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Summary

Global energy and environmental problems have stimulated increasing efforts towards synthesizing
liquid biofuels as transportation energy. Compared to the traditional biofuel, ethanol, advanced
biofuels should offer advantages such as higher energy density, lower hygroscopicity, lower vapor
pressure, and compatibility with existing transportation infrastructure. However, these fuels are not
synthesized economically using native organisms. Metabolic engineering offers an alternative
approach in which synthetic pathways are engineered into user friendly hosts for the production of
these fuel molecules. These hosts could be readily manipulated to improve the production efficiency.
This review summarizes recent progress in the engineering of Escherichia coli to produce advanced
biofuels.

Introduction

The production of fuel substitutes such as bioalcohols and biodiesel from renewable resources
has gained significant attention because of the rising energy price and environmental concerns.
Currently, ethanol is the major form of biofuel. According to the Renewable Fuels Association,
6.5 billion gallons of bioethanol were produced in the United States in 2007, and both the
production capacity and the demand for bioethanol are increasing rapidly. On the other hand,
advanced biofuels are being developed rapidly over the past few years (Fig. 1) [1-5]. These
biofuels aim to circumvent problems of ethanol, namely, the low energy density (30% lower
than gasoline) and incompatibility with existing fuel infrastructure. Because of its tendency to
absorb water, ethanol cannot be distributed using existing pipeline and high percentage blends
with gasoline (e.g. E85) require vehicle retrofitting in the fuel system. The high vapor pressure
of ethanol is also a threat to air quality. These problems present additional barriers for large
scale replacement of gasoline. Advanced biofuels typically involve higher carbon chains and
are believed to circumvent these problems.

However, higher chain fuel-quality compounds are not commonly produced biologically in
large enough quantities for fuel applications, except n-butanol, which is produced by
Clostridium species [6,7]. Thanks to the rapidly expanding genomic information, molecular
biology techniques, and high throughput tools, metabolic engineers have made significant
progress in constructing non-native organisms for production of fuel-grade compounds beyond
the scope of what native organisms can produce [1-5]. These compounds include C3 to C5
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alcohols[2,4,5], fatty acid esters [1]and isoprenoids [3](Fig. 1). It is believed that user-friendly
hosts, such as E. coli or Saccharomyces cerevisiae, can be engineered to produce these fuels
efficiently, both to explore the biosynthetic capability and to serve a production platform. This
article briefly summarizes the recent progress in these non-traditional biofuels.

Isopropanol production from E. coli using the traditional fermentative

pathway

Isopropanol is one of the secondary alcohols which can be produced by microbes [8].
Isopropanol is also used in place of methanol to esterify various fats and oils, which reduces
the tendency of biodiesel to crystallize at low temperatures. Finally, isopropanol can be
dehydrated to yield propylene that is widely used for plastics and is usually made from
petroleum. Isopropanol is produced in Clostridium from the acetone pathway [9]. Since the
genetic tools are more limited in Clostridium relative to other hosts such as E. coli, it is of
interest to move the pathway to a user-friendly host. Acetone production in E. coli has been
demonstrated by introducing four genes from C. acetobutylicum ATCC824, thl, ctfAB, adc
coding acetyl-CoA acetyltransferase, acetoacetyl-CoA-transferase, and acetoacetate
decarboxylase, respectively [10]. This strain produced 5.4 g/L acetone with 0.5 g/L/hr
production rate. This titer is as high as C. acetobutylicum ATCC 824 [10]. This result indicates
that E. coli could be a suitable host for acetone and isopropanol production.

To synthesize isopropanol, a secondary alcohol dehydrogenase [11] is required to convert
acetone to isopropanol in an NADPH-dependent reaction. This secondary alcohol
dehydrogenase was overexpressed in E.coli along with the acetone biosynthesis pathway from
C. acetobutylicum to produce isopropanol [2]. In addition, the native E. coli acetyl-CoA
acetyltransferase (encoded by atoB) [12] and acetoacetyl-CoA transferase (encoded by
atoAD) [13] were evaluated to optimize the pathway. Furthermore, the activity of the secondary
alcohol dehydrogenase (encoded by adh) from C. beijerinckii NRRL B593 [14] was compared
to C. brockii HTD4 [15]. The best combination of these genes produced 4.9 g/L with 0.4 g/L/
hr production rate which is higher than the native Clostridium strains.

n-Butanol production from E. coli using the traditional fermentative pathway

n-Butanol is hydrophobic and its energy content (27MJ/L) is similar to that of gasoline (32MJ/
L). It can completely replace gasoline or mix with gasoline at any ratio. It can also be stored
and transported using existing infrastructure. Furthermore, the vapor pressure of n-butanol
(4mmHg at 20 °C) is approximately 11 times less than that of ethanol (45mmHg at 20 °C). As
such, n-butanol has been proposed as a substitute and supplement of gasoline as a transportation
fuel. n-Butanol is produced by C. acetobutylicum in a pathway branched from the acetone and
butyrate pathways [7]. C. acetobutylicum also produces byproducts such as butyrate, acetone,
and ethanol [7]. The production of n-butanol from glucose is redox neutral with the release of
COs, (Fig. 2). Therefore, it is possible to reconstruct the n-butanol pathway in a non-native host
and achieve homofermentative production of n-butanol.

To do so, the genes responsible in n-butanol production [16,17] were cloned and expressed in
E. coli using expression plasmids. The activity of these gene products, except for butyryl-CoA
dehydrogenase (Bcd) and an electron transfer flavoprotein (Etf), were detected by enzyme
assays. The activity of Bcd was not conclusively demonstrated using crude extract from E.
coli that expressed bcd and etfAB, possibly due to the instability of the enzyme. Despite the
inconclusive demonstration of Bcd activity, the expression of this synthetic pathway produced
14 mg/L of 1-butanol under anaerobic conditions.
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To optimize the pathway, alternative enzymes from other organisms were evaluated. In
addition to the C. acetobutylicum thiolase (coded by thl) [18], acetyl-CoA acetyltranserase
from E. coli (coded by atoB) [12] was overexpressed. To determine whether homologues and
isoenzymes of Bcd from other organisms would be more effective in E. coli, bcd [19] and
etfAB [20] from Megasphaera elsdenii and ccr from Streptomyces coelicolor, which encodes
a crotonyl-CoA reductase (Ccr) [21], were expressed in place of their counterparts from C.
acetobutylicum. However, the M. elsdenii and S. coelicolor genes led to much lower production
of 1-butanol in E. coli. Nevertheless, possibilities still exist that alternative genes from other
organisms might improve 1-butanol production in E. coli.

The strategy to delete host pathways competing for carbon and reducing power is useful to
increase the target products. For n-butanol production, the host pathways that compete with
the n-butanol pathway for acetyl-CoA and NADH were deleted. Deletion of IdhA, adhE, frdBC,
pta and fnr from wild type E.coli improved n-butanol production nearly three-fold over wild
type levels by significantly reducing the amount of acetate, lactate, ethanol, and succinate
produced. The use of a user-friendly host facilitates such exploration. The best combination of
genes and host produced 0.5 g/L n-butanol. Although the level of production was not as high
as expected, this result demonstrates the feasibility of the metabolic engineering approach.

Production of higher-chain alcohols using the keto acid pathways

Expression of heterologous genes may lead to metabolic imbalance, while the accumulation
of the heterologous metabolites may cause cytotoxicity. To achieve a high productivity of
biofuels, the synthetic pathway should be compatible with the host. Amino acid biosynthesis
pathways are universal in almost all organisms. Atsumi et al. took advantage of this capacity
in the host E.coli and diverted the metabolic intermediates to higher alcohols by inserting the
last two steps in the Ehrlich pathway [22] for 2-ketoacid degradation from other organisms

[4].

2-Ketoacids are intermediates in amino acid biosynthesis pathways and can be converted to
aldehydes by 2-ketoacid decarboxylases (KDCs) [23] and then to alcohols by alcohol
dehydrogenases (ADHSs). Only two non-native steps are required to produce biofuels by
shunting intermediates from amino acid biosynthesis pathways. Amino acid biosynthesis
pathways produce various 2-ketoacids. The E.coli strain with overexpression of KDC and ADH
produced longer chain alcohols including n-propanol, isobutanol, n-butanol, 2-methyl-1-
butanol, 3-methyl-1-butanol and 2-phenylethanol. Furthermore, addition of specific 2-keto
acids to the E. coli culture expressing KDC and ADH confirmed the specific production of the
corresponding alcohols. These results indicate that increasing the flux to the 2-keto acids could
improve both the productivity and specificity of production of the alcohols.

Isobutanol production from E. coli using the keto acid pathway

Previously, isobutanol was identified only in trace amounts as microbial byproducts. Thus it
has not been considered as a practical fuel substitute until recently. Isobutanol has similar
physicochemical properties as n-butanol, but has a higher octane number than n-butanol. This
compound can be converted from 2-ketoisovalerte, an intermediate in valine biosynthesis (Fig.
3). To produce isobutanol, the carbon source was converted to 2-ketoisovalerate, through
overexpressed AlsS (Bacillus subtilis), IIvC (E.coli) and 1lvD (E.coli) [4] (Fig. 3). The resulting
keto acid is then converted to isobutanol using KDC and ADH discussed above. In addition,
genes that are involved in by-product formation were deleted. These deletions were intended
to increase the level of pyruvate available for the synthetic isobutanol pathway. This engineered
strain produced ~20 g/L isobutanol at a yield of 86% of the theoretical maximum [4] (Fig. 3).
This high level production of isobutanol demonstrates the potential of this pathway and opens
the possibility for industrial production of this compound as an advanced biofuel. Interestingly,
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although E. coli is sensitive to 20g/L of isobutanol, it accumulates this high level of alcohol
after the growth phase.

The production of isobutanol in large quantities marks the success of the first non-native biofuel
substitute and demonstrates the potential of the keto acid pathways. This strategy opens the
door for exploring a variety of alcohols as potential biofuels beyond ethanol. The similar
approach for isobutanol production also has been proposed in the patent application (G. K.
Donaldson et al. US 2007/0092957) which is currently being examined. The best production
titer reported in this application is 0.3 g/L

Production of n-butanol in E. coli using the keto acid pathway

The keto acid strategy can also be used to produce n-butanol, which has been produced by
Clostridium using a coenzyme-A-dependent fermentative pathway [5,7]. The ketoacid
precursor of n-butanol is 2-ketovalerate, a precursor of norvaline [24], which is produced
though a minor side reaction of leucine biosynthesis pathway. To produce n-butanol using this
pathway, it is required to increase the upstream precursors of 2-ketovalerate. These include
threonine and its deamination product, 2-ketobutyrate.

To increase the L-threonine and 2-ketovalerate level, thrABC, ilvA and leuABCD were
overexpressed in the strain with competing pathways deleted. The engineered E.coli produced
0.9 g/L 1-butanol in the initial shake flask experiments without much optimization. Although
this productivity is still far below the Clostridium production level, the results demonstrate the
feasibility of n-butanol production in E. coli. In particular, since high-efficiency threonine
production in E. coli has been achieved in industry, n-butanol production could be improved
by modifying a threonine hyperproducing strain [25] with the above strategy.

Fatty acid ethyl esters production from E.coli

Biodiesel is a substitute for petroleum-based diesel fuel. Easily extracted oils from palm trees
and soybeans are mainly converted to biodiesel by transesterification of triacylglycerols with
short chain alcohols, primarily methanol and ethanol. This reaction results in fatty acid methyl
esters (FAMES) and fatty acid ethyl esters (FAEEs). However, the production of biodiesel is
limited by the insufficient availability of cheap vegetable oil feedstocks. To produce biodiesel
with low-cost materials, E.coli has been engineered to produce FAEE [1].

To produce FAEE from E.coli, ethanol production was combined with esterification of the
ethanol with the acyl moieties of coenzyme A thioesters of fatty acids by overexpressing the
promiscuous acyltransferase from Acinetobacter baylyi[26]. The natural host A. baylyi was not
a suitable candidate since it is a strictly aerobic bacterium not able to form ethanol. The
engineered E.coli produced FAEE concentrations of 1.3 g/L with 0.018 g/L/hr production rate
in the presence of glucose and oleic acid by fed-batch fermentation.

Isoprenoids Production from microorganisms

Isoprenoids are a diverse group of metabolites synthesized from isoprenyl pyrophosphate
(IPPP) and dimethylallyl pyrophosphate (DMAP) in plants, animals, and bacteria [27]. These
molecules are synthesized either from glyceraldehyde-3-phosphate and pyruvate via the
methylerythritol pathway, or from acetyl-CoA via the mevalonate pathway. The isoprenoid
biosynthesis pathways could produce branched-chain and cyclic alkanes, alkenes and alcohols
[3]. However, only trace amount of isoprenoid compounds are produce from natural organisms.
To produce isopentenol from E.coli, the isopentenyl pyrophosphate biosynthetic pathway was
combined with expression of nudF from B.subtilis. The engineered E.coli produced isopentenol
concentrations of 110 mg/L [3]. Engineered strains capable of converting sugars to isoprenoid
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derivative alcohols at high yields have not yet been reported in open literature although
industrial efforts are believed to be under way (e.g. N. S. Renninger et al. US patent application,
US 2008/0092829). This application, which is still under examination, disclosed the best
isopentenol production as 1.2 g/L.

Conclusions

Metabolic engineering (or a similar field, Synthetic Biology) provides important tools for
engineering non-native organisms to produce a broad class of fuel grade molecules. Although
further improvement of production is required, advanced biofuels offer significant advantages
over the traditional biofuel, ethanol. To make these fuels economically feasible, yield, titer,
and productivity need to be further improved. In this regard, continued development of the
experimental and computational methods for pathway and strain optimization is important to
achieve high efficiency production.

Another approach to produce fuel grade alcohol is to improve production from natural
producers. As an example, n-butanol fermentation in Clostridium has been used since the early
1910s [6]. ABE fermentation in C. acetobutylicum produces byproducts such as butyrate,
acetone, and ethanol [7]. However, the relatively slow growth rate and spore-forming life cycle
of Clostridium create additional problems for industrial fermentation. Furthermore, the
relatively unknown genetic system and complex physiology of the microorganism present
difficulties in engineering its metabolism for optimal production of n-butanol. Although clearly
feasible, this approach has not enjoyed wide success yet.

As such, the problem of biofuels production provides a fertile field for metabolic engineering,
particularly in constructing non-native, but user-friendly producing organisms. Furthermore,
metabolic engineering offers advantages over traditional strain selection methods because tools
for genetic manipulation and genome-scale data for metabolic and regulatory systems are
rapidly expanding.
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Fig.1. Schematic representation of engineered metabolic pathways to produce candidate biofuels
Biofuels described in this review are shown in red.
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Fig.2. Schematic representation of n-butanol production in engineered E. coli

The engineered n-butanol production pathway consists of six enzymatic steps from acetyl-
CoA. AtoB, acetyl-CoA acetyltransferase; Thl, acetoacetyl-CoA thiolase; Hbd, 3-
hydroxybutyryl-CoA dehydrogenase; Crt, crotonase; Bed, butyryl-CoA dehydrogenase; Etf,
electron transfer flavoprotein; AdhE2, aldehyde/alcohol dehydrogenase.
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Fig.3. Production of isobutanol through the synthetic nonfermentative pathways

A. Schematic representation of isobutanol production in engineered E. coli. AlsS; acetolactate
synthase, IIvC; acetohydroxy acid isomeroreductase, IlvD; dihydroxy-acid dehydratase, Kdc;
2-keto acid decarboxylase, Adh; alcohol dehydrogenase. B-D. Isobutanol production with the
engineered E.coli in M9 medium with 3.6% glucose and 0.5 % yeast extract at 30°C. At 40 hr,
3.0% glucose was added to the culture. B: Time profiles of isobutanol production; C: Time
profiles of cell growth. D: Time profiles of glucose concentration in medium. This figure was

modified from ref[4]
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