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Fumaric acid can be utilized by a number of microorganisms as the terminal hydrogen 
acceptor for biological oxidation of various organic compounds and molecular hydro- 
gen (e.g., see KREBS1). The capacity to reduce fumarate to succinate in this manner 
provides such organisms with a mechanism for energy-yielding oxidations in the ab- 
sence of molecular oxygen and this process is consequently of interest with regard to 
the energy metabolism of facultative and strict anaerobes. 

In aerobic organisms, the oxidation of succinate to fumarate is effected by succinic 
dehydrogenase and it is generally a-mumed that the terminal catalyst required for 
fumarate reduction in anaerobic bacteria is either the same enzyme, acting in reverse, 
or a similar enzyme which may be operationally designated as a "fumaric reductase ' .  
The succinic dehydrogenases of yeast and mammalian tissues catalyze the reduction of 
fumarate to succinate, but at a slow rate as compared with the forward reaction 2. 
FISCHER et al. 3 claimed the demonstration of a unidirectional fumaric reductase 
enzyme in yeast, but recent studies * have shown that this activity can probably be 
accounted for by a conventional succinic dehydrogenase acting in reverse. 

Certain anaerobic bacteria, however, contain a reductase enzyme which reduces 
fumarate rapidly and oxidizes succinate at a comparatively low rate 4. In organisms 
containing hydrogenase and reductase, molecular hydrogen can serve as the electron 
donor for reduction of fumaratO, 5,6. The enzyme complex responsible for this reaction 
in Escherichia coli and similar bacteria is generally associated with the insoluble 
particulate fraction of such cells 4,7 and consequently has been difficult to analyze 
from an enzymic standpoint. On the other hand, the system is soluble, to a large extent 
at least, in extracts of the strict anaerobe Micrococcus lactilyticus. In the present 
report, the properties of the reductase in anaerobic bacteria are described and compar- 
ed with those of the enzyme responsible for fumarate reduction in aerobic organisms. 
The purification and a study of the mechanism of action of the M.  lactilyticus reducta_se 
will be reported elsewhere in a collaborative paper between this laboratory and the 
Enzyme Division of the Edsel B. Ford Institute for Medical Research 8. 

EXPERIMENTAL 

Cultivation o] organisms and preparation o] extracts 
M. lactilyticus (s t ra in  22 I) was grown in deep s t a t i ona ry  cu l ture  a t  37 C in a m e d i u m  ~ con ta in ing :  
sod ium lactate ,  2 % ,  peptone,  2 % ;  yeas t  ex t rac t ,  o . 2 % ,  NaCl, 0 . 5% ; K2HPO4, 0.25% . Tap  

* This  inves t iga t ion  was suppor ted  by  a g r an t  (Contrac t  No. AT (3o-1)-io5 o) f rom the  Atomic  
Ene rgy  Commiss ion .  

** Predoc to ra te  Fel low of the  Nat ional  Science Founda t ion .  P re sen t  address :  Biochemical  
Resea rch  Labora to ry ,  Massachuse t t s  General  Hospi ta l ,  Bos ton  14, Massachuse t t s .  
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x~ater was emphLved to make  the m e d i u m  to vo lume anti the pH was adjusted to 7.3 before auto-  
elaving.  After 16 hours, the cells were harvested in a Sharples  centrifuge and ground with  A lu min a  
A3ox (-'.5 g a l umina  per g wet  weight  of cells). After extrac.ting the mixture  with disti l led water  
(1.5 ml per g wet weight  of cells), a l um ina  and cell debris were removed by centr i fugat ion  at 16,ooo 
:< ~ for lo rain. The supernatant  fluid was fur ther  clarified by centr i fugat ion at 2o,ooo ;< g for 
l holl|" and  the extract  was then stored under  a hydrogen atnaosphere a t  ---2o ('. 

( ' los t r id ium p a s t c u r i a n u m  (strain WS) was grown on the complex  med ium described bv \VxL- 
son  et a l )  ° and cell-free ex t r ac t s  prepared  as noted above.  C. but j . l i cum (Northern Regional  Research 
l . abo ra to rv  No. 1/-593) was cu l t iwt t ed  in the same m e d i u m  and the harvested cell paste ground 
wi th  glass and ex t r ac t ed  according to the procedure  of PECK A N D  ( ;KS ' I  "11. The part iculate  prepara-  
t ion fr~nn I-. coli was prepared  according to G~:sa "7 and dried cells ¢,f (7. k luyver i  were k ind ly  supplied 
bv l)r. (;. l).\vII) NOVELLL 

.4 ssa I's 

l t y d r o g e n  or oxygen uti l izat ion and carbon dioxide product ion were measured at 3 ° C, in most  
instances  using Warburg  vessels of approx imate ly  Io ml capacity .  Succinic dehydrogenase  ac t iv i ty  
was determined manometr i ca l ly  employ ing  methy lene  blue 12, phenaz ine  methosu l f a t e  13, or ferri- 
cvanide  14. Oxygen  was the  final electron acceptor and hydrogen peroxide was assumed to be the  
final product  wi th  the two dyes. Succinic dehydrogenase  act iv i ty  was also determined by fol lowing 
the reduction of ferrieyanide at 4oo mt~ (Beckman  spec t ropho tome te r  (Model DIJ)) in the presence 
of cyanide  ta. 

Protein was determined by dry  weight ,  the trichloroacetic  acid method  ot I$(:CHER Is and  the  
Fol in-phenol  method  of I.OWRV el al. l~ 

RESULTS AND DISCUSSION 

Activities in crude preparations; assay o[ [umaric reductase activity 

Although intact cells of M. lactilyticus reduce fumarate with molecular hydrogen, the 
crude cell-free extract prepared by grinding with alumina ordinarily does not catalyze 
this reaction. Rapid utilization of hydrogen with concomitant reduction of fumarate 
is observed, however, if the extract is supplemented with catalytic amounts of "one- 
electron" viologen dyes (benzyl or methyl) 4. This observation suggests that a factor 
required for coupling of hydrogenase with fumaric reductase is destroyed or diluted to 
a low level during preparation of the extract. The viologen dye apparently initiates the 
overall reaction by substituting for a natural electron carrier as follows: 

112 + 2 viologen ~ .  > 2 reduced viologen [- 2H ~ (I) 

2 reduced viologen + 2H + + fumarate  , > 2 viologen + succinate  (2) 

1t 2 + fumarate  ~ succinate  (3) 

Reaction (i) is catalyzed by hydrogenase and is not readily reversible using the benzyl 
dye (E o' := --o.359V). The methyl dye has a lower redox potential (E o' = - -o .446V ) 
and with this dye, reaction (I) is readily reversible n. 

Reaction (2) is ascribed to fumaric reductase and is apparently irreversible since 
viologen dyes are not reduced by the extract in the presence of succinate. 

The foregoing coupled reactions provide a method for the quantitative assay of 
fumaric reductase activity. In order to ensure that the reductase is the limiting 
component in the assay mixture, an excess of hydrogenase is added. Any hydrogenase 
preparation which rapidly reduces viologen dyes and does not exhibit fumaric reduct- 
ase activity may be utilized for this purpose. Crude extracts of Clostridium butylicum u 
or C. pasteurianum meet these requirements. The latter is generally preferable be- 
cause the hydrogenase is usually present in higher specific activity and is less subject 
to inactivation that that of C. butylicum. In the presence of excess hydrogenase, 
hydrogen utilization is protx~rtional to fumaric reductase (in M. lactilyticus extract) 
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concentration as illustrated in Fig. I °. Similar proportionality between activity and 
enzyme concentration has been found with purified reductase preparations using 
either benzyl or methyl viologens 8. Fumaric acid is the only acceptor which we have 
found to be reduced by this system ; maleate the cis-isomer of fumarate, is not reduced. 

Fig. i. Relationship between enzyme con- 
centration and fumaric reductase acticity 
as measured by coupling with hydrogenase. 
Conditions: o.o625M phosphate pH 7.3, 
2o /tmoles fumarate,  x.2 /tmoles benzyl 
viologen, o.2 ml C. butylicum extract,  M. 
laclilyticus extract  as indicated, o.i ml 
20% KOH in center well. Final fluid 
volume, 1.2 ml; gas phase, hydrogen; 

temp., 3 ° C. 
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The crude M. lactilyticus extract exhibits succinic dehydrogenase activity with 
methylene blue, phenazine methosulfate, ferricyanide or oxygen serving as electron 
acceptor (see Table I). The reaction with oxygen is inhibited by cyanide. Cytochrome c 
is not reduced by the preparation and in this connection it is of interest that cyto- 
chrome b appears to be absent from intact cells of M. laclilyticus xT. 

TABLE I 

S U C C I N I C  D E H Y D R O G E N A S E  A N D  F U M A R I C  R E D U C T A S E  A C T I V I T I E S  IN B A C T E R I A L  P R E P A R A T I O N S  

Activity 
l~moles substrate taili*ed! x o rain~rag protan 

M. laailylicus E. coil 
extract particles 

Fumaric reductasea 8.6 8.z 
Succinic dehydrogenase with: 

phenazine methosulfateb 0.089 0.57 
methylene bluec o.i 3 0.57 
ferricyanide (optical) d 0.267 __ 
ferricyanide (manometric) e o.o39 o. x 85 

a 75/~moles phosphate  buffer pH 7.6, 4 °/*moles fumarate,  z.2/tmoles benzyl viologen, o.z ml 
C. pasteurianum extract,  o. l ml 2o % KOH in center well. Total volume, 1.2 ml ; gas phase, hydrogen. 

b 75 /*moles phosphate  buffer pH 7.6, 4 ° /,moles succinate, 2 mg phenazine methosulfate, 
i / ,mole KCN, o.i ml 20% KOH in center well. Total volume, 1.2 ml; gas phase, air. 

c 5 ° / ,moles  phosphate buffer pH 7.6, 4o/tmoles succinate, 2.4/~moles methylene blue, 8/*moles 
•CN. Total volume, 1.2 ml; gas phase, air. 

4 75/*moles phosphate buffer pH 7.6, 4 °/~moles succinate, i .5 b tmoles K~Fe(CN) 6, lo / tmoles  
KCN, Total volume, 3.o ml; gas phase, air; temperature,  25 C. 

* 3 °/*moles NaHCOs, 4 ° / tmoles  succinate, x5/tmoles KsFe(CN)e. Total volume, 3.2 ml; gas 
phase, 5 % COl plus 95 ~o Nv 

* A detailed analysis of this method and description of its application for assay of reductase 
activi ty in a variety of preparations will be published elsewhere• The reductase activities indicated 
in Fig. i are not necessarily maximal,  but  refer to the specific conditions employed. 
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Table 1 summarizes the relative fumaric reductase and succinic dehydrogenase 
activities typically observed in M. lactilyticus extract and in E. coli particles. It  is 
evident that in these bacterial preparations the reductase activity greatly exceeds the 
succinic dehydrogenase activity. It  should be noted that tile phenazine methosulfate 
method is considered to be a primary assay for mammalian succinic dehydrogenasO 8. 
Depending on the method of assay of the latter enzyme, tile activity ratio: fumaric 
reductase:succinic dehydrogenase varies from 3 ° to 220 in M. lactilyticus extract and 
from 14 to 4 ° in tile E. coli preparation. In heart muscle and yeast preparations 2, on the 
other hand, succinic dehydrogenase activity greatly exceeds that of fumaric reductase, 
e.g. highly purified mammalian heart succinic dehydrogenase shows a ratio of about  
o.I (see ref. ~9). Even if it is assumed that the most valid ratios for the bacterial enzymes 
are the lower values (i.e., 14 to 3o), the striking difference between these and the ratio 
observed for mammalian and yeast succinic dehydrogenases suggests a basic difference 
in properties of the latter enzymes and the bacterial enzyme responsible for fumarate 
reduction. 

In contrast with the crude E. toll, yeast, and mammalian preparations, the fumar- 
ic reductase and succinic dehydrogenase activities in the M. lactilyticus extract  are 
soluble and remain in the supernatant fluid after centrifugation at I2O,OOO × g for 
2 hours in the Spinco centrifuge. 

ldenti/ication o/the reaction product 

An extract of 3I. lactilyticus supplemented with excess Clostridium hydrogenase 
and benzvl viologen, was incubated with io/~moles of fumarate under an atmosphere 
of hydrogen. As shown in Table II ,  approximately 9.1 /,moles of hydrogen were 
consumed. At this point the linear utilization of H~ ceased abruptly. The reaction 
mixture was deproteinized by addition of acid and after neutralization and concentra- 
tion the succinic acid content of an aliquot was determined using mammalian succinic 
dehydrogenase as described by UMBREIT el al. z°. As indicated, 9.2 to 9.6 /,moles of 
succinic acid were found. Similar results have been obtained using the imrified re- 
ductase "~. I t  may be concluded that suceinate is the only product of the reaction. This 
result and the linear course of the reaction indicates that the reductase possesses a high 
affinity for fumarate and, in contrast with mammalian succinic dehydrogenase, that  
the reaction product does not significantly inhibit activity of the enzyme. 

"I 'A]H.E I I  

I D E N T I F I C A T I O N  O F  T H E  R E A C T I O N  P R O D I ~ C T  A S  S U C C I N A T E  

Expt. gmolts tt~ ~moles succinate 
utilized round 

1. 9. ~o 9.60 
2. <,~.l g '4.2 3 

. . . . . . . . . . . . . . . . . . . . . . . . . .  

C o n d i t i o n s :  12 5 / ~ m o l e s  p h o s p h a t e  buffer  p H  7.3, l o / , m o l e s  f u m a r a t e ,  1 .2 /*moles  benzy ' l  v io logen ,  
o.2 ml  C. butylicurn e x t r a c t ,  o.o 3 m l  M. lactilyticus e x t r a c t .  T o t a l  v o l u m e ,  2. 4 m l ;  gas  phase ,  
h y d r o g e n  ; t e m p e r a t u r e ,  3 ° C. Af te r  c e s s a t i o n  of H= u p t a k e ,  t h e  m i x t u r e  w a s  ac id i f i ed  w i t h  o.z m l  
of 5 N H2S().  t. 

Effects o/malonate and succinate 

Both the oxidation of succinate and reduction of fumarate by mammalian prepara- 
tions are appreciably inhibited by malonate, fumarate reduction being somewhat less 
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sensitive to this competitive inhibitor 2.. In addition, both reactions are inhibited by 
the reaction product ~*. Thus, during the assay of soluble mammalian succinic dehydro- 
genase the forward reaction rate is linear only if the fumarate formed is continuously 
removed TM. Yeast succinic dehydrogenase shows similar properties*. 

The succinic dehydrogenase activity in M. lactilyticus extract is inhibited by 
malonate to approximately the same degree as the mammalian enzyme, i.e., about 
70% with a malonate/succinate ratio of I :4. In contrast with mammalian heart 
succinic dehydrogenase, however, the reductase activity in the Micrococcus prepara- 
tion is relatively insensitive to this inhibitor. Thus with a malonate/fumarate ratio of 
IO : I, the reaction is inhibited only to the extent of 26%; with a 20 : I ratio, the 
inhibition is only 29 %. Similar results have been observed with the purified reductase s 
and with the E. coli particulate preparation. 

Although the succinic dehydrogenase activity in M. lactilyticus extract is inhibited 
by fumarate to the extent of 44% when the fumarate/succinate ratio is I :4, the re- 
verse reaction (i.e., fumarate reduction) is not inhibited by succinate. In fact, stimula- 
tions up to 50% have been observed in the presence of succinate with both crude and 
partially purified .1 reductase preparations. This effect is observed only with relatively 
large amounts of succinate and is not shown by ashed samples of the acid. The identity 
of the stimulatory factor is still uncertain. 

The poor ability of malonate and succinate to inhibit the activity of the Micro- 
coccus reductase can be explained by the fact that the enzyme has an unusually low 
affinity for these compounds and a high affinity for fumarate 8. 

Coupling o/bydrogenase with/umaric reductase 

Although the M. lactilyticus extract prepared by alumina grinding does not reduce 
fumarate with hydrogen unless supplemented with viologen, intact cells and extracts 
made by sonic oscillation do catalyze the overall reaction ~3. These observations suggest 
that extracts obtained by the grinding procedure are deficient with respect to an 
intermediary carrier which is replaceable by viologen dyes. I t  was found that the 
alumina extract showed a slow, but definite, utilization of H,  with fumarate (in 
absence of viologens) when supplemented with an extract from Clostridium kluyveri 
(extract made by grinding dried cells with alumina). Dialysis of the C. kluyveri 
extract, which had a high ravin content, resulted in loss of the stimulatory factor. The 
concentrated dialysate and supernatant fluid from boiled C. kluyveri extract, on the 
other hand, were both active in promoting the overall reaction. Addition of purified 
free flavins in low concentration to the crude M. lactilyticus extract did not initiate the 
reduction of fumarate with H,, but both riboflavin and ravin mononucleotide did 
activate the system when added in relatively high concentration (o.I to 2 mg per ml). 
The activities observed with these supplements were approximately proportional to 
ravin concentration, and analysis of the data by the Lineweaver-Burk method in- 
dicated a maximal velocity of approximately 400 t~l H2/I 5 min/o.I ml enzyme extract 
with the mononucleotide. 

The hydrogenase of M. lactilyticus appears to be a flavoprotein 21 and the enzyme 
reduces flavins under an atmosphere of hydrogen**. In connection with the foregoing 
results it is also of interest that free flavins, in relatively high concentrations, can 
mediate hydrogen transport between two flavoprotein oxidases from Lactobacillus 
delbriickii (viz., lactic and pyruvic oxidases*6). 
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It  m a y  be  n o t e d  t h a t  t h e  h y d r o g e n a s e  o f  3I .  lact i ly t icus d o e s  n o t  reduct." p y r i d i n e  

n u c l e o t i d e s  23,'~ a n d  t h e s e  c a r r i e r s  a l so  d o  n o t  i n i t i a t e  r e d u c t i o n  o f  f u m a r a t e  b y  H 2 in  

t h e  c r u d e  a l u m i n a  e x t r a c t .  I n  a d d i t i o n ,  r e d u c e d  p y r i d i n e  n u c l e o t i d e s  a r e  n o t  o x i d i z e d  

b y  t h e  c x t r a c t  u p o n  a d d i t i o n  o f  f u r n a r a t e  u n d e r  a n a e r o b i c  c o n d i t i o n s .  

SUMMAI(Y 

The  biological reduct ion  of fumar ic  acid is ca ta lysed  by succinic dehydrogenase ,  ac t ing  in reverse,  
or by a s imilar  e n z y m e  which can be provis ional ly  des igna ted  as a fumar ic  reductase .  Microorgan-  
i sms which also con ta in  hyd rogenase  can reduce fumar ic  acid with molecular  hydrogen ,  and  
e x p e r i m e n t s  with cell-free ex t r ac t s  f rom the  anaerobic  bac te r ium Micrococcus lactilyticus imlicate  
t h a t  the  coupl ing be tween  h y d r o g e n a s e  and  reduc tase  can be med ia t ed  by  free flavin. R e d u c t a s e  
ac t iv i ty  can be a s sayed  in cell-free p repara t ions  by measu r ing  ut i l izat ion of molecular  hyd rogen  in 
the  presence of excess  hyd rogenase  and  a viologen (lye serving as electron carrier.  

Yeas t  and  m a m m a l i a n  succinic  dehyd rogenase s  reduce fumara t e  a t  a low rate  as compared  
wi th  thei r  abi l i ty  to oxidize succinate .  On the  o ther  hand ,  the  reduc tase  e n z y m e  of M. lactilyticus 
reduces  f u m a r a t e  rap id ly  and  oxidizes succ ina te  slowly. Al though  m a l o n a t e  and  succ ina te  ma rked ly  
inhibi t  t he  r educ t a se  ac t iv i ty  shown by yea.st and  m a m m a l i a n  succinic dehydrogenases ,  t he  act ivi-  
ty  of the  M. lactilyticus reduc tase  is in compar i son  no t  apprec iab ly  inhibi ted by these  compounds .  
The  presen t  resul ts  indicate  t h a t  the  reduc tase  ac t iv i ty  of M. laetilyticus c a n n o t  be ascribed to a 
conven t iona l  succinic  dehydrogenase  such as is found in the  t issues  of m a m m a l s  and  o the r  aerobes  
and  sugges t  the  possibi l i ty t h a t  the  bacterial  r educ tase  m a y  be a s imilar  e n z y m e  modified to mee t  
the  physiological  r equ i r emen t s  of anaerobic  growth.  
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