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PREFACE

Although wide differences occur in the composition and function of mitochondrial
respiratory systems, there is also a distinct and fundamental similarity between them,
whether they originate frqg{‘fplams. animals, or microorganisms, However, in bacteria,
respiratory systems vary enormously in both comiposition and function from the very
simple to complex mitochondrial-like systems, deper;ding on the degree of evolutionary
sophistication of the organism and the type of habitat in which they exist. For example,
there are bacteria that respire with oxygen, nitrate, fumarate, or sulfur compounds as
electron acceptors, whereas mitochondrial systems respire only to. oxygen. Some bac-
teria even require reversal of electron transfer against the normal electrochemical gra-
dient in'order to grow. ‘ ,

It is the aim of this book to present reviews on a wide rangg of aspects of bacterial
respiratory systems. Because of the on-going publication elsewfiere of reviews on bac-
terial respiration, a ‘‘blanket’’ coverage of the field has not been attempted. Rather,
a range of topics have been selected, either because they are qf special current interest,
they have not been reviewed recently, or they have never been reviewed.

C. J. Knowles
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I. INTRODUCTION

Until about 1970, it was generally believed that anaerobic nonphotosynthetic bacte-
ria could synthesize ATP only by substrate level phosphorylation reactions and that
the occurrence of electron transport phosphorylation was restricted to aerobic bacte-
ria.' The reduction of nitrate as a known exception from this rule was thought to be a
property of aerobic organisms only. In the meantime, it has been discovered that
strictly anaerobic bacteria can derive the ATP required for growth from the reduction
of fumarate, with either succinate or propionate as the end product. This was surpris-
ing in view of the redox jpotential of the fumarate/succinate couple which is nearly
400 mV more negative than that of nitrate/nitrite.

This chapter will concentrate mainly on two aspects:

1.  Therole of fumarate reduction in anaerobic metabolism
2.  Fumarate reduction as a system of electron transport phosphorylation

Other aspects have been extensively discussed in recent reviews.?"*
1I. THE ROLE OF'FUMARATE IN ANAEROBIC METABOLISM

Hydrogen transfer is a general feature ot aerobic and anaerobic metabolism. Sub-
strate level phosphorylation, for instance, is often coupled to the oxidation of a carbon
compound by the pyriuine nucleotides. Under aerobic conditions, the reduced pyridine
nucleotides are reoxidized by oxygen as an abundantly available acceptor with a suffi-
ciently high redox potential (Table 1). An acceptor with similar properties is not at the
disposal of anaerobic bacteria under most conditions. Although abundantly available
from water dissociation, protons are rarely used as acceptors of reducing equivalents
because of the low redox potential of the couple H*/H, under the usually pH-neutral
growth conditions. The production of molecular hydrogen from NADH and protons
is an endergonic reaction which can occur only at the expense of other exergonic proc-
esses. CQ; is expected to be availabie under most of the growth conditions of bacteria.
However, the redox potential of bicarbonate with formate as the product of two-elec-
tron reduction is about as negative as that of protons. The redox potentials of the
couples HCO-;/methane and HCO™;/acetate are distinctly more positive than those of
H'/H,. Nevertheless, only methanobacteria and some other specialized organisms
seem to be able to use CO, as a hydrogen acceptor and to derive useful energy from
its reduction to methane or acetate.’? In the fixation of CO, which is observed with
many enteric bacteria fermenting sugars with succinate as one of the end products (see
Figure 4B and C), CO,; is not used as a true hydrogen acceptor. The fixed CO; is
conserved in the carboxyl group of succinate and not further reduced. Sulfate and
elemental sulfur can be used as hydrogen acceptors by certain specialized bacteria.?
Sulfide is the end product in both cases. The redox potentials of sulfate and sulfur are
in the same range as that of CO,. In contrast to the acceptors mentioned above, nitrate
exhibits an exceedingly high redox potential. Correspondingly a great variety of differ-
ent bacteria have: developedjhe ability to reduce nitrate either to nitrite or some other
compounds.?*

Most of the known anaeroblc bacteria synthesize their hydrogen acceptors from the
growth substrates. Pyruvate is a well-known example of a hydrogen acceptor which is
reduced to lactate during the fermentation of glucose by many bacteria (see Table 1).
Acrylate and crotonate appear to be more suitable hydrogen acceptors than pyruvate
because their redox potentials are positive enough to oxidize most of the carbon com-



‘ ; Table 1

REDOX COUPLES INVOLVED
IN BACTERIAL ENERGY )
METABOLISM
E'l(mV) "
H*'/H; —420
HCO",/formate —416
NAD'/NADH ] -320
HCO",/acetate -280
S/HS" -274
HCO",/CH, —244
SO.*/HS" -220
Pyruvate/lactate ~197
Dlhydroxyacetone-?/glyerol-l -P -190
Oxaloacetate/malate =172
Acrylate/propionate =30
Crotonate/butyrate -30
Fumarate/succinate +30
Nitrate/nitrite +420
0,/H.0 . +815

pounds involved in metabolism. The CoA-esters of acrylate and crotonate are well-
known hydrogen acceptors in anaerobic bacteria that form fatty acids as end prod-
ucts.” The enzymes catalyzing the reduction reactions are soluble in contrast to fumar-
ate reductase that is bound to the membrane.?¢ Although the redox potential span
between NADH and the CoA-esters of acrylate and crotonate is sufficient to allow the
synthesis of 1 ATP/2e", electron transport phosphoryiation has not been shown to be
coupled to the geduction of these compounds.* 3

The redox potential of the couple fumarate/: succmme is even more positive than that
of acrylate/propionate (see Table 1). Therefore, fum_amtg is a suitable hydrogen accep-
tor in anaerobic metabolism. In the absence of acceptors with more positive redox
potentials, succinate cannot further be mctabohzed and is therefore a true end | product
of fermentation. Fumarate reduction occurs more frequently in bactena mln fatty
acid fermentation and is about as widespread as nitrate reduction.* The fonﬁlon of
propionate proceeds via fumarate and not with acrylate as the mteMedltate flf most
of the bacteria. The reason for the widespread occurrence of fu ate reduction re-
sides probably in its availability from a variety of organic compoun s, like amino acids
which are likely to be present in many biotopes, and in its ability of being coupled to
electron transport phosphorylation. In the following, examples of metabohc pathways
involving fumarate reduction are given.

While growth of Escherichia coli®* and Vibrio succmogcncs‘ with fumarate is sus-
tained only in the presence of a hydrogen donor (see Table 2) Proteus retigeri® (see
Figure 1A) and Clostridium formicoaceticum'' (see Figure 1B) can grow with fumarate
as the only energy substrate. In both pathways, part of the fumarate is oxidized, and
the hydrogen liberated in these branches of metabolism is used for the reduction of
fumarate to succinate. With C. formicoaceticum, 1 mol acetate and 2 mol CO; are the
end products of the oxidation of 1 mol fumarate, while 2 mol fumarate are oxidized
to give 1 mol succinate and 4 mol CO, with P. rettgeri. In the latter case, the acetyl-
CoA is used to form citrate which is then oxidized via part of the citric acid cycle.
Malate is fermented in the samie way as fumarate by P. rettgeri. In contrast, C. for-
micoaceticum produces mainly acetate and CO, from malate. In this pathway, part of
the acetate is formed by CO,; reduction.'!

The pathway of fermentation of citrate by growing P. rettgeri(see Figure 2) is similar
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‘

to that of fumarate (see Figure 1A) in that part of the citrate is again oxidized via part
of the citric acid cycle.'® Fumarate is produced from oxaloacetate which is formed
from citrate by the citrate lyase reaction. The formation of fumarate from oxaloacetate
is a general process in those pathways by which glucose or C,-compounds are fer- )
mented, with either succinate or propionate as end products (see Figures 3 and 4).
These pathways may differ in the reactions by which oxaloacetate is formed. The path-
ways of fermentation of glycerol, lactate, and glucose'*!* by growing propionic acid
bacteria are given in Figures 3 and 4A. Propionic acid bacteriu synthesize oxaloacetate
from pyruvate by means of transcarboxylation.'* In this reaction, methylmalonyl-CoA
serves as the carboxyl donor to give propionyl-CoA. ATP is not required in this reac-
tion. The succinate formed by fumarate reduction is subsequently converted to pro-
plonate 2'The mtermediatec of this sequence are not given in the figures. In the first
step of the sequence, succmyl-CoA is formed from succinate by transacylation with
propionyl-CoA. This step does not require ATP. With glycerol as the growth substrate,
the hydrogen required for the reduction of oxaloacetate is generated in the Emden-
Meyerhof pathway alone, while with lactate and glucose, additional hydrogen is pro-
vided in the brancp leadmg to acetate.

In the fermentation of glucose by growing Bacteroides fragilis (see Figure 4B), only
part of the succinate is converted to propionate (not shown).'*!s This means that the
fermentation is associated with the fixation of CO,. The CO, is incorporated into ox-
aloacetate which is synthesized from phosphoenolpyruvate with the concomitant phos-
phorylation of ADP. In further contrast to propionibacteria, the degradation of py-
ruvate to acetyl-CoA is not associated with NAD reduction, but yields formate as an

“end'product instead.
Anaerobically growing enterobacteria form variable amounts of succinate from glu-

cose.'*'” As an example, the fermentation pathway of glucose in the presence of bicar-
bonate by P. rettgeri'® is in Figure 4C. Oxaloacetate is probably synthesized from phos-
phoenolpyruvate without recovery of the phosphate bond. This is assumed because
other enterobacteria were found to synthesize C, from C,-compounds only via the
phosphoenolpyruvate carboxylase reaction.'®** Part of the acetyl-CoA which is
formed via pyruvate-formatelyase, is reduced to ethanol in P. rettgeri. In E. coli, mal-
ate is apparentily not an obligatory intermediate of fumarate production, since a mu-
tant that is deficient of malate dehydrogenase was found to synthesize fumai_ate from
oxaloacetate via aspartate.'®

1I. GROWTH YIELDS

E. coli can grow in defined media at the expense of the reduction of fumarate by
molecular hydrogen with succinate as the only product”® (see Table 2). The same is
true for V. succinogenes® and a strain of Desulfovibrio.** As the ATP required for
growth cannot be derived from substrate level phosphorylation under these conditions,
it is clear that the ATP must be formed by the electron transport phosphorylation
coupled to fumarate reduction. A similar situation is valid for V. succinogenes, when
growing on fumarate and formate with succinate and bicarbonate as the products (see
Table 2). These cases demonstrate unambiguously that fumarate reduction can yield
AT#iyia electron transport phosphorylation.

In the other cases in Table 2, the situation is complicated by the occurrence of sub-
strate level phosphorylation reactions in addition to possible electron transport phos-
phorylation with fumarate. In these cases, the cell yields per mole of substrate (Y,)
have to be measured. Division of Ys by the ATP yield per mole of substrate (n) which
is expected from the corresponding metabolic pathway gives the cell yield per mole of



o ‘ 2[H]
©—> 2 Malate —L» Pyruvate +
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FIGURE 1. Pathway of fermentation of fumarate by (A) C. formicoaceticum'
and (B) P. rettgeri.*®

ATP (Ys/n). As Y./n is believed to be a constant which is independent of the bacterial
strain and the growth substrate under certain conditions®-* it is often possible to
decide from growth yields whether fumarate reduction is associated with phosphoryl-
ation or not. The special implications of this method are discussed in detail by Neijssel
and Tempest in Volume I, Chapter 1. The method is applied here to cases in which
‘the growth reactions as well as the pathways of fermentation are known. The cell yields
were obtained with batch cultures and the given numbers were not extrapolated for
the *‘energy of maintenance’.
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. FIGURE 3. Fermentation plthwiys of (A) glycerol and (B) lactate of propionic acid bacte-
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F IGURE 4. Pathways of gluéone lermenutioq by (A) propionic acid bacteria,'*'* (B) B. fragilis,"*** and
(C) P. rettgeri."®

According to the pathway of Figure 1B, the fermentation of fumarate by P. retigeri
yields 1 and 5 mol-ATP per 7 mol fumarate by substrate level and elegtron transport
phosphorylation respectively. The cell yield obtained with pyruvate (6.3 g cells' per
mole pyruvate) is used for judging the ATP yield with fuftarate’as growth substrafe.
Pyruvate is fermented in a simple pathway to give formate and ac tate, and ft is'evident
that 1 mol ATP per mole pyruvate is formed. The cell yield DEF AN
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