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Summary 

The penultimate step in heme biosynthesis, the oxidation of protopor- 
phyrinogen to protoporphyrin, can be anaerobically coupled to the reduction 
of fumarate in extracts of anaerobically-grown Escher ichia  c o i l  This coupling 
is approximately 90% inhibited by 2-heptyl-4-hydroxy quinoline-N-oxide 
(HQNO), a known inhibitor of the electron transport chain. This observation 
suggests that the mechanism of the anaerobic oxidation of protoporphyrinogen 
in E. coli  involves a coupling into the anaerobic electron transport system. In 
contrast, the aerobic oxidation of protoporphyrinogen, which occurs in mam- 
malian and yeast mitochondria, is known to be linked directly to oxygen 
without the mediation of an electron transport system. 

In mammalian and yeast mitochondria, a late step in heine synthesis, the 
oxidation of protoporphyrinogen to protoporphyrin, is linked directly to 
molecular oxygen, without the mediation of the electron transport system 
[1--3]. Since many facultative and anaerobic bacteria are capable of syn- 
thesizing cytochromes during anaerobic growth, oxygen-independent mechan- 
isms for this step must exist [4, 5]. We have previously reported the presence 
of an anaerobic system for protoporphyrinogen oxidation involving fumarate 
as anaerobic electron acceptor in anaerobically-grown E. coll. Subsequently, 
we reported that nitrate could also serve as anaerobic electron acceptor at this 
step, and we confirmed the physiological significance of these findings for the 
process of anaerobic heine synthesis [7]. However, the mechanism of the 
coupling between the protoporphyrinogen oxidizing system and the fumarate 
reductase enzyme was not elucidated. In the present communication, we pre- 
sent evidence suggesting that this coupling involves the anaerobic electron 
transport system. 

All methods used have been previously described in detail [7]. Sonic 
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extracts containing both particulate and supernatant fractions were prepared 
from E. coli grown anaerobically on a complex medium containing glucose 
and fumarate [7]. The oxidation of protoporphyrinogen to protoporphyrin 
was determined spectrophotometrically by following the appearance of the 
four-banded spectrum of neutral protoporphyrin directly in extracts contain- 
ing EDTA [7]. The anaerobic conversion of either protoporphyrinogen or 
protoporphyrin to protoheme was determined by extraction of protoheme 
with acidified acetone and spectrophotometric measurement as the pyridine 
hemochromogen [7]. The inhibitor, HQNO (Sigma Chemical Company, 
St. Louis, Mo.) was either dissolved directly in extracts, or added in an 
ethanolic solution. 

Our results (Fig. 1) indicate that the anaerobic conversion of proto- 
porphyrinogen to protoporphyrin is markedly stimulated by the addition of 
fumarate to the reaction mixture. This reaction is inhibited in the presence of 
the electron transport inhibitor, HQNO. A similar level of inhibition was also 
observed if the HQNO level was lowered to 1.10 -8 tool per mg extract protein. 
This inhibition was confirmed by following protoheme formation (Table I). 
Since protoporphyrinogen must first be converted to protoporphyrin to be- 
come a substrate for iron insertion by the ferrochelatase enzyme, following 
protoheme formation from protoporphyrinogen is a valid indirect measure- 
ment of protoporphyrinogen oxidation. As indicated (Table I), the anaerobic 
conversion of protoporphyrinogen to protoheme is dependent upon the addi- 
tion of fumarate, and this reaction is also inhibited by HQNO. Although data 
for a 60-rain incubation period are shown in Table I, fumarate-dependent 
heine synthesis from protoporphyrinogen was linear over a 30--100 rain incuba- 
tion period, and the inhibitory effect of HQNO was equivalent at each time 
interval. In contrast, the conversion of protoporphyrin to protoheme is pre- 
dictably not dependent on fumarate addition, and is not  inhibited by HQNO. 
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Fig. 1. H Q N O  inhibi t ion of  fumarate -dependent  anaerobic  o x i d a t i o n  of  p r o t o p o r p h y r i n o g e n  to  pro to -  
p o r p h y r i n .  All  cuvet tes  conta ined  6 0  m g  pro te in  o f  crude extzact ,  and were  incubated  anaerobical ly  
u n d e r  ~___e~_y c o n d i t i o n s  descr ibed previous ly  [7 ] .  Where ind ica ted ,  123 n m o l  of  p r o t o p o r p h y r i n o g e n ,  
260  #tool  of  po t a s s /um f u m a r a t e  o r  1 nag o f  H ~ N O  were  added .  
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TABLE I 

EFFECT OF HQNO AND FUMARATE ON ANAEROBIC PROTOHEME FORMATION FROM EITHER 
PROTOPORPHYRINOGEN OR PROTOPORPHYRIN 

All cuvettes  were incubated  anaerobica l ly  under  assay cond i t ions  previous ly  described [7 ]  for 60 min. 
Where indicated,  the fo l lowing  addi t ions  were made  to  the 3-ml react ion mixture;  p r o t o p o r p h y r i n o g e n  
(176 nmol) ,  protoporphy1~1 (176 nmol),  potassium fumazate (146 ~mol),  HQNO (1 mg). 

Substrate A d d i t i o n s  to Total  Increase in 
react ion  p r o t o h e m e  p r o t o h e m e  
mixture  (nmol) (nmol) 

Protoporphyr inogen  none  7 2 
Protoporphyr inogen  fumarate 37 31 
Protoporphyr inogen fumarate,  HQNO 9 3 
Protoporphyr inogen HQNO 8 3 
N o n e  none  5 0 
Prot o p o r p h y r i n  none  34 29 
Protoporphyr in  fumarate 48 43 
Pro toporphyr in  fumarate0 HQNO 47 42 
Pro toporphyr in  HQNO 35 30 

We have previously demonstrated [7] that protoheme biosynthesis in these 
experiments is not stimulated by the addition of ferrous salts to the reaction 
mixture, doubtlessly because sufficient iron is present in the crude extracts 
utilized. 

These data clearly demonstrate the inhibitory effect of low levels of 
HQNO on electron transport between the protoporphyrinogen oxidizing 
system and the fumarate reductase enzyme. Although the exact site of  HQNO 
inhibition is not known, it has been characterized as an inhibitor of aerobic 
electron transport near the level of cytochrome b in mitochondria and 
E. coli [8]. In anaerobic or facultative bacteria, anaerobic electron transport 
between dehydrogenases and the fumarate reductase is inhibited by HQNO at 
the level of menaquinones or cytochrome b rather than at the dehydrogenase 
or fumarate reductase level [9--15]. 

Thus, our data suggest the conclusion that in E. coli, the electrons re- 
moved from protoporphyrinogen during its anaerobic conversion to proto- 
porphyrin are coupled into the anaerobic electron transport chain. This is the 
first report of a linkage between this step in heine synthesis and an electron 
transport system. This proposed mechanism has important implications for the 
process of anaerobic heme synthesis. For instance, it suggests that an anaerobic 
electron transport system must be present in all anaerobic bacteria which make 
heme. In contrast, aerobic protoporphyrinogen oxidation, which occurs in 
mammalian and yeast mitochondria, does not require an electron transport 
system. A second interesting implication is that in anaerobic heme synthesis, 
the six electrons removed during the oxidation of a molecule of proto- 
porphyrinogen are available for the generation of energy through the media- 
tion of the anaerobic electron transport system. This energy would not be 
available to cells oxidizing protoporphyrinogen directly with oxygen. Such 
energy would be useful for anaerobic bacteria synthesizing large amounts of 
cytochromes [5]. Other studies have shown that energy can be generated by 
the oxidation of substrates using fumarate as anaerobic electron acceptor in 
E. coil [16, 17] and other bacteria [18]. 

It is also of interest to note that the previous step in heme synthesis, the 
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oxidation of coproporphyrinogen, can occur under anaerobic conditions in 
photosynthetic bacteria and yeast, and has been reported to require ATP, 
methionine, pyridine nucleotides, and possibly a non-heme iron component 
[19, 20].  
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