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Abstract—Unlike the OGDH-encoded 2-oxoglutarate dehydrogenase (OGDH), which is an essential enzyme present in all
animal tissues, expression of the DHTKD I-encoded isoenzyme, 2-oxoadipate dehydrogenase (OADH), depends on a num-
ber of factors, and mutant DHTKD 1 phenotypes are rarely manifested. Physiological significance of OADH is also obscured
by the fact that both isoenzymes transform 2-oxoglutarate and 2-oxoadipate. By analogy with other members of the 2-oxo
acid dehydrogenases family, OADH is assumed to be a component of the multienzyme complex that catalyzes oxidative
decarboxylation of 2-oxoadipate. This study aims at molecular characterization of OADH from animal tissues. Phylogenetic
analysis of 2-oxo acid dehydrogenases reveals OADH only in animals and Dictyostelium discoideum slime mold, within a
common branch with bacterial OGDH. Examination of partially purified animal OADH by immunoblotting and mass spec-
trometry identifies two OADH isoforms with molecular weights of about 130 and 70 kDa. These isoforms are not observed
upon the expression of human DHTKDI protein in either bacterial or yeast system, where the synthesized OADH is of
expected molecular weight (about 100 kDa). Thus, the OADH isoforms present in animal tissues, may result from the ani-
mal-specific regulation of the DHTKD I expression and/or posttranslational modifications of the encoded protein. Mapping
of the peptides identified in the OADH preparations, onto the protein structure suggests that the 70-kDa isoform is trun-
cated at the N-terminus, but retains the active site. Since the N-terminal domain of OGDH is required for the formation
of the multienzyme complex, it is possible that the 70-kDa isoform catalyzes non-oxidative transformation of dicarboxylic
2-o0xo0 acids that does not require the multienzyme structure. In this case, the ratio of the OADH isoforms in animal tissues
may correspond to the ratio between the oxidative and non-oxidative decarboxylation of 2-oxoadipate.
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INTRODUCTION domain-containing 1) gene, was discovered by the auto-

matic annotation of animal genomes. Based on the sum

2-Oxoadipate dehydrogenase (OADH), a product of  ofidentical amino acids and conservative amino acid sub-

the DHTKDI (dehydrogenase El1 and transketolase stitutions, the OADH sequence has 56% similarity with 2-

Abbreviations: DHTKD 1, 2-oxoadipate dehydrogenase (dehydrogenase E1 and transketolase domain-containing 1) gene; OADH,
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oxoglutarate dehydrogenase (OGDH) [1], a key enzyme
of the tricarboxylic acid cycle encoded by the OGDH
gene. Both enzymes catalyze transformation of dicar-
boxylic 2-oxo acids (2-oxoglutarate and 2-oxoadipate),
albeit with different efficiencies [2-4]. The structural and
functional similarities allow to consider OADH and
OGDH as isoenzymes. Enzymological studies of the
recombinant OADH [5] have demonstrated that within
the 2-oxoadipate dehydrogenase multienzyme complex,
assembled in vitro from the enzymatic components pro-
duced in bacterial expression system, OADH catalyzes
the reaction of oxidative decarboxylation of 2-oxoadi-
pate, analogous to that of OGDH (reaction 1):

Q CoA-SH co, o
o - _
W\H)‘\o OOCMS/CDA (1)
o o NAD* NADH + H*
2-oxoadipate glutaryl-CoA

However, manifestation of mutations in the human
DHTKDI gene, as well as accumulation of 2-oxoadipate
and 2-aminoadipate (intermediates of lysine and trypto-
phan catabolism) in the cases of such mutations [6, 7],
are fundamentally different from the outcomes of muta-
tions in OGDH, that are incompatible with life [8] due to
severely impaired CNS development and function [9].
The studies of such mutants suggest that OADH and
OGDH are not redundant at the organism level, despite
the similarity of their catalytic functions. Thus, the func-
tions of OADH and OGDH differ more significantly in
vivo than in vitro.

Investigation of physiological significance of OADH-
catalyzed oxidative decarboxylation of 2-oxoadipate (a
common intermediate of lysine and tryptophan catabo-
lism) is hindered by the limited understanding and cell-
specific expression of metabolic pathways employing the
reaction. Moreover, the absence of a clearly pronounced
phenotype associated with the DHTKDI mutations, may
be also due to a significant variability in the DHTKDI
expression in different organs and tissues of the same
organism and at the population level. Down-regulation of
OADH synthesis in cells perturbs mitochondrial biogene-
sis and energy metabolism [10]. At the organism level,
changes in the DHTKD 1 expression are associated with the
development of systemic pathologies of glucose metabo-
lism, such as diabetes and obesity [11-13]. Accumulation
of 2-oxo- and 2-aminoadipate due to mutations of essen-
tial OADH residues accompanies neuromuscular disorders
[6, 7, 14]. On the other hand, 2-aminoadipate demon-
strates a neuroprotective effect in a model of Parkinson
disease [15], which indicates complexity of (patho)physio-
logical significance of the OADH-catalyzed reaction.
Therefore, investigation of OADH is important from both
fundamental and medical points of view.

In this study, the structural features of OADH that
underlie physiologically relevant regulation of this
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enzyme in animal tissues, are characterized. We demon-
strate that the molecular weight of OADH detected in rat
tissues, is significantly different from that calculated from
the enzyme primary structure and inherent in the recom-
binant protein synthesized in either bacterial or yeast
expression systems. These results imply alternative pro-
tein products of the DHTKDI gene and/or their post-
translational modifications in animals, which do not
occur when the recombinant OADH is produced.

MATERIALS AND METHODS

Materials. All used reagents were of the highest puri-
ty grade available. Polyethylene glycol-6000, EDTA, and
PMSF were purchased from Serva (Germany); protease
inhibitor cocktail — from Roche (Switzerland); meth-
anol — from Merck (Germany); Triton-X 100, KH,PO,,
and NaCl — from Panreac (Spain); glycerol and sucrose —
from Biomedicals, LLC (USA); MgCl, and CaCl, — from
DIA-M (Russia); MOPS — from Helicon (Russia); yeast
extract — from Fluka (USA); Tripton — from GeneSpin
(Italy); and glucose — from VWR (USA). All other
reagents were from Sigma (USA).

Animals. Male Wistar rats (body weight 300-350 g)
were kept at the Animal Facility of the Faculty of Biology,
Lomonosov Moscow State University, and fed with a
standard diet. The animals had free access to water and
food and were kept at a 12/12 h light/dark cycle (light
phase from 9:00 am to 9:00 pm local time) at a tempera-
ture of 21 + 2°C and relative humidity of 53 + 5%. The
animals were sacrificed by decapitation with a guillotine.

Preparation of the tissue homogenates and OADH -
enriched fractions. Homogenization of rat tissues was per-
formed according to the previously published protocol
[16]. OADH-enriched preparations from the heart, liver,
and brain were obtained using the procedure described
earlier [3].

OADH production in bacterial expression system.
The human DHTKD1 cDNA was inserted into the pET28
vector and expressed in E. coli BL21(DE3) cells accord-
ing to a standard protocol [17]. The cells were pelleted by
centrifugation for 5 min at 2550g and frozen at —20°C.
Bacterial lysates were produced by incubation of the bac-
terial cells with lysozyme followed by ultrasonic disinte-
gration. The recombinant protein with the His¢-tag at the
C-terminus was purified from the bacterial lysate on a Ni-
NTA-agarose resin in 50 mM KH,PO,, pH 8.0, contain-
ing 300 mM KCI and 300 mM imidazole.

OADH production in yeast expression system. The
pIB2 vector with the human DHTKDI1 cDNA under the
GAP promoter was linearized with the Sall restriction
endonuclease and used for the transformation of compe-
tent Pichia pastoris GS115 (his4) cells by electroporation
according to the published procedure [18]. The yeast was
cultivated in a sterile YPD medium containing 2% glu-
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cose for ~48 h at 28°C with shaking, followed by centrifu-
gation and freezing. The cells were disrupted using glass
beads in the presence of DNase 1 and RNase. OADH
with the Hisq-tag at the C-terminus was purified on a Ni-
NTA Superflow column (I1-ml Cartridge, Qiagen,
Germany) equilibrated with 50 mM KH,PO, buffer
(pH 8.0) containing 300 mM KCl. OADH was eluted
from the column with an increasing gradient of imidazole
concentration (30 mM to 300 mM) in the same buffer
using an AKTA Prime chromatographic system (GE
Healthcare, USA).

SDS-PAGE and immunoblotting. Protein samples
were mixed with the solubilizing buffer (250 mM Tris-
HCI, 8% SDS, 40% (v/v) glycerol, 20% B-mercap-
toethanol, and 0.04% bromophenol blue, pH 6.8) at a
ratio 3 : 1. The samples were boiled for 5 min and cooled
to room temperature prior to application onto a gel.

OADH was detected by a standard immunoblotting
procedure using mouse antibodies against OADH
(H00055526-BO1P, 1 : 500, Abnova, Taiwan). Horse-
radish peroxidase-conjugated secondary antibodies were
from Boehringer Mannheim GmbH (1520709, 1 : 6000,
Germany) or Imtek (P-GAM Iss, 1 : 1000, Russia). In the
former case, freshly prepared chemiluminescent substrate
was used: 10 mg of 3-amino-9-ethyl-carbazole dissolved
in 25 ml of 50 mM CH;COONa, pH 5.0, containing 5%
dimethyl formamide, was mixed with 30% hydrogen per-
oxide at a ratio 1 : 2000. In the latter case, the ECL sub-
strate kit (Bio-Rad, USA) was used. Band images were
acquired with a ChemiDoc MP imaging system (Bio-
Rad).

The molecular weights of the protein bands stained
by the OADH antibodies, were determined from the lin-
ear dependence of the logarithm of the protein molecular
weight on its electrophoretic mobility. The known weights
of proteins of Unstained Protein Standards kit (Bio-Rad)
were used for the calibration.

Identification of OADH peptides in rat tissues. After
SDS-PAGE, the gel area corresponding to proteins with
the molecular weights of 130 = 10 kDa and 70 + 5 kDa
were analyzed by tandem mass spectroscopy (LC-
MS/MS) employing trypsinolysis as described previously
[19]. Rat proteins in these bands were identified using the
Rat Swiss-Prot database.

Construction of phylogenetic tree for the 2-oxo acid
dehydrogenase family. To construct the phylogenetic tree,
we searched for rat OADH (UniProt identifier Q4KLPO0)
homologues in Swiss-Prot and RefSeq databases, using
the BLASTP tool [20]. Except for E-value threshold of
10~ and word size of 2, default search parameters were
applied. Sequences produced by automatic translation of
DNA (XM_/XP_ prefix) and non-unique sequences
(WP _ prefix) were excluded. The search results from the
two databases were downloaded as sequences in the
FASTA format excluding duplicate hits. Multiple
sequence alignment was conducted with the Muscle algo-
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rithm in the MEGA X program [21]. Phylogenetic tree
visualizing the results of the alignment, was constructed
using the neighbor-joining method.

Modeling. The amino acid sequence of the rat protein
with the UniProt identifier Q4KLP0 (DHTK1_ RAT) was
used for predicting the 3D structure of mammalian
OADH monomer. Considering that phylogenetic analysis
indicated the similarity of OADH to the bacterial
OGDH, the resolved 3D structure of the mycobacterial
OGDH holoenzyme (RSCB PDB identifier 2XT6) was
selected as a template for OADH modeling. The model
was built with the I-TASSER server [22]. The PyMOL
2.0.4. program (Schrodinger, Inc.) was used for protein
visualization.

RESULTS AND DISCUSSION

Phylogenetic analysis of the OADH origin. The phy-
logenetic tree of the 2-oxo acid dehydrogenase family
presented in Fig. 1, shows that the DHTKDI-encoded
OADH diverged from OGDH during early evolution of
multicellular eukaryotes. Currently, the DHTKD I-encod-
ed OADH has been annotated only in animals and slime
mold Dictyostelium discoideum (Fig. 1). Based on this
finding, it may be suggested that OADH evolved in the
organisms that started feeding on other organisms and, as
a result, lost their ability for the biosynthesis of some
metabolically essential compounds. In particular, the
ability to synthesize lysine and tryptophan which are
catabolized by OADH, had been independently lost in
animals and Dictyostelium in the course of evolution [23].

Another interesting finding of the phylogenetic
analysis is the formation of a common cluster by eukary-
otic OADHs and bacterial OGDHs (Fig. 1), pointing to
their close relationship. Such structural similarity sug-
gests an evolutionary need to preserve certain properties
and functions of bacterial OGDHs that have been lost by
eukaryotic OGDHs due to their increased specialization.
In particular, in comparison with the bacterial complex-
es, those of eukaryotes employ additional protein—pro-
tein interactions during self-assembly and display
increased selectivity of the 2-oxo substrates transforma-
tion [24].

Thus, the evolvement of OADH from its homologue
OGDH likely reflects divergence of the OGDH and
OADH functions due to natural selection, with the asso-
ciated necessity of OADH regulation independent of
OGDH.

OADH isoforms in rat tissues. Analysis of rat tissue
homogenates by immunoblotting demonstrates that
OADH-specific antibodies react with two bands of pro-
teins (Fig. 2a). The apparent molecular weights of these
bands determined by averaging the results of analysis of
25 samples in 5 independent experiments, are 127 +£2 and
69 £+ 1 kDa. In some cases, the low-molecular-weight
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NP 001003941.1 2-oxoglutarate dehydrogenase mitochondrial isoform 2

Q60HE2.1 2-oxoglutarate dehydrogenase mitochondrial Macaca fascicula
NP 002532.2 2-oxoglutarate dehydrogenase mitochondrial isoform 1 precur
NP 001125317.1 2-oxoglutarate dehydrogenase mitochondrial precursor P
NP 001069498.1 2-oxoglutarate dehydrogenase mitochondrial precursor
NP 001158508.1 2-oxoglutarate dehydrogenase mitochondrial isoform 3 p
NP 001350452.1 2-oxoglutarate dehydrogenase mitochondrial isoform 4 p
NP 001017461.1 2-oxoglutarate dehydrogenase mitochondrial precursor F
NP 001239216.1 2-oxoglutarate dehydrogenase mitochondrial isoform 3
NP 001239211.1 2-oxoglutarate dehydrogenase mitochondrial isoform 1 I\

P86231.1 2-oxoglutarate dehydrogenase mitochondrial Mesocricet
NP 001239217.1 2-oxoglutarate dehydrogenase mitochondrial isoform 4 |
NP 001239212.1 2-oxoglutarate dehydrogenase mitochondrial isoform 2 |
NP 001026553.1 2-oxoglutarate dehydrogenase mitochondrial Gallus gall
NP 001083614.1 2-oxoglutarate dehydrogenase mitochondrial precursor X
NP 001135687.1 2-oxoglutarate dehydrogenase mitochondrial Xenopus trop
NP 001085695.1 oxoglutarate dehydrogenase L homeolog Xenopus lae
NP 957073.2 oxoglutarate (alpha-ketoglutarate) dehydrogenase a (lipoam
NP 001087546.1 2-oxoglutarate dehydrogenase-like mitochondrial precursor Xenopus laevis
NP 001186473.2 2-oxoglutarate dehydrogenase-like mitochondrial Gallus gallus
NP 001137469.1 2-oxoglutarate dehydrogenase-like mitochondrial isoform ¢ Homo sapiens
NP 001334754.1 2-oxoglutarate dehydrogenase-like mitochondrial isoform e Homo sapiens
NP 001074599.2 2-oxoglutarate dehydrogenase-like mitochondrial Mus musculus
NP 001099532.1 2-oxoglutarate dehydrogenase-like mitochondrial Rattus norvegicus
NP 001334755.1 2-oxoglutarate dehydrogenase-like mitochondrial isoform f Homo sapiens
NP 001179635.2 2-oxoglutarate dehydrogenase-like mitochondrial Bos taurus
NP 001137468.1 2-oxoglutarate dehydrogenase-like mitochondrial isoform b Homo sapiens
NP 001252731.1 2-oxoglutarate dehydrogenase-like mitochondrial Macaca mulatta
NP 001128819.1 DKFZP459M2028 protein Pongo abelii
NP 001126195.1 2-oxoglutarate dehydrogenase-like mitochondrial Pongo abelii
NP 001334748.1 2-oxoglutarate dehydrogenase-like mitochondrial isoform a Homo sapiens
NP 001334752.1 2-oxoglutarate dehydrogenase-like mitochondrial isoform d Homo sapiens

NP 001153501.1 oxoglutarate (alpha-ketoglutarate) dehydrogenase (lipoamide) Nasonia vitripennis

NP 730223.1 neural conserved at 73EF isoform A Drosophila melanogaster
_E NP 001097629.1 neural conserved at 73EF isoform | Drosophila melanogaster
NP 788518.1 neural conserved at 73EF isoform F Drosophila melanogaster
| NP 001163321.1 uncharacterized protein Dmel CG33791 isoform E Drosophila melanogaster

NP 001027099.1 uncharacterized protein Dmel CG33791 isoform C Drosophila melanogaster
NP 001027100.1 uncharacterized protein Dmel CG33791 isoform B Drosophila melanogaster
Q623T0.1 2-oxoglutarate dehydrogenase mitochondrial Caenorhabditis briggsae
NP 001368291.1 Transket pyr domain-containing protein Caenorhabditis elegans
NP 500617.1 2-oxoglutarate dehydrogenase mitochondrial Caenorhabditis elegans
061199.2 2-oxoglutarate dehydrogenase mitochondrial Caenorhabditis elegans
NP 001169698.1 2-oxoglutarate dehydrogenase E1 component Zea mays
NP 001349094.1 uncharacterized protein LOC100383847 Zea mays.
NP 001169536.1 uncharacterized protein LOC100383412 Zea mays.
NP 201376.1 2-oxoglutarate dehydrogenase E1 component Arabidopsis thaliana
NP 001327477.1 2-oxoglutarate dehydrogenase E1 component Arabidopsis thaliana
Q54JE4.1 2-oxoglutarate dehydrogenase mitochondrial Dictyostelium discoideum
NP 595772.1 alpha-ketoglutarate dehydrogenase Schizosaccharomyces pombe
—E NP 012141.1 alpha-ketoglutarate dehydrogenase KGD1 Saccharomyces cerevisiae S288C
NP 985230.2 AER374Cp Eremothecium gossypii ATCC 10895

OGDHs from Vertebrates

OGDHs from Invertebrates

OGDHSs from plants, fungi
and slime molds

NP 061176.4 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 mitochondrial Homo sapiens
NP 001126339.1 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 mitochondrial Pongo abelii
NP 001192767.2 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 mitochondrial Bos taurus

NP 001020891.1 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 mitochondrial Rattus norvegicus

NP 001074600.1 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 mitochondrial Mus musculus
NP 001084395.1 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 mitochondrial Xenopus laevis
NP 001008619.1 probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 mitochondrial Danio rerio

NP 651849.1 uncharacterized protein Dmel CG1544 Drosophila melanogaster

NP 001256410.1 Probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 homolog mitochondrial Caenorhabditis elegans

NP 001256411.1 Transket pyr domain-containing protein Caenorhabditis elegans

Q54VG0.1 Probable 2-oxoglutarate dehydrogenase E1 component DHKTD1 homolog mitochondrial Dictyostelium discoideum

WP 173577688.1 2-oxoglutarate dehydrogenase E1 component Acetobacter sp. LMG 1637
WP 173582361.1 2-oxoglutarate dehydrogenase E1 component Acetobacter musti

WP 173639633.1 2-oxoglutarate dehydrogenase E1 component Bradyrhizobium sp. 5(2017)

WP 173588354.1 2-oxoglutarate dehydrogenase E1 component Winogradskyella undariae

E WP 173614144.1 2-oxoglutarate dehydrogenase E1 component Bacillus subtilis

WP 173612988.1 2-oxoglutarate dehydrogenase E1 component Bacillus velezensis

L P0OC601.1 2-oxoglutarate dehydrogenase E1 component Staphylococcus aureus
A3Q3NS5.1 Multifunctional 2-oxoglutarate metabolism enzyme Mycobacterium sp. JLS
@’ 173595485.1 2-oxoglutarate dehydrogenase E1 component Oxalobacteraceae bacterium

WP 173633428.1 2-oxoglutarate dehydrogenase E1 component Erwiniaceae bacterium PD-1
P20707.1 2-oxoglutarate dehydrogenase E1 component Azotobacter vinelandii

NP 001190890.1 Plant Tudor-like RNA-binding protein Arabidopsis thaliana
— NP 974660.1 Plant Tudor-like RNA-binding protein Arabidopsis thaliana

L— NP 194970.1 Plant Tudor-like RNA-binding protein Arabidopsis thaliana

YP 009143345.1 Monoglyceride lipase Raccoonpox virus

L

—
0.20

BCKDHB proteins

PDHA proteins

923

OADHs

Fig. 1. Phylogenetic tree of 2-oxo acid dehydrogenases. For the optimal visualization of results, a-subunits of pyruvate dehydrogenases
(PDHA proteins) are presented as one common branch; -subunits of the branched-chain 2-oxo acid dehydrogenases (BCKDHB proteins)
are presented in a similar manner. Scale bar: 0.20 amino acid substitutions per residue. (Colored versions of Figs. 1-4 are available in the on-
line version of the article and can be accessed at: https://www.springer.com/journal/10541)

band is represented by two closely located bands, typical
for the proteins forming intramolecular disulfide bonds
[25]. Considering the standard deviations of the molecu-
lar weight estimation, the weights of the isoforms are fur-
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ther mentioned as 130 and 70 kDa to simplify discussion.
None of these bands has the molecular weight of
100 kDa calculated for the native OADH based on its
amino acid sequence excluding the 2.5-kDa peptide tar-
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MASATVAAAG RALRRAVPLL RRSYQTERGV YGYRPRKAGS

ALLDTVPEIQ ALVQTLQGPF TTTGLLNMGK EEASLEEVLA
EERKHLSKLL LESQEFDHFL ATKFATVKRY GGEGAESMMG
MFRKMRGLSE FPENVAAIGD VLSHLTSSVD LDFGAHRPLH

PGDKVICLQV HGDASFCGQG IVLETFTLSN LPHFRIGGSI

GEPRGDRARP SVDHGLARLV TVYCEHGHKA AQINPLFPGQ

YLNHIYCGPI SIETAQLQSQ EEKDWFARRF EELKKETFTT
FFHELLKLSA YGGITDIIIG MPHRGRLNLL TGLLQLPPEL
VTMLPNPSHL EAINPVAVGK TRGRQQSQED GDYSPNGSAQ

HLIVNNQLGY TTPAERGRSS LYSSDIGKLV GCAIIHVNGD

SPEEVVRATR LAFEYQRQFR KDVIIDLLCY RQWGHNELDE

KASYYAKLNG HLANVAHYSP PAPHLQARWQ GLVQPAACVT

EKVKNGTNLD WATAETLALG SLLAQGFNVR LSGQDVGRGT
EAVLGFEYGM SIESPKLLPL WEAQFGDFFN GAQIIFDTFI
DSAEEGVDSD TVNMEVVHPT TPAQYFHLLR RQMMRNFRKP

NVKTLIFCSG KHFYALLKQR ESLGAKKRDF AIIRLEELCP

KQLACKLRLV SRPPLPAPAV GIGTVHQQQH EAILFKTFTS

PFFTNPVMYK ITRARKSIPD TYAEHLIASG LMTQEEVSDI

TWDTGVPLEL LRFVGVKSVE VPEELQLHSH LLKMYVQSRM

FSQRHAMVVC QNTDDVYIPL NHMDPNQKGF LEVSNSPLSE
SGGEAKWLLQ SGLVILLPHG YDGAGPDHSS CRIERFLQMC
LIVASPKMLL RYPVAVSTLE EMAPGTAFKP VIGDSSVDPK

FPLDSLOQEM GKYKHVQDII WSQEEPQNMG PWSEVYPRFE

705 kDa | .-
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MASATVAAAG RALRRAVPLL RRSYQTERGV YGYRPRKAGS
ALLDTVPEIQ ALVQTLQGPF TTTGLLNMGK EEASLEEVLA
EERKHLSKLL LESQEFDHFL ATKFATVKRY GGEGAESMMG

MFRKMRGLSE FPENVAAIGD VLSHLTSSVD LDFGAHRPLH
PGDKVICLQV HGDASFCGQG IVLETFTLSN LPHFRIGGSI

SPEEVVRATR LAFEYQRQFR KDVIIDLLCY RQWGHNELDE
KASYYAKLNG HLANVAHYSP PAPHLQARWQ GLVQPAACVT

EKVKNGTNLD WATAETLALG SLLAQGFNVR LSGQDVGRGT
EAVLGFEYGM SIESPKLLPL WEAQFGDFFN GAQIIFDTFI
DSAEEGVDSD TVNMEVVHPT TPAQYFHLLR RQMMRNFRKP

NVKTLIFCSG KHFYALLKQR ESLGAKKRDF AIIRLEELCP

KQLACKLRLV SRPPLPAPAV GIGTVHQQQH EAILFKTFTS

GEPRGDRARP SVDHGLARLV TVYCEHGHKA AQINPLFPGQ

YLNHIYCGPI SIETAQLQSQ EEKDWFARRF EELKKETFTT

FFHELLKLSA YGGITDIIIG MPHRGRLNLL TGLLQLPPEL
—

VTMLPNPSHL EAINPVAVGK TRGRQQSQED GDYSPNGSAQ
HLIVNNQLGY TTPAERGRSS LYSSDIGKLV GCAIIHVNGD

PFFTNPVMYK IIRARKSIPD TYAEHLIASG LMTQEEVSDI

TWDTGVPLEL LRFVGVKSVE VPEELQLHSH LLKMYVQSRM

FSQRHAMVVC QNTDDVYIPL NHMDPNQKGF LEVSNSPLSE
SGGEAKWLLQ SGLVILLPHG YDGAGPDHSS CRIERFLQMC
LIVASPKMLL RYPVAVSTLE EMAPGTAFKP VIGDSSVDPK

FPLDSLQQEM GKYKHVQDII WSQEEPQNMG PWSEVYPRFE

Fig. 2. OADH isoforms in the rat tissues. a) Proteins reactive to antibodies to OADH in the preparations from different tissues: 7 and 2) cere-
bral cortex homogenates; 3) heart homogenate; 4) heart sample enriched with OADH; 5) liver homogenate; 6 and 7) two samples from liver,
with different degree of enrichment with OADH. An aliquot of the protein samples (~35 pg) was loaded in each lane. Dashed lines indicate
the protein markers with the molecular weights of 75, 100, and 150 kDa. b) OADH peptides identified by LC-MS/MS in the rat liver prepa-
ration are highlighted and underlined. The mass spectrometry analysis was carried out for the gel regions corresponding to the molecular
weights of 120-140 and 65-75 kDa.
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Fig. 3. Modifications of rat OADH, identified by high-throughput screening. The data are obtained from PhosphoSitePlus v.6.5.9.1. database
[28]. Domains of the OADH sequence are shown in different colors: E1_dh, dehydrogenase domain (blue); Transket_pyr, transketolase pyrim-
idine-binding domain (orange); OxoGdeHyase, C-terminal 2-oxo acid dehydrogenase domain (green). Modifications of the indicated amino
acid residues include acetylation (green circles); phosphorylation (blue circles); succinylation (grey circles), ubiquitination (brown circles).
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geting the protein to mitochondria. The 130-kDa band is
mainly detected in the liver (Fig. 2a), where the levels of
DHTKDI mRNA and OADH are the highest in compar-
ison with other tissues [3]. The presence of OADH in
both protein bands reacting with the antibodies, is con-
firmed by mass spectrometry identification of the
OADH-specific peptides (Fig. 2b). The obtained data
indicate that the difference between the molecular
weights of OADH isoforms identified by immunoblotting,
and the calculated weight of OADH, is due to changes in
the OADH structure.

It is known from high-throughput studies that
OADH interacts with ubiquitin and ubiquitin-like pro-
teins (NEDDS8, SUMO1) [26, 27]. Ubiquitination of
OADH at Lys537, Lys881, and Lys886 residues is demon-
strated in one of these studies (Fig. 3). Unlike other mod-
ification found in OADH (Fig. 3), ubiquitination could
increase the enzyme molecular weight from 100 kDa to
130 kDa, as observed in this work, and even further.

Peptides containing characteristic Lys-e-Gly-Gly
triplets are found during identification of ubiquitinated
proteins by mass spectrometry after trypsinolysis [29].
However, in the examined rat liver samples such peptides
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could not have been identified; hence, the possibility of
OADH modification with ubiquitin or ubiquitin-like pro-
teins requires further investigation. Nevertheless, an
OADH-specific peptide is revealed also during mass-
spectrometric analysis of the gel region above the protein
band of 130 kDa. This finding suggests the existence of
OADH isoforms with molecular weight(s) higher than
130 kDa. Obviously, the amount of these high-molecular-
weight forms detectable by mass spectrometry, is low
compared to that of the main OADH isoforms, which are
detectable by immunoblotting (Fig. 2a).

OADH peptides identified by mass spectrometry of
the gel region corresponding to proteins with molecular
weight of 65-75 kDa (Fig. 2b), are marked on the protein
monomer model (Fig. 4), based on the structure of
Mpycobacterium smegmatis OGDH. As can be seen in
Fig. 4, the identified peptides cover the dehydrogenase,
transketolase, and C-terminal domains of OADH, but are
absent at the N-terminus. The obtained results suggest
that the 70-kDa OADH isoform may arise due to alterna-
tive site of transcription start of DHTKD1 gene or alterna-
tive splicing of mRNA. Besides, it could result from spe-
cific cleavage of the N-terminal fragment.

Transketolase pyrimidine-binding domain

S\ ‘\C!

Dehydrogenase E1 component domain

Fig. 4. Model of rat OADH monomer with thiamine diphosphate and Mg?*. Magnesium ion is shown in pink, thiamine diphosphate mole-
cule — in orange, dehydrogenase domain of El-components of 2-oxo acid dehydrogenases — in green, transketolase pyrimidine-binding
domain — in red, C-terminal domain — in yellow. OADH peptides identified in the fraction of proteins with molecular weight of 70 kDa

(Fig. 2b), are marked in blue.
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Catalytic competence of 70-kDa isoform is unclear.
In eukaryotic OGDH, the N-terminal fragment partici-
pates in the formation of the multienzyme complex, and
proteolytic removal of this fragment inactivates the com-
plex-catalyzed reaction [30]. The existence of the N-ter-
minus-truncated 70-kDa isoform may therefore testify
that OADH has functions that do not require formation
of the multienzyme complex. Non-oxidative decarboxy-
lation of 2-oxo0 acids, including the carboligase reactions
predicted for OADH [1], could be among these functions.
It is worth noting in this regard that mycobacterial
OGDH, which has significant structural similarity with
OADH according to our phylogenetic analysis (Fig. 1), is
known to efficiently catalyze non-oxidative decarboxyla-
tion of 2-oxoglutarate. In the non-oxidative reaction, the
decarboxylation product is either released as succinic
semialdehyde or condensed with glyoxylate in the so-
called carboligase reaction (Fig. 5). The biological signif-
icance of this non-oxidative function of animal OADH
could explain a high content of the 70-kDa isoform in the
heart (Fig. 2a), where the rate of the complex-catalyzed
overall reaction of oxidative decarboxylation of 2-oxoad-
ipate (reaction 1) at its low concentration which is satu-
rating for OADH, but not OGDH, is close to zero [3].
Under these conditions, the overall reaction of 2-oxoadi-
pate oxidative decarboxylation is measurable only with

dicarboxylic 2-oxo acid
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- WO_
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O
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thiamine diphosphate k
(ylide)
T H—r
R1: B-hydroxyethyl diphosphate C—sg
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n = 2: 2-oxoglutarate
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(e}
HO CO,
n
CcO,
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dicarboxylic acid
semialdehyde

2-hydroxy-3-oxo acid
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the liver preparations of the enzyme [3], where both
OADH isoforms are detected (Fig. 2a).

Thus, the 70-kDa OADH isoform might be neces-
sary for the non-oxidative functions of OADH (Fig. 5),
which does not require the formation of the multienzyme
complex essential for oxidative decarboxylation. At the
same time, the presence of 130-kDa isoform coincides
with the efficient catalytic transformation of 2-oxoadi-
pate in the overall reaction of oxidative decarboxylation
(reaction 1).

Characterization of human OADH produced in
eukaryotic and bacterial systems. No low-molecular-
weight OADH band is observed upon the human
DHTKDI expression in the Pichia pastoris eukaryotic sys-
tem. The molecular weight of the produced protein is
close to 100 kDa, corresponding to the weight calculated
from the enzyme amino acid sequence (Fig. 6a). Similar
result is obtained upon the human DHTKD]1 expression
in E. coli cells (Fig. 6b).

The production of only one protein band with a
molecular weight of 100 kDa upon the human DHTKD1
expression in bacteria or yeast (Fig. 6) indicates that the
recombinant OADH is different from the enzyme iso-
forms existing in animal tissues (Figs. 2 and 6). This dif-
ference limits significance of the published functional
studies on the full-length recombinant OADH produced

Ra

k o, Ro

O e

S TVIERE

OHo ( ° 3
CO,

o~ >co,

glyoxylate (Wn
CO,

n = 2: 2-hydroxy-3-oxoadipate
n = 3: 2-hydroxy-3-oxopimelate

Fig. 5. Non-oxidative transformation of dicarboxylic 2-oxo acids, potentially catalyzed by OADH. The thiamine diphosphate ylide formed in
the OADH active site, reacts with 2-oxoglutarate or 2-oxoadipate, catalyzing their decarboxylation. The reaction intermediate, stabilized by
the resonance transition between its carbanion and enamine forms, is shown in square brackets. In the absence of acceptor substrates, the
intermediate decomposes with the formation of semialdehyde of the dicarboxylic acid. In the presence of compounds with the activated car-
bon atom, such as glyoxylate, the 2-oxo acid dehydrogenases may catalyze the carboligase reaction. The reaction with glyoxylate producing

2-hydroxy-3-oxo acid, is shown.
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a P. pastoris

I
OADNH elution

/I 2 3 4 5 6 7 8 9

II

kDa

OADH in lysate

-175
-130

kDa - + +

—

b E. coli

kDa Pur.

130+

95-
70+

Lysate

Fig. 6. Human OADH produced by the DHTKD1 expression in P. pastoris (a) or E. coli (b). 1) Purification of human OADH produced in
P. pastoris by affinity chromatography: /) yeast lysate, 2-9) OADH fractions eluted from a Ni-NTA column by a gradient of increasing imi-
dazole concentration from 30 mM (fraction 2) to 250 mM (fraction 9). The gel was stained with Coomassie Blue [31]. IT) Immunoblot of
P. pastoris lysates before and after induction of OADH expression. b) Immunoblot of purified OADH (Pur.) and lysate of E. coli BL21(DE3)

cells expressing human DHTKD1.

by genetic engineering approaches, for understanding the
biological functions and regulation mechanisms of
OADH.

In conclusion, we have compared structural proper-
ties of mammalian OADH in tissues or produced in the
yeast or bacterial expression systems. Immunostaining
reveals that OADH in rat tissues is significantly modified,
compared to the enzyme produced upon the human
DHTKDI expression in bacteria or yeast. In the tissues,
OADH is represented by two isoforms with molecular
weights of 130 and 70 kDa, while the weight of OADH
produced in bacteria or yeast is close to the expected one
(100 kDa). The characterized properties of OADH iso-
forms in mammalian tissues testify to specific regulation
of the DHTKDI expression and/or posttranslational
modifications of the encoded protein. The functional sig-
nificance of such regulation may be associated with the
non-oxidative reactions catalyzed by mammalian OADH.
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