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Succinyl phosphonate inhibits o-ketoglutarate oxidative decarboxylation,
catalyzed by a-ketoglutarate dehydrogenase complexes from E. coli and
pigeon breast muscle
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Abstract Effects of a set of a-ketoglutarate phosphoanalogues
on the activity of o-ketoglutarate dehydrogenase (EC 1.2.4.2)
complexes from E. coli and pigeon breast muscle, as well as on o-
ketoglutarate dehydrogenase isolated from the pigeon breast
muscle, have been studied. o-Ketoglutarate phosphoanalogues
(succinyl phosphonate and its monomethy! ester) were found to
be effective inhibitors of n-ketoglutarate oxidative decarboxyla-
tion, catalyzed by both muscle and bacterial o-ketoglutarate
dehydrogenase complexes, us well as muscle o-ketoglutarate
dehydrogenase. The ability of glutamate phosphoanalogues to
inhibit o-ketoglutarate oxidative decarboxylation has been
shown in E. coli extract and a model system.
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1. Introduction

o-Keto acids, especially those produced from natural amino
acids, are of considerable importance for the cell metabolism.
Thus pyruvic acid (Pyr) is a connecting link between the ni-
trogen and carbohydrate pathways of metabolism, whereas
oxaloacetic (Oxa) and a-ketoglutaric (0-Kglu) are intermedi-
ates of the tricarboxylic acid cycle. The interconversions of o
keto acids and amino acids play an important role in nitrogen
metabolism.

The Pyr and o-Kglu oxidative decarboxylaiion supplies the
bulk of carbon atoms, involved in the Krebs cycle as acetyl-
and succinyl-CoA, and for this reason the problem of selective
inhibition of these processes is important. A perspective ap-
proach to creation of oxidative decarboxylation inhibitors can
be usage of phosphonic analogues of a-keto acids, in which
carboxylic group is replaced with an acidic phosphorus con-
taining fragment and in which the phosphorus-carbon bond is
resistant to action of amino acid metabolism enzymes. These
substances can be synthesized and used as such in isolated
systems or arise in vivo from metabolic precursors, such as
phosphoanalogues of a-amino or hydroxy acids. The validity
of this approach has been demonstraied by effective inhibition
of acetyl-CoA formation in vitro and in vivo by phosphoana-
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Abbreviaticns: Pyr, pyruvate; o-Kglu, a-ketoglutarate; Oxa, oxalo-
acetate; Suc-P, succinyl phosphonate; Suc-P, succinyl phosphinate;
Ac-P, acetyl phosphonate; Ac-Py, acety! phosphinate; Glu-P, glutamyl
phosphonate; Glu-Py, glutamyl phosphinate; a-KGDC, a-ketogluta-
rate dehydrogenase complex; a-KGD, o-ketoglutarate dehydrogenase.

logues of Pyr [1-5] and corresponding amino acid precursor
[6-9]. The feature of inhibition of pyruvate dehydrogenase
was investigated by phosphoanalogues of Pyr, modified at
phosphorus containing fragment [5].

In this work we have studied the effect of a set of a-Kglu
phosphoanalogues (succiny] phosphonate, Suc-P, and appro-
priate esters) on the activity of o-ketoglutarate dehydrogenase
complexes (0-KGDC) from E. coli and pigeon breast muscle,
as well as on 0-KGD isolated from the pigeon breast muscle.
In addition, we have studied the possibility of metabolic trans-
formation of the glutamate phosphoanalogues, 1-amino-3-car-
boxypropylphosphonic (Glu-P) and -phosphinic (Glu-Py)
acids into dehydrogenase inhibitors in a model system and
exiract of E. coli.

2. Materials and methods

2.1. Chemical compounds

NAD™, thiamine pyrophosphate (TPP), cysteine hydrochloride, o-
ketoglutarate, and oxalcacetate were purchased from Sigma (USA).
Phosphoanalogues of pyruvate, o-kctoglutarate, and glutamate (see
Fig. 1) were obtained according to [10] and [11,12], respectively.
The other chemicals were of the purest grade available.

2.2.‘\‘Enzyme preparations and their activity determination

Ex:ract of E. coli was prepared according to the method described
in [8). {solation of a-KGDC from E. coli and its activity determina-
tion by ‘Q\JAD‘r reduction were carricd out using a modified technique
[13]). Thé:o-KGDC and o-KGD isolation from pigeon breast muscle
and detertyination of their activities were done by the earlier described
methods [I\i]. The isolation of aspartate aminotransferase (EC 2.6.1.1)
from pig heyrts and the enzyme activity determination by accumula-
tion of oxalojcetic acid were carried out according to (12]. In all cases
the initial rate of enzymatic reaction was measured.

In the case o¥ phosphoanalogue of a-keto acids and a-KGDC and
0-KGD the reac\ion was initiated by the enzyme addition. Preincuba-
tion of o-Kglu plosphoanalogues with o-KGD (5 min) was carried
out in a cell for tye activity determination in 0.05 M K-phosphate
buffer, pH 6.3. In thjs case the enzymatic reaction was initiated by the
simultaneous addition of a-Kglu and ferricyanide up to final concen-
trations of 0.5 mM a?\d 0.6 mM, respectively.

3
2.3. The effect of Glu-P\and Glu-Py on dehydrogenase activity in
E. coli extract and in a riodel system

50 pl of fresh E. coli extract was added to 50 pl of incubation
mixture that contained 50 mM of K-phosphate buffer, pH 7.4, 2.6
mM L-cysteine, 1 mM MgCl;, and 2.0 mM Pyr. In some cases 0.1 mM
of aminooxy acetate was added. The mixture also contained 5 mM of
one of gluphosphoanalogues. The incubation was carried out at 37°C
for 6 h. An aliquot (10 ul) was taken at definite intervals of time to
determine a-KGDC activity using the above method.

In the model system purified enzyme preparations of aspartate ami-
notransferase from pig hearts and a-KGDC from E. coli were used.
The Glu phosphoanalogucs were incubated with aspartate amino-
transferase under conditions similar to those described in [12], then
aliquots were taken and added to the incubation mixt* = for determi-
nation of a-KGDC activity.
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Table 1

Inhibition of a-KGD and a-KGDC from pigeon breast muscle and a-KGDC from E. coli by a-Kglu phosphoanalogues®
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f enzym Enzyme Experiment Compound Concentration of Relative activity
Source of e ¢ nm‘r’leber analogue (mM) (%)
E. coli o-KGDC 1 Suc-P 0.02 5
ot Suc-Py 0.02 50
Suc-Ppm 0.02 100
Suc-P+2 mM o-Kglu 0.02 33
a-KGDC 2 Suc-P 0.06 2
Suc-Py 0.06 25
SUC-PDM 0.06 100
Pigeon breast muscle a-KGDC 3 Suc-P 0.06 38
Suc-Py 0.06 67
Suc-Ppu 0.06 98
a-KGD 4 Suc-P 0.06 20
Suc-Py 0.06 40
Suc-Pput 0.06 100
o-KGD sh Suc-P 0.02 4
Suc-Py 0.02 40
SUC-PDM 0.02 92
Suc-P + 0.5 mM o-KGlu 0,02 25

SActivity of enzymes was determined in the presence of 0.5 mM o-Kglu. The K,, value for a-Kglu in the case of £ coli a-KGDC is equal to

0.07 mM., The Ky value for a-Kglu in the case of muscle a-KGD is 0.02 mM [14].
bActivity of 0-KGD was determined after preincubation for 5 min in the presence of analogue.

3. Results and discussion

3.1. Succinyl phosphonate inhibits oxydative decarboxylation of
a-ketoglutarate

At the first step we have studied the influence of Suc-P and
its esters on a-Kglu oxydative decarboxylation, catalyzed by
o-KGD and a-KGDC from pigeon breast muscle, as well as
by ¢-KGDC from E. coli. The Suc-P interaction with com-
plexes was competitive in relation to the substrate, ie. an
increase of a-Kglu concentration resulted in the inhibition
extent decrease. Thus, the residual activity of E. coli o-
KGDC was equal to 33% in the presence of 0.02 mM Suc-P
and of 2 mM of a-Kglu, whereas it made up only 5% in the
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Scheme 1

case of 0.5 mM of a-Kglu (Table 1, experiment 1). This com-
petition was also shown for a-KGD (Table 1, experiment 5):
in tire presence of o-Kglu 25% of activity was preserved, while
preincubation with Suc-P in the absence of o-Kglu caused
practically complete inactivation of a-KGD.

The inhibition of a-Kglu oxidative decarboxylation by
phospnoanalogues was selective, since millimolar concentra-
tions of Ac-P and Ac-Py did not inhibit -KGDC and ¢-
KGD activities. We have found in experiments with isolated
0-KGD (Table 1, experiments 4 and 5) that the level of en-
zyme inhibition by Suc-P increases upon preincubation with
inhibitor. A similar effect was observed during Pyr phospho-
enalogues interaction with pyruvate dehydrogenase from E.
coli and this was explained by enzyme-inhibitor complex (E-
I) isomerization [15). A similar level of inhibition of a-KGD,
preincubated with analogue (Table 1, experiment 5), and o-
KGDC from E. coli without preincubation (Table 1, experi-
ment 1), could be interpreted as a difference in the stability of
E-I complexes of muscle a-KGD and bacterial enzymz. This
correlates with the possibility of conformational alterations of
the muscle a-KGD during catalysis [16), which is typical for
bacterial enzymes. The difference in the properties of E-I com-
plexes may explain the lower sensitivity of muscle 0-KGDC
towards inhibitors (Table 1, experiment 3), as of bacterial one
(Table 1, experiment 2). It should be noted that the substrate
affinities for the muscle dehydrogenase and bacterial enzyme
are close to each other and are equal to 0.02-0.04 mM [14]
and 0.07 mM, respectively.

The data in Table | show that the inhibitory activity of Suc-
P in all cases was higher than that of monomethyl ester!of the
same compound. The opposite situation has been observed for
pyruvate dehydrogenase complex inhibition by pyruvate phos-
phoanalogues. According to the literature [2] and our own
data [4,7), the most effective inhibition of pyruvate dehydro-

! A related fluorescent substance, monomethyl ester of pyrene butyl

phosphonate, has a sufficient affinity to the enzyme [13].
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Fig. 1. Inhibition of a-KGDC activity in E. coli extract after incu-
bation with Glu phosphoanalogues. For incubation conditions see
section 2. a-KGDC activity was determined at 37°C in 0.99 ml of
K-phosphate buffer, pH 7.4, containing 2.6 mM L-cysteine, 1 mM
MgCl,, 0.2 mM TPP, 2.5 mM NAD, 0.1 mM CoA, and 2 mM a-
Kglu. The reaction was initiated by addition of a 10 pl aliquot of
incubated E. coli extract containing: (@) 2 mM Pyr; (») 2 mM
Pyr+5 mM Glu-P; (0) 2 mM Pyr+5 mM Glu-Py; (x) 2 mM
Pyr+5 mM Glu-P+0.1 mM aminooxy acetate; (+) 2 mM Pyr+5
mM Glu-Py +0.1 mM aminooxy acetate.

genase complex was caused by acetyl phosphonate mono-
methyl ester. Dimethyl ester of Suc-P, lacking a negative
charge on its phosphonate fragment, was inactive.

So, obtained data show that Suc-P and corresponding
monoester are effective inhibitors of 0-Kglu oxidative decar-
boxylation, catalyzed by both muscle and bacterial 0-KGDs.
The mechanism of inhibition may include the interaction of
inhibitor carbonyl group with TPP in the 0-KGD active cen-
ter similarly to the earlier proposed mechanism of pyruvate
phosphoanalogues interaction with the pyruvate dehydrogen-
ase complex irom E. coli [2].

3.2, Generation of inhibitors of o-Kglu oxidative
decarboxylation from glutamate phosphoanalogues
(Glu-P and Glu-Py) in transaminase reaction and
extract of E. coli

Earlier we have shown the possibility of transamination of
amino acid phosphoanalogues to corresponding keto acids in
vitro [12], in vivo [6,8], and in E. coli extracts [7-9].

We applied the same approach in present paper to generate
dehydrogenase reaction inhibitors using glutamate phospho-
analogues and E. coli extract and aspartate aminotransferase.
As is seen from Fig. 1, incubation of Glu-P or Glu-Py with
E. coli extract in 50 mM K-phosphate buffer, pH 7.5 in the
presence of Pyr results in a drop of a-KGDC activity. Addi-
tion to the medium of aminoxy acetate, a specific inhibitor of
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enzymatic transamination, retained the dehydrogenase activ-
ity.

A possible explanation consisted in enzymatic transforma-
tion (transamination) of aminoanalogues into ketoinhibitors
in E. coli extract, like glutamic acid could be a source of a-
Kglu in the same system.It has been shown in separate experi-
ments that Pyr, Glu-P, and Glu-Py have no inhibitory effect
on ¢-Kglu oxydative decarboxylation.

In addition, we have studied the transformation of Glu-P
and Glu-Py into corresponding phosphoanalogues of o-Kglu
in the system o-KGDC-aspartate aminotransferase. As is
seen from Fig. 2 in such system a decrease of a-KGDC activ-
ity observes in the presence of Glu-P or Glu-Py.

0-KGDC inhibition by Suc-P and the resulting biological
effect could be observed in vivo if this compound or its meta-
bolic precursor Glu-P could permeate a cell. However, it is
known that phosphonates and aminophosphonates poorly
permeate the cell envelope. Using of Glu-Py may open new
possibilities, since the substances of this family are character-
ized by a good permeability and may transform to the phos-
phinic inhibitor of a-KGDC, Suc-Py. The latter compound
has not been synthesized yet and a unique possibility of gen-
eration of it is metabolic transformation of amino precursor,
Glu-PH.

The obtained results confirm the ability of Glu phospho-
analogues to be metabolic precursors of Suc-P and Suc-Py,
inhibitors of a-Kglu oxidative decarboxylation.
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Fig. 2. Effect of o-keto inhibitors, generated during transamination,
on the E. coli 0-KGDC activity. «-KGDC (10 pg/ml) was incubated
in conditions analogous those indicated in the legend to Fig. 1. The
reaction was initiated by the simultaneous addition of 5 wl of 2 mM
a-Kglu and 5 i of transamination medium containing: (@) 0.3 mM
Glu+0.002 mM o-Kglu; (+) 0.3 mM Asp®+0.002 mM o-Kglu; (%)
02 mM Glu-P+0.002 mM o-Kglu: () 02 mM Glu-Py +0.002
mM a-Kglu. Incubation conditions for transamination as in [1'2].
“As a result of aspartate transamination Oxa is formed, the effective
inhibitor of E, coli a-KGDC (K, for Oxa=0.045 mM).



170

References

[1] Ambrose, M.C. and Perham, R.N. (1976) Biochem. J. 155, 429-

432
[2] Kluger, R. and Pike, D.C. (1977) J. Am. Chem. Soc. 99, 4504
4506.

[3] Laber, B. and Amrhein, N. (1987) Biochem. J. 248, 351-358.

[4) Biryukov, A.L, Vasilyeva, 1.G., Zhukov, Yu.N., Khurs, E.N. and
Khomutov, R.M. (1988) Abst. 14th Int. Congress of Biochem.
(Prague, Czechoslovakia), M0:099, 83.

[5] Baillie, A.C., Wright, K., Wright, B.J. and Earnshaw, C.G.
(1988) Pest. Biochem. Physiol. 30, 103-112.

[6] Khomutov, R.M., Khurs, E.N,, Dzhavahia, V.G., Voinova, T.M.
and Ermolinsky, B.S. (1988) Bioorg. Khimiya (Russ.) 13, 1422-
1424,

[7] Biryukov, A.L, Vasilyeva, 1.G., Zhukov, Yu.N., Khurs, E.N. and
Khomutov, R.M. (1989) Proc. SCI Pest. Group Meeting at
Churchill College (Cambridge, UK), 213-215,

{8! Khomutov, R.M., Khurs, E.N.. Biryukov, A.I., Zhukov, Yu.N,,

A.L Biryukov et al.IFEBS Letters 382 (1996) 167-170

Dzhavahia, V.G., Voinova, T.M. and Ermolinsky, B.S. (1990)
Bioorg. Khimiya (Russ.) 16, 275-279.
[9] Biryukov, A.L, Vasilyeva, 1.G., Zhukov, Yu.N., Khurs, E.N. and

Khomutov, R.M. (1990) Pest. Sci. 30, 321-323.

[10] Baillie, A.C., Wright, B.J. and Wright, K. (1980] Eur. Patent
Appl. 9348-9368.

[11] Khomutov, R.M., Osipova, T.I. and Zhukov, Yu.N. (1978) Izv.
Akad. Nauk SSSR, Ser. Khim. (Russ.) 1391-1394,

[12] Khurs, E.N., Osipova, T.I. and Kivniuwy, K.M. (1989) Bioorg.
Khimiya (Russ.) 15, 552-555.

[13] Angelides, K.J. and Hammes, G.G. (1979) Biochemistry 18,
5531-5537.

[14] Bunik, V.I., Buneeva, O.A. and Gomazkova, V.S. (1990) FEBS
Lett. 269, 252-254.

[15] Schonbrunn-Hanebeck, E., Laber, B. and Amrhein, N. (1990)
Biochemistry 29, 4880-4885.

[16] Bunik, V.I., Romash, O.G. and Gomazkova, V.S. (1990) Bio-
chem. Int. 22, 967-976.



