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A synthetic acetone operon (ace4) composed of four Clostridium acetobutylicum ATCC 824 genes (adc, ctfAB,
and thl, coding for the acetoacetate decarboxylase, coenzyme A transferase, and thiolase, respectively) under
the control of the thl promoter was constructed and was introduced into Escherichia coli on vector pACT.
Acetone production demonstrated that ace4 is expressed in E. coli and resulted in the reduction of acetic acid
levels in the fermentation broth. Since different E. coli strains vary significantly in their growth characteristics
and acetate metabolism, ace4 was expressed in three E. coli strains: ER2275, ATCC 11303, and MC1060. Shake
flask cultures of MC1060(pACT) produced ca. 2 mM acetone, while both strains ER2275(pACT) and ATCC
11303(pACT) produced ca. 40 mM acetone. Glucose-fed cultures of strain ATCC 11303 (pACT) resulted in a
150% increase in acetone titers compared to those of batch shake flask cultures. External addition of sodium
acetate to glucose-fed cultures of ATCC 11303 (pACT) resulted in further increased acetone titers. In bioreactor
studies, acidic conditions (pH 5.5 versus 6.5) improved acetone production. Despite the substantial acetone
evaporation due to aeration and agitation in the bioreactor, 125 to 154 mM acetone accumulated in ATCC
11303(pACT) fermentations. These acetone titers are equal to or higher than those produced by wild-type
C. acetobutylicum. This is the first study to demonstrate the ability to use clostridial genes in nonclostridial
hosts for solvent production. In addition, acetone-producing E. coli strains may be useful hosts for recombinant

protein production in that detrimental acetate accumulation can be avoided.

Significant improvements in acetone-butanol (AB) fermen-
tation by Clostridium acetobutylicum must be achieved before it
can become an economically viable industrial process (8, 12).
Key factors which contribute to the elevated costs of fermen-
tative production of acetone and butanol are the low product
titers and low product selectivity. Butanol inhibits cell growth
even at relatively low concentrations, and its final titers are
limited to ca. 13 g/liter. This and the low product selectivity
(i.e., the production of more than one product) result in in-
creased costs for product separation. In addition, continuous
cultures have been of limited applicability because solvento-
genic clostridia degenerate under continuous-culture condi-
tions; that is, they stop producing solvents.

Several approaches have been undertaken in the last 15
years to overcome current limitations in AB fermentation by
reducing separation costs and improving bioreactor productiv-
ity (6, 7, 12, 21, 30). Metabolic engineering strategies may also
prove beneficial towards improving the economics of the AB
fermentation. Recent advances in the genetics of solventogenic
clostridia (3, 17, 29) and early efforts to metabolically engineer
clostridia (15, 16) are promising and may eventually lead to an
industrially attractive AB fermentation. Both acetone and bu-
tanol are currently being produced from petrochemical pro-
cesses (12). Specifically, acetone can be produced as a by-
product of either phenol production from cumene or oxidation
cracking of propane. It can also be produced from isopropanol
reduction.
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Heterologous expression of solvent formation clostridial
genes in industrial organisms such as Saccharomyces cerevisiae,
Escherichia coli, and Alcaligenes eutrophus may also prove at-
tractive for solvent production. The possibility of producing
only butanol or acetone at high titers (in cases where product
tolerance is high) combined with established high-cell-density
fermentation technologies is the main attraction of this alter-
native strategy. In addition, the availability of a wide variety of
molecular biological techniques for these organisms allows
chromosomal integration of genes and thus the construction of
stable strains. Such strains can potentially be used in continu-
ous cultures, thus resulting in further-reduced production
costs.

We report here the heterologous expression of clostridial
genes in E. coli for acetone production and the prevention of
acetate accumulation. The clostridial acetone pathway uses
acetyl coenzyme A (acetyl-CoA) as the initial substrate and
subsequently converts it to acetone via reactions catalyzed by
three enzymes. Thiolase catalyzes the condensation reaction of
two acetyl-CoA molecules to generate acetoacetyl-CoA (20,
27). Acetoacetyl-CoA and one of the two acid products (acetic
or butyric acid) are converted into acetoacetate and the cor-
responding acyl-CoA (acetyl-CoA or butyryl-CoA) via aceto-
acetyl-CoA:acetate/butyrate:CoA transferase (CoAT) (18, 28).
Finally, the acetoacetate decarboxylase (AADC) catalyzes the
conversion of acetoacetate to acetone and carbon dioxide (19).

Since in recombinant E. coli the acetone pathway can use
only acetic acid as a substrate for the CoAT, acetone titers will
probably depend on the production of acetic acid, unless acetic
acid is externally supplied. In E. coli, acetic acid is produced
both aerobically and anaerobically. In a pathway analogous to
the clostridial one, acetyl-CoA is converted to acetyl phosphate
by phosphotransacetylase. Acetyl phosphate can transfer its
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TABLE 1. Bacterial strains and plasmids

E. coli strain Relevant characteristics® Source or
or plasmid reference
Strains
B Wild type ATCC 11303”
ER2275  #p31 hisI tonA2 rpsL104 supE44 xyl-7 mtl-2 ~ NEB®
metB1 e14" A(lac)U169 endAl recAl
R(zgb-210::Tnl0) Tet® A(mcr-hsd-mrr)
114::1S10/F' proAB lacl ZAM15zz::min-
Tnl0 (Km")
MC1060  F~ A(lacl-lacY)74 galE15 galK16 relAl CGSC 66487
rpsL150 spoTI hsdR2 N~
Plasmids
pUCI19 2.6 kb; Amp* 31
pSOS95 7.0 kb; Amp" Em" adc ctfA ctfB 24a
pTECOI11 7.4 kb; Amp* thl 20
ppACT 4.8 kb; Amp" adc ctfA ctfB This study
pACT 6.2 kb; Amp* thl adc ctfA ctfB This study

¢ Abbreviations: adc, AADC gene; ctfA and ctfB, genes for the acetoacetyl-
CoA:acetate/butyrate:CoAT subunits; recA, homologous recombination abol-
ished; lacZ, B-galactosidase gene; mcrBC, methylcytosine-specific restriction sys-
tem; thl, thiolase gene; Amp”, ampicillin resistant.

» From American Type Culture Collection, Rockville, Md.

“NEB, New England BioLabs, Beverly, Mass.

¢ From the E. coli Genetic Stock Center.

high-energy phosphate to ADP via acetate kinase to produce
acetic acid and ATP (5). These enzymes are expressed under
both aerobic and anaerobic conditions and can function in
both directions. In fact, when E. coli grows under aerobic
conditions and high glucose concentrations, the majority of the
acetyl-CoA is converted to acetate via this pathway. Anaero-
bically, acetate production is used by E. coli to generate suffi-
cient energy for growth (11).

MATERIALS AND METHODS

Bacterial strains and plasmids. Table 1 lists all bacterial strains and plasmids
used in this study. DNA was manipulated by standard molecular cloning tech-
niques. The construction of plasmids pACT and ppACT is shown in Fig. 1.
ppACT was constructed by cloning the 2.2-kb fragment from plasmid pSOS95
(containing the adc and ctfAB genes and the rho-independent transcriptional
terminator of the clostridial adc gene) into pUC19 (Fig. 1). The clostridial
thiolase promoter in front of the c#fA4, ctfB, and adc genes in pSOS95 was deleted
in ppACT. Blue-white colony selection was utilized to isolate colonies harboring
the desired 4.8-kb vector (ppACT). The clostridial thiolase promoter and gene
(thl) were amplified by PCR (4). The upstream primer KPNI-THS (5'-CAT GAT
TTT AAG GGG GGT ACC ATA TGC A-3") was generated by substituting T
for G at nucleotide position 286 and G for C at nucleotide position 289 to
provide an internal KpnlI restriction site (underlined). The downstream primer
BAMHI-TH (5'-GTT ATT TTT AAG GAT CCT TTA TAG CAC-3') was
designed by substituting C for G at position 1675, A for G at position 1676, and
A for C at nucleotide position 1679 in order to introduce an internal BamHI site
(underlined). The PCR-amplified fragment was ligated into the ppACT vector.
The construction of pACT was verified by restriction enzyme analysis.

Growth conditions and maintenance. E. coli strains were grown at 37 or 30°C
as specified. Three media were used to grow cultures: Luria-Bertani (LB) and
SD-7 and SD-8 (14) media. SD-7 and SD-8 media were utilized for shake flask
experiments and bioreactor runs. SD-8 medium was modified as follows: yeast
extract (5 g/liter), ampicillin (100 wg/ml), or carbenicillin (50 pg/ml). Both
recombinant and wild-type strains were stored at —85°C in 15% (vol/vol) glycerol
(23).

Shake flask cultures. SD-7 medium (5 ml in 15- by 1.5-cm tubes) was inocu-
lated with a single colony (from fresh LB medium plates) and grown overnight
at 37°C. The resulting culture was utilized to inoculate 125 ml of SD-8 medium
in 2-liter flasks. Selective pressure was maintained with ampicillin (100 pg/ml)
unless otherwise specified. The cultures were incubated in a gyratory incubator-
shaker (model G25; New Brunswick Scientific, Edison, N.J.) at 250 rpm and
37°C. The culture-to-flask volume ratio was maintained at 1:16 in order to ensure
adequate oxygenation.

Bioreactor experiments. Aerobic large-scale fed-batch fermentations of E. coli
were performed in a BioFLo II fermentor (5.5 liters; New Brunswick Scientific)
with a starting culture volume of 4.0 liters. Growth was monitored through A4,
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measurements made with a spectrophotometer (DU-65; Beckman Instruments,
Fullerton, Calif.) (lightpath length, 1 cm). A 5-ml volume of SD-7 medium was
inoculated with a single colony (from fresh LB medium plates) and grown
overnight at 37°C. The resulting culture was utilized to inoculate 400 ml of SD-8
(pH 7.0) medium in a flask which was incubated at 30°C (reduced temperature
was used in order to reduce acetone evaporation). When the flask culture
reached mid-exponential growth phase (4 of ca. 0.5), it was used to inoculate
the bioreactor. The cultivation temperature was maintained at 30°C throughout
the fermentation. The pH was continuously monitored with a pH Fermprobe
(model F-620-B310-DH; Broadly James Corp., Santa Ana, Calif.). The pH was
also measured off-line with an Accumet pH meter (model 925; Fisher Scientific,
Pittsburgh, Pa.), and set-point adjustments were made in order to account for
drifts in the readings of the Fermprobe. The pH was controlled as specified by
using 6 M NH,OH or 3 M HCI. The dissolved oxygen concentration was mon-
itored with a galvanic Phoenix probe (Phoenix Electrode Company, Houston,
Tex.) and controlled at the desirable level. The reactor was sparged initially with
0.1 vwm (volume of gas per volume of medium per minute) of air regulated with
a flow meter (Cole-Palmer, Niles, Ill.). As the culture progressed through the
exponential phase, O, sparging was used to maintain a dissolved oxygen con-
centration of 10%. During aerobic fermentations, the agitation speed was ad-
justed automatically (but never exceeded 250 rpm) throughout the fermentation
to prevent cultures from becoming oxygen limited.

Glucose and fermentation product analysis. Glucose and fermentation prod-
uct concentrations in supernatant fluids were determined by using a glucose
analyzer and gas chromatography, respectively, as described previously (15).

RESULTS

Strain evaluation. The acetone pathway from C. acetobuty-
licum was introduced into three E. coli strains via the multi-
copy-number vector pACT (Fig. 1). Plasmid pACT contains
the clostridial synthetic acetone operon (ace4) composed of
four C. acetobutylicumm ATCC 824 genes (adc, ctfA, ctfB, and
thl) under the control of the thl promoter. Plasmid isolation
and restriction enzyme analysis were used to confirm the in-
tegrity of all vectors in each strain. The heterologous expres-
sion of the thl, adc, and ctfAB genes (for the production of the
thiolase, AADC, and CoAT enzymes, respectively) resulted in
acetone production (Fig. 2), indicating that the clostridial met-
abolic pathway is functional in E. coli and capable of convert-
ing glucose into acetone by acetate uptake.

Strain ER2275 grows relatively slowly and produces moder-
ate amounts of acetate. Strain MC1060 grows fast and accu-
mulates high concentrations of acetate. Strain B (ATCC
11303) grows fast and produces moderate amounts of acetate
(Fig. 2 and reference 14). Following a period of acetate accu-
mulation throughout the exponential phase, all three strains
initiated acetone production when reaching the late exponen-
tial phase and maintained acetone production during the sta-
tionary phase. Upon initiation of acetone production, acetic
acid levels decreased, and a relatively constant concentration
was reached. Strain ER2275(pACT) produced approximately
40 mM acetone before exhausting the glucose supply. The
acetone levels produced by ATCC 11303(pACT) were similar
to those of ER2275(pACT), but the volumetric acetone pro-
duction rate was approximately twice that of ER2275(pACT).
Strain MC1060(pACT) produced approximately 80 mM acetic
acid and 2 mM acetone. Even though high levels of acetic acid
were produced, the carbon flow was not diverted towards ac-
etone production in this strain. Strain ATCC 11303(pACT) was
able to grow to an optical density at 600 nm (44,,) of approx-
imately 11, the highest among the three strains tested. Strain
ER2275(pACT) achieved an Ag, of 4.1, and strain MC1060
(pACT) achieved an A4, of 6.1. Since strains ATCC 11303
(pACT) and ER2275(pACT) were able to accumulate the
highest levels of acetone, they were selected for further studies.

Strain ER2275(ppACT), which carries ppACT, with only
three of the four genes in the acetone pathway (adc and ctf4B),
but without a promoter, could not produce acetone. Cultures
of E. coli ER2275(pACT) and ER2275(ppACT) (control strain)
differed in growth and pH characteristics. The final optical
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FIG. 1. Cloning steps for the construction of plasmids ppACT and pACT. For each plasmid, the location and direction of transcription for relevant genes are
indicated (arrows). Relevant restriction sites are shown. Abbreviations: Amp, ampicillin resistance gene; MLS, erythromycin resistance gene; ori colE1, gram-negative
origin of replication; ori pIM13, gram-positive origin of replication; P, thiolase promoter; lacZ, B-galactosidase gene; lacl, lac repressor gene; adc, AADC gene; thl,

thiolase gene; and ctf A,B, units A and B, respectively, of the CoAT gene.

densities of these two cultures were virtually the same, al-
though the specific growth rate of the non-acetone-producing
culture was slightly higher (data not shown). Because ER2275
(ppACT) was incapable of diverting acetic acid production
towards acetone formation, the culture pH dropped to signif-
icantly lower levels than in the ER2275(pACT) culture. In
addition, the ER2275(pACT) culture accumulated lower levels
of acetate than the ER2275(ppACT) culture. These results
suggest that the introduction of the acetone pathway enables
E. coli to detoxify the medium (in a manner similar to that of
clostridia) by converting acetate to acetone, and as a result, to
prevent the decrease in culture pH.

Batch versus glucose-fed cultures. In batch cultures, strains
ER2275(pACT) and ATCC 11303(pACT) completely ex-
hausted the glucose supply. Thus, glucose-fed cultures were
used to examine whether higher acetone titers could be ob-
tained under conditions in which the carbon source is not
limiting. This resulted in high cell densities and an extended
stationary phase and acetone production period. Glucose-fed
shake flask cultures of strains ER2275(pACT) and ATCC 11303
(pPACT) were conducted by adding glucose and magnesium
when the glucose concentration dropped to 20 mM (Table 2).
During the late stationary phase, trace minerals were also
added to the medium. ATCC 11303(pACT) exhausted the
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FIG. 2. Evaluation of E. coli ER2275(pACT) (<> and ), MC1060(pACT) (CJ
and m), and ATCC 11303(pACT) (O and @) in batch shake flask experiments.
Time profiles of cell growth (a), acetone concentration (b), and acetic acid
concentration (c) are shown.

initial glucose supply after ca. 15 h of fermentation. Strain
ER2275(pACT) exhausted the initial carbon supply after ca.
30 h. The pH of the ATCC 11303(pACT) culture was main-
tained above 4.5 through base addition. The pH of the ER2275
(pACT) culture, however, did not drop significantly below 5.0.
Glucose-fed cultures of strain ER2275(pACT) accumulated
relatively high levels of acetic acid due to glucose catabolism,
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but acid production was not diverted towards acetone forma-
tion, and consequently, acetone concentrations were equiva-
lent to those in batch cultures. In contrast, strain ATCC 11303
(pACT) maintained a fairly constant level of acetic acid and
accumulated higher levels of acetone than in batch cultures.
Nutrient (glucose and magnesium) addition to the cultures
resulted in a 150% increase in acetone levels (to over 90 mM)
with respect to those in batch cultures. Acetone titers for
glucose-fed cultures of strain ATCC 11303(pACT) were equiv-
alent to concentrations routinely produced by wild-type C. ace-
tobutylicum. In these experiments and the bioreactor experi-
ments reported below, the acetone yield on glucose (moles of
acetone produced per mole of glucose consumed) under sta-
tionary-phase growth conditions was typically below 0.50 but
was transiently 0.7 to 0.8 (these values should be higher in view
of the evaporative loss of acetone; see below). The theoretical
yield under stationary-phase growth conditions is 1, since 1 mol
of acetone results from 1 mol of acetoacetyl-CoA which is the
result of the condensation reaction of 2 mol of acetyl-CoA,
which can be produced from 1 mol of glucose through glyco-
lysis.

Glucose-fed cultures of ATCC 11303(pACT) with acetate
addition. In order to examine whether the acetate supply is a
limiting factor in the production of acetone, strain ATCC
11303(pACT) shake flask cultures were grown as described
above until the cells reached the stationary phase. We pre-
pared a 1.2 M (100 g/liter) sodium acetate stock solution from
which 2.4 mmol (2 ml) was added to the cultures every ca. 10 h
after the stationary phase was reached. Sodium acetate was not
added to the control culture. Glucose was periodically added
to the cultures as before. The results from these parallel cul-
tures are shown in Table 3. The control culture achieved a
maximum acetone concentration of ca. 66 mM. Pulse additions
of 2 ml of 1.2 M sodium acetate solution during the stationary
phase at approximately 22, 32, and 42 h resulted in increased
levels of acetone. This culture achieved a maximum acetone
concentration of 109 mM. As expected, the acetate levels of
the two cultures differed significantly. Acid levels in the control
culture were maintained below 35 mM, with a significant de-
crease between hours 60 and 80. The culture with acetate
addition reached a maximum acetic acid concentration of ca.
60 mM. In this culture, acetate concentration decreased after
60 h in the same manner as in the control culture. Both cul-
tures completely exhausted the glucose supply by h 60. These
findings were confirmed by additional experiments and suggest
that acetate is a limiting factor for acetone production.

Bioreactor experiments. (i) Oxygen requirements. Experi-
ments were conducted to evaluate if acetone could be pro-
duced under anaerobic conditions. ATCC 11303(pACT) cul-
tures in which the pH was maintained above 5.0 and which
were allowed to become anaerobic at the onset of the station-
ary phase accumulated only small quantities of acetone (less
than 12 mM). Cultures that were maintained under strict an-

TABLE 2. Summary of glucose-fed shake flask experiments

Maximum concn (mM)

o ) M b Doublin, Qaen” Gacn”

S Final 4 b (h! . s

trein Acetone Acetate Ethanol 1 oo S time (h) (mM/h) (mM/h/Ag00)
ATCC 11303(pACT) 93 23 3 16.0 0.91 0.76 2.7-3.0 0.20
ER2275(pACT) 37 63 4 5.1 0.53 1.3 1.7 0.37

“ Ao, Optical density at 600 nm.
b 1, specific growth rate.

€ Qaens acetone formation rate throughout the exponential and stationary phases.

dqam, specific acetone formation rate during the stationary phase.
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TABLE 3. Final optical density, maximum product concentration,
and acetone production rates in ATCC 11303(pACT) glucose-fed
shake flask experiments with sodium acetate pulse additions

Maximum product

Sodium acetate Final concn (mM) Ouen” Gacn'
pulse addition Agoo” (mM/h) (mM/h/Agh0)
Acetone  Acetate
None (control) 14.0 81 35 0.90 0.06
2 ml of 1.2 M solution’ 13.0 109 66 1.45 0.11

Agoo, optical density at 600 nm.

Q.cn> acetone formation rate during the stationary phase.

 Gacn» Specific acetone formation rate during the stationary phase.
4 Three pulse additions at h 22, 32, and 42.

a
b

aerobic conditions produced ethanol as the main fermentation
product and very little acetone (less than 7 mM). These exper-
iments suggest that in order to accumulate significant levels of
acetone, aerobic conditions are necessary.

(ii) Effect of pH. To further evaluate pH effects on acetone
formation, glucose-fed bioreactor experiments were conducted
under aerobic conditions (Fig. 3). During the fermentation, the
culture pH was maintained at either 6.5 or 5.5. Glucose addi-
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tions were used to prevent the culture from becoming carbon
limited. Culture growth progressed adequately when the pH
was maintained at 6.5 during the first 48 h (stage I). Acetone
was produced at a rate of 2.5 mM/h until the acetone concen-
tration leveled off at ca. 35 mM. Afterwards, the culture pH
was switched to 5.5 for approximately 30 h (stage II). In stage
I1, a significant reduction in the glucose consumption was ob-
served (from ca. 13 to 4 mM/h), which suggests a decrease in
cell metabolism. Acetic acid concentration decreased continu-
ously to 10 mM, while acetone concentration increased (at an
average rate of 3.7 mM/h), leveling off at ca. 100 mM. Subse-
quently, the pH of the culture was adjusted and maintained at
6.5 (stage III). During this period, the levels of acetic acid
increased and acetone production resumed at a rate of ca. 1
mM/h, reaching ca. 125 mM at the time the experiment was
terminated. These and other experiments (data not shown)
suggest that the higher pH promotes cell growth and glucose
catabolism, while the lower pH favors acetate reuptake and
acetone production.

Acetone evaporation. Acetone evaporation is quite substan-
tial, especially in the bioreactor cultures, due to agitation and
gas sparging. Acetone evaporation remained substantial de-
spite the fact that we have used experimental conditions (lower

4
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5 | | I f I |
0 20 40 60 80 100 120
time (h)
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FIG. 3. Effect of culture pH on acetone production and acetate utilization in a bioreactor E. coli ATCC 11303(pACT) aerobic fermentation.
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temperature [30°C], agitation rates below 250 rpm, and sparg-
ing of pure O,, thus avoiding aeration above 0.1 vwvm) to min-
imize it. We carried out experiments to estimate the rate of
acetone evaporation in the bioreactor (under the experimental
conditions used) as ca. 1 mM/h. If this acetone evaporation
rate is taken into account, the final titers of acetone in the
experiment of Fig. 3 would have been at least 200 mM. In
another bioreactor experiment, acetone accumulated to 154
mM, which would correspond to over 250 mM acetone if evap-
oration is taken into account.

DISCUSSION

Since E. coli strains differ significantly in their acetate me-
tabolism (14, 24), the abilities of three E. coli strains to pro-
duce acetone were evaluated (Fig. 2). The strains were selected
on the basis of their growth rate and acetic acid production
characteristics. Strain ATCC 11303(pACT) had the most
promising characteristics of the three. Of the two strains
cultivated in glucose-fed cultures, only E. coli ATCC 11303
(pPACT) accumulated acetone levels substantially higher than
those in batch culture. The specific acetone production rate of
strain ER2275(pACT) was higher than that of strain ATCC
11303(pACT), but the maximum acetone concentration of the
ATCC 11303(pACT) cultures was 2.5 times higher (Table 2).
E. coli ATCC 11303(pACT) cultures achieved significantly
higher cell densities and were capable of further growth (at low
rates) during the stationary phase. The concentration of acetic
acid throughout the ATCC 11303(pACT) fermentation was
consistently lower than that of strain ER2275(pACT).

The experimental observation that significant levels of ace-
tone are not produced under anaerobic conditions is consistent
with E. coli biochemistry. Under anaerobic conditions, E. coli
generates a combination of reduced fermentation products in
ratios necessary to generate ATP and reoxidize the NAD(P)H
generated by the glycolytic production of pyruvate. Acetic acid
production is the main means for ATP generation, while eth-
anol production is necessary to reoxidize NAD(P)H. Under
anaerobic and no-growth conditions, E. coli generates 1 mol
each of ethanol and acetate and 2 mol of formic acid per mol
of glucose utilized. Formic acid does not usually accumulate to
significant amounts because it is further catabolized into hy-
drogen and carbon dioxide. The acetone formation pathway
cannot recycle reducing equivalents [NAD(P)H] and as a con-
sequence is unable to functionally substitute for the ethanol
formation pathway. It serves only as a detoxification mecha-
nism, since it converts acetic acid to acetone via the net utili-
zation of an additional mole of acetyl-CoA. Thus, acetone
production under anaerobic conditions would result in the
consumption of acetyl-CoA generated during glycolysis with-
out NAD(P)H reoxidation and eventually would lead to ces-
sation of glycolysis and thus cell metabolism. The situation is
radically different under aerobic conditions, whereby NAD
(P)H oxidation via the electron transport chain produces ad-
ditional ATP and makes sustained acetone production possi-
ble.

The data of Fig. 3 (and other data not presented here)
suggest that lower pH (here, 5.5 versus 6.5) is beneficial for
acetone production, although the lower pH is detrimental for
glucose catabolism and thus acetate formation. A possible ex-
planation may be based on the fact that the rate of acetic acid
transport and the effective species of acetic acid (its undisso-
ciated form) are higher at lower pH values. As the culture pH
decreases, the amount of undissociated acetic acid increases.
Since only the undissociated form can permeate the cell mem-
brane and serve as a substrate in enzymatic reactions, a lower
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pH would promote a faster acetate transport and possibly also
a faster rate of acetate use by the CoAT reaction, the latter due
to a higher concentration of the undissociated form of acetic
acid resulting from a lower intracellular pH.

The importance of relatively high acetate concentrations for
acetone formation by recombinant E. coli was demonstrated by
the data of Table 3 and data from additional experiments (not
shown). This requirement for high acetic acid concentrations is
probably due to the properties of the clostridial CoAT, which
has a K,,, for acetate of 1,200 mM (28). Assuming that the
E. coli CoAT does not contribute significantly to the uptake of
acetate to form acetoacetate, this clostridial CoAT is clearly
suboptimal for acetone production in E. coli precisely because
of this very large K,,,. Thus, a possible improvement of the ace4
construct would be the use of a CoAT with a low K, for
acetate. This is likely to prove beneficial for acetate detoxifi-
cation and acetone production by driving the uptake of acetate
towards acetone formation at much lower acetate concentra-
tions. In addition, it will likely make acetone formation less pH
dependent, a practically desirable characteristic.

We have not examined what is the minimum number of
genes required for acetone production in E. coli. If all three
clostridial enzyme activities are necessary for acetone produc-
tion, it is quite remarkable that E. coli can express the genes of,
and effectively utilize, a multistep clostridial pathway, given the
vastly different genetic and physiological characteristics of the
two organisms. It is possible, however, that the autologous
thiolase and CoAT activities in at least some strains of E. coli
will make the need for expressing either or both of the corre-
sponding clostridial genes unnecessary.

To our knowledge, this work is the first attempt to explore
the potential of the heterologous expression of C. acetobutyli-
cum metabolic pathways in an industrially relevant host such as
E. coli. Many further improvements are possible beyond this
initial study. Further optimization of the synthetic acetone
formation operon as well as of fermentation conditions may
lead to much higher rates of acetone formation. Wild-type and
recombinant C. acetobutylicum strains form acetone at ca.
0.5to 1 and 1 to 1.7 mM/h/A, respectively (16). One would
expect that E. coli strains with double or triple such produc-
tivities can be eventually developed. This, combined with the
inexpensive acetone separation process and the development
of improved technologies for obtaining inexpensive sugars
from lignocellulosics, may lead to an economically attractive
acetone fermentation. Specifically, acetone’s high volatility
(boiling point of 56.5°C) allows its in situ removal from the
fermentation broth by gas stripping (by air or O, sparging
already used in the process), especially under the higher fer-
mentation temperatures (37 to 40°C or higher) that can be
employed. A continuous or semicontinuous high-density E. coli
fermentation will further reduce capital and operating costs to
a fraction of the corresponding costs of the traditional C. ace-
tobutylicum AB fermentation. Finally, industrial E. coli strains
that can readily ferment the sugars in biomass hydrolysates (for
ethanol production) have been reported (13).

An effective synthetic acetone operon may also prove useful
in the in situ removal of acetate from high-density E. coli
fermentations for the production of recombinant proteins (1,
2). Relatively complicated schemes have been developed to
enable a tight control of glucose uptake and cell growth rates
in high-cell-density fermentations in order to prevent the ac-
cumulation of high acetic acid levels (1, 2, 9, 10, 22, 25, 26, 32),
which limit biomass formation. Acetone’s high volatility allows
its removal from the fermentation broth by gas stripping (see
above), thus diminishing any potential inhibitory effects due to
acetone accumulation. This strategy may thus eliminate the
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need for complex fermentation control schemes to prevent
acetate accumulation.
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