Steps towards “drop-in” biofuels: focusing on metabolic pathways
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Abstract

The past decade has witnessed rapid advance in microbial production of “drop-in”
biofuels from renewable resources. Various biosynthetic pathways have been
constructed to produce biofuels with diverse structures, and multiple metabolic
engineering strategies have been developed to increase biofuel titers, yields,
productivities and system robustness. In this review, we intend to give a brief but
comprehensive overview of the most recent progresses on four essential pathways
leading to “drop-in” biofuel production, with an emphasis on the metabolic pathway
efficiencies and biofuel structures. Furthermore, we also provide an insightful
discussion on optimization strategies to improve the robustness of the microbial

platforms for biofuel production.



Introduction

Since bioethanol and biodiesel were commercialized as the first-generation biofuels,
the biofuel field has achieved tremendous advances on various scales from benchtop to
large-scale reactors. To produce “drop-in” biofuels on an industrial scale, several efforts
have been made: The feedstock choices have been expanded from food crops (e.g.,
corns and oilseeds) to abundant and low-cost non-food biomass (e.g., corn stover and
switchgrass) [1], solid wastes (e.g., industrial wastes and sewage sludge) [2], natural
resources (syngas, methanol and methane) [3], and carbon dioxide [4]. Meanwhile, the
fermentation host choices have expanded beyond the traditional model microorganisms
such as Escherichia coli and Saccharomyces cerevisiae to a wide variety of non-model
organisms. These new hosts variously feature unique capabilities in assimilating target
feedstock, adapting to specialized fermentation conditions, and producing target
biofuels in high efficiencies.

Meanwhile, by engineering different biosynthetic pathways, significant progress
has been made in diversifying the structures of the bioproduced fuels, so that their
physiochemical and combustion properties match with conventional engines and
transportation infrastructures [5]. Most of these “drop-in” biofuels are derived from five
landmark pathways, including the o-keto acid pathway, the non-decarboxylative
Claisen condensation pathway, the fatty acid pathway, the isoprenoid pathway, and the
polyketides pathway. Compared to conventional bioethanol and biodiesel, biofuels
produced from these pathways often have properties closer to those of petroleum-based
fuels, and they are compatible with spark-ignition, compression-ignition, and gas-

turbine engines [6]. Because the polyketides pathway has been reviewed thoroughly



elsewhere [7], this review will focus on progress from the other four pathways within
the past three years, with an emphasis on the structures of pathway products and
strategies to improve pathway efficiencies.
a-keto acid pathway

Short-chain alcohols (including isobutanol, 3-methyl-1-butanol, and 2-methyl-1-
butanol) were produced from the a-keto acid pathway by decarboxylation and reduction
of cellular short-chain o-keto acids, intermediates of the branched-chain amino acid
biosynthesis, using an a-keto acid decarboxylase and an alcohol dehydrogenase
[8](Figure 1, light blue). Furthermore, by altering the substrate specificity of LenuABCD
enzymes, the acyl chain length of a-keto acids can be further increased by recursively
condensing with acetyl-CoA and releasing COz. Using this strategy, alcohols with
medium chain-lengths (up to C8) or with branched/aromatic terminals have been
produced [9] (Figure 1, green). Meanwhile, a-keto acids or their derived alcohols can
also be converted to short-chain alkanes [10] and to acetate-based esters [11] for biofuel
applications.

One advantage of the a-keto acid pathway is its ability to add one carbon atom at
a time to the acyl-chain, allowing precise control over chain-length. However, this chain
elongation process sacrifices carbon efficiency and accumulates the reducing cofactor
NADH (Table 1), which might be the reason for the lower titer of medium-chain

alcohols (C6-C8) compared to that of isobutanol.



Table 1 The carbon efficiencies, cofactor balances, and highest titers produced from four pathways

Path Product Carbon recovery Reducing cofactor ~ Highest titer in
athways roducts
Y from glucose imbalance E. coli
1-butanol 44.4% + 6 NADH 1g/L [12]
+1NADH, - 1
isobutanol 66.7% 22 g/l [8]
NADPH
3-methyl-1- +4NADH, - 1
55.6% 44¢/L [13]
butanol NADPH
a-keto acid pathway 2-methyl-1- +1NADH, - 3
83.3% 1.25 g/l [14]
butanol NADPH
1-pentanol 41.7% + 8 NADH 4.3 g/L[15]
1-hexanol 40.0% +10 NADH 302 mg/L [9]
1-heptanol 38.9% + 12 NADH 80 mg/L [9]
1-octanol 38.1% + 14 NADH 2.0 mg/L [9]
Fatty acids + 14 NADH, - 12
66.7% 21.5 g/L [16]
(C14-C18) NADPH (C14)
. Fatty alcohols + 12 NADH, - 12
Fatty acid pathway 66.7% 3.82 g/L[17]
(C14-C18) NADPH (C14)
Alkanes (C9— + 13 NADH, - 12
60-61.9% 580 mg/L [18]
C13) NADPH (C13)
. 1-butanol 66.7% 0 30 g/L [19]
Non-decarboxylative .
] . Fatty acids
Claisen condensation (C6-C10) 66.7% +2 NADH (C8) 3.8 g/L[20]
MVA pathway Limonene 55.6% + 8 NADH 1.35 g/L [21]
MEP pathway Limonene 66.4% 0 35.8 mg/L [22]
Fatty Acid Pathway
Because oilseed-derived biodiesel suffers from inferior low-temperature

performance and competes with food supply, engineering efforts have been made to
overproduce microbial-based fatty acid-derived fuels. Fatty acids (FAs) are
biosynthesized in vivo by either the discrete fatty acid synthase complex FASII (in most
bacteria) or a multifunctional FASI synthase (in eukaryotic cells). Initiated by the
condensation of acetyl-CoA with malonyl-ACP, the four-carbon acyl chain product is
elongated on acyl carrier proteins (ACPs) through repeated cycles of reactions to yield

straight long-chain acyl-ACPs (C14-C18) for lipid synthesis. Medium-chain FAs (C8-



C12), which are preferred for biodiesel, can be produced in E. coli by overexpressing a
medium-chain-specific thioesterase [23] (Figure 2, Chain Length Control Module).
Similarly, the S. cerevisiae FASI has been engineered to produce medium-chain FAs at
a titer of 464 mg/L using a rational protein engineering strategy [24]. These medium-
chain FAs can then be derived using engineered conversion pathways to alkanes [18],
alcohols [25], and esters [26] for various biofuel applications (Figure 2, a-Terminal
Structure Control Module).

Biofuels derived from straight-chain fatty acids (SCFAs) have relatively high
freezing points and viscosities compared to their branched-chain isomers, thus limiting
their low-temperature operability—an essential feature for diesel and jet fuels. Such
limitation promoted the engineering of branched-chain fatty acid (BCFA) production.
In engineered E. coli, the BCFA pathway contains a branched-chain a-keto acid
dehydrogenase (BKD) that converts branched-chain a-keto acids to branched-chain
acyl-CoAs, a branched-chain-specific FabH that converts branched-chain acyl-CoAs to
branched-chain acyl-ACPs, and a thioesterase that hydrolyzes elongated branched-
chain acyl-ACPs to BCFAs [27-29] (Figure 2, ®-Terminal Structure Control Module).
Due to competition with the natural FA pathway, the initially engineered strains
produced only a small amount of BCFAs, but co-produced a large amount of SCFAs
[27,29]. To increase BCFA titers and percentages, several strategies were developed,
including the dynamic regulation of branched-chain specific FabH [27] and deletion of
the E. coli fabH gene [29]. In addition, overexpression of the rate-limiting enzyme

complex BKD was found to deplete the protein lipoylation capacity of the host cell and



inhibit cell growth [28]. This BKD-caused toxicity was effectively mitigated by
engineering a synthetic protein lipoylation pathway, increasing the BCFA titer to 276
mg/L [28]. Because a-keto acids eventually become the w-terminal groups of BCFAs,
the branch structure can be controlled by regulating the cellular pool of each a-keto
acid. Anteiso, even-chain-iso, and odd-chain-iso BCFAs have been separately produced
to 77%, 61%, and 77% of the total free FAs, respectively [28]. The ability to control FA
chain length and a-functional group, together with the ability to engineer branches at
the w-terminal of FAs significantly expands the repertoire of chemicals derived from
the FA pathway and opens several avenues for producing “drop-in” biofuels.

Overall, the highly efficient natural FAS pathways make FA an attractive
intermediate for biofuel production. On the other hand, the essentiality of FA presents
challenges to engineering: 1) incorporating non-native FAs into the cell membrane may
change the membrane fluidity, inhibiting cell growth, 2) expressing native FA
biosynthetic genes is often growth-associated, limiting the production of FA-derived
fuels to the growth phase, and 3) interaction between natural FAS enzymes may prevent
short- and medium-chain acyl-ACPs from interacting with desired heterologous
enzymes in biofuel pathways.

Non-decarboxylative Claisen condensation pathway

Non-decarboxylative Claisen condensation pathway was first discovered in nature
from Clostridium kluyveri [30](Figure 1, purple). In this pathway, two molecules of
acetyl-CoA are condensed to acetoacetyl-CoA, which is then reduced to butyrate by [3-

reduction reactions. In contrast to the FA biosynthetic pathway that grows the carbon



chain on ACP, the non-decarboxylative Claisen condensation pathway grows the
carbon chain on CoA, and uses acetyl-CoA or other short-chain acyl-CoAs as primers.
Dellomonaco et al. engineered a synthetic non-decarboxylative Claisen condensation
pathway to elongate carbon chains by reversing B-oxidation pathway [31]. The
elongation cycle can be terminated by an acyl-CoA reductase and an alcohol
dehydrogenase to produce straight-chain alcohols, or by an acyl-CoA thioesterase to
produce carboxylic acids. By switching thiolases and B-reduction enzymes, researchers
further expanded the primer from acetyl-CoA to six other w-functionalized primers, and
incorporated three different extender units [32] (Figure 1, grey structures). This
platform has greatly enlarged the structural diversity of biosynthesized molecules,
yielding a series of novel bioproducts, such as 2-methylpentanoic acid and 2,3-
dihydroxybutyric acid [32].

Compared to the fatty acid pathway and the a-keto acid pathway, the non-
decarboxylative Claisen condensation pathway has two distinctive advantages: the
ability to incorporate internal functional groups (including branch structures) into the
product, and the ability to orthogonally control the structures of both primers and
extenders. This pathway will become more versatile as new enzymes are discovered to
incorporate more extenders and new strategies are developed to precisely control the
number and order of elongation cycles.

Isoprenoid pathway
Terpenes and terpenoids generated from the isoprenoid pathway can also be used

as fuel replacements. The isoprenoid pathway utilizes C5 isopentenyl pyrophosphate



(IPP) and dimethylallyl pyrophosphate (DMAPP) as building blocks, which are
produced from either the mevalonate (MVA) or methylerythritol-4-phosphate (MEP)
pathway (Figure 3). The carbon chain is elongated by iterative assembly of IPP or
DMAPP, generating polyisoprenoid diphosphates which are then converted to terpenes
or terpenoids by terpene synthases or polyisoprenoid diphosphate modifying enzymes
such as hydrolases or esterases.

Since monoterpenes (C10), sesquiterpenes (C15) and their derivatives have been
identified as diesel and jet fuel substitutes, a variety of terpenes and terpenoids with
biofuel potential have been produced by branching the pathway at geranyl
pyrophosphate (GPP) and farnesyl pyrophosphate (FPP) (Figure 3). Among them,
pinene and limonene have properties similar to jet fuels, while the hydrogenated
products of farnesene and bisabolene have properties similar to those of diesel fuels [6].
Novel products including linalool [33], 1,8-cineole [33], and geraniol [34] have also
been biosynthesized and proposed as fuel candidates.

Due to the diverse functionality of terpene synthases, the most outstanding feature
of the isoprenoid pathway is its capability to generate structurally diverse products. So
far, thousands of different terpene structures have been identified [35], and over
hundreds of terpene synthases have been sequenced [36]. However, most terpene
synthases have not been characterized, and the links between most terpene synthases to
their corresponding terpene products are not established. New methods for high
throughput characterization of new terpene synthases could facilitate the discovery of

new biosynthetic routes to better biofuels.



Strategies for Pathway Optimization

Besides novel biosynthetic pathways and biofuel candidates, new strategies are
developed to optimize production pathways and to increase product titers, yields, and
productivities. Conventional concept of metabolic engineering is to drive the metabolic
flux into the production pathway. Various methods have been developed to facilitate
this step, including upregulating pathway enzymes [37], deleting or downregulating
competing pathways [38], and adjusting the global metabolism by engineering
transcriptional factors [39,40]. Meanwhile, an increasing number of strategies have
been developed to balance metabolic pathways and to engineer host cells by increasing
their robustness, enhancing cell viability, and regulating cell populations [41].

Metabolite overproduction often competes with natural metabolism for limited
cellular resources and disrupts the host’s homeostasis for some metabolites or cofactors
[42], leading to impaired cell growth [43]. Therefore, to increase the system robustness
and thus to obtain high efficient production, engineered metabolic pathway must be
balanced by eliminating pathway bottlenecks while preventing the accumulation of
excess proteins or intermediates. A metabolic pathway can be balanced statically via
engineering promoters [44] or RBSs [45], or dynamically via a metabolite biosensor to
adjust flux in response to a rate-limiting or a toxic metabolite by regulating its
production and/or consumption [46,47]. An alternative strategy to avoid adverse effects
on cell growth is to separate the production process from cell growth phase. Several
strategies were developed to induce the transition from growth phase to production,

including stationary phase signals [48], quorum sensing [49], and depletion of a nutrient



[50] that is not needed for metabolite production. For example, based on the Crabtree
effect, a GAL regulatory circuit was engineered in S. cerevisiae to autosense glucose
depletion and simultaneously induce the producing pathway [34,51].

Furthermore, the accumulation of some products may trigger a variety of
detrimental effects on the host cells, mainly physiological changes of cell membranes.
By altering the composition of cell membranes FA (e.g. chain length, degree of
saturation, and abundance of cyclic rings) [52] and the distribution of phospholipid head
groups [53], the engineered hosts could demonstrate enhanced tolerance to various
toxic compounds (such as alcohols, carboxylic acids and aromatic compounds) and
adverse industrial conditions (such as low pH and high temperature) [52].

In addition, the heterogeneity of producing cells strongly affects the overall
production of the whole culture [54,55]. A recently developed strategy named PopQC
positively links metabolite production with cell growth, enabling the enrichment of
high-producing variants from a heterologous culture and leading to several folds
enhancement in overall product titers [16]. Selecting non-genetic variants is a
promising new path to increase the production yield, with a strong potential for novel
development based on the system.

Conclusion

We review the most recent development of four major metabolic pathways for the
bioproduction of “drop-in” fuels. Although in the field of metabolic engineering,
increasing attentions were paid to the synthesis of high-value products (pharmaceuticals,

fine chemicals, etc.), significant progresses were still made towards better biofuels in



the past a few years. We expect new strategies will be continuously developed in the
near future to increase titers, yields, productivities, and robustness in large-scale
production, making microbial production of “drop-in” fuels more and more

economically competitive.
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Figure Legends

Figure 1. Biofuels produced from the a-keto acid pathway (left) and non-
decarboxylative Claisen condensation pathway (right). o-keto acids can be
converted to aldehydes by an a-keto acid decarboxylase (Kivd). Aldehydes can then be
converted to alcohols by an aldehyde dehydrogenase (AdhE) or to alkanes by an
aldehyde decarbonylase (colored blue). a-keto acids can be elongated by a LeuABCD
mutant to yield longer chain a-keto acids (colored green). The natural-occurring non-
decarboxylative Claisen condensation pathway is colored purple. The engineered
primers and extenders used in the non-decarboxylative Claisen condensation pathway
are colored grey.

Figure 2. Pathways for the production of fatty acid-derived biofuels. Native E. coli
fatty acid pathway is colored grey. The w-terminal structure control module is colored
red. The chain length control module is colored purple. The a-terminal structure control
is colored blue. FabH: B-keto-acyl-ACP synthase III; FabB: B-keto-acyl-ACP synthase
I; FabG: B-keto-acyl-ACP reductase; FabZ: B-hydroxyacyl-ACP dehydratase; Fabl:
enoyl-acyl-ACP reductase; FadD: acyl-CoA synthase; ACR: acyl-CoA reductase; AtfA:
wax-ester synthase; AAR: acyl-ACP reductase; ADO: aldehyde decarbonylase; ADH:
alcohol dehydrogenase; FAR: fatty acyl reductase.

Figure 3. Biofuels from the isoprenoid pathways. Mevalonate pathway is colored
light blue. MEP pathway is colored purple. AA-CoA: acetoacetyl-CoA; MVA:
mevalonate; MVAP: mevalonate-5-phosphate; MVAPP: mevalonate-diphosphate;
MEP:  2-C-methylerythritol-4-phosphate;  CDP-ME:  4-diphosphocytidyl-2-C-
methylerythritol; CDP-MEP: 4-diphosphocytidyl-2-C-methyl-D-erythritol-2-
phosphate; HMB-PP: (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate.



