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The question whether pyruvic acid holds a key position as an inter- 
mediate in the butanol-acetone fermentation by Clostridium acetobutyl- 
icum (Weizmann) similar to that in the alcoholic fermentation by yeast 
and in glycolysis by muscle has, so far, not received a decisive answer. 
This is mainly due to the inconsistent results obtained by different workers 
in this field. As in the case of corn-meal and glucose, the dissimilation of 
pyruvic acid should lead to the same products, viz., butanol, butyric acid, 
ethanol, acetic acid, acetone, and isopropanol respectively. A number of 
authors, Johnson et al. (l), Langlykke et al. (2), Brown et al. (3), Osburn 
et al. (4), and Davies et al. (5, S), did obtain butyl products and acetone 
from pyruvic acid as the sole substrate or from mixed fermentations with 
glucose, but the yields were poor. On the other hand, Koepsell and 
Johnson (7, 8) and Simon (9, lo), using dried or washed cell preparations 
of Clostridium butylicum or C. acetobutylicum, found acetic acid to be the 
only dissimilation product, even in the presence of glucose. 

Acetic acid was added as a labeled compound to fermenting corn mash. 
Wood, Brown, and Werkman (11) thus found that both isotopic butanol 
and acetone were formed in good yields. These authors suggested, there- 
fore, that both butanol and acetone are derived from a common precursor 
and discussed the possibility of the following sequence of reactions: acetate 
-+ pyruvate --+ butyl products and acetone. 

The regular formation of ethanol, a normal and independent dissimila- 
tion product in the butanol-acetone fermentation, stresses the importance 
of pyruvic acid as a possible intermediate. Its r&e as precursor of butyl 
products and acetone made a reinvestigation desirable. 

The present paper deals with the study of the experimental conditions 
which lead from pyruvate to butyl products and acetone with yields 
comparable to those obtained from both corn mash and glucose. 

EXPERIMENTAL 

Growth Medium-The medium was prepared according to Davies ‘and 
Stephenson (5). The pH was adjusted to 5.8 to 6.0. 

Culture and Inoculations-A tube containing a 24 hour-old, vigorously 
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396 BUTANOL-ACETONE FERMENTATION. I 

fermenting culture of C. acetobutylicum (Weizmann) in 5 per cent corn 
mash was inoculated into 250 ml. of the growth medium. After 24 hours 
incubation at 37”, this fermenting mash was inoculated into 1250 ml. of 
medium and incubated for 15 hours at 34-35”. The bacteria were then 
centrifuged and suspended in freshly sterilized distilled water. After 
allowing COZ to pass through the bacterial suspensions for 2 minutes, they 
were immediately used for the experiments. Davies (5, 6) has demon- 
strated, and we have been able to confirm it,’ that the activity of the bac- 
terial suspension towards glucose decreases to zero 3 to 5 hours after har- 
vesting. In order to achieve complete fermentation of our substrates within 
5 hours we have chosen the amount of bacteria as follows: from the rate 
of fermentation, the amount of bacteria capable of fermenting 1 mM of 
glucose in 1 hour at 36” can be calculated (Weizmann and Rosenfeld (12))2; 
per ins of substrate, we have used the harvest of 150 to 300 ml. of glucose 
medium corresponding to 200 to 400 mg. of dry bacteria. More bacteria 
were used in special cases which will be described below. 

Pgruvate-Pyruvic acid was prepared (13) and transformed into its 
sodium salt by the method of Lipmann (14). 

Fermentation Experiments---According to need, the fermentation ex- 
periments were carried out in 50 ml. long-necked flasks connected with 
gasometers, as described by Weizmann and Rosenfeld (15), in Warburg 
vessels for kinetic measurements, or in Krebs vessels for the study of 
fermentation products of slow fermentations requiring the maintenance 
of artificial anaerobiosis. 

Procedure and Methods-After completion of the fermentation, the mix- 
tures were deproteinized with tungstic or trichloroacetic acid. Aliquots 
of the filtrates were submitted to alkaline distillation. Acetone was 
estimated iodometrically; isopropanol, butanol, and ethanol were oxidized 
by dichromate according to Stahly, Osburn, and Werkman (16). The 
residues of the alkaline distillations were acidified with H2S04 and sub- 
mitted to steam distillation with the addition of MgSO+ as recommended 
by Friedemann (17). The distillates were aerated to remove CO2 and 
titrated for total acidity with phenol red as an indicator. The sodium 
salts containing a slight excess of NaOH were evaporated to dryness. 
The method of chromatographic analysis of the butyric and acetic acids 
by Elsden (18)3 was then followed. It was observed empirically that the 

1 Rosenfeld, B., and Simon, E., unpublished results. 
e See Weiamann and Rosenfeld (12), p. 1388. 
3 Elsden has observed that occasionally the indicator was more strongly adsorbed 

by different samples of silica gel. We have found that with the same sample of silica 
gel the dye is better adsorbed if the ratio of silica gel to alkaline dye is adjust’ed to 
result in a yellow-green to green column rather than a bluish green to blue one. The 
optimum inside diameter of the column is 10 mm. 
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B. ROSENFELD AND E. SIMON 397 

separation of butyric from acetic acid is complete if the band caused by 
the latter occupies 65 per cent of the total column. 

Fermentation of Corn Mash and Glucose 

The figures for the yields of fermentation products from corn-meal 
usually refer to those of a 5 to 6 per cent mash (19). The substrate con- 
centrations generally used in the studies on intermediates are as a rule 
much lower. Therefore, basic fermentations of corn mash and glucose 
were carried out at concentrations comparable to those used later on with 
pyruvate. For the calculation of the results we have adopted the “glucose 

TABLE I 

Comparison of Permentation Products from 6 and 1.3 Per Cent Corn Mash and 0.95 
Per Cent Glucose Medium 

Column 1 contains known (19) data recalculated as glucose equivalents. Col- 
umn 2 represents the results of fermenting 1 liter of 1.2 per cent corn mash cor- 
responding to 0.86 per cent glucose, inoculated with 10 ml. of a vigorously ferment- 
ing culture of C. acetobutylicum. Column 3 shows the result of fermenting 191 mg. 
of .glucose with 10 ml. of freshly prepared bacterial suspension corresponding to 
420 mg. of dry weight. Total volume, 20 ml. Temperature, 35’. pH 5.0. Dura- 
tion of the fermentation, 1 hour. 

Glucose equivalents per my glucose fermented 
Fermentation products 

(1) (2) (3) 

Acetone. . . . , . . . . . . 0.310 0.301 0.272 
Isopropanol . . . . . . . 0.053 0.070 
Butanol . . . . . . . . . 
Butyric acid. . . . 

i-g; 0.572* 
1 

0: 065 

ia32 0.412* 
f 1 

8.;; 0.341* 
i 

Ethanol . . . . . . , . . . . 0.155 0:x6 

Acetic acid. . . . . . . . . . 0.029 0.149 0.092 

IL Butyl products. 

equivalents” proposed by Johnson et al. (1).4 Table I shows that the 
yield of “butyl products” (glucose equivalents of butanol + butyric acid) 
at the lower substrate concentration is decreased. 

Fermentation of Pyruvate and Influence of Potassium 

The fermentation of pyruvate was carried out in the manner already 
described for glucose (Table I, Column 3). 

Koepsell and Johnson (7) found that the addition of phosphate in- 
creased the rate of pyruvate breakdown with their enzyme preparation 
from C. butylicum. It was of interest to learn whether such an addition 

4 See foot-note 1 (l), p. 152. 
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398 BUTANOL-ACETONE FERMENTATION. I 

to the above basic experiments with pyruvate would influence the c.ourse 
of ‘the fermentation, and, in particular, the composition of the fermenta: 
tion products. As shown in Table II, Column 5, this was found to be the 
case: the amount of acetone formed increased in the presence of potassium 
phosphate. Further experiments, designed to prove the influence of phos- 
phate, however, showed, contrary to expectation, that the beneficial 
influence observed with potassium phosphate is caused by the potassium 
ion alone; added potassium sulfate and chloride (Table II, Columns 3 and 
4) produced the same increase of acetone as potassium phosphate. Sodium 
phosphate alone caused a slight increase of acetone (Column 6); we feel, 
however, that it is not justified to interpret this increase as a “phosphate 
effect.” The identical results obtained with KHzPOa and KzSO4 or KC1 
suggest that phosphate (introduced with the bacterial suspe&ion) is 

TABLE II 

Comparison of Acetone Yields As Glucose Equivalents Per 2 rnM of Fermented 
Pyruvate, Influence of Potassium 

Bacterial suspensions corresponding to 420 mg. of dry weight were added to 
a freshly prepared solution of sodium pyruvate containing 2 mM. The volume 
was made up to 20 ml. with distilled water. The pH of the mixture was 5.0. The 
fermentation was complete after 3 hours at 35“. 

Additions............................. None KzSOI KBO4 KC1 KHIPOI N~HsF’OI NaHFo4 

KzSOa 

(1) (2) (3) (4) (5) (6) (7) 
~- ----- 

K+ concentration, M. . . . . 0.0 0.04 0.2 0.2 0.2 0.0 ,0.2 
PO; “ ‘< . . . . . . 0.01 0.01 0.01 0.01 0.2 0.2 0.2 

------- 

Acetone. . . . . . . . . . 0.128 0.178 0.219 0.204 0.202 0.157 0.190 

present in adequate concentration at 0.01 M, the average inorganic phos- 
phate concentration found by analysis of the media when no phosphate 
has been added. If, in addition to sodium phosphate, potassium sulfate 
was added, a value comparable with that of potassium phosphate alone 
resulted (Column 7). 

As can be seen from Table III, the influence of added potassium phos- 
phate is limited to an increased acetone with a corresponding decrease 
of acetate formation. 

Influence of Magnesium 

In view of the fact that potassium ions exert a beneficial influence upon 
the formation of acetone from pyruvate, the action of other cations in this 
respect was of interest. Since Mg++ is known to be an essential constit- 
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B. ROSENFELD AND E. SIMON 399 

uent in a number of enzyme systems involved in the carbohydrate break- 
down, we have tested the influence of magnesium ions alone and in combi- 
nation with potassium phosphate upon the dissimilation of pyruvatc. 

Table IV, Column 1, shows that addition of Mg++ alone produces an in- 
crease of acetone which is of the same order as that observed with K+ 

TABLE III 

Total Fermentation Products As Glucose Equivalents Per 2 rnx of Fermented 
Pyruvate, Influence of Potassium 

Each flask contained 5 ml. of 4.4 per cent sodium pyruvate and 5 ml. of bacterial 
suspension corresponding to 420 mg. of dry weight. Total volume, 20 ml. pH 
5.0. Temperature, 35”. Duration, 3 hours. 

Fermentation products 

Acetone. . . . . . . . . 
Butanol.................... 
Butyric acid. . . . . . . . . . . . 
Ethanol. . . . . . . . . . . . . . . . . . 
Acetic acid. . . . . . . . . . . . . . . 

2 mid pyruvate 2marpyruvate mdtmacKHsP0~ 
(1) (2) 

0.128 f 0.033 0.202 i 0.030 
0.021 f 0.011 0.015 * 0.010 
0.164 f 0.029 0.132 i 0.032 
0.100 & 0.039 0.082 f 0.038 
0.540 f 0.054 0.500 f 0.046 

No. of independent runs.. . . 
I 7 9 

TABLE IV 

Total Fermentation Products Given As Glucose Equivalents Per 8 rnx of 
Fermented Pyruvate, Influence of Magnesium 

Each flask contained 5 ml. of 4.4 per cent sodium pyruvate and 5 ml. of bacterial 
suspension corresponding to 420 mg. of dry weight and the additions quoted in the 
table. Total volume, 20 ml. pH 5.0. Temperature, 35”. Duration, 7 hours. 

Fermentation products 

Acetone. .................. 
Butanol. .................. 
Butyric acid. ............. 
Ethanol. .................. 
Acetic acid ................ 

2nv.l 
MgSO4 

(1) 
.____ 

0.210 
0.070 
0.123 
0.143 
0.393 

(4). 

0.204 0.224 0.306 i 0.023 
0.020 0.029 0.019 f 0.019 
0.134 0.128 0.144 f 0.012 
0.086 0.107 0.096 f 0.013 
0.539 0.533 0.455 f 0.025 

4mxKHiPO~+ 
2nm MgSOb 

4mx 

5% + 
M&O4 

(5) 

No fer- 
menta- 
tion 

* The figures in this column represent the mean values of five runs. 

(Table II). Addition of Mg++ in combination with potassium phosphate 
shows at the optimum concentration of 2 mu (Column 4) a further in- 
crease. Higher concentrations of Mg++ are inhibitory (Column 5). As 
in the case with potassium phosphate, the influence of Mg++ is limited 
to an increase of acetone and a corresponding decrease of acetate formation. 
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400 BUTANOL-ACETONE FEBIKENTATION. I 

Mixed Fermentation of Glucose and Pyruvate 

Although the yield of acetone was increased by more than 100 per cent 
upon the combined addition of K+ and Mg++, not the slightest analogous 
response was observed with those fermentation products involving hy- 
drogenation, viz., the butyl products apart from ethanol and isopropanol. 
It was assumed that the formation of butyl products depends to some 
extent upon hydrogen donated during the dehydrogenation of the tri- 
osephosphates in the initial stages of glucose fermentation. Mixtures 
of glucose and pyruvate were therefore expected to give increased yields 
of butyl products from pyruvate. As can be seen, however, from the 
results quoted in Table V, Column 3, and the corresponding calculated 
values (Column 4), the increase of butyl products at this ratio of glucose 

TABLE V 

Total Fermentation Products Given As Glucose Equivalents Per 1 rnH of Glucose 
or % rnx of Fermented Pyruvate 

Each flask contained 5 ml. of bacterial suspension corresponding to 210 mg. of dry 
weight and 0.5 mu of KH~POI. Total volume, 20 ml. pH 5.0. Temperature, 
350, Duration, 3 hours. 

Fermentation products 1 IIIP glucose 

(1) 
.-__ 

Acetone. . . . . 0.270 
Isopropanol . 0.021 
Butanol.. . 0.283 
Butyric acid.. . > 0.047 

o 
’ 
330* 

Ethanol. . . . . 0.168 
Acetic acid. . 0.021 

2 nm pynwate 0.5 lnld glucose + Calculated from 
1 mM pyrwate H(1) +%(a 

(2) (3) 

0.150 0.214 
0.014 0.027 

;:~},.I,,* / ;::~}0.275* 

0.055 0.09s 0.111 
0.692 0.378 0.392 

(4) 

0.210 
0.052 

i-2 0.245* 
. I 

I 1 I - -___ 

* Butyl products. 

to pyruvate is small and not beyond the margin of experimental error. 
The results obtained are similar to those reported by Simon (10) using 
saline-washed bacteria. 

Influence of Fluoride upon Relative Amount of Hydrogen in 
Fermentation Gases 

The failure to obtain an efllcient hydrogen transfer in our coupled 
glucose-pyruvate fermentations may have been due to the absence or lack 
of an active phosphate transfer system in the bacterial suspensions applied. 

If, in our case, hydrogenation is coupled with phosphate transfer, as 
demonstrated by Meyerhof et al. (20) in the glycolytic system, then the 
increase of the concentration of the phosphate-transferring system or its 
stabilization should lead to an increase of the hydrogenation reactions. 
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B. ROSENFELD AND E. SIMON 401 

Fluoride has been successfully applied by Potter (21) as a stabilizer of 
bigh energy phosphate in kidney homogenates. We have studied the in- 
fluence of fluoride upon hydrogen formation during pyruvate dissimilation 
with suspensions of C. acetobutylicum. Any decrease of hydrogen pro- 

m 
0 

MINUTES 

FIG. 1. Fermentation of glucose and pyruvate. In the main compartment of a 
series of three 30 ml. Warburg vessels, 0.2 ml. of 0.05 M glucose was placed, the center 
cup of Vessel 2 contained in addition 0.3 ml. of 1.1 MKOH and a strip of folded filter 
paper, and to Vessel 3 0.1 ml. of 0.4 M NaF was added. The volume was made up to 
1.2 ml. with distilled water. The side bulb contained 1 ml. of bacterial suspension 
(89.5 mg. of dry weight per ml.). Each of the main compartments of Vessels 4 to 8 
held 0.5 ml. of 0.04 M sodium pyruvate and 0.05 ml. of u KHIPO~, the center cup of 
Vessels 5 and 7 contained 0.3 ml. of 1.1 M KOH for COZ absorption, and to Vessels 
6 and 7 was added 0.1 ml. of 0.4 Y NaF. The volume was made up to 1.1 ml. The 
side cup contained 0.1 ml. of 0.15 M MgSOh-7HtO and 1 ml. of bacterial suspension 
(89.5 mg. of dry weight per ml.). One run (Vessel 8) contained, apart from pyruvate 
and fluoride, 0.2 ml. of 0.05 M glucose. The corresponding blanks were allowed to 
run concurrently. The vessels were gassed with hydrogen and, after attainment of 
equilibrium, the contents of the side bulbs were mixed with that of the main compart- 
ments. Temperature, 33”; pH (initial) 5.0. Curve I, glucose, total gas (0); Curve 
II, glucose, hydrogen (a); Curve III, glucose + NaF (0); Curve IV, pyruvate, total 
gas (0) ; Curve V, pyruvate, hydrogen (X); Curve VI, pyruvate + NaF, total gas 
(A) ; Curve VII, pyruvate + NaF, hydrogen (A); Curve VIII, pyruvate + glucose 
+ NaF, tot,al gas (m). 

duction observed would indicate an increased hydrogen consumption for 
hydrogenation reactions. 

The experiments were carried out in Warburg vessels. For comparison, 
experiments with glucose have been included. 

The results of the fermentations, after correction for the corresponding 
blanks, are presented in Fig. 1. 

Fig. 1 shows that, in distinction to the complete inhibition of glucose 

 by guest on January 22, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


402 BUTANOL-ACETONE FERMENTATION. I 

fermentation in the presence of 0.02 M NaF (Curve III), pyruvic acid is 
fermented (Curve VI), though more slowly than in the absence of fluoride 
(Curve IV). 

In the presence of fluoride, the percentage of hydrogen from pyruvate 
is lower (24.7 per cent of total gas, Curve VII) than without fluoride 
(38.5 per cent of total gas, Curve V). In confirmation of earlier data 
(19) we found 45.7 per cent hydrogen (Curve II) in the fermentation gas 
obtained from glucose. The rate of fermentation of pyruvate in the 
presence of fluoride is not influenced by the addition of glucose, Curve 
VIII being identical with Curve VI. 

TABLE VI 

Total Fermentation Products Given As Glucose Equivalents Per 2 rnx of 
Fermented Pyruvate in Presence oj Fluoride 

The main compartment of a Krebs vessel (150 ml.) contained 15 ml. of bacterial 
suspension (1.20 gm. of dry weight), the side cup held 2.5 ml. of 0.4 M sodium pyru- 
vate and 2 ml. of 2 M KH,PO+ and in Vessel 2 additional 0.7 ml. of 0.6 M NaF. The 
gas phase was hydrogen. The temperature was maintained at 33”. pH 5.0. 
After attainment of equilibrium, the contents of the main compartment and the 
side cup were mixed. After 3 hours the fermentation ceased. The control experi- 
ments without fluoride were carried out in 50 ml. flasks with 5 ml. of bacterial BUS- 
pension (0.40 gm. of dry weight) only. After 3.5 hours the fermentation was comi 
plete. All the results have been corrected with the corresponding blanks, and 
represent the mean values of three independent runs. 

Fermentation products 
Control 0.02 Y NaF 

(1) (2) 

Acetone ........................ 
Butanol........................ 
Butyric acid .................... 
Butyl products. ................ 
Ethanol ........................ 
Acetic acid. . . . 

z . . . . . . . . . . . . . . . . . . . . . . . . . 

0.218 f 0.008 0.222 i 0.018 
0.013 f 0.001 0.062 f 0.032 
0.120 f 0.025 0.169 f 0.025 
0.133 f 0.027 0.231 f 0.008 
0.121 f 0.040 0.029 i 0.025 
0.533 f 0.031 0.380 f 0.014 

1.005 0.862 

InJEuence of Fluoride upon Composition of Fermentation 
Products from Pyruvate 

The lower percentage of hydrogen observed with the manometric ex- 
periments suggested that in the presence of fluoride more hydrogenated 
products are to be expected from pyruvate than in the corresponding 
control experiments. These experiments have been repeated with 2 II~M 
of pyruvate in order to establish a complete balance of the fermentation 
products. 

Table VI shows that, although fluoride has no influence upon the amount 
of acetone formed, the butyl products are markedly increased. As can 
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B. ROSENFELD AND E. SIMON 4M 

be. seen from’the sum of the fermentation products, 0.14 glucose equiva- 
lents is not accounted for in the fluoride experiments. 

DISCUSSION 

Potassium has been shown by Davies (6) to be a limiting factor in the. 
fermentation of corn mash. In view of our observation that both pa- 
tassium and magnesium increase the yield of acetone from pyruvate to 
the same level as that obtained in a normal fermentation of both. corn mash 
and glucose, it is strongly suggested that both elements play a role in the 
normal formation of acetone by the bacterial enzymes. In the glycolytic 
system the presence of both potassium and magnesium is required to 
catalyze the transformation of pyruvate to phosphoenolpyruvate (22). It 
is therefore considered a possibility that, in our case, acetone is formed 
from pyruvate via phosphoenolpyruvate. 

The study of the requirement of external phosphate was rendered 
difficult because of the obligatory use of non-washed bacterial suspensions.. 
The addition of our bacterial suspensions to the reaction mixtures thus 
resulted in a phosphate concentration of 0.01 M. This phosphate con-. 
centration is very close to that (0.01 to 0.02 M) with which Koepsell and 
Johnson (7) observed maximum activation of pyruvate dissimilation with 
extracts of C. but&urn under otherwise comparable experimental con- 
ditions. Therefore our failure to observe any influence of phosphate upon 
the pyruvate fermentation at still higher concentrations can, as yet, not 
be interpreted as suggesting the absence of phosphorylated intermediates. 
On the other hand, the influence of fluoride upon the pyruvate fermentation, 
leading to increased yields of butyl products, and the interesting obser- 
vation made recently by Cohen-Bazire et al. (23) that arsenite suppresses 
the formation of butyrate from pyruvate can be considered as evidence 
favoring the assumption of phosphorylated intermediates. 

The amount of bacterial suspension used appears to be unusually high; 
viz., 420 mg. of dry weight per 20 ml. as compared with 53 mg. of dry 
weight per 20 ml. by Davies (5, 6). In addition only one-sixth of the 
amount of substrate has been submitted to the action of the bacteria. 
Two considerations have prompted us to make use of large amounts of 
bacteria. (1) If we want to draw conclusions as to whether or not pyru- 
vate is an intermediate, we have to study its dissimilation while the bac- 
terial suspension shows maximum activity, i.e., within a few hours after 
harvesting. (2) The ratio of substrate to bacterial enzyme should at 
least approach that ratio which occurs under natural conditions; there- 
fore, since the concentration of free pyruvate in equilibrium with the 
bacterial enzyme is presumably low, the concentration of the latter must 
be chosen as high as possible. 
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$04 BUTANOL-ACETONE FERMENTATION. I 

Working along these lines, we obtained acetone and butyl products 
in yields even higher than those reported by Davies (5, 6). By using 
washed or acetone-dried bacteria (9, lo), acetic acid was the only dis- 
similation product from pyruvate. The same result was obtained with 
an extract from frozen cells (7, 8). In view of our present results, these 
bacterial preparations have to be considered as incomplete enzyme systems. 

We are now investigating the deficit in the balance sheet (Table VI) 
after the fermentation of pyruvate in the presence of fluoride. 

SUMMARY 

1. In the presence of both potassium and magnesium the yields of 
acetone from the dissimilation of pyruvate with bacterial suspensions of 
Clostridium acetobutylicum (Weizmann) are the same as those obtained 
from both corn mash and glucose. 

2. In the presence of fluoride the formation of hydrogen from pyruvate 
is decreased and the formation of butyl products increased. 

3. The significance of these findings has been discussed and it has been 
shown that both acetone and butyl products are formed from pyruvate. 
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