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Abstract—To study the mechanisms of the non-coenzyme action of thiamine and its diphosphate (ThDP) on brain proteins,
proteins of acetone extract of bovine brain synaptosomes or the homogenate of rat brain cortex were subjected to affinity
chromatography on thiamine-modified Sepharose. In the step-wise eluates by thiamine (at pH 7.4 or 5.6), NaCl, and urea,
the occurrence of glutamate dehydrogenase (GDH) and isoenzymes of malate dehydrogenase (MDH) along with the influ-
ence of thiamine and/or ThDP on the enzymatic activities were characterized using mass spectrometry and kinetic experi-
ments. Maximal activation of the malate dehydrogenase reaction by thiamine is observed after the protein elution with the
acidic thiamine solution, which does not elute the MDH1 isoenzyme. Effects of exogenous thiamine or ThDP on the GDH
activity may depend on endogenous enzyme regulators. For example, thiamine and/or ThDP activate the brain GDH in
eluates from thiamine-Sepharose but inhibit the enzyme in the crude preparations applied to the sorbent. Inhibition of
GDH by ThDP is observed using the ADP-activated enzyme. Compared to the affinity chromatography employing the elu-
tion by thiamine at pH 7.4, the procedure at pH 5.6 decreases the activation of GDH by thiamine (but not ThDP) in the
eluates with NaCl and urea. Simultaneously, the MDH2 content and total GDH activity are higher after the affinity elution
at pH 5.6 than at pH 7.4, suggesting the role of the known interaction of GDH with MDH2 in stabilizing the activity of
GDH and in the regulation of GDH by thiamine. The biological potential of thiamine-dependent regulation of the brain
GDH is confirmed in vivo by demonstration of changes in regulatory properties of GDH after administration of a high dose
of thiamine to rats. Bioinformatics analysis of the thiamine-eluted brain proteins shows a specific enrichment of their anno-
tation terms with “phosphoprotein”, “acetylation”, and “methylation”. The relationship between thiamine and the post-
translational modifications in brain may contribute to the neuroprotective effects of high doses of thiamine, including the
regulation of oxidation of the major excitatory neurotransmitter in brain — glutamate.
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Thiamine (vitamin B1) is a major vitamin of B-group  diphosphate (ThDP), which is an essential coenzyme of
that is widely used in medical practice due to its neu- such enzymes of central metabolism as transketolase and
rotrophic action and stimulating effect on the central glu- 2-oxo acid dehydrogenases. However, also other, so-
cose metabolism [1-3]. Mostly, these actions are ascribed  called non-coenzyme, actions of thiamine and its natural
to the vitamin diphosphorylated derivative, thiamine derivatives have acquired increasing attention recently,

Abbreviations: GDH, glutamate dehydrogenase; MDH, malate dehydrogenase; MS, mass spectrometry; ThDP, thiamine diphos-
phate; TIC, total ion current.
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especially in view of unprecedented growth of neurode-
generative diseases [4-7]. Affecting not only the ThDP-
dependent enzymes, but also the coupled ones, the thi-
amine compounds may provide for systemic regulation of
metabolism. The pleiotropic action of thiamine com-
pounds better explains some experimental results on the
regulation by these compounds of acetylcholine produc-
tion that are not fully consistent with the coenzyme
action of ThDP only [5, 6]. It is worth noting that the
pleiotropic action of genes [8] or protein regulators of
metabolism, such as transcriptional regulators p53 or
Nrf-2 [9], is well-known. However, regarding the low
molecular mass regulators, such pleiotropic action is tra-
ditionally considered only as a source of side effects [10].
Nevertheless, there is growing interest in an opportunity
to increase efficacy of pharmacological treatments by
drugs whose action is mediated by multiple targets [11].
In this regard, study of molecular mechanisms of analo-
gous regulation by natural compounds including vitamins
is of special interest [6, 12].

This work develops a recently described approach to
the investigation of multiple targets of thiamine; it uses
affinity chromatography of brain proteins on a sorbent
covalently modified by thiamine, followed by mass spec-
trometric identification of the eluted proteins [6].
Compared to our previous study, where proteins of rat
brain (so-called thiamine proteome), bound to the thi-
amine-modified Sepharose (further: thiamine-Sepha-
rose), were eluted by non-specific agents, this work
employs several modifications. They are: pH-dependent
affinity elution of thiamine-Sepharose-bound proteins by
thiamine; modification of the sorbent by thiamine that
excludes multiple orientations of the bait on the sorbent;
and comparative study of the protein elution profiles
upon affinity chromatography of the proteins of either
synaptosomal fraction of bovine brain or homogenate of
rat brain cortex. As a result, new data on the pathways and
molecular mechanisms of the non-coenzyme action of
thiamine and its natural derivatives are obtained.

MATERIALS AND METHODS

Materials. Reagents from the following providers
were used: ThDP, 2-oxoglutarate (disodium salt), NADH
(disodium salt), ADP, GTP, CHAPS, protease inhibitors
AEBSF, aprotinin, bestatin, E-64, leupeptin, and pep-
statin A from Sigma (USA); thiamine, polyethylene gly-
col 6000, glucose, and Tris-HCI from Serva (Germany);
glycerol from Biomedicals, LLC (USA); NAD"* from
Gerbu (Germany). Physiological Krebs—Ringer solution
comprised 118 mM NacCl, 2.34 mM KH,PO,, 4.6 mM
KCl, 1.19 mM MgSO,, 2.42 mM CaCl,, 24.9 mM
NaHCO;, and 10 mM glucose, pH 7.4. Milli-Q-deion-
ized water and reagents of the highest available purity
were used.

Animal experiments. The rat brain proteins were iso-
lated from Wistar rats. The animals were kept under stan-
dard conditions of the vivarium of Lomonosov Moscow
State University, at temperature 21 + 2°C and air humid-
ity 53 £ 5%, with the water and food access ad libitum.
The animals were exposed to a 12/12 h day cycle (light
phase from 9 am till 9 pm of Moscow time). The rats were
killed by decapitation using a guillotine. Bovine brains
were obtained from a local slaughterhouse (Kyiy,
Ukraine) from animals 1.5-3.0 years old.

The rat brain cortex homogenates for affinity chro-
matography were from female Wistar rats of 250-300 g;
action of a high dose of thiamine was studied using male
Wistar rats of 300-350 g (age of 3-4 months). Thiamine
(400 mg per 1 kg body mass) was administered to experi-
mental animals i.p. in the evening time (5-7 pm). Water
solution of 200 mg/ml of thiamine hydrochloride, with
pH adjusted to 6.7-6.9 with NaOH, was used in the
experimental group. Control rats obtained the same vol-
ume of 0.9% NaCl. Insulin syringes were used for the
injections according to published recommendations [13].
Decapitation was done 24 h after the injections.

Affinity chromatography. Acetone powder of synap-
tosomal proteins from the bovine brain was obtained
according to a published procedure [14] and stored frozen
at —70°C. The acetone powder proteins were extracted
with the Krebs—Ringer buffer as describer earlier [6].
Homogenates of the rat brain cortex were obtained as
described earlier [15].

Affinity sorbent thiamine-N-4-azobenzoyl-g-hydra-
zide-Sepharose 4B (thiamine-Sepharose) was synthesized
according to Klyashchitsky et al. [16]. The extract of the
acetone powder of the synaptosomal proteins of bovine
brain or the homogenates of the rat brain cortex were
applied on a column filled with the thiamine-Sepharose
and equilibrated with the Krebs—Ringer buffer at a flow
rate of 0.2 ml/min. Washing with the Krebs— Ringer buffer
was done at the same rate until the non-bound or poorly
bound proteins were removed, as judged by a decrease of
optical density at 280 nm down to the baseline.

The proteins bound to the thiamine-Sepharose were
eluted step-wise. Specific elution in the first (affinity) step
was done using solutions of 5- or 10-mM thiamine in the
Krebs—Ringer buffer, adjusted to pH 7.4 or pH 5.6. Tris-
HCl solution (10 mM, pH 7.4) with 1 M NaCl or 2 M urea
was applied at the second and third steps, corresponding-
ly, as described earlier [6]. The eluted proteins were con-
centrated with simultaneous buffer exchange to 10 mM
Tris-HCI, pH 7.4, using Amicon Ultra 15 centrifuge units
with membrane cut-off of 30 kDa. The sorbent was regen-
erated by washing with 8 M urea followed by deionized
water and stored in 0.02% solution of sodium azide.

Enzyme assays and sources. Activity of the NADH-
dependent dehydrogenases, i.e., malate dehydrogenases
(MDH) and glutamate dehydrogenase (GDH), was
detected by changes in the absorbance of NADH at
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340 nm. The elution profiles were characterized by the
enzyme assays at the saturating substrate concentrations.
To investigate the influence of thiamine or ThDP on the
enzymatic activities, the previously determined enzyme-
specific conditions maximizing the influence were used
[6]. Specific details of the assays are provided in the cor-
responding tables and figure legends.

For the study of the combined action of ThDP and
ADP on GDH, the enzyme was partially purified from
the rat brain. The centrifugation-precipitated fraction of
the rat brain homogenate was resuspended in sonication
buffer and sonicated as described earlier [17]. The soni-
cated suspension was extracted by 1% CHAPS. The
supernatant obtained after a 40 min centrifugation at
11,000g, 4°C was adjusted to pH 6.15 and supplemented
with 0.16 volume of 35% polyethylene glycol 6000 in a
drop-wise manner. The suspension was centrifuged for
15 min at 18,500g, 4°C, and the supernatant was used as a
source of partially purified GDH.

To assess the influence of thiamine administration
on kinetic properties of the rat brain GDH and MDH,
the brain homogenates from the animals of one experi-
mental group in one series were combined. Each series
comprised three control animals and three animals after
the thiamine administration. In total, three independent
series of animal experiments (18 animals) were per-
formed. The brain cortex homogenates were prepared
according to the earlier protocol [15], and insoluble frac-
tion was separated by centrifugation for 30 min at
20,000g, 4°C. To remove enzyme regulators of low molec-
ular mass that were present in the homogenates, the
supernatant was subjected to rapid gel-filtration on a
HiTrap™ desalting column, 5 ml (GE Healthcare,
Sweden) according to the manufacturer’s protocol.
Proteins were eluted by 100 mM Tris-HCI, pH 7.5. The
results of kinetic experiments in each animal series (n =
3) were combined and approximated using the built-in
models of GraphPad Prism v. 8.0. 2-Oxoglutarate and
glutamate saturations were approximated by the model of
complete substrate inhibition: v=V,_,, [S]/(K,, + [S](1 +
[S1/K))), where v — the reaction rate at a substrate con-
centration [S], V., — maximal reaction rate, K, —
Michaelis constant, K, — the substrate inhibition con-
stant. The saturation of GDH by the allosteric inhibitor
(GTP) or activators (ADP and leucine) is characterized
by cooperative subunit interactions. Therefore, these
dependencies were approximated by the 4PL (four-
parameter logistic regression) model assuming the Hill
coefficient to be not equal to 1.

Determination of protein concentration. Protein was
determined by the method of Lowry et al. [18].

Analysis of the thiamine-dependent proteomes in the
studied samples. Proteins eluted from the thiamine-
Sepharose, constituting the so-called thiamine-depend-
ent proteome, were subjected to denaturing SDS elec-
trophoresis followed by trypsinolysis and peptide analysis
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by LC-MS/MS as described earlier [6]. Identification of
peptides employed the NCBI database. Due to insuffi-
cient annotation of the bovine genome, identification of
the bovine proteins used the SwissProt database for all
organisms. The rat proteins were identified using the
SwissProt database for this species. Bioinformatics analy-
sis of the proteomes eluted from the thiamine-Sepharose
was done by DAVID v. 6.8 as previously described [6].

Relative abundance of GDH and MDH peptides in
samples. Semi-quantitative estimation of the enzyme
abundance in the analyzed samples was based on the pro-
portionality of the protein abundance to the number of its
peptides identified in a preparation [17]. To compare the
abundance in different samples, the numbers of identified
peptides of an enzyme were normalized to total ion cur-
rent (TIC) in the sample upon its MS analysis, because
TIC is proportional to the total level of the sample pep-
tides. TIC was obtained from the data provided by Skyline
[19]. For convenience of the presentation, the normalized
data used TIC x 10717,

RESULTS AND DISCUSSION

Affinity chromatography of bovine brain synaptosomal
proteins on thiamine-Sepharose. Comparison of the activ-
ity and number of GDH peptides from the acetone
extract of synaptosomal proteins of bovine brain at differ-
ent steps of affinity chromatography, depending on pH
(7.4 or 5.6) of the first step employing affinity elution with
thiamine, is shown in Table 1. The MS data indicate that
in both cases GDH is well eluted by urea: a significant
number of GDH peptides is present in this eluate inde-
pendent of the GDH elution on the previous steps
(Table 1). However, in the urea eluate, which is obtained
after the affinity elution with an acidic (pH 5.6) thiamine
solution, the specific and total activity of GDH are at
least an order of magnitude higher than the values in the
urea eluate after the affinity elution with a slightly alka-
line (pH 7.4) thiamine solution. Besides, with the affinity
elution by the acidic thiamine solution, the total GDH
activity in the eluates of the three steps shows a good cor-
respondence to the enzyme abundance in these eluates
according to MS data: a higher total activity is observed in
the fraction(s) where more peptides of GDH are identi-
fied. The correspondence is absent when the affinity elu-
tion is done with a slightly basic (pH 7.4) thiamine solu-
tion. In this case, the total GDH activity in the thiamine
eluate comprises a major part of the total GDH eluted
from the thiamine-Sepharose. In addition, specific activ-
ity of GDH eluted with a slightly alkaline solution of thi-
amine is 2-fold higher than the activity obtained after the
elution at acidic pH. However, the MS data in Table 1
indicate that the GDH abundance in the former case
(one unique peptide of GDH) is significantly lower than
in the latter case (six unique peptides of GDH). Thus,
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Table 1. Activity of glutamate dehydrogenase (GDH) and the number of unique GDH peptides in eluates from thi-
amine-Sepharose obtained upon affinity chromatography of the acetone extract of synaptosomal proteins of bovine

brain

Specific activity of GDH Total activity of GDH
Protein fraction Number of GDH peptides
nmol/min % nmol/min %
per mg of protein

Eluent on the first stage: 10 mM thiamine, pH 7.4
Acetone extract 19+2 100 780 % 60 100 8
10 mM thiamine 12£2 64 300 £ 50 39 1
1 M NaCl 14+4 75 362 5 1
2 M urea 2+1 11 5+1 2 4

Eluent on the first stage: 10 mM thiamine, pH 5.6
Acetone extract 14+1 100 600 £ 50 100 8
10 mM thiamine 6+2 43 150 + 50 25 6
1 M NaCl 16 £5 114 80 £ 30 14 4
2 M urea 216 150 230+ 70 39 6

Note: The activity of eluted proteins was determined after replacing the eluents with 10 mM Tris-HCI (pH 7.4). The assay medium comprised
100 mM Tris-HCI, pH 7.5, and saturating substrates: 2.5 mM 2-oxoglutarate, 0.2 mM NADH, 50 mM NH,CI. Relative activities are indi-
cated as a percentage of the levels in the initial preparations.

Table 2. Malate dehydrogenase (MDH) activity and number of unique peptides of the cytoplasmic (MDH1) and mito-
chondrial (MDH?2) isoenzymes in eluates from thiamine-Sepharose obtained upon affinity chromatography of the
acetone extract of synaptosomal proteins of bovine brain

Specific activity of MDH Total activity of MDH Number of MDH peptides
Protein fraction
nmol/min % nmol/min % MDHI1 MDH2
per mg of protein
Eluent on the first stage: 10 mM thiamine, pH 7.4
Acetone extract 190 £ 10 100 8000 £ 400 100 2 3
10 mM thiamine 460 £ 5 280 11 900 £ 100 150 2 1
1 M NaCl 350 £ 130 210 890 £ 340 11 0 2
2 M urea 60 =20 36 150 £ 50 2 0 2
Eluent on the first stage: 10 mM thiamine, pH 5.6
Acetone extract 160 £ 3 100 6600 = 300 100 2 3
10 mM thiamine 16 1 10 390 + 20 6 0 4
1 M NacCl 306 20 170 £ 30 3 3 5
2 M urea 305 18 305 1 1 5

Note: The activity of eluted proteins was determined after replacing the eluents with 10 mM Tris-HCI (pH 7.4) in assay medium comprising 20 mM
potassium phosphate buffer (pH 7.2) and saturating substrates: 0.3 mM oxaloacetate, 0.14 mM NADH. Relative activities are indicated as a
percentage of the levels in the initial preparations.

affinity elution of the GDH protein from the thiamine-
Sepharose is much more efficient at pH 5.6 than at pH
7.4, but the total and specific activities of GDH are high-
er after the elution at pH 7.4 than at pH 5.6 (Table 1).

Analogous comparison of the MDH activity and
unique peptides of the MDH isoenzymes eluted from the
thiamine-Sepharose is shown in Table 2. It is worth not-
ing in this regard that the MDH reaction catalyzed by the
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cytoplasmic (MDHI1) and mitochondrial (MDH?2)
isoenzymes of MDH are regulated by thiamine com-
pounds in opposite ways [6]. The MDH elution by acidic
(pH 5.6) solution of thiamine significantly decreases the
MDH reaction rate. Under these conditions, less than
10% of the total MDH activity applied to the column is
eluted, whereas a slightly alkaline solution of thiamine
significantly (1.5-2.5-fold) increases both the specific and
total MDH activity compared to the values of the applied
sample. Nevertheless, the MS data indicate that the
MDH?2 isoenzyme prevails in the eluate with the acidic
thiamine solution, whereas elution of the MDH1 isoen-
zyme requires the slightly alkaline solution of thiamine
(Table 2). Accordingly, the MDH1 isoenzyme is eluted
with NaCl or urea only when its affinity elution by thi-
amine was inefficient, i.e., after the thiamine elution at
pH 5.6. In contrast, the MDH?2 isoenzyme is eluted by
NaCl and urea after the thiamine elution at both pH val-
ues. Thus, at pH 7.4 the thiamine solution elutes from the
thiamine-Sepharose all bound MDHI1 isoenzyme, while
at pH 5.6 only the MDH2 isoenzyme is eluted by thi-
amine (Table 2). Dependence of the elution of the MDH
isoenzymes on the pH of the thiamine solution is in good
accord with the different reactivity of the structures and
functions of the isoenzymes to changes in pH [20, 21].
Increasing the thiamine concentration during the affinity
elution increases the MDH activity eluted at this step,
concomitantly decreasing the MDH activity eluted on
the next stage employing NaCl (Fig. 1). This finding
shows the specificity of the eluting action of thiamine, not
only pH. However, the total MDH activity in the urea
eluate does not depend on the thiamine concentration at
the first step of elution (Fig. 1). One may therefore sug-
gest that the urea-eluted MDH (mostly this is MDH2;
Table 2) has a different binding mode to the thiamine-
Sepharose compared to that of the MDH isoenzymes
eluted by thiamine and NaCl.

100 000

GDH and MDH?2 are known to interact, with their
complex having functional significance, particularly for
regulation of these enzymes by low molecular mass com-
pounds [22-24]. Our results suggest that formation of the
complex with MDH?2 may stabilize the activity of GDH
during elution from the thiamine-Sepharose by NaCl and
urea. In fact, the total and specific GDH activities in
these fractions are higher in the presence of MDH2,
which is observed after the first elution step is done at pH
5.6 (Tables 1 and 2). The GDH-mediated binding of
MDH2 to the thiamine-Sepharose may result in the
coelution of GDH and MDH2 by urea and in the differ-
ent type of the binding to the thiamine-Sepharose of the
urea-eluted MDH2 (Fig. 1).

Affinity chromatography on thiamine-Sepharose of
homogenate of rat brain cortex. Dependence of the GDH
and MDH activities eluted from the thiamine-Sepharose
on the protein composition of the sample is supported by
the difference in the elution profiles of the activities
observed in the analyses of the different preparations of
the brain proteins. Compared to the GDH and MDH
activities in the synaptosomal fraction of the bovine brain
proteins applied to the thiamine-Sepharose, the specific
GDH and MDH activities in the thiamine (pH 7.4) elu-
ate exhibit a decrease (Table 1) and more than a 2-fold
increase, correspondingly (Table 2). In contrast, com-
pared to the GDH and MDH activities in the brain
homogenate applied to the thiamine-Sepharose, in the
thiamine (pH 7.4) eluate the specific GDH activity is sig-
nificantly (3-fold) increased, while the specific MDH
activity does not largely change (from 8 to 11 nmol/min
per mg of protein) (Table 3). Besides, the elution of GDH
and MDH2 in the brain homogenates is maximal under
the action of NaCl (nine GDH peptides and three
MDH2 peptides), with this fraction possessing the high-
est specific activities of these interacting enzymes
(Table 3). Such relationship between the activities and

5 mM thiamine, pH 7.4

m 10 mM thiamine, pH 7.4

10 000

1000

MDH, nmol/min

o

Thiamine, NaCl

pH 7.4

b < I L
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I
100
T
1
1

Urea Total activity

Fig. 1. Dependence of total malate dehydrogenase (MDH) activity in fractions obtained during affinity chromatography of synaptosomal pro-
teins of bovine brain on thiamine-Sepharose on thiamine concentration in the eluent (pH 7.4) at the first elution step. Results of at least two
independent chromatographies with elution by the 5- and 10-mM thiamine solutions are averaged.
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protein composition of the eluate depends on the chro-
matographed sample type. When the synaptosomal frac-
tion of the bovine brain proteins is subjected to the affin-
ity chromatography with the affinity elution at pH 7.4,
then the major part of the GDH protein is eluted by urea
(Table 1), with MDH2 well resolved from MDHI1
(Table 2). Thus, both the interaction of GDH with the
isoenzymes of MDH and coelution of GDH and MDH?2
significantly depend on the composition of the sample
subjected to the affinity chromatography, probably due to
the sample differences in their sets of proteins and low
molecular mass regulators.

Regulation of GDH and MDH activities by thiamine
compounds in vitro. The influence of thiamine com-

100 4
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0.1 4

GDH, umol/min per mg protein

0.01 i IR ; N
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Effect bound pH 7.4
compared proteins
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thiamine 0.4 04 15 11.9 39
ThDP 0.5 0.7 1.6 6.9 5.4
£ C
9 10000
o
g * * *
E 1000 4 N
@
o - -
c 1004
E =
>~ -3
o
E 10 4
3
Y | N
] Homo- Non- Thiamine, NaCl Urea
Effect genate bound pH7.4
compared proteins
to control:
ThDP 0.05 0.1 7.7 6.6 14

pounds on GDH and MDH has been investigated using
earlier data on the acting concentrations and conditions
maximizing the effects on the studied enzymes [6]. For
comparison, fixed concentrations of thiamine (0.05 mM)
and ThDP (1 mM) were used in the ratio mimicking that
in vivo. Figure 2 demonstrates the influence of thiamine
and/or ThDP on the brain GDH activity in the samples
applied to and eluted from thiamine-Sepharose. It is seen
that in the original preparations, thiamine and ThDP
inhibit the GDH activity, whereas after the chromatogra-
phy the enzyme is activated by these compounds.
Analogous difference in the effects of ThDP on GDH had
been observed earlier, although the effects were much
smaller: ThDP activated the purified GDH 1.2-fold but

100 4

10 4

0.1 4

GDH, pmol/min per mg protein

0.01 . . BN i
Extract Non-  Thiamine,
Effect bound pH 5.6
compared proteins
to control:
thiamine 04 0.4 1.2 15 22
ThDP 0.5 0.7 17 72 6.2
Control
7% 0.05 mM thiamine
™ 1 mM ThDP

Fig. 2. Influence of thiamine and/or thiamine diphosphate (ThDP) on the activity of glutamate dehydrogenase (GDH) from bovine or rat
brain in eluates from thiamine-Sepharose. a, b) Affinity chromatography of acetone extract of bovine brain synaptosomes, using 10 mM thi-
amine solution, pH 7.4 (a) or 5.6 (b) at the first step; ¢) affinity chromatography of the rat brain homogenate using 10 mM thiamine solution,
pH 7.4, at the first step. All eluted proteins were transferred to 10 mM Tris-HCI buffer (pH 7.4) using ultrafiltration. The effects of thiamine
and ThDP were detected using non-saturated NADH in the assay medium comprising 100 mM Tris-HCI (pH 7.5), 2.5 mM 2-oxoglutarate,
0.02 mM NADH, 50 mM NH,CI. The results are averaged from 2-4 independent experiments; *, * significant (p < 0.05) differences from the
control activity and activity in the presence of 0.05 mM thiamine, respectively, according to Student’s 7-test.
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Table 3. Activities and unique peptides of glutamate dehydrogenase (GDH) and the isoenzymes of malate dehydroge-
nases (MDH) — cytoplasmic (MDH1) and mitochondrial (MDH2) — in the eluates from thiamine-Sepharose
obtained upon affinity chromatography of homogenates of rat brain cortex

GDH MDH
specific total specific total numb.er
Protein activity activity activity activity of peptides
fraction number
nmol/ of pep- nmol/
min per | % nmol/min % tides minper | % nmol/min % MDH1 | MDH2
mg of mg of
protein protein
Homogenate 540 | 100 | 4600 £ 400 100 n.d. 8§10 100 | 7100 £ 350 | 100 n.d. n.d.
10 mM thiamine| 17 £3 | 340 | 2900 % 500 64 7 11t1 138 | 1900 £ 100 | 26 1 1
1 M NaCl 19+1 | 356 | 1600 = 60 34 9 26+5 | 325 | 2200 +400 | 31 1 3
2 M urea 19+£5 | 370 | 1300 %+ 260 28 4 15+5 188 | 1100 +400 | 15 1 1

Note: Activities of eluted proteins were determined after replacing the eluents with 10 mM Tris-HCI (pH 7.4). The GDH assay medium comprised
100 mM Tris-HCI (pH 7.5), 2.5 mM 2-oxoglutarate, 0.2 mM NADH, 50 mM NH,CI; the MDH assay medium comprised 20 mM potassi-
um phosphate buffer (pH 7.2), 0.3 mM oxaloacetate, 0.14 mM NADH. Relative activities are indicated as percentage of the levels in the ini-

tial preparations; n.d., not determined.

inhibited GDH in mitochondrial extracts 1.3-fold [6]. A
much more significant influence of ThDP on GDH
activity, observed after the affinity chromatography in this
work (Fig. 2), suggests a role of protein dilution or chro-
matography-removed endogenous factors in the enzyme
regulation by ThDP. For instance, one may expect that
the endogenous content of the GDH activator ADP may
be much higher in the brain homogenate than in the ace-
tone extract of synaptosomal fraction of brain proteins.
As seen from Fig. 3, ThDP interferes with the activation
of GDH by ADP. Thus, the ThDP inhibition in the sam-
ples applied to the affinity chromatography may depend
on the activating effect of endogenous ADP on GDH.
Decreased ThDP inhibition of the enzyme within the
brain synaptosomal fraction (Fig. 2a), compared to the
brain homogenate (Fig. 2¢), agrees with the expectation
of a much lower level of endogenous ADP in the partially
purified fraction compared to that in the brain
homogenate, where the inhibition by ThDP of GDH in
much more pronounced (Fig. 2¢). On the other hand, the
high level of the ThDP activation after the affinity chro-
matography could be expected in view of a stimulated dis-
sociation of GTP, which is a highly efficient inhibitor of
GDH. However, model studies with purified GDH did
not reveal a decrease in the inhibitory action of GTP by
thiamine or ThDP in the used interval of conditions (up
to 1 mM ThDP or thiamine at 1 uM GTP and 2-oxoglu-
tarate varied from 0.1 to 10 mM). Apart from the influ-
ence of endogenous regulators, different regulation of the
synaptosomal and total brain GDH by ThDP (Fig. 2)
cannot be excluded. For instance, this functional differ-
ence may be supported by specific posttranslational mod-
ifications or alternative splicing of synaptosomal and total
GDH.
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Worth noting, a lower inhibition by ThDP of GDH
in original samples is accompanied by a lower activation
by ThDP of GDH eluted by thiamine solution of pH 7.4
(Fig. 2). In fact, a 2-fold inhibition of GDH by ThDP in
the synaptosomal fraction of the bovine brain proteins is
followed by a 1.5-fold activation of the GDH eluted by
thiamine at pH 7.4 (Fig. 2a). At the same time, in the rat
brain homogenates ThDP causes a 20-fold inhibition of
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Fig. 3. Interdependent influence of thiamine diphosphate
(ThDP) and ADP on glutamate dehydrogenase (GDH) activity.
The activity was measured in Krebs—Ringer buffer (pH 7.4) under
substrate saturating conditions (2.5 mM 2-oxoglutarate, 0.2 mM
NADH, 50 mM NH,Cl). ADP and ThDP were added to 1.7 and
1 mM, respectively. Commercial GDH from bovine liver (a) and
GDH partially purified from rat brain (b) were used; * significant
(p < 0.05) differences according to two-way ANOVA with Sidak’s
post hoc test.
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GDH, whose affinity elution by thiamine (pH 7.4) results
in an 8-fold activation by ThDP (Fig. 2c¢). The results
thus indicate that the allosteric effects of ThDP, both the
inhibitory and activatory ones, are expressed more
strongly with GDH within the rat brain homogenate than
with GDH within the acetone extract of the synaptoso-
mal fraction of bovine brain (Fig. 2).

Figure 2 also shows that after the chromatography of
the acetone extract the activation of GDH by ThDP is
significantly higher after elution by NaCl and urea (a 5-7-
fold activation) than at the affinity elution step by thi-
amine (a 1.5-1.7-fold activation). At the same time, the
GDH activity level in the thiamine eluate is lower than
that of the ThDP-activated GDH (Fig. 2). Thus, the low
ThDP activation of GDH in the thiamine eluate cannot
be due to the already activated state of the thiamine-elut-
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ed GDH, which could comprise a tightly bound thi-
amine. A similar (1.2-fold) level of the enzyme activation
by ThDP was also observed in previous work with purified
GDH or GDH in mitochondrial extracts [6]. In contrast
to the affinity chromatography of the synaptosomal frac-
tion of bovine brain proteins, the chromatography of the
brain homogenate reveals a maximal (8-fold) activation
of GDH by ThDP in the fraction eluted by thiamine (Fig.
2c¢). Because in this case thiamine elutes a major part of
GDH (64% of the total GDH activity in the applied sam-
ple; Table 1), the activation of GDH by ThDP seems to
depend on the concentration of GDH and/or its hetero-
logical complexes. Investigation of the action of thiamine
on GDH of synaptosomal fraction eluted by NaCl and
urea (Fig. 2, a and b) confirms this supposition. In con-
trast to the activation of GDH by ThDP, which does not
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Fig. 4. Influence of thiamine (0.05 mM) on the malate dehydrogenase (MDH) activity of bovine and rat brains in eluates from thiamine-
Sepharose. a, b) Affinity chromatography of the acetone extract of the bovine brain synaptosomes using 10 mM thiamine solution, pH 7.4 (a)
or 5.6 (b), as the first eluent; ¢) affinity chromatography of the rat brain homogenate using 10 mM thiamine solution, pH 7.4, as the first elu-
ent. All eluted proteins were transferred to 10 mM Tris-HCI buffer (pH 7.4) using ultrafiltration. The effects of thiamine and ThDP were
detected in Krebs—Ringer buffer (pH 7.4) comprising 0.01 mM oxaloacetate and 0.14 mM NADH. The results are averaged from 2-5 inde-
pendent experiments; * significant (p < 0.05) differences of the activity in the presence of 0.05 mM thiamine from the control activity accord-

ing to Student’s #-test.
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depend on pH of the thiamine elution, the activation of
GDH by thiamine in the eluates by NaCl and urea is sig-
nificant (up to 12-fold) only after the thiamine elution at
pH 7.4 (Fig. 2a). Under these conditions, GDH eluted by
NaCl and urea comprises significantly less of the total
GDH than the same fractions after the affinity elution by
thiamine at pH 5.6. As shown above, the latter eluates
also contain more MDH?2 (Table 2). The simultaneous
presence in the eluates of GDH and MDH2 stimulates
formation of their complex. However, the specific and
total MDH activities, as well as the activation of MDH by
thiamine, are significantly lower in this case compared to
the eluates by NaCl and urea after the affinity elution by
thiamine at pH 7.4 (Table 2). These results suggest that
after the chromatography on the thiamine-Sepharose the
activation of GDH by thiamine is not pronounced under
the conditions that promote formation of the complex
between GDH and MDH2, i.e., after the affinity elution
at pH 5.6. In contrast, the activation of GDH by thiamine
is maximal in the fractions with the low total activity of
GDH and low content of MDH2, both occurring in the
eluates by NaCl and urea after the affinity elution at pH
7.4 (Tables 1 and 2). It may thus be suggested that NaCl
and urea may destabilize and/or partially denature GDH
in these fractions, with both thiamine and MDH2 coun-
teracting such action.

Stimulation by thiamine of MDH activity in the
studied samples of brain proteins is not as complicated as
the action of thiamine on GDH. Thiamine does not
affect the MDH activity of the original preparations sub-
jected to the affinity chromatography (Fig. 4). After the
chromatography of either the synaptosomal proteins of
bovine brain or rat brain homogenate, the maximal effect
of thiamine on the MDH activity is observed in the frac-
tion after affinity elution by thiamine. The thiamine
effect is significantly reduced in the following fractions
eluted by NaCl and especially in the urea eluate (Fig. 4).
Obviously, the non-specific elution by NaCl or urea par-
tially desensitizes MDH to the allosteric action of thi-
amine.

The lack of a detectable action of thiamine on MDH
in the samples before the affinity chromatography may be
due to the opposite effects of thiamine on the MDH
isoenzymes (inhibition of MDHI1 and activation of
MDH?2) shown previously [6]. Indeed, Fig. 4a and Table
2 show that maximal (9-fold) activation of MDH reaction
by thiamine is observed in the fraction where MDH?2 pre-
vails over MDHI, i.e., after the affinity elution by the
acidic thiamine solution (Table 2), whereas the co-elu-
tion of MDH1 and MDH2 (after the affinity elution by
the slightly alkaline thiamine solution; Table 2) decreases
the activation of MDH by thiamine to 7-fold. Thus, in
the fraction comprising both isoenzymes of MDH, the
apparent activation by thiamine of MDH2 may be
reduced due to the inhibition by thiamine of MDH]1 [6].
However, one should also take into account that a signif-
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icant part of MDH does not bind to the thiamine-
Sepharose even when the acetone extract of synaptosomal
fraction, which contains much less protein than the rat
brain homogenate, is applied to the sorbent (Fig. 4). It
may therefore be suggested that only some isoforms of the
MDHI1 and MDH2 isoenzymes, e.g., those which differ
in specific posttranslational modifications, interact with
the thiamine sorbent.

Investigation of the influence of a high thiamine dose
administered to rats on regulation of GDH and MDH in
brain homogenates. As shown above, the thiamine-
dependent regulation of the enzymatic activities may dif-
fer dependent on the enzyme preparation (Figs. 2 and 4).
For instance, in the brain homogenates and fraction of
synaptosomal proteins GDH is inhibited by thiamine,
whereas MDH is not affected. However, after the affinity
chromatography of these preparations, both GDH and
MDH are activated by thiamine (Figs. 2 and 4), with the
MDH reaction rate increasing even when the two isoen-
zymes are present (Tables 1 and 3), one of them (MDH1)
inhibited by thiamine [6]. In view of this complexity of
the thiamine-dependent regulation in vitro, we assessed
its biological significance by investigating regulatory
properties of the enzymes after the rats obtained a high
dose of thiamine. For this study, GDH and MDH of the
brain homogenates were released from the endogenous
low molecular mass regulators by rapid gel-filtration
without significant dilution of the homogenates.

Kinetic dependencies of the GDH activity on con-
centrations of the low molecular mass regulators of the
enzyme, such as allosteric effectors GTP, ADP, and
leucine, and the substrates of the opposite directions of
the catalyzed reactions, 2-oxoglutarate and glutamate,
are shown in Fig. 5. Comparison of the kinetic curves
indicates that the administration of thiamine increases
the amplitude of the inhibition of GDH by GTP (Fig. 5a)
and maximal reaction rate upon the activation of GDH
by ADP (Fig. 5b) and 2-oxoglutarate (Fig. 5d). At the
same time, the thiamine administration in vivo does not
change the regulation of the brain GDH by leucine (Fig.
5¢) or glutamate (Fig. 5¢). Hence, the increased ampli-
tudes of the response of GDH to GTP, ADP, and 2-oxo-
glutarate are not due to increased GDH expression. This
notion is supported by the MS quantification of the GDH
peptides in the investigated homogenates. It should be
noted that only the change in the GTP inhibition ampli-
tude is statistically significant (Table 4). This may be due
to a higher complexity of the dependencies of GDH
activity on ADP and 2-oxoglutarate, where the activation
is followed by inhibition at high concentrations of ADP
(after the administration of thiamine) and 2-oxoglu-
tarate. However, the kinetic parameters of the 2-oxoglu-
tarate saturation, i.e., K¢ u K°C (Table 4), are in accor-
dance with a decreased substrate inhibition seen in Fig.
5d. The observed coupling in the regulatory changes cor-
responds to the known interrelationships between the
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Fig. 5. Influence of thiamine administration (400 mg/kg) on regulatory properties of GDH from rat brain. Dependencies of the enzyme activ-
ity on the allosteric regulators GTP (a), ADP (b), leucine (c), and the substrates 2-oxoglutarate (d) and glutamate (e) were investigated. The
data for dependences obtained in three independent animal experiments were averaged and approximated using the built-in models of
GraphPad Prism v. 8.0 as described in “Materials and Methods”. The approximation parameters are given in Table 4.

regulation of GDH by GTP or ADP and the substrate
inhibition [25]. Because a number of GDH residues in
the regulatory sites, including a lysine residue participat-
ing in the GTP binding, are subjected to posttranslation-
al acetylation [25], one may suppose that the administra-
tion of thiamine changes the regulatory properties of
GDH (Fig. 5 and Table 4) through such posttranslational
modifications. For instance, conformational changes
after the binding of thiamine and/or its regulatory deriv-
atives to GDH in vivo may change the availability of cer-
tain lysine residues to acylation or deacylation.
Analogous analysis of the influence of the adminis-
tration of a high dose of thiamine on MDH in rat brain
homogenates after rapid gel-filtration does not reveal sig-
nificant changes in the dependencies of the MDH reac-
tion rate on the saturations with oxaloacetate (0.01-
1.00 mM) or malate (0.1-10.0 mM). As discussed above,
only a minor part of the brain MDH interacts with the
thiamine-Sepharose (Table 2), and the MDH isoenzymes
are regulated by thiamine compounds in opposite ways
[6]. Therefore, our kinetic analysis of total MDH within
the rat brain homogenate only shows that expression of
the isoforms and balance of the thiamine-dependent reg-
ulation of MDH1 and MDH2 isoenzymes are not signif-
icantly changed by the thiamine administration in vivo.
Comparative analysis of the proteomes eluted from
thiamine-Sepharose. Compared to the previous study of
the affinity chromatography of the thiamine-dependent

proteins, which employed Sepharose modified by thi-
amine or its functional (thiazolium) part, this work used a
different modification procedure that excluded potential
variability in the conjugation of thiamine to the linker. To
increase the elution specificity, we also used thiamine
solution as the affinity eluent. Finally, to extend our
knowledge on the pathways employing the non-coen-
zyme action of thiamine, whose proteins could have been
lost upon the purification of the earlier analyzed synapto-
somal proteins of the rat brain [6], we have subjected to
the affinity chromatography complete homogenates of
the rat brain. Results of the bioinformatic analysis of the
sets of proteins that are eluted upon the affinity chro-
matography of the synaptosomal proteins of bovine brain
or of the rat brain homogenates are shown in Table 5.
Comparison of these results and those obtained in the
earlier analysis of the thiamine-dependent proteomes of
the synaptosomal proteins of the rat brain [6] indicates
that introduction of the affinity elution by thiamine
changes relative enrichment of the annotation terms
“phosphoprotein” and “acetylation” in the characteris-
tics of the proteins eluted from the thiamine-Sepharose.
In our previous investigation [6], where elution by thi-
amine of the rat brain synaptosomal proteins was not
used, the term “acetylation” was characterized by a sig-
nificantly higher enrichment (P = 107", according to
DAVID analysis) than the term “phosphoprotein” (P =
107%). In the current study, where the synaptosomal pro-
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Table 4. Kinetic parameters of regulation of GDH from rat brain cortex of control rats and rats after administration of
a high (400 mg/kg) dose of thiamine

Parameter Control Thiamine
ICS™, uM 0,13 £0.01 0,14 £ 0.01
Inhibition amplitude (GTP), umol/min per mg 0.042 £ 0.003 0.048 £ 0.003
Hill coefficient (GTP) -1.4+0.3 -1.3+0.2
EC4P?, mM 0.09 + 0.01 0.11 £ 0.07
Activation amplitude (ADP), umol/min per mg 0.12 £ 0.01 0.17 £ 0.04
Hill coefficient (ADP) 1.3+£0.3 1.1+0.4
ECL®, mM 1.41+0.2 1.3+£0.1
Activation amplitude (Leu), pmol/min per mg 0.08 £ 0.01 0.07 £ 0.01
Hill coefficient (Leu) 1.8 £0.6 1.8 £ 0.6
VS umol/min per mg 0.08 + 0.02 0.08 £ 0.01
K2°, mM 0.36 £ 0.16 0.25 £ 0.07
K°", mM 42+24 7.1+£3.1
V.Sl imol/min per mg 0.005 + 0.001 0.004 + 0.001
KS" mM 0.33£0.16 0.26 £0.13
KC, mM 9.0+4.5 12.7 £ 6.8

Note: Parameters of non-linear regression of the kinetic dependencies presented in Fig. 5 were obtained using the built-in models of GraphPad
Prism 8.0 (see “Materials and Methods”). The upper-case indices of the shown parameters refer to the regulator. OG, 2-oxoglutarate.
Significant differences between the kinetic parameters of the approximated dependences, determined by F-criterion, are shown in bold.

Table 5. Major annotation terms that are significantly enriched in the proteomes eluted from thiamine-Sepharose with
thiamine or non-specific agents (NaCl and urea) during affinity chromatography of acetone extract of synaptosomal
proteins of bovine brain (“Ox”) or homogenates of rat brain cortex (“Rat”)

Thiamine elution

Elution with NaCl and urea

annotation term | number of proteins | enrichment P-value annotation term number of proteins |enrichment P-value
Ox (n=115) Ox (n=136)
1) Phosphoprotein 83 2.0E-39 1) Phosphoprotein 96 1.3E-46
2) Acetylation 68 3.6E-38 2) Keratin 25 1.4E-36
3) Keratin 23 6.5E-34 3) Intermediate filaments 26 4.5E-35
4) Cytoplasm 56 1.1E-23 4) Acetylation 69 1.3E-34
5) Methylation 25 5.2E-17 5) Cytoplasm 62 2.3E-25
6) Methylation 23 1.8E-13
Rat (n = 183) Rat (n = 202)
1) Phosphoprotein 153 6.5E-76 1) Phosphoprotein 173 1.0E-82
2) Acetylation 105 3.4E-61 2) Acetylation 120 2.9E-69
3) Methylation 48 7.2E-34 3) Methylation 58 1.9E-42
4) Cytoplasm 84 3.9E-29 4) Cytoplasm 95 5.9E-32

Note: Representative results of the bioinformatics analysis by DAVID (v. 6.8) of the sets of proteins eluted during affinity chromatography of
acetone extract of synaptosomal proteins of bovine brain (two independent identifications) and of rat cortex homogenates (three inde-
pendent identifications) are shown; n, total number of proteins in the analyzed proteomes; enrichment P-value defines the probability of
occurrence of an annotation term in the analyzed sample of n proteins compared to a random occurrence of this term in the correspon-

ding genome.
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teins of the bovine brain are subjected to the affinity elu-
tion by thiamine, both terms show a similar degree of
enrichment (P = 107%-107%), whereas in the affinity
chromatography of the rat brain homogenates the term
“phosphoprotein” is even enriched with a higher signifi-
cance (P = 1077%) than the term “acetylation” (P = 107°")
(Table 5). Nevertheless, the specificity of the term “acety-
lation” as a characteristic of the thiamine-dependent
proteome is confirmed by the comparison of the major
annotation terms in the sets of proteins in the affinity and
non-specific eluates. In the thiamine eluates of the
synaptosomal proteins of the bovine brain the terms
“phosphoprotein” and “acetylation” show a similar
enrichment significance (P = 107-107%), whereas in the
eluates by non-specific agents (NaCl and urea) the rela-
tive enrichment of the term “acetylation” decreases from
the second to the fourth position with the simultaneous
increase in the enrichment of the term “phosphoprotein”
(P = 107%). Thus, compared to the previous usage of the
non-specific elution [6], the affinity elution by thiamine
of the synaptosomal brain proteins bound to the thi-
amine-Sepharose increased the relative abundance of
proteins annotated by the term “phosphoprotein”, con-
firming specific association of the thiamine-dependent
pathways with the term “acetylation”. Both these terms
are associated with the thiamine-dependent proteomes
independent of the animal species (ox or rat) and the
preparation subjected to the affinity chromatography
(synaptosomal fraction or brain homogenate) (Table 5)
[6]. The bioinformatics analysis using DAVID v. 6.8
(Table 5) also shows that the synaptosomal proteins of
bovine brain that interact with the thiamine-Sepharose
are enriched with the term “methylation” (positions 5
and 6) much less than the proteins of the rat brain
homogenate (position 3). Because the term “methyla-
tion” was not significant in the previous analysis of the
thiamine-dependent proteomes of the synaptosomal pro-
teins of the rat brain [6], one may conclude that enrich-
ment of this term in the rat brain homogenates is not due
to the species-specific effects, but points to the loss of the
corresponding proteins when the synaptosomal fraction is
purified.

Our comparison of the interaction with thiamine-
Sepharose of either the different fractions of the brain
proteins (complete homogenate or acetone extract of
synaptosomes) or the different organisms (ox or rat)
points to a universal regulation by thiamine compounds
of such enzymes of central brain metabolism as the dehy-
drogenases of glutamate and malate. The biological sig-
nificance of the regulatory action of thiamine and/or
ThDP is confirmed by changes in the regulatory proper-
ties of GDH in the rat brain after administration of a high
dose of thiamine. Bioinformatics analysis of the sets of
proteins eluted from the thiamine-Sepharose under dif-
ferent conditions points to their specific enrichment by
the terms “acetylation” and “methylation”.
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