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Peptidylboronic acids have recently become widespread as effective drugs for cancer treatment.
However, the use of these drugs is often accompanied by negative side effects associated with the pheno-
typic affiliation to the ABO system. Therefore, it is important to determine the role of pharmaco-chemical
characteristics of antigens of ABO system and therapeutic agents (for example, bortezomib) in the selection
of individualized therapies for patients with chronic lymphoproliferative neoplasms. The expediency and ef-
ficiency of bortezomib use for patients with plasma cell myeloma depending on the phenotype affiliation to
the ABO system were evaluated. Efficiency of plasma cell myeloma therapy was analyzed in 104 patients who
received treatment according to clinical protocols. Dependence of the duration of remission in performance
of standard polychemotherapy was researched. Calculation of energy parameters and geometry of probable
supramolecular structures of peptidylboronic (bortezomib) and boric acids with antigens of the ABO blood
system was performed in the HyperChem 8.07 software package. It was demonstrated that the ability of anti-
gens to form supramolecular complexes with bortezomib varies in the series: BL >> 01 > Al, which is in line
with the results of clinical researches. It was assumed that in case of patients with B blood group secondary
process (interaction of bortezomib with carbohydrate antigen) is energetically more beneficial than the main
process (inhibition of proteasome), while for patients with O and A groups, equilibrium is shifted toward the
main reaction, which results in the therapeutic effect of the drug.
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treat plasma cell myeloma and passes clinical tests

oronic acids and esters of boronic acids are
B well-known for various pharmaceutically

useful biological properties [1], in particular
they are advanced inhibitors of function of proteaso-
mes and multicatalytic protease, which is responsible
for the cycling of most intracellular proteins. Pro-
tease inhibition is a new and important strategy for
treating cancer. The first inhibitor of proteasomes,
which has received legislative approval, is bort-
ezomib (N-2-pyrazinecarbonyl-L-phenylalanine-L-
leucineboronic acid). This pharmaceutical is inten-
ded to suppress specific molecular pathways critical
to the survival of tumor cells. Today it is used to

for other types of cancer. Bortezomib is an inhibitor
of the 20S proteasome and promotes the apoptosis
of cancer cells that have lost the alternative protea-
some [2-6].

Structurally, bortezomib belongs to the class
of peptidylboronic acids, which are organic trivalent
boron compounds (sp? hybridization) containing one
peptide substituent (one B-C bond) and two hydroxyl
groups (Fig. 1).

In the molecules of boronic acids, the princi-
ple of biomimicry [7, 8] is realized, when boron,
which easily changes the state of hybridization from
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Fig. 1. Structural formula of bortezomib

sp? to sp?, is an analogue of carbon in the sense of
the formation of bonds, but not in the sense of reac-
tions that are the essence of biochemical processes,
namely the reactions of effective enzyme inhibitors.
Peptidylboronic acids are used as peptide analogs
with specific functions. It is considered that the in-
hibiting of proteasome by such acids occurs by the
formation of covalent adducts of tetracoordinate bo-
rate with active enzyme centers. The active center,
in the form of hydroxyl group of N-ended residue
of threonine of catalytically active proteasome, co-
valently binds to the boron atom of bortezomib in
the enzyme-inhibitor complex [1], with the boron
passing into the tetrahedral form, thereby simulating
the corresponding tetrahedral intermediate product
of amidolysis (Fig. 2).

In addition, hydroxyl groups of boronic acids
may form hydrogen bonds with other functional
groups, such as histidine (Fig. 3), which complemen-
tarily stabilize the complex [1]. As a result, borte-
zomib can form a stable complex with proteasome
and therewith show the inhibitory effect.

In addition to the ability of boronic acids to cre-
ate stable proteasomes complexes, their important
property is the propensity to form supramolecular
systems with polyhydroxy compounds [1, 9, 10].

These processes are more favorable in alkaline
solutions, where in the high concentration, there is
four-coordinated borate ion (equation 1, Fig. 4). Ex-
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Fig.3. Stabilization of enzyme-bortezomib complex

Fig. 2. Structure of enzyme-bortezomib complex

planation of the favorable thermodynamics of four-
coordinated boron ethers formation may lay in the
formation of hydroxyboronate complexes with more
advantageous configuration, as a result of boron re-
hybridization from sp? to sp® (valence angles from
120° to 109°). The formation of such kind of supra-
molecular systems with bortezomib can be the cause
of side effects from the action of the drug.

Despite the fact that bortezomib is clinically
approved pharmaceutical, studies in animals re-
vealed its hematologic, cardiac, gastrointestinal and
neurological, renal toxicity [11-13]. The main idea
of the work is based on the study of possibility of
antigen-specific interaction of ABO determinants
with the drug in patients with plasma cell myeloma
(PCM), complicated by the presence of chronic renal
failure (CRF), depending on the response to treat-
ment in order of interpretation of results of clinical
researches. The paper analyzes the likelihood of
complications of therapy due to the possible forma-
tion of supramolecular structures of bortezomib with
carbohydrates of antigens ABO of the blood system.

Materials and Methods

The effectiveness of PCM therapy was analyzed
in 104 patients who received treatment according
to clinical protocols recommended by the resolu-
tion (number 13 03/07/2015) of the Medical Ethics
Committee in the Department of Radiation Onco-
hematology and Stem Cells Transplantation at the
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Fig. 4. Scheme of complexes creation of BA and
polyhydroxy compounds

71



ISSN 2409-4943. Ukr. Biochem. J., 2019, Vol. 91, N 4

Institute of Clinical Radiology at the State Institu-
tion “National Research Center for Radiation Medi-
cine of National Academy of Medical Sciences of
Ukraine”. Dependence of remission duration during
the standard polychemotherapy (PCT) was studied.
The criteria for a positive response to treatment pro-
gram were determined on the basis of the absence
of infectious complications and decrease of the level
of clinical and hematological parameters that deter-
mine the degree of CKD - urea and creatinine.

The hypothesis of the formation of bortezomib
complexes with carbohydrates of antigens of blood
groups is supported by the fact that the dependence
of the effectiveness of its application on the carriage
of phenotype of ABO was noted precisely for pa-
tients with CRF characterized by labile pH of blood
serum. If necessary, some patients received drugs
that reduce acidity, thereby creating a local increase
in pH of the biological medium, which, in turn, may
contribute to the flow of reaction 1 (Fig. 4).

In the antigens of the blood groups A and B,
the final monosaccharide is galactose N-acetyl sub-
stituted in position 2 (antigen A) and unsubstituted
(antigen B). Galactose is also prefinal monosaccha-
ride antigen O. It is known that boronic acids with
high selectivity create complexes with sugars, and
with galactose in particular [14-16]. The absence of
substituents in the final galactose of antigen B like-
ly makes it more available for complex formation
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than the galactose of antigens A and O. To verify
this assumption, it was considered appropriate to
investigate the possibility of formation of complex
of bortezomib with galactose antigens at positions
3,4 where OH-groups are in the cis-position. For this
purpose, the calculation of possible complexes with
four-coordinated boron was performed (Fig. 5). To
simplify the model, the influence of the peptide part
of antigens was not taken into account.

The compounds of boric acid are usually stable
enough for use as pharmaceutical agents. However,
bortezomib, as an alkylboronic acid, containing an
atom with a lone electron pair in the B-position, is
distinguished by the relative lability. The half-life of
bortezomib in human plasma is 9-15 hours [8]. One
of the products of its decomposition is boric acid.
Boric acid, like boronic acid, tends to form comple-
xes with diol-containing compounds. It can also lead
to changes in the structure of antigens. Therefore,
models of the corresponding complexes with boric
acid were also included the calculation (Fig. 6).

The calculation of energy parameters and ge-
ometry of molecular systems and complexes was
carried out in the HyperChem 8.07 software package
by the methods of molecular mechanics (AMBER
force field) and the semi-imperial PM3 method using
the Polak-Ribier algorithm (gradient 0.01 kcal/A
mol). The optimization of geometry of complexes
was carried out by minimization of system energy
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Fig. 5. Structural formulas of model complexes of bortezomib (Bb) with carbohydrate branch of blood anti-

gens (A,B,0)
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Fig. 6. Structural formulas of model complexes of boric acid (Ba) with carbohydrate branch of blood antigens

(O,A,B)

with the change in its geometry and, as a result, with
determination of the most stable conformation. The
optimization of the system was carried out by mini-
mization of the total energy of both molecules in
vacuum (E ) and solvated systems (E), in order to
determine the influence of the solvent on the opti-
mal structure. In order to simulate the behavior of
complexes in aqueous solution, as in the biologi-
cal system, the molecules were placed in a periodic
block with water molecules. The calculations used a
block in the form of a cube with a side of 18 to 25 A
depending on the size of the molecular system. In
order to optimize energy, the simulation of molecu-
lar dynamics in solution (E_,) was also studied. The
process of simulation of dynamics had three phases:
heating, movement, and cooling.

Results and Discussion

On the basis of the preliminary distribution
analysis of erythrocytic antigens of the ABO blood
system in groups of examined patients with PCM, a
probable (P < 0.05) increase in the carriage of phe-
notype B (111) in patients with CRF was established.
The obtained data are confirmed by the imbalance
of genetic equilibrium due to the increase of the fre-
quency of allele I8 in patients with CKD comparing
to the control group. It was also found that in pa-
tients with phenotype A (1), probable (P < 0.05) du-
ration of remission was longer. Thus, the dependence

of the course of the disease on the carriage of the
AFO phenotype is shown.

Affinity of drugs with antigens was estimated
by change of total energy (AE) of bimolecular sys-
tem (drug & antigen) as a result of change of dis-
tance between molecules from infinity to best ap-
proximation in vacuum (AE ), in water solution (AE )
and after modelling of molecular dynamics (AE_)
(Table 1). The calculation of energy parameters and
geometry of molecular systems and complexes was
carried out by the methods of molecular mechanics,
(AMBER force field, gradient 0.001 kcal/A mol).
We do not provide absolute values of total energy of
supramolecular systems, because its absolute value,
calculated in this way applying any force field, has
no real physical meaning. However, the difference in
the calculated energies for two or more conforma-
tions has a physical meaning as a comparison of the
relative conformational energies or differences in the
conformational energies of different molecules.

Based on performed calculations, models of bi-
molecular systems of bortezomib and antigens were
developed (Fig. 7).

Probability of existence of supramolecular
complexes bortezomib-antigen was estimated by the
change of Gibbs free energy (Table 2) of their forma-
tion (AG) as per the scheme:

Antigen + Bb-OH" — Bb-Antigen™ + 2H,0.
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Table 1 Changes of total energy (AE) of drug and antigen bimolecular systems as a result of change of
distance between molecules from infinity to the best approximation

Drug and antigen biomolecular systems

AE, kcal/mol Bortezomib Boric acid

Bb&O | Bb&A | Bb&B Ba& O Ba & A Ba & B
AE, -6.182 -8.324 -13.092 5.262 5,915 -4.134
AE, -9.397 -9.460 -14.912 5,100 -6.863 2113
AE -10.229 -9.603 -18.740 -6.216 -6.943 -6.725

sd

Fig. 7. Models of stabilized bimolecular systems of bortezomib (Bb) and antigens (O,A,B): a—Bb & O; b - Bb
&A;c-Bb&B

Table 2. Change of Gibbs free energy of borte- The calculation of Gibbs free energy of com-
zomib-antigen complexes plexes was carried out by the semi-imperial PM3
method. The model of the most stable complex Bb-B
Complexes Bb-O Bb-A Bb-B is shown in Fig. 8.
AG, kcal/mol -2.18 -2.91 -11.62
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Fig.8. Models of stabilized Bb-B complex

The results of calculations provided in Table 1
points to the higher affinity of bortezomib to anti-
gens in comparison with boric acid. Obviously, the
formation of supramolar complexes with boric acid
in general is unlikely, taking in account compara-
tively high values of AE_,. In addition, these values
almost do not depend on the structure of the antigen,
which does not correlate with the results of clinical
researches. Therefore, the possibility of formation of
supramolecular complexes boric acid - antigen can
be ignored.

The affinity of bortezomib to antigens increases
in the raw A <0 << B (value AE decreases, Table 1),
hich can be explained by increase of the number of
hydrogen bonds between bortezomib molecule and
antigen in this raw (Fig. 7). In antigen A, a hydroxyl
C3 group of galactose forms a hydrogen bond with
one hydroxyl group of boronic acid. In antigen O,
two hydroxyl groups of galactose (C3 and C4 po-
sitions) form two hydrogen bonds with hydroxyl
groups of the drug. The galactose of antigen B forms
two hydrogen bonds (C3 and C4 positions) with hyd-
roxyl groups of bortezomib and one hydrogen bond
(C2 position) with the carbonyl group of peptide
substituent of bortezomib. Obviously, high affinity
of bortezomib to antigen B (low value AE_) is the
result of their complementarity.

Negative values of the change of Gibbs free
energy in all complexes of bortezomib-antigen
shows the principal opportunity of their formation
(Table 2). According to the values of the change in

free energy, the ability to complex formation with
bortezomib varies in a number of antigens in the fol-
lowing way:

B1>>01 > Al,
that is in line with the results of clinical trials.

The model of the most stable complex borte-
zomib-antigen Bb-B is shown in Fig. 8. The com-
plex is additionally stabilized by a hydrogen bond
between the bortezomib free hydroxyl group and the
C6 hydroxyl group of the N-Acetylgalactosamine of
antigen B. The calculations did not take into account
the influence of the peptide branch of the antigens,
which may reveal itself in the additional stabilization
of Bb-B complex, and stabilization can occur both
due to hydroxyl groups of boronic acid (as shown
in Fig. 3) and due to hydrogen bonds between func-
tional groups of bortezomib and antigen peptide.

Calculations confirm the assumption made
about the increased probability of the formation
of bortezomib complexes with blood antigen of
group B. It can be assumed that the reaction of com-
plex formation with this glycoprotein forms the basis
for forming a competitive relationship with the target
drug reaction. Thus, in patients with a blood group
in a byproduct (interaction of a bortezomib with an-
ti-carbohydrate) energy is more advantageous than
the main (inhibition of proteasome), and for patients
with O and A groups, the equilibrium is shifted to-
wards the main reaction. Since complex formation
mostly takes place in alkaline medium, this fact
should be taken into account when administration
the drug with an alkaline reaction in patients with
renal insufficiency, at least during the day after the
administration of bortezomib (according to its half-
life period in plasma), especially in patients with
blood group B.

It should be noted that the work was performed
in order to interpret the results of the clinical experi-
ence; therefore, the assumptions made in the work
should be verified in subsequent clinical studies.
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PO3PAXYHOK
CYHPAMOJIEKYJIAPHUX
CTPYKTYP NENTHUINJIBEOPOHOBOI
KHUCJIOTHU (BOPTE3OMIBY)

3 AHTUTEHAMMUW ABO CUCTEMHA
KPOBI

A. /1. Kycmoscorka™, C. B. [Ipumauenxo',
JK. M. Minuenxo?, T. ®. JTiobapeyw?,
O. O. [Ilmumpenko®

"HauioHansHM aBialiiiHU
yHiBepcuteT, KniB, Ykpaina;
He-mail: akust@bigmir.net;
21TV «HamionanbHui HayKOBHH IIEHTP patiamiiHoi
veaunuan HAMH Vxkpaiau», Kuis

[enTuannOOPOHOBI KUCIOTH HAOYJIU IOIIH-
peHHS sIK eQEeKTHBHI mpenaparu IJisl JiKyBaHHS
paky. OgHak 3aCTOCYBaHHS ITUX IIPEMapaTiB 4acTo
CYIIPOBOJI)KYEThCSI HErAaTUBHUMU MOOIYHUMU eek-
TaMH, SIKi TIOB’$13aHi 3 (DEHOTUIIOBOIO HAJICKHICTIO
mo cuctemu ABO. Tomy Bu3HaueHHs poni dhapma-
KO-XIMIYHUX XapaKTepUCTHK AHTUTCHIB CHCTEMH
ABO Ta nikyBanpHUX 3ac00iB (Ha mpukiani 6op-
Te3omiOy) y BHOOpPI IHAWBIMyai30BaHUX MPOTPAM
Teparii XBOpUX Ha XpoHiuHi JiMdonporideparuBHi
HOBOYTBOpPEHHSI € BaxMBUM. llokazaHo IoOwijib-
HICTh Ta €(EKTHUBHICTh 3aCTOCYBaHHs OOpTE30-
MiOy B MAIi€HTIB 13 MIa3MOKJIITHHHOIO Mi€JIOMOIO
3aJIeKHO BiJl ()EHOTHIIOBOI HAJIEKHOCTI J0O CHCTE-
mMu ABO. EdextuBHicTh Tepamii Nia3MOKIITHH-
HOi MieJIOMH mpoaHanizoBaHo y 104 mamieHTiB, sKi
OTPUMYBAJTH JIIKYBaHHS BIAIOBITHO O KJIIHIYHHX
MPOTOKOJIiB. BuBYanmu TpuBajicTh peMmicii y pasi
MPOBEICHHSI CTaHAapTHOI moiiximiorepamii. Po3s-
paxyHOK €HEPreTHYHHUX TapaMeTpiB Ta TeoMeTpil
HMOBIPHHUX CYIPaMOJIEKYJIIpPHUX CTPYKTYp Ien-
TUIUIO00POHOBOI (0opTe30Miby) Ta OOPHOI KHCIOT
i3 anturenamu ABO cuctemMu KpoBi BUKOHYBaJIH
B maketi nporpam HyperChem 8.07. Iloka3zaHo, 110
3aTHICTb AHTUTEHIB YTBOPIOBATH CYINPaMOJIEKY-
JISIpHI KOMIUJIEKCH 3 0OpTEe30MiOOM 3MIHIOETHCS B
psany: Bl >> 01 > Al Bignosigae pe3ynprartam Kili-
HIYHUX JIOCIiJDKEHB. 3pOOJICHO MPHUIYIIEHHS, 10
JUTSI TIAIIEHTIB 13 TpyIIoto KpoBi B moGiunumit mponec
(B3aeMogmisi OopTe30Mi0y 3 BYIJIEBOJOM aHTUTCHY)
SHEPreTUYHO BHTIIHINIE, Hi)X OCHOBHHH (iHTiOY-
BaHHsI MPOTEACOMHM), a JUJISl MAI[IEHTIB i3 TpymnaMu
kpoBi O i A piBHOBara 3mimyerbcsi B 0iKk OCHOBHO1
peaxirii, o BUSABIISETHCSA B TEPATIEBTHIHOMY e(hek-
Ti Ipenapary.
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KHCIIOTH, CYNPaMOJICKYJISIPHI CTPYKTYpPH, aHTUIC-
un ABO, 6opre3omid, 6opHA KHCIOTA.
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