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Abstract

Fatty acid metabolism has received significant attention as a route for producing high-energy
density, liquid transportation fuels and high-value oleochemicals from renewable feedstocks. If
microbes can be engineered to produce these compounds at yields that approach the theoretical
limits of 0.3-0.4 g/g glucose, then processes can be developed to replace current petrochemical
technologies. Here, we review recent metabolic engineering efforts to maximize production of free
fatty acids (FFA) in Escherichia coli, the first step towards production of downstream products.
To date, metabolic engineers have succeeded in achieving higher yields of FFA than any
downstream products. Regulation of fatty acid metabolism and the physiological effects of fatty
acid production will also be reviewed from the perspective of identifying future engineering
targets.
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Motivations for engineering fatty acid metabolism

Fatty acids are an integral component of living systems and have therefore been studied
from many perspectives. Physiological studies focus on fatty acids as a structural component
of cell membranes that provide barrier properties and are home to a wide range of metabolic,
regulatory, and transport functions [1]. In medicine, fatty acids are a component of lipid
signaling that controls cell processes in both healthy and diseased cells [2]. From a
biotechnology perspective, fatty acids are energy rich and are therefore incorporated into
intracellular lipid bodies (e.g., oils, fats) as a form of storage [3]. Recently, fatty acid
metabolism has received significant attention as a route for producing high-energy density,
liquid transportation fuels. In addition, microbially produced fatty acids are attractive
chemical feedstocks that could replace plant oils, especially in cases where specific chain
lengths or modifications (e.g., branches, desaturations) are desired. In the oleochemical
industry, FFAs (see Glossary) are precursors to compounds used as agrochemicals, biocidal
agents, textile processing agents, soaps, surfactants, and polymer additives [4-6]. Pathways
for producing many of these fatty acid derivatives intracellularly have recently been
elucidated and catalogued in reviews [7-10]. Briefly, fatty acids or fatty acyl thioesters can
be esterified to make triacylglycerides (TAG) and acetyl triacylglycerides [11,12], and fatty
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acid methyl/ethyl esters (FAMES/FAEES) [13-15]. Acyl thioesters can also be reduced to
alcohols [14,16-18], decarboxylated to yield a-olefins [19,20], reduced and deformylated to
yield alkanes [17], decarboxylated (from p-ketoacids) to form methyl ketones [21], oxidized
and polymerized to form polyesters [22], and condensed to form internal ketones and olefins
[23,24] (see Figure 1d in Box 1). Chemical catalysis has also been used to convert
microbially synthesized FFAs or TAGs to many of these compounds [25-27]. The challenge
in utilizing any of these pathways for industrial chemical production is optimizing their
function in a living cell, such that the yield of product approaches its theoretical limit. Here,
we review recent metabolic engineering efforts in the versatile bacterium E. coli to
maximize microbial production of FFA, which has advanced further than in vivo production
of fatty acid derivatives.

Box 1
Fatty acid metabolism in Escherichia coli
Synthesis of starter and extender units (Figurela)

Acetyl-CoA (Ac-CoA) is a central metabolite made from numerous carbon sources and
used in many biosynthetic pathways. In reaction (1), Ac-CoA is a substrate of acetyl-
CoA carboxylase (ACC) in the production of malonyl-CoA (Mal-CoA) which, in E. coli,
is exclusively consumed for FAB. ACC consists of four subunits, biotin carboxyl carrier
protein (AccB), biotin carboxylase (AccC), and acetyl CoA carboxytransferase
(heterodimer of AccA and AccD). Mal-CoA is converted to malonyl-ACP (Mal-ACP) in
reaction (2) by malonyl-CoA:ACP transacylase (FabD), and to the first f-ketoacyl-ACP
in the fatty acid elongation cycle (acetoacetyl-ACP—AA-ACP) in reaction (3) catalyzed
by Bketoacyl-ACP synthase 11l (FabH).

Synthesis of long-chain acyl-ACPs (Figure | b)

E. coli utilizes a type |1 fatty acid biosynthesis pathway wherein discrete enzymes
synthesize and reduce ketoacyl-ACPs. Acetoacetyl-ACP and subsequent ketoacyl-ACPs
are reduced by -ketoacyl-ACP reductase (4, catalyzed by FabG) to yield 3-hydroxyacyl-
ACP, which is dehydrated by Bhydroxyacyl-ACP dehydratase (5, FabZ) to yield enoyl-
ACPs that are reduced by enoyl-ACP reductase (6, Fabl). The resulting saturated acyl-
ACP is condensed with Mal-ACP by B-ketoacyl-ACP synthase | (FabB) or Il (FabF) in
reaction (7) to elongate the chain by two carbons. Cis-unsaturated fatty acids are formed
at the Cqq chain length by 3-hydroxydecanoyl-ACP dehydrase (FabA), which produces
both cisand trans species. FabB is essential for elongating cis-2-decenoyl-ACP, the
committed step in unsaturated FAB (8). The cycle continues until long-chain acyl-ACPs
are incorporated into phospholipids by acyltransferases (9, PIsB, PIsC, PIsX, PIsY).
Long-chain acyl-ACPs are also a key regulatory signal that reduces the activity of
reactions 1, 3, and 6 (red arrows).

Degradation of fatty acids via B-oxidation (Figure Ic)

FFAs are activated for $-oxidation by acyl-CoA synthetase (11, FadD, FadK). A
catabolic oxidation cycle consisting of dehydrogenation by FadE (12), hydration and
dehydrogenation by FadB or FadJ (13/14), and thiolation with CoA by FadA or Fadl (15)
completes one turn of the cycle and generates one molecule of acetyl-CoA.

Conversion of acyl-thioestersand FFAsto final products (Figureld)

Acyl-ACP thioesterases (Box 2) hydrolyze thioester bonds to produce FFAs. Routes for
converting FFAs to esters and alkanes ex vivo and aolefins in vivo have been
demonstrated. In addition to phospholipids and FFAS, acyl-ACPs are converted to a-
olefins, fatty aldehydes, fatty alcohols, and alkanes via distinct metabolic pathways.
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Acyl-CoAs made from FFAs are the starting point for synthesis of phospholipids, oils,
waxes, esters, ketones, olefins, aldehydes, alcohols, and alkanes. Intermediates in f-
oxidation provide the substrates for making bioplastics [e.g., enoyl-CoAs to
polyhydroxyalkanoates (PHA) via 3- hydroxyacyl-CoA] and methyl ketones (via
ketoacyl-CoAs).
(a) Synthesis of initiation and elongation units
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(d) Conversion of fatty acids and acyl-thioesters to products
Figurel.
Metabolic pathways for biosynthesis of fatty acids (a,b), B-oxidation (c), and production
of high-value chemicals from intermediates in fatty acid metabolism (d).

Brief review of fatty acid metabolism

Fatty acid biosynthesis (FAB) and degradation (B-oxidation) are best understood in E. coli
where decades of research have been well summarized in reviews [28-30]. The pathways
for FAB and B-oxidation are detailed in Box 1 and Figure la—c. Briefly, fatty acids are made
via an iterative reduction cycle that operates on acyl carrier protein (ACP) thioesters. In each
iteration, two carbons (acetate) are added from malonyl-ACP to a growing acyl-chain and
the resulting p-keto group is reduced to a saturated methylene. The process continues until
long-chain acyl-ACPs (primarily C16:0, C16:1, C18:1) are incorporated into phospholipids
by acyltransferases or converted to other metabolites (e.g., FFAs, fatty aldehydes, olefins;
see Figure Id in Box 1). E. coli can also scavenge FFASs and use them as a sole carbon
source by generating acetyl-CoA via the foxidation pathway [30]. This cycle operates
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similar to FAB, but in reverse, removing one acetyl-CoA per turn. In contrast to fatty acid
synthesis, p-oxidation operates on acyl-CoA thioester intermediates instead of acyl-ACP
thioesters. The first step of B-oxidation is activation of FFAs to acyl-CoA by acyl-CoA
synthetases (e.g., FadD). Acyl-CoAs are also the starting point for synthesizing many
attractive oleochemical products including FAEEs, bioplastics, oils, fatty alcohols, alkanes,
ketones, and olefins (see Figure Id in Box 1).

Regulation of fatty acid biosynthesis and degradation

In E. coli, the key regulatory signal for controlling FAB is long chain acyl-ACP. The initial
connection came from an observation that cultures starved of glycerol (to limit phospholipid
biosynthesis) exhibited a decreased rate of acyl-ACP synthesis [31]. FAB was also shut
down when the stationary phase alarmone guanosine tetraphosphate (ppGpp) accumulated
via ppGpp inhibition of sn-glycerol-3-phosphate acyltransferase (PIsB) [32]. These
observations suggested a product-regulated control point for FAB. Concomitantly, flux
through FAB was found to be increased by overexpression of a cytosolic form of E. coli
thioesterase | (TesA") [31], which hydrolyzes both acyl-CoAs and acyl-ACPs to generate
FFAs and consequently depletes long chain acyl-ACPs [33]. When heterologously
expressed, many other acyl-ACP thioesterases generate the same effect (Box 2). Therefore,
it was postulated that acyl-ACPs feedback inhibited enzymes in FAB. In vitro studies later
confirmed that acyl-ACPs directly inhibit acetyl-CoA carboxylase (ACC) [34] and to lesser
degrees [3-ketoacyl-ACP synthase 11l (FabH) and enoyl-ACP reductase (Fabl) [35].

Box 2
Acyl-ACP thioesterases

Expression of an acyl-ACP thioesterase is critical for producing FFAs in E. coli for
several reasons. First, it provides the catalytic link between FAB and a product sink.
Second, it depletes long-chain acyl-ACPs, the key regulatory signal in E. coli, thereby
increasing flux through FAB. Last, the substrate specificity of a thioesterase determines
the distribution of product chain lengths similar to the manner in which the composition
of plant seed oils is determined. In plants, fatty acids are synthesized in the chloroplast,
whereas lipid synthesis occurs in the cytoplasm [68]. Acyl-thioesters cannot cross the
plastid membrane, so thioesterases cleave acyl-ACPs of a desired length to enable
transport. Plant thioesterases fall into two classes based on homology to enzymes from
Arabidopsis thaliana. FatA isoforms target unsaturated acyl chains, particularly oleoyl-
ACP (18:1A9). Conversely FatB isoforms target saturated acyl chains [69]. As expected,
most thioesterases exhibit the highest specificity towards C15—C1g acyl-chains,
corresponding to the most abundant acyl-ACPs. Other seed oils are enriched in medium-
length acyl chains and thioesterases have been isolated with the corresponding
specificity.

Bacteria also possess hundreds of annotated acyl-ACP thioesterases that were
uncharacterized prior to a recent study in which activity was studied by heterologous
expression in E. coli [70]. Although many appeared to express poorly, functional
thioesterases hydrolyzed a wider range of acyl groups. Most commonly, 8:0, 12:0, 12:1,
14:0, and 14:1 FFAs were detected, with some thioesterases producing significant
amounts of butyric and hexanoic acids as well. E. coli possesses two native thioesterases,
thioesterase | (TesA) and Il (TesB), which predominantly cleave acyl- CoAs but also
acyl-ACPs with much lower activity in vitro [71]. TesA is a periplasm-directed enzyme
that probably does not have access to acyl-CoA or acyl-ACP species. Deletion of a 5
leader peptide region traps TesA in the cytosol (TesA’), where it hydrolyzes
predominantly C14 and Cyg, and a smaller amount of C1, saturated and unsaturated acyl-
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ACPs in B-oxidation deficient strains [47]. The physiological roles of both TesA and
TesB remain unknown.

Thioesterases have evolved to produce both narrow (e.g., UCTE produces 80% C15, 20%
C14 FFA) and broad ranges of FFA products. Methods for modulating chain length
specificity have been reported in the patent literature and elsewhere [48,72]. Structural
determination and comparative analysis of acyl-ACP thioesterase structures are likely to
contribute to protein engineering efforts targeted at controlling product chain length,
particularly for medium chain length products.

Identifying the rate-limiting step in FAB would be highly valuable to engineering strains for
FFA production. Unfortunately, few kinetic parameters have been determined due to the
dozens of acyl-ACP intermediates (saturated-, cis- and trans-enoyl-, -keto-, and p-hydroxy-
containing 4-18 carbons) and the difficulty in quantifying the protein-bound substrates and
products. Furthermore, the full spectrum of acyl-ACP-mediated inhibition of all enzymes in
FAB has yet to be determined. Despite the lack of kinetic data, candidate rate-limiting steps
have been identified by both in vivo and in vitro experiments. Co-overexpression of TesA’
and ACC resulted in higher levels of FFA production than overexpressing TesA’ alone;
suggesting that malonyl-CoA synthesis was a rate-limiting step under these conditions [36].
In vitro reconstitution of a full cycle of FAB from acetyl-CoA and malonyl-CoA to butyryl-
ACP (using purified FabD, FabH, FabG, FabZ, and Fabl) concluded that Fabl catalyzed the
rate-limiting step [37]. A more detailed in vitro reconstitution that also included FabB, FabF,
FabA, and TesA’ to allow consecutive elongation cycles and a product sink for acyl-ACPs
revealed that only Fabl and FabZ enhanced the rate of fatty acid production in a dose-
dependent manner [38].

Transcriptional and translational regulation of FAB is not completely understood. Two
transcriptional regulators, FabR and FadR, are involved in controlling unsaturated FAB and
-oxidation [39], but a transcription factor has not been associated with controlling
expression of genes encoding all FAB enzymes. This is in contrast to other bacteria (e.g.,
Bacillus subtilis and Streptococcus pneumoniae) where transcription factors have more
universal control over expression of FAB genes [40]. In E. cali, the genes encoding ACC are
located in three distal operons (accA, accBC, and accD). Levels of all four ACC subunit
transcripts have been found to correlate with growth rate [41], similar to the overall rate of
FAB. This finding further supports the role of ACC as a primary gatekeeper of FAB. It is
also known that AccB autoregulates transcription of accBC, most likely by DNA binding
within its promoter region [42]. Furthermore, translation of accD and accA is autoregulated
by RNA binding to the AccAD complex, thereby providing feedback control of translation
[43]. However, beyond these connections, the regulation of ACC is poorly understood.
Given the key role of malonyl-CoA synthesis, understanding the regulation of ACC, and
how it coordinates with the remainder of FAB, warrants further investigation.

Current state of metabolic engineering for FFA production

In order to meet low price targets, the key metrics for judging FFA production are yield (g
product per g substrate) and productivity (g product per volume per time). Feedstock costs
are predicted to contribute a large percentage of total costs for producing chemicals from
biomass [44]. Yield and product price sets the maximum price that can be paid for
feedstock. This relationship helps to explain why only processes for producing high-value
products such as omega-3 polyunsaturated fatty acids have been successfully
commercialized to date. The maximum theoretical yield (TY) of Cq5, C14, and Cqg FFAS, as
determined by constraint-based modeling using the iAF1260 metabolic reconstruction of E.
coli, [45] range from 0.3 to 0.4 g FFA/g carbon source (Table 1). Although no study has
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achieved 90% TY, recent studies have shown significant advances and identified novel
targets for further engineering. Productivity is also an important characteristic because many
oleaginous, high yielding species such as algae and yeasts often require long periods of time
to accumulate lipid. These long timescales would require capital expenditure for either
larger reactor volumes or a larger number of reactors to meet demand. Rapid rates of growth
and fatty acid synthesis are advantages that support E. coli as a host for metabolic
engineering. However, significant work will be required to achieve yields comparable to
native lipid-accumulating organisms such as Yarrowia lipolytica [12]. The remainder of this
review will highlight recent progress and speculate on future directions.

Early studies of thioesterase expression in [3-oxidation-deficient E. coli achieved low titers
of FFA (less than 0.3 g/l), where reported. These studies were designed to characterize the
substrate specificity of plant acyl-ACP thioesterases or to explore regulation of FAB, and
did not report yields or pursue strain optimization. In the first report of a concerted
metabolic engineering effort to maximize production of FFA [46], three modifications were
made based on knowledge of fatty acid regulation in E. coli: elimination of f-oxidation
(AfadD); overexpression of two thioesterases (TesA’ and FatB1 from Cinnamomum
camphorum, CcTE); and overexpression of E. coli ACC. An optimized (induction,
temperature) combination of these modifications yielded a 19-fold increase in total fatty
acids compared to the original strain. The fatty acid profile consisted predominantly of
saturated and unsaturated C14—C1g Species on account of the substrate specificities of TesA’
and CcTE [47,48]. Increased yields were achieved by altering expression levels of TesA’
and CcTE in an ACC-overexpressing AfadD strain (from 0.38 to 0.94 g/l) in a rich batch
culture [49]. A fed-batch culture in a defined glycerol-supplemented medium, achieved a
titer of 2.5 g/l and a yield of 0.048 g FA/g glycerol, representing 12.8% TY. Many
subsequent studies utilized similar sets of genetic modifications (Table 2). In general, most
strains overproduced FFAs in the C1,—Cqg range. Some report total fatty acid yields
including bound lipids, and others report strictly FFA titers, depending on the analytical
work-up procedure employed. TYs in Table 1 were used to normalize each study and enable
a straightforward comparison.

One of the advantages of using E. cali as a platform for producing fatty acids is the ability to
target different chain length products. E. coli uses a Type 1l FAB system in which
intermediates are accessible. By contrast, fungi, animals, and some bacteria use a Type |
system where all catalytic activities are located in a single megasynthase complex that
prevents access to intermediates and generates a narrow range of fatty acid products [50].
Although abundant in many organisms, long chain (C1g—C1g) fatty acids and corresponding
downstream products have properties that are incompatible with cold temperature
applications. For this reason, several groups have targeted production of shorter products.
For example, medium-chain length FFA were produced by expressing the FatB acyl-ACP
thioesterase from Umbellularia californica (UcTE), which acts on predominantly saturated
C12 acyl-ACPs, and to a lesser degree unsaturated Cq, and saturated and unsaturated C14
acyl-ACPs [51]. Titers of ~0.8 g/l in a rich undefined medium were reported (maximum
42% TY) when UcTE and ACC were overexpressed in a AfadD derivative of MG1655 [26].
An improved production strain harboring three chromosomal integrations of UCTE under
control of the IPTG-inducible trc promoter in the fadD, fadE, and fadAB loci [52] achieved
16% TY in a batch culture and 20% TY in a chemostat operating with a dilution rate of 0.05/
h [52].

The aforementioned studies demonstrate that thioesterase expression is a key step in
producing FFA in E. coli. In general, higher titers were achieved in strains that maintained
lower levels of thioesterase expression when using plasmid copy number [26] or promoter
strength [49,53] to vary expression levels. When cell-free lysates or an in vitro reconstituted
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FAB system were supplemented with high concentrations of TesA/, rates of FFA production
were inhibited [38,49]. Surprisingly, titration of CcTE to cell-free lysates resulted in no
inhibition [49] indicating that this effect is thioesterase-specific. Interestingly, titration of the
non-functional TesA’-S10A active site mutant enhanced FAB activity in the in vitro system
when functional TesA’ was also present, suggesting a possible activity in sequestration of
certain acyl-ACP intermediates [38]. Supporting this hypothesis, matrix-assisted laser
desorption/ionization- time of flight (MALDI-TOF) analysis of acyl-ACP species present in
an invitro FAB reaction mixture containing TesA’ revealed a higher abundance of Cg, Cqp,
C16, and Cyg chain lengths. As mentioned above, depletion of long-chain acyl-ACP pools
via thioesterase activity derepresses enzymes leading to elevated flux through FAB. The
decreased titers observed in strains with high levels of thioesterase expression could be due
to depleting acyl-ACP pools to the point where lipid biosynthesis and cell growth are
impaired or to physiological defects caused by elevated rates of FFA biosynthesis.
Optimizing thioesterase expression and addressing the unintended consequences of
modulating acyl-ACP pools will be critical steps towards developing commercial production
strains. For example, a recent study reported a 3.8 g/l titer of FFAs over the course of 72 h in
which the only modification to a prior study [14] was the use of a low copy vector for the
thioesterase [54]. Although maximizing FFA production was not the objective of this study,
it represents 56% TY, the highest yet achieved via FAB.

Blocking FFA consumption and optimizing thioesterase expression are two critical steps
required for FFA production in E. coli but result in yields that remain less than 50% TY in
most cases. Many studies have co-overexpressed additional FAB enzymes in attempt to
identify and circumvent rate-limiting steps. Many of the steps in FAB are reversible and an
effort to overexpress enzymes (FabG, FabZ, and Fabl) that catalyze these reactions resulted
in a modest improvement in titer (from 0.45 to 0.65 g/l) [38] from batch LB cultures using a
AfadE strain expressing TesA’ and CcTE. In many organisms, the irreversible synthesis of
malonyl-CoA by ACC is a key regulatory point. Overexpression of E. coli ACC in UcTE-
expressing strains resulted in little to no increase in FFA titers at most sampling times
[26,55]. Supporting this result, malonyl- ACP, an intermediate one step downstream of the
ACC reaction, was found to accumulate in another E. coli strain expressing UcTE during the
exponential phase [56]. By contrast, a 24% increase in molar titer was reported from
additional overexpression of ACC in a strain harboring CcTE [46], and a sixfold increase in
FFA production was demonstrated when ACC was overexpressed in a TesA’ expressing
strain [36], suggesting that ACC catalyzes the rate-limiting step in these systems. The latter
experiment was performed using radiolabeled substrates over a short period of time and final
FFA titers were not reported. Expression of UCTE in E. coli leads to increased levels of at
least one key ACC subunit, biotin carboxyl carrier protein (AccB) [55,56], which could
partially explain this thioesterase-specific effect. VVariations in thioesterase expression and
activity, as well as the specific profiles of accumulating inhibitory acyl-ACP intermediates
(as inferred by [38]) could also be responsible for these disparate observations. Further
investigation of the dynamic interplay of thioesterase expression, accumulating acyl-ACP
pools, and regulation of ACC would be valuable toward discovering rate-limiting steps in
FFA production in vivo.

In an effort to determine whether cofactor or enzyme levels constituted bottlenecks to FFA
production, FAB substrates were titrated into cell-free lysates of an E. coli AfadD strain

[49]. Titration of NADPH resulted in an apparent Ky, of 35 pM, well below typical
intracellular levels, indicating that NADPH levels are not limiting. Titration of both
malonyl-CoA and ACC from Mycobacterium tuberculosis increased fatty acid productivity
(it was unclear if a thioesterase was supplied to provide a product sink). The apparent K, for
malonyl-CoA (15.7 pM) exceeded measured intracellular concentrations, thus it was
concluded that malonyl-CoA could be limiting. It should be noted that in the absence of a
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product sink, the apparent K., may be increased by allosteric inhibition of ACC with acyl-
ACPs. In a subsequent in vitro FAB reconstitution (with supplied TesA") study [38], the
same initial rates of FFA biosynthesis were observed with the addition of 0.3 mM and 1.5
mM malonyl-CoA, suggesting that malonyl-CoA was not limiting.

Recent efforts to improve malonyl-CoA availability for metabolic engineering of flavonoid
and polyketide biosynthesis have targeted heterologous expression of ACC and biotin ligase
[57,58], deletion of acetate kinase (ackA) and phosphotransacetylase (pta) involved in
acetate formation, deletion of alcohol dehydrogenase (adhE), and overexpression of acetyl-
CoA synthetase (Acs) [59], and other targets determined by metabolic network modeling
[60,61]. Although these strategies were successful in increasing malonyl-CoA levels and
flavonone titers, each were lower on a carbon-basis than FFA titers achieved by thioesterase
expression. Many of these strategies have also proven ineffective for improving FFA yields
both in our laboratory and others [49,62], indicating that acetyl-CoA consumption is not a
limiting factor. This is consistent with the observation that acetate accumulation is greatly
decreased in E. coli expressing acyl-ACP thioesterase from Ricinus communis (RcTE) [62].

A promising alternative route for producing FFAs and chemical derivatives involves
reversing pB-oxidation, such that it operates anabolically rather than in the usual catabolic
direction [63]. The pathway is possible because of the reversibility of FadA and the two
reactions catalyzed by FadB. This pathway is advantageous because it eliminates the need
for ATP in synthesizing malonyl-CoA, thereby increasing TYs under both aerobic (~7%)
and anaerobic (~38%) conditions. Recently, a highly engineered strain was designed to
overexpress p-oxidation enzymes, prevent alternative fermentative pathways, and block re-
uptake of FFA (AfadD). When FadA, FadB, and various acyl-CoA thioesterases were
expressed, high titers of C1~C1g FFAS were observed (Table 2). Interestingly, fadE was not
deleted and YdiO, which was suggested experimentally to catalyze reduction of enoyl-
CoAs, was not overexpressed. In shake flask cultures, up to 85% TY (for traditional FAB)
was attained on the basis of the glucose consumed by a thioesterase-expressing strain
approaching levels required for commercialization. Of note was the addition to the
bioreactor medium of 1 mM betaine, an osmolyte that has previously been shown to greatly
improve microbial production of lactate [64].

Effects of FFA production on physiology of E. coli

Given that hydrophobic solvents can have a severe, negative impact on microbial physiology
[65,66], additional effort may be needed to engineer stable FFA producers. An extensive
literature exists on the antibacterial properties of FFAs [4]. Many attempts have been made
to correlate FFA antibacterial activity with chain length and degree/position of unsaturation,
however a lack of standardized testing methodology renders the interpretation difficult. In
general, unsaturated FFAS appear more potent against a range of microorganisms than
saturated species, and amongst saturated species, Cqqg to C14 FFAS exhibit the most
commonly cited activities against bacteria. The modes of action are largely membrane-
associated and include: disruption of the electron transport chain due to displacement or
impaired function of electron carriers, uncoupling of oxidative phosphorylation via
dissipation of proton motive force due to FFAs flipping across the membrane and acting as
proton carriers, or from direct inhibition of ATP synthase, and cell lysis due to membrane
intercalation resulting in the formation of pores.

Although many effects of exogenous FFA addition are known, the effects of endogenous
production are less characterized and expected to be more severe given the higher local
concentration. In a direct comparison, a lower degree of cell lysis and lower loss of viability
was observed from exogenous addition of lauric acid than from endogenous production
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using UcTE [55]. Transcript and protein expression profiling revealed activation of the
phage shock regulon and increased expression of NADH dehydrogenase | and cytochrome
bos oxidase, indicative of uncoupling of oxidative phosphorylation and impairment of
aerobic respiration [55]. Induction of toxic small molecule and oxidative stresses (MarA/
Rob/SoxS regulons) was also observed. Identifying transporters capable of increasing

transport of FFA (and reduced derivatives) across the cell membrane may be key to reducing

or eliminating these stresses (see Figure | in Box 3).

Box 3

Future directions for improving fatty acid production

Given the current understanding of FAB in E. coli, four areas warrant pursuit.

Increase export rates. Despite the fact that FFA are predominantly found
extracellularly, FFA export is poorly understood. The boundary of E. coli
consists of an inner membrane, periplasm, and outer membrane (Figure I). For
FFA to exit without the help of transporters, a molecule must (1) insert into the
inner membrane, (2) flip across to the outer leaflet, (3) leave the inner
membrane, (4) diffuse (bypassing the peptidoglycan layer) to, and (5) insert into
the outer membrane, (6) flip to the outer leaflet, and (7) exit the
lipopolysaccharide layer into the environment. Although a FFA exporter has not
yet been identified in E. coli, transport proteins that span all three layers (I,
green), the inner membrane (l1, red), or the outer membrane (111, orange) may
facilitate this process. Import of FFA across the outer membrane (I11) is
facilitated by FadL [30]. Lipopolysaccharide precursor, lipid A is exported to
the periplasm (I1) by MsbA [73]. Hydrophobic drugs and toxins are exported (I)
by transporter complexes such as AcrAB/TolC [74]. Once exporters are
identified, strains could be engineered to increase efflux rates and avoid toxic
effects of desired products [75].

Regulate membrane saturation. E. coli uses a unique pathway that branches at
Cqo-acyl-ACP for synthesizing unsaturated fatty acids (Figure Il). (a) Flux
through the unsaturated branch is controlled by the relative amount of
unsaturated long-chain acyl- ACP via FabR. When a thioesterase is expressed,
the pools of long-chain acyl-ACP are modified. (b) If the thioesterase primarily
acts on saturated acyl-ACPs, the ratio of saturated to unsaturated long-chain
acyl-ACPs available for incorporation into phospholipids can be significantly
altered despite the presence of FabR [51,55]. (¢) When the substrate specificity
is relaxed, the effect is dampened. Given the impact of membrane unsaturation,
efforts to control membrane content could have a strong impact on cell
physiology.

Address metabolic and regulatory bottlenecks. Despite significant effort, the
barriers that prevent FFA production from approaching TYs remain unknown.
Once found, incorporation of genetic manipulations that circumvent these
barriers should improve FFA yields. In addition, studies that facilitate anaerobic
production of FFA or reduced products could reduce operating costs associated
with aeration. Future directions include:

o Overexpression of limiting enzymes from metabolic modeling and
biochemistry studies

» Engineer a stable stationary phase metabolism wherein carbon is
directed solely to FFA production and not biomass
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In the same study, thioesterase expression also resulted in elevated (~60%) unsaturated fatty
acid content in the membrane [51,55]. The elevated unsaturated content observed in UcTE-
expressing cells occurred despite strong transcriptional repression of fabA and fabB, perhaps
indicating a metabolic incapability to maintain membrane lipid homeostasis in the face of
altered acyl-ACP pools. The degree to which a thioesterase alters membrane composition
appears to be directly correlated to its substrate specificity, resulting in disparate effects (see
Figure Il in Box 3). For instance, expression of the FatA type thioesterase from Helianthus
annuus in E. coli, which predominantly cleaves unsaturated Cqg and C4g acyl-ACPs
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increased the saturated phospholipid acyl content by approximately 5% [67].
Overexpression of a cytosolic form of E. coli thioesterase | (TesA”), which was reported to
generate a FFA distribution of approximately 54% unsaturated and 46% saturated, also
resulted in a 7.5% reduction of unsaturated and cyclic phospholipid acyl group content [47].
Given the strong impact of unsaturated content on membrane properties (e.g., temperature
and membrane fluidity), developing strategies for maintaining proper membrane
composition may be vital for the stability of industrial FFA producers.

Concluding remarks and future perspectives

Update

Fatty acid biosynthesis is a promising pathway for producing next-generation biofuels and
high-value oleochemicals. Significant progress has been made in engineering E. coli for
production of FFA, a central intermediate in the production of these targeted compounds.
Although yields of FFA are not yet above desired targets (>90% TY), many strategies that
combine blocking FFA consumption and optimal thioesterase expression can achieve 50%
TY. Conversely, the production of reduced products has not advanced as far [8]. Lower
titers are likely to be the result of new challenges such as balancing additional enzymes,
energy (ATP), and reducing power (NADH) needed on top of those targeted for FFA
production. Alternatively, the presence of futile cycles (e.g., thioesterase activity on acyl-
CoAs), product toxicity, and/or product accumulation could reduce final yields. Despite
these challenges, efforts to commercialize microbial production of reduced fatty acid
derivatives are being pursued in both industrial and academic groups. Future efforts in E.
coli and other organisms (e.g., cyanobacteria, yeast, Pseudomonas, Bacillus, and
Lactobacillus) will benefit from further study of FAB regulation and how it compares to E.
coli. Identifying metabolic bottlenecks (e.g., carbon uptake and utilization) and designing
optimal cultivation strategies (e.g., fed batch strategies or designing a stable stationary
phase) for producing FFA from renewable carbon sources are obvious targets for improving
yields. In addition, further studies to mitigate product toxicities and enhance the catalytic
activity of pathway enzymes are warranted. Many of these challenges will also be faced by
groups engineering other secondary metabolite pathways such as isoprenoids and
polyketides.

Recently, plasmid based expression of FadR, a known repressor of foxidation and activator
of unsaturated fatty acid biosynthesis, was shown to activate additional genes in saturated
fatty acid biosynthesis (Zhang et al., Metabolic Engineering, in press). Co-expression of
FadR and TesA’ in E. coli DH1 resulted in FFA production greater than 70% TY in minimal
media, whereas co-expression of TesA’ with individual genes upregulated by FadR did not.
These findings strongly motivate further study into the modes of FadR regulation.
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Glossary
Acetyl-CoA a multi-enzyme complex comprised of four protein subunits in
carboxylase (ACC) E. cali (AccA, AccB, AccC, AccD). The ACC complex

catalyzes the carboxylation of biotin and transfer of a carbon
dioxide from carboxybiotin to acetyl-CoA to yield malonyl-
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CoA, the direct precursor to the elongation unit used to extend
fatty acid chains

Acyl carrier protein a small (78 kDa in E. coli), abundant protein that is linked to

(ACP) intermediates in FAB by a post-translationally added
phosphopantetheine group. ACP functions as a scaffold for
shepherding intermediates between catalytic enzymes in FAB

Fatty acid used to represent the collection of reactions and enzymes

biosynthesis (FAB) responsible for synthesizing fatty acids from acetyl-CoA
including synthesis of starter and elongation units, the iterative
cycle of chain elongation, and reduction

Fatty acid methyl/ molecules that when blended are commonly referred to as

ethyl esters (FAMEY biodiesel. FAMEs are made by esterifying a fatty acid with

FAEES) methanol and FAEE are made by esterifying a fatty acid with
ethanol

Freefatty acid(s) non-esterified carboxylic acids containing acyl chains ranging

(FFA) from four (butyric) to 18 (stearic) carbons. FFA are produced by
enzymatic cleavage of lipids and acyl-thioesters in the cell

Theoretical yield (TY) the maximum possible yield of product from a given feedstock
within the context of the cellular network of biochemical
reactions

Triacylglycerides a common energy storage molecule comprised of a central

(TAG) glycerol esterified to three fatty acids. TAG derived from plant,

algae, and animal sources are currently used as a starting
material for biodiesel synthesis
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Table 1

Calculated maximum TYs of selected FFAs on renewable carbon sourcesP?

TY (g FFA per g carbon source)
FFA Glycerol | D-Glucose | D-Xylose | L-Arabinose
Lauric (12:0) 0.39 0.35 0.29 0.29
Myristic (14:0) 0.38 0.34 0.29 0.28
Palmitic (16:0) 0.37 0.34 0.28 0.28
Lauroleic (12:1A5) 0.40 0.37 0.31 0.30
Myristoleic (14:1A7) | 0.39 0.35 0.30 0.29
Palmitoleic (16:1A9) | 0.38 0.35 0.29 0.28

a\/alues were calculated by constraint-based modeling using the iAF1260 metabolic network reconstruction of E. coli with reactions added to
enable extracellular transport of all listed FFA species and hydrolysis of acyl-ACP species. Maximization of extracellular FFA flux was performed,
with reactions catalyzed by PIsB constrained to zero flux to force FFA formation by hydrolysis of acyl-ACPs.

bIt should be noted that the theoretical mass yields presented here do not reflect the yield of chemical energy, which is significantly higher. For
example, theoretical conversion of 2.83 mol of glucose to 1 mol of lauric acid, 5 mol of CO2, and 5 mol of H20 has an enthalpy of reaction of —
558 kcal/mol based on standard heats of formation. This represents retention of 84% of the enthalpy in the glucose. This compares favorably with
the case of ethanol production in which 94% of the enthalpy is retained.
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