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Abstract

Alcohol formation was initiated in continuous cultures of Clostridium acetobutylicum under distinct steady-state
conditions: (i) in glucose-limited cultures established at low operating pH with formation of butanol, ethanol and acetone
(induction of the solventogenesis) in which cells contained normal levels of NADH and a high level of ATP and butyric
acid; and (i) by increasing the NADH pressure at neutral pH in glucose-limited cultures after addition of Neutral red, or in
glucose—glycerol or glucose—glycerol-pyruvate grown cultures, with a strictly alcohologenic metabolism (no acetone
produced) associated with high levels of intracellular NADH and various levels of ATP. These two different metabolic shift
systems are correlated with the expression of different genes involved in the solvent-forming pathways and the electron flow
distribution. A high NADH level leading to butanol and ethanol formation was accompanied by increased activities of the
NADH-dependent alcohol and butyraldehyde dehydrogenases, and ferredoxin:NAD(P)* reductases, and by decreased
activities of the NADH:ferredoxin reductase. This last group of enzymes constitutes the key enzymes regulating electron
flow, since no change in hydrogenase activity was observed. On the other hand, classical solventogenesis appears to be
characterized by high levels of expression of the NADPH-dependent alcohol and butyraldehyde dehydrogenases, and of the
two enzymes involved in the acetone-forming pathway, while the ferredoxin:NAD(P)* reductases were not synthesized. A
decrease of the in vitro hydrogenase activity explains the lower hydrogen generation. In addition, the regulation of the
intracellular pH was different between the alcohologenic culture grown at neutral pH and the solventogenic cultures grown
at low pH. An inversion of the transmembrane pH gradient was observed during the production of alcohol at neutral pH and
was related to a lower in vivo specific rate of hydrogen production while in the cultures grown at low pH the transmembrane
pH generation was not linked to the F,F, ATPase activity.
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1. Introduction

The complex anaerobic metabolism of Clostrid-
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metabolic shift are still not totally understood. In
batch cultures, the initiation and sustained production
of solvents are associated with a low extracellular
and intracellular pH and a high undissociated butyric
acid concentration [1-3]. In continuous cultures, ATP
and NAD(P)H availabilities appear to play a key role
in product selectivity. High ATP concentrations re-
lated to low ATP demand or high efficiency of ATP
generation leads to enhanced solvent production (i)
for glucose-sufficient cultures at a low pH with
biomass recycling [4,5]; (ii) for iron-, nitrogen-, or

Table 1

phosphate-limited cultures [6-8]; and (iii) during
shifts induced on phosphate-limited cultures by low-
ering the pH or adding organic acids [9]. Production
of both ethanol and butanol was associated with
increased availability of reducing power (i) when the
in vivo activity of the hydrogenase was decreased by
CO gassing [4,10-12], or by adding Methyl viologen
[9]; (ii) during a shift in solvent production induced
by lowering the pH when acetyl-Coenzyme A (CoA)
was first converted to acetone (a pathway consuming
no reducing energy), creating a redox imbalance [9].

Fermentation parameters for continuous phosphate-limited steady-state cultures of C. acetobutylicum *

Parameters Value for following data set °
Reference © Ia* b ¢ Ic ¢ il 11
Biomass concentration 0.93 1.06 1.06 1.07 1.00 1.18
1™
pH 6.5 6.5 6.5 6.5 6.5 44
Dilution rate (h™!) 0.049 0.050 0.052 0.051 0.048 0.049
Neutral red (mM) - - - - 1 -
Fed substrate concentration (mM)
Glucose 167 83 56 28 161 168
Glycerol - 163 163 163 - -
Pyruvate - - 57 114 - -
Residual concentration (mM)
Glucose 0 0 0 0 0 0.23
Glycerol - 65 335 0 - -
Pyruvate - 0 0 0 - -
Specific consumption rate (g) (mmol h~! g=1) ¢
Glucose 8.72 3.94 271 1.33 7.69 6.97
Glycerol - 4.65 6.43 7.92 - -
Pyruvate - 0 2.78 542 - -
In vivo flux through 16.2 10.9 10.5 8.2 135 13.6
the GAPDH (mmolh~! g~ 1)
Speficic production rate (g) (mmol h~1 g=1) ¢
Ethanol 0.26 1.30 1.66 0.71 0.76 03
Butanol 0.01 3.86 459 392 2.51 335
Acetone 0.02 0 0 0 0 2
Acetate 3.67 0.42 0.44 0.51 0.33 0.45
Butyrate 6.09 0.66 0.91 2.04 3.67 0.9
Cco, 16.6 11 13.14 13.5 14.74 15.6
H, 19.1 7.24 6.29 7.92 6.38 11.4
NAD(P)H production —341 3.72 6.66 5.25 53 2.16

via Fd oxidoreductase

* Cultures were with a feed concentration of carbon of 995 mM.

® Values in columns ‘Reference’ and ‘Ia’ are taken from Vasconcelos et al. [13]; values in ‘Ib’ and ‘Ic’ from Girbal and Soucaille [14];
values in column ‘II’ from Girbal et al. [15]; values in ‘III’ from Girbal et al. [16].

¢ Acidogenic culture on glucose alone at pH 6.5 taken as a reference.

¢ Data sets correspond to different P/(P + G) values: a, 0 g/g; b, 0.33 g/g; ¢, 0.67 g/g.

¢ Determined with an average accuracy of +5%.
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Fig. 1. Metabolic pathways of Clostridium acetobutylicum (from [13]) 1, hydrogenase; 2, ferredoxin—-NAD reductase; 3, NADH—ferredoxin
reductase; 4, acetaldehyde dehydrogenase; S, ethanol dehydrogenase; 6, butyraldehyde dehydrogenase; 7, butanol dehydrogenase; 8,
CoA-transferase; 9, acetoacetate decarboxylase; 10, phosphotransacetylase; 11, acetate kinase; 12, phosphotransbutyrylase; 13, butyrate
kinase; 14, pyruvate ferredoxin oxidoreductase; 15, glyceraldehyde-3-phosphate dehydrogenase; 16, thiolase; 17, 3-hydroxybutyrylCoA
dehydrogenase.
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Since a chemostat culture of C. acetobutylicum on
glucose alone at neutral pH produced only acids, the
metabolic flexibility was studied by changing the
overall degree of reduction of the substrate (using
mixtures of glucose, glycerol and pyruvate), or by
adding Neutral red, an artificial electron carrier, or
by lowering the operating pH from 6.5 to 4.4. The
existence of two different mechanisms for the shift
toward butanol production has thus been demon-
strated with two distinct patterns of expression of the
enzymes involved in the distribution of the electron
flow and in the solvent-forming pathways.

2. Flexibility of carbon and energy fluxes

2.1. Growth of C. acetobutylicum at neutral pH on
substrate mixtures

The metabolism of C. acetobutylicum was first
manipulated by using a mixture of glucose and glyc-
erol (Table 1: experiment Ia). Cultures grown on
glucose alone produce acids (acetic and butyric) and
molecular hydrogen. In contrast, cultures grown on
glucose and glycerol (with a glycerol /glucose molar
ratio of 1.96) produce mainly alcohols with only low
production of acids and hydrogen, and no acetone.
Glycerol is a more reduced substrate than glucose:
for the same amount of carbon, glycerol metabolism
liberates twice as much NADH than glucose (Fig. 1).
The reducing equivalent excess provided by the con-
version of glycerol to pyruvate must be oxidized
through the NADH-consuming pathways. Surpris-
ingly, this reducing power was not used to form
molecular hydrogen, a compound normally generated
to eliminate the excess of reducing energy provided
by glycolysis. On the contrary, part of the reduced
ferredoxin produced via the pyruvate:ferredoxin oxi-
doreductase was used to generate NADH, leading to
a low hydrogen production. A seven-fold increase of
the intracellular NADH concentration was observed
for the mixed substrate culture and was associated
with a three-fold decrease of the in vivo specific
hydrogen production rate. In parallel, at the phospho-
rylation level, although the ATP + ADP pool re-
mained constant (about 3.2 pmol per g dry weight
of cells), a 2.5-fold increase in ATP concentration
occurred when butanol production was induced. The

(% of the control)

® GAPDH or » GDH activities

0.0 0.2 04 0.6 0.8 1.0 1.2
NADH/NAD* ratio

Fig. 2. Influence of the NADH/NAD™ ratio on the glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and glycerol dehydro-
genase (GDH) activities in C. acetobutylicum strains. The sym-
bols indicate the amount of GAPDH and GDH remaining in the
presence of a given NADH/NAD™ ratio (from [14]). The con-
centration of NAD* was 0.5 mM.

metabolic shift, when glycerol was metabolized, was
characterized by high intracellular content of both
NADH and ATP.

Although the steady-state continuous culture on
glucose alone was carbon-limited, it was carbon-suf-
ficient on a glucose—glycerol mixture (residual glyc-
erol). A probable influence of the high
NADH/NAD" ratio on the glycerol metabolism
was investigated. The effect of the NADH/NAD™
ratio on the in vitro activities of the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), an enzyme
known to be affected by the NADH/NAD™ ratio in
other clostridia [17], and of the glycerol dehydroge-
nase (GDH), the first enzyme of glycerol metabolism
that uses NAD" as cofactor, is shown on Fig. 2.
Significant inhibition of GAPDH by a high
NADH/NAD™ ratio was observed with no measur-
able activity at a NADH/NAD™ ratio greater than 1.
During glucose—glycerol cultures, the in vivo
NADH/NAD" ratio has been shown to be as high
as 0.75, a level at which 90% inhibition of activity
would be expected. On the other hand, GDH was not
significantly affected by the NADH/NAD™ ratio.

In order to confirm in vivo this regulation, contin-
uous cultures were established under the same condi-
tions as for glucose—glycerol cultures, except that
part of the glucose was replaced by pyruvate (while
maintaining constant glycerol concentration and total
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amount of carbon in the feed medium). Pyruvate is a
more oxidized substrate than glucose and enters the
central metabolism downstream of GAPDH. Two
different pyruvate /(glucose + pyruvate) ratios (this
ratio will be called P/(G + P) and is expressed in
grams per grams) of 0.33 (experiment Ib) and 0.67
(experiment Ic) were used. Carbon distribution to the
end-products was only slightly changed for the P /(G
+ P) value of 0.33. However, the highest P /(G + P)
value resuited in a decrease of carbon flow towards
the alcohols, but the yield (ethanol + butanol) re-
mained higher than 35%. The specific glycerol con-
sumption rate increased with glucose substitution by
pyruvate: for a P/(G + P) value of 0.67, the en-
hanced g ..ry led to glycerol limitation. The in vivo
flux through the GAPDH (see Table 1) was constant
for the two non-limited cultures (P/(G + P) values
of 0 and 0.33) and was related to the same
NADH /NAD™ ratio (Table 2). So, witha P /(G + P)
value of 0.33, the microorganism consumed more
glycerol to finally reach the same flux through the
GAPDH and the same NADH/NAD®" ratio. A
P/(G + P) of 0.67 resulted in a lower flux through
the GAPDH and a lower NADH/NAD™" ratio. This
suggests that for this degree of pyruvate substitution
the microorganism would be able to consume more
glycerol if provided in the feed before reaching the
maximum flux capacity of GAPDH fixed by the
NADH/NAD" ratio. It is noteworthy that the
NADH/NAD" ratio obtained with a P/(G + P)
value of 0.67 still remained 3.6 times higher than the
ratio observed in the acidogenic culture on glucose
alone. On the other hand, pyruvate addition and the

Table 2

related increase in glycerol consumption were asso-
ciated to a lower ATP generation. Furthermore, when
the substitution of glucose by pyruvate was in-
creased, the intracellular concentration of ATP di-
minished while ADP increased (Table 2). These
results obtained at neutral pH with continuous cul-
tures on glucose—glycerol-pyruvate mixtures show
that alcohol production can occur under conditions in
which a high NADH/NAD" ratio but a low ATP
pool are observed.

2.2. Growth of C. acetobutylicum at neutral pH on
glucose in presence of Neutral red

The metabolic flexibility of C. acetobutylicum
was studied in continuous culture at neutral pH in
presence of Neutral red (1 mM) (Table 1: experiment
I1). Neutral red is an artificial electron carrier which
can replace ferredoxin in the oxidoreduction reac-
tions catalysed by the enzymes involved in the distri-
bution of the electron flow. The carbon distribution
into the products and the associated electron flow
were modified in the steady-state continuous culture
performed in the presence of dye. Butanol produc-
tion was induced and the ethanol yield was increased
3-fold but no acetone was produced. Concomitantly,
the total acid yield was 2-fold lower, but the effect
on acetic acid yield was 7-fold more pronounced
than was seen for the butyric acid yield. The pres-
ence of the artificial electron carrier favored the
NADH-dependent pathways (alcohols and butyric

Nucleotide levels of continuous phosphate-limited steady-state cultures of C. acetobutylicum

Nucleotide Concentration * ( mol (g dry cell mass)~!) (S.D.) for following data set (n = 4)

Reference ° Ia b Ie )
ATP 0.62(0.1) 1.6 (0.1) 0.9(0.1) 03(.1) 1.30(0.1)
ADP 2.50 (0.3) 1.8 (0.2) 23(0.3) 2.7(0.4) 2.05(0.2)
NAD* 6.8 (2.0) 6.7(1.9) 8.0(2.2) 6.4 (2.0) 13.0(3.6)
NADP* 0.41 (0.18) 0.63 (0.20) 0.24 (0.12) 0.21 (0.10) 0.44 (0.20)
NADH 0.97 (0.15) 5.05 (1.30) 6.3(1.8) 3.2(0.6) 1.30 (0.24)
NADPH <0.2 <0.2 <0.2 <0.2 <02
NADH/NAD* 0.14 0.75 0.79 0.5 0.1

? Values in columns ‘Reference’ and ‘[a’ are from Vasconcelos et al. [13]; values in ‘Ib’ and ‘Ic’ from Girbal and Soucaille [14]; values in

column ‘III’ from Girbal et al. [16].

b Acidogenic culture on glucose alone at pH 6.5 taken as a reference.

Downl oaded from https://academni c. oup.coniffensre/article-abstract/17/3/287/513055

by guest

on 07 July 2018



292 L. Girbal et al. / FEMS Microbiology Reviews 17 (1995) 287-297

acid). The specific rate of NAD(P)H production from
ferredoxin (gnapeyi from ferredoxin) WaS positive in the
culture with Neutral red. This positive value indi-
cates a deficit in reduced cofactor, and quantifies the
part of reducing energy that the ferredoxin NAD(P)*
reductases catalysed to form NAD(P)H at the ex-
pense of molecular hydrogen generation (decrease of
the specific hydrogen production rate by a factor of 3
in experiment II). Just after the addition of Neutral
red to an acidogenic culture, analysis of the instanta-
neous in vivo activity changes for the hydrogenase
and ferredoxin oxidoreductases shows that the simul-
taneous utilization of ferredoxin and dye alters the
electron flow from hydrogen to NAD(P)H produc-
tion [15]. Thus, in this case, a higher rate of NAD(P)H
production should be generated within the cell.

Table 3

2.3. Growth of C. acetobutylicum at low pH on
glucose

The third manipulation of C. acetobutylicum
metabolism was performed by changing the operat-
ing pH from 6.5 to 4.4 (Table 1: experiment III). At
pH 6.5, the culture was acidogenic with 60% of the
carbon from substrate recovered as organic acids. At
pH 4.4, this percentage dropped to 10.8%, while
47.7% of the carbon from glucose consumption were
recovered as solvents. This solventogenic metabolism
can be characterized by a molar distribution of
6:3.5:0.5 for butanol, acetone and ethanol respec-
tively. The two experiments exhibited a small varia-
tion of the NADH/NAD™ ratio (Table 2). The total
adenylated nucleotide concentrations were similar at

Enzymatic activities from cell extracts of continuous phosphate-limited steady-state cultures of C. acetobutylicum

Enzyme Specific activity ® ( wmol min~! mg~"!) for following data set
Reference ° Ia Ic il I

Solventogenic pathways
Acetaldehyde dehydrogenase
NADH 0.061 0.103 0.107 0.176 0.077
NADPH 0.028 0.044 0.013 0.021 0.029
Ethanol dehydrogenase
NADH 0.0078 0.039 0.032 0.052 0.002
NADPH 0.0013 0.010 0.012 0.025 0.023
Butyraldehyde dehydrogenase
NADH < 0.0004 0.016 0.038 0.0867 0.003
NADPH < 0.0004 < 0.0004 0.0125 < 0.0004 0.016
Butanol dehydrogenase
NADH 0.0041 0.031 0.022 0.059 0.014
NADPH 0.0015 0.0099 0.017 0.039 0.046
Coenzyme A transferase
Acetate 0.0019 0.015 0.008 0.0030 0.983
Butyrate < 0.0003 < 0.0003 < 0.0003 0.0008 0.034
Acetoacetate decarboxylase 0.21 0.28 0.029 0.426 2.31
Hydrogenase and coupling enzymes
Hydrogenase

Hydrogen uptake 5.95 8.16 6.87 2.58 291

Hydrogen evolution 0.44 0.68 0.43 0.34 0.066
Ferredoxin NAD™* reductase 0.0326 0.293 0.208 0.094 < 0.0004
Ferredoxin NADP* reductase 0.0512 0.199 0.203 0.091 < 0.0004
NADH ferredoxin reductase 0.168 0.024 0.0335 0.0252 0.0178
NADPH ferredoxin reductase < 0.0003 < 0.0003 0.0006 < 0.0003 < 0.0003

? Values in columns ‘Reference’ and ‘Ia’ are from Vasconcelos et al. [13]; values in ‘Ic’ from Girbal and Soucaille [14]; values in ‘II’ from

Girbal et al. [15]; values in ‘III’ from Girbal et al. [16].

® Acidogenic culture on glucose alone at pH 6.5 taken as a reference.
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both pH values although the ATP/ADP ratio was
2.6-fold higher at pH 4.4 than at pH 6.5 (correspond-
ing to a 2-fold increase of the intracellular ATP
concentration).

These experiments showed two distinct types of
solventogenic metabolism. The metabolism induced
by changing the overall degree of reduction of the
substrate (experiments la, Ib and Ic) and after the
addition of Neutral red (experiment II) could be
termed ‘alcohologenic’ (production of butanol and
ethanol but no production of acetone) in regard to
the classical termed solventogenic metabolism ob-
tained at low operating pH (experiment III), produc-
ing alcohols and acetone. In addition, the onset of
the alcohologenic metabolism can be related to the
high NAD(P)H-variable ATP concentrations, while
the classical solventogenic metabolism is associated
to low NAD(P)H-high ATP and butyric acid concen-
trations.

3. Regulation of the expression of enzymes in-
volved in the solventogenic pathways and orienta-
tion of the electron flow

The in vitro enzymatic activity values (reflecting
the in vivo level of an enzyme) measured for alco-
hologenic and solventogenic cultures of C. aceto-
butylicum are reported in Table 3. The in vitro
activities detected during an acidogenic culture per-
formed at neutral pH on glucose alone are presented
for comparison.

3.1. Regulations in alcohologenic continuous cul-
tures

For the different steady-state continuous cultures
producing alcohols (but not acetone) obtained during
growth on substrate mixtures (experiments Ia and Ic)
and in the presence of Neutral red (experiment II),
quite similar in vitro activities were detected for the
enzymes responsible for the orientation of both car-
bon and electron flows towards alcohol formation. In
cultures grown at neutral pH on mixtures of glucose,
glycerol (with or without pyruvate), the ethanol pro-
duction appears to be controlled at the genetic level,
via higher activities of the NADH-dependent ethanol

dehydrogenase, since the in vitro acetaldehyde dehy-
drogenase activities measured in both physiological
and non-physiological directions were comparable to
those obtained during the acidogenesis. After addi-
tion of Neutral red to an acidogenic culture, ethanol
formation was correlated to higher activity levels of
the NADH-specific ethanol and acetaldehyde dehy-
drogenases. Whatever the system chosen to induce
alcohologenic metabolism, butanol production was
related to the induction of the NADH-dependent
butyraldehyde dehydrogenase and to higher activities
of the NADH-specific butanol dehydrogenase.

Coenzyme A transferase and acetoacetate decar-
boxylase, two enzymes involved in the acetone-pro-
ducing pathway, were detected at very low levels in
alcohologenic cultures (in comparison with the in
vitro activities measured for these two enzymes in
the acetone-producing culture obtained at low pH).
These low values explained the absence of acetone
production in these cultures.

The deviation of the electron flow towards the
production of reduced coenzymes (cofactors of the
alcohol forming pathways) at the expense of hydro-
gen synthesis was not related to a change at the
hydrogenase level, but was apparently due to high
activities of the ferredoxin NAD* reductase which
are associated with low in vitro activities of the
NADH ferredoxin reductase. To understand the
mechanism of transition from an acidogenic to an
alcohologenic metabolism induced by the addition of
Neutral red, the apparent kinetic parameters of the
enzymes involved in the distribution of electron flow
were established and used to simulate the in vivo
enzymatic activity changes just before the addition
of the dye (when ferredoxin is the only substrate)
and immediately after the addition of Neutral red
(when both ferredoxin and Neutral red are potential
substrates) [15]. Neutral red addition had no effect on
the pyruvate:ferredoxin oxidoreductase, neither on
the NADH ferredoxin reductase nor on the hydrogen
uptake activity. On the contrary, the simultaneous
use of ferredoxin and dye led to a 36% increase of
the simulated in vivo activity of the ferredoxin NAD
reductase and a 83% decrease of the simulated in
vivo hydrogen evolution activity. Since the regenera-
tion of oxidized Neutral red and ferredoxin via hy-
drogen production was diminished, the microorgan-
ism must have directed the electron flow towards the
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second regenerating system, the ‘ferredoxin” NAD*
reductase. The higher NADH/NAD™ ratio which
must be generated might, thereafter, be the signal for
the increased expression of the ferredoxin NAD™
reductase and NADH-dependent butyraldehyde and
alcohol dehydrogenase genes, and the decreased ex-
pression of the NADH ferredoxin reductase gene.

3.2. Regulations in a solventogenic culture

A different enzymatic pattern was obtained in the
continuous solventogenic culture grown at pH 4.4
(Table 3: experiment III).

The increase of the ethanol yield at pH 4.4 com-
pared to pH 6.5 was associated with a higher expres-
sion of the NADPH-dependent ethanol dehydroge-
nase. The acetaldehyde dehydrogenase was still more
active with NADH as a cofactor than with NADPH
and the level of expression remained unchanged
between acidogenesis and solventogenesis. Initiation
of butanol production was related to the induction of
the NADPH-dependent butyraldehyde dehydroge-
nase and to a higher expression of the NADPH-de-
pendent butanol dehydrogenase. The induction of
acetone production was accompanied by a high ex-
pression of the Coenzyme A transferase, mainly
active with acetate as co-substrate. The acetoacetate

Table 4

decarboxylase, already present at pH 6.5, exhibits a
10-fold increase of in vitro activity at pH 4.4.

Under solventogenic conditions, lower in vitro
hydrogenase activities were detected in both direc-
tions but the hydrogen evolution activity was de-
creased more than the hydrogen uptake activity. This
could partially explain the lower hydrogen produc-
tion detected at pH 4.4. The results obtained for the
ferredoxin nicotinamide oxidoreductase activities at
pH 4.4 are quite surprising: no ferredoxin NAD(P)
reductase activities were detected, although the posi-
tive value of the in vivo specific NAD(P)H produc-
tion rate indicates that reduced coenzymes are pro-
duced from reduced ferredoxin. A hypothetical
mechanism of NAD(P)H synthesis from reduced
ferredoxin, via a membrane-bound electron and pro-
ton transport system has been proposed [16]. This
mechanism takes also into account the observation
that at pH 4.4 the F,F, ATPase was not involved in
the transmembrane pH generation (see below).

4. Relation between the type of metabolism and
the transmembrane pH gradient value

The values of the transmembrane pH gradient
(ApH), transmembrane electrical gradient ( Ay), and
proton motive force (PMF) during the different types

Proton motive force and its components in continuous phosphate-limited steady-state cultures of C. acetobutylicum

Value for following data set *

b

Reference Ia Ic 1 I
ApH ¢ 0.097 £+ 0.029 —0.344 + 0.052 —0.325 + 0.064 —0.259 + 0.180 1.103 + 0.110
Chemical component —-60+18 +21.0+3.2 +19.8+ 3.9 +15.8 +11.0 —67.3+6.7
—61.ApH
Electrical component —140.5+11.3 -1768 +1.9 ND ND -90 + 35
A¥ (mV)
Proton motive force ¢ —146.5 + 13.1 —-1558+5.1 ND ND —157.3 +41.7
PMF (mV)

? Values in columns ‘Reference’, ‘Ia’, ‘Ic’ and ‘II’ are from Girbal et al. [18]; values in ‘III’ from Girbal et al. [16].

® Acidogenic culture on glucose alone at pH 6.5 taken as a reference.

¢ The transmembrane ApH represents the difference between intracellular pH and extracellular pH. The positive values were obtained from
the [* C]benzoate distribution and the negative values from the [* Clbenzylamine distribution.
¢ The proton motive force was the sum of the chemical and electrical components.

ND, not determined.
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Fig. 3. Schemes of the regulatory mechanisms involved in carbon and electron flow orientation in continuous phosphate-limited steady-state
cultures of C. acetobutylicum. (A) During alcohologenic metabolism (from [14]); (B) during solventogenic metabolism at pH 4.4. (1)
high-level enzyme expression; | ) low-level enzyme expression; ( —) inhibition at the enzymatic level.
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of metabolism of C. acetobutylicum are reported in
Table 4.

4.1. ApH regulation in alcohologenic cultures

During alcohologenic metabolism induced at neu-
tral pH by using mixtures of substrate (experiments
Ia, Ic) or by adding Neutral red (experiment II), the
cells maintained their intracellular pH at a lower
value than the extracellular pH, resulting in a nega-
tive ApH. These cultures exhibited lower in vivo
specific hydrogen production rate than the acido-
genic culture (Table 1), this latter culture showing a
positive ApH. Since two protons are needed for H,
production with reduced ferredoxin as an electron
donor, it was postulated [18] that the hydrogenase is
involved in the alkalinization of the cytoplasm. The
ApH measurement in cells taken from an acidogenic
culture (exhibiting an initially positive ApH) and
gassed during the ApH measurement with carbon
monoxide (a hydrogenase inhibitor) led to a negative
ApH, thus confirming the role of hydrogenase in
proton consumption and ApH generation in C. ace-
tobutylicum cells grown at neutral pH.

However, this inversion of ApH (more acidic
inside) did not seem to create energetic problems for
the cells. Similar PMF values were measured in
alcohologenic cells and acidogenic cells. In fact, an
increase of the electrical component (A) compen-
sated for the decrease of the chemical potential
associated to the negative ApH. The interconversion
of the two components of the PMF appears to be at
least partially related to changes in K* distribution
between inside and outside the membrane [16].

4.2. ApH regulation in a solventogenic culture

The decrease of the operating pH from 6.5 to 4.4
inducing a solventogenic metabolism was related to
an increase of the ApH from 0.1 at pH 6.5 to 1.1 at
pH 4.4. Such a high ApH was still measured in cells
treated with N, N’-dicyclohexylcarbodiimide, an AT-
Pase inhibitor, and in cells gassed with carbon
monoxide, a hydrogenase inhibitor [15]. It can there-
fore be concluded that at pH 4.4 neither the ATPase
nor the hydrogenase are involved in the maintenance
of the ApH.

5. Conclusions

Distinct conditions exist under which alcohol for-
mation may be initiated in continuous cultures of C.
acetobutylicum: (i) glucose-sufficient cultures, and
glucose-limited cultures performed at low operating
pH, or with addition of butyric acid [4,16], result in
the formation of butanol, ethanol and acetone (induc-
tion of the solventogenesis) and are associated, under
steady-state conditions, with a normal or low level of
NADH and a high intracellular level of ATP and
butyric acid; and (ii) decreasing the in vivo activity
of the hydrogenase by carbon monoxide, Methyl
viologen, iron limitation or utilization of glucose—
glycerol mixtures leads to an alcohologenic
metabolism (no acetone produced) and is correlated,
under steady-state conditions, with high intracellular
levels of both ATP and NADH [4,9,17]. In addition,
the transitory state of a glucose-limited culture after
addition of Neutral red (which generates a strong
decrease of the in vivo hydrogen evolution activity)
suggests a possible effect of NADH on the induction
of butanol and ethanol production [15]; (iii) use of
mixtures of glucose—glycerol and a more oxidized
substrate like pyruvate induces the formation of alco-
hol and is related, under steady-state conditions, to a
high NADH concentration but a low ATP concentra-
tion [14]. From these data it can be concluded that
the shift toward an alcohologenic metabolism is re-
lated to a high NADH concentration.

These two different metabolic shift mechanisms
are correlated with the expression of different genes
involved in the solvent forming pathways and the
electron flow distribution (Fig. 3A, B). A high NADH
level leads to butanol and ethanol formation and is
accompanied by increased activities of the NADH-
dependent alcohol and butyraldehyde dehydroge-
nases, and ferredoxin NAD(P)* reductases. These
latter enzymes constitute the key enzymes regulating
electron flow since no change in hydrogenase activ-
ity was observed. On the other hand, classical sol-
ventogenesis appears to be characterized by low
NADH and high intracellular ATP and butyric acid
concentrations and by high levels of expression of
the NADPH-dependent alcohol and butyraldehyde
dehydrogenases, and of the two enzymes involved in
the acetone-formation pathway. In contrast, the ferre-
doxin NAD(P)* reductases are not synthesized, and
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a decrease of the in vitro hydrogenase activity ex-
plains the lower hydrogen generation.

Finally, the regulation of the intracellular pH is
different between the alcohologenic culture grown at
neutral pH and the solventogenic cultures induced at
low pH values. An inversion of the transmembrane
pH gradient was observed during the production of
alcohol at neutral pH and was related to a lower in
vivo specific rate of hydrogen production [18] while
in the cultures grown at low pH the transmembrane
pH generation was not linked to the F,F, ATPase
activity. [16].
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