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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 DHTKD1-encoded isoenzyme, 2-oxoadipate dehydrogenase (OADH), depends on a number of factors, and mutant DHTKD1 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 spectrometry identifies two OADH isoforms with molecular weights of about 130 and 70 kDa. These isoforms are not observed
upon the expression of human DHTKD1 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 animal-specific regulation of the DHTKD1 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 truncated 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-oxo 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.
DOI: 10.1134/S0006297920080076
Keywords: DHTKD1, OGDH, carboligase, 2-oxoglutarate dehydrogenase isoenzyme, 2-oxoadipate dehydrogenase isoform,
posttranslational modifications

INTRODUCTION
2-Oxoadipate dehydrogenase (OADH), a product of
the DHTKD1 (dehydrogenase E1 and transketolase

domain-containing 1) gene, was discovered by the automatic annotation of animal genomes. Based on the sum
of identical amino acids and conservative amino acid substitutions, the OADH sequence has 56% similarity with 2-

Abbreviations: DHTKD1, 2-oxoadipate dehydrogenase (dehydrogenase E1 and transketolase domain-containing 1) gene; OADH,
2-oxoadipate dehydrogenase; OGDH, 2-oxoglutarate dehydrogenase.
* To whom correspondence should be addressed.
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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 dicarboxylic 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 produced in bacterial expression system, OADH catalyzes
the reaction of oxidative decarboxylation of 2-oxoadipate, analogous to that of OGDH (reaction 1):

(1)

However, manifestation of mutations in the human
DHTKD1 gene, as well as accumulation of 2-oxoadipate
and 2-aminoadipate (intermediates of lysine and tryptophan catabolism) in the cases of such mutations [6, 7],
are fundamentally different from the outcomes of mutations 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 functions of OADH and OGDH differ more significantly in
vivo than in vitro.
Investigation of physiological significance of OADHcatalyzed oxidative decarboxylation of 2-oxoadipate (a
common intermediate of lysine and tryptophan catabolism) is hindered by the limited understanding and cellspecific expression of metabolic pathways employing the
reaction. Moreover, the absence of a clearly pronounced
phenotype associated with the DHTKD1 mutations, may
be also due to a significant variability in the DHTKD1
expression in different organs and tissues of the same
organism and at the population level. Down-regulation of
OADH synthesis in cells perturbs mitochondrial biogenesis and energy metabolism [10]. At the organism level,
changes in the DHTKD1 expression are associated with the
development of systemic pathologies of glucose metabolism, such as diabetes and obesity [11-13]. Accumulation
of 2-oxo- and 2-aminoadipate due to mutations of essential OADH residues accompanies neuromuscular disorders
[6, 7, 14]. On the other hand, 2-aminoadipate demonstrates a neuroprotective effect in a model of Parkinson
disease [15], which indicates complexity of (patho)physiological 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
BIOCHEMISTRY (Moscow) Vol. 85 No. 8 2020
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enzyme in animal tissues, are characterized. We demonstrate 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 recombinant protein synthesized in either bacterial or yeast
expression systems. These results imply alternative protein products of the DHTKD1 gene and/or their posttranslational modifications in animals, which do not
occur when the recombinant OADH is produced.

MATERIALS AND METHODS
Materials. All used reagents were of the highest purity grade available. Polyethylene glycol-6000, EDTA, and
PMSF were purchased from Serva (Germany); protease
inhibitor cocktail – from Roche (Switzerland); methanol – from Merck (Germany); Triton-X 100, KH2PO4,
and NaCl – from Panreac (Spain); glycerol and sucrose –
from Biomedicals, LLC (USA); MgCl2 and CaCl2 – 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 temperature 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 OADHenriched fractions. Homogenization of rat tissues was performed 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 according 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 bacterial cells with lysozyme followed by ultrasonic disintegration. The recombinant protein with the His6-tag at the
C-terminus was purified from the bacterial lysate on a NiNTA-agarose resin in 50 mM KH2PO4, pH 8.0, containing 300 mM KCl and 300 mM imidazole.
OADH production in yeast expression system. The
pIB2 vector with the human DHTKD1 cDNA under the
GAP promoter was linearized with the SalI restriction
endonuclease and used for the transformation of competent 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 centrifugation and freezing. The cells were disrupted using glass
beads in the presence of DNase 1 and RNase. OADH
with the His6-tag at the C-terminus was purified on a NiNTA Superflow column (1-ml Cartridge, Qiagen,
Germany) equilibrated with 50 mM KH2PO4 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 ÄKTA Prime chromatographic system (GE
Healthcare, USA).
SDS-PAGE and immunoblotting. Protein samples
were mixed with the solubilizing buffer (250 mM TrisHCl, 8% SDS, 40% (v/v) glycerol, 20% β-mercaptoethanol, 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-B01P, 1 : 500, Abnova, Taiwan). Horseradish 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 CH3COONa, pH 5.0, containing 5%
dimethyl formamide, was mixed with 30% hydrogen peroxide at a ratio 1 : 2000. In the latter case, the ECL substrate kit (Bio-Rad, USA) was used. Band images were
acquired with a ChemiDoc MP imaging system (BioRad).
The molecular weights of the protein bands stained
by the OADH antibodies, were determined from the linear 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 (LCMS/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 Q4KLP0)
homologues in Swiss-Prot and RefSeq databases, using
the BLASTP tool [20]. Except for E-value threshold of
10−3 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-

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 (Schrödinger, Inc.) was used for protein
visualization.

RESULTS AND DISCUSSION
Phylogenetic analysis of the OADH origin. The phylogenetic tree of the 2-oxo acid dehydrogenase family
presented in Fig. 1, shows that the DHTKD1-encoded
OADH diverged from OGDH during early evolution of
multicellular eukaryotes. Currently, the DHTKD1-encoded 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 eukaryotic OADHs and bacterial OGDHs (Fig. 1), pointing to
their close relationship. Such structural similarity suggests 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 complexes, those of eukaryotes employ additional protein–protein interactions during self-assembly and display
increased selectivity of the 2-oxo substrates transformation [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 associated 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 proteins (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
BIOCHEMISTRY (Moscow) Vol. 85 No. 8 2020
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Fig. 1. Phylogenetic tree of 2-oxo acid dehydrogenases. For the optimal visualization of results, α-subunits of pyruvate dehydrogenases
(PDHA proteins) are presented as one common branch; β-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 online 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 molecular weight estimation, the weights of the isoforms are furBIOCHEMISTRY (Moscow) Vol. 85 No. 8 2020

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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a

b

Fig. 2. OADH isoforms in the rat tissues. a) Proteins reactive to antibodies to OADH in the preparations from different tissues: 1 and 2) cerebral 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 µg) 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 preparation 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.

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 pyrimidine-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
DHTKD1 mRNA and OADH are the highest in comparison with other tissues [3]. The presence of OADH in
both protein bands reacting with the antibodies, is confirmed 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 proteins (NEDD8, SUMO1) [26, 27]. Ubiquitination of
OADH at Lys537, Lys881, and Lys886 residues is demonstrated in one of these studies (Fig. 3). Unlike other modification 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-ε-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 proteins requires further investigation. Nevertheless, an
OADH-specific peptide is revealed also during massspectrometric 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-molecularweight 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
Mycobacterium 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 alternative site of transcription start of DHTKD1 gene or alternative splicing of mRNA. Besides, it could result from specific cleavage of the N-terminal fragment.

Fig. 4. Model of rat OADH monomer with thiamine diphosphate and Mg2+. Magnesium ion is shown in pink, thiamine diphosphate molecule – in orange, dehydrogenase domain of E1-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.

BIOCHEMISTRY (Moscow) Vol. 85 No. 8 2020
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Catalytic competence of 70-kDa isoform is unclear.
In eukaryotic OGDH, the N-terminal fragment participates in the formation of the multienzyme complex, and
proteolytic removal of this fragment inactivates the complex-catalyzed reaction [30]. The existence of the N-terminus-truncated 70-kDa isoform may therefore testify
that OADH has functions that do not require formation
of the multienzyme complex. Non-oxidative decarboxylation of 2-oxo 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 decarboxylation of 2-oxoglutarate. In the non-oxidative reaction, the
decarboxylation product is either released as succinic
semialdehyde or condensed with glyoxylate in the socalled carboligase reaction (Fig. 5). The biological significance 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-oxoadipate (reaction 1) at its low concentration which is saturating for OADH, but not OGDH, is close to zero [3].
Under these conditions, the overall reaction of 2-oxoadipate oxidative decarboxylation is measurable only with

the liver preparations of the enzyme [3], where both
OADH isoforms are detected (Fig. 2a).
Thus, the 70-kDa OADH isoform might be necessary 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-oxoadipate in the overall reaction of oxidative decarboxylation
(reaction 1).
Characterization of human OADH produced in
eukaryotic and bacterial systems. No low-molecularweight OADH band is observed upon the human
DHTKD1 expression in the Pichia pastoris eukaryotic system. 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 DHTKD1 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 isoforms existing in animal tissues (Figs. 2 and 6). This difference limits significance of the published functional
studies on the full-length recombinant OADH produced

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 carbon 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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Fig. 6. Human OADH produced by the DHTKD1 expression in P. pastoris (a) or E. coli (b). I) Purification of human OADH produced in
P. pastoris by affinity chromatography: 1) yeast lysate, 2-9) OADH fractions eluted from a Ni-NTA column by a gradient of increasing imidazole concentration from 30 mM (fraction 2) to 250 mM (fraction 9). The gel was stained with Coomassie Blue [31]. II) 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 properties 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
DHTKD1 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 isoforms in mammalian tissues testify to specific regulation
of the DHTKD1 expression and/or posttranslational
modifications of the encoded protein. The functional significance of such regulation may be associated with the
non-oxidative reactions catalyzed by mammalian OADH.
BIOCHEMISTRY (Moscow) Vol. 85 No. 8 2020
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