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Although lignocellulosic sugars have been proposed as the primary feedstock for the biological produc-
tion of renewable fuels and chemicals, the availability of fatty acid (FA)-rich feedstocks and recent
progress in the development of oil-accumulating organisms make FAs an attractive alternative. In addi-
tion to their abundance, the metabolism of FAs is very efficient and could support product yields
significantly higher than those obtained from lignocellulosic sugars. However, FAs are metabolized only
under respiratory conditions, a metabolic mode that does not support the synthesis of fermentation
products. In the work reported here we engineered several native and heterologous fermentative pathways
to function in Escherichia coli under aerobic conditions, thus creating a respiro-fermentative metabolic
mode that enables the efficient synthesis of fuels and chemicals from FAs. Representative biofuels (ethanol
and butanol) and biochemicals (acetate, acetone, isopropanol, succinate, and propionate) were chosen as
target products to illustrate the feasibility of the proposed platform. The yields of ethanol, acetate, and
acetone in the engineered strains exceeded those reported in the literature for their production from
sugars, and in the cases of ethanol and acetate they also surpassed the maximum theoretical values that
can be achieved from lignocellulosic sugars. Butanol was produced at yields and titers that were between
2- and 3-fold higher than those reported for its production from sugars in previously engineered micro-
organisms. Moreover, our work demonstrates production of propionate, a compound previously thought
to be synthesized only by propionibacteria, in E. coli. Finally, the synthesis of isopropanol and succinate
was also demonstrated. The work reported here represents the first effort toward engineering microor-

ganisms for the conversion of FAs to the aforementioned products.

Concerns about climate change and the depletion and cost
of petroleum resources have ignited interest in the estab-
lishment of a bio-based industry (5, 49, 61), and the con-
ceptual model of a biorefinery has emerged (27, 28, 45).
Given its abundance in nature, the carbohydrate portion of
edible crops such as sugarcane, sugar beet, maize (corn),
and sorghum is currently used as the primary feedstock in
the biological production of fuels and chemicals (12, 49, 52).
Although the use of nonedible lignocellulosic sugars has
been proposed as an efficient and sustainable avenue to the
aforementioned processes, the availability of fatty acid
(FA)-rich feedstocks and recent progress in the develop-
ment of oil-accumulating organisms make FAs an attractive
alternative. Edible oil-rich crops such as rapeseed, sun-
flower, soybean, and palm are currently available and widely
used as feedstocks for chemical conversion to biodiesel (6),
while oleaginous algae and nonedible FA-rich crops along
with industrial by-products are receiving greater attention as
longer-term alternatives. These nonedible FA-rich feed-
stocks are presently generated in large amounts and can be
exploited for the biological production of fuels and chemi-
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cals (14, 22, 51, 56, 57). Unfortunately, microbial platforms
to enable this are at present almost absent.

FAs not only are abundant but also offer several advantages
when used for fuel and chemical production. For example,
their metabolism to the key intermediate metabolite acetyl
coenzyme A (acetyl-CoA) is very efficient, as it results in 100%
carbon recovery (Fig. 1). Since many fuels and chemicals can
be derived from acetyl-CoA, high yields can be realized if FAs
are used as the carbon source. In contrast, sugar metabolism
generates one molecule of carbon dioxide (or formate) per
molecule of acetyl-CoA, limiting the yield of products derived
from acetyl-CoA (Fig. 1). The product yield advantage of FAs
over sugars is also supported by the more highly reduced na-
ture of their carbon atoms. Table 1 provides a comparison of
maximum theoretical yields, on both weight and carbon bases,
for the production of biofuels and biochemicals from FAs and
lignocellulosic sugars. Maximum theoretical yields have been
calculated from stoichiometry based on the pathways shown in
Fig. 1 for the utilization of FAs and glucose, the synthesis of
products, the tricarboxylic acid (TCA) cycle, and oxidative
phosphorylation. The stoichiometric coefficients were obtained
by conducting elemental balances on carbon, hydrogen, and
oxygen, and an ATP balance was also included in the analysis.
As an example, when production of biofuels (e.g., ethanol and
butanol) is considered, utilization of FAs (e.g., palmitic acid
[Ci6:0]) as a substrate returns product yields 2.7-fold (wt/wt) or
1.4-fold (C/C) higher than those for sugars (calculations are
provided for glucose but are equally valid for other lignocel-
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FIG. 1. Pathways engineered in E. coli for the conversion of fatty acids to fuels (red) and chemicals (green). Also shown is the catabolism of
fatty acids via the B-oxidation pathway (orange) and of glucose through the Embden-Meyerhof-Parnas pathway (blue). Relevant reactions are
represented by the names of the genes coding for the enzymes (E. coli genes unless otherwise specified in parentheses as follows: C. acetobutylicum,
ca; C. beijerinckii, cb): aceA, isocitrate lyase; aceB, malate synthase A; adc, acetoacetate decarboxylase (ca); ackA, acetate kinase; adh, secondary
alcohol dehydrogenase (cb); adhE, acetaldehyde/alcohol dehydrogenase; adhE2, secondary alcohol dehydrogenase (ca); atoA and atoD, acetyl-
CoA:acetoacetyl-CoA transferase; atoB, acetyl-CoA acetyltransferase; bed, butyryl-CoA dehydrogenase (ca); crt, crotonase (ca); etfAB, electron
transfer flavoprotein (ca); fadA, 3-ketoacyl-CoA thiolase; fadB, enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase; fadD, acyl-CoA syn-
thetase; fadE, acyl-CoA dehydrogenase; hbd, B-hydroxybutyryl-CoA dehydrogenase (ca); icd, isocitrate dehydrogenase; pta, phosphate acetyl-
transferase; sdhABCD, succinate dehydrogenase; scp4, methylmalonyl-CoA mutase; scpB, methylmalonyl-CoA decarboxylase; scpC, propionyl-
CoA:succinate CoA transferase; sucA, 2-oxoglutarate dehydrogenase; sucB, dihydrolipoyltranssuccinylase; and sucCD, succinyl-CoA synthetase.

Abbreviations: 2[H] = NADH = FADH, = QH, =

lulosic sugars). Although the current prices of feedstocks on a
weight basis are comparable (lower than 20¢/pound), the data
reported in Fig. Sla in the supplemental material show that the
price per carbon for glucose derived from corn is remarkably
higher. Regardless of the basis used for calculations (i.e.,
weight or carbon basis), when maximum theoretical yields and
costs of FA and sugar feedstocks are accounted for, the ad-
vantages of using FAs are remarkable (see Fig. S1b in the
supplemental material).

Despite the aforementioned advantages, biological conver-
sion of FA-rich feedstocks has been exploited only for the
production of polyhydroxyalkanoates (46, 47), with no report
to date of organisms engineered for the conversion of FAs to
fuels and chemicals (see the text in the supplemental material
for more details).

Escherichia coli is one of the most amenable organisms to
industrial applications and has been engineered for biofuel
production (52). The utilization of FAs in E. coli is mediated by
enzymes encoded by the fad regulon and the ato operon (11)
(Fig. 1). Products of the fad regulon mediate the transport,
acylation, and B-oxidation of medium-chain (C, to C,;) and

H,; P/O, amount of ATP produced per oxygen consumed in the oxidative phosphorylation.

long-chain (C,, to C,g) FAs. Two additional enzymes encoded
by the atoD-atoA and atoB genes (part of the atoDAEB
operon) are also required for the growth of E. coli on short-
chain (C, to C,) FAs (25). The expression of the fad regulon
and ato operon is controlled by FadR (fadR) and AtoC (atoC),
respectively (44).

While advantageous, the high degree of reduction of car-
bon in FAs also poses a metabolic challenge because their
average degree of reduction per carbon is higher than in
biomass. Therefore, the incorporation of fatty acids into cell
mass generates reducing equivalents (Fig. 1) and hence re-
quires the presence of an external electron acceptor. That is,
the aforementioned pathways are active only in the respira-
tory metabolism of FAs, which leads to the synthesis of cell
mass and carbon dioxide but no other metabolic product.
Therefore, fuel and chemical production from FAs requires
the engineering of a respiro-fermentative metabolic mode
that would support the synthesis of fermentative products
during respiratory metabolism of FAs. To this end, we met-
abolically engineered native and heterologous pathways for
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TABLE 1. Comparison of maximum theoretical yields for the production of biofuels and biochemicals from
fatty acids (palmitic acid) and lignocellulosic sugars (glucose)

Pathway stoichiometry for the synthesis of the specified product from glucose (C4H;,Oy) or palmitic acid (C,sH3,0,)*

Maximum yield
(wt basis/C basis)

Biofuels
Ethanol (C,H4O)

C¢H,,04 — 2C,H,O + 2CO, ...0.51/0.67

C,6H3,0, — 23/3C,H,O + 2/3CO,... .....1.38/0.96

C,6H3,0, + 51/7H,0 — 53/7C,H,0 + 6/7CO, + 8/7[H], SI7TIH] + 2/705 = #/TH0 ..o 1.36/0.95
Butanol (C,H,,0)

CeH 506 = CiH O + 2C0, FHLO ittt 0.41/0.67

C,6H3,0, + 7/2H,0 — 53/14C H,,0 + 6/7CO, + 8/7[H]; 8/7lH] + 2/70, — 4/7H,0 1.10/0.95

Biochemicals

Acetate (C,H,0,)

CH 506 + 2ZHL0 > B3CH O, ottt bbb 1.00/1.00

Ci16H3505 + TH50 + 7CO5 =5 23/2C5H JO5 ettt ettt neacsenens 2.70/1.44
Acetone (C3H,O)

C¢H,,0, — 3/2C;H,O + 3/2CO, + 3/2H,0 .....0.48/0.75

C,6H3,0, + 5/4H,0 + 5/4CO, — 23/4C;H,0 ...1.30/1.08
Isopropanol (C5;HgO)

CeH 5,06 = 4/3C5HgO 4 2C0, F 2/3HL0 ..ttt 0.44/0.67

Ci6H 3,05 + 40/9H 0 —> 46/9CHGO + 2/3C Ottt 1.20/0.96
Succinate (C,H,O,)

C¢H,,0, + 6/7CO, — 12/7C,H,O, + 6/7TH,0 12/1.14

C,6H3,0, + 152/17CO, + 86/17H,0 — 106/17C H,0, + 80/17[H]; 80/17[H] + 20/170, — 40/17H,0..... ...2.87/1.56
Propionate (C;H40,)

C,H,,0, — 12/7C;H,0, + 6/7CO, + 6/TH,O ..... ).70/0.86

C6H3,0, + 262/83CO, + 370/83H,0 — 530/83C;H,0, + 216/83[H]; 216/83[H] + 54/830, — 108/83H,0 ...1.81/1.20

@ Stoichiometry is based on the pathways shown in Fig. 1 for the utilization of FAs and glucose, the synthesis of products, the TCA cycle, and oxidative
phosphorylation. For the synthesis of biochemicals, CO, fixation via the Wood-Ljungdahl pathway (50) (2CO, + ATP + §[H] — acetyl-CoA) or the carboxylation of
phosphoenolpyruvate (54) (phosphoenolpyruvate + CO, — oxaloacetate + ATP) were also considered (not shown in Fig. 1). The stoichiometric coefficients were
obtained by conducting elemental balances on carbon, hydrogen, and oxygen. An ATP balance was also included in the analysis for the reactions shown in italics. All
other reactions represent ATP-generating pathways. Every acetyl-CoA oxidized through the TCA cycle generates three NADH, one reduced flavin adenine dinucleotide
(FADH,), and one ATP equivalent. Eleven ATPs can be generated from the oxidation of the NADH and FADH, produced in the TCA cycle (two and three ATPs
per FADH, and NADH, respectively) via coupling between the electron transfer chain and oxidative phosphorylation.

the efficient catabolism of FAs and the synthesis of fuels and
chemicals in E. coli. Biofuels, commodity chemicals, and
polymer building blocks were chosen as model products to
illustrate the feasibility of the proposed approach.

MATERIALS AND METHODS

Strains, plasmids, and genetic methods. The strains, plasmids, and primers
used in this study are listed in Table 2. Wild-type E. coli K-12 strain MG1655 (29)
was used as the host to implement metabolic engineering strategies. Gene knock-
outs were introduced in MG1655 and its derivatives by P1 phage transduction as
described elsewhere (39), using as donors single-gene knockout mutants from the
National BioResource Project (NIG, Japan) (3). Details of the specific protocol
used have been described before (66). An MG1655 fadR* atoC(Con) mutant,
which exhibits constitutive expression of the fad regulon (due to fadR*) and the
ato operon [due to atoC(Con)], was obtained as follows. Strain MG1655 fadR*
was isolated as a spontaneous mutant able to grow on MOPS (morpholinepro-
panesulfonic acid) minimal medium (41) plates containing 0.2% (wt/vol) deca-
noic acid (Cy.g) as the sole carbon source. While able to metabolize medium-
chain FAs (e.g., Cj.), strain fadR* was unable to grow on short-chain FAs (e.g.,
Cq.0) (see Fig. S2 in the supplemental material). The fadR* atoC(Con) strain was
then obtained by transducing fadR* with a phage lysate from strain LS5218,
which is a FadR* AtoC(Con) mutant (25, 59). Successful transduction of the
atoC(Con) mutation into the fadR strain* was identified by growth on MOPS
minimal medium plates containing 0.2% (wt/vol) hexanoic acid (Cs,o). Further
details on the growth of strain MG1655 and the fadR* and fadR*atoC(Con)

mutants on FAs of different chain lengths are provided in Fig. S2 in the supple-
mental material.

Standard recombinant DNA procedures were used for gene cloning, plasmid
isolation, and electroporation. Manufacturer protocols and standard methods
(39, 53) were followed for DNA purification (Qiagen, CA), restriction endonu-
clease digestion (New England Biolabs, MA), and DNA amplification (Strat-
agene, CA, and Invitrogen, CA). The strains were kept in 32.5% glycerol stocks

—80°C. Plates were prepared using Luria-Bertani (LB) medium containing
1.5% agar, and appropriate antibiotics were included at the following concen-
trations: 100 wg/ml ampicillin, 50 pg/ml kanamycin, 34 wg/ml chloramphenicol,
and 12.5 pg/ml tetracycline. All strains created were confirmed by PCR using the
verification primers listed in Table 2 and appropriate phenotypic tests, if suitable.

The overexpression of an aerotolerant E. coli alcohol/acetaldehyde dehydro-
genase mutant (i.e., AdhE*) was facilitated by the construction of expression
vector pTHadhE*. The adhE coding region was PCR amplified using genomic
DNA of E. coli MG1655 as the template and c-adhE primers (Table 2). The
resulting PCR product was cloned into vector pUC19 (New England BioLabs).
A QuikChange site-directed mutagenesis kit from Stratagene Inc. (La Jolla, CA)
was then used to generate a Glu568Lys (E568K) mutation in the adhE coding
sequence using primers m-adhE (Table 2). The E568K adhE mutation (adhE*),
encoding an aerobically active AdhE protein, was then subcloned into the
vector pTrc His 2A from Invitrogen Corp. (Carlsbad, CA) using c-adhE
primers (Table 2).

The butanol pathway from Clostridium acetobutylicum ATCC 824 was recon-
structed in E. coli using plasmids pZS.crt.bcd.etfAB.hbd and pTH.atoB.adhE2.
pZS.crt.bed.etfAB.hbd was constructed by first amplifying the crt-bed-etfAB-
hbd operon from C. acetobutylicum ATCC 824 genomic DNA with primers c-
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TABLE 2. Strains, plasmids, and primers used in this study
Straolrnblr_)il;ser?ld’ Description, genotype, or sequence Reference
Strains
MG1655 F~ N ilvG rfb-50 rph-1 29
MG1655 AadhE MG1655 AadhE::FRT-Kan-FRT; adhE deletion mutant in MG1655 This study
MG1655 AsdhB MG1655 AsdhB::FRT-Kan-FRT; sdhB deletion mutant of MG1655 This study
LS5218 fadR601 atoC(Con)2 59
MG1655 fadR* MG1655 evolved for rapid growth on decanoic acid This study
MG1655 fadR* MG1655 fadR* transduced with the atoC(Con) gene of LS5218 This study
atoC(Con)
MG1655 fadR* MG1655 fadR* atoC(Con) AadhE::FRT-Kan-FRT; adhE deletion mutant of MG1655 fadR* This study
atoC(Con) AadhE atoC(Con)
MG1655 fadR* MG1655 fadR* atoC(Con) AsucA::FRT-Kan-FRT; sucA deletion mutant of MG1655 fadR* This study
atoC(Con) AsucA atoC(Con)
MG1655 fadR* MG1655 fadR* atoC(Con) AsdhB::FRT-Kan-FRT; sdhB deletion mutant of MG1655 fadR* This study
atoC(Con) AsdhB atoC(Con)
MG1655 fadR* MG1655 fadR* atoC(Con) AsucD::FRT-Kan-FRT; sucD deletion mutant of MG1655 fadR* This study
atoC(Con) AsucD atoC(Con)
Plasmids
pTH.adhE* E. coli adhE mutant (E568K) under the control of Ptrc (Amp’, oriR pBR322) This study
pZS.crt.bed.etfAB.hbd C. acetobutylicum butyryl-CoA synthesis operon (crt, bed, etfAB, hbd) under the control of This study
PLtetO-1 (Tet", oriR SC101*%, cat)
pTH.atoB.adhE2 E. coli atoB gene and C. acetobutylicum adhE2 gene under the control of Ptrc (Amp', oriR This study
pBR322)
pTH.atoDAB.adc E. coli atoD, atoA, and atoB genes and C. acetobutylicum adc gene under the control of Ptrc This study
(Amp', oriR pBR322)
pZS.sadh C. acetobutylicum sadH gene under the control of PLtetO-1 (Tet", oriR SC101*, car) This study
pZS.ackA.pta E. coli ackA-pta operon under the control of PLtetO-1 (Tet", oriR SC101*, cat) This study
pZS.ackA.pta.sadh E. coli ackA-pta operon and C. acetobutylicum sadH gene under the control of PLtetO-1 (Tet', This study
oriR SC101%, cat)
pTrc.scpABC E. coli scpA, scpB, and scpC genes under the control of PLtetO-1 (Amp', oriR pBR322) This study
Primers”
v-adhE GTTTAACATTATCAGGAG; GTCAACTAATCCTTAAC This study
V-SucA CACATCACTGTGCGTGGTAGTATCC; CAGGTCAGGGACCAGAATATCTACG This study
v-sdhB CTTCCGTACCGAAAGCCGTG; ACCACGCACAGTGATGTGCG This study
v-sucD GACAGCGGCCTGAATATTATTGCAG; CATCGCGATAAGCACAAAAAAGGCC This study
m-adhE CATCCGGAAACTCACTTCGAAAAGCTGGCGCTG; CAGCGCCAGCTTTTCGAAGTGA This study
GTTTCCGGA
c-adhE CATTAAAGAGGAGAAAGGTACCATGGCTGTTACTAATG; GATGCCTCTAGCACGCG This study
TTTAAGCGGATTTTTTCG
c-ackA.pta CATTAAAGAGGAGAAAGGTACCATGTCGAGTAAGTTAG; GATGCCTCTAGCACGCG This study
TTTACTGCTGCTGTGC
c-ackA.pta.sadh CTGCACAGCAGCAGTAAACGCGTGAGGAATGAAAGGCTTTGCG; GATGCCTCTAGC This study
ACGCGTTTACAGAATCACCACCGC
c-sadh CATTAAAGAGGAGAAAGGTACCATGAAAGGCTTTGCGATGCTG; GATGCCTCTAGC This study
ACGCGTTTACAGAATCACCACCGC
c-crt.bed.etfAB.hbd GATGGTACCATGGAACTAAACAATGTCATCCTTG; GATCACGCGTTTATTTTGAATA This study
ATCGTAGAAACC
c-atoB GAGATCTGCAGCTGGTACCATGAAAAATTGTGTCATC; CTTTTTGATTTGTAACTTT This study
CATTTAATTCAACCGTTCAATCACC
c-adhE2 GGTGATTGAACGGTTGAATTAAATGAAAGTTACAAATCAAAAAG; CGGGCCCAAG This study
CTTCGAATTCTTAAAATGATTTTATATAGATATCC
c-atoB.adhE2 GAGATCTGCAGCTGGTACCATGAAAAATTGTGTCATC; CGGGCCCAAGCTTCGAAT This study
TCTTAAAATGATTTTATATAGATATCC
c-scpABC GCTCTAGAATGTCTTATCAGTATGTTAAGG; GCTCTAGATTAATCATGATGCTGGC This study
c-scpAargKscpBC CGGAATTCATGTCTAACGTGCAGGAGTGG; GACAAGCTTTTAACCCAGCATCGA This study
GCCG
c-atoDA CGGGATCCATGAAAACAAAATTGATGAC; GAGGTACCTCATAAATCACCCCGTTG This study
c-adc GCGGTACCATGTTAAAGGATGAAG; CGGAATTCTTAAGATAATCATATATAAC This study
c-atoB GACGGTACCAGGAGGAAATGAAAAATTGTGTCATCGTCAGTGC; GACGGTACCTTC This study

CTCCTTTAATTCAACCGTTCAATCACCATCGC

“v, primer sequences that were used for verification purposes during the creation of disruption mutants by phage transduction. m, primers used for site-directed
mutagenesis of adhE. c, primers used for cloning purposes. Sequences are in the 5'-to-3" direction, and the forward follows the reverse sequence in each case, separated
by a semicolon. Genes or operons deleted or cloned are apparent from the primer names.
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crt.bcd.etfAB.hbd (Table 2) and then ligating the resulting PCR product into the
KpnlI and Mlul sites of pZSKLM (66). The pTrc.atoB.adhE2 plasmid was con-
structed by using overlap PCR to fuse the PCR-amplified E. coli atoB gene with
the PCR-amplified C. acetobutylicum adhE2 gene. The fused atoB-adhE2 genes
were then cloned into pTrc-His2A (Invitrogen, Carlsbad, CA) using the In-
Fusion PCR cloning system from Clontech Laboratories, Inc. (Mountain View,
CA). Details about the primers used along with promoters and antibiotic mark-
ers are provided in Table 2.

The phosphotransacetylase (PTA)-acetate kinase (ACK) pathway for the syn-
thesis of acetate from acetyl-CoA (11) (Fig. 1) was amplified through overex-
pression of the ackA-pta operon (pZS.ackA.pta). The ackA-pta operon was PCR
amplified using genomic DNA from strain MG1655 and primers c-ackA.pta
(Table 2). The resulting PCR product was cloned into pZSKLM (66) via In-
Fusion PCR cloning (Clontech Laboratories, Inc., Mountain View, CA).

The production of acetone was evaluated using plasmid pTrc.atoDAB.adc,
which was constructed as follow. The E. coli atoDA genes were amplified using
primers c-atoDA (Table 2) and the PCR product directionally cloned into the
BamHI and Kpnl restriction sites of pTrc His 2A (Invitrogen Corp., Carlsbad,
CA). The resulting plasmid was named pTrc.atoDA. The C. acetobutylicum
ATCC 824 adc gene was then cloned into pTrc.atoDA within the Kpnl and
EcoRI restriction sites (c-adc) (Table 2), yielding pTrc.atoDA.adc. Lastly, the E.
coli atoB gene was amplified (c-atoB) (Table 2) and subsequently cloned
within the KpnlI restriction sites of pTrc.atoDA.adc, yielding the final vector
pTrc.atoDAB.adc. Multiple colonies were screened by restriction analysis to
assess the directionality of the afoB insertion.

To facilitate the conversion of acetone to isopropanol, the sadH gene from C.
acetobutylicum was custom synthesized by GenScript Corp. (Piscataway, NJ),
PCR amplified with primers c-sadh (Table 2), and cloned into pZSKLM (66)
using the In-Fusion PCR cloning system from Clontech Laboratories, Inc.
(Mountain View, CA). The same approach was used to clone sadH into
pZS.ackA.pta, thus generating pZS.ackA.pta.sadh (Table 2).

The production of propionate from FAs was tested by cloning the E. coli genes
scpA, scpB, and scpC into pTrc99a (Invitrogen, Carlsbad, CA). To this effect, the
scpA-argK-scpB-scpC operon from E. coli MG1655 was PCR amplified using
primers c-scpAargKscpBscpC (Table 2) and cloned into pTrc99a, both digested
with EcoRI and HindIII. PCR was used to amplify this construct with the
exception of argK (primers c-scpABC) (Table 2), adding a flanking Xbal site
downstream of scpA4 and upstream of scpB. Xbal digestion and religation of this
PCR product and cloning into pTrc-His2A rendered pTrc.scpABC.

Culture medium and cultivation conditions. MOPS minimal medium (41)
supplemented with 0.5% (wt/vol) palmitic acid and 0.2% (wt/vol) Brij 58 (Fluka
Chemie AG, Buchs, Switzerland) was used. The oxygen transfer rate (k,a) was
estimated from previous reports on gas-liquid mass transfer in shake flask sys-
tems (37, 63) and further confirmed by in-vessel measurements conducted by the
conventional dynamic gassing-out technique (14).

Unless otherwise stated, all chemicals for culture media were obtained from
Fisher Scientific (Pittsburgh, PA) and Sigma-Aldrich Co. (St. Louis, MO).
MOPS minimal medium, as designed by Neidhardt et al. (41), supplemented with
0.5% (wt/vol) palmitic acid and 0.2% (wt/vol) Brij 58 (Fluka Chemie AG, Buchs,
Switzerland) was used, unless otherwise stated. When required the medium was
supplemented with 100 wg/ml ampicillin, 50 pwg/ml kanamycin, 34 wg/ml chlor-
amphenicol, and 12.5 pg/ml tetracycline. Isopropyl-beta-p-thiogalactopyranoside
(IPTG) (0.1 mM) and anhydrotetracycline (100 ng/ml) were used to induce gene
expression from constructed plasmids.

Prior to use, cultures (stored as glycerol stocks at —80°C) were streaked onto
LB plates (with appropriate antibiotics if required) and incubated overnight at
37°C. A single colony was used to inoculate 10 ml of LB broth in 15-ml test tubes
(GeneMate, Kaysville, UT), which were incubated at 37°C until an optical den-
sity at 550 nm (ODss,) of ~0.5 was reached. An appropriate volume of this
actively growing preculture was centrifuged and the pellet washed and used to
inoculate 25 ml of medium in 50-ml shake flasks to an initial ODss, of 0.05.
Fifty-milliliter shake flasks (Corning Glass Works, Corning, NY) with four baffles
and plastic foam stoppers were used for aerobic cultures. Flasks were incubated
for 72 h at 37°C in a C24 rotary incubator shaker (New Brunswick Scientific, NJ).
Samples were centrifuged to pellet cells, while the aqueous supernatant was
collected for metabolite analysis.

For ethanol and butanol production by high-cell-density cultures, 10 ml LB
liquid medium in a test tube was inoculated with E. coli strains and incubated at
37°C in a rotator (Glas-Col Inc., Terre Haute, IN) until an ODs5, of 0.7 was
reached. This 10 ml culture was used to inoculate 50 ml of LB medium in a
125-ml conical flask (Corning Glass Works, Corning, NY) and incubated at 37°C
in a C24 Rotary Incubator Shaker until an ODss, of 0.7 was reached. Cells were
collected by centrifugation at 8,000 X g and 4°C for 20 min and washed twice with
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MOPS minimal medium. The collected cells were resuspended in MOPS mini-
mal medium to a final ODss, of 10. The cell suspension (25 ml) was transferred
to a 50-ml baffled shake flask, and palmitic acid (C,4,0) was added to a final
concentration of 0.5% (wt/vol). Additional palmitic acid (0.5%, wt/vol) was
added to the medium at the indicated time intervals.

For acetate production by high-cell-density cultures, 12.5 ml LB liquid medium
in a test tube was inoculated with E. coli strains and incubated at 37°C in a rotator
(Glas-Col Inc., Terre Haute, IN) until an ODss, of 0.8 was reached. This 12.5-ml
culture was used to inoculate 250 ml of LB medium in a 500-ml conical flask
(Corning Glass Works, Corning, NY) and incubated at 37°C in a C24 rotary
incubator shaker until an ODss, of 0.8 was reached. Cells were collected by
centrifugation at 8,000 X g and 4°C for 20 min and washed twice with MOPS
minimal medium. The collected cells were resuspended in MOPS minimal me-
dium to a final ODss, of 10. The cell suspension (50 ml) was transferred to a
500-ml fermenter in a SixFors multifermentation system (Infors HT, Bottmin-
gen, Switzerland) with independent control of temperature (37°C), pH (con-
trolled at 7.0 with NaOH 10 M), stirrer speed (500 rpm), and dissolved oxygen
(not controlled) (64). Palmitic acid (C4.) was added to a final concentration of
0.5% (wt/vol). Additional palmitic acid (0.5% wt/vol) was added to the medium
at the indicated time intervals. Microaerobic conditions were maintained by
sparging the medium with air at 0.05 liter/min.

Enzyme activities. The activity of alcohol dehydrogenase (AdhE) was mea-
sured by the procedure reported by Kessler and coworkers (30). E. coli cells from
anaerobic or aerobic cultures (ODss, of ~0.7) were harvested by centrifugation
(2 min, 10,000 X g), washed twice with a solution of NaCl (9 g/liter), and stored
as cell pellets at —20°C. For assays, cell pellets were resuspended in 0.2 ml of 0.1
M MOPS-KOH and permeabilized by vortex mixing with chloroform. Alcohol
dehydrogenase activity was assayed by measuring the change in absorbance at
340 nm and 30°C in a 1-ml reaction mixture containing 0.1 M MOPS-KOH buffer
(pH 7.5), 6 mM dithiothreitol (DTT), 5 mM MgSO,, 0.3 mM Fe(NH,),(SO,),,
0.4 mM NADH, 10 mM acetaldehyde, and 30 wl crude cell extract (30). For the
anaerobic assay, the above-described sample preparation and assay were carried
out in a Bactron I anaerobic chamber (Sheldon Manufacturing Inc., Cornelius,
OR). Linearity of the reactions (protein concentration and time) was established
for all preparations. All spectrophotometric measurements were conducted in a
BioMate 5 spectrophotometer (Thermo Scientific, MA). The nonenzymatic rates
were subtracted from the observed initial reaction rates. Enzyme activities are
reported as millimoles of substrate/minute/milligram of cell protein and repre-
sent averages for at least three cell preparations.

Analytical methods. Cell growth was monitored by measuring total protein
concentration using the method of Lowry (35) and a predetermined correlation
between cell dry weight (CDW) and total protein concentration. The CDW was
determined by collecting 5 ml of a cell suspension on a membrane filter (diam-
eter, 47 mm,; pore size, 0.45 mm) (Sartorius, Gottingen, Germany) and applying
suction. The filter was washed twice with distilled water, dried to a constant
weight, and desiccated before weighting.

The identity of all metabolic products was determined through one-dimen-
sional (1D) proton nuclear magnetic resonance (NMR) spectroscopy as previ-
ously described (40). Organic acids, ethanol, and isopropanol were quantified by
high-pressure liquid chromatography (HPLC) as previously reported (13).

Butanol was quantified in a Varian CP-3800 gas chromatograph (Varian As-
sociates, Inc., Palo Alto, CA) equipped with a flame ionization detector (FID)
following a modification of the method reported by Atsumi and coworkers (2).
The separation of alcohol compounds was carried out using a VF-5ht column (15
m, 0.32-mm internal diameter, 0.10-wm film thickness; Varian Associates, Inc.,
Palo Alto, CA). The oven temperature was initially held at 40°C for 2 min and
then raised with a gradient of 5°C/min to 45°C and held for 4 min. The temper-
ature was then raised with a gradient of 15°C/min to 230°C and held for 4 min.
Helium (Matheson Tri-Gas, Longmont, CO) was used as the carrier gas with a
14-1b/in? inlet pressure. The injector and detector were maintained at 225°C. A
0.5-pl sample was injected in splitless injection mode.

The analysis of FAs was carried out in a Varian CP-3800 gas chromatograph
(Varian Associates, Inc., Palo Alto, CA) after hexane-methyl tertiary butyl ether
(MTBE) extraction and FA transesterification with methanol (32), according to
the following method: 50°C held for 1 min, 30°C/min to 160°C, 15°C/min to
200°C, 200°C held for 1.5 min, 10°C/min to 225°C, and 225°C held for 15 min.

Sample preparation (i.e., MTBE extraction and transesterification) was con-
ducted as follows. One-milliliter samples were transferred to 5-ml serum bottles
(Supelco, Bellefonte, PA) containing 2 ml of hexane-MTBE (1:1). Eighty micro-
liters of 50% H,SO, and 0.05 g NaCl were added for pH and ionic strength
adjustment, respectively (31). Triplicate calibration standards for FA analysis of
1, 2, 5, 10, 20, 30, 40, 50, and 100 mg/liter were prepared in a 1:1 mixture of
chloroform-methanol using a 1,500-mg/liter stock solution of each FA. The
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bottles were sealed with Teflon-lined septa (Fisher Scientific Co., Fair Lawn,
NJ), secured with caps, and shaken using an orbital shaker at 200 rpm for 15 min.
The samples were then centrifuged for 5 min at 1,750 X g to separate the
aqueous and organic layers. After centrifugation, the top organic layer was
separated from the aqueous layer. A 0.5-ml aliquot of the top layer was trans-
ferred carefully using glass pipettes to 1.0-ml Supelco Reacti-Vials (Sigma-
Aldrich, St. Louis, MO) and dried under a stream of nitrogen in an N-EVAP
evaporator (Organomation Associates, Inc., Berlin, MA).

A fresh solution of the transesterification reaction mix (methanol-hydrochloric
acid-chloroform [10:1:1, vol/vol/vol; 3 ml]) was added to the dried lipid extract in
Reacti-Vials (Sigma-Aldrich, St. Louis, MO), which were capped tightly and
vortexed. These vials were placed in a heater block (AccuBlock digital dry bath;
LabNet, Woodbridge, NJ) and heated at 90°C for 15 min.

The transesterification reaction tubes were cooled to room temperature. Wa-
ter (1 ml) was added to each tube, and the fatty acid methyl esters (FAMEs) were
extracted with hexane and chloroform (4:1, vol/vol; three times with 2 ml). The
tubes were vortexed for 30 s and the upper organic phase collected with a Pasteur
pipette. This extraction procedure was repeated three times.

The combined hexane-chloroform solution was evaporated under N, to dry-
ness, and the dry residue was redissolved in 60 ul of hexane, transferred to GC
vials (Fisher Scientific Co., Fair Lawn, NJ), and capped under N,. A 2.0-pl
aliquot of FAME solution was injected (injection temperature, 300°C) into the
chromatograph. The carrier gas flow rate was 2.0 ml/min, with a split ratio of
1:25.

Stearic (C,g.), palmitic (Cy¢.o), myristic (C4.9), lauric (C,,.g), capric (Cyg.),
caprylic (Cg,), and caproic (Cg,) acids (Sigma Chemical Co., St. Louis, MO)
were used to calibrate the gas chromatograph. The carrier gas used was helium
(Matheson Tri-Gas, Longmont, CO). Hexane, chloroform, diethyl ether, and
MTBE were HPLC grade (Sigma Chemical Co., St. Louis, MO). Sodium chlo-
ride and concentrated sulfuric acid were reagent grade (VWR International,
West Chester, PA).

Calculation of fermentation parameters. Growth and product yields (gram of
product per gram of substrate consumed) were calculated as the amount of cell
mass or product synthesized per amount of palmitic acid (C,¢,) consumed.
Production of caproic acid (Cq,y) and biomass was accounted for in product yield
calculations. An average molecular mass for an E. coli cell of 24.7 g/C-mol, which
corresponds to an average cell of a molecular formula CH, 4O, 5N, (43), was
used in these calculations.

RESULTS

Engineering fermentative pathways in E. coli for biofuel
production from fatty acids. (i) Ethanol. Although ethanol is
only a minor product of fermentative metabolism in E. coli
(55), this bacterium has been engineered for the production of
ethanol from sugars (24) and glycerol (14, 66). The maximum
theoretical yield for ethanol synthesis from glucose is 0.51 g
ethanol/g glucose, or 0.67 on C mole basis (Table 1). The low
ethanol yield on glucose is due to the low metabolic efficiency
of the pathway that converts this sugar into ethanol, which
generates two molecules each of ethanol and CO, from one
molecule of glucose (Fig. 1 and Table 1). Given their higher
energy content and reduced state, the use of FAs represents a
more efficient alternative, as each B-oxidation cycle yields one
molecule of acetyl-CoA, which can be converted to ethanol
without any carbon loss (Fig. 1). When the fact that the last 2-C
fragment of a FA molecule converted to acetyl-CoA does not
generate reducing equivalents is taken into account, a maxi-
mum theoretical yield of 1.38 (wt/wt) is obtained from a 16-C
FA molecule (i.e., palmitic acid [C,], the most abundant FA
in oil-rich feedstocks) (also see the text in the supplemental
material) (Table 1). This value is 2.71-fold higher than the
yield on glucose. On a carbon basis, the ethanol yield on C,.
is 1.44-fold higher (Table 1). These calculations, however, do
not account for the 2 ATP equivalents required to drive the
B-oxidation pathway, which when accounted for would slightly
reduce the maximum theoretical value (Table 1). While max-
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imum theoretical yields on both weight and carbon bases are
presented in Table 1, in the remainder of this paper only the
weight basis will be used (also see the text in the supplemental
material for rationale and further details).

Despite the aforementioned theoretical advantages of FAs,
no ethanol was produced by wild-type E. coli strain MG1655
during the respiratory metabolism of palmitic acid (Fig. 2a).
Efforts to engineer homoethanol production in E. coli have
focused on diverting carbon at the pyruvate node by manipu-
lating native (pyruvate dehydrogenase) or heterologous (Zymo-
monas mobilis pyruvate decarboxylase) pathways (see refer-
ence 22 and references therein). These strategies, however, are
not applicable to the production of ethanol from FAs, because
pyruvate is not an intermediate in the B-oxidation pathway
(Fig. 1). Instead, we focus on diverting carbon to ethanol
synthesis at the acetyl-CoA node by manipulating the enzyme
acetaldehyde/alcohol dehydrogenase (AdhE) (Fig. 1). Since
AdhE is oxygen sensitive and adhE expression is very low in the
presence of oxygen (20), we hypothesized that the lack of
ethanol production in MG1655 could be related to the low
activity/expression of this enzyme under aerobic conditions.
We then constructed an aerotolerant mutant of AdhE
(AdhE™*) and overexpressed it from the oxygen-independent
trc promoter. AdhE* was obtained by site-directed mutagene-
sis of AdhE to replace the residue at position 568 (Glu568Lys)
(20). Enzyme assays of cells overexpressing AdhE* confirmed
its high activity under both anaerobic and aerobic conditions
(see Fig. S3 in the supplemental material). Overexpression of
AdhE* in MG1655 resulted in the production of ethanol at a
yield of 0.48 g/g C,,., (Fig. 2a, strain MG1655 [adhE*+]). To
investigate a potential competition between the ethanol and
biosynthetic and respiratory pathways for reducing equivalents,
we decreased the respiration rate by lowering the volumetric
oxygen transfer coefficient (k, @) from 14.5 h~' to 6.7 h—*. This
modification led to a 2-fold increase in ethanol yield (0.92 g
ethanol/g Cq.) (Fig. 2a).

While the ethanol yield was very high in strain MG1655
[adhE*+], oxidation of palmitic acid was incomplete resulting
in the accumulation of caproic acid (Cq,) (Fig. 2a). The me-
tabolism of short-chain FAs (C, to C,) in E. coli requires
expression of both the fad regulon (regulated by FadR) and
two degradative enzymes encoded by the atoDAEB operon
(regulated by AtoC) (11) (Fig. 1). Previous studies have shown
that mutants exhibiting constitutive expression of the fad regu-
lon and ato operon [referred to here as fadR* and atoC(Con),
respectively] catabolize both long- and short-chain FAs (25,
44). However, such mutants have not been tested for their
ability to completely oxidize FAs without the generation of
short-chain FAs as by-products, which is the specific problem
observed in strain MG1655 [adhE*+]. Therefore, we engi-
neered the fadR*atoC(Con) phenotype in MG1655 (see Fig. S2
in the supplemental material) and evaluated its ability to pre-
vent the generation of by-product caproic acid. Overexpression
of AdhE* in strain MG1655 fadR*atoC(Con) resulted in effi-
cient metabolism of palmitic acid without the accumulation of
caproic acid and also in a high ethanol yield (Fig. 2a). It is
noteworthy that the ethanol yield in this strain is twice the
maximum theoretical value from sugars (wt/wt basis) and al-
ready represents 77% of the maximum achievable from
palmitic acid (Fig. 2a). We also performed studies to illustrate
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FIG. 2. Engineering E. coli for the production of ethanol (a and b) and butanol (¢ and d) from fatty acids. Values represent the means and
standard deviations for triplicate cultures. Gene overexpression and deletion are indicated by + and A, respectively, next to the corresponding gene
or operon. Details about the pathways can be found in Fig. 1. (a) Ethanol concentration (line) and ethanol and caproic acid yields (bars) for
72-hour cultures of wild-type MG1655 and strains containing engineered pathways for ethanol production (oxygen-tolerant acetaldehyde/alcohol
dehydrogenase, adhE*) and efficient catabolism of FAs [fadR* atoC(Con)]. k;a, volumetric oxygen transfer coefficient (h™!). (b) Fermentation
profile for strain MG1655 AadhE fadR*atoC(Con) [adhE*+] in minimal medium with 5 g/liter palmitic acid (C;4,) and using a k;a of 6.7 h™'.
Additions of palmitic acid (5 g/liter each) were made every 24 h. ACDW, increase in cell dry weight with respect to the initial value. (c) Butanol
concentration (line) and butanol, ethanol, and caproic acid yields (bars) for 72-hour cultures of strains engineered by (i) expression of the C.
acetobutylicum pathway for the synthesis of butanol from acetoacetyl-CoA (hbd, crt, bed, etfAB, and adhE?2), (ii) overexpression of the E. coli
acetyl-CoA acetyltransferase (afoB) for the conversion of acetyl-CoA to acetoacetyl-CoA, (iii) elimination of the E. coli native ethanol pathway
(adhE), and (iv) engineering the B-oxidation pathway for efficient catabolism of FAs [fadR*atoC(Con)]. A k;a of 6.7 h™' was used. (d)
Fermentation profile for strain MG1655 AadhE fadR*atoC(Con) [atoB+ hbd+ crt+ bcd+ etfAB+ adhE2+] in minimal medium with 5 g/liter
palmitic acid (C,4,) and a k;a of 6.7 h~%. Two additions of palmitic acid (5 g/liter each) were made at 24 and 72 h. ACDW, increase in cell dry
weight with respect to initial value.
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the production of ethanol at higher titers. For this purpose,
experiments were conducted using a higher concentration of
palmitic acid and a higher cell density (Fig. 2b). Under these
conditions, strain MG1655 fadR*atoC(Con) [adhE*+] pro-
duced ethanol as the only fermentation product at concentra-
tions close to 20 g/liter, demonstrating that high yield and titers
can be achieved.

(ii) Butanol. While microbial production of butanol tradi-
tionally utilizes Clostridium acetobutylicum (36, 38), the limita-
tions of this organism have triggered efforts to engineer E. coli,
Pseudomonas putida, Bacillus subtilis, and Saccharomyces cere-
visiae for butanol production, reaching titers and yields of up to
1.2 g/liter and 6% (wt/wt), respectively (2, 23, 42, 60).

Production of butanol from FAs would provide a 2.7-fold
yield advantage over sugars (wt/wt), as can be seen in Table 1.
Our strategy to produce butanol from FAs in E. coli is based on
the engineering of a synthetic pathway composed of the genes
required for butanol synthesis from acetoacetyl-CoA in C.
acetobutylicum (crt, bed, etfAB, hbd, and adhE2) in combina-
tion with the E. coli gene responsible for the conversion of
acetyl-CoA to acetoacetyl-CoA (atoB) (Fig. 1). When these
pathways were expressed in E. coli cells metabolizing palmitic
acid, we observed significant production of butanol (Fig. 2c,
strain MG1655 [atoB+ hbd+ crt+ bcd+ etfAB+ adhE2+]).
We hypothesized that the relatively low yields and titers ob-
served originate in part from the competition between the
ethanol and butanol pathways for acetyl-CoA and reducing
equivalents (Fig. 1). In agreement with this hypothesis, dele-
tion of the native ethanol pathway (AadhE) resulted in a 2-fold
increase in butanol yield (Fig. 2c, strain MG1655 AadhE
[atoB+ hbd+ crt+ bcd+ etfAB+ adhE2+]). As in ethanol-
producing strains (see above), the engineering of the B-oxida-
tion pathway for more efficient utilization of FAs
[fadR*atoC(Con)] also led to an increase in product yield {Fig.
2¢, strain MG1655 AadhE fadR*atoC(Con) [atoB+ hbd+ crt+
bcd+ etfAB+ adhE2+]}. Overall, our approach resulted in
butanol yields that were up to 3-fold higher than those cur-
rently reported in the literature (2, 23, 42, 60) and represent
16.4% of the maximum achievable from palmitic acid.

To further ascertain the potential of the engineered strains
for butanol production, we performed experiments with strain
MG1655 AadhE fadR*atoC(Con) [atoB+ hbd+ crt+ bed+
etfAB+ adhE2+] at a higher palmitic acid concentration and a
higher cell density (Fig. 2d). Butanol was produced as the main
fermentation product at a concentration of 2.05 g/liter, along
with very small amounts of ethanol (Fig. 2d). The synthesis of
ethanol could be due to the ability of clostridial secondary
alcohol dehydrogenase to catalyze the conversion of acetyl-
CoA to ethanol (48, 67). Even though the butanol pathway has
yet to be optimized, the butanol yield and titer achieved by our
strategy are superior to those reported with strains engineered
to produce butanol from other carbon sources (2, 23, 42, 60).

Engineered strains for the production of biochemicals from
fatty acids. Industrial by-product streams with high FA con-
tent, such as palm fatty acid distillate or palm oil mill efluent
(62, 65), can be exploited for biological production of chemi-
cals (see the text in the supplemental material for details). In
the next sections we present the engineering of E. coli to
enable the respiro-fermentative production of commodity
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chemicals, organic solvents, and polymer building blocks from
FAs.

(i) Acetic acid (acetate). Acetate is an important industrial
chemical (1) and a native product of sugar fermentation in E.
coli, where it is produced primarily through the phosphotrans-
acetylase (PTA)-acetate kinase (ACK) pathway (11) (Fig. 1).
Although the maximum theoretical yield for acetate produc-
tion from glucose is 1.00 (wt/wt) (Table 1), the biological pro-
cess used in the commercial production of acetate from sugars
(9) and that developed by engineering E. coli (7) are both
based on a maximum theoretical yield of 0.67 g of acetate/g
glucose. The synthesis of acetate from FAs contributes to CO,
fixation and can be achieved at a much higher yield; e.g., a yield
of 2.70 (wt/wt) can be realized with palmitic acid (Table 1).

Unlike metabolism of sugars, utilization of FAs by E. coli
does not lead to the synthesis of acetate (Fig. 3a). Since acetyl-
CoA is generated in the B-oxidation of FAs, we reasoned that
overexpression of the ACK-PTA pathway (Fig. 1) should lead
to significant production of acetate. Indeed, strain MG1655
[ackA+ pta+] produced acetate at a yield of 0.65 g acetate/g
Ci6.0 (Fig. 3a). As in the case of other products discussed in
previous sections, a strain with constitutive expression of
the fad regulon and ato operon {ie., strain MG1655
fadR*atoC(Con) [ackA+ pta+]} not only utilized palmitic acid
more efficiently but improved acetate production as well (Fig.
3a), exhibiting yields that surpassed those reported for E. coli
strains engineered to produce acetate from glucose (6). An
experiment was conducted to assess the production of acetate
at higher titers. As shown in Fig. 3b, 35 g/liter of acetate was
produced at a yield of 1.10 g acetate/g C,¢. (40.7% of the
maximum achievable from palmitic acid), demonstrating the
feasibility of achieving high yields and titers. It is noteworthy
that this yield is in excess of the maximum theoretical yield on
glucose (Table 1) and about 2-fold higher than the best yield
reported to date from an E. coli strain engineered to produce
acetate (6).

(ii) Acetone. Acetone is a product of the acetone-butanol
fermentation by Clostridium spp. (36) and an industrially rel-
evant chemical. Low product selectivity and titers are key fac-
tors that represent a driver for heterologous expression of this
solventogenic pathway in industrial organisms such as E. coli
(4). The acetone pathway involves the conversion of acetyl-
CoA to acetone via reactions catalyzed by three different en-
zymes (26), as shown in Fig. 1. Conversion of sugars to acetone
is also inefficient in terms of C recovery, with a maximum
theoretical yield on glucose limited to 0.48 (wt/wt) (Table 1).
Utilization of palmitic acid would support a yield 2.71-fold
higher than for sugars (Table 1).

Since acetone is not a native product of E. coli metabolism,
a synthetic pathway containing genes from C. acetobutylicum
and E. coli was required to convert the acetyl-CoA produced
by the B-oxidation of FAs to acetone (Fig. 1). While significant
acetone production was achieved with this strategy, the result-
ing yield was low (0.11 g acetone/g C,q.) (Fig. 3c, strain
MG1655 [atoDAB+ adc+]). We hypothesized that acetone
production may be limited by the low levels of acetate, a
metabolite required in the second step of the acetone pathway
(i.e., the conversion of acetoacetyl-CoA to acetoacetate [Fig.
1]). In agreement with this hypothesis, supplementation of the
growth medium with acetate increased the acetone yield by

1sanb Aq GTOZ ‘9T Areniga- uo /blo wse war//:dny wol) papeojumod


http://aem.asm.org/

a. 10 - 25 b. 35 7
EAcetate yield “-Acetate -4 Palmitic acid -e- ACDW
OlCaproic acid yield

= >
= —
e drAcetate concentration 30 6 =
©os 20, = 8
g = =) (3]
= 2 T2 5<
E s s g
Bos 152 & 2
A i © =
a g £ 20 b 4 s
N c @ <
2 g ¢ g
o c c 15 3c
5 04 108 o S
) —— o o o
2 P = =
& E =10 23
g g 2 %
302 05g < £
: 5 '3
o
0.0 0.0 0 0
MG1655 MG1655 fadR* atoC(c)
[ackA+ pta+] [ackA+ pta+l Time (h)
C. o5 d.o-20 5 T —— 0.5
B Acetone OCaproic acid SORIORANG apm'i ael
2 3 1 I -3
£04 - 0.16 04 &
[$) © Ity
£ = o
- o ~
= o
S 03 S 012 03 2
3 e 2
4 > .ﬂ_;
: : :
=02 s 0.08 0.2 0
k] o ©
o g 2
> ) £
B - 3
5 041 0.04 01 5
©
o
1
o
0.0 0.00 0.0
MG1655 MG1655 MG1655 MG1655 fadR* atoC(c) MG1655 MG1655 fadR* atoC(c)
[atoDAB+ [atoDAB+ [atoDAB+ [atoDAB+ [atoDAB+ adc+ [atoDAB+ adc+
adc+] adc+] adc+ackA+ adc+ackA+ adh+ ackA+ ptat] adh+ ackA+ pta+]
+acetate  pta+] pta+]
e. 0.5 f 0.25
BSuccinate DO Caproic acid ®Propionate O Caproic acid
304 l ’T; 0.20
- >
o
= 3
503 g 015
] T
3 °
E o
0.2 2 010
= °
2 S
2 >
o 5
© 0.1 S 0.05
3 3
o] S
E o
0.0 0.00
MG1655  fadR* fadR* fadR* fadR* MG1655 fadR* atoC(c) fadR* atoC(c)
atoC(c)  atoC(c) atoC(c) atoC(c) [scpA+ scpB+ [scpA+ scpB+ AsdhB
AsucD AsucC AsdhB scpC+] scpCH] [scpA+ scpB+
scpC+]

FIG. 3. Production of acetate (a and b), acetone (c), isopropanol (d), succinate (e), and propionate (f) from FAs in engineered E. coli strains.
Details about the engineered pathways are shown in Fig. 1. Gene overexpression and deletion are indicated by + and A, respectively, next to the
corresponding gene or operon. A k;a of 14.5 h™! was used in all experiments. Values represent the means and standard deviations for 72-hour
triplicate cultures. (a) Acetate concentration (line) and acetate and caproic acid yields (bars) in wild-type MG1655 and recombinant strains
constructed by overexpressing the native phopshoacetyltransferase (pta)-acetate kinase (ackA) pathway for conversion of acetyl-CoA to acetate and
modifying the B-oxidation pathway for efficient catabolism of FAs [fadR*atoC(Con)]. (b) Fermentation profile for strain MG1655 fadR*atoC(Con)
lackA+ pta+] in minimal medium with 5 g/liter palmitic acid (C,4.,). Additions of palmitic acid (5 g/liter each) were made every 12 h. ACDW,
increase in cell dry weight with respect to initial value. (c) Acetone and caproic acid yields in strains constructed by overexpressing E. coli
acetyl-CoA and acetoacetyl-CoA transferases (atoDAB) and C. acetobutylicum acetoacetate decarboxylase (adc) along with amplification of the
native acetate pathway (ackA-pta). These modifications were implemented in wild-type MG1655 and the fadR*atoC(Con) derivative. (d) Isopro-
panol and caproic acid yields in strains engineered for acetone production and overexpressing a secondary alcohol dehydrogenase from C.
butyricum (adh), which converts acetone to isopropanol. (e¢) Effects of fadR*atoC(Con) genotype and deletions of genes encoding TCA cycle
enzymes on succinate and caproic acid yields. (f) Propionate and caproic acid yields in strains overexpressing a metabolic cycle that catalyzes the
decarboxylation of succinate to propionate (scpA, scpB, scpC). The effect of amplification of this cycle, along with the deletion of succinate
dehydrogenase (AsdhB), was evaluated in wild-type MG1655 and the fadR*atoC(Con) derivative.

5075

1sanb Aq GTOZ ‘9T Areniga- uo /blo wse war//:dny wol) papeojumod


http://aem.asm.org/

5076 DELLOMONACO ET AL.

more than 60% (Fig. 3c). Simultaneous overexpression of the
acetate-producing ACK-PTA pathway, along with the syn-
thetic acetone pathway, enabled the synthesis of acetone in the
absence of added acetate at a yield of 0.28 g acetone/g C,.q
(Fig. 3¢, strain MG1655 [atoDAB+ adc+ ackA+ pta+]). When
this strategy was implemented in a strain with constitutive
expression of the fad regulon and ato operon [i.e., strain
MG1655 fadR*atoC(Con)], efficient utilization of palmitic acid
along with further improvement in acetone production was
observed (Fig. 3c). The acetone yield on this strain (0.37 g
acetone/g C,g.) surpassed the yields previously reported using
engineered E. coli (4, 18) and corresponds to 28.5% of the
maximum achievable from palmitic acid.

(iii) Isopropanol. Isopropanol is a secondary alcohol with
applications as both a chemical intermediate and a solvent
(34). Isopropanol is produced in Clostridium beijerinckii (8, 15)
from acetyl-CoA via the acetone pathway (Fig. 1) as part of a
mixed-product fermentation. Limitations in the utilization of
native strains have increased interest in engineering the path-
way in industrially relevant hosts (18). Isopropanol production
from glucose is limited to a yield of 0.44 (wt/wt) (Table 1).
Compared to sugars, the use of FAs offers a 2.73-fold higher
yield (Table 1). Since isopropanol is a nonnative product of E.
coli metabolism, we introduced the clostridial route, which
produces this alcohol from acetyl-CoA, as shown in Fig. 1. For
this purpose, three different pathways were assembled in strain
MG1655 (Fig. 1): (i) the C. acetobutylicum acetone pathway,
which converts acetyl-CoA to acetone (see previous section);
(ii) a secondary alcohol dehydrogenase from C. beijerinckii that
converts acetone to isopropanol; and (iii) the E. coli pathway
that converts acetyl-CoA to acetate. The resulting strain,
MG1655 [atoDAB+ adc+ ackA+ pta+ adh+], produced iso-
propanol at a yield of 0.09 g/g C,4.,, (Fig. 3d). When these
pathways were assembled in the fadR*atoC(Con) strain, effi-
cient metabolism of FAs and a further increase in isopropanol
yield were observed (0.13 g of isopropanol/g C,4.o, 10.8% of
the maximum achievable from palmitic acid) (Fig. 3d).

(iv) Succinic acid (succinate). Succinate is expected to be-
come a future platform chemical (64), and major efforts in
recent years have focused on its production by microbial fer-
mentation of sugars (21, 58). Succinate is a minor product of
sugar fermentation in E. coli (10), but it is not produced under
aerobic conditions because this metabolite is an intermediate
of the TCA cycle (Fig. 1). As in the case of other products
discussed above, production of succinate from FAs would offer
a significant yield advantage (Table 1). Metabolic engineering
strategies previously reported for the production of succinate
from sugars in E. coli (33, 58) cannot be implemented for its
production from FAs because of the significant differences in
the metabolic pathways. For example, while the synthesis of
succinate from sugars is limited by the availability of both
reducing equivalents and intermediate phosphoenolpyruvate
(21), its production from FAs is a redox-generating process
that relies on the availability of acetyl-CoA (Table 1 and Fig.
1). Since fadR* mutants are known to exhibit higher expression
of the glyoxylate shunt enzymes (16) and succinate is generated
in this pathway (Fig. 1), we evaluated succinate production in
the fadR*atoC(Con) strain and observed a significant increase
in yield (Fig. 3e). Succinate production was further increased
by minimizing its conversion to fumarate (AsdhB mutation)
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and decreasing the oxidation of acetyl-CoA to CO, via the
TCA cycle (AsucC and AsucD mutations) (Fig. 1 and Fig. 3e).
These engineering strategies resulted in up to a 2.3-fold in-
crease in succinate yield with respect to the wild type (Fig. 3e),
which represents 14.6% of the maximum achievable from
palmitic acid.

(v) Propionic acid (propionate). There is a high interest in
producing propionate from sugars via fermentation with pro-
pionibacteria, but this process suffers from relatively low prod-
uct yield and concentration (19). While a propionate yield on
glucose of 0.70 (wt/wt) can be realized, the use of FAs would
support yields approximately 2.59-fold higher (Table 1). Three
of the genes located in the E. coli scpA-argK-scpB-scpC operon
encode the enzymes of a postulated metabolic cycle that can
catalyze the decarboxylation of succinate to propionate (Fig. 1)
(17). However, propionate has not been reported as a product
of E. coli metabolism. By overexpressing the aforementioned
genes, we achieved for the first time the production of propi-
onate in this organism (Fig. 3f). Since succinate is the precur-
sor of propionate in this pathway, the same modifications that
led to increased production of succinate (Fig. 3e) also resulted
in higher propionate yields (Fig. 3f), with a maximum yield of
8.8% of the maximum achievable from palmitic acid.

DISCUSSION

The use of FA-rich feedstocks for the production of biofuels
and biochemicals is a promising avenue to establish biorefin-
eries (see the text in the supplemental material for more de-
tails). In addition to their abundance, the metabolism of FAs is
highly efficient, as it yields 100% carbon recovery in the key
intermediate metabolite acetyl-CoA, from which most biofuels
and biochemicals can be derived (Fig. 1). This high metabolic
efficiency, along with the highly reduced state of carbon in FAs,
could enable the production of fuels and chemicals at yields
superior than those obtained with the use of lignocellulosic
sugars (Table 1). However, metabolism of FAs requires the
presence of an external electron acceptor, which in turn pre-
cluded the synthesis of fermentation products (Fig. 2a and Fig.
3a). To overcome this hurdle, we engineered a respiro-fermen-
tative metabolic mode that enables the efficient production of
the desired fuels and chemicals in combination with adequate
catabolism of FAs.

E. coli was chosen as model organism to illustrate the fea-
sibility of this approach, which was demonstrated by engineer-
ing the synthesis of ethanol, butanol, acetate, acetone, isopro-
panol, succinate, and propionate (Fig. 2 and 3). This work
represents the first effort toward engineering microorganisms
for the conversion of FAs to the aforementioned products. The
yields of ethanol (Fig. 2a and b), acetate (Fig. 3a and b), and
acetone (Fig. 3c) in the engineered strains exceeded those
reported in the literature for their production from sugars (4,
7, 18, 24). In the cases of ethanol and acetate, the yields also
surpassed the maximum theoretical values that can be
achieved from lignocellulosic sugars. Butanol (Fig. 2c and d),
on the other hand, was produced at yields and titers between 2-
and 3-fold higher than those reported for its production from
lignocellulosic sugars in engineered E. coli, P. putida, B. subti-
lis, and S. cerevisiae strains (2, 23, 42, 60). Our work also
represents the first report of production of propionate, a com-
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pound previously thought to be synthesized only by propi-
onibacteria, in E. coli (Fig. 3f). Finally, the synthesis of isopro-
panol and succinate was also demonstrated (Fig. 3d and e).
Taken together, the results reported here represent the
foundation to establish a new approach for the production of
biofuels and biochemicals from renewable feedstocks. The syn-
thetic respiro-fermentative metabolic mode engineered in this
work will also serve as the basis for the synthesis of other
reduced products in the presence of external electron accep-
tors (e.g., oxygen), thus taking advantage of the most signifi-
cant attributes of respiratory and fermentative metabolism.
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