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S T U D I E S  ON T H E  T E R M I N A L  E L E C T R O N  T R A N S P O R T  SYSTEM 

VIII. CONVERSION OF SUCCINIC DEHYDROGENASE COMPLEX 

TO SOLUBLE SUCCINIC DEHYDROGENASE 

R. E. BASFORD*,  H. D. T I S D A L E  AND D. E. G R E E N  

Institute [or Enzyme Research, University o[ Wisconsin, Madison, Wis. (U.S.,4 .) 

Papers I and VII of this series 1, 2 have dealt with the succinic dehydrogenase complex 
(SDC). This particulate enti ty catalyzes the oxidation of succinate by electron accep- 
tots such as ferricyanide, indophenol, and phenazine methosulfate as well as by cyto- 
chrome c. The SDC contains ravin,  cytochromes b and c 1 and non-heine iron. 

In the present communication, a method for extracting a soluble succinic de- 
hydrogenase from SDC, based on the initial observations of SINGER AND KRARNEY 8, is 
described.The dehydrogenase, a ferro flavoprotein, catalyzes the oxidation of succinate 
by ferricyanide and phenazine methosulfate but not cytochrome c, and the reduction 
of fumarate by reduced ravin  mononucleotide (FMNH~). The enzyme is compared 
with the succinic dehydrogenase prepared from beef heart mitochondria by SINGER 
AND KEARNEY et al. a-11. 

ANALYTICAL METHODS 

Protein, rav in ,  and total  iron were determined as described previously 1. 

A ssay of enzymic activity 
Succinic dehydrogenase act ivi ty was measured with ferricyanide or phenazine methosulfate  as 
electron acceptors as described previously 1. 

Fumar ic  reductase activity was measured according to the method of SINGER AND KEARNEY 10. 
FMNHz ** is used as the electron donor and its rate of reoxidation is measured spectrophotometr i -  
cally at  45 ° m a. Activity is determined at  several levels of F M N H ,  concentration, and the  maximal  
rate is obtained by  extrapolat ion of the data to infinite F M N H  z concentrat ion by  a double reci- 
procal plot  of rate  vs. reactant  concentration. 

The molecular extinction coefficient of FMN minus F M N H ,  is taken to be 11. 3 • io 6 cm~/mole 
(based on the e value for the oxidized form assigned by  WHII'ByI~). 

Preparation o~ an acetone powder o~ SDC 

A sucrose suspension of SDC prepared from mitochondria as described in Papers I or 
VII1, ~ or from the electron transfer particle (ETP) x3 is diluted with an equal volume 
of o. 12 M KC1 and adjusted to pH 6 with acetic acid. The suspension is centrifuged in 
the No. 30 or 40 rotor of the Spinco preparative centrifuge for 5 to IO minutes at 
3o,ooo or 40,000 r.p.m, respectively. The sedimented SDC is taken up in a minimum 
amount of o.I~ M KC1 and poured into at least IO volumes of acetone at - -1o  °. The 
particles are allowed to settle and the acetone supernataut is decanted. One third to 
one half the original volume of fresh acetone is added and the suspension is stirred. 

• Fellow of the Nat ional  F o u n d a t i o n / o r  Infanti le  Paralysis. 
• * FMN was a Hoffman-LaRoche product  obtained from Dr. H. BEINERT. 
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The suspension is allowed to settle again and is then filtered through No. 50 Whatman 
paper in a Biichner funnel, with suction. A small amount of ether is poured on the 
funnel as soon as all the acetone has been filtered, and the partially defatted SDC 
is then dried to a light pink powder. 

Extraction o/enzyme/tom acetone powder 

Enough water is added to the acetone powder of the SDC to make a 6 to lO% suspen- 
sion by weight. The mixture is homogenized in a ground glass Potter-Elvehjem type 
homogenizer and the resulting suspension adjusted to pH s with o.I N KOH. The 
suspension is centrifuged in the No. 4o rotor of the Spinco preparative centrifuge at 
40,000 r.p.m, for IO minutes. The supernatant solution (Extract I), which contains 
protein but  little succinic dehydrogenase activity is poured off and the residue is re- 
suspended in the original volume of water. After homogenization, the suspension is 
adjusted to pH IO by the slow addition of o.I N KOH. The alkaline suspension is 
centrifuged in the same rotor at 40,0o0 r.p.m, for 2o minutes and the yellow-brown 
supernatant solution, Extrac t  2, is separated from the residue with a pipette. The 
alkaline extraction is repeated to obtain Extract  3. The residue is resuspended in water 
or 0.25 M sucrose for enzymic assay. The extracts and suspension of the final residue 
are immediately neutralized by the addition of a few ? of molar phosphate buffer at 
pH 7. 

The succinic dehydrogenase activities as measured with ferricyanide as the elec- 
tron acceptor, as well as the recovery of units in a typical extraction procedure are 
shown in Table I. About 60% of the dehydrogenase contained in the acetone powder 
of the SDC can be extracted, of which 7 ° % is obtained in a highly purified form by 
a single extraction. The extract has no activity with DPNH as substrate. 

T A B L E  I 

EXTRACTION OF SUCCINIC DEHYDROGENASE 

Protein Specific 
rag activity*" Units** 

O r i g i n a l  A P S D C * * *  126o 20 25,2oo 
E x t r a c t  I I Io  17.7 1,95o 
E x t r a c t  I I  i I o i oo i i , ooo  
E x t r a c t  I I I  40.5 63 2,552 
R e s i d u e  744 7.8 5,8o3 

* Ferr icyanide  assay, #moles  CO215 min /mg protein.  
** Specific ac t iv i ty  x to ta l  mg protein.  

*** APSDC = Acetone powder  of the  SDC. 

The enzyme may be concentrated by precipitation with ammoniacal ammonium 
sulfate (5 ml concentrated NH4OH , 95 ml saturated ammonium sulfate) without loss 
of activity, but an increase in activity over the initial extract has not been achieved 
by fractional precipitation with ammonium sulfate. 

The activity declines 2o to 40% upon storage in phosphate buffer overnight 
(whether at o ° or --2o°), then slowly declines upon prolonged storage. Addition of 
succinate delays somewhat, but  does not completely prevent, the decline in succinic 
dehydrogenase activity. The addition of sulfhydryl compounds (BAL, cysteine, glu- 
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tathione) to the enzyme or to the assay mixture does not restore the lost activity of 
stored preparations, as has already been shown by  SINGER et al. 4 

The enzymic activi ty is unaffected by  the addition of ferrous, ferric, manganous, 
magnesium or molybdate ions either alone or in conjunction with ravin  adenine di- 
nucleotide. 

The enzyme can be adsorbed on and eluted from calcium phosphate gel, but  here 
again the specific act ivi ty of the preparation is not increased over the initial extract. 

Absorpt ion spectrum 

The absorption spectra of the oxidized and reduced 
forms of the enzyme are shown in Fig. I as well 
as the difference spectrum (oxidized minus re- 
duced). The absorption spectrum is essentially the 
same as that  reported by  KEARNEY AND SINGER 7 

for the enzyme with two atoms of iron per mole 
extracted directly from mitochondria. 

Fig. i. The absorption spectrum of succinic dehydro- 
genase. The cuvette contained 0.85 mg oI enzyme protein 
and 50 /,moles of phosphate (pH 7.4.) in a total volume 
of 0. 5 ml. The inset shows the difference spectrum (oxi- 

dized minus reduced). 

F l a v i n  and iron content 

• <5.1 

.200 £D 

w , ~  s2o ~ 

4OO 5OO 60O 7OO 
WAVE LENGTH IN rn/u 

The soluble dehydrogenase contains 3-5" lO -3 /~moles of flavin/mg protein and 
8-1o. lO -3/~g atoms Fe/mg protein, and hence is comparable to the I ravin-2 iron 
enzyme of SINGER et al. 4, ~ rather than the more active I ravin-  4 iron enzyme 8. Flavin 
is released from the enzyme only after tryptic digestion 1. 

Catalytic activit ies 

The dehydrogenase catalyzes both the dehydrogenation of succinate and the hydro- 
genation of fumarate as has been shown by  SINGER et al. 6. 

A comparison of the enzyme extracted from SDC with the SINGER-KEARNEY 
enzyme is shown in Table II .  The main difference in the two preparations appears to 
be the lower reactivity of the SINGER-KEARNEY enzyme with fericyanide as the 
electron acceptor, since their enzyme is only 30 to 40% as active with ferricyanide as 
with phenazine methosulfate s, whereas the enzyme described in the present communi- 
cation is 70 % as active with ferricyanide as with phenazine methosulfate. 

The enzyme is completely devoid of cytochrome c reductase activity• In fact, 
when SDC is adjusted to pH IO (the condition for optimal splitting of the soluble 
dehydrogenase from the particle), the cytoehrome reductase act ivi ty is immediately 
destroyed. 

DISCUSSION 

No significant purification of the enzyme over the first soluble extract  from SDC has 
been achieved. I t  was hoped that  a purification could be shown by  following the 
fumaric hydrogenase activity, since SINGER AND MASSEY (private communication) 
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T A B L E  II  

COMPARISON OF S D C - s u c c I N I C  DEHYDROGENASE AND S I N G E R - K E A R N E Y  ENZYMES 
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Enzyme isolated 
/tom SDC 

Enzyme isolated by S1NGER et al. 

I Flavin : 2 Fe n z Flavin : 4 FeS'n 

Activity 
Fer r icyan ide  as e lectron acceptor  5 ° "22-30  . . . .  4 4 ~ o "  

/*moles succ ina te /5  m i n / m g  pro te in  
Qo, 6700 "300o-4000 . . . .  6ooo-8ooo"  

P h e n a z i n e  me thosu l f a t e  as acceptor  73 "75 . . . .  r49"  
#mo le s  succinate[5 m i n / m g  pro te in  
Qo~ 9800 IO,OOO 20,000 

Composition 
Flav in  - btmole/mg pro te in  3-5 " lO-3 4 -5 '  lO-3 4-5" I° -3  
I ron  - / ~ g - a t o m / m g  pro te in  8-1o .  IO -3 io .  lO -3 20. io - s  

The  Qo listed unde r  fer r icyanide  a s s a y  is an  a p p a r e n t  Qo, and  is a convers ion of /*moles  CO2/5 
m m / m g  pro te in  to #l i ters  O , / h o u r / m g  pro te in  by  mu l t l phca t l on  b y  (i/4)(22.4)(i2) = 67.2. The  
f igures in quo t a t i on  m a r k s  are ca lcula ted  f rom d a t a  of SINGER et al.S, 11. 

T A B L E  I I I  

COMPARISON OF ACTIVITIES 

Succinicd, d~ydrogenase* Fumariz hydrogenase** 

t~mole succinate/ gmole [umarate/ 
minlmg protein rain~rag protein 

SDC 4.9 0.24 
APSDC***  1.8 o.12 
E x t r a c t - A P S D C  
FIR I§ 5.3 0.42 
FIR II  5.8 0.59 
FIR I I I  2. 3 o . Io  

* ~ #mo le  COz/min]mg  pro te in  in t he  ferr icyanide a s say  (38 °) = #mole  succ ina t e /min /mg  
protein•  

** #mo le  F M N H 2 / m i n / m g  oxidized a t  380 = #mole  f u m a r a t e / m i n ] m g  protein.  
*** A P S D C  = Acetone  powder  of t he  SDC. 

§ A m m o n i a c a l  a m m o n i u m  sulfa te  f ract ions;  F R  I o - 3 3 % ,  F R  II  3 3 - 4 3 ° ,  F R  III, 4 3 - 5 7 % -  

had shown that  the enzyme is more stable when assayed in the reverse direction. 
However, in our hands (see Table I I I )  although the activity did not decline rapidly 
in storage, little purification could consistently be achieved byammoniacal  ammonium 
sulfate ffactionation. The apparent  separation of hydrogenase and dehydrogenase 
activities in Fraction I I I  may  be due to differential inactivation of the enzyme with 
respect to one activity and not with respect to the other. 

The fact tha t  a soluble succinic dehydrogenase with a puri ty comparable to the 
i ravin-2 iron enzyme of SINGER AND KE AR NE Y c a n  be extracted from the SDC in a 
single extraction, without subsequent purification, gives added evidence for the purity 
of the SDC. 
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S U M M A R Y  

A m e t h o d  for t he  ex t r ac t i on  of soluble succinic  dehydrogenase  f rom the  par t i cu la te  succinic  
dehydrogenase  complex  (SDC) is described.  

The  enzyme,  as ex t r ac t ed  f rom SDC, ca ta lyzes  the  dehydrogena t ion  a t  38° of io  /~moles 
of  succ ina te  per  rain per  m g  wi th  ferr icyanide as  t he  e lectron acceptor ,  or  14 /zmoles  of  succ ina te  
per  rain pe r  m g  wi th  phenaz ine  me t hosu l f a t e  as electron aeceptor .  I t  con ta ins  3 - 5" 1o-3 / ,moles  of  
r a v i n  as well as 5 - io .  lO -3 # g  a t o m s  of non-he ine  i ron per  m g  of protein.  
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IX. FRAGMENTATION OF D P N H  OXIDASE* 

B R U C E  M A C K L E R * *  AND N A T H A R  P E N N * * *  

Institute ~or Enzyme Research, University o I Wisconsin, Madison, Wis. (U.S.A .) 

In a previous communication I we have described the effects of deoxycholate on the 
D P N H  oxidase (reduced diphosphopyridine nucleotide ox idase ) - - a  derivative form 
of the electron transport  particle which has lost succinic dehydrogenase activity. 
D P N H  oxidase is prepared in a "closed" state in which external cytochrome c cannot 
interact with the heme chain either as electron acceptor or donor. After exposure to 
deoxycholate the oxidase is converted to an open state in which cytochrome c can 
react maximally with the heme chain, whereas D P N H  oxidase in its closed form cata- 

* Th i s  inves t iga t ion  was  s u p p o r t ~ l  b y  research  gramta RG-4128 a n d  H-2154 f rom the  Nat iona l  
H e a r t  I n s t i t u t e  of  t he  Na t iona l  I n s t i t u t e s  of  Hea l th ,  Publ ic  H e a l t h  Service. 

*~This  work  was  carr ied  o u t  du r i ng  t he  t enu re  of a n  Es tab l i shed  Inves t i ga to r sh ip  of t he  
A m e r i c a n  H e a r t  Associa t ion .  

*** Pos tdoc to ra l  Tra inee  of t h e  Na t iona l  H e a r t  In s t i t u t e ,  Na t iona l  I n s t i t u t e s  of  Hea l th .  
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