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S U M M A R Y  

The metabolic role of the membrane-bound NADH- and formate-fumarate 
reductase which involves menaquinone as a redox carrier (A. Kr6ger et al. (1971) 
Eur. J. Biochem. 21,322-333), is studied in the anaerobic growth of Proteus rettgeri 
with fumarate, citrate, glucose plus bicarbonate and pyruvate as the sole energy 
substrates. This is done especially with respect to the question of whether the reduction 
of fumarate is coupled to electron transport phosphorylation. 

1. Pyruvate is fermented with a carbon and hydrogen recovery of about 85 
according to the following reaction: 

pyruvate- + H 2 0  ~ acetate- +formate-  + H  + 

The growth yield of this reaction is 6.3 g cells/mole acetate. This value is equal to the 
cell yield per mole of ATP, since the formation of acetate is coupled to substrate-level 
phosphorylation. 

2. Fumarate is fermented with a recovery of about 95 ~ of the carbon and 
the hydrogen according to the following reaction: 

7 fumarate 2- +8 H 2 0  -~ 6 succinat.e 2- +4  HCO~ +2  H + 

Since 5 moles of succinate are formed by fumarate reduction and 1 from isocitrate, 
only 1 mole ATP per 6 moles of succinate can be gained from substrate-level phos- 
phorylation. The cell yield (5.5 g cells/mole succinate), however, corresponds to a 
greater gain of ATP as judged from the ATP requirement for cell synthesis ( Y ~ ) .  
A comparison of the cell yield to that measured with pyruvate indicates that almost 
1 mole ATP per mole of succinate is formed. From this it is concluded that the elec- 
tron transport with fumarate as the acceptor is coupled to the synthesis of ATP. 

3. Citrate is mainly fermented according to the following reaction: 

2 citrate a- +2  H20 ~ 2 succinate 2- +acetate- +2  HCO~ + H  + 

1 mole of succinate is formed by fumarate reduction and the other from isocitrate. 
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The cell yield (7.8 g cells/mole citrate) indicates that ATP is also formed by fumarate 
reduction. 

4. Glucose is fermented in the presence of bicarbonate with a carbon and 
hydrogen recovery of about 90% approximately according to the following reaction: 

3 glucose+2 HCO~ ~ 4 formate-+3 aceta te-÷2 succinate 2- 

+ethanol+9 H + + H20 

From the cell yield (24 g cells/mole glucose) and the estimated gain of ATP (2.74 
mole ATP/mole glucose) it is calculated that 8.8 g cells are synthesized per mole ATP 
with glucose as the growth substrate. 

5. The metabolic pathways concluded from the growth reactions are con- 
firmed by the enzyme equipment of the bacteria. 

INTRODUCTION 

In a previous paper [1] it was demonstrated that Proteus rettoeri grown 
anaerobically on complex medium contains a very active membrane-bound fumarate 
reductase with NADH and formate as hydrogen donating substrates. It was shown 
that the activity depends on the presence of menaquinone which participates in the 
electron transport from the donors to fumarate. These properties suggest that the 
function of this electron-transport system in the anaerobic metabolism is analogous 
to that of the respiratory chain under aerobic conditions. 

In this communication the role of the fumarate reductase of P. rettgeri during 
the anaerobic growth on minimal media is stu~ed. The question of whether the re- 
duction of fumarate is coupled to phosphorylation is answered by measuring the cell 
yields of the growing bacteria [2-8]. This method requires that the energy metabolism 
sustaining the growth is well-known. Due to the limited accuracy of the method it is 
also necessary that the reduction of fumarate plays a quantitatively imlSortant role 
in the metabolism. These prerequisites are met by growing the bacteria on fumarate 
[9] and on citrate. 

RESULTS 

Growth on fumarate 
In the experiment of Fig. 1 P. rettoeri is grown anaerobically on a minimal 

medium containing about 50 mM fumarate as the only carbon and hydrogen source. 
At the time after inoculation indicated (Fig. 1A) the cell density and the concentra- 
tions of fumarate plus L-malate, succinate and carbonate were determined. After a 
lag period of less than 10 h the cell density increases linearly rather than exponentially 
and parallel with the growth fumarate is consumed and suconat¢ and carbonate are 
formed. The growth stops after about 40 h, when about 85 % of the fumarate is 
consumed. During the growth an increasing part of the fumarate is converted to L- 
malate and the pH of the medium rises from 6.5 to about 6.8. About 95% of the 
carbon of the fumarate (plus malate) consumed is recovered as succinate and bi- 
carbonate. The growth of the bacteria is sustained by Reaction a, according to which 
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Fig. 1. Anaerobic growth ofP.  rettgeri on fumarate as the only carbon source. The growth medium, 
the inoculation and maintenance of  the culture is described in Methods. (A) Samples were taken 
from the culture at the times indicated and analysed for the cell density and the concentrations of 
fumarate plus malate, succinate and carbonate as described in Methods. (B) The concentration of the 
products given in (A) is plotted against the corresponding decrease of  the concentration of fumarate 
plus malate. The experimental data are compared to the theoretical lines with the slopes 6/7 and 4/7 
which according to Reaction a give the relation to fumarate of succinate and carbonate, respectively. 
(C) Relation of  the cell density to the corresponding decrease of the fumarate (plus malate) concen- 
tration. The data are taken from (A) and from five equivalent experiments. The slope of the straight 
line represents the average of the parameters up to the cell density of about 80 mg dry weight/1. 

all the hydrogen derived from fumarate is recovered in the succinate. 

7 fumarate 2- + 8  H20 --} 6 succinate 2- + 4  HCO~-+2 H + -  106 kcal (a) 

This is demonstrated in Fig. 1B where the concentrations of succinate and carbonate 
given in Fig. 1A are plotted against the corresponding decrease of the concentration 
of fumarate (plus malate). The experimental points are compared with two theo- 
retical lines with the slopes 6/7 and 4/7 which, according to Reaction a, give the 
relations of the amount of fumarate consumed to those of succinate and carbonate 
formed, respectively. The good fit obtained for succinate confirms the validity of 
Reaction a for the growth on fumarate. The concentrations measured for HCO~ 
are about 20 ~ lower than expected from Reaction a. 
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The molar growth yield (Yfumarat¢) is obtained from the slope of the plot of the 
cell yield against the corresponding consumption of fumarate. In Fig. 1C the values 
measured for six different cultures under the conditions of the experiment of Fig. 1A 
are given. An approximately linear increase of the cell density with the fumarate 
consumption is found for the fast growth phase up to 80 nag cells/1. In this range 
4.5 g cells/mole fumarate are formed as the mean value. Since the cell mass  accounts 
for 4% of the fumarate consumed, the Yfumarate : 4.7 g cells/mole fumarate. 

Growth on citrate 
The growth curve with citrate in a minimal medium under anaerobic conditions 

is shown in Fig. 2A. Parallel with the increasing cell density the concentration of 
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Fig. 2. Anaerobic growth of  P. rettgeri on citrate as the only carbon source. The growth medium, 
the inoculation and maintenance of  the culture is described in Methods. (A) Samples were taken at 
the times indicated and analysed for the cell density and the concentrations o f  citrate, succinate, 
carbonate and acetate as described in Methods. (gB) The concentration of  the products given in (A) 
is plotted against the corresponding decrease o f  the concentration of  citrate. The experimental data 
are compared with two theoretical lines which according to Reaction b give the relation to citrate 
of  succinate and carbonate (slope 1/1) and o f  acetate (slope 1/2). (C) Relation of  the cell density to 
the corresponding decrease o f  the citrate concentration. The data arc taken from (A) and from five 
equivalent experiments. The straight line represents the average o f  the parameters up to a cell density 
of about 100 mg dry weight/1. 
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citrate decreases and succinate, acetate and bicarbonate are formed. The pH of the 
medium remains at 7.0 during the growth. About 88 Yo of the carbon and hydrogen 
of the citrate consumed is recovered as succinate, acetate and carbonate. 86-95 ~o 
of these products are formed according to Reaction b. 

2 citrate 3 - +2  H20 -~ 2 succinate 2- +acetate- +2  HCO3- + H  + -- 37 kcal (b) 

This is shown in Fig. 2B where the concentrations of succinate, acetate and bicarbonate 
are plotted against the corresponding decrease of the concentration of citrate. The 
experimental points are compared with two straight lines with the slopes 1/1 and 1/2 
which, according to Reaction b, indicate the theoretical relations to citrate of suc- 
cinate and bicarbonate and of acetate, respectively. The concentrations of succinate 
and of bicarbonate are slightly lower than expected from Reaction b, and those of 
acetate are slightly higher. This can be explained by the formation of 5-14 ~o of the 
products according to Reaction c. 

3 citiate3-+5 H20  -'* succinate2- +5 acetate- +4  HCO~-+2 H+--69 kcal (c) 

The two reactions differ in the pathway of oxidation of citrate. This is done via 
isocitrate in Reaction b and via pyruvate in Reaction c. In both reactions the re- 
ducing equivalents are used for the reduction cf oxalaacetate to succinate (see below). 

The molar growth yield referred to citrate (Ycitrate) is obtained from the slope 
of the plot of the cell density against the corresponding decrease of the concentration 
of citrate (Fig. 2C). In the fast growth phase where the cell density is linearly related 
to the citrate consumption, 7.5 g cells are synthesized per mole of citrate consumed. 
Since the cell mass corresponds to 4~o of the citrate consumed, the Ycitrate is 7.8 g 
cells/mole citrate. 

Growth on pyruvate 
In the experiment of Fig. 3 P. rettgeri is grown anaerobically on a minimal 

medium with pyruvate. The cell density increases in a parallel manner to the formation 
of acetate and formate from pyruvate. Although 0.1 M Tris is present, the pH of the 
medium decreases during the growth from 8.0 to values below 6. Reaction d is respon- 
sible for the growth of the bacteria. 

pyruva te -  + H 2 0  --~ acetate- +formate-  + H  + -  12 kcal (d) 

This is demonstrated by plotting the concentrations of acetate and of formate against 
the corresponding decrease of the concentration of pyruvate and by comparing the 
experimental points to the theoretical straight line with the slope 1/1 (Fig. 3B). 
In the fast growth phase, where the carbon recovery is at least 85 ~ ,  the experimental 
points differ only slightly from the theoretical line, and this confirms that Reaction d 
is valid. The deviation (maximally 20 ~o at the last point) is partly due to the formation 
of succinate. In an experiment similar to that of Fig. 3 the concentration of succinate 
was about 5 ~ of that of the acetate and formate in the fast growth phase, and about 
10 ~ in the stationary phase. The cell mass corresponds to 7 ~ of the pyruvate con- 
sumed. 

It is clear from Reaction d that the ATP required for the growth of the bac- 
teria is generated only by substrate-level phosphorylation from acetyl-CoA [10]. 
Therefore, the molar growth yield referred to acetate is equal to the amount of cells 
synthesized per mole of ATP (YArP). This value is determined in Fig. 3C by plotting 
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Fig. 3. Anaerobic growth ofP. rettgeri on pyruvate as the only carbon source. The growth medium, 
the inoculation and maintenance of the culture is described in Methods. (A) Samples were taken at 
the times indicated and analysed for the c¢11 density and the concentration of pyruvate, acetate and 
formate as described in Methods. (B) The concentration of the products given in (A) is plotted against 
the corresponding de, crease of the concentration of pyruvate. The experimental data are compared to 
the theoretical line with the slope 1/1 which gives the relation of acetate and formate to pyruvate 
according to Reaction d. (C) Relation of the cell density to the corresponding acetate concentration. 
The data are taken from (A) and from two equivalent experiments. The slope of the straight line is 
the average of the parameters up to about 80 mg dry weight/1. 

the cell density against the corresponding concentrations of acetate. The values are 
taken from the experiment of Fig. 3A and from two other equivalent experiments. 
A linear relation is obtained up to a cell density of about 80 mg/l with a slope of 
6.3 g dry cells/mole acetate. 

Growth on glucose 
In  the  exper iment  o f  Fig.  4 A  P. rettgeri is g rown anae rob ica l ly  in a min imal  

m e d i u m  with  glucose.  50 m M  H C O ~  is a d d e d  a n d  the p H  is 7.3 after  the inocu la t ion  
a n d  7.0 at  the end o f  the  exponent ia l  phase.  The  cul ture  grows exponent ia l ly  unti l  
the  glucose is exhausted.  As  shown in Fig.  4]3 the  concen t ra t ions  o f  formate ,  
acetate,  succinate  and  e thano l  increase  l inear ly  wi th  the  consumpt ion  o f  glucose 
and  1.24, 0.95, 0.54 and  0.30 moles /mole  o f  glucose are  formed,  respectively.  The  
p roduc t s  (5.90 moles  c a r b o n / m o l e  g l u c o s e ) a m o u n t  to  90% of  the ca rbon  metabo l -  
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Fig. 4. Anaerobic growth o fP .  rettgeri on glucose in the presence of bicarbonate. The growth me- 
dium, the inoculation and maintenance of  the culture is described in Methods. (A) Samples were 
taken at the times indicated and analysed for the cell density and the concentration of  glucose, formate, 
acetate, succinate and ethanol. (B) The concentration of  the products given in (A) is plotted against 
the corresponding decrease of  the concentration of  glucose. ((2) The cell density given in (A) is plotted 
against the corresponding decrease of  the glucose concentration. 

ized (6.54 moles carbon/mole glucose), since in addition to the glucose consumed 
the uptake of 0.54 mole of HCO~" per mole of glucose according to Reaction g 
has to be taken into account (Scheme 1). 

The fermentation of glucose can be described approximately by Reaction e. 
This reaction can be resolved into three part-reactions, one of which (f) produces, 
and the other two (g and h) consume, four reducing equivalents. The reactions f, g 
and h participate according to the relation 3 : 2 : 1, and this shows that the hydrogen 
of the glucose is recovered in the products. 
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Scheme 1. Assumed metabolic pathway of glucose as the substrate of the anaerobic growth of P. 
rettgeri according to Reaction e. 

3 glucose+2 HCO~- ~ 4 formate- + 3 acetate- 4 2  succinate- 

÷ethanol+9 H + +H20- -  180 kcal (e) 

3 × (glucose+2 H 2 0  -* 2 acetate-+2 formate-44  H + +  [4 H]) (f) 

2 × (glucose+2 HCO~ + [4 H] ~ 2 succinate- 4 2  H + 4 4  H20) (g) 
1 × (glucose+ [4 H] ~ 2 ethanol+2 formate-42 H +) (h) 

From the metabolic pathways of the Reactions f, g and h [6, 11 ] the amount 
of ATP formed in the fermentation of glucose can also be estimated. The assumed 
pathway for the overall Reaction e is illustrated in Scheme 1. ATP is gained by the 
pyruvate kinase reaction in the pathways of the production of ethanol and acetate. 
In the latter pathway additional ATP results from the acetate kinase reaction. The 
pathway of succinate formation is assumed to provide ATP only by the reduction of 
fumarate (see Discussion). This pathway is assumed to branch from the others at the 
level of phosphoenolpyruvate which by carboxylation gives oxaloacetate [12]. Thus, 
Reaction e should give 3 moles ATP/mole glucose. The more accurate value which is 
calculated directly from the products is 2.74 moles ATP/mole glucose. 

The cell yield is determined by plotting the cell density against the glucose 
consumption (Fig. 4C). A straight line is obtained for the exponential growth phase 
with a slope of 21 g cells/mole of glucose. Since the cell mass corresponds to 12% 
of the glucose, the Y~lucose is 24 g cells/mole glucose. 

Enzyme equipment of P. rettgeri 
The enzyme activities measured in the sonic homogenates of P. rettgeri 

grown on the different substrates are compared in Table I. This experiment confirms 
the metabolic pathways of fumarate (Scheme 2) and of citrate (Scheme 3) which can 
already be concluded from the overall growth Reactions a and b, respectively. The 
activities measured in the bacteria grown on pyruvate serve as the control values. 
With pyruvate as the growth substrate (Reaction d) the enzymes necessary for the 
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TABLE I 

ENZYME EQUIPMENT OF P. RETTGER1 GROWN ANAEROBICALLY ON VARIOUS CAR- 
BON SOURCES 

The growth and the rupture of the bacteria as well as the assays for the enzymes are given in Methods. 
The data are obtained at 35 °C and referred to the total protein of the "sonic homogenate" (see 
Methods). 

Enzymic activity from cells grown on (,umoles/min per g 
protein) 

Fumarate Citrate Glucose Pyruvate 

NADH-fumarate  reductase 320 245 270 22 
Formate-fumarate reductase 303 84 - -  42 
Fumarase 1230 930 1170 262 
Malate dehydrogenase 252 720 850 54 
Malic enzyme 253 138 80 50 
Citrate synthase 227 17 73 15 
Citrate lyase 14 262 0 0 
Aconitase 260 480 10 30 
Isocitrate dehydrogenase 1970 1740 97 102 

2 Malate 

Pyruvate 
[Fo,mot~]--~ 

Acety I -CoA Oxaloacetate 

L, J 
T 

Citrate 

[socitrate 

Ketoglutarofe 

Succ = CoA 

[ATP]----~ 

/.--EFo,,,ote] 

Scheme 2. Metabolic pathway of fumarate as the substrate of the anaerobic growth of P. rettgeri 
according to Reaction a. 
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Scheme 3. Metabolic pathway of citrate as the substrate of the anaerobic growth ofP. rettgeri accord- 
ing to Reaction b. 

fermentation of fumarate and citrate are not required with the exception of the 
pyruvate-formate lyase which is involved in the fermentation of both pyruvate and 
fumarate. 

The anaerobic metabolism of fumarate is illustrated in Scheme 2. 1 mole of 
fumarate is oxidized to give oxaloacetate which reacts with the acetyl-CoA resulting 
from a second mole of fumarate to give citrate. The citrate is metabolized via iso- 
citrate dehydrogenase to give carbonate and succinate. Thus two moles of fumarate 
give 1 mole of succinate and ten reducing equivalents which further reduce 5 moles of 
fumarate to succinate. It is suggested that two reducing equivalents appear inter- 
mediarily as formate [10], whereas the residual eight are transferred by the pyridine 
nucleotides. 

In the bacteria grown on fumarate, fumarate reductase with NADH and for- 
mate as donors, fumarase, malate dehydrogenase, citrate synthase, aconitase and iso- 
citrate dehydrogenase are found in 5-20 times greater activities than in those grown on 
pyruvate. This indicates that these enzymes are required for the growth on fumarate 
and confirms that fumarate is metabolized according to Scheme 2. The suggestion 
that pyruvate-formate lyase rather than pyruvate dehydrogenase [10] participates in 
the fermentation of fumarate is confirmed by the increased activity of the formate- 
fumarate reductase compared to the activities of the bacteria grown on citrate. Pyr- 
uvate is probably formed via malic enzyme, since this enzyme exhibits the greatest 
activity with fumarate as the growth substrate. 

The metabolic pathway of citrate according to Reaction b is illustrated in 
Scheme 3. As in the fermentation of fumarate, citrate is oxidized via isocitrate de- 
hydrogenase to give bicarbonate and succinate. The reducing equivalents liberated in 
this reaction are used for the reduction of the oxaloacetate which is formed from the 
second half of the citrate consumed via the citrate lyase reaction. 

Scheme 3 is confirmed by the enzymes found in the sonic homogenate of 
P. rettgeri grown on citrate. Citrate lyase which is specifically required, is induced only 
with citrate as the growth substrate. NADH-fumarate reductase, fumarase, malate 
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dehydrogenase, aconitase and isocitrate dehydrogenase which are needed for growth 
on both citrate and fumarate are about as active as on growth with fumarate. On 
the other hand, formate-fumarate reductase and citrate synthase which are involved 
only with fumarate as the growth substrate, are found with distinctly lower activities. 
The finding that malic enzyme and formate-fumarate reductase are more active 
with citrate than with pyruvate may be explained by the metabolization of a 
small part of the citrate according to Reaction c. 

In P. rettgeri grown on glucose only the enzyme activities involved in the path- 
way of succinate formation are measured (Scheme 1). NADH-fumarate reductase, 
fumarase and malate dehydrogenase are present in activities commensurable with 
those found with fumarate and citrate as the growth substrates, whereas the other 
enzymes tested are only about as active as in the bacteria grown on pyruvate. This 
indicates that succinate is formed from oxaloacetate. Oxaloacetate is probably for- 
med by carboxylation of phosphoenolpyruvate [12] and not from pyruvate. This 
is suggested by the finding, that malic enzyme is not induced by glucose as the 
growth substrate and that only a small amount of succinate is formed during the 
growth on pyruvate. 

The enzyme activities given in Table I are consistent with those estimated for 
the bacteria in vivo. The latter values can be obtained from the rates of substrate 
consumption (Figs 1A, 2A and 4A) on the basis of Schemes 1, 2 and 3. Thus it is 
estimated that the activities of the enzymes of the bacteria in the middle of the fast 
growth phase range between about 100 and 300 pmoles substrate/min per gram of 
protein. The measured values are of the same order of magnitude and, therefore, 
confirm the participation of the enzymes of Table 1 in the fermentation of fumarate, 
citrate and glucose. 

DISCUSSION 

Fumarate as a hydrogen acceptor 
Fumarate serves as an acceptor of the reducing equivalents liberated in the 

anaerobic metabolism of P. rettgeri not only when offered as the growth substrate 
(Reaction a, Scheme 2), but also after the intermediate formation from citrate 
(Reaction b, Scheme 3) and from glucose plus bicarbonate (Reaction e, Scheme 1). 
This is evident already from the amounts of succinate formed in the growth Re- 
actions a, b and e, according to which all the hydrogen of the growth substrate is 
recovered in the products. The total hydrogen originating from the oxidation of 
fumarate as the growth substrate is used for the simultaneous reduction of an ad- 
ditional equivalent amount of fumarate to succinate. With citrate and glucose as the 
growth substrate 1/2 and 1/3, respectively, of the hydrogen is transferred to fumarate. 

The membrane-bound NADH- and formate-fumarate reductase which in- 
volves menaquinone as a redox carrier [1 ] is responsible for the reduction of fumarate. 
This is shown by the induction of this electron-transport system during the growth on 
the three different substrates (Table I). With fumarate as the growth substrate both 
NADH and formate are used as the donors, whereas with citrate and glucose plus 
bicarbonate the hydrogen is transferred only by NAD +. 

In the previous communication [1] it was shown that the NADH- and for- 
mate-fumarate reductase is also induced during the anaerobic growth of P. rettgeri on 
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a complex medium. Under these conditions fumarate is probably formed from amino 
acids, and formate may be formed from pyruvate via the pyruvate-formate lyase as 
with fumarate as the growth substrate (Scheme 2). 

Evidence for the occurrence of a fumarate reductase functioning with NADH 
or other donors is presented in the literature for many other bacteria [13-25]. 
The activity was demonstrated to be localized in the membrane [14, 17-24] which 
was shown to contain MK in most cases [17, 18, 20, 25-27]. Therefore, it is likely 
that a variety of bacteria ranging from obligate aerobes to obligate anaerobes contain 
a similar system of electron transport with fumarate as the acceptor. It is feasible that 
in some bacteria fumarate serves only as a high-potential sink for hydrogen, the func- 
tion of which is to drive substrate-level phosphorylation reactions [15] or reactions 
necessary for the cell synthesis [20]. 

Phosphorylation coupled to fumarate reduction 
Evidence for phosphorylation coupled to the reduction of fumarate has been 

presented with other bacteria, either by directly measuring phosphorylation in cell- 
free extracts [19, 24] or by determining the growth yields [16, 23, 28]. The latter 
method is applied to P. rettgeri since a decisive result can be expected especially with 
fumarate as the growth substrate. 

With fumarate as the growth substrate per 7 moles of fumarate consumed 1 
mole of ATP can be formed by substrate-level phosphorylation and 5 moles by 
fumarate reduction (Scheme 2). Thus n in Eqn 1 is expected to be either 1/7 or 6/7. 

mole ATP Y 
n = mole substrate or product YATP (1) 

The estimation of n from the experimentally determined Yfumarate (4.7 g cells/mole 
fumarate) and YArP should, therefore, decide whether ATP is formed only by sub- 
strate-level phosphorylation or also by fumarate reduction. Since the }rAre valid for 
the growth of P. rettaeri on fumarate cannot be determined independently, the value 
of Y~*~, = 15.4 g cells/mole ATP is used. This was calculated from the ATP require- 
ment of the cell synthesis for the growth on malate [29]. The resulting n = 0.31 is 
more than twice that expected for substrate-level phosphorylation alone, and this 
indicates that ATP is formed also by electron-transport phosphorylation coupled to 
fumarate reduction. 

The difference between the expected and the calculated value for n corresponds 
to the discrepancy between the experimental YATI" and the theoretical Y~a~- This dis- 
crepancy is usually observed and cannot quantitatively be explained so far [3-8, 29]. 
For further confirmation of the electron-transport phosphorylation it is, therefore, 
appropriate to calculate ]rATa from Yfumratc and the expected value of n and to 
compare this value with the YAxP obtained with the other substrates (Table II). 
Thus YAXP = 5.5 g cells/mole ATP (n ----- 6/7) for fumarate is obtained. 

As indicated by the values of Y~,~, pyruvate is nearly equivalent to fumarate 
with respect to cell synthesis. The Y^rP for pyruvate as the growth substrate is ob- 
viously equal to Yacetate (n = 1), and this value is only 15% greater than the Y T̂V 
for fumarate. This confirms the value of n assumed for calculating the YATP with 
fumarate. 
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With citrate as the growth substrate n ---- 1 is assumed. This holds for Reaction 
b as well as for Reaction c. In the main pathway (Reaction b and Scheme 3) half the 
ATP is synthesized by substrate-level phosphorylation and the second half by fu- 
marate reduction. The resulting YATP (7.8 g cells/mole ATP) appears to be consistent 
with that for fumarate and pyruvate in view of the greater Y ~  for citrate and, there- 
fore, confirms that twice the amount of ATP resulting from substrate-level phos- 
phorylation is gained. It is concluded that ATP is also formed by fumarate reduction 
with citrate as the growth substrate. 

As expected from the Y ~ ,  the greatest YATP (8.8 g cells/mole ATP) is ob- 
tained for glucose. This number is in agreement with the generally accepted value 
(10.5i2 g cells/mole ATP). The induction of the NADH-fumarate reductase sug- 
gests that ATP is also formed by fumarate reduction with glucose as the growth 
substrate. 

METHODS 

Growth of P. rettoeri 
P. rettgeri (Strain No. 167-3, Dept of Bacteriology, University of Marburg, 

Germany) was grown on defined media, the mineral basis of which contained per 
liter 2.5 g NaC1, 0.5 g (NH4)H2PO4, 0.5 g K2HPO4, 0.2 g MgSO4 • 7H20, 0.5 mM 
NaHCO 3 and 0.25 ml of the solution of trace elements. This solution contained per 
liter 25 g Na2EDTA. 2 H20, 21 g ZnSO4" 7 H20, 28 g FeSO4.6 H20, 0.34 g 
Na2B407 • 10 H20 and 0.40 g (NH4)6MoTO24 • 4 H20. 

For growth on fumarate about 50 mM disodium fumarate was added to the 
mineral basis and the pH was adjusted to 6.5 by the addition of Tris. For growth on 
citrate about 50 mM citric acid and 20 mM MgSO4 were added and the pH adjusted 
to 7.0 by KOH. The pyruvate medium contained about 50 mM sodium pyruvate and 
0.1 M Tris at pH 8. For growth on glucose about 12 mM glucose and 50 mM NaHCO 3 
were added and the pH was adjusted to 7.3. 

These media were inoculated with 1-2% (v/v) of precultures which were 
grown for 24h in test tubes containing 2% Proteose Peptone (Difco) and 0.6% 
NaCI at pH 7.6. After inoculation N2 was bubbled for 5 rain through the stirred cul- 
tures (0.2-2-1). The N 2 was freed from 02 by passing it over a copper catalyst (BTS- 
catalyst, BASF, Ludwigshafen, Germany) which was heated to about 150 °C. The 
cultures were kept under an atmosphere of N2 at 35 °C without stirring. Samples 
were taken through a glass tubing by pressing N2 on the surface of the cultures. 
Substrates and products with the exception of carbonate were determined in 1-ml 
samples after removing the bacteria by centrifugation and the addition of 0.5 M HCI. 

Analytical procedures 
Cell density 
The cell density of the cultures was determined photometrically using the 

Eppendorf photometer at 578 nm with a sample holder designed for measurements in 
test tubes. The absorbance increases linearly with the cell density up to about 0.4. 
The same relation is followed by cells grown on fumarate, pyruvate, citrate and 
glucose and the relation is independent of the growth phase of the cultures. The dry 
weight was determined after centrifugation, washing and drying of the bacteria in 
vacuo over P205 [30]. 
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Protein 
Protein was determined after sonication of the bacteria with the biuret method 

using KCN [31 ]. 
Determination of  metabolites 
Carbonate. Carbonate was measured gravimetrically after evaporation and 

absorption as CO2. Samples (50-100 ml) of the cultures were pressed by N2 in a 
stoppered vessel equipped with glass tubings and containing KOH (final concen- 
tration about 0.1 M) and 10 mM AgNO3. After acidification by the addition of 
H2SO~ through a funnel with a stopcock, the CO2 was evaporated by passing a 
stream of N2 through the mixture at room temperature. The gas was dried by conc. 
H2SO~ and CaC12 and the CO2 subsequently absorbed on soda asbestos. 

Fumarate and ~.-malate. Fumarate and r-malate were determined by the ab- 
sorption increase at 366 nm caused by the reduction of APAD in the following 
test mixture: 0.1 Tra, pH 7.4, 0.5 mM acetylphosphate, 50/tM coenzyme A, 1 mg/l 
phosphotransacetylase, 10 mg/1 citrate synthase, 2 mg/l fumarase. The reaction was 
started by the addition of 5 mg/l malate dehydrogenase and ceased after 10-15 min. 
For the separate determination of malate and fumarate, the fumarase was added 
after the malate dehydrogenase. The extinction coefficient of reduced APAD is 9.1 
mM -1 • cm -1 [32]. 

Succinate. Succinate was determined by the absorption decrease at 436 nm 
caused by the reduction of ferricyanide (1 mM) in 50 mM Tris, pH 7.6, on the 
addition of succinate dehydrogenase which was prepared according to Neufeld 
et al. [33 ]. The extinction coefficient of ferricyanide at 436 nm is 0.70 mM-1 .  cm-1. 
The test requires about 30 rain. The enzyme preparation was kept for several months 
in liquid N2. 

Acetate. Acetate was measured gas chromatographically as acetic acid as 
described by Fr6hlich and Wieland [34]. The concentration of acetate was calculated 
from the peak area on the basis of a calibration curve obtained with acetic acid. 

Formate. Formate was determined as the equivalent amount of 02 consumed 
in the presence of a sonic homogenate ofP. rettgeri according to Reaction i. 

HCOO- 4-1/2 02 ~ HCO3 (i) 

The 02 consumption was monitored using a micro Clark-type 02 electrode of our 
own design which was calibrated with air-saturated buffer at 25 °C (0.48 matom O/1). 
The homogenate was obtained by sonication at 0-5 °C (6 times for 5 s) ofP. rettgeri 
grown for about 24 h at 35 °C on 2~o Proteose Peptone and 0.6~o NaCI, pH 7.6 (1-1), 
in shaken 2-1 Fernbach flasks. About 0.5 mg protein/ml of the homogenate was in- 
cubated in 50 mM sodium/potassium phosphate, pH 7.2, and 10 mM malonate. 
On the addition of maximally 0.25 mM formate 02 is taken up until the formate is 
consumed after less than 1 min. 

Citrate, glucose, ethanol andpyruvate. Citrate, glucose, ethanol and pyruvate 
were determined as described by Bergmeyer [35] using citrate lyase, hexokinase, al- 
cohol dehydrogenase and lactate dehydrogenase, respectively. 

Enzyme activities 
For measuring the enzyme activities the bacteria were harvested in the fast 

growth phase and sonicated at 0-5 °C (6 times for 5 s) in 0.5 M sucrose at a con- 
centration of about 20 g/1 protein. Part of the "sonic homogenate" so obtained was 



288 

centrifuged for 1 h at 102 ×g. The sediment was separated from the supernatant and 
the fraction of  the total protein determined for both parts. 

NADH~fumarate reductase. NADH-fumara te  reductase was measured photo- 
metrically as the oxidation of N A D H  under anaerobic conditions in the sonic ho- 
mogenate as described earlier [1]. 

Formate-fumarate reductase and fumarase. Formate-fumarate reductase and 
fumarase were measured by recording the absorption of fumarate at 265-289 nm. 
The extinction coefficient of fumarate at these wavelengths is 0.57 m M - 1 .  cm-  1 
Fumarase was assayed in the supernatant incubated in 50 mM Tris, pH 7.6, on the 
addition of either 1 mM fumarate or 10 mM L-malate. Formate-fumarate reductase 
was measured in the sediment under anaerobic conditions as described earlier [1 ], 
The results were corrected for the interference of fumarase. 

Malate dehydrogenase. Malate dehydrogenase was measured in the super- 
natant as the rate of oxidation of  N A D H  by oxaloacetate as described by Berg- 
meyer [35]. The results were corrected for the interference of the respiration with 
NADH.  

Malic enzyme. Malic enzyme was measured in the supernatant as the rate of 
reduction of NADP + caused by the addition of L-malate in the presence of Mn 2 + [36 ]. 

Citrate synthase. Citrate synthase was measured in the supernatant as the rate 
of  reduction of APAD in the following test mixture: 0.1 M Tra, pH 7.6, 5 mg/l 
malate dehydrogenase, 6 mM L-malate, 0.5 mM APAD, 1 mg/l phosphotransacetylase 
and 2 mM acetylphosphate. The reaction was started by the addition of  2 mM 
coenzyme A. 

Citrate lyase. Citrate lyase was measured in the supernatant as the rate 
of oxidation of N A D H  in the following test mixture: 0.1 Tra, pH 7.6, 5 mg/l malate 
dehydrogenase, 5 mg/l lactate dehydrogenase, 1 mM MgCl2, 0.5 mM NADH. The 
reaction was started by the addition of 2 mM citrate. The results were corrected for 
the interference of  the respiration with NADH.  

Isocitrate dehydrogenase. Isocitrate dehydrogenase was tested as the rate of 
NADP + reduction in the following test mixture: 0.1 M Tra, 50 mM NaCI, pH 7.5, 
4 mM MnSO 4 and 1 mM NADP +. The reaction was started by the addition of 
2 mM isocitrate. 

Aconitase. Aconitase was tested as described above for isocitrate dehydrogen- 
use, except that 0.1 g/1 isocitrate dehydrogenase was present and that 2 mM citrate 
was used instead of isocitrate. 
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