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The aim of this work was evaluation of binding affinity of thiamine to malate dehydrogenase (MDH)
isoforms. The methods of affinity chromatography, SDS PAGE electrophoresis, and MALDI-TOF mass
spectroscopy, as well as molecular modeling in silico were used in the study. Affinity sorbent (T-AS) con-
tained C2-conjugated thiamine fragment as an anchor which was bound to activated Sepharose 4B via a
spacer composed of N-4-azobenzoylcaproic acid hydrazide. A commercial preparation of MDH from the
porcine heart was chosen for the experimental study. Analysis of the protein content in fractions per-
formed by the Bradford method showed that three separate protein peaks with MDH activity were
obtained after elution with a thiamine solution. The results of one-dimensional electrophoresis of the
initial MDH preparation and pooled fraction of proteins which were eluted from the affinity sorbent with
a thiamine solution demonstrated that almost all protein fractions detected in the commercial MDH
preparation were also present in eluates obtained by T-AS affinity chromatography. Four isoforms of
MDH, including cytoplasmic malate dehydrogenase (MDH1), mitochondrial malate dehydrogenase
(MDH2) and its isoform, and malate dehydrogenase 1B (MDH1B) were specifically bound to the affinity
sorbent. According to the molecular docking results, the most preferred for both monomeric and homodi-
meric MDH1 and MDH2 could be ligand position at the NAD (NADH) binding site. Additional binding
site could be located between two subunits of the homodimeric form of enzyme. Our results confirm the
previously obtained data and expand an idea of ability of MDH isoforms to interact with the thiamine
molecule in vivo. These data can also be useful for identification of thiamine binding protein (ThBP)
which was previously isolated from rat brain, taking into account the possible partial homology of this
protein with proteins that show MDH activity.

Key words: thiamine, affinity chromatography, malate dehydrogenase, protein affinity for thia-
mine, molecular docking, thiamine binding protein.

During the years of research in the field The presence of two substituted

of biochemistry and physiology of vitamin B
(thiamine), numerous experimental evidences
have been accumulated that show a wide range
of metabolic changes occurring in case of
deficiency or excess of thiamine. Some of these
alterations, even with the involvement of other
metabolic interaction, cannot be explained
only by known coenzyme functions of ThDP
(thiamine diphosphate) [1-3].
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heterocyclic fragments in thiamine molecule
provides reactivity of this natural compound
in the enzymatic and chemical non-enzymatic
transformations as well as ability to interact
with other proteins and cellular structures
[4]. One of the effective approaches for
elucidation of the non-coenzyme mechanisms
of participation of thiamine in the processes
of cell activity [6—7] may be the identification
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of functionally active proteins that exhibit
affinity for thiamine or its derivatives.

The protein that was named “thiamine
binding protein” (ThBP) was isolated from
the rat brain synaptosomes [8, 9] as possible
protein target for thiamine. It turned out that
in addition to thiamine-binding activity (TBA),
this protein has the ability to specifically
hydrolyze phosphoric esters of thiamine,
namely, thiamine monophosphate, thiamine
diphosphate and thiamine triphosphate (ThTP,
ThDP, and ThMP, respectively) [9]. The ThBP
was isolated using an affinity sorbent that
contained thiamine fragment as an anchor
bound to the matrix via a spacer (T-AS) and
subsequent gel filtration on Sephadex G-150
[8]. The eluate fractions having the ThDPase-
and thiamine-binding activities were selected
and combined. The proteins contained in
these fractions were separated by SDS-PAGE
electrophoresis and examined by MALDI-
TOF mass spectrometry (MS). It turned out
unexpectedly that preliminary MS analysis
showed a very high probability of malate
dehydrogenase (MDH) being present in these
fractions (unpublished data). The presence of
proteins with MDH activity in the eluates with
T-AS, as well as some other proteins, including
dehydrogenase enzymes, was confirmed by
MALDI-TOF mass spectrometry analysis by
specialists from Germany and Belgium [6].
The role of thiamine fragment in the MDH
binding to T-AS was confirmed by using two
sorbents: T-AS and AS without thiamine as an
anchor [10—11]. Since several MDH isoforms
exist in animal cells and they are isolated
together during purification of this enzyme
from tissues, we set out to test whether the
high affinity for thiamine is inherent in any
MDH isoform or is characteristic of only some
of them.

For this purpose, using T-AS, we subjected
a commercial preparation of MDH from the
porcine heart to affinity chromatography
and analyzed proteins in eluates. This paper
describes the results of the studies, including
evaluation of binding affinity of thiamine to
MDH isoforms.

Materials and Methods

Sample preparation. A commercial prepa-
ration of MDH from a porcine heart (Reanal,
Hungary) with an initial specific activity
of 100 units/mg protein (one unit converts
1.0 pmole of oxalacetate and 3-NADH to L-
malate and B-NAD per min at pH 7.5 at 25 °C)
was maintain as ammonium sulfate at — 20 °C.

The specific activity of MDH preparation was
92.5 units/mg protein at the time of the ex-
periment. 40.8 mg of the preparation was dis-
solved in 24 ml of Krebs-Ringer bicarbonate
buffer (pH 7.4) and applied to a column with
T-AS.

Affinity chromatography. The affinity
sorbent (T-AS) was synthesized by reaction
of thiamine with Sepharose 4B which
was activated with bromocyan followed
by covalent conjugation of hydrazide of
N-4-azobenzoylcaproic acid according to
the method of Klyashchitsky with some
modification [8, 12].

A solution of the commercial preparation
MDH was applied to an affinity sorbent
column, previously equilibrated with Krebs-
Ringer bicarbonate buffer (pH 7.4), at a
flow rate of 0.2 ml/min. Unbound or weakly
associated proteins were washed out until
absorbance of the eluate at 280 nm approached
background level. The proteins bound to T-AS
were eluted in several stages. At the first
stage, elution was carried out with a 10 mM
thiamine chloride solution (pH 7.4). Next,
stepwise elution was continued as previously
described for TBP [8]: 1 M NaCl in 10 mM
Tris-HCI buffer (pH 7.4); 2 M urea in 10 mM
Tris-HCI buffer (pH 7.4). The elution rate was
0.4 ml/min; fractions with a volume of 2 ml
were collected.

In each fraction, MDH activity and protein
concentration were analyzed. The fractions
obtained by elution with each type of element
were combined and concentrated on “Amicon
Ultra-15” ultrafilters, 3 kDa Centrifugal
Ultrafilters with replacing the buffer twice
with 10 mM Tris-HCI buffer (pH 7.4). The
sorbent was regenerated with 8 M urea solution
and then washed with 4 volumes of distilled
water. The sorbent was stored in a 0.02%
sodium azide solution.

Enzymatic Activity Measurement. The
MDH activity was estimated by measuring
the rate of oxidation of NADH in the presence
of oxaloacetate as a substrate. The decrease
in the absorbance at 340 nm was determined
in reaction mixture (200 pl, pH 7.2) of the
following composition: oxaloacetic acid
(0.3 mM) in 20 mM potassium phosphate
buffer and NADH (0.14 mM) at 25 °C[13].

Measurement of protein concentration.
The protein concentration in the solution
was calculated based on spectrophotometric
monitoring at 280 nm, as well as using the
Lowry technique. The Bradford method was
used [14] in cases when other ways do not
provide a possibility to do this.
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SDS PAGE electrophoresis. One-
dimensional electrophoresis under denaturing
conditions was run in 10% polyacrylamide
gel (PAGE) with 0.1% SDS (sodium dodecyl
sulfate) according to the Laemmli method [15]
at the starting constant current of 20 mA and
voltage of 80 V and maintaining 20 mA and
140 V during separation.

2D-SDS PAGE. The 2D-electrophoresis
procedure was performed using a Protean
IEF Cell protein isofocus device (Bio_Rad,
USA) and a Mini-PROTEAN 3 cell SDS
PAGE electrophoresis device (Bio_ Rad,
USA) according to the manufacturer’s
instructions. Separation in the first direction
was carried out by isoelectric focusing on
IPG strips pH 3-10 (Bio_Rad). The strips
were passively rehydrated for 16 hours in
a solution containing a protein fraction
obtained by specific elution with thiamine
(170 pg of protein per sample) and rehydration
buffer (8 M urea, 2% CHAPS (M/V), 50 mM
dithiothreitol, 0.2% ampholines pH 3-10
(M/V) Bio-Lyte® (“Bio_Rad”). The isoelectric
focusing procedure was carried out at a voltage
of 250 V for 20 min, then for 2 h with a linear
rise in voltage to 10,000 V and for 5 hours
at 10,000 V until a total of 14,000 Wh is
achieved. After isoelectric focusing, the strips
were incubated for 10 minutes in a balancing
buffer I (0.375 M Tris-HCI] buffer (pH 8.8)
containing 6 M urea, 20% glycerol, 2% SDS
and 2% (w/v) dithiothreitol), and then in
equilibration buffer II (0.375 M Tris-HCI
buffer (pH 8.8), containing 6 M urea, 20%
glycerol, 2% SDS and 2.5% iodoacetamide
(Fluka®)). For the separation of proteins in the
second direction, 8-16% vertical gradient gels
prepared according to the standard protocol
were used. Gels were stained with silver using
a kit ProteoSilver™ Silver Stain Kit (Sigma®)
in accordance with the procedures described
in the kit manual. The size of the gels was
0.15x7.2x8.6 cm.

MALDI-TOF mass spectroscopy. Stained
protein spots (Fig. 3) were excised from the
gel, washed from stain and treated with bovine
trypsin (Applied Biosystems, USA). 0.5 ul of
the peptide mixture was mixed on the target
with 1.1 pl of a 10 mg/ml solution of a-cyano-
4-hydroxycinnamic acid (CHCA) (Sigma, USA)
in 50% acetonitrile with 0.1% trifluoroacetic
acid and dried in air. Mass spectra were
obtained on a Voyager DE PRO MALDI-TOF
mass spectrometer serial Ne 6393 (Applied
Biosystems, USA) in the mode of positive
ions in the mass range from 500 to 5 000 Da,
voltage 20 kV, reflex mode. The obtained mass
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spectra were calibrated using external peptides
(Sequazyme kit standarts, Applied Biosystems)
and internal peaks (matrix MH" 666.0293 and
peaks of trypsin autolysis, MH" 2163.0566
and 2273.1599). The list of peptide peaks was
formed using the Data Explorer 4.1 service
program. Proteins were identified by sets of
peptide mass values after trypsinolysis using
the Peptide Fingerprint option of the Mascot
online resource (Matrix Science, USA) (http://
www.matrixscience.com/search form_select.
html). The following search parameters
were set: accuracy of determining the mass
of 0.5 Da, a database of primary protein
sequences of NCBI and SwissProt, Mammalian
taxon, one missed cleavage, the possibility
of various modifications of cysteine with
acrylamide and the oxidation of methionine.

Molecular docking. The molecular docking
was carried out by program Autodock Vina
[16] using monomeric and dimeric crystal
structures of cytoplasmic porcine MDH1 and
mitochondrial human MDH2 (PDB server
https://www.rcsb.org). The unnecessary
chains, water molecules and ligands were
deleted from the crystal structures before
docking simulation. MGLTools 1.5.6 program
was used for preparing the docking files.
The structure of thiamine was drawing in
MarvinSketch program [17] and optimized
in program MOPAC with using AM1 semi-
empirical quantum mechanical method [18].
The analysis of obtained complexes of MDH
with thiamine was performed by Discovery
Studio.

Bioinformatics Resources. The following
bioinformatics tools were used in the course
of the work: Jalview (http://www.jalview.
org); The Basic Local Alignment Search Tool
(BLAST), Align two or more protein sequences
with the Clustal Omega program and Peptide
search service (https://www.uniprot.org);
ExPASy Bioinformatics Resource Portal from
SIB (https://www.expasy.org); Sequence
& Structure Alignment from PDB (http://
www.rcsb.org). We used also Phobius which
is a combined transmembrane topology and
signal peptide predictor (http://phobius.sbc.
su.se) and Protein isoelectric point calculator
(http://isoelectric.org).

Results and Discussion

Affinity chromatography of the
commercial MDH preparation was carried out
mainly according to the protocol developed
for ThBP [8], however, as the first step,
elution with a 10 mM thiamine solution
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in 10 mM Tris-HC1 buffer (pH 7.4) was
additionally introduced. The yield of protein
fractions with T-AS was summarized in Fig.
1. It should be noted that usually during
chromatography, the appearance of protein
fractions in eluate is monitored by measuring
the extinction at 280 nm. We also used this
protocol, however, at the some wavelengths,
an intensive absorption of the thiamine was
observed (Fig. 1, A). Therefore, we duplicated
the determination of protein content in each
fraction using the Bradford method, for which
the presence of thiamine is not an obstacle.

Analysis of the protein content in
fractions using the Bradford method showed
that three separate protein peaks with MDH
activity were obtained after elution with a
thiamine solution (Fig. 1, B). Table 1 shows
the balance of proteins from the commercial
MDH preparation after the chromatographic
procedure.

Data shown in Fig. 1 and in Table 1 indicate
that more than half of the proteins with MDH
activity of the sample used did not interact
with the sorbent. At the same time, almost all
proteins with MDH activity that binds to T-AS
were eluted from the column with a thiamine

solution. According to the data presented in
Table 1, about 45% of MDH activity was found
in thiamine eluates from T-AS. Moreover,
after passing through a column with T-AS, the
specific MDH activity of proteins decreases.
In the next two stages of elution, namely the
elution with NaCl and urea solutions, only
trace amounts of proteins with MDH activity
were removed. These results confirm the high
affinity of proteins with MDH activity to
thiamine.

We pooled all protein fractions with
MDH activity, which were eluted with a
thiamine solution, to remove thiamine on
an Amicon ultrafilter, thus also increasing
relative protein concentration. Lyophilic
dried proteins of the selected fractions were
studied using the methods of one-dimensional
and two-dimensional electrophoresis and mass
spectrometric analysis.

One-dimensional protein electrophoresis.
One-dimensional denaturing electrophoresis
of lyophilized proteins was carry out according
to Laemmli, and the staining of protein bands
was carried out using two methods: traditional
staining with the Coomassie solution and more
sensitive silver staining.
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Fig. 1. Affinity chromatography on T-AS of an MDH preparation from a porcine heart:
A — protein yield, controlled using two different methods: extinction at 280 nm; Bradford protein analysis
(registration at a wavelength of 595 nm); the arrows indicate the change in the eluting solution: 1-10 mM
thiamine; 2—10 mM Tris-HCI buffer (pH 7.4); 3—1 M NaCl; 4—2 M urea; B — activity of MDH in fractions
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Table 1. The yield of proteins after affine chromatography of MDH preparation on T-AS column

MDH specific Protein Total activit Recovery of
Sample/fraction activity, pmoles/ concentration, V, ml Ly MDH activity,
s N pmoles/min o
min'mg protein mg/ml %
Applied to T-AS 92.50 1.70 24 3774.0 100
Unbound proteins 54.85 1.46 25.4 2034.1 53.9
10 MM thiamine pH 62.1 0.28 98.5 1712.7 45.4
7.4 eluate

1 M NaCl eluate 2.49 0.15 13 4.9 0.13
2 M urea eluate 0.75 0.13 21.5 2.1 0.06

The typical results of one-dimensional
denaturing Laemmli electrophoresis after silver
staining are presented in Fig. 2. The results
demonstrate that the preparation loaded on the
column contains heterogeneous mix of proteins.
The most intense protein bands are observed in
the region of 52 and 26 kDa.

The bands migrated to Mr 70-72 kDa and
the corresponding subunit (35—36 kDa) are less
intense. Of interest there is the 140 kDa band both
on the track on which the initial commercially
available MDH preparation was applied (3), and
on the tracks on which thiamine eluates with
T-AS were separated (4 and 5). This observation
may indicate that the tetrameric form of MDH
binds to T-AS, but the possibility of aggregation
of the MDH protein during concentration of
eluates with AS on Amicon filters cannot be ruled
out. The bands corresponding to 140, 72, and 36

kDa in lanes 4 and 5 are developed more clearly
than that in the lane with the initial preparation.
This is probably due to partial purification of the
proteins on an affinity sorbent.

The results of one-dimensional
electrophoresis of the initial MDH preparation
and pooled fraction of proteins, which were
removed from the affinity sorbent with a
thiamine solution, demonstrated that almost
all protein fractions detected in the commercial
MDH preparation are also present in eluates
with T-AS. However, some differences can be
noted. Firstly, after affinity chromatography,
the ratio of the intensity of the protein bands
changes; secondly, a new band with Mr 42 kDa
is clearly visible. The observed changes can be
explained by different affinities of individual
isomers to thiamine, which leads to the
concentration of some of them on T-AS.

1 2 3 1 2 3 4
A  kDa kDa B :
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35-36.5 34
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Fig. 2. Electrophoregrams of the initial commercial MDH preparation and MDH eluted from T-AS:
A — Protein staining with Coomassie solution. Samples loaded onto tracks: 1 — a mixture of marker proteins:
bovine serum albumin (Mm = 68-69 kDa), glutamate dehydrogenase (565.4 kDa), lipoamide dehydrogenase
(35-36.5 kDa); 2 — commercial MDH from a porcine heart; 3 — proteins eluted from t-AS with thiamine
solution, pH 7.4; B — Protein staining with silver reagent (ProteoSilver™ Silver Stain Kit (Sigma®)).
Samples loaded onto tracks: I — Spectra™ Multicolor Broad Range Protein Ladder from Thermo Fisher
Scientific™; 2 — commercial MDH from a porcine heart; 3 and 4 — proteins eluted from t-AS with thiamine
solution, pH 7.4 (various experiments)
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2D electrophoresis and MALDI TOF MS
analysis. Known MDH isoforms of various
cellular localization and from wvarious
sources differ not only in molecular weight,
but also in isoelectric point. To separate the
proteins eluted from T-AS taking into account
these parameters was possible using 2D
electrophoresis. Therefore, the combined and
concentrated fractions of proteins eluted with
a thiamine solution were then subjected to two-
dimensional electrophoresis for more accurate
identification.

Proteins focused on spots 1-8, which were
detected on a 2D electrophoregram (Fig. 3),
were subjected to mass spectrometric studies.
The most convincing results of this analysis
are summarized in Table 2.

Data in Table 2 demonstrate that four
isoforms of MDH are bound with an affinity
sorbent. Three isozymes (products of different
genes) of MDH are known, namely, MDH,
cytoplasmic (MDH1 or simply MDH); malate
dehydrogenase, mitochondrial (MDH2 or
Morl); malate dehydrogenase 1B (MDH1B or
rCG_22254). Each isozyme has a large number
of isoforms, splice variants, and variants with
different post-translational modifications
(references in Table 2). Protein spot No. 1
in Fig. 3 has the largest area, on the basis of
which it is very likely to conclude that this
protein is the basic constituent of the studied
MDH preparation. According to MS analysis,
this protein corresponds to MDH1B (Table 2),

which is confirmed by the alignment of the
found Mascot peptides against the primary
structure of porcine MDH1B (Fig. 4).

Current information on porcine MDH1B,
as well as other similar isozymes from other
organisms, is limited. These isoforms have
molecular weights in the range of 52—58 kDa,
and their subunits — 26—29 kDa. Using the
BLAST tool from the UniProt database, it was
found that putative malate dehydrogenase
1B from Sus scrofa is 83.5% homologous to
the human isoform with (3) putative malate
dehydrogenase (MDH1B) from Homo sapiens
(Human). According to UniProt, the highest
expression levels are characteristic of the
following tissues: pituitary, cortex, testes,
epithelial cells of the bronchi and lungs. This
protein can be either cytoplasmic or membrane-
bound or secreted as shown by the Phobius
resource.

All other protein spots found on the 2D
electrophoregram are very poorly expressed
and correspond to traces of proteins that are
shared with MDH1B when MDH was isolated
from the porcine heart. Besides MDH1V, three
different isoforms of MDH were identified on
electrophoregram (Fig. 3), namely in spots
No. 4, No. 6 and No. 7. The fact that these
proteins bound to T-AS were eluted with
thiamine may indicate the presence of thiamine
affinity sites on their surface.

The presence of a lingual lipase among
proteins that interact with T-AS and eluted

kDa No. of
spot on
the
260 electro- pl Mr, kDa
140 phore-
gram
95
79 1 5.41-5.78 | 50-56
2 6.86—-6.98 | 43-46
52 3 7.22 43-46
42 4 8.31-8.43 42
34.
5 9.39-9.64 | 136-140
26
6 6.74-6.86 | 34—-36
17
7 6.74-6.86 | 21-26
10!
8 6.74-6.86 | 17-19

Fig. 3. Scanned image of a 2D electrophoregram of MDH protein from a porcine heart, eluted from T-AS
with 10 mM thiamine (pH 7.4) and spots parameters
Rectangles indicate protein stains that were removed for analysis using the MALDI TOF MS method

31



BIOTECHNOLOGIA ACTA, V. 13, No 4, 2020

EMAZ98EVOV=P
[1onpoigeussd suoryejoune/QHYOMY/qn-oe 1qe-mmm//:sdyjy

¥8°9)

J108an29.1d 9Se[OIPAT] 19)S0 [A19]

‘88,9T00:0D/WI9}/0DIOMYH/AN 0B 1" MMM 14 %88 . . . 9 cv | 2980¥ - =
//d33Y  ‘AGV 282V 0V/301drun /510" o1drun’ mmm//:sdyy ’ (rL8°2-L9L7€) 999 se[oto/eSEdI[ Po® [euI0soSAT
‘@MAZ988VOV/tordrun/Siogordrun-mmm//:sdyyy
T¥¥80L=PTi[WlY djuy ‘dI'INy ‘od4y
‘utew /susd/gr0der/qeampda/npa mow-pda//isdiry| ¥ %92 | (¥8°'9) (PL€'L-LGL°€) SS9 | OT | gF | 88gSy | Orses ‘g esedy ‘esedr| rendury |
{(S)owreu SAT)RUIN Y
(10sanosad)
‘F89%0d/101drun /3o qjoxdrun - mmm/ /:sdjiy 14 %22 | (31°9)(919°9-869°€) €8°G 1T ¥G | 69S¥¥ | esedr] [01904[3[AdoeLI} OTIISBY
X
GOMdJGM/roadrun/3ro qoxdrun - mmm/ /:sdyiy 14 %2¢ | (€2°8)(809'8-¥8%"¥) 31" 9 08 | €12 | WLIOJOST [eLIPUOYI0)TW ‘dseusd | »
-0IpAyep ojerewW QHLOIAAYd
¥'oN 10dg
X ULIOJOST @ JUBLIRA gH
PT0MOSSOOM =TI T=HueI | g %62 | (9%°9) (1.6°9-8€€°%) 81°9 6 | 2% | 890T% |owdzus Junesnluod-unnbiqn
T9se[qpusT[ejord=¢gFo[pyueqUaF=110daI;,T°0368¢
6020 dX/utejoad/sod yru-wiu-rqou-mmm//:sdyyy €X WLIOJOST @ JUBLIBA ZH | co
4 %2¢ | (16°9)(162°9-,62°%) 89°G 6 GG | ¥$90Lg |owdzus Juryesn(uod-unrnbiqn
2S03108% VOV /10xdrun/3ro joxdrun-mmm//:sdypy
IX WIOJOST € JuBLIBA ZH
8624187 VOV/101drun/3io qoxdrun-mmm//:sdyiy 4 %1€ | (08°9)(288°9-982°%) I1°9 1T €L | 83Igg |owhzus Juresn(uod-unrnbiqn
diuy {driINyg ‘ed4s
14 %92 | (¥8°9) (PL€°L-L1GL°€) ¢S°9 ()8 g¥ | 8€gS¥y | orrses ‘g osedr| ‘osedr] [endury
((s)owreu ATIRUINY | ™
I¥¥80L=P1{ WY urteur/auad/110daa/qomps.I/npa” mout Josanoaad
'p8a//:sdiyy ‘g970d/10adrun/gro joxdrun mmm//:sdyiy | g %28 | (31°9)(919°'9-865°€)€8°G | TIT | ¥S | 6GGHYy | osedr] [0I00413[AoeLI}) OLIJSEH
g'oN 10dg
AHSTA/301dTun/810 j0xdrun" mmm//:sdy3y . . . . a1
‘6IMV282VOV/10xdrun/3ro joxdrun-mmm//:sdyjyq I %¥e (€°9) (9T°9-€0°%) 6S°¢ 91 c8 y869¢ 9seUaF0IPATEP 9)e[RW dATIRING -
T'ON t0dg
& W o] =
23 3 g
22| & =
2E | B 8
£ 8 (109sely =) = c
E < Jo J[nsaax -pajemoredd) | < £ » ® =
IS £ 25 | 2 7 .
EEBLICRCIERT | = 2 (swoysAs Surpunod juaasy | == | S * urajoad 8y} Jo swreN =
= I -J1p 0} dn-uwroay) ageroa zw.w e ® m m.
M 8 e 1d pajenore) e £
= < =
S| g 5.
e. & 2
s ” £
=

SV-, WO0Jj POUIE)}qo 9)eN[d SUIWILIY} Y} U SIS210Yd0a}I9[ (IZ 1918 POLIPUSPI A}ATIOR HAIN YA Sewkzuy “Z 21qD,[

32



Experimental articles

Table 2. End

https://www.uniprot.org/uniprot/DOVWV4
https://www.uniprot.org/uniprot/P00346
https://www.uniprot.org/uniprot/A0A480K0S2
https://www.uniprot.org/uniprot/P00339
https://www.uniprot.org/uniprot/F6TYW4
https://www.uniprot.org/uniprot/Q02369

[Singer et al., 2006],
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6
6
6
7
8

45%
39%
26%
11%
31%
21%

Spot No.5
Spot No.6
Spot No.7
Spot No.8

9.34 (9.343-10.39) (9.87)
7.88 (4.803-9.244)(8.93)
5.68 (4.297-6.291) (5.91)
7.31 (4.616-8.458) (8.18)
6.53 (4.262-7.492) (7.12)
7.99 (4.455-8.951) (8.82)
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with a thiamine solution (spot 2 in Fig. 3 on the
2D electrophoregram) is of interest for TBP
identification. The MDH activity [19], as well
as the phosphoesterase activity [20, 21] was
proposed for proteins of this class.

Molecular docking. The blind docking
approach, which provided scanning all
surface of target protein molecule, was used
for identification of possible binding sites
for thiamine and interaction with MDH1
and MDH2. The calculations were carried by
Autodock Vina using structures of porcine
MDH1 and MDH2 (PDB code 4MDH [22] and
1MLD [23] respectively) and human MDH2
(PDB codes 4WLE, 4WLF, 4WLN, 4WLO,
4WLU, and 4WLYV). The human recombinant
MDH2 applied to the docking system were
taken from the crystal structures which
were obtained at different co-crystallization
conditions with coenzyme and (or) different
substrates. The calculations were performed
using monomeric (chain A) and homodimeric
(chains A and B) forms of the enzyme.

According to the obtained results, the
monomers of MDH2 may have three sites for
thiamine binding (Fig. 5). Chain A of MDH?2
(PDB codes: 4WLE, 4WLO, and 4WLU) as
well as chain A of MDH1 (PDB code 4MDH)
showed binding affinity for thiamine in site
1, responsible for binding of fragment of nic-
otinamide adenine dinucleotide (NAD/NADH
coenzyme system). The monomeric structures
with PDB codes 4WLF, 4WLN and 4WLV
demonstrated also possible binding of thia-
mine to site 2 outside of catalytic region. Only
monomer of MDH2 from porcine heart exhib-
its some affinity to thiamine with involving
amino acid residues near the substrate binding
center (site 3).

Blind docking calculations was also
performed with catalytically active
homodimeric forms of MDH consisted of chain
A and chain B. As a result, two additional
binding sites 4 and 5 for thiamine were
found on surface of homodimer (Fig. 5),
additionally to the sites 1-3 described above.
Both of the sites 4 and 5 are located between
two enzyme subunits. It should be noted that
only porcine MDH2 (PDB code 1MLD) is able
to bind thiamine molecule at the site 5. The
binding modes of thiamine at the site 1 are the
same both for monomeric and dimeric MDH
structures.

The site-oriented docking was carried out
for detailed analysis of the binding sites 1-5.
As seen from Table 3, the binding of thiamine
molecule to all MDH structures is energetically
more preferred in case of its location at site
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Fig. 4. Alignment of peptides detected by mass spectrometry and identified using Mascot against
porcine MDH1B (UniProtKB-F1SHDO)
(in spot No. 1 of Fig. 3)

Fig. 5. Possible binding sites of thiamine on surface of MDH1 and MDH2 monomers and additional sites
for their homodimeric structures:
a — monomeric forms; b — homodimeric structures
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Table 3. The predicted binding affinity of thiamine to the possible binding sites
of the monomeric structures of MDH

PDB code Affinity, kcal/mol < .

Site 1 Site 2 Site 3 ite 4 Bite 5
1MLD -5.8 -5.2 5.4 -5.9 -6.2
4MDH -6.9 -4.9 -6.5 -6.1 -6.2
4WLE —-6.1 -5.6 -5.1 -5.9 -5.1
4WLF -6.1 -5.6 -5.2 -6.0 -5.5
4WLN -6.1 -5.6 -5.1 -5.8 -5.2
4WLO -6.7 -5.5 -5.7 -6.1 -5.4
4WLU -6.8 -5.7 5.4 -5.9 -5.5
4WLV -6.7 5.7 -5.0 -5.9 -5.4

1 and site 4 as compared to the other sites.
However, the affinity of vitamin B, to site 4 is
still less than that to site 1.

The superposition of thiamine bound to site
1 of human MDH2 (PDB codes 4WLF, 4WLO,
4WLU, and 4WLYV) is showed in Fig. 6, a.
According to such position, the pyrimidine
part of ligand forms hydrogen bonds with
amino acid residues of Ser246 and Ala247,
whereas OH-group of 5-(2-hydroxyethyl)
substituent is located near Aspb57. The
hydrophobic and van der Waals contacts
between thiamine and residues of Gly35,
Ile36, Pro99, Gly101, and Pro103 contribute
in stabilization of the enzyme-ligand complex
(Fig. 6, b). It is noteworthy that C2-H of the
thiazolium cycle is oriented outward from
the binding site, allowing to expect similar
binding pose of conjugated thiamine fragment
of affinity adsorbent.

The positions of thiamine molecule at site
4 of homodimeric porcine MDH2 (PDB code
1MLD) and human MDH2 (PDB codes 4WLF,
4WLN, 4WLU, and 4WLYV) is presented in
Fig. 7, a. The most preferred model with
human MDH2 (PDB code 4WLF) demonstrates
hydrogen bonds between ligand and amino acid
residues Thr248 of chain A as well as Gly35
and GIn38 of chain B. The position of thiamine
provides hydrophobic and van der Waals
interactions with residues of GIn38 and His60
of chain A, and residues of Lys241 and Ala244
of chain B (Fig. 7, b).

The data obtained suggest a possible
regulatory role of thiamine in MDH2
functioning. It should be mentioned that
overexpression of MDH2 may be the cause of
docetaxel and doxorubicin resistance in cancer
cells [24, 25]. In this connection, inhibitors of
MDH2 may be beneficial for cancer treatment.

Asp57

Fig. 6. Superposition of thiamine molecules at site 1 of chains a of human MDH2:
a — PDB codes 4WLF (ligand red), 4WLO (ligand blue), 4WLU (ligand green), and 4WLV (ligand yellow);
b — binding mode of thiamine at site 1 of human MDH2 (PDB code 4WLU)
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Thr248 (chain B)
”

Gly34 (chain B)

Gly35 (chain B

His60 (chain B)

Thr248 (cham A)

!‘ Lys241 (chain A)
\

e

Ala244 (chain A)

Fig. 7. Superposition of thiamine molecule at site 4 of MDH:
a — at site 4 of homodimer porcine MDH2 (PDB code 1MLD, ligand orange), human MDH2 (PDB codes 4WLF
(ligand red), 4WLN (ligand pink), 4WLU (ligand green), and 4WLV (ligand yellow);
b — binding mode of thiamine at site 4 of homodimer human MDH2 (PDB codes 4WLF

For example, synthetic MDH2 inhibitors were
reported to suppress hypoxia-inducible factor-1
by regulating mitochondrial respiration and
integrating metabolism into anti-cancer
efficacy [26]. However, given the observed
and predicted affinity to MDHZ2, the possible
regulatory role of thiamine may be related to
the inherent factors of MDH2 functioning but
not to the catalytic activity of the enzyme.

In conclusion, using T-AS, we have
demonstrated experimental data concerning
possible binding affinity of thiamine to
MDH isoforms such as putative MDHI1B,
cytoplasmic MDH1, and mitochondrial MDH2.
According to molecular docking results, the
most preferred can be the binding position
at the NAD (NADH) binding site in case of
both monomeric and homodimeric MDH1 and
MDHZ2. In case of the homodimer, additional
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Meroio poboTu Oyj0 oliHIOBaHHA a)iHHOCTL
3B’dA3yBaHHA TiaMiHy 3 i3oopmamu mMaaTaeriz-
porenasu (MDH). locizKeHHA BKJIIOYATIO BUKO-
pucTaHHs MeToAiB adinHOI xpomarorpadii, SDS
PAGE enextpodopesy i MALDI-TOF mac-cmex-
TPOCKOMil, a TaKOXX MOJEKYJAPHOTO MOJEJIIO-
BaHH4A in silico. Adpinauit copbenr (T-AC) micTus
C2-KoH’10roBaHUM TiaMiHOBUIT (DparMeHT AK AKip,
1o OyB 3B’ A3aHUH 3 aKTUBOBaHOIO cedaposoio 4B
yepes crelicep, AKUUA CKJIALAETLCA 3 Tiapasumgy
N-4-azob6enzoinmkanporHoBoi Kucaoru. I[na exc-
MePUMEHTAIHLHOTO JOCJIiIKeHHs 0yI0 00paHo Ko-
mepIiifinuit npemapatr MDH i3 cepia cBuni. AHa-
JIi3 BMiCTy ITPOTEiHY y (hPaKIisaX 3 BUKOPUCTAHHAM
metony Bpendopzna moxkasas, 110 Miciid eJII0I0BaHHA
PO3SUYMHOM TiaMiHy 6yJI0 OTPUMAaHO TPU OCHOBHUX
OKpeMUX ITiKU IIPOTEiHiB 3 MaJaTAeriIporeHa3HOoIO
aKTuUBHiCTIO. Pe3yysbTaTyi OJHOBUMipPHOTO eJIeK-
Tpodopesdy Buxiguoro npenapary MDH i 06’exna-
HoI )paKIlii mpoTeiHiB, AKi 6yJI0 3HATO 3 ad)iHHOTO
copOeHTY PO3BUMHOM TiaMiHy, CBifUaTh, 10 MaiiiKe
Bci (hpakiIrii mpoTeiny, BUABJIEHI B KOMEPIiTHOMY
npemnapatri MDH, Tako:x IpucyTHi B esroarax 3
T- AC. Becranosieno, 1o votupu isogopmu MDH
3B’asanucsa 3 ahpiHHUM copOeHTOM, 30KpeMa I[u-
TomJIa3MaTuuHa MaJjaraeriaporenasza (MDH1),
MiToxoHapitina manataerigporernasa (MDH2) Ta
3rigHo 3 pesyJbTaTaMU MOJIEKYJIAPHOTO HOKIHTY
HaWKpaliuM AK JIJd MOHOMEpPHOI, TaK i roMoau-
mepuoi MDH1 i MDH2 mo:xe O0yTH MOJOKEHHS
girauny B caiiti 3B’asyBanHa NAD (NADH). ¥
pasi romoguMepa HOAATKOBUII caliT 3B’ sA3yBaHHA
MOJKe OyTH PO3TAIllOBAHUI MiK JBOMA CYyOOMMHI-
nAMU eH3uMy. Harrri pesyabTaTty miaTBepIKyIOTh
paxiire oTpuMaHi JaHi i PO3IIUPIOIOTH YABJIEHHS
oo 3xpaTHocTi isohopm MDH B3aemopmisiTu 3 Mo-
JIeKyJ010 TiamiHy in vivo. 11i 1aHi TaKOX MOKYTH
O0yTu KopucHi ana imertudikamnii Tiaminss’asy-
Basibuoro nporeiny (ThBP), Bungisenoro pawiire 3
MOBKY ITypa, 6epydu 0 YBaru MOKJINBY YaCTKOBY
TOMOJIOTiIO IIHOTO IIPOTEIHy 3 IpoTeiHaAMHU, SAKi BU-
ABJIAIOTH MaJIaTAeTiApOTeHa3Hy aKTUBHIBCTb.

Karouwosi cnosa: tiamin, apinma xpomarorpadis,
MajJaTaerizporeHasa, adinHmicThs IIpoTeiHiB mO
TiaMiHy, MOJEKYJSPHUUN NOKiHT, TiaMiHaB’sa3y-
BaJILHUI IIPOTEIH.
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ITenwio paboThl ObLIA OIIeHKA ahHUHHOCTY CBA3bI-
BaHUA THAMIHA C 130(DOPMaMU MaJIaTIeTAPOTeHA3hI
(MDH). UccnenoBanre BKJIIOUATIO HCIIOJH30BAHE
MeToq10B adduHHONE Xpomarorpadpum, SDS PAGE
anexTpodopesa u MALDI-TOF macc-CIieKTPOCKOITIH,
a TakiKe MOJEKYJSPHOTO MOJEJUPOBAHUA in
silico. Adpuunsiii copbeut (T-AC) comepsxan C2-
KOH'BIOTMPOBAHHBIN THAMWHOBEIN (DparMeHT B Kaue-
CTBe AKOPA, KOTOPHIH ObLI CBA3aH C aKTUBUPOBAHHOMN
ce(aposoii 4B uepes cieiicep, COCTOSIIII 13 THAPA3H-
na N-4-a300eH30MTKAITPOHOBOM KUCIOTHI. [IJ15 9KCITe-
PUMEHTAJIBHOI'O MCCJIeTIOBAHM s ObLT BEIOPAH KOMMeEp-
yeckuii mpermapatr MDH u3 cepaia cBuubu. AHanmu3
COZIEPsKaHMS MIPOTeNHA BO (hPaKIIUAX C UCIIOIH30Ba-
HueM MeTtona Bpaadopaa mokasast, YTo Tpr OCHOBHBIX
OT[IeJIbHBIX IIMKA IIPOTENHA C MAJIATAETAPOTeHASHOM
AKTHUBHOCTBIO OBLITY MOJIYUYEeHBI TIOCJIE SJIIOMPOBAHMA
pacTBOpOM THaMUHA. PesyJibTaTbl OTHOMEPHOT'O 9JIEK-
Tpodopesa rcxomHoro npenapara MDH u o0hequHeH-
HOIT (hpaKIuy MPOTENHOB, KOTOPbIE ObLIN CHATHI U3
adduHHOrO COPOEHTA PACTBOPOM THAMUHA, ITIOKA3AJIN,
YTO IOYTHU BCe (DpaKIUU IIPOTerHA, OOHAPY KeHHbIe
B KoMMepueckoM mnpenapare MDH, Tak:ke mpucyr-
cTByIOT B aymoaTax ¢ T- AC. Herbipe uzodopmber MDH
ObLIU cBsA3aHBI ¢ aMUHHBIM COPOEHTOM, a UMEHHO
uTOILIa3MaTUUecKaa MastaTaeruaporesasa (MDH1),
MUTOXOHApPHUAIbHaA Masataeruaporenasza (MDH2) u
ee usopma u masataeruaporenasa 1B (MDH1B). Co-
TJIaCHO pe3yJbTaTaM MOJIEKYJISPHOTO JOKWHTa HaW-
0oJiee IPEAIIOUTUTEILHBIM KaK JIJIA MOHOMEPHOIT, TaK
u romozumepHoit MDH1 u MDH2 Mo:keT ObITh IT0JI0-
JKeHUe JiuraHzaa B calite cBassiBanusa NAD (NADH).
B cirydae romogvepa JOTOJTHUTEBHBIN CAUT CBA3bI-
BaHIA MOYKET OBITH PACIIONIOMKEH MEXKIY ABYMS CYy0b-
emuHaMIIaMU. Harmm pesysibTaTh TOATBEPKIAIOT paHee
TIOJTyYEeHHbBIE JaHHBIE U PACIITUPAIOT IIPEICTABIEHNE O
crocobHocTu nsogopm MDH B3aumozelicTBOBAThL C
MOJIEKYJION THAMUHA in Vivo. OTU JaHHBIE TAKIKE MO-
TYT OBITH ITOJIE3HBI I UAEHTU(DIKAITAY THAMUHCBSA-
spiBarolriero mporenna (ThBP), koTopeiii ObLT paHee
BBIZIEJIEH 13 MO3Ta KPbIChI, MPUHUMAA BO BHUMAHUE
BO3MOYKHYIO YACTUUHYTO TOMOJIOTHIIO STOTO IIPOTENHA C
IPOTeMHAMHY, KOTOPBIE ITPOABIAIOT akTuBHOCT, MDH.

Knwouessvle cnosa: tTuamus, ahpduHHAA XPOMATO-
rpadusa, majatieruaporesasa, ahp@uHHOCTD IPO-
TEMHOB K TUAMUHY, MOJEKYJIAPHBIN JOKUHT, THA-
MUHCBASBIBAIOIIIUI IPOTEUH.



