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The purified suceinate-ubiqulnone reduetaso catalyzes the L- (or D-) malate: acceptor oxidoreduclase 
reaction with K m |or malate of about 2 • 10-3 M and initial gmt~ of .50 and 100 nmol per rain per mg of 
l~etetn for L- and D-stel~olsomes% respectively (25 ° C, pH 7.0). The reaetlan rate rapkBy decreases both in 
the abseuce and presence of L-ghitamate and L-glutamate~oxaloacetate t~ar-.mminase added foe trapping of 
oxaloaeetate. Both keto and enol forms of oxainacetate were found to be strong, slowly dLsse~ath~g 
inlflbiters of succingte dehydrogenase; the first-order rate constant for (be e~,lzyme inhibition by the em~ 
form is about 3 times as high as that by the keto form. Oxidation of malate by succinate dehydmg~mase in 
file Wesuee of the oxaloaeetate trappi~ 8 system ecctrs at an imlefmitely eonstmt rate when enof 
oxaloaeetate, which is an ~m~.d]ate product of the reaction, is rapkly comrerted in|o the keto isomer - a 
subsemt~ for transaminase. A qnanlitative kinetic sdleme for malate oxidation by su~hude dehydmgeaase 
whkh includes two kinetkal~ distinct enzyme-oxaleaeetate cuml~XeS is propmed, and the specific role of 
the miteclmedflal oxaleaeetate keto--anol-tautomerase (EC 5..3.2.2) in the ~ el  suecinate dehy&o- 
t ~ e  is m88este~ 

lntmdneflan 

The substrate spedfioity of su~finate dehydro- 
genase (EC 1.3.99.1) is not absolute. The enzyme 
has been shown to catalyze the oxidation of a 

AbbrevJafi,*qs: carlmxin. 5,6-dihydro-~.methylol.&oxathlin-3- 
e, arbo~de~ Mops. 4-morpholinopropanesulphoni¢ acid; 
DCIP, 2,6-th'ch]orop~lindophenol; PMS, N-methylphena- 
zonimm sulphate; Wurster*s blue, a semiquinoac ¢Fdmin¢ radi- 
cal of N,N,N',N'.letramethyl.p-phenytene~llamlne (TMPD); 
Q2, hmnolos of ubiquln~ae havin8 two isopr~moid units in 
i~ition 6 of the quinoae flag. 

Conmpemleace: A~D. Vino~adov. Dopam~at of Bi~h~a- 
ist~. School of Biolosy, M ~ w  State Univer~Aty. Moscow 
119899, U.S.S.R. 

variety of haloid-subsrituted analogs of su~inate 
[1-3]. The slow enzymatic oxidation of 3- 
nitropropionate to 3-nitroacrylate has also been 
shown to be involved in a s*,tidde inhibition of 
succinate dehydrogcuase by this toxic compound 
[4,5]. There are controversial reports in the litera- 
ture on the ability of sue~a te  dehydrogenase to 
oxidize malate. It has been shown that both D- 
and L-malate cause bleaching of a flavin in the 
partially purified enzyme [6] and give rise to the 
Iow-~emperature EPR-detectable flavin semi- 
quinone and reduced nonheme iron [7]. The for, 
marion of about 10 tool oxaloacetate per tool of 
the enzyme after anaerobic incubation of soluble 
succinate dehydrogenaso with both malau: stereo- 
isomers has been demonstrated [8]. It has been 
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reported that crude preparations of the soluble 
succinate dehydrog.'.nasc catalyze the overall D- or 
L-malate: ferrieyande reductase reaction [6], al- 
though, presumably due to the strong inhibitory 
effect of the oxaloaeetate formed, no more than 
about ten turnovels of the enzyme have been 
observed. Contrar3, Hanstein et al. [9] have 
claimed that pure two-subunit suceinate dehydro- 
genase shows no d~hydrogenating activity when 
either D- or L-maiat,~ was used as the substratc. 

Another group o~ observations relevant to the 
malate dehydrogenase activity of suceinate dehy- 
drugenase is eoncerued with the so-called 'activa- 
tion-deactivation' phenomenon, first discovered 
by Kearney [10] an:l later on accounted for the 
presence of tightly bound oxaloacetate in 
deactivated prepara:ions [11]. It has been found 
that succinate dehydsogenase activity rapidly de- 
cline i~ parallel w t h  the formation of tightly 
bound oxaloacetate it the enzyme active site when 
the enzyme was incubated with low concentrations 
of D- or L-malate [11,121. 

The malate dehy:lrogenase activity of the suc- 
c;oate dehydrogenese, when present, raises the 
possibility of the enzyme regulation by malate via 
a suicide inhibition aaeehanism, since L-malate is a 
natural constituent of the mitochondrlal matrix 
where the substrate binding site of snceinate dchy- 
drogenase is loeaWA, and since oxaloacetate is 
known to be an exlremely potent inhibitor of the 
enzyme. 

The purpose of the present studies was to in- 
vestigate in more d~:tail the ntalate dehydrogenase 
activity of succinat,~ dehydrugenase and to relate 
it to the known parameters of the enzyme- 
oxaloacetate interaction [13]. We will show that 
purified succinate-ubiquinone reductase oxidizes 
v-  and L-malate an¢~ that the eno[-oxaloacetate is 
an immediate produce formed at the enzyme-ae- 
Eve site. When the oxidation of malate by the 
enzyme is coupled vath L-glutamate/oxaloacetate 
transawlnation, the l-ey step which controls the 
soeclnate dehydrogen~'se activity is the tautomer- 
ism of oxaloacetate, h, the subsequent paper [44] 
the isolation procedure and the properties of 
m i t o c h o n d r i a l  oxa loace t a t e  k e t o - e n o l -  
tautomerases (EC 5.3.2.2"1 are described. The pre- 
liminary account of the results has been published 
elsewhere [14]. 

?dated~_~ :rod Methods 

Bovine heart succinate-ubiquinone reductase 
was prepared [15], activated and made free of 
contaminating sucuinate [16] according tc the pub- 
lished procedures. The soluble reconstitutively ac- 
tive sucuinate dehydrogenase was isolated and 
stored as described [17]. The succinate dehydro- 
genase activity was measured at 25°C in a stan- 
dard assay mixture comprising 5 mM Tr is /Cl -  
(pH 8.0), 20 mM succinate, 0.2 mM EDTA, 1 mM 
cyanide (potassium salts), 0.004% Triton X-100, 2 
mM PMS and 0.05 mM DCIP. The malate dehy- 
drogenase activity of the snecinate dehydrugenase 
preparations was measured at 25°C in an assay 
mixture comprising L- or D-malate, Mops (pH 7.0; 
the concentrations are indicated in the figure 
legends), 0.2 mM EDTA, 1 mM cyanide (potas- 
sium salts), 0.004~ Triton X-100, and proper 
m o u n t s  of the electron acceptors (Q2, Wurster's 
Blue or PMS plus DCIP). The details are described 
in the figure and table legends. 

We found that different batches of commercial 
preparations of L-malate (Sigma, U.S.A.; Sea'va, 
Austria; Fluka, Switzedand) are considerably con- 
taminated with succinate (1-7% of dry weight). 
Thus, L-malate was purified by ion-exchange chro- 
matography. 4.5 ml of 0.5 M L-malate (Fluka, 
Switzerland), pH 2.5 was passed through a column 
(3 × 50 ere) packed with Dowex 1 × 8 (Serva, 
Austria) equilibrated with HCI (pH 2.5) at room 
temperature. The fractions containing t-malate 
were combined and concentrated by evaporation. 

Protein was determined by the procedure of 
Lowry et al. [18]. Wurster's Blue was prepared 
from TMPD according to Michaelis and Granik 
[191. Oxaloacetate, PMS, Tris, Mops, TMPD and 
v-malate were obtained from Sigma (U.S.A.), 
NAD +, N A D H ,  L-glutamate and pig heart 
t-malate dehydrogenase (EC 1.1.1.37) were from 
geanal (Hungary), Triton X-100 was from Loba 
Chemie (Austria), PMS was from Lowson (U.K.), 
DCIP was from General Biochewieals (U.S.A.), 
Q2 was from Ferek (West Berlin), N-ethylmalai- 
wide was from BDH (U.K.) Catboxin was a kind 
gift from Prof. H. Lyr (Institute of Plant Protec- 
tion Research, G.D.R.). t-Glutamate oxaloacetate 
transamlnase from pig heat't (EC 2.6.1.1) was 
kindly provided by Dr. Vu,M. Torchinsky (In- 



stitute of Molecular Biology, U.S.S R. Academy of 
Sciences). Other chemicals were of the highest 
quality coiraT~r,:ially a'¢ail,~"le. 

Results 

Kinetics of malate oxidation catalyzed by sueeinate- 
ubiquinone reductase 

Fig. 1A (curve 1) demonstrates the time-course 
of Wurster's Blue reduction in the presence of 1 
mM D-malate and a proper amount of purified 
suceinate-ubiquinone reductase. The reaction 
rapidly deviates from the zero-order pattern; this 
deviation can not be prevented by an increase of 
the substrate or the electron aeceptor conecatra- 
tions, or both. The same time-course was seen 
with L- or D-malate used as the substrates, when 
PMS (2 raM) plus DCIP (0.05 raM) or Q2 (10 
~M) were added as acceptors. The succinate- 
acceptor reductase reaction rate was perfectly con- 
stant during any reasonable time under the same 
conditions. In order to assure that the reaction 
shown in Fig. 1 is indeed the malatc-aceeptor 
oxidoreductase catalyzed by succinate dehydro- 
genase, the following experiments were performed. 

(i) The reaction was found to be completely 
inhibited by malonate (curve 3) with the same K i 
value as the succinate-aeceptor reductase activity 
was. 

(ii) The amount of Wurster's Blue reduced in 
the reaction was measured, and the reaction was 

stopped by the addition of 0.5 mM dithiothreitol 
(instant nonenzymatic tedtaetion of the dye); 5 
mM L-glutamate and 5 lxg of t-glutamate- 
oxaloacetate transaminase were then added, the 
mixture was incubated for 5 rain and the a_naount 
of e--oxoglutarate formed was determined, using 1 
mM NAD + and the a..oxoglutarate dehydro- 
genase complex in the presence of 70 p.M thiamine 
pyrophosphate and 25 aM eoenzyme A [20]. It 
was found that the amount of Wurstefs Blue 
reduced in the reaction (two cleon'on equivalents) 
was equal to the amount of woxoglutarate de- 
termined in the mixture. Thus, oxaloacetate was 
identified as the product of the reaetiun shown in 
Fig. 1. 

(iii) Although the preparations of succinate- 
ubiquinone reductase used throughout this study 
are highly purified [15], it seemed to be concei- 
vable that the malate dehydrogenase activity 
shown in Fig. 1 was due to some contanKaating 
enzyme. To exclude this possibility, the correlation 
between irreversible inactivation of succinate- and 
malate-acceptor reductase activities ~vas studied, 
using site-directed inhibitinn of suecinate dehy- 
drogenase by N-ethylma]eimi6e [21,22]. F~.g. 2 
demonstrates that the ratio between the residual 
fractions of both activities during treatment of the 
enzyme with the inhibitor remains constant. 
Moreover, both activities were protected by 
saturating concentrations of malonate which is 
known as a specific competitive inhibitor of suc- 
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Fig. 1. T'tme-comse of z~malate oxidation by p~fied succinate-ubiquinon¢ reductase~ The reaction was started by an addition of the 
enzyme (50 ps/ml) to a standard reaction mixture (see Materials and Methods) containing I mM D-malate~ 5 mM L-glutamate and 
40 isM WB. (A) 1 zZ~,~ Mops (pH 7.0) was ,j~¢ol a~ a huffer. (B) 0.2.5 M Mops (pH 7.0) was used as a buffer. Curves l, no other 

addition; cterv~ 2, L-glutamat e.oxaloacet ate mm.~mlnA~e (140 ttg/ml) was added; curves 3, 20 mM malonate we.~ added. 
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Fig, 2, Inhibition of the succinate dehydrogenase (O) and 
r~-malate dehydrogenase (o) activities of suceinate-ubiquinoae 
reductase by N.ethylmaleimide. Succinate, ubiquinone re. 
ductase (0.5 mg/ml) was incubated at 250C for the time 
indicaled o- absciss~ in a mixture containing: 20 mM phos- 
phate (pH 7.8), 0.2 mM EDTA (potassium salts) and 0.05 mM 
N.ehylmaleimide. The proper amount of the enzyme was 
withdrawn and the initial v-malat¢ (1 raM) and succinate (1 
raM) dehydrogenase activities were determined in 0.25 M 
Mops (pH 7.8), as described in the legend to Fig. 1. Curv~ 1 
and 2. no other addition to the incubalion mixture: cu~es 3 

and 4, 50 ttM potassium malonate was added. 

cinate dehydrogenase [13,231. Qualitatively, the 
same results as those shown in Fig. 1 were ob- 
tained when purified two-subunit soluble suc- 
cinate dehydrogenase was used as the enzyme 
preparation. 

Taken  together, these results unambiguously 
show that succinate dchydrogenase is capable  of  
malate oxidation. Some kinetic parameters  of  the 
reaction are given in Table  I. 

An  obvious reason for a rapid decline of  the 
enzyme aetivity during malate oxidation (Fig. 1) is 
the accumulation of oxaloacetate which is a potent  
active sitc-dirccted inhibitor of  succinate dehydro- 

genase [13,24-31].  However,  the initial turnover of 
the enzyme in the malate  dehydrogenase reaction 
(Table  I) is incompatibly higher than the first-order 
rate  constant  for the dissociation of  the dehydro- 
genase-oxaloacetate complex (0.02 rain - t  and  0.2 
ra in-1  for oxidized and  reduced succinate dehy- 
drogenase, respectively [13]). Moreover,  the same 
time-course of the reaction was observed, when 
malate  oxidation occurred in the presence of L- 
glutamate end t ransaminase (Fig. 1, curve 2). Thus,  
a possible explanat ion of  quanti tat ive discrepan- 
cies seemed to lie ei ther in the difference between 
the enzyme-product complex formed as an  inter- 
mediate o f  the malate  dehydrogenase reaction and 
that formed af ter  incubat ion of  succinate dchydro- 
genase with oxaloacetate,  or  in the absence of  
inhibit ion of  soccinate dehydrogenase by enol- 
oxaloacetate, which certainly might  be expected as 
the reaction product .  

Interaction of su~inate dehydrogenase with the 
tautomers of oxaloacetate 

I t  is well  established that  in aqueous solutions 
oxaloacetate exists as a mixture of several species 
consist ing predominant ly  of  keto  and enol  forms 
[31-33].  In  a solid s ta te  o r  in ether or  dioxene 
solutions this compound is mainly enol, whereas 
in aqueous solutions at  neutral  p H  about  8 0 5  of  
oxaloacetate is the keto  form [31,33]. The  rate  of  
interconversion between two forms depends on 
many factors ( ionic strength, metal  ion chelation, 
general  acid-base catalysis) and  can be  relatively 
low (up  to the minute  scale) [34,35]. Tak ing  into 
account the mechanism by which succinate dehy- 

TABLE I 

KINETIC PARAMETERS OF OXIDATION OF MALATE BY THE MITOCHONDRIAL SUCCINATE-UBIQUINONE RE- 
DUCTASE 

25°C, pH 7.0, 0.25 M Mops. 

Substrate K m V ~  Turnover number" K i for succh3ate- 
(raM) (p mob rain - 1. rag- l ) (mln - l) ubiquinone reduclase b 

(mM) 

L-malate 2.2 0.05 8.5 2.2 
~malate 1.5 0.10 17 not d~termined 
Succinate 0.1 10.0 1700 

= Calculated on the b~is of covalenfly bound flavin content of 6 mnol pex mg [151. 
b Determined by the Dixon me~od [43]. 



drogcuase removes hydrogen atoms from the sub- 
strafe (transelimination [36]), it sho1~ld be antic- 
ipated that cnol-oxaloacetate is an immediate 
product of L- or o-maletc oxidation at the en- 
zyme-active site. Then a question arises as whether 
enol oxaloacetate is an inhibitor of succinate de- 
hydrogenase. If not, the results shown in Fig. 1 
could simply be explained, assuming that the 
product of malate oxidation is non-inhibitory enol 
which slowly interconverts into strongly inhibitory 
keto-isomer. Thus, we decided to compare the 
relative inhibitory potencies of keto- and enol- 
tan~mers in the succinate dehydrogenase reac- 
tion. Fig. 3 demonstrates the kinetics of oxaloace- 
tare ketonization under the same conditions as 
that used for malate dehydrogenase activity assay. 
The method used for the determination of the 
isomerizatian rate is based on the absolute 
specificity of L-malate dehydrogenase for the keto 
form of oxaloacetate [37|. An instant decrease of 
absorbance at 340 nm after oxaloacetate addition 
from dry ether solution corresponds to the amount 
of ketone, whereas a subsequent slow process i:, 
due to slow ketonization of anol. In agreement 
with the published data we observed a strong 
acceleration of tautomeric interconversion when 
the buffer concentration was incr~yased from 1 
mM (curve 1) up to 0.25 M (curve 2). The 
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Fig. 3. Ketoat~tion of e~aol-oxaloacetate in Mops buffer (pH 
7.0). 5 pl of the solution oI oyadoacetate in dry diethyl ether 
(OA) were added to 2 ml of a mixtu~ containing: Mops (cur~ 
1,1 raM, ¢un~ 2, 0.25 M), 0.2 mM EDTA, 0.2 mM NAD. H, 
and malate dehydmgmaase (25 tt 8/ml); pH of I mM Mops was 
adj~tad iu make plI 7.0 aft~ a~tion af 50 ttM o~1 ~.~.,'e,. -..,_ -. 
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Fig. 4. Inhibition of succinat¢ dehydrogenase by the cool and 
keto forms of oxa!oacetale. 20 p.M or.aleac.eta~v was added 
where indicated ~r,~,~ dry dieThyl ether (curve l) or acid (pH 
2.0) aqueous (cunte 2) solutions to the assay c~vene contain. 
ing: 5 mM Tris/Cl (pH 8.0), 2 mM sucg~ale. 0.2 mM EDTA 
(potassium salts), 0.05 mM DCIP, 2 mM PM$, 0.004~ Triton 

X-100 and a propm" amount of the enzyme. 

[ketone]/[enol] ratio in Mops barfer at pH 7.0, 
25°C was found to be 5; this value is in good 
agreement with the results reported by others 
[31-33]. The low rate of oxalo~cet'~e keto~.ation 
at low buffer concentration is advantageous for a 
comparison of relative efficiencies of ketone and 
enol forms in succinate dehydroganase inhibition. 
Fig. 4 demonstrates the time-coorse of the suc- 
cinate-nbiquinone reductase inhibition by 
oxaloacetate added as enol (675) or as ketone 
(95~). As can be evident from Fig. 3, the ratio 
between the two tantomers was not significantly 
changed during the time needed to inhibit the 
reaction. Thus, t.hc ps,:udoof'L~toorder rate con- 
stants for the inhibition of succinate dehydro- 
gcuase by the anol and ketone forms could be 
determined. The inhibition patterns shown in Fig. 
4 give linear semilogerithmic plots (the results are 
not shown). When the ratio between the added 
enol and keton was varied using different solvents 
where oxaloacetate was added from, the linear 
dependence of the first-order inhibition rate con- 
stant on the enol/ketone ratio was obtained (Fig. 
5). The intercepts of the straight line with the left 
(100~ ketone) and right (100~ enol) ordinates 
give a difference 3-times greater in the relative 
inhibition potencies for the two species. It is 
worthwb_;!,~ mentioning that neither succinate 



ubiquinone reductase nor  soluble two-subunit  suc- 
cinate dehydrogenase catalyze keto-enol- tauto-  
metization of oxaloacetate as was determined in 
the assay system shown in Fig. 3. 

Since under certain conditions the succinate 
dehydrogenase inhibit ion by any tautomers of  
oxaloacetate proceeds faster than that of  the iso- 
mers interconversion i t  might be  conceivable that  
the inhibited succinate dehydrogenase-oxaloace- 
tare (ketone)  and  succinate dehydrogenase-  
oxaloacetate (enul) complexes are different. Fig. 6 
shows that  both complexes are identical at  least in 
terms of  the dissociation rate. Thus, we may con- 
clude that both keto and enol forms of  oxaloace- 
tate are powerful, very slowly dissociating inhibi-  
tors of  succinate dehydrogenase and that  the bi- 
molecular rate constant  for enol association with 
the enzyme active site is 3-times higher than that  
for the ketoform. 

Tautomeric interconverMon of oxaloacetate and 
malate dehydrogenase activity of succinate dehydro- 
geaase 

The results presented in the previous sections 
leave the question about  the apparent  discrepancy 
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Fig. 5. Rate of the succinate dehydrogenase inhibition as a 
function of ketone and enol content in oxaloacetate. 20 itM 
oxaloacetate was added to the assay system as descnbed in Fig. 
4 from: (1) acid (pH 2.0) aqueous solution; (2) aeearal aqueous 
solution; (3) ethanol solution; (4) dry diethyl ether solution. 
(O), oxaloacetate was added from dry diethyl ether solution to 
the assay system and the reaction was started by the addition 
of succinate-ubiquioone reducta,~ at the moment when the 
enol/ketone ratio was as indicated on abscissa. The content of 
eaol was det erc~aed by L-ms]ate dehydrogenase assay es shown 

in Fig, 3, 

2 _ _ ~  . i r i 
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Fig. 6. Activities of succinate-dehydrogenase inhibited by the 
enol and keto i~oners of oxalaoacetate, Succlnate-ubiquinone 
reductase (0.1S n~g/nfl) in 5 mM Trls/Cl-, 0.2 mM EDTA 
was incubated in.. 0.5 rain at 25°C with 10 I~M oxaloacetate 
added from aciu aqueous (¢) or dry diethyl ether (o) solutions. 
At zero time the samples were diluted for activation in the 
assay cuvertes containing: 5 mM Tds/CI- (pH "/,8). 0.2 mM 
malanate (potassium salts), 0.004~ Tritgn X-100. After dilu- 
tion the final concentrations of the e .nzyme and oxaloacetate 
were 0.4 ttg/ed and 2.5.10 -s  M, respectively. Tile succinate 
dehydrogenase activity was assayed at the time indicated on 
abscissa after simuhaneous addition of 50 mM succinate, 2 

mM PMS and 0.05 raM DCIP to t~,e as~.y cuvette. 

between relatively rapid  ini t ial  turnover of  suc- 
cinate dehydrogenase in the malate  dehydrogenat-  
ing  reaction k . t ~ 8 . 5  rain -~, Tab le  I) and an  
extremely slow dissociation of  the enzyme- 
oxaloacatate complex (ken = 0.02 rain -1 [13]) on-  
answered. I t  is estabfished that  the keto  form of  
oxaloacetate is the substrate for L-glutamate- 
oxaloacetate t ransaminase [38]. I t  seemed of  inter-  
est to find out  whether  the accelerating of  
keto-enol- tautomeriza t ion would affect the malate  
dehydrogenase activi ty o f  suecinate dehydro- 
genase coupled with t ransmalnat ion of  oxaloaco- 
tare. As depicted in  Fig. 1~, t ransaminat ion of  
oxaloacetate at  high ionic strength, i.e., under  the 
condit ions where ¢nol interconversion to ketone is 
rapid  (Fig. 3), does prevent  the rapid  decline of  
the malate  dehydrogenase activity of  suecinate 
dehydrogenase. In  contrast ,  t ransaminase does not  
affect the time-course of  the reaction at  low ionic 
strength, where the tantomerlsat ion of  oxaloace- 
rate is slow. These results clearly demonstrate  that 
enol  oxaloacetate is an  immediate  product  of  D- or  
L-malate oxidation at  the enzyme active site. Fig. 
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Fig. 7. The effect of oxaloacetate keto-enobtautomerase on a 
suicide inhibition of the malate dehydrogenase activity of 
succinate-ubiquinon¢ reductase. L.Malate (2 raM) dehydro- 
8enase activity was assayed in I n~M Mops (pH 7.8) in the 
presence of 1 mM l-glutamate av,l L-glutamate-oxaloacetate 
transaminase (65 Itg/tdi) as described in Fig. 1. Curve l, no 
other additions; curve 2, 200 Fg/ml of oxaloacetate kc:o-enol 
taulometase - prepared as de~ribed in the acccanpauymg 
paper {Ref. 44) were added; cm've 3. ~ curve 2, 20 mM 

malonate was added. 

7 shows that no inhibition of the enzyme during 
malate oxidation is observed, when ketonization 
of oxaloacetate at low ionic strength is accelerated 
by the purified oxaloacetate keto-enni tantomerase 
(EC 5.3.2.2) prepared from bovine heart mito* 
chondria according to ~ht procedure described in 
the accompanying paper. 

Discussion 

The results presented in this paper leave no 
doubt that mammalian succinate dehydrogenase 
in the presence of electron acecptors is capable of 
the overall oxidation of L- and a-maiate. This 
conclusion is in accord with the findings of Der- 
vartanian and Veeger [6] and contradicts the claim 
of Hanstein et al. on the inability of purified 
soluble succir.ate dehydrogenase to oxidize maiate 
[9]. The peculiar pattern of malate oxidation by 
succinate dehydrogenase is that L-malate, being a 
natural constituent of the mitochondrial matrix, 
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acts as a suicide inhibitor of the enzyme. This 
behaviour raises several interesting points. 

The first point we would like to consider con- 
ceres the apparent discrepancy between the initial 
turnover of the ~ e  in the reaction, where the 
succinat¢ dehydrogertase-oxaloacctate complex is 
undoubtfuny an intermediate of the overall malate 
oxidation and the well-documented slowness of 
the enzyme-oxaloacetate complex dissociation [13 I. 
The minimal hypothesis which accounts for the 
experimental observafio~ is given below (Scheme 
I): 

K, A~ Are d KV X, 
M ~ F ~ F - M ~  E'Oe ~'E+Oe~'Ok (1) 

kcat g.* $ 
(E-O)* 

where M is D- or L-malate, E is suecinate dchydro- 
genase, An. and A ~  are oxidized and reduced 
electron acceptors, respectively, O e and O k are the 
enol and keto forms of oxaloacetat~, K s and Kp 
are the dissociation constants for E. M and E. Oe, 
respectively, Kt is the equilibrium constant for 
oxaioacetate tautomenzation, Kt* is the equio 
libvium constant for the interconversion of the 
tatermeg[iato ~.-C, e complex into th~ d~d-¢rM 
slowly dissociating complex (E-O)* and k~t is 
the pseudo-first-order rate constant which is a 
measure of catalytic activity (turnover number) of 
the enzyme. Each equilibrium constant is a combi- 
nation of two rate constants; for example Ki* 
equal to k*i/k*+i, etc. 

Since k~, (8.5 and 17 rain -1 for different stere- 
oisomers, Table I) is quite small as compared with 
that for succinate oxidation (1700 min-t),  it seems 
very likely that the apparent K .  values for L- and 
D-malate are true equilibrium constants, K~. This 
is substantiated by the finding that the K i value 
for L-maiate in the reaction of succinate oxidation 
determined by the method of Dixon [43] is the 
same as K m for I,-maiate (Table 1). The enol- 
oxaioacetate is a structural analog of malate; thus 
it  may be assumed that K s = Kp. With this as- 
sumption the individual rate constants k± p and 
k ~:i can easily be approximated. We have previ- 
ously determined the dissociation constant (Kd) 
for the formation of a slowly dissociating sac- 
cinate dehydrogenase-oxaloacetate complex which 
is equal to approx. 2. I0 -s M [13]. According to 
Scheme 1, Kd=Kp.K~*; this gives Ki*ffi l0 -5. 



s 

Since k* i is known (0.02 rain -1 [13]), the value of 
the first-order rate constant, k ' i ,  calculated as 
k *y, t ffi k *_i/K~* ffi 2 . 1 0  3 rain -1  can  be obtained. 
The lower limit for the first-order-rate constant of 
the enzyme-dicarboxylate complex formation can 
be estimated from the Kd value for the oxidized 
enzyme-fumarate complex (approx. 2 .10  -4 M 
[13]) and from the turnover number of suecinate- 
ubiquinone rcdactase (5.103 rain- 1 at 25 o C [15]); 
thus k+p can be approximated as 2 .10  ? min -~.  
M -1. If  the assumed value of Kp is approx. 10 -3 
M, lower limit for the value of k _ p = K p . k + p  
may be approximated as 2.104 min -~. An im- 
portant consequence of such quantitative consid- 
eration is that if suocinate dehydrogenase interaots 
with malate in the absence of oxaloacetate-utiliz- 
Lug systems, the enzyme would be rapidly in- 
activated via the suicide inhibition mechanism. In 
contrast, in the presence of an oxaloar;etate trap- 
ping system the enzyme can be maintained in an 
active state for a long time, since the ratio 
k _ p / k * i = 2 0  permits only one inactivation act 
per 20 turnovers. Indeed, such a behavior was 
observed. (Fig. 1A and B). 

Since suecinate dehydrogenese dicarboxylate 
binding site operates in the mitoehondrial matrix, 
where the steady-state concentration of L-malate 
is rather high [20], a direct contact between the 
anzyme and the suicide inhibitor seems very 
probable. Scheme I emphasizes an important role 
of oxaloacetate utilizing enzymes in the mainte- 
nance of succinate dehydroganase in an active 
state. An impor tan t  point  is that  in-  
tramitochondrlal oxaloacetae-utilizing enzymes, in 
particular, L-g[utaxnate-oxaloao,~tate transaminase 
used as a modal in this study, utilize the keto 
isomer of oxaloacetate as the substrate [38[. In 
1968 Annett and Kosiekl described the enzyme 
which catalyzed tantomeric interconversion of 
oxaloacetate [38]. The physiologiexl function of 
this enzyme is unknown [38,39], since no enzymes 
utiliz~g or producing enol.oxaloacetate were 
known so far. To our knowledge, suecinate dehy- 
drogenase oxidizing L-malate is the first example 
of such an enzyme in mammalian tissues. An 
important role of oxaloacetate keto-enol-  
tautomerase in regulation of the succinate dehy- 
drogenase a~ti,Aty thus becomes evident. The L- 
malate dehydrogenasa activity of suceinate dehy- 

drogeaase under optimal conditions is quite low, 
therefore its contribution to the overall operation 
of the Krebs cycle can hardly be significant. How- 
ever, under certain conditions this activity coupled 
with oxaloacetate keto-enol-tautomerase and 
malate dehydrogenasa may be of importance for 
maintaining a proper N A D .  H / N A D  4" ratio in 
the mitochondrial matrix. 

The lest point to be considered here is the 
nature of two kinetically distinct complexes E.  Oc 
and (E. (3)* depicted in Scheme 1. The existence 
of two enzyme-oxaloaeete complexes has been 
postulated by Zeylemaker et at. [281 who have 
reported on the biphasic inhibition of soluble suc- 
cinate-ferricyanide reductase oxidizing 10 mM 
saccinate by added 12 ttM oxaloacetate. In line 
with the data of Wojtzcak et al. [27] we were 
unable to distinguish two steps in the inhibition in 
the assay system similar to that employed by 
Zeylemaker et at. [28l no matter whether keto or 
enol isomer of oxaloacetate were added (Fig. 4). 
Taking into account the rate constants in Schema 
I approximated as discussed above, it may be 
predicted that the 'rapid'  E-O¢ and the 'slow' 
(E- O)* complexes can be separated only by rapid 
reaction measuring techniques. On the other hand, 
their existence is evident from other experimental 
approaches employed in the present study; it is 
also in line with the data of Aekrell et al. [40] on 
the mechanism of the enzyme inactivation by 
oxaloacetate. In contrast with Gutman [41] and 
Bonomi et at. [42], we believe that in the 
deactivated state, which is identical to the (E. O)* 
complex, oxaloacetate is bound to the active site 
sulfhydryl group by a thioscmiacetal bond as has 
been discussed elsewhere [29,30]. The higher ef- 
ficiancy of enol in comparison with the keto-form 
in the reaction leading to (E-O)*  does not con- 
tradict our chemical model. As depicted in Scheme 
I, the apparent pseudo-first-order inactivation rate 
constant in the presence of eithex tautomers is 
equal to k*+p/Kp.  At present it would not be 
judicious to account for the higher reactivity of 
enol in the inhibition by either increased k*p or 
by decreased Kp as compared to ketone. 
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