;%=3.65 + 0.05, pK2:°= 6.22 + 0.05 and
pK3®= 8.41 + 0.05 and calculated the step constants of
acid ionization at fixed ionic strength values of (I =
0.5; 1.0; 1.5). These values were later used to select
calorimetric measurements and calculate results.
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Data on the heat of acid-basic interactions in-
volving pyridoxal-5'-phosphate are very few. In [13], the
authors gives the following values: ArH; = -18.0 kJ/mol,
ArH, = 4.2 ki/mol and ArHs = -25.1 kJ/mol at 298.15 K
and an ionic strength of 1 = 0.1 (background electro-
lyte KCI). Studies were performed by calorimetric
method titration at a single value of ionic strength, the
effect of concentration background electrolyte on ac-
id-base interaction processes were not considered by
the authors.

The aim of this work is to study the back-
ground electrolyte concentration on the thermal ef-
fects of stepwise dissociation of pyridoxal-5'-
phosphate based on the experimental determination of
the ionization enthalpy of pyridoxal-5'-phosphate in
an agueous solution at 298.15 K and ionic strengths
of 0.5; 1.0 and 1.5 against potassium nitrate; calcula-
tion of standard thermodynamic characteristics of
stepwise dissociation of pyridoxal-5'-phosphate.

EXPERIMENTAL PART

Pyridoxal-5'-phosphate (manufactured by
Sigma-Aldrich USA, CsH11NOgP M = 274.14) was
used without preliminary purification. The purity of
the reagents declared by the manufacturer was more
than 98 wt. % The carbon-free KOH solution and
the HNOj3 solution were prepared according to the
usual procedure [17] from reagents of the “chemi-
cally pure” grade; concentrations were determined
by the titrimetric method. The preparation of potas-
sium nitrate qualification "chemically pure" was puri-
fied by recrystallization from bidistillate.

The measurements were carried out in a calo-
rimeter with an isothermal shell equipped with a 60 cm?
reaction vessel and electric calibration at T =298.15 K +
+ 0.01 K and P = 100.5 &+ 0.7 kPa and automatic re-
cording of the temperature-time curve, which was in
principal very similar to the device described several
times [18-21] KMT-14 thermistor was used as a tem-
perature sensor. Thermostatically controlled calori-
metric cells were carried out in a thermostat equipped
with a PID controller with an accuracy of 0.002 K.
The thermostat temperature sensor was a platinum
resistance thermometer. The calorimeter was calibrat-
ed by a current. The volume of the calorimetric fluid
was 42.83 ml. Ampoule displacement — was 1-1.6 cm®,
the maximum thermometric sensitivity of the calori-
metric setup was (0.5-2)-102 J/mm chart recorder.
Relative measurement error for heats of dissolution
of a standard substance was -0.1-0.3%. The weights
were weighed on the scales of VLR-200 with accu-
racy 2-10* g. The operation of the installation was
checked by the integral enthalpies of dissolution of
crystalline potassium chloride in water and was con-

12

sidered suitable for measurement, if the value
defined in it AsoiH298,15(KClooH20) differed from
the standard was not more than 0.3%. The most
reliable current value was used as a standard
AsoiH298,15(KClooH,0) = 17.234 + 0.018 kJ/mol con-
forming to the standard SRM 1655NBS. The nearly
identical value was obtained elsewhere [22, 23]. The
thermal value of the calorimeter for water was 87 +
+ 12 JIK [24].

The processes of sequential protonation of the
anion L¥* in an aqueous solution can be represented

by the scheme:
L+ H*=HL?* ArH; Q)
HL? + H* = HoL ArH; 2
HoL + H" = HsL ArHs (3)

As it can be seen from the equilibrium dia-
gram in an aqueous solution of pyridoxal-5'-phosphate
(Fig. 2). The close values of the stepwise dissociation
constants do not allow us to distinguish a region of
pH where only one of the processes would proceed.
Calculation of the equilibrium composition of the sys-
tem took into account processes (1-3) and water dis-
sociation was carried out according to the “KEV”
program [25]. In this regard, the total thermal effect
of protonation of particles L*, HL?> and H,L~ was
measured. Moreover, the selection of conditions dur-
ing the experiment was carried out in such a way that
the proportion of processes (1), (2) and (3) changed in
the series of experiments with a maximum difference
in the first and last experiment of the series.

1,2

H,l2  HL*  HL* L

1

0,8

0,6
S

0,4
02

0 T
5 10 15
-0,2 ¢ pH

Fig. 2. Equilibrium diagrams in an aqueous solution of pyridoxal-
5 - phosphate T=298.15 K
Puc. 2. JlnarpaMMbl paBHOBECHH B BOJJHOM PacTBOPE MHPHIOK-
canp-5'-pocdara T=298,15K

The heat of dissociation of pyridoxal-5'-
phosphate was determined by the following method.
The total thermal effect of the attachment of protons
to particles HoL-, HL? and L* was measured in sever-
al pH ranges and based on these data, the enthalpies
of acid dissociation were calculated for each step. The
enthalpies of the interaction of pyridoxal-5'-phosphate
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neutralized to pH = 9.1 with nitric acid solutions of
various concentrations (from 0.00465 to 0.06198
mol/L) were measured. The solution of mineral acid
was placed in a calorimetric glass, and in an ampoule
an exact weighed portion of solution of pyridoxal-5'-
phosphate with pH = 9.1. The pH of the solution after
mixing the reagents (pH) varied from 5.9 to 3.1. The
measurements were carried out at three values of ion-
ic strength | = 0.5; 1.0; 1.5 (KNOs3) and at tempera-
tures of 298.15 K. The thermal effects of diluting a
solution of pyridoxal-5'-phosphate with a pH of 9.1 in
solutions of a background electrolyte were also meas-
ured. Since the ionic strength created by pyridoxal-5'-
phosphate in the glass after breaking the ampoule in
the series of experiments varied from 0.01 to 0.1, a
different amount of background electrolyte was added
in each experiment. In this regard, the thermal effects
of dilution were measured in three concentration
ranges of KNOgs: 0.4-0.5; 0.9-1.0; 1.4-1.5 mol/l. The
number of experiments in each series was at least
four. To calculate the confidence interval of the aver-
age value of AH Student's criterion was taken at a confi-
dence interval of 0.95.

RESULTS AND DISCUSSION

The total thermal effect of protonation (pro-
cesses 1-3) during the calorimetric experiment was
calculated per mole of pyridoxal-5'-phosphate;

ArH = ArHmix - ArHgil
ArH = AJOH]AHwW + A[L*]ArH; + A[HL?]
ArH, + A[Hzl_']* AFH3/CO HsL (4)

Where A[OH], A[L*], A[HL%], A[H.LT] —is
the difference between the final and initial equilibri-
um concentrations of the corresponding particles;
C%a3. — is total concentration of pyridoxal-5'-
phosphate, taking into account dilution to the volume
of calorimetric liquid; ArH: ArH ArHs — is molar
thermal effects of particle H,L", HL?- and L3- protona-
tion processes respectively.

Each series of experiments included from 3 to
5 measurements. To calculate the confidence interval,
the average student's criterion was taken at a confi-
dence level of 0.95. The error was calculated by the
formula: S = t,x[ZA%Nn(n-1)]"2, where t, is the Stu-
dent criterion with a confidence level of 0.95 and the
number of degrees of freedom f = 5. Based on the
obtained experimental data, we searched for stepwise
heats of ionization of pyridoxal-5'-phosphate, the cal-
culation was performed according to the program
«HEAT». Errors in AgisH values are increased in
comparison with those calculated using the least
squares method, since the error in the operation of the
setup does not allow us to give them less than + 0.2
kJ/mol. The standard thermal effects of stepwise ioni-

zation of pyridoxal-5'-phosphate were found by ex-
trapolating the experimentally obtained values of the
heats of dissociation of pyridoxal-5'-phosphate (Table
1) to the zero ionic strength of the solution according
to equation (5) [16]:

ArH; - AZ2P(l) = ArH? + bl (5)
where ArHi, ArH? — is change in enthalpy at a finite
value of ionic strength and at | = 0, respectively, ¥(I)
— is the theoretically calculated ionic strength function
Az? —is the difference between the squared charges of
the reaction products and the starting components, b —
is empirical coefficient. The standard enthalpies of
stepwise dissociation of pyridoxal-5'-phosphate are
given in Table. 2.

Table 1

Thermodynamic characteristics of step dissociation

processes of pyridoxal-5 * - phosphate at T=298.15 K
and different values of ionic strength

Taonuya 1. TepmoaMHaMHYecKHe XapaAKTEPUCTUKH
NPOLECCOB CTYNEHYATOH JUCCOUMALMHU NMPUIOKCAIb-
5'-¢ocdara npu T=298,15K u pa3nu4HbIX 3HAYEHUSIX

HMOHHOU CHJIBI

| pK | AG, ki/mol | ArH, ki/mol 'As*é/ mol
T=298.15K
HsL =Hy + H*
051326+005] 186103 | 1937202 [1274+12
1.0 (330 £0.05| 18.84 2 03 | 2011+ 0.2 [130.6 + 1.1
153.43£005| 10.58 0.3 | -20.77 0.2 |1353 1.1
ML =HLZ> + H*
05547005 312203 | 519202 |87/3<11
1.0 (556 £0.05] 31.74203 | 587-02 | 868=11
155.66+005] 323103 | 644=02 | 86.8< 1.1
HLZ =15 + 1
05714005 40.76 03 | 263102 [2249 <11
1.0 [7.20£005| 416103 | 273902 |23L.4 = 1.1
15743005 4241203 | 2849+ 02 |237.8+ 1.1
Table 2

Standard thermodynamic characteristics of step disso-
ciation processes of pyridoxal-5 ' - phosphate T=298.15 K
Tabnuya 2. CTangapTHble TEPMOAMHAMUYECKHE XapaK-
TEPUCTHUKH NMPOIECCOB CTYNEHYATOH TUCCOUAIMM TTH-

puaokcaiab-5'-gocdara

pK® | AG® ki/mol | ArHO ki/mol [-AS° J/mol K
HsL = HoL- + H

3.65+0,05] 20.83+0.6 | -18.67+0.30 | 132.4+0.9
HoL = HLZ + H*

6.22+0,05] 35.50+0.6 | 4.52+0.30 | 103.9£0.9
HL> = L3> +H*

8.41+0,05] 48.00+0.6 | -25.32+0.30 | 245.9+0.9

Change in enthalpy of pyridine nitrogen ioni-
zation — ArHs, and phenolic group — ArHs, are exo-
thermic at all values of the ionic strength of the solu-
tion. However, the change in enthalpy for the second
stage of ionization (phosphate group) — ArH: is exo-

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2020. V. 63. N 7 13



A.l. Lytkin, O.N. Krutova, E.Y. Tyunina, C.D. Krutova, Y.V. Mokhova

thermic. The change in entropy during the dissocia-
tion of pyridoxal-5'-phosphate is significant in abso-
lute value, and an increase in the charge of the anionic
particle sharply affects the value AgisS. An increase in
the particle charge leads to a sharper change AdisS.

This work was performed at the Research In-

stitute of Thermodynamics and Kinetics of Chemical
Processes of the Ivanovo State University of Chemical
and Technology with financial support from the Rus-
sian Federal Property Fund and the Government of
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18-43-370018.
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