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Phosphonate analogs of pyruvate and 2-oxoglutarate are established specific
inhibitors  of cognate 2-oxo acid dehydrogenases. The present work develops
application of this class of compounds to specific in vivo inhibition of 2-oxoglutarate
dehydrogenase (OGDH) and its isoenzyme, 2-oxoadipate dehydrogenase (OADH). The
isoenzymes-enriched preparations from the rat tissues with different expression of
OADH and OGDH are used to characterize their interaction with 2-oxoglutarate (OG),
2-oxoadipate (OA) and the phosphonate analogs. Despite a 100-fold difference in
the isoenzymes ratio in the heart and liver, similar Michaelis saturations by OG are
inherent in the enzyme preparations from these tissues (K,?qG = 0.45 + 0.06 and 0.27
+ 0.026 mM, respectively), indicating no significant contribution of OADH to the OGDH
reaction, or similar affinities of the isoenzymes to OG. However, the preparations differ
in the catalysis of OADH reaction. The heart preparation, where OADH/OGDH ratio
is 0.01, possesses low-affinity sites to OA (K,?f‘ = 0.55 &+ 0.07mM). The liver
preparation, where OADH/OGDH ratio is ~ 1.6, demonstrates a biphasic saturation
with OA: the low-affinity sites (K94, = 0.45 + 0.12mM) are similar to those of the

m2 —
heart preparation; the high-affinity sites (K9 = 0.008 =+ 0.001 mM), revealed in the liver
preparation only, are attributed to OADH. Phosphonate analogs of C5-C7 dicarboxylic
2-0x0 acids inhibit OGDH and OADH competitively to 2-oxo substrates in all sites. The
high-affinity sites for OA are affected the least by the C5 analog (succinyl phosphonate)
and the most by the C7 one (adipoyl phosphonate). The opposite reactivity is inherent
in both the low-affinity OA-binding sites and OG-binding sites. The C6 analog (glutaryl
phosphonate) does not exhibit a significant preference to either OADH or OGDH.
Structural analysis of the phosphonates binding to OADH and OGDH reveals the

substitution of a tyrosine residue in OGDH for a serine residue in OADH among structural

~
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2-Oxo Phosphonates as DHTKD1 Inhibitors

determinants of the preferential binding of the bulkier ligands to OADH. The consistent
kinetic and structural results expose adipoyl phosphonate as a valuable pharmacological
tool for specific in vivo inhibition of the DHTKD7-encoded OADH, a new member of
mammalian family of 2-oxo acid dehydrogenases, up-regulated in some cancers and
associated with diabetes and obesity.

Keywords: succinyl phosphonate, glutaryl phosphonate, adipoyl phosphonate, OGDH, OADH, DHTKD1, acyl
phosphonate complex with 2-oxo acid dehydrogenase, phosphonate analog of 2-oxo acid

INTRODUCTION

Synthetic phosphonate analogs of pyruvate and 2-oxoglutarate
(OG) are specific inhibitors of the reactions, catalyzed by
key regulatory enzymes, the thiamine diphosphate (ThDP)-
dependent pyruvate dehydrogenase (PDH) and 2-oxoglutarate
dehydrogenase (OGDH), respectively (Bunik et al., 2015, 2016;
Artiukhov et al, 2016; Bunik, 2017). In these analogs, the
phosphonate group replaces the carboxyl group which undergoes
the decarboxylation. The interaction of 2-oxo phosphonates
with cognate dehydrogenases mostly results in the non-cleavable
intermediates, mimicking the enzyme transition state (Kluger
and Pike, 1979; Wagner et al., 2019). The tight, yet reversible,
binding of the phosphonates to their cognate dehydrogenases
allows for specific inhibition of 2-oxo acid dehydrogenase in vivo
(Bunik et al., 2013; Artiukhov et al., 2016).

The well-known OGDH-encoded OGDH is a key enzyme
in the mitochondrial tricarboxylic acid (TCA) cycle, whose
mutations which impair the function are incompatible with
life (Bunik, 2017). In contrast, the physiological significance of
the DHTKDI-encoded isoenzyme 2-oxoadipate dehydrogenase
(OADH), catalyzing oxidative decarboxylation of 2-oxoadipate
(OA, Figure 1A), the common intermediate of the lysine and
tryptophan catabolism, is much less obvious, as the DHTKDI
mutations often remain unnoticed. Besides, although OADH
is assumed to function as a component of the 2-oxoadipate
dehydrogenase multienzyme complex, analogous to the one
formed by OGDH, our recent identification of the DHTKDI-
encoded isoforms of OADH in mammalian tissues has supported
our previous prediction from the sequence analysis (Bunik and
Degtyarev, 2008), that OADH may also be active in the isolated
state, catalyzing the non-oxidative decarboxylation (Boyko et al.,
2020). The role of such function in detoxication of aldehydes
(Bunik and Fernie, 2009) may underlie association of the
dysregulated DHTKDI1 expression with diabetes, obesity and
cancer (Lim et al., 2014; Wu et al,, 2014; Kielbus et al., 2015;
Plubell et al., 2018; Timmons et al., 2018).

In order to discriminate physiological significance of
the reactions catalyzed by the isoenzymes of 2-oxoglutarate

Abbreviations: AP, adipoyl phosphonate; DHTKD1, dehydrogenase E1 and
transketolase domain-containing protein 1; GP, glutaryl phosphonate; OA,
2-oxoadipate; OADH, 2-oxoadipate dehydrogenase; OG, 2-oxoglutarate; OGDH,
2-oxoglutarate dehydrogenase; OGDHL, 2-oxoglutarate-dehydrogenase-like
protein; PDH, pyruvate dehydrogenase; SP, succinyl phosphonate; TESP, triethyl
succinyl phosphonate; TEGP, triethyl glutaryl phosphonate; ThDP, thiamine
diphosphate; TMAP, trimethyl adipoyl phosphonate.

dehydrogenase, encoded by the OGDH and DHTKDI genes,
in vivo, a homologous series of the phosphonate analogs of
dicarboxylic 2-oxo acids (Figure 1B) has been synthesized
(Artiukhov et al, 2020), namely the succinyl (SP), glutaryl
(GP), and adipoyl (AP) phosphonates. Cellular experiments
have shown specific action of the compounds on metabolomes,
coinciding with their inhibition of the OGDH and OADH
reactions, catalyzed by the partially purified OGDH and OADH.
A number of other enzymatic reactions, employing 2-oxo acids,
or their structural analogs, are not affected by the phosphonates
(Artiukhov et al., 2020).

These promising findings justify a detailed study of the
molecular mechanisms underlying the specific action of the
phosphonate inhibitors on OADH and OGDH in vivo. To
develop the most selective inhibitors in vivo, our current work
aims at comparing the binding of the homologous phosphonate
analogs of dicarboxylic 2-oxo acids to OADH and OGDH. We
use inhibition kinetics to quantify the binding, and analysis
of available structures to identify the molecular origin of
the interaction specificity. The quantifications obtained by
the kinetic study show a good agreement with the structural
data available for the two isoenzymes and the known OGDH
complexes with the phosphonates (Wagner et al., 2019). As
a result, molecular basis of the selective regulation of the
OGDH or OADH isoenzymes by the synthetic phosphonate
inhibitors is revealed, providing new knowledge on the directed
regulation of the target enzymes in cells and organisms.
While SP, whose inhibition of OGDH was first published
about three decades ago (Bunik et al., 1992), is by now well-
recognized as a specific and eflicient inhibitor of OGDH in
vivo, our development of a similar inhibitor of OADH opens
new ways to study the poorly understood biological role of
this isoenzyme. Moreover, pharmacological tools to specifically
affect the OADH function may be of therapeutic significance,
as regulation of the DHTKDI expression is observed in a
number of pathological conditions, including diabetes, obesity
and malignant transformation.

MATERIALS AND METHODS

Reagents
All reagents were of the highest purity available.

Trisodium salts of the succinyl, glutaryl, and adipoyl
phosphonates and their ester precursors were synthesized as
described elsewhere (Bunik et al., 2005; Artiukhov et al., 2020).
Briefly, the trialkyl ester precursors of the phosphonates were
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FIGURE 1 | Structures of the dicarboxylic 2-oxo acids (A) as well as the corresponding phosphonate analogs (B) and their membrane-permeable precursors (C),
studied in this work.

prepared by standard Arbuzov reaction of trialkyl phosphite
with the corresponding monoalkyl ester chlorides of succinic,
glutaric and adipic acids. Trisodium salts of the phosphonates
were obtained after the treatment of the corresponding trialkyl
esters by bromotrimiethylsilane, followed by alkaline hydrolysis.
Subsequent recrystallization from aqueous ethanol provided 95-
97% purity salts, according to their 'H and *'P NMR spectra
(Supplementary Figures 1A-D,L,J).

Enrichment of OGDH and OADH From Rat

Tissues and Activity Assays
Enzymes catalyzing OGDH and OADH reactions were enriched
from rat hearts and livers using polyethylene glycol precipitation,
as previously described (Artiukhov et al., 2020).

The enzyme activities were assayed in the medium (pH 7.0)
containing 50 mM MOPS, 1mM ThDP, 1 mM MgCl,, 1 mM
CaCl,, 1mM dithiothreitol 0.15mM Coenzyme A, 0.25mM
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NADT and various concentrations of 2-oxo substrates (0—
10 mM OG or OA) and their phosphonate analogs (0-5,000 uM
SP, GP, or AP). Reactions were started by addition of the
enzyme preparations to the assay media. The amount of enzyme
preparations (0.074 mg protein for the preparation from liver and
0.023 mg protein for the preparation from heart) were chosen
to induce the lowest reliably measured reaction rate (AAzyy =
0.001/min) at 0.01 mM OA without the phosphonates.

Reaction rates were calculated from linear parts of the product
accumulation curves (up to 10 min, dependent on the reaction
rate), excluding the initial region, where mixing the reagents and
solubilization of the preparation affected the optical density.

Kinetics of the Substrate and Inhibitor
Binding
To compare the catalytic rates of the non-homogeneous
preparations, their specific activity, ie., the reaction rate
normalized per mg of protein in the assay system, was used as a
measure of the reaction rate v or its maximal value V,,,,,, attained
at the substrate saturation, throughout this study. Accordingly, a
and A,y are used as the equivalents of v and Vjy,y, in the text.

Non-linear regression was used to approximate the
experimental dependences of the reaction rates on the OG
or OA concentration according to the Michaelis-Menten

Amax*[8] Amax,1" (8] +Amax,z*[S] ).

Kin+[S] Kin1+[S] ' K 2+[S]
The former equation describes one type of the active sites.
When the simulation by the model with one type of active sites
resulted in a poor fitting of the experimental data (R*> < 0.98),
the data were approximated by the model assuming the two
independent types of the active sites with different affinities
toward 2-oxo substrates (Kj,1 < Ky;2). The assumption was
based on the presence of the two enzymes, OGDH and OADH,
in the employed preparations.

The kinetic data were also analyzed by linear regression, using
the known methods of the linearization of the Michaelis-Menten
equation in the Lineweaver-Burk (1/a=1/Amax 1+%‘ ) and

) or its sum (a=

equation (a=

Eadie-Hofstee (a:Amax—Kmﬁ) coordinates. Due to the several
orders of magnitude difference in the values of K, and Ky, 5, the
linear regression required separate analysis of the dependencies
in the intervals of the low and high concentrations of 2-
oxoadipate. The Kj;, and A, values obtained in independent
experiments using the non-linear and linear regression analyses
of the experimental data, were averaged and presented as Mean
+ Standard Error of Mean.

To determine the inhibition constants (K;), the effective values
of Kf,ll7 and Affax, calculated from the hyperbolic or linear
approximations as described above, were plotted against the
concentration of the inhibitors ([I]). The linear regression of
the equation Kﬁ,ﬁ/AffliX:Km/Amax (1—|— %), (Cornish-Bowden,
1979) was applied to find the Intercept (K, /Amax) and Slope
(Kim/(Amax*Ki)) of a dependence. The values of K; were
determined as the ratio of the corresponding Intercepts to the
Slopes. In the two-site model, the Kfl) and ng) were calculated
separately from the linear approximations of Kfrffl /Afnﬂ;x) ; vs. 1]
and ngz /Aeﬁr vs. [I] dependences, respectively. The standard

max,2

errors of K; were determined from means and standard errors
of the Intercepts and the Slopes, using the previously described
formula for standard deviation of a fraction (Bunik et al., 1999).
The K; values obtained from the non-linear and linear regression
analyses of the experimental data were averaged and presented as
Mean = Standard Error of Mean.

Structural Analysis
Sequences of rat OGDH, rat OGDHL, rat OADH, human OADH
and OGDH from Mycobacterium smegmatis were downloaded
from the UniprotKB database (www.uniprot.org, Uniprot, 2019)
under the accession numbers Q5XI78, D3ZQD3, Q4KLPO,
Q96HY7, and AOR2BI, respectively. The sequences were aligned
in JalView version 2.11 (Waterhouse et al., 2009), using the built-
in Muscle algorithm (Edgar, 2004) with default parameters. N-
terminal mitochondrial targeting sequences were identified by
TargetP-2.0 web-server (Almagro Armenteros et al., 2019).
Structure of rat OGDH was modeled using SWISSModel
web-server (Waterhouse et al., 2018), with OGDH from M.
smegmatis in complex with the post-decarboxylation ThDP
adduct [PDB ID: 2YOP, (Wagner et al, 2011)] serving as a
template. The modeled structure was superimposed onto that of
human DHTKD1 [PDB ID: 6SY1, (Bezerra et al., 2020)]. Each
of the structures was then aligned to M. smegmatis OGDH in
complex with SP*ThDP (PDB ID: 6R29, [Wagner et al., 2019)].
Then, SP in its adduct with ThDP was substituted by GP or
AP. In each of the phosphonate*ThDP adducts, the phosphonate
moieties were positioned in the same orientation as SP*ThDP in
M. smegmatis OGDH, and stereochemical restraints dictionaries,
generated with the Jligand software (Lebedev et al., 2012), were
applied. All superimpositions and image renderings were done
in PyMol 2.4 (Schrodinger, LLC).

Analysis of the Stability of Synthesized

Phosphonates During Storage

Stability of the purified phosphonates and their esterified
precursor was analyzed by NMR after storage under the
inert (pure argon) or ambient (air) atmosphere and in water
solutions. 'H, 13C and *'P NMR spectra were recorded at 400,
100.6, and 161.9 MHz, respectively with a Bruker Avance 400
spectrometer. Chemical shifts were calculated using D,O or
CDCl; as reference standards for trisodium salts and triesters,
respectively. The spectra of the phosphonates and their esters
before and after storage are shown in Supplementary Figures 1,
2 correspondingly.

Statistics

Data are presented as Mean =+ Standard Error of Mean.
Regression analysis was done in GraphPad Prism 8, Fitting
the experimental data to a model by non-linear regression was
estimated by coefficients of determination (R?), equivalent to a
coeflicient of correlation (r) used in linear regression.

Frontiers in Chemistry | www.frontiersin.org

January 2021 | Volume 8 | Article 596187


http://www.uniprot.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Artiukhov et al.

2-Oxo Phosphonates as DHTKD1 Inhibitors

RESULTS

Tissue-Specific Kinetic Parameters of the
OGDH and OADH Reactions Correspond to

the Isoenzymes Expression

Kinetic analysis of the 2-oxo substrate saturation of the studied
enzymes employs the assays of the overall OGDH and OADH
reactions, catalyzed by the multienzyme complexes including the
2-oxo acid dehydrogenases as their first components. Purification
of these multienzyme complexes to a homogeneous state is
hindered by the well-recognized problem of the dissociation of
the complex components during the isolation. Specific problem
with isolating the homogeneous OADH and OGDH complexes,
whose second and third components are the same, is potential
formation of the hybrid complex through the exchange of
the peripheral subunits, OADH and OGDH. Obviously, such
an exchange should be promoted in the concentrated and/or
detergent-treated fractions of the two complexes during their
isolation. On the other hand, our recent work has shown that
OADH in mammalian tissues is significantly modified, compared
to the recombinant enzyme (Boyko et al., 2020), which limits
the biological significance of the studies of the OADH regulation
using the recombinant enzyme. Hence, the tissue fractions
with the complexes enriched to a degree allowing for a robust
detection of the enzymatic activities, have been used in the
current study.

In order to differentiate the contributions of OADH and
OGDH to the reactions with OA and OG in such preparations,
the enzyme complexes from the rat tissues with different
expression of the isoenzymes are used. According to the
transcriptomics data (Artiukhov et al, 2020), the rat heart
possesses mainly OGDH (DHTKDI1/OGDH mRNA ratio =~
0.01), while the liver contains comparable levels of the two
isoenzymes (DHTKD1/OGDH = 1.6). In view of the similar
substrate specificity of OGDH and another, the OGDHL-encoded
isoenzymes (Bunik et al., 2008), added by a minor content of
the OGDHL transcripts (< 1% of OGDH) in either the heart
or liver (Bunik et al., 2008; Artiukhov et al., 2020), the kinetic
contribution of the OGDHL-encoded OGDH-like isoenzyme in
these tissues is neglected.

Analysis of the dependences of the enzymatic activities from
the rat heart and liver on the concentration of OG and OA
are shown in Figure 2. The kinetic analysis demonstrates that
saturation with OG in both the heart and liver preparations
is well fitted by the one-site model (R? > 0.99, Figures 2A,B).
This finding indicates that the OADH isoenzyme, which is
abundant in the liver, does not contribute significantly to the
OGDH reaction even in the tissue with a comparable expression
of both isoenzymes. Alternatively, the data would agree with
similar affinities of OGDH and OADH to OG, but the study
with the complexes constructed from recombinant component
does not support this assumption (Nemeria et al., 2017, 2018).
Contrary to the oxidative decarboxylation of OG, that of OA
demonstrates the different kinetics for the two tissues. For the
enzyme preparation from heart, saturation with OA is also
well-approximated by a Michaelis-Menten model (R* = 0.995,
blue line in Figure 2C), in accordance with the abundance of

A Heart B Liver
. -
o o
2 0.8+ 2 0.054
g g
0.04-]
5 067 5
£ R?=0.997 0.3
OG Eo4 E
° S 0.02-
2 2
0.2 =]
3 oot
H 2
3 0.1 £ 0.00 =
< 0001 001 01 1 10 < 0001 001 01 1 10
[OG], mM [0G], mM
C D
° °
£ 0.12 £ 0.010
g g
= 0.0 - 0008
Q Qo
< £ 0.006
€ 0.06-] €
OA 3 3 0.004
2 e
éo.os- Zoo0-
2 3 3
2 0.00 T T T 1 g 0.000 T T T 1
0001 001 01 1 10 0001 001 01 1 10

[OA], mM [OA], mM

FIGURE 2 | Comparative kinetic analysis of the 2-oxo substrate concentration
dependencies of the OGDH and OADH reactions, catalyzed by the enzyme
preparations from the rat heart and liver. The reactions were started by the
addition of the complexes-enriched enzyme preparations from the rat heart
(A,C) or liver (B,D), to the assay medium. The dependences of the specific
activities of the preparations on the concentrations of 2-oxoglutarate (OG, A,B)
or 2-oxoadipate (OA, C,D) are shown. Experimental data are fitted by the
Michaelis-Menten equation (blue lines) or by a sum of the two
Michaelis-Menten equations (red lines), with the coefficients of determination
(R?) indicated in the corresponding color. The substrate saturation parameters
are presented in Table 1.

the OGDH isoenzyme only. However, in the OADH reaction
catalyzed by the enzyme preparation from liver, the dependence
of activity on the OA concentration does not conform to the
standard Michaelis-Menten approximation. The poor fitting
of the experimental data with such a model (R* = 0.953,
blue line in Figure 2D) is due to the systemic deviation of
the experimental dependence from the simulated one in the
region of low OA concentrations (Figure 2D). Observation of
this deviation only with the liver preparation where OADH is
abundant (Figures 2C,D), indicates specific contribution of a
DHTKDI-encoded isoenzyme to the OADH reaction, which is
kinetically different from that of the OGDH-encoded isoenzyme.
Accordingly, the experimental data has been fitted by a model,
assuming two types of independent binding sites. This model,
described by a sum of two Michaelis-Menten equations, results
in a much better fit to the experimental data (R? = 0.999, red line
in Figure 2D), than the model assuming the existence of a single
type of binding sites (R*> = 0.953, blue line in Figure 2D).

The kinetic parameters of the reactions with the two
substrates, OG and OA, characteristic of the substrate binding
sites present in the cardiac and hepatic preparations, are shown
in Table 1. The two preparations show similar values of KOC,
ie, 0.45 + 0.06 and 0.27 £ 0.06 mM (Table 1). However, in
the OGDH reaction, maximal specific activity of the cardiac
preparation is much higher (0.73 £ 0.05 pmol/min per mg
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TABLE 1 | Kinetic parameters of the dependencies of the OGDH and OADH reactions catalyzed by the complexes-enriched preparations from the rat heart and liver, on

concentrations of the 2-oxo substrates.

Parameters OG saturation OA saturation
Heart Liver Heart Liver
Low affinity high affinity
Km, mM 0.45 £ 0.06 0.27 £ 0.06 0.55 £ 0.07 0.45+0.12 0.0077 + 0.0008
Apmax, mol/min per mg of protein 0.73 £ 0.05 0.044 £+ 0.005 0.102 + 0.008 0.0075 + 0.0002 0.0018 + 0.0001

Michaelis-Menten equation is used for analysis of the OG saturations presented in Figures 2A-C. A sum of two Michaelis-Menten equations characterizing the low-affinity and high-
affinity binding sites for OA, is used for analysis of the OA saturation presented in Figure 2D. The mean values of parameters are calculated via averaging the results of non-linear and

linear regression analyses as described in Methods.

protein) than that of the liver preparation (0.044 £ 0.005
pmol/min per mg protein) (Table 1). Such difference in the
activity agrees well with an order of magnitude higher OGDH
expression in the heart vs. liver, both at the mRNA (5.5-times
higher) and protein (10.5-times higher) levels (Artiukhov et al.,
2020).

The saturation of the cardiac enzyme preparation with OA
gives the K94 of 0.55 + 0.07 mM (Table 1). This value is close
to that known for the recombinant OGDH complex catalyzing
oxidative decarboxylation of OA as its alternative substrate
(0.52 mM, Nemeria et al., 2017). A 7-fold ratio of the maximal
specific activity of the cardiac enzyme preparation under the
saturation with OG (0.73 £ 0.05 pmol/min per mg protein),
compared to that with OA (0.102 £ 0.008 pmol/min per mg
protein), is also in good agreement with a 5-fold ratio of k9/k94,
observed for the recombinant OGDH complex (Nemeria et al.,
2017).

The biphasic saturation with OA in the hepatic enzyme
preparation reveals the two types of active sites with Knoqu =
0.008 & 0.001mM and K{4 = 0.45 + 0.12mM (Table 1). A
60-fold difference in the affinities of the two types of the sites
in the hepatic enzyme preparation is higher than a 35-fold
difference revealed for the recombinant human OADH (KﬁzA =
0.015mM) and OGDH (KﬁA = 0.52mM) (Nemeria et al., 2017,
2018), indicating a better ability of the native OADH complex
to discriminate the cognate substrate, compared to that of the
recombinant OADH complex. The specific activities of the high-
and low-affinity OA-binding sites of the hepatic preparation in
the OADH reaction at the saturation with OA correspond to
0.0075 =£ 0.0002 and 0.0018 £ 0.0001 pmol/min per mg protein
(Table 1), respectively. Assuming comparable abundances of the
OGDH- and DHTKDI-encoded mRNAs and proteins in the liver
(Artiukhov et al., 2020) and a 2-fold higher k%4 of recombinant

cat
OADH complex (6.0 s™!), compared to k¢ of recombinant
OGDH complex (2.7 s7!) (Nemeria et al,, 2017, 2018), a higher
contribution of the high-affinity vs. low-affinity sites to the
OADH reaction, catalyzed by the hepatic preparation, can be
expected. However, the maximal specific activity of the high-
affinity sites determined in the assay is only 25% of that of the
low-affinity sites. This relatively low contribution corresponds
well to a more successful competition of OGDH with OADH
for the common second component of the complex, suggested

earlier from the comparison of the activities of the OADH

complex in different rat tissues (Artiukhov et al., 2020). Besides,
it supports our recent finding (Boyko et al., 2020) that significant
part of OADH expressed in the liver may actually exist as
an isolated enzyme, catalyzing non-oxidative decarboxylation
of OA, which does not require formation of the multienzyme
complex for the oxidative decarboxylation of OA, studied in
this work.

Thus, the kinetic analysis of the OGDH and OADH reactions
catalyzed by the complexes-enriched preparations from the
rat heart and liver provides the estimations of the relative
affinities of the complexes, existing in the mammalian tissues,
to their alternative substrates OG and OA. The determined
kinetic parameters also suggest that only a small part of
total OADH synthesized in the liver contributes to the
overall complex-catalyzed reaction of oxidative decarboxylation
of OA.

Kinetic Analysis of the Inhibition of the
OGDH and OADH Reactions by the
Phosphonate Analogs of

2-oxo dicarboxylates

Similar to the analysis of the enzyme saturations with the 2-
oxo substrates, analysis of the data on the inhibition of the
oxidative decarboxylation of OG and OA by their phosphonate
analogs requires using different models, dependent on the 2-
oxo substrate and enzyme preparation. Experimental data on the
OG saturation of the enzyme preparations from both heart and
liver in presence of inhibitors (SP, GP, and AP) are satisfactorily
approximated (R* > 0.98) by the Michaelis-Menten equation
(Figures 3, 4). The same holds for the OA saturation of the
cardiac enzyme preparation possessing one type of the OA-
binding sites (Figure 5).

However, the two types of the OA-binding sites in the
enzyme preparation from liver (Figure2D and Table 1), are
distinguished also by their different reactivities toward the
phosphonates. In this case, when the approximation by
the Michaelis-Menten equation of experimental data on OA
saturation without the inhibitors is not satisfactory (R? < 0.98),
the R? values characterizing the fitting of the experimental data
to the model vary, depending on the phosphonate used and its
concentration. For instance, at a fixed concentration of 0.05 mM,
R? decreases to 0.822 at 50 uM SP, remains unchanged with GP
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FIGURE 3 | Kinetic analysis of inhibition of OGDH reaction, catalyzed by the enzyme preparation from the rat heart, by the phosphonate analogs of 2-oxo acid
substrates. Plots in semi-log coordinates show the dependence of specific activity on 2-oxoglutarate (OG) concentration (0-10 mM, log scale) at different
concentrations of SP, GP, or AP, fitted by Michaelis-Menten equations. Inset graphs show the same dependences using linear scale, cropped at 2 mM. Approximation
of the experimental data by linear regression in the Lineweaver-Burk and Eadie-Hofstee coordinates and determination of K; values using linear dependencies of
K,e,,” /A;fgx on [l] are shown below the non-linear regression. The K; values obtained in the three types of coordinates are presented in Table 2.

(R* = 0.930) and improves with AP (R? = 0.998). This finding
indicates that the preferential inhibition of the low-affinity sites
by SP increases the relative contribution of the high-affinity
sites to the OADH reaction, thus reducing R? for the one-site
model. In contrast, preferential inhibition by AP of the high-
affinity OA-binding sites decreases their contribution to the
catalysis, leading to the improved fitting of the experimental

data in the presence of AP to the one-site model. No changes
in R? suggest similar reactivity of the different sites to GP.
Thus, in general, the substrate saturation curves in the presence
of the increasing concentrations of SP, GP and AP have been
approximated by a sum of two Michaelis-Menten equations.
Considering the difference in K,?lAl and KglAz of two orders of
magnitude (Table 1), the inhibition has been assessed separately
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FIGURE 4 | Kinetic analysis of inhibition of OGDH reaction, catalyzed by the enzyme preparation from liver, by the phosphonate analogs of 2-oxo acid substrates. The
assay conditions and graph layout are the same as in Figure 3, except the enzyme preparation from the rat liver is used. K; values are presented in Table 2.

in a low (0-0.05mM) and a high (0.1-10 mM) interval of OA
concentrations (Figure 6).

To investigate the mechanism of inhibition, changes in
the effective kinetic parameters (Kf,ﬁ7 and Affjax) at different
concentrations of the inhibitors are analyzed. For the OADH

and OGDH reactions, catalyzed by the cardiac or hepatic

enzyme preparations, increasing the inhibitor concentration up
to 200 WM primarily decreases the affinity to the 2-oxo substrate
without significant changes in the maximal specific activity
(Supplementary Table 1). This indicates that the primary
mechanism of the SP, GP, and AP inhibition of the OGDH
and OADH reactions under the studied conditions corresponds
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FIGURE 5 | Kinetic analysis of inhibition of OADH reaction, catalyzed by the enzyme preparation from the rat heart, by the phosphonate analogs of 2-oxo acid
substrates. The assay conditions and graph layout are the same as in Figure 3, except 2-oxoadipate (OA) is used instead of 2-oxoglutarate. K; values are presented
in Table 3.

to competitive inhibition. However, at high concentrations of  dehydrogenases (reviewed in Bunik et al., 2013; Artiukhov et al.,

the phosphonates also decreases in Afgax could be observed,  2016).

although more pronounced with SP than with GP or AP. This Due to the prevalence of the competitive inhibitory
agrees well with the ability of the phosphonates to form tight, ~component over non-competitive one, the linear dependences
slow dissociating complexes with the active sites of 2-oxo acid ~ of ratios of effective K;, to maximal specific activity on the

Frontiers in Chemistry | www.frontiersin.org 9 January 2021 | Volume 8 | Article 596187


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Artiukhov et al.

2-Oxo Phosphonates as DHTKD1 Inhibitors

S SP GP AP
= 8 0.0104K" =128 + 9 um [SP], uM B 0.0104K(" =2.4 103 uM [GF], uM 8 0.010-Ki" = 0.05 £ 0.10 M [AP], uM
. o |k@=38:01um =0 5 [|k@=14:02um =9 o K =50 + 2 M = 10
(] Eooos by P - 041 Eooos{™ o - 01 E 0,008 T - 01
E 3 - 05 3 - 05 g o - 05
1 £0.006 £0.006 £ 0.006-
(2] E il E -2 E -2
— S o.004 - 10 So.004 % 0 S 0.0041 = 10
a ES ES
g 50002 - 50 50002 - 50 50.002+ - 50
c H > = 200 3 = 200 3 = 200
3 0.000-j=8= A 1000 % 0.000 % 0.000
(3] T o001 001 01 1 0 o g0 < 0001 001 01 1 10 A 1000 < 0001 001 01 1 10 A 1000
E - [OA], mM - [OA], mM - 5000 ‘_ [OA], mM v 5000
£ 5000 £ 5000 £ 5000
o o o
= £ 4000 £ 4000 £ a000
3 g 3
£ 3000 £ 3000 £ 3000
x| E o E E
S g 2000 [SP], pM E 2000 [GP], uM g 2000 [AP], M
5 - 0 X - 0 3 -0
m > 1000 = 041 1000 = 01 5 1000 - 041
1 2 2 s
o 2 o -+ 05 2 o -+ 05 £ o -+ 05
) < 0 100 200 300 - 2 < 0 100 200 300 - 2 < 0 100 200 300 = 2
> & 1/[0A], mM”" - 10 - 1/[0A], mMm"! — 10 - 1/[0A], mM"! - 10
() g - 50 g © 50 g - 50
; g %0 & 200 g 800 = 200 880 = 200
E 1000 E 1000 E 1000
Q % 600 i 5 600 il 35 600 e
c a ¥ 5000 a - 5000 a v 5000
— £ £ =
1 E 400 E a00 E 400
o o o
£ £ s E
2200 2200 2200
-z z z
2 H 2
g o g o g o
< o0 2 4 6 8 10 < 0 2 4 6 8 10 < 0 2 4 6 8 10
1/[0A], mM”" 1/[0A], mM™ 1/[0A], mM™!
° s s
£ 0.003 2 0.003 2 0.003
o o o
- E £ £
= < =
& 0.002 & 0.002 & 0.002
c c c
E E E
Dl s [SP], uM 3 [GP], 1M 3 [AP], uM
Q £ 0.001 o > -0 E - 0 £ 0.001 ~ -0
""w 2 a - 0.4 - = 01 - M = 0.1
Y 2 0000 -+ 05 2 -+ 05 £ 0000 -+ 05
O < 000 005 010 015 020 v 2 < 000 005 010 015 020 - 2 < 000 005 010 015 020 - 2
I Activity/[OA], 10 Activity/[OA], 10 Activity/[OA], 10
1 5 umollmin"mM'1 per mg prot. o 50 5 umollmln"mM" per mg prot. - 50 B pmol/min*anI'1 per mg prot. o 50
.Q_J 5 0010 = 200 5 0010 = 200 5 0010 B 200
o o ] o
g £ 0.008 -4 1000 £ 0,008 -4 1000 E 0,008 -4 1000
] ] ]
Q. Q o
w 2 po0s ¥ 5000 £ po0s \ 5000 Z o006 v 5000
E ) E £ B
3 0.004 v S 0.004-p, 3 0.004-
g £ - g
L. o002 v 5000240 | v > 0.002-
2 2 =
B 0.000 B o. B 0.000 4——F—7——
< 000 001 002 003 < 000 001 002 003 < 000 001 002 003

Activity/[OA],
pmal/min“mM'1 per mg prot.

Activity/[OA],
pmollmin“mM'1 per mg prot.

0 40 80
= =02 - -

= 5_45 S 30 . 60-]
2 - e - : L

fE 30 SE 20 i‘E 40

5 5 5

e — = -~ ] —

£ 15 1o & 20

0 0 E

Activity/[OA],
pmollmin*rrwl'1 per mg prot.

6
Michaelis-Menten,

K"M=128+9 M
Lineweaver-Burk,
K("'=109 + 9 uMm
Eadie-Hofstee,

KM=110 + 7 uM

Michaelis-Menten,
KV=24+03um

Direct,
i K" = 0.044 + 0.096 uM
Lineweaver-Burk,

K{"=1.6+02puM

Lineweaver-Burk,

K" = 0.056 + 0.118 uM
Eadie-Hofstee,
KM=19+03um

Eadie-Hofstee,
1 K" =0.044 + 0.1 uM
0 ‘_!'_T_T_I
0.0 05 1.0 1.5 20

[AP], M

0 250 500 7501000
[SP], uM

024 6 810
[GP], uM

Michaelis-Menten,
K@=37+01uM

Michaelis-Menten,
K?=14+02um

Direct,
K?=5012uM
Lineweaver-Burk,
K@ =2.1104pM
Eadie-Hofstee,
K@ =25+04puM

Lineweaver-Burk,
K?=13+03uMm
Eadie-Hofstee,
K@=13+03uMm

Lineweaver-Burk,
K@ =461+2uMm

K; determination

I
K 2™ | Amax, 2"
IS 5 2
" g s 2
LI B |
K 2™ | Ama 2"
= 5 e B
- 2 8 & &
LI B}
K, 2™/ Amax, 2"
b A
8 &8 & 8
LI B |

Eadie-Hofstee,
K@ =47+2uM

[}
024 6 810 0
[GP], uM

0 10 20 30 40 50
[SP], kM

50 100 150 200
[AP], uM

FIGURE 6 | Kinetic analysis of inhibition of OADH reaction, catalyzed by the enzyme preparation from the liver, by the phosphonate analogs of 2-oxo acid substrates.
The assay conditions are the same as in Figure 5. Approximation of the experimental data by a sum of two Michaelis-Menten equations is shown in the semi-log
coordinates at different concentrations of SP, GP, or AP. Inset graphs show the same dependences using linear scale, cropped at 2 mM. The linear regression of
experimental data in the Lineweaver-Burk and Eadie-Hofstee coordinates shows the separate analysis of the inhibition in the different ranges of 2-oxoadipate (OA)
concentrations. K; values obtained in the three types of coordinates for the sites saturated by high (N,.”) and low (KfZ)) OA concentrations are given in Table 3.
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TABLE 2 | Kinetic parameters of the inhibition of OGDH reaction catalyzed by the enzyme preparations from the rat heart or liver.

Parameters Heart Liver

MM LB EH Average MM LB EH Average
K3, uM 20 + 1 13+£2 155 + 1 16 £ 2 9.6 +0.2 4.9+ 041 7.7 £0.1 74+14
K&, uM 39 +2 12 4+ 1 49 + 8 33 + 11 7.3+0.4 5.6 + 0.1 6.2 + 0.1 6.3+ 0.5
KA, uM 2487 + 341 2143 + 517 1757 + 77 2129 + 211 405 + 11 361 + 36 326 + 19 364 + 23

The parameters of the 2-oxoglutarate saturation in the presence of inhibitors are obtained from approximations of the experimental data by Michaelis-Menten equations (MM) or their
linearization in the Lineweaver-Burk (LB) or Eadie-Hofstee (EH) coordinates. K; values are calculated from the linear dependencies of Kﬁ.,ff /A,’;,fgx on [l] (Figures 3, 4).

TABLE 3 | Kinetic parameters of the inhibition of OADH reaction catalyzed by the enzyme preparations from the rat heart or liver.

Parameters Heart Liver, high [OA] Liver, low [OA]

MM LB EH Average MM LB EH Average MM LB EH Average
K,SP,HM 102+02 47+03 63+01 71+£1637 01 21+0425 +£04 28+05 128+9 109 £ 9 110+7 116 £ 6
K,GP, M 38+01 11+£02 34+05 28+0814 £02 1.3+£03 1.3+£0.02 1.3+02 24403 1.6+0.2 19+03 20402
Kf‘P, uM 49+8 58+8 40+7 49+£5 50+2 46+£2 4742 47 £1  0.044 £0.096 0.056 £+ 0.118 0.044 4+ 0.111 0.048 + 0.004

The parameters of the 2-oxoadipate (OA) saturation in the presence of inhibitors are obtained from approximations of the experimental data by Michaelis-Menten equations (MM) and
their linearization in the Lineweaver-Burk (LB) or Eadie-Hofstee (EH) coordinates. For the cardiac enzyme preparation, the whole range of OA concentrations (0-10mM) is analyzed
(Figure 5). For the enzyme preparation from liver, the data points with high (0.1-10mM) and low (0-0.05mM) OA concentrations are analyzed separately to determine the kinetic
parameters for the sites with the low and high affinities toward OA, respectively (Figure 6). K; values are calculated from the linear dependencies of K,‘i,” /A,G,,fgx on [l] (Figures 5, 6).

concentration of inhibitors was utilized to calculate the K;  opposite inhibitory pattern is observed: the lowest K; value is
values, as shown in Cornish-Bowden (1979). To ensure for AP (0.048 £+ 0.004 uM), followed by those for GP (2.0
consistency, the effective kinetic parameters were determined £ 0.2uM) and SP (116 & 6 wM). This finding corroborates
not only from hyperbolic approximations by Michaelis the existence of two independent types of the active sites,
equation, but also by linear approximations in Lineweaver-Burk  binding OA, and phosphonates. Compared to the high-affinity
and Eadie-Hofstee coordinates (Figures3-6). These linear = OA-binding sites, more sensitive to AP, those with the low
transformations also confirm the competitive nature of the  affinity to OA have a higher affinity to SP. As shown above, the
inhibition as the approximations of 2-oxo substrate saturation at ~ former sites correspond to OADH catalysis by the DHTKDI-
different concentrations of the phosphonates intersect at y-axes  encoded protein (OADH), whereas the latter—by the OGDH(L)-
(Figures 3-6). Catalysis of the OGDH reaction by the enzyme  encoded protein (OGDH). GP binding at both types of the
preparations from heart or liver is affected similarly by the tested ~ active sites does not differ as significantly as the binding of
phosphonates: SP (K; = 16 & 2 uM and 7.4 & 1.4 uM for heart ~ SP or AP.

and liver, respectively) and GP (K; = 33 & 11 uM and 6.3 + The presence of the two types of independent OA-binding
0.5 WM for heart and liver, respectively) demonstrate K; values in  sites in the hepatic preparation results in an interesting inhibition
micromolar range, whereas AP (K; = 2,129 £ 211 uM and 364  pattern, when the competitive action of SP vs. OA in each of
+ 23 uM for heart and liver, respectively) is about two orders the sites (Figure 6 and Supplementary Table 1) is accompanied
of magnitude less effective (Table 2). Similarly, OADH reaction by a stronger inhibition of the OADH reaction by SP at higher,
catalyzed by cardiac preparation is inhibited by SP (K; = 7.1 == than lower, OA concentrations (Figure 6). Although this pattern
1.6 uM) and GP (K; = 2.8 + 0.8 uM) more efficiently than by  is normally not inherent in the competitive inhibition, it confirms
AP (K; = 49 & 5.M) (Table 3). Thus, the relative power of SP,  the two types of independent OA binding sites, where the sites
GP, and AP in inhibiting the enzyme preparation from heart is  with low-affinity to OA have a higher reactivity to SP, than the
similar for the OGDH and OADH reactions, as it is catalyzed by sites with the high affinity to OA.

the same isoenzyme (OGDH).

The data on the SP, GP, and AP inhibition in the different Comparative Analysis of the OGDH and
ranges of OA concentrations in the hepatic preparation

were analyzed separately at the low (0-0.05mM) and high OADI-! Structm:es _EIumdates_the !:eatures
(0.1-10mM) ranges of OA concentrations. At 0.1-10mM Favorlng the Blndlng of Bulkier ngands to
2-oxoadipate, the inhibitory pattern of OADH reaction in OADH

hepatic preparation is similar to that of cardiac preparation:  Since no structure of mammalian OGDH is currently available,
K; values for SP (2.8 £ 0.5uM) and GP (1.3 £ 0.02uM) a model of rat OGDH was obtained via homology modeling,
are more than an order of magnitude lower than that for  using as a template the structure of M. smegmatis OGDH in
AP (47 £ 1uM). However, up to 0.05mM 2-oxoadipate, the ~ complex with the post-decarboxylation ThDP adduct formed

Frontiers in Chemistry | www.frontiersin.org 11 January 2021 | Volume 8 | Article 596187


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Artiukhov et al.

2-Oxo Phosphonates as DHTKD1 Inhibitors

FIGURE 7 | Structural analysis of the OGDH and OADH complexes with ThDP
and phosphonate analogs of the 2-oxo substrates. Modeled structure of rat
OGDH (chain A: cyan; chain B: teal; cartoon representation with protein side
chains not shown) is superimposed onto human OADH (PDB ID: 6SY1; chain
A: yellow; chain B: orange; cartoon representation with protein side chains not
shown) and to OGDH from Mycobacterium smegmatis in complex with
SP*ThDP (PDB ID: 6R29; SP*ThDP: magenta; Mg?*: green; protein not
shown). SP*ThDP is further substituted by GP*ThDP (olive) and AP*ThDP
(pink)in the same conformation, applying stereochemical restraints (see
Methods). (A) General overview of the OGDH and OADH superimposition,
showing localization of the phosphonate*ThDP adducts at the subunit
interface. (B-E) Zoomed view of the active site pocket, marked by rectangle in
(A), with side chains involved in phosphonate binding are shown as sticks, and
labeled for the superimposed adducts (B) and for the SP*ThDP (C), GP*ThDP
(D), or AP*ThDP (E) adducts separately. Polar contacts (< 4.2,&) between the
phosphonates and OGDH or OADH residues are shown as cyan and yellow
dashes respectively; thicker lines correspond to favorable orientation of two
atoms and optimal distance between them for a hydrogen bond formation.
Gray dotted lines in (E) correspond to predicted steric clashes (< 2.1A)
between AP and OGDH residues.

after addition of OG [PDB ID: 2YOP (Wagner et al, 2011)].
Superposition of the rat OGDH model to the coordinates of
OGDH from M. smegmatis in complex with SP (PDB ID: 6R29)

and substitution of SP in this complex by GP and AP, as
described in Methods, allows one to assess potential interactions
of the phosphonate ligands with the active site of the rat
OGDH (Figure 7A). As shown in the M. smegmatis enzyme
(Wagner et al., 2019), SP is covalently bound to ThDP forming
a pre-decarboxylation complex mimic. Substitution of SP in this
complex with GP or AP, applying appropriate stereochemical
restraints and keeping the same orientation of the acyl chain as in
SP, is shown in Figure 7B. In these complexes, SP is not so close
to the OGDH Tyr349 residue (Figure 7C), as GP (Figure 7D).
However, the additional, compared to SP, interaction of GP with
the hydroxyl group of Tyr349 is not manifested in a better
binding of GP vs. SP in kinetics experiments (Table 2). Likely,
the interaction of GP with Tyr349 reorients the phosphonate
carboxyl group, weakening the GP interactions with His350
and Ser375, compared to those with SP (Figures 7C,D), thus
explaining the equal binding of SP and GP to OGDH (Table 2).
In contrast, substitution of the SP adduct with AP (Figure 7E)
reveals steric clashes with the phenyl group of Tyr349. This
structural feature is consistent with the much lower affinity of
OGDH to AP than to SP and GP (Table 2).

To assess how the phosphonates interact with the active site
of OADH, the recently published structure of human OADH was
used [PDB ID: 6SY1 (Bezerra et al., 2020)]. The human enzyme
has 89% sequence identity with the mature rat protein, i.e., the
protein without the N-terminal mitochondrial localization signal,
absent in the crystal structure (Figure 8). Hence, the human
OADH structure was further used to estimate the interactions of
mammalian OADH with the phosphonates. Superimposition of
the OADH structure onto the mycobacterial OGDH in complex
with SP, followed by the manual replacement of SP by GP or
AP, reveals that the carboxyl group of a longer inhibitor (AP)
forms multiple polar contacts with side chains of the OADH
residues, including Ser263, His264, and Ser288 (Figure 7E).
The GP carboxyl group does not interact with Ser263, but
shows optimal H-bonding distance to the imidazole group of
His264 (Figure 7D), whereas less favorable interactions of the
phosphonate carboxyl with Ser288 are suggested in the case of SP
(Figure 7C). This is in good accord with kinetics data, showing
the strongest OADH inhibition by AP, and the weakest—by SP
(Table 3).

Although a number of residues in the active site environment
could reorient their side chains upon the ligand binding, which
is an interesting area for further studies, the observed differences
of the considered OGDH and OADH complexes with the three
phosphonates well-agree with the lower efficiency of SP binding
to OADH vs. OGDH, with the opposite behavior shown by
AP and the similar inhibition properties shown by GP on both
enzymes (Table 3). Indeed, similar protein-ligand interactions
are observed in both protein complexes with GP (Figure 7D),
agreeing with no preferential binding of GP to either the OGDH
or OADH active sites, identified in the kinetic experiments
(Table 3). Moreover, the enzyme-GP (C6 analog) interactions
in the complex presented in Figure 7D well-agree with those
observed in the post-decarboxylation complex of mycobacterial
OGDH arising after addition of OA (C6 2-oxo acid) [PDB ID:
3ZHU (Wagner et al.,, 2014)]. Regarding SP, whose carboxyl
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group forms polar contacts with His350 and Lys276 in OGDH
(Wagner et al., 2019), the less efficient binding to OADH agrees
with these interactions to appear less favorable (Figure 7C).
Furthermore, as noted above, the carboxyl group of a longer
inhibitor (AP) may form a hydrogen bond with Ser263 residue
of OADH, through its side chain hydroxyl and/or the carbonyl
oxygen (Figure 7E). In contrast to OADH, both mammalian and
mycobacterial OGDH, as well as the OG-specific mammalian
isoenzyme encoded by the OGDHL gene, all possess a tyrosine
residue at the equivalent positions (Figure 8), likely preventing
the effective binding of bulkier ligands (Figure 7E). Among other
residues, which are located within 4.6 A of the phosphonate
moieties, most are invariant or show conservative substitutions,
such as Phe to Tyr, Val to Met and Glu to Asp, occupying the
same space, as seen from the sequences alignment (Figure 8)
and structural superposition (Figure?7) of OADH vs. OGDH
proteins. Thus, the observed difference between Ser263 in OADH
and Tyr349 in OGDH may be a key factor determining specificity
in binding of the longer vs. shorter ligands in the enzyme active
sites. This substrate specificity determinant has been suggested by
our previous sequence analysis (Bunik and Degtyarev, 2008), and
the recently published DHTKD1 structure (Bezerra et al., 2020).

Chemical Stability of the 2-Oxo
Phosphonates and Their Esterified

Derivatives

In our long-standing work with the phosphonate analogs of
dicarboxylic 2-oxo acids (Bunik et al., 1992, 2005; Artiukhov
et al., 2020) estimations of their stability upon storage have been
accumulated, with the issue being of utmost importance for the
reproducibility of biological experiments.

In the form of trisodium salts, SP, GP, and AP demonstrate
a high stability upon the shelf storage. As judged from their
'H and 3'P NMR spectra (Supplementary Figure1), the
pure solid forms of the phosphonates may be stored at room
temperature for 6 months without any significant destruction
(Supplementary Figures 1E,F vs. Supplementary Figures 1C,D
and Supplementary Figures IK,L vs. Supplementary
Figures 1H,I). 0.2M stock solutions of the trisodium salts
in water do not degrade after 2 months of storage at —20°C
(Supplementary Figure 1G vs. Supplementary Figure 1C and
Supplementary Figure 1M vs. Supplementary Figure 1H).

The esterified forms of the phosphonates (Figure 1C) are
synthetic precursors of the stable trisodium salts (Bunik et al.,
1992, 2005; Artiukhov et al., 2020). In general, the esters of
organic acids have an advantage for biological experiments,
as they may easily permeate biological membranes due to the
absence of charged groups. As a result of de-esterification by
intracellular esterases, the in vivo inhibition by the esterified
phosphonates is observed, although they are inactive as the
inhibitors of 2-oxo acid dehydrogenases in vitro (Bunik et al.,
2005, 2013, 2015; Artiukhov et al., 2016). However, we have
observed much lower stability of the esterified phosphonates,
compared to the phosphonate salts. At room temperature, pure
forms of the 2-oxo phosphonate esters represent oils, which

slowly decompose even in argon atmosphere. According to the
'H and 3'P NMR spectra (Supplementary Figure 2), the purity
of triethyl esters of SP (TESP) and GP (TEGP) and trimethyl ester
of AP (TMAP) is decreased by 4-6% after 6 months of storage
under these conditions (Supplementary Figures 2C,D vs.
Supplementary Figures 2A,B, Supplementary Figures 2H,I vs.
Supplementary Figures 2E,F and Supplementary Figures 2P,Q
vs. Supplementary Figures 2M,N). All three esters are
highly unstable in air, decomposed almost completely
after 5 days of the air exposure. Based on 'H and
3P NMR  spectra  (Supplementary Figures 2J,K  and
Supplementary Figures 2R,S), the decomposition involves
the hydrolysis of C-P bond, resulting in the formation of
dimethyl or diethyl phosphite, depending on the ester structure,
and monoester of residual dicarboxylic acid: monoethyl
succinate, monoethyl glutarate and monomethyl adipate for
TESP, TEGP, and TMARP, respectively (Supplementary Figure 3).
Because the decomposition does not involve the reaction with
oxygen, it is not excluded that atmospheric pollution and/or
humidity may be responsible for the high decomposition rates in
air vs. argon.

The decomposition of the phosphonate esters
aqueous solutions is much slower, compared to the pure
compounds exposed to air, and depends on the structure.
As shown in Supplementary Figure2, changes in 3P
NMR spectra indicate that after 5 days of shelf storage
as 0.2M aqueous solution about 80% TEGP is preserved
(Supplementary Figure 2L vs.  Supplementary Figure 2E),
although TMAP decomposes almost completely (90%)
under the same conditions (Supplementary Figure 2T vs.
Supplementary Figure 2M).

The investigated stability of the phosphonates (Figure 1B)
and their esterified precursors (Figure1C), which are
membrane-permeable pro-inhibitors generating the inhibitors
in vivo, provides important information for their usage in
biological experiments.

in

DISCUSSION

In the current work, we have quantified the selectivity of the
interaction of the phosphonate analogs of the C5-C7 dicarboxylic
2-oxo acids with the active sites of the isoenzymes encoded by
the OGDH and DHTKDI genes, and revealed structural basis of
the selectivity. The findings indicate that AP is a rather specific
inhibitor of the DHTKDI-encoded OADH, whose interaction
with OGDH is much less efficient due to the clashes of AP with an
active site tyrosine residue of OGDH, replaced by a serine residue
in OADH.

With the presented information on the selective action
of SP and AP on OGDH and OADH, correspondingly, the
availability of AP opens new ways to decipher physiological
role of OADH using the pharmacological regulation of the
enzyme. Unlike genetic manipulations of the enzyme expression,
which are usually accompanied by compensatory response of the
whole metabolic and regulatory networks, the short-term and

Frontiers in Chemistry | www.frontiersin.org

13

January 2021 | Volume 8 | Article 596187


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Artiukhov et al. 2-Oxo Phosphonates as DHTKD1 Inhibitors
sp|Q96HY7|DHTK1_HUMAN/1-919 1 ATAAAARRGL 19
Sp|Q4KLPO|DHTK1_RAT/1-920 1 ATVAAAGRAL 19
sp|Q5XI178/ODOT_RAT/1-1023 B - - - - MFHLRTCAAKLRPLTASQTVKTFSQN---KPAAIRTFQQIRCY|SAP AMAAEP zo= = mom = =om = = 48
tlD3ZQD3|D3ZQD3_RAT/1-1010 - - = e MSQLRLLLFRLGPQARKLLAT----- RDIAAFGGRRRSISGP -PTTIPR--------- 42
Sp|AOR2B1|KGD_MYCS2/1-1227 1MSSSPSPFGQNEWLVEEMYRKFRDDPSSVDPSWHEFLVDYSPEPTTDSASNGRTTTAAPVTPPTPAPAPAPEPKAAPKPAAKTEAKP 87
Sp|Q96HY7|DHTK1_HUMAN/1-919 ----RGVYG- - 32
Sp|Q4KLPO|DHTK1_RAT/1-920 ---RGVYG- - 32
splQ5XI78/0DO1_RAT/1-1023 ---KSVHK-- 74
trlD3ZQD3|D3ZQD3_RAT/1-1010 ----QSVHK- - 68
Sp|AOR2B1|KGD_MYCS2/1-1227 88 AKPAKSATPAKGDESQILRGAAAAVVKNMNAS -LEVPTATSVRAIPAKLMIDNRVVINNHLKRTRGGKISFTHLLGYAIVQAVKKFP 173
splQ9IEHY7|DHTK1_HUMAN/1-919 42
sp|Q4KLPO|DHTK1_RAT/1-920 42
splQ5XI78/0DO1_RAT/1-1023 88
tlD3ZQD3|D3ZQD3_RAT/1-1010 SWDNFFQRATKE - 82
Sp|AOR2B1|KGD_MYCS2/1-1227 174 NMNRHFAVVDGKPTAITPAHTNLGLAIDLQGKDGNRSLVVAAIKRCETMRFGQF IAAYEDIVRRARDGKLTAEDFSGVTISLTNPGT 260
Sp|Q96HY7|DHTK1_HUMAN/1-919 43 PQGALERPPV 58
Sp|Q4KLPO|DHTK1_RAT/1-920 43 PRGDRARPSYV 58
sp|Q5XI178/ODOT_RAT/1-1023 89 PGTAYQSPLSL SRSSLATMAHAQSLVEAQPNVDKLVE-----DHLAVQS 132
trlD3ZQD3|D3ZQD3_RAT/1-1010 83 VGPAQPQPPAV IQESRASVSSCTKTSKLVE-----DHLAVQS 119
Sp|AOR2B1|KGD_MYCS2/1-1227 261 LGTVHSVPRLMQGQGA | IGAGAMEYPAEFQGASEERIADLGIGKLITLTSTYDHRI IQGAESGDFLRTIHQLLLDDDFFDEIFRELG 347
Sp|Q96HY7|DHTK1_HUMAN/1-919 -LVTVYCEHGHKAAKINPLFTGQALLENVPEIQALV-------- --QTLQGPFH--TAGLL 106
sp|Q4KLPO|IDHTK1_RAT/1-920 -LVTVYCEHGHKAAQINPLFPGQALLDTVPEIQALV-------- --QTLQGPFT--TTGLL 106
sp|Q5XI78/ODOT_RAT/1-1023 -LIRAYQI RGHHVAQLDPLGILDADLDSSVPADI ISSTDKLGFYGLHESDLDKVFHLPTTTF I 194
trlD3ZQD3|D3ZQD3_RAT/1-1010 -LIRAYQIRGHHVAQLDPLGILDADLDSFVPSDL ITTIDKLAFYDLQEADLDKEFRLPTTTFI 181
Sp|AOR2B1|KGD_MYCS2/1-1227 348 IPYEPVRWRTDNPDS | EDKNARVIEL IAAYRNRGHLMAD I DPLRLDNTRFRSHPDLDVNS - ------ HGLTLWDLDREFK--VDGFA 425
sp|Q96HY7|DHTK1_HUMAN/1-919 107 NMGKEEASLEEVLVYLNQIYCGQISIETSQLQSQDEKDWFAKRFEELQKETFTTEERKHLSKLMLESQEFDHFLATKFSTV|4RNMGGE 193
Sp|Q4KLPO|DHTK1_RAT/1-920 107 NMGKEEASLEEVLAYLNHIYCGPISIETAQLQSQEEKDWFARRFEELKKETFTTEERKHLSKLLLESQEFDHFLATKFATV|4R)GGE 193
sp|Q5XI78/ODOT_RAT/1-1023 195 GGQEPALPLRE | IRRLEMAYCQHIGVEFMF INDLEQCQWIRQKFETPGIMQFTNEEKRTLLARLVRSTRFEEFLQRKWSSE|ARIFGLE 281
trlD3ZQD3|D3ZQD3_RAT/1-1010 182 GGSENTLSLRE I IRRLESTYCQHIGLEFMF INDVEQCQWIRQKFETPGVMKFS I EEKRTLLARLVRSMRFEDFLARKWSSE[SR|ZGLE 268
Sp|AOR2B1|KGD_MYCS2/1-1227 426 GVQRKK--LRDILSVLRDAYCRHVGVEYTHILEPEQQRWIQERVET-KHDKPTVAEQKYILSKLNAAEAFETFLQTKYVGQRESLE 509

*
Sp|Q96HY7|DHTK1_HUMAN/1-919 194 GAESMMGFFHELLKMSAYSGITDV I IGMPERGRLNLLTGLLQFPPELMFRKMRGLSEFPENFSATGD/LElEL -TSSVDLYFGAHHPL 279
Sp|Q4KLPO|DHTK1_RAT/1-920 194 GAESMMGFFHELLKLSAYGGITDI | IGMPERGRLNLLTGLLQLPPELMFRKMRGLSEFPENVAAIGDLELIL -TSSVDLDFGAHRPL 279
sp|Q5XI78|ODOT_RAT/1-1023 282 GCEVL IPALKT | IDMSSANGVDYV IMGMP[EIRGRLNVLANVIRKELEQIFCQFDSKLEAADE - -GSGD[/KNzgILGMYHRRINRVTDRN I 366
trlD3ZQD3|D3ZQD3_RAT/1-1010 269 GCEVMIPALKT I IDKSSEMGVENVILGMPRGRLNVLANVIRKDLEQIFCQFDPKLEAADE--GSGDKLGMYHERINRVTNRNI 353
Sp|AOR2B1|KGD_MYCS2/1-1227 510 GAETV I PMMDAV I DQCAEHGLDEVV | AMP[EIRGRLNVLANIVGKPYSQIFSEFEGNLN-PSQAHGSGDV/K\IsILGATGTY IQMFGDND | 595
sp|Q96HY7|DHTK1_HUMAN/1-919 280 HVTML PIRSIGISEAVNPVAVGKTRGRQQSRQDGDYSPDNSAQPGDRV ICLQVHGDASFCGQG I VPETFTLSNLPHFRIGGSVHL | VNN 366
sp|Q4KLPO|DHTK1_RAT/1-920 280 HVTML PRUSSIEINEA | NPVAVGKTRGRQQSQEDGDYSPNGSAQPGDKV ICLQVHGDASFCGQGIVLETFTLSNLPHFRIGGS IHL I VNN 366
sp|Q5XI78/ODOT_RAT/1-1023 367 TLSLVANIRSGISEAADPVVMGKTKAEQFYCGDTE-------- - GKKVMS ILLHGDAAFAGQGIVYETFHLSDLPSYTTHGTVHVVVNN 444
trlD3ZQD3|D3ZQD3_RAT/1-1010 354 TLSLVANRSLINEAVDPVVQGKTKAEQFYRGDAQ-------- - GRKVMS ILVHGDAAFAGQGVVYETFHLSDLPSYTTNGTVHVVVNN 431
Sp|AOR2B1|KGD_MYCS2/1-1227 596 EVSLTANSSIEISEAVDPVLEGLVRAKQDLLDTGEEGSDN- - - -RFSVVPLMLHGDAAFAGQGVVAETLNLALLRGYRTGGTIHIVVNN 678
Sp|Q96HY7|DHTK1_HUMAN/1-919 367 QLGdTTPAERGRSSLYCSDIGKLVGCA| IHVYNGDSPEEVVRATRLAFEYQRQFRKDV I IDLLCYRQWGEINELDEPFYTNP IMYK I IR 453
Sp|Q4KLPO|DHTK1_RAT/1-920 367 QLGdTTPAERGRSSLYSSDIGKLVGCA | IHVNGDSPEEVVRATRLAFEYQRQFRKDV I IDLLCYRQWGEINELDEPFFTNPVMYK I IR 453
sp|Q5XI178/ODOT_RAT/1-1023 445 Q IGI§TTDPRMARSSPYPTDVARVVNAP | FHVNSDDPEAVMYVCKVAAEWRNTFHKDVVVDLVCYRRNGEINNEMDEPMFTQPLMYKQ IR 531
trlD3ZQD3|D3ZQD3_RAT/1-1010 432 QIGgTTDPRMARSSPYPTDVARVVNAP | FHVNADDPEAV IYVCSVAAEWRNTFNKDVVVDLVCYRRRGREINIEMDEPMFTQPLMYKQ IH 518
Sp|AOR2B1|KGD_MYCS2/1-1227 679 QIGZTTAPTDSRSSEYCTDVAKMIGAP | FHVNGDDPEACAWVARLAVDFRQAFKKDVV I DML CYRRRG[FINIEGDDPSMTQPYMYDV ID 765
Sp|Q96HY7|DHTK1_HUMAN/1-919 454 ARKSIPDTYAEHL | AGGLMTQEEVSEIKSSYYAKLNDHLNNMAHYR--PPALNLQAHWQGLAQPEAQ---ITTWSTGVPLDLLRFVG 535
sp|Q4KLPO|DHTK1_RAT/1-920 454 ARKSIPDTYAEHL I ASGLMTQEEVSDIKASYYAKLNGHLANVAHYS - -PPAPHLQARWQGLVQPAAC---VTTWDTGVPLELLRFVG 535
sp|Q5XI78/ODOT_RAT/1-1023 532 KQKPVLQKYAELLVSQGVVNQPEYEEE | SKYDKICEEAFTRSKDEKILHIKHWLDSPWPGFFTLDGQPRSMTCPSTGLEEDILTHIG 618
tlD3ZQD3|D3ZQD3_RAT/1-1010 519 KQVPVLKKYADKL | AEGTVTLQEFEEE | AKYDRICEEAYGRSKDKKILHIKHWLDSPWPGFFNVDGEPKSMTYPTTGIPEDTLSHIG 605
Sp|AOR2B1|KGD_MYCS2/1-1227 766 TKRGSRKAYTEAL IGRGD I SMKEAEDALRDYQGQLERVFNEVRELE----KHEIEPS----ESVEADQQIPSKLATAVDKAMLQRIG 844
sp|Q96HY7|DHTK1_HUMAN/1-919 536 MKSVEVP - RELQMHSHLLKTHVQSRMEKMMDG | KLDWATAEALALGSLLAQGFNVRLSGQDVGRGIF SQRHAIVVCQETDD-TYIPL 620
Sp|Q4KLPO|DHTK1_RAT/1-920 536 VKSVEVP-EELQLHSHLLKMYVQSRMEKVKNGTNLDWATAETLALGSLLAQGFNVRLSGQDVGRGFSQRHAMVVCQNTDD-VYIPL 620
sp|Q5XI78/ODOT_RAT/1-1023 619 NVASSVPVENFTIHGGLSRI| -LKTRRELVTNRT -VDWALAEYMAFGSLLKEGIHVRLSGQDVERGIWFSHRHHVLHDQNVDKRTCIPM 703
tD3ZQD3|D3ZQD3_RAT/1-1010 606 NVASSVPLEDFKIHTGLSRI| -LRGRADMTKKRT - VDWALAEYMAFGSLLKEGIHVRLSGQDVERGUWFSHRHHVLHDQDVDRRTCVPM 690
Sp|AOR2B1|KGD_MYCS2/1-1227 845 DAHLALP-EGFTVHPRVRPV-LEKRREMAYEGR- | DWAFAELLALGSL I AEGKLVRLSGQDTQRGIIFTQRHAV IVDRKTGE-EFTPL 927
Sp|Q96HY7|DHTK1_HUMAN/1-919 621 NHMDPNQKG - - - - - - FLEVSNSPLSEEAVLGFEYGMS I ESPKLLPLWEAG®CIIGD[@FNGAQ | IFDTF I SGGEAKWLLQSGIVILLPHGY 701
Sp|Q4KLPO|DHTK1_RAT/1-920 621 NHMDPNQKG - - - - - - FLEVSNSPLSEEAVLGFEYGMS IESPKLLPLWEAG®CKRIGD@FNGAQ | IFDTF I SGGEAKWLLQSGLVILLPHGY 701
sp|Q5XI78|ODOT_RAT/1-1023 704 NHLWPNQAP - - - - - - YT-VCNSSLSEYGVLGFELGFAMASPNALVLWEA®IZGD|[NNMAQC | | DQF I CPGQAKWVRQNG I VLLLPHGM 783
trlD3ZQD3|D3ZQD3_RAT/1-1010 691 NHLWPDQAP - - - - - - YT-VCNSSLSEYGVLGFELGYAMASPNALVLWEA@®IEGD|@HNTAQC | IDQF I STGQAKWVRHNGIVLLLPHGM 770
Sp|AOR2B1|KGD_MYCS2/1-1227 928 QLLATNPDGTPTGGKFL -VYNSALSEFAAVGFEYGYSVGNPDAMVLWEA[®IEGD|ZVNGAQS | IDEF I SSGEAKWGQLSDVVLLLPHGH 1013
sp|Q96HY7|DHTK1_HUMAN/1-919 702 DGAGP[BIE/ISSCRI ERFLQMCD - - ----SAEEGVDGDTV---NMFVVHPTTPAQYFHLLRRQMVRNFRKPL IVASPKMLLRLPAAVS 777
sp|Q4KLPO|DHTK1_RAT/1-920 702 DGAGP[BEISSCRIERFLQMCD - - ----SAEEGVDSDTV---NMFVVHPTTPAQYFHLLRRQMMRNFRKPL I VASPKMLLRYPVAVS 777
sp|Q5XI78/ODOT_RAT/1-1023 784 EGMGP|=l3|SSARPERFLQMCNDDPDVLPNLQEENFDI|ISQLYDCNWIVVNCSTPGNFFHVLRRQILLPFRKPLIVFTPKSLLRHPEART 870
tlD3ZQD3|D3ZQD3_RAT/1-1010 771 EGMGP=lz|SSARPERFLQMSNDDSDAYPVFTED-FEVSQLYDCNWIVVNCSTPASYFHVLRRQVLLPFRKPL IVFTPKSLLRHPDAKS 856
Sp|AOR2B1|KGD_MYCS2/1-1227 1014 EGQGPPIEITSGRIERFLQL - --------- WAEG---------- SMT | AMPSTPANYFHLLRRHGKDG IQRPL I VFTPKSMLRNKAAVS 1080
Sp|Q96HY7|DHTK1_HUMAN/1-919 778 TLQEMAPGTTFNPVI - -GDSSVDPKKVKTLVFCSGKHFYSLVKQRESLGAKKHDFAI IRVEELCPFPLDSLQQEMSKYKHVK 857
Sp|Q4KLPO|DHTK1_RAT/1-920 778 TLEEMAPGTAFKPVI - -GDSSVDPKNVKTL I FCSGKHFYALLKQRESLGAKKRDFAI IRLEELCPFPLDSLQQEMGKYKHVQ 857
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trlD3ZQD3|D3ZQD3_RAT/1-1010 857 SFDQMVSGTSFQRMIPE- - - -DGPAAQSPERVERL IFCTGKVYYDLVKERSSQGLEK-QVAITRLEQISPFPFDL IMREAEKYSGA - 937
Sp|AOR2B1|KGD_MYCS2/1-1227 1081 DI RDF -TESKFRSVLEEPMYTDGEGDRN- -KVTRLLLTSGKIYYELA-ARKAKENRE-DVAIVRIEQLAPLPRRRLAETLDRYPNVK 1162
Sp|Q96HY7|DHTK1_HUMAN/1-919 858 DHIWSQEEPQNMGPWSFVSPRFEKQL - -ACKLRLVG- - - - - RPPLPVPAVGIGTVHLHQHEDILAKTFA - = o 919
sp|Q4KLPO|DHTK1_RAT/1-920 858 DI IWSQEEPQNMGPWSFVYPRFEKQL - -ACKLRLVS- - - - - RPPLPAPAVG IGTVHQQQHEAILFKTFTS -- 920
sp|Q5XI78/ODOT_RAT/1-1023 952 ELAWCQEEHKNQGYYDYVKPRLRTT IDRAKPVWYAG - - - - - RDPAAAPATGNKKTHLTELQRFLDTAFDLDAFKKFS - 1023
trlD3ZQD3|D3ZQD3_RAT/1-1010 938 ELVWCQEEHKNMGYYDY | SPRFMTLLGHSRP IWYVG- - - - - REPAAAPATGNKNTHLVSLRKFLDTAFNLKAFEGKTF 1010
Sp|AOR2B1|KGD_MYCS2/1-1227 1163 EKFWVQEEPANQGAW- - - -PSFGLTLPEILPDHFTGLKRISRRAMSAPSSGSSKVHAVEQQEILDTAFG--------- 1227
FIGURE 8 | Alignment of the OADH and OGDH isoenzymes. Sequences of human OADH (DHTK1_HUMAN), rat OADH (DHTK1_RAT), rat OGDH (ODO1_RAT), rat
OGDHL (D3ZQD3_RAT) and OGDH from Mycobacterium smegmatis (KGD_MYCS?2) are aligned in JalView 2.11. Orange and cyan blocks indicate mitochondrial
targeting sequence in mammalian OADH and OGDH sequences, respectively, predicted by TargetP-2.0. Residues located within 4.6 A from adipoyl phosphonate (AP)
moiety in human OADH structure with its ThDP ligand replaced by the phosphonate*ThDP adducts (see Figure 7) are colored. Those which are the same in all the five
structures, are marked in green. The residues which differ in the analyzed sequences, are shown in yellow. The Ser/Tyr residue presumed to be important for the
substrate/inhibitor specificity (see Figure 7) is marked by asterisk.
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reversible effects of the enzyme inhibitor may be assessed in
specific (patho)physiological states, which is currently required
for understanding the significance of OADH function at an
organism level. In fact, unlike the well-studied and ubiquitous
OGDH, which function is critical for the organism survival,
the expression of the DHTKDI gene encoding OADH is tissue-
specific and depends on a variety of factors. For instance, several
types of tumors, including lymphomas and malignant brain
tumors, overexpress the DHTKDI-encoded OADH (Kietbus
etal., 2015; Papatheodorou et al., 2018), and inhibition of OADH
in such tumors by AP may be a plausible therapeutic strategy.
The DHTKDI1 expression is known to be changed in the age-
and metabolic-syndrome-related pathologies, such as obesity,
diabetes, neurodegenerations, and inflammatory disorders (Xu
et al., 2012, 2018, 2019; Lim et al, 2014; Wu et al., 2014;
Kietbus et al., 2015; Plubell et al., 2018; Sherrill et al., 2018;
Timmons et al., 2018; Luan et al., 2020). However, the exact
molecular mechanisms underlying the relation between these
disorders and OADH function are unknown. Elucidating these
mechanisms requires discrimination of the OADH and OGDH
activities, which may be of marker significance, in the tissue
or cell homogenates (Tsepkova et al., 2017; Artiukhov et al,
2020). Currently, such discrimination is challenging, because
ubiquitous OGDH, whose abundance in most of the tissues is
much higher than that of OADH (Artiukhov et al., 2020), may
catalyze the same reactions in vitro, masking the potential OADH
contribution. The synthetic analogs of 2-oxo dicarboxylates
characterized in this work, may be utilized as tools to solve
this problem. As shown above, addition of SP to the assay
medium may specifically decrease contribution of the OGDH-
catalyzed reaction. For instance, 10™* M SP as a specific
OGDH inhibitor with K; of 107> M (Table 2) may silence
most of OGDH without significantly affecting OADH. Addition
of AP may be used to do the same regarding the OADH-
catalyzed reaction, as there is an order of magnitude difference
in K; for AP of OGDH and OADH (Table 2). Remarkably,
such selectivity in targeting OGDH or OADH is accompanied
by no significant interaction of SP or AP with a number
of other enzymes transforming organic acids or structurally
related compounds (Artiukhov et al., 2020). Our findings justify
applications of AP in vivo to reveal specific physiological roles
of OADH.

CONCLUSION

The phosphonate analogs of dicarboxylic 2-oxo acids are
quantified as competitive vs. the 2-oxo acid substrates inhibitors
of the 2-oxoadipate and 2-oxoglutarate dehydrogenases.
Remarkable selectivity of the interactions of succinyl
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