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ABSTRACT: While we have recently constructed a functional reversal of the f-oxidation )‘L o

cycle as a platform for the production of fuels and chemicals by engineering global regulators rcophon

and eliminating native fermentative pathways, the system-level approach used makes it ) )‘L R
difficult to determine which of the many deregulated enzymes are responsible for product “} ;‘C")_Acyf_;A o

synthesis. This, in turn, limits efforts to fine-tune the synthesis of specific products and o o R
prevents the transfer of the engineered pathway to other organisms. In the work reported A o
here, we overcome the aforementioned limitations by using a synthetic biology approach to S

construct and functionally characterize a reversal of the $-oxidation cycle. This was achieved

(Cos2)-Acyl-CoA

%2“”

2

through the in vitro kinetic characterization of each functional unit of the core and oo - 0
termination pathways, followed by their in vivo assembly and functional characterization. Ll o -y RT/\‘)ks/w
With this approach, the four functional units of the core pathway, thiolase, 3-hydroxyacyl- -
CoA dehydrogenase, enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydratase, and acyl-CoA \/

H,0

dehydrogenase/trans-enoyl-CoA reductase, were purified and kinetically characterized in
vitro. When these four functional units were assembled in vivo in combination with thioesterases as the termination pathway, the
synthesis of a variety of 4-C carboxylic acids from a one-turn functional reversal of the S-oxidation cycle was realized. The
individual expression and modular construction of these well-defined core components exerted the majority of control over
product formation, with only highly selective termination pathways resulting in shifts in product formation. Further control over
product synthesis was demonstrated by overexpressing a long-chain thiolase that enables the operation of multiple turns of the
reversal of the f-oxidation cycle and hence the synthesis of longer-chain carboxylic acids. The well-defined and self-contained
nature of each functional unit makes the engineered reversal of the f-oxidation cycle “chassis neutral” and hence transferrable to
the host of choice for efficient fuel or chemical production.
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he exploitation and engineering of biological systems regulatory system, enabled the constitutive expression of all

enabling carbon-chain elongation has garnered significant enzymes in the f-oxidation cycle in the absence of its natural
attention in recent years due to the growing demand for the substrate (fatty acids).® Since several operons encoding f-
development of new technologies capable of producing oxidation cycle enzymes are also activated by the cyclic-AMP
advanced (long-chain) fuels and chemicals from renewable (cAMP) receptor protein (CRP)-cAMP complex and hence
materials.' " While the use of the fatty acid biosynthesis repressed by the presence of alternative carbon sources, we
pathway has attracted the most attention,”” a recently replaced the native crp gene with a cAMP-independent mutant
engineered reversal of the p-oxidation cycle shows great (crp*) that confers a derepressed phenotype. Finally, since the
promise as a metabolic platform for the synthesis of alcohols anaerobic/microaerobic conditions used in the production of
and carboxylic acids of varying carbon lengths and function- fuels and chemicals would lead to ArcA-mediated repression of
alities.® In contrast to the fatty acid biosynthesis pathway, this most operons encoding the f-oxidation cycle, the arcA gene
pathway operates with coenzyme A (CoA) intermediates and was deleted.® These system-level manipulations were then
directly uses acetyl-CoA for acyl-CoA chain elongation, combined with a small set of local perturbations (elimination of
characteristics that could enable product synthesis at maximum native fermentation pathways and expression of selected
carbon and energy efficiency.” termination pathways) to achieve the synthesis of desired

Our previous work on engineering a functional reversal of
the f-oxidation cycle in Escherichia coli focused on a top-down/
system-level strategy that involved the manipulation of several
global regulators.® A mutation that rendered FadR nonfunc-
tional, in combination with a mutation in the cytoplasmic Received: August 29, 2012
response regulator AtoC of the AtoSC two-component Published: October 16, 2012

products. While effective, this system-level approach has some
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limitations due to the ill-defined nature of the individual
components of the engineered pathway. This, in turn, limits the
ability to effectively manipulate such individual components to
fine-tune the synthesis of specific products and prevents the
transfer of the engineered pathways to other host organisms
(i.e, “equivalent” global regulators would need to be
engineered in other hosts to implement a functional reversal
of the f-oxidation cycle).

In order to overcome the aforementioned limitations, the
approach taken here focuses on a synthetic biology strategy in
which the target pathway is built from well-defined and self-
contained functional units that can be assembled in different
combinations to achieve the synthesis of a wide array of
products. This bottom-up approach implies that an effective
design is created through the assembly of pre-defined
components or building blocks (ie., each functional units/
enzymes composing the pathway).” Thus, the reconstruction of
a functional reversal of the p-oxidation cycle can be
accomplished without engineering global regulators and
hence creating a “clean” platform that can be readily transferred
to other hosts/organisms.

The implementation of the above approach entails (i) in vitro
kinetic characterization of individual components of the
pathway and (ii) in vivo assembly and characterization of the
functional pathway. To this end, suitable enzyme(s) for each
functional unit comprising the thiolase, 3-hydroxyacyl-CoA
dehydrogenase, enoyl-CoA hydratase/3-hydroxyacyl-CoA de-
hydratase, and acyl-CoA dehydrogenase/trans-enoyl-CoA
reductase elements of the core pathway (Figure 1) were
purified and tested through in vitro kinetic characterization. We
initially focused our efforts on a one-turn reversal of the f-
oxidation cycle as the basic platform but selected enzymes that
could also serve as a functional component of a multiple turn
cycle reversal. While these four principle components
encompass the entire reversal of the f-oxidation cycle, product
synthesis also requires the integration of a termination pathway
into the modular framework. In order to provide a functional
assessment of each core unit as the pathway is built,
thioesterases capable of converting each CoA pathway
intermediate into their respective carboxylic acid counterpart
were selected and utilized as the termination pathway(s). This
approach enabled the use of carboxylic acids as proxy for
product synthesis (e.g., 4-C carboxylic acids produced during a
functional one-turn reversal of the S-oxidation cycle).

Once identified and characterized, the assembly and in vivo
characterization of each functional unit of the core pathway was
conducted. We selected E. coli as the initial chassis for pathway
assembly due to its advantageous traits for industrial biofuel and
biochemical groduction10 and as a chassis for synthetic biology
applications.” In addition, to demonstrate the feedstock-
independent nature of the functional components (i.e., only
requires the generation of acetyl-CoA from a given carbon
source), glycerol was selected as the carbon source. Finally, the
metabolism of E. coli was reprogrammed and tailored for the
synthesis of 4-C and longer-chain products through local
perturbations and the modular assembly of each individual
component.

B RESULTS AND DISCUSSION

Design of a Functional Reversal of the f-Oxidation
Cycle and in Vitro Characterization of Its Functional
Units. A functional reversal of the f-oxidation cycle results in
the two-carbon elongation of an acyl-CoA intermediate per

542

o OH
P )S(O' S T 2 HO OH
A\l
o 2 ATP 4 NADH glycerol
pyruvate
2CoA 2CoA

Pyruvate Formate
Lyase

Pyruvate DeHydrogenase

2 formate 2 CO, 2 NADH
o o FadM, TesA,TesB, CoOA °
YbgC, YciA, Ydil
M gcon + I con g . 2 A
thioesterase
acetyl-CoA acetate
H,0
AtoB, FadA tu’olase
CoA CoA
o O ) o o
S/COA thioesterase )I\/”\o.
acetoacetyl-CoA H,O 3-oxobutyrate
NADH hydroxyacyl-CoA
FadB
dehydrogenase
CoA
OH O OH O
T C A i
/\)J\S’ ° (thioesterase /\)J\O‘
(8)-3-hydroxybutyryl-CoA H,0 (S)-3-hydroxybutyrate
FadB

enoyl-CoA hydratase
H,0
CoA

[e] [e]

A\)J\S/CM /\)J\o-

( thioesterase

crotonoyl-CoA crotonate

FADH, NADH H0
enoyl-CoA
YdiO,FadE \i reductase| egTER
le) CoA o
/\)J\S/COA thioesterase A~ N o
butyryl-CoA H,0 butyrate

Figure 1. One-turn functional reversal of the $-oxidation cycle with 4-
C carboxylic acids as a proxy for product synthesis. Core pathway
enzymes represented in blue with thioesterase termination pathways
resulting in carboxylic acid formation from each cycle intermediate. A
multiple turn cycle involves the condensation of the end acyl-CoA
molecule (butyryl-CoA from a one-turn reversal) with acetyl-CoA
resulting in a 2-carbon elongation.

cycle of operation. This metabolic process requires the
integration of 4 key components for core pathway function:
(i) a thiolase that catalyzes the condensation of acetyl-CoA with
an acyl-CoA, yielding a ketoacyl-CoA; (ii) a hydroxyacyl-CoA
dehydrogenase that reduces ketoacyl-CoA to hydroyacyl-CoA;
(iii) an enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydratase
that generates trans-enoyl-CoA from hydroxyacetyl-CoA; and
(iv) an acyl-CoA dehydrogenase/trans-enoyl-CoA reductase
that reduces trans-enoyl-CoA to an acyl-CoA two carbons
longer than the initial acyl-CoA (Figure 1). In its simplest form,
a one-turn reversal, these reactions result in the elongation of
the initial acetyl-CoA molecule to butyryl-CoA. In addition to
the aforementioned components, product synthesis also
requires the integration of a termination pathway capable of
converting each CoA pathway intermediate into the desired
product. In the work reported here we used thioesterases to
convert CoA thioesters intermediates into their respective
carboxylic acid counterpart (Figure 1).

Thiolase. Four E. coli thiolases involved in the f-oxidation of
fatty acids'' (atoB, yqeF, fadA, fadl) can potentially catalyze the
condensation of acetyl-CoA with acyl-CoA of various chain
lengths. Among them, AtoB and FadA have been studied the
most. AtoB exhibits higher specificity for short-chain acyl-CoA
molecules,">"* while FadA is part of the FadBA multienzyme
complex with broad chain-length specificity for acyl-CoA
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Table 1. In Vitro Kinetic Characterization of Enzymes Involved in a Functional Reversal of the f-Oxidation Cycle

enzyme substrate® ke (s7Y) Ky (uM) keo/Kyy M7 s71) specific activity (#mol mg™" min™")
AtoB acetyl-CoA 317 + 018 892.0 + 56.5 (3.6 + 03) x 10° 0.919 + 0.002°
acetoacetyl-CoA 9.23 + 0.34 68.1 + 2.56 (1.36 + 0.07) x 10° 0.36 + 0.05°
FadA acetyl-CoA 7.5 +03° not detected?
acetoacetyl-CoA 0.75 + 0.09 4225 + 573 (1.8 + 0.3) x 10° 0.013 + 0.0027
FadB acetoacetyl-CoA 259 + 12 390.0 £ 19.2 (6.6 + 0.4) x 10* 0.185 + 0.0017
crotonyl-CoA (32 +05) x 10% 0.051 + 0.0047
egTER crotonyl-CoA 1.14 + 0.08 98.5 + 7.7 (12 +0.1) x 10* 5S4 + 0.6°
FadE butyryl-CoA 0.008 + 0.001°
Ydio butyryl-CoA 0.009 =+ 0.003°
YeiA acetyl- CoA 69 + 0.1 427 +12 (162 + 0.05) X 10° 0222 + 0.007°
acetoacetyl-CoA 264.6 + 54.7 875.7 + 180.9 (3.0 £ 0.8) x 10° 0.672 + 0.007°
RS-3-hydroxybutyryl-CoA 324 + 35 3538 + 38.8 (9 + 1) x 10* 0.441 + 0.009°
crotonyl-CoA 464 + 7.7 1348.8 + 2355 (34 + 0.8) x 10* 0.27 + 0.03°
butyryl-CoA 557.5 + 79.6 641.8 + 91.9 (9 £2) x 10° 29 +02°

“Direction of assay indicated by substrate and enzyme as shown in Figure 1 Could not be saturated. “Expressed from pCA24N. “Expressed from

pUCBB-ntH6. “Expressed from pTrcHis2A.

substrates.'* Considering their well-studied nature, AtoB and
FadA were selected as the most viable thiolase candidates, and
further in vitro characterization was undertaken to ensure their
compatibility in the framework of a functional S-oxidation
reversal. Upon purification and kinetic characterization, AtoB
was shown to effectively catalyze the condensation of two
acetyl-CoA molecules with a k./Ky of 3.6 X 10° M~* s7*
showing its potential as a short-chain specific thiolase
component for initiation of a one-turn f-oxidation reversal
(Table 1) and hence priming a cycle of multiple turns. On the
other hand, while substrate saturation with FadA during the
kinetic characterization was not possible, the low estimated (see
Methods) k,./Ky of 7.5 M™! s for the condensation of acetyl-
CoA molecules shows FadA is not efficient for this initial
condensation reaction (Table 1). It is important to note
however that when one considers multiple turns of the
functional reversal of the f-oxidation cycle with longer-chain-
length intermediates, the broad chain-length specificity of FadA
for longer-chain acyl-CoA substrates'* could convey the ability
to facilitate multiple cycle turns with a single enzyme after the
initial priming of the cycle by AtoB. Also of note is the fact that
both AtoB and FadA appear to be more efficient in the
catabolic direction (i.e., conversion of acetoacetyl-CoA into 2
acetyl-CoA molecules), as evidenced by the significantly higher
k./Ky values for acetoacetyl-CoA compared to acetyl-CoA
(Table 1). This could pose an issue during the in vivo assembly
of components without appropriate driving forces, such as the
thermodynamic driving force of metabolite pools of substrates
and products,” in place to ensure the biosynthetic reaction is
favored.

3-Hydroxyacyl-CoA Dehydrogenase. Three E. coli enzymes
could potentially encode 3-hydroxyacyl-CoA dehydrogenase
activity: two hydroxyacyl-CoA dehydrogenases (fadB and fad]),
which are involved in the f-oxidation of fatty acids,'" and a 3-
hydroxyadipyl-CoA dehydrogenase (paaH) that participates in
the degradation of phenylacetate.'® While involved in
degradative pathways, these three enzymes catalyze reversible
reactions and hence were considered viable candidates. Of the
potential candidates, FadB, the second member of the FadBA
multienzyme complex, is the most studied and has been shown
to possess both hydroxyacyl-CoA dehydrogenase and enoyl-
CoA hydratase activity with broad chain-length specificity.'”'®
Considering both of these activities are required for a functional
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reversal of the -oxidation cycle and multiple cycle turns would
require enzymes able to act on intermediates of varying carbon
length, these key traits of FadB make it a promising candidate
for in wvitro characterization. As seen in Table 1, upon
purification, FadB exhibits efficient 3-hydroxyacyl-CoA dehy-
drogenase activity for the NADH-dependent reduction of
acetoacetyl-CoA with a k.,./Ky of 6.6 X 10* M™' s/, providing
initial evidence toward its inclusion as a member of the
integrated set of components.

Enoyl-CoA Hydratase. Three members of the enoyl-CoA
hydratase family involved in f-oxidation reactions should be
able to act as 3-hydroxybutyryl-CoA dehydratase: aerobic
(fadB) and anaerobic (fad]) enoyl-CoA hydratases that
participate in the f-oxidation of fatty acids,'' and a 2,3-
dehydroadipyl-CoA hydratase (paaF) involved in phenylacetate
degradation.'® Despite the primary role of these enzymes in
degradative pathways, the reversible nature of the reactions they
catalyze indicates their potential for the dehydration of
hydroxyacyl-CoAs. With the previous selection of FadB as
the 3-hydroxybutyryl-CoA dehydrogenase component of a one-
turn reversal of the B-oxidation cycle, this protein represents
the natural choice for an enoyl-CoA hydratase (3-hydrox-
ybutyryl-CoA dehydratase in the context of a one-turn
reversal), as it is reported to encode both hydroxyacyl-CoA
dehydrogenase and enoyl-CoA hydratase activities.'”'® The
selection of this enzyme would also provide the advantage of
minimizing the number of required components of the
integrated framework. As with 3-hydroxybutyryl-CoA dehydro-
genase activity, the kinetic properties of purified FadB for 3-
hydroxybutyryl-CoA dehydratase activity were evaluated (Table
1), and provided ample evidence for the ability of FadB to serve
as the enoyl-CoA hydratase component in the modular
framework. Although substrate saturation proved difficult,
FadB did exhibit the required activity with an estimated (see
Methods) k.,./Ky of 3.2 X 10> M~ s for the hydration of
crotonyl-CoA, demonstrating its potential to function as a key
component during the in vivo assembly of a functional reversal
of the B-oxidation cycle.

Acyl-CoA Dehydrogenase/trans-Enoyl-CoA Reductase.
Two f-oxidation enzymes were chosen as enzymes that can
potentially catalyze the last step of the reversal of the cycle: an
acyl-CoA dehydrogenase (fadE), involved in the aerobic
catabolism of fatty acids,"' and a predicted acyl-CoA
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Table 2. Specific Activities of Selected Thioesterases on Relevant CoA Intermediates (#mol/mg protein/min)

enzyme® acetyl-CoA acetoacetyl-CoA RS-3-hydroxybutyryl-CoA crotonyl-CoA butyryl-CoA decanyl-CoA
FadM 0.0331 + 0.0006 0.042 + 0.004 0.009 + 0.002 0.0017 + 0.0003 0.027 + 0.001 0.034 + 0.003
TesA 0.036 + 0.002 0.044 + 0.005 0.02 + 0.01 0.007 + 0.003 0.049 + 0.002 0.47 + 0.04
TesB 0.030 + 0.001 0.056 + 0.001 0.032 + 0.002 0.010 + 0.001 0.101 + 0.002 0.6 + 0.1
YbgC 0.036 + 0.002 0.065 + 0.002 0.016 + 0.004 0.006 + 0.001 0.045 + 0.007 0.06 + 0.02
YciA 0.222 + 0.007 0.672 + 0.007 0.441 + 0.009 0.27 + 0.03 29 +0.2 3.7+03
Ydil 0.036 + 0.003 0.047 + 0.001 0.012 + 0.002 0.078 + 0.005 0.0917 + 0.0007 0.18 + 0.04

“Genes encoding each protein expressed from pCA24N.

dehydrogenase (ydiO) proposed to be part of the f-oxidation of
fatty acids under anaerobic conditions."” While there is
evidence of YdiO® and FadE™ playing roles in the reduction
of crotonoyl-CoA to butyryl-CoA under certain conditions, the
complexity of these enzymes make their in vitro characterization
and in vivo assembly/function difficult. YdiO shares high
homology with the crotonobetainyl-CoA reductase CaiA,® an
enzyme that catalyzes the reduction of crotonobetainyl-CoA to
y-butyrobetainyl-CoA,”" a reaction similar to the reduction of
crotonyl-CoA to butyryl-CoA in the one-turn reversal of the -
oxidation cycle. Moreover, the fixABCX operon encoding
flavoproteins and a ferredoxin required for the transfer of
electrons to CaiA*>*® shows a high sequence similarity to those
encoded by the ydiQRST operon.® This suggests that, as with
CaiA, YdiO requires auxiliary flavoproteins and a ferredoxin for
the transfer of electrons during the reduction of enoyl-CoA to
acyl-CoA making their modular assembly and in vivo function
complicated. A further caveat for the use of these enzymes is
the involvement of a ferredoxin that is oxidized during electron
transfer. Reduced ferredoxin would have to be regenerated with
an additional reaction to enable continued turnover of electron
transfer and hence the entire functional reversal of the f-
oxidation cycle. For this purpose, a predicted pyruvate:flavo-
doxin oxidoreductase (ydbK)** could be utilized to couple
pyruvate dissimilation with ferredoxin reduction, thus enabling
the continued ferredoxin-aided electron transfer to the enoyl-
CoA reduction step.

While the acyl-CoA dehydrogenase FadE does not catalyze a
terredoxin-mediated reduction, the operation of this enzyme in
its physiological direction (i.e., catabolism of fatty acids) is
coupled to the electron transfer chain by flavoproteins and is
thought to represent the only irreversible step in the catabolic
operation of the f-oxidation cycle."’ This direct coupling to the
electron transfer chain with the use of FadE makes an overall
one-turn functional reversal of the S-oxidation cycle unfavor-
able from a standard thermodynamic sense.® Although an
electron transfer system similar to that of YdiO could be
compatible with FadE, making the reaction more thermody-
namically favorable, this adds a level of complexity similar to
that described above for YdiO.

Given the aforementioned complexities of YdiO and FadE,
we faced significant challenges during their in vitro purification
and characterization. Upon purification, no detectable activities
were measured with either enzyme, although we were able to
measure their activities in crude extract of cells expressing them
(Table 1). These results could reflect the requirement for
auxiliary enzymes for proper function and underlie the potential
challenges for their use as a key component in the modular
framework. To address these issues, we used a trans-2-enoyl-
CoA reductase from the photosynthetic flagellate Euglena
gracilis (e¢gTER), shown to reduce the double bond in C4 and
C6 enoyl-CoA intermediates to produce acyl-CoA via a
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NAD(P)H-dependent mechanism.>® This approach eliminates
the requirement for auxiliary and coupling enzymes for proper
function. Interestingly, egTER is a key enzyme of an anaerobic
metabolic process in the mitochondrion of E. gracilis that leads
to the synthesis of wax esters via the malonyl-CoA-independent
synthesis of fatty acids (the latter a process equivalent to a
functional reversal of the f-oxidation cycle).26 This mitochon-
drial process synthesizes products of chain length 8-18,
suggesting the ability of egTER to catalyze reduction of enoyl-
CoA molecules of various chain lengths.***” Considering the
physiological role of egTER as a functional unit of a core
process similar to the reversal of the f-oxidation cycle and its
broad chain-length specificity, the inclusion of this enzyme in
our design holds great promise. Purification and in vitro
characterization of egTER demonstrated the capability of this
enzyme as the reduction of crotonyl-CoA with NADH as a
cofactor proceeded with a k /Ky of 1.2 X 10* M~ s™! (Table
1).

Thioesterases (Termination). The combination of the four
steps described above entail the functional units that form a
reversal of the f-oxidation cycle. However, product synthesis
from this process requires the use of termination pathways
capable of converting the CoA intermediates of the core
pathway to desired products. While a wide array of products
with varying functionalities can be synthesized from the cycle
intermediates through the selection and integration of various
termination pathways,® the use of thioesterases provides
arguably the simplest termination pathway for the in vivo
characterization of a functional one-turn reversal and also
enables the assessment of each functional unit as the pathway is
sequentially built. Thioesterases, part of the larger subfamily of
hydrolase enzymes acting on ester bonds, catalyze the
hydrolytic cleavage of thioester bonds. In the context of the
functional reversal of the f-oxidation cycle, thioesterases cleave
the thioester bond of the CoA intermediates converting them
to their carboxylic acid components.

E. coli thioesterases encoded by tesA,*® tesB,”’ yciA,30 fadM,a'1
ydil,*> and ybgC** were selected for further characterization and
integration with the framework of the in vivo assembly due to
their varying substrate specificities. In vitro characterization
through specific activity measurements of crude cell extract of
strains expressing these various thioesterases showed YciA has
the highest activity on 4-C CoA intermediates of the cycle
(Table 2). However, each of the tested thioesterases showed
increased activity with the longer-chain intermediate decanoyl-
CoA (Table 2). While the high activity of YciA for the relevant
4-carbon CoA intermediates is promising, one possible issue
revealed in this characterization is the fact that YciA also
appears to have significant activity toward acetyl-CoA (Table
2), which could result in competition between the cycle
initiation (thiolase) and the termination pathway in this case.
This was confirmed through a full kinetic characterization of

cat:
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YciA, as the Ky for acetyl-CoA (42.7 uM) was significantly
lower than the Ky, for acetyl-CoA of AtoB (892 uM) (Table 1).
In addition, this analysis revealed that YciA exhibits significant
catalytic efficiency for all potential CoA intermediates during a
one-turn reversal of the f-oxidation cycle (Table 1), suggesting
its ability to serve as the termination pathway from any CoA
intermediate during the integrated assembly of the modules.
However, given the low Ky, and high catalytic efficiency of YciA
for acetyl-CoA, overexpression of this enzyme could also limit
the flux into the core pathway during the in vivo assembly of a
functional reversal of the f-oxidation cycle, and thus the testing
of all selected thioesterase components is required to determine
optimal functionality.

In Vivo Assembly of Functional Units Required for a
One-Turn Reversal of the pg-Oxidation Cycle: 4-C
Carboxylic Acids As Proxy for Product Synthesis. While
the in vitro characterization of selected components provides
evidence of the ability of these enzymes to perform the
reactions required for a functional reversal of the f-oxidation
cycle, only the in vivo assembly of these individual units in
conjunction with selected thioesterases as termination pathways
can provide an assessment of pathway functionality (i.e.,
synthesis of 4-C carboxylic acids) (Figure 1). This type of
synthetic/bottom-up approach also ensures that each pre-
defined component or building block (i.e., each functional unit/
enzyme composing the pathway) can be individually integrated
enabling a true assessment of the role and functionality of each
step in a one-turn reversal of the core pathway.

However, before this can be achieved, the metabolism of the
host organism (e.g, E. coli for our purposes) must be
reprogrammed to ensure that the expression of the individual
components of the core and termination pathways leads to the
desired biochemical product(s). Considering glycerol as the
carbon source of interest, this requires shifting E. coli
metabolism away from native fermentation products (Figure
2a) and ensuring the generation of acetyl-CoA to serve as the
priming molecule of the core pathway (Figure 1). To this end, a
strain containing deletions of genes encoding enzymes
responsible for fermentative routes to ethanol (adhE), acetate
(pta and poxB), lactate (ldhA), and succinate (frdA) was
constructed. As a result of these key gene deletions, glycerol
metabolism was shifted from a mixture of lactate, acetate, and
ethanol to a mixture of pyruvate and acetate in the engineered
host (MG1655 AldhAApoxBAptaAadhEAfrdA, JCO1) (Figure
2a). This product profile indicates that metabolism within the
engineered host/chassis is adequately tailored for the synthesis
of the desired 4-C carboxylic acids from the core pathway, as
both the production of pyruvate and acetate reflect the build-up
of the acetyl-CoA pool (Figure 1). As such, the expression of a
thiolase with high specificity for short-chain acyl-CoA
compounds (i.e, AtoB) within this host should provide an
additional outlet for acetyl-CoA, serving as the initial priming
step of the core pathway and enabling the in vivo assessment of
the individual components required for a functional reversal of
the f-oxidation cycle.

As expected, the individual overexpression of atoB in JCO1
resulted in the production of 4-C carboxylic acids (Figure 2a),
demonstrating that AtoB can serve to initiate the cycle under
these conditions as well as indicating that natively expressed
thioesterase(s) are present to serve as the termination pathway
for the initial in wvivo assessment of the cycle. However,
somewhat unexpected was the distribution of 4-C carboxylic
acid products resulting from atoB expression. 3-Oxobutyrate,
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Figure 2. Reprogramming host metabolism for the in vivo assembly of
the individual components of a f-oxidation reversal. (a) Glycerol
consumption and product synthesis in wild-type E. coli MG16SS and
engineered strain JCOl (MG165S AldhAApoxBAptaAadhEAfrdA)
with control vectors pTH, and pZSBlank, and JCO1 with thiolase
(AtoB) overexpression. (b) Distribution of 4-C carboxylic acids
produced upon thiolase overexpression in JCO01, i.e,, JCO1 (pTHatoB
pZSBlank). Gene overexpression apparent from plasmid names (ie.,
pTHatoB expressing atoB).

the carboxylic acid product of thiol cleavage of acetoacetyl-
CoA, was present only in small amounts, while the majority of
the 4-C carboxylic acid production was in the form of 3-
hydroxybutyrate, the thioesterase cleavage product of 3-
hydroxybutyryl-CoA (Figure 2b). This result probably indicates
that the natively expressed thioesterase(s) under these
conditions could have a very low specificity for acetoacetyl-
CoA, and/or the accumulation of acetoacetyl-CoA prompts its
reduction to 3-hydroxybutyryl-CoA through the action of a
native 3-ketobutyryl-CoA dehydrogenase (Figure 1). In order
to investigate these possibilities and provide further assessment
of selected termination pathway enzymes, strains were
constructed in which atoB overexpression was combined with
either overexpression of a thioesterase (tesA, tesB, yciA, fadM,
ydil, ybgC) or their deletion from the chromosome of the host
strain. While no clear indication of a key thioesterase for 3-
oxobutyrate production was determined, as no single over-
expression significantly increased or single deletion unambig-
uously abolished 3-oxobutyrate (Figure 3), several notable
aspects are seen. First, while the expression of ybgC does not
yield an increase in 3-oxobutyrate, acetone production is
observed in this strain (Figure 3a). Acetone, a highly volatile
short-chain methyl ketone, can be formed from the

dx.doi.org/10.1021/sb3000782 | ACS Synth. Biol. 2012, 1, 541-554



ACS Synthetic Biology

Research Article

a 40

5.0
—_ §3-Oxobutyrate @Acetone m(S)-3-Hydroxybutyrate OAcetate
o9 45
(=)
-~
[] L
c 0.8 4.0
[¢]
°
30.7 35
< —_
To.e 30
® 2
305 258
& @
Q
© 0.4 2.0 <
>
%X 0.3 1.5
o
£
© 0.2 1.0
(]
Qo 0.5
<
0.0 0.0
pTHatoB pTHatoB pTHatoB pTHatoB pTHatoB pTHatoB pTHatoB
pZSBlank  pZStesA pZStesB pZSyciA pZsfadM pZSydil pZSybgC
b 1.0 5.0
§3-Oxobutyrate @Acetone ®(S)-3-Hydroxybutyrate OAcetate

54
©

4.5

o
©

4.0

e 9o e ©o

w 'S o ~

=N N W

G (=] G o
Acetate (g/L)

o
(Y

1.0

e
o

0.5

4-C Carboxylic Acids and Acetone (g/L)
o
(3]

Il

Jco1 Jco1 Jco1 Jco1 Jco1 Jco1 Jco1 Jco1
AfadB AtesA AtesB AyciA AfadM Aydil AybgC

o
=)

0.0

Figure 3. Impact of thiolase overexpression and termination pathway
manipulation. (a) 4-C carboxylic acid and acetone production in JCO1
upon thiolase (AtoB) overexpression in combination with thioesterase
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JCO1 harboring pTHatoB and pZSBlank with native 3-hydroxyacyl-
CoA dehydrogenase (FadB) or thioesterase chromosomal deletion.
Gene overexpression apparent from plasmid names (i.e., pZStesA
expressing tesA). A“gene” represents gene deletion.

spontaneous decarboxylation of 3-oxobutyrate under appro-
priate conditions.>® Second, and perhaps most notable, is the
fact that overexpression of yciA leads to the elimination of all 4-
C carboxylic acid products of the core pathway and resulted in
a nearly 3-fold increase in the production of acetate (Figure 3a).
While the results of the in vitro analysis of YciA indicated that
this thioesterase can act on the majority of pathway
intermediates seen from a one-turn reversal of the f-oxidation
cycle (Table 1), the large increase in acetate reinforces the
conclusion from in vitro characterization that the lower Ky and
greater catalytic efficiency (Table 1) allows YciA to favorably
compete with AtoB for acetyl-CoA when overexpressed at
significant levels. In addition, the reversible nature of AtoB
(Table 1) and lack of an individually expressed 3-ketobutyryl-
CoA dehydrogenase to act on acetoacetyl-CoA (Figure 1)
could also underlie the increased acetate production upon yciA
overexpression. This also indicates that the overall control of
product formation in the case of the expression of individual
components may lie within the core pathway as opposed to the
termination pathway.
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The latter scenario is reflected by the fact that significant
amounts of 3-hydrobutyrate are observed upon atoB expression
(Figure 2b), even in the lack of independent expression of a 3-
ketobutyryl-CoA dehydrogenase. This result also provides a
means of further assessing native FadB function as 3-
ketobutyryl-CoA dehydrogenase during a reversal of the f-
oxidation cycle. For this purpose, the fadB gene was deleted
from the host strain, and 4-C carboxylic acid production was
tested upon overexpression of atoB (i.e., JCO1l AfadB pTHatoB
pZSBlank). As seen in Figure 3b, the deletion of fadB led to a
~1.5-fold decrease in 3-hydrobutyrate production when
compared to JCO1 pTHatoB pZSBlank, reflecting a significant
role of natively expressed fadB in the conversion of acetoacetyl-
CoA to 3-hydrobutyryl-CoA. However, the deletion of fadB did
not completely abolish 3-hydrobutyrate production, indicating
that other enzymes could be playing a role in this conversion.
As previously mentioned, possible candidates include an
anaerobic hydroxyacyl-CoA dehydrogenase (fadJ) and a 3-
hydroxyadipyl-CoA dehydrogenase (paaH), with the latter
showing moderate specific activity toward the reduction of
acetoacetyl-CoA when the purified enzyme was tested (data not
shown). While these results provide an intriguing area for
further assessment of enzymes capable of catalyzing this
reaction, both the in vitro characterization and the role of
FadB upon atoB overexpression reflect the potential for this
enzyme to serve as a key functional unit of the reversal of the -
oxidation cycle.

In order to further assess FadB and integrate the 3-
hydroxyacyl-CoA dehydrogenase and enoyl-CoA hydratase
components into the modular framework, a controllable
construct for both atoB and fadB expression (i.e., pTHatoB.-
fadB) was assembled and tested in vivo for 4-C carboxylic acid
production. Further demonstrating the ability for this enzyme
to serve as a key component of the reversal of the f-oxidation
cycle, the combined overexpression of atoB and fadB in JCO1
lead to a 3-fold increase in 3-hydroxybutyrate production
compared to atoB expression only, with 2.5 g/L of 3-
hydroxybutyrate produced at a yield of 0.29 g/g (Figure 4).
Interestingly, despite the fact the in vitro characterization of
FadB (Table 1) indicates that this enzyme can serve as both a
3-ketobutyryl-CoA dehydrogenase and 3-hydroxybutyryl-CoA
dehydratase during the reversal of the f-oxidation cycle, only
increases to 3-hydroxybutyrate production were observed upon
its expression with atoB, with no detectable crotonate, the thiol
cleavage product of crotonoyl-CoA (Figure 1) observed. This is
likely a result of the specificity of the native thioesterase(s)
active under these conditions rather than a reflection of the in
vivo ability for FadB to perform the dehydration reaction, as
small amounts of butyrate, requiring the reduction and
subsequent thioesterase cleavage of crotonoyl-CoA (Figure
1), are also seen with this strain (Figure 4a). This was further
assessed through the combined expression of atoB and fadB
with either selected thioesterase individual overexpression
(Figure 4a) or deletion (Figure 4b). While no increases to 3-
hydroxybutyrate were observed upon the overexpression of
selected thioesterases, the overexpression of ydil in conjunction
with atoB and fadB resulted in the production of small amounts
of crotonate (~0.2 g/L, Figure 4a), suggesting the ability for
this enzyme to serve as a termination pathway for crotonate
production and further confirming the ability for FadB to
catalyze both the first reduction and subsequent dehydration
reactions of the cycle. Also of note is the fact that despite the
high specific activities and catalytic efficiency of YciA for 3-
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hydroxybutyryl-CoA and crotonoyl-CoA (Table 1), the
combined overexpression of yciA with atoB and fadB results
in increased acetate production with complete elimination of 4-
C carboxylic acid pathway products (Figure 4a), mirroring the
results upon yciA overexpression with atoB only (Figure 3a).
These results again underlie the importance of placing the main
level of control over product formation on the individual steps
expressed from the core pathway and supplementing this
structure with highly specific termination pathways leading to
specific product formation (such as the case of ydil expression
and crotonate formation). The promiscuity of the selected
thioesterases, specifically YciA, for multiple pathway inter-
mediates (Table 1) as well as the competition for intermediates
between enzymes within the core pathway and termination
pathways creates an intricate balance between the expression
levels of key enzymes. For the purposes of 4-C carboxylic acid
production, it appears to be better to utilize native host
termination pathway(s) as a means of complementing the
manipulation of the individual functional units of the core
pathway as the overall control strategy for the synthesis of
different products. For the case of 3-hydroxybutyrate formation
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in E. coli, select thioesterase deletion in conjunction with atoB
and fadB expression indicate that while native expression of tesB
and yciA may play a role in its production, as evidenced by the
slight decreases in production levels (Figure 4b), no single
native termination pathway from the selected thioesterases is
solely responsible for 3-hydroxybutyrate production.

Further evidence to the control over product formation that
the core pathway exerts is seen from the presence of butyrate
when atoB and fadB are individually expressed (even in
conjunction with selected thioesterases other than the
aforementioned yciA, Figure 4a). Similar to the production of
3-hydroxybutyrate with thiolase expression only, the production
of butyrate upon the expression of atoB and fadB would require
the native expression of enzymes capable of catalyzing core
pathway reactions, specifically the presence of a butyryl-CoA
dehydrogenase required for the reduction of crotonyl-CoA to
butyryl-CoA (Figure 1). In an attempt to elucidate the native
enzymes involved in this conversion, gene deletions of
candidates, including an acyl-CoA dehydrogenase (fadE) and
a predicted acyl-CoA dehydrogenase (ydiO), were singularly
added to JCO1 and tested in combination with the expression of
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atoB and fadB (Figure S). While no single deletion resulted in
the complete elimination of butyrate production, the deletion
of ydiO resulted in a ~30% decrease in butyrate concentration,
indicating a possible role for this predicted acyl-CoA
dehydrogenase (Figure S5). To gain further insight to the
possible role and ability of these enzymes to serve as a key
component of a functional reversal of the f-oxidation cycle,
constructs that enable the combined overexpression of fadE or
ydiO in conjunction with the thiolase (AtoB), 3-hydroxyacyl-
CoA dehydrogenase (FadB), and enoyl-CoA hydratase
components (FadB) were developed (i.e., pTHatoB.fadB.fadE
and pTHatoB.fadB.ydiO). It is also important to note that for
the case of ydiO expression, a vector containing the predicted
auxiliary enzymes required for proper enzyme/pathway
function (see previous section) was also constructed (i.e.,
pZSydbK.ydiQRST) and tested with the aforementioned
construct in the presence of 1 mM thiamine pyrophosphate
(TPP), shown to increase YdbK activity.>* As seen in Figure S,
while the expression of ydiO, even with the coexpression of
auxiliary enzymes, showed no increase in butyrate production
over atoB and fadB expression only, the expression of fadE with
the first two enzymes of the core pathway resulted in a ~60%
increase in butyrate levels, showing the ability of this enzyme to
contribute during the reversal of the f-oxidation cycle. While
these results indicate a role for YdiO and FadE, the low levels of
butyrate and high levels of 3-hydroxybutryate production by
these strains reflect the complexities involved with the use of
these enzyme systems (e.g., requirement for additional auxiliary
enzymes and coupling partners such as YdbK and YdiQRST)
(see previous sections).

As previously discussed, an alternative component for this
step is the use of the trans-2-enoyl-CoA reductase from E.
gracilis (egTER), which not only shows favorable kinetic
characteristics for the reduction of crotonyl-CoA (Table 1) but
is also from an organism that has been shown to possess a
metabolic process (synthesis of waxes) whose core pathway is
essentially equivalent to a functional reversal of the $-oxidation
cycle.? egTER does not require auxiliary enzymes or coupling
reactions for proper function as NAD(P)H is used as the
electron donor in the reaction.”®> While the lack of a
requirement for auxiliary enzymes could help the efficiency of
this enzyme when used with a variety of carbon sources, in the
case of glycerol, the fact that NADH is used as the reducing
equivalent also confers an advantage for the production of
reduced compounds that can be achieved from the
intermediates of the cycle. The reduced nature of glycerol
dictates that the formation of one molecule of pyruvate
generates twice the number of reducing equivalents (2 NADH)
as that from glucose,34 representing the exact number of
reducing equivalents required for each “turn” of the cycle (i.e,
two reduction reactions from the ketoacyl-CoA to the acyl-CoA
intermediate, Figure 1). In contrast to the use of YdiO, which
requires the regeneration of a reduced ferredoxin during
pyruvate dissimilation due to the nature of the electron donor
for these enzymes, the fact that egTER utilizes NADH results in
the ability to use this enzyme in conjunction with pyruvate
dissimilation through pyruvate formate lyase to avoid the
accumulation of additional reducing equivalents.

Given these distinct advantages of egTER compared to other
candidate butyryl-CoA dehydrogenases, we investigated the
impact of the combined expression of atoB, fadB, and egTER,
encoding all components required in the modular framework
for an eflicient one-turn reversal of the f-oxidation cycle. As
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seen in Figure S, in stark contrast to the expression of either
fadE or ydiO, the expression of egTER along with atoB and fadB
resulted in significant butyrate levels (3.43 g/L at a yield of 0.35
g/g produced). In addition, no 3-hydroxybutyrate was
produced by this strain (Figure S), showing both the efficiency
of egTER for this reduction reaction, as well as further
demonstrating the ability of the core pathway components to
dictate product formation during a one-turn reversal of the f-
oxidation cycle. Additional confirmation to this second point
was provided through the expression of the key components
required for a full one-turn reversal in conjunction with
individual thioesterase overexpression in the host strain. No
significant increase in butyrate production was observed upon
overexpression of any of the thioesterases (Figure 6a), despite
moderate specific activities for butyryl-CoA (Table 2).
However, while yciA expression led to significant increases in
acetate production, its expression did not completely eliminate
4-C carboxylic acid production as it had with atoB or atoB/fadB
expression only (Figure 6a). This likely reflects the strong
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construct. (b) Glycerol consumption and butyrate production in
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from plasmid names (i.e., pTHatoB.fadB.egTER expressing atoB, fadB,
and egTER). A“gene” represents gene deletion.
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driving force to butyryl-CoA synthesis the expression of egTER
dictates (i.e, core pathway expression controlling overall
product formation), in combination with the high catalytic
efficiency and specific activity for butyryl-CoA that YciA shows
compared to other 4-C CoA intermediates (Table 1), thus
minimizing the impact of YciA activity on acetyl-CoA. Also of
note is the fact that the ybgC expression, which had not
previously shown an impact on 4-C carboxylic acid production,
resulted in a significant decrease in butyrate concentration in
this instance.

While the modular expression of the individual components
of a functional reversal of the f-oxidation cycle appears to exert
the most control over the products produced with thioesterase
termination pathways, the subsequent deletion of native
thioesterases in JCO1 with atoB, fadB, and egTER expression
does provide valuable insight into the identity of the native
termination pathway to butyrate. Despite the ambiguous nature
of thioesterase deletion with partial B-oxidation cycle
component expression, for a full one-turn cycle reversal YciA
appears to be the most critical thioesterase for butyrate
production as the deletion of yciA resulted in a near S-fold
decrease in butyrate concentration and yield (Figure 6b). These
results agree with the high catalytic efficiency observed for YciA
when butyryl-CoA is used as a substrate compared to other 4-C
CoA intermediates (Table 1) and the fact that no other
thioesterase tested has near the levels of specific activity on
butyryl-CoA as YciA (Table 2). Despite the fact that YciA
appears critical for butyrate production and also exhibits high
activity for all pathway intermediates of a one-turn reversal
(Table 1), its overexpression actually resulted in a decrease in
4-C carboxylic acid product formation when combined with the
expression of individual core pathway enzymes due to the
promiscuous nature of this thioesterase for a broad range of
substrates.>

Overall, the in vivo assembly of the individual components of
the cycle with 4-C carboxylic acids as the proxy for product
synthesis demonstrated what functional units are required for
the effective functioning of the pathway. This enabled the
construction of a fully synthetic and transferable system for the
core components of a one-turn reversal the f-oxidation cycle.
With this in place, the determination of the key requirements
and components needed to extend the core pathway for
multiple turns can be assessed, thus expanding the scope of
products that can be synthesized through a functional reversal
of the B-oxidation cycle.

Synthesis of Longer-Chain Products by Operating
Multiple Turns of a Functional Reversal of the fg-
Oxidation Cycle. The operation of multiple turns of a
reversal of the f-oxidation cycle requires the condensation of
the acyl-CoA generated from a turn(s) of the cycle with an
additional acetyl-CoA molecule to lengthen the acyl-CoA by 2
carbons each cycle turn (e.g., condensation of butyryl-CoA with
acetyl-CoA in Figure 1).® Thus, the initiation and extension of
multiple cycle turns requires the use of a thiolase(s) with
specificity for longer-chain acyl-CoA molecules combined with
other core pathway enzymes capable of acting on intermediates
of increasing carbon number. While the selection and
functionality of E. coli FadB and egTER from E. gracilis for a
one-turn reversal of the f-oxidation cycle demonstrated the
reversible nature and capability of these enzymes, another
advantage of their selection is the fact that they have been
shown to participate in metabolic processes involving
intermediates of various chain lengths and hence should have
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the ability to act on a broad range of carbon length
intermediates (see previous sections). Therefore, with the
current module enabling a functional reversal of the S-oxidation
cycle, the key step controlling the ability to operate multiple
turns of cycle lies with the thiolase selected for the
condensation of acyl-CoA intermediates. While AtoB was
chosen for a one-turn reversal due to its higher specificity for
short-chain acyl-CoA molecules,'>"® this trait may limit its
ability to operate for continued turns of the cycle involving
increasing carbon length intermediates. On the other hand,
FadA exhibits broad chain-length specificity for acyl-CoA
substrates,"* making this enzyme an ideal candidate to support
multiple cycle turns and enabling the production of longer-
chain products. However, the low efficiency of FadA with
acetyl-CoA as a substrate (Table 1) likely requires the presence
of another thiolase with higher specificity for short-chain acyl-
CoA molecules (such as AtoB) to perform the initial
condensation reaction (i, priming of the cycle). Utilizing
these components, a platform for the operation of multiple
turns of a functional reversal of the f-oxidation cycle was
developed through the modular construction of vectors
encoding AtoB, the FadBA operon, and egTER. When
integrated in the host strain JCO01, this design enabled synthesis
of extracellular longer-chain fatty acids up to C12 (dodecanoic
acid) through the native expression of thioesterase termination
pathways (Figure 7). The expression of fadA was critical for this
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Figure 7. Operation of multiple cycle turns during a functional reversal
of the f-oxidation cycle for the synthesis of longer-chain products.
Distribution of extracellular fatty acid production by JCOI upon the
expression of the functional units for a full one-turn reversal (pTHatoB
pZSfadB.egTER) and with the inclusion of the long-chain specific
thiolase FadA (pTHatoB pZSfadBA.egTER). C6, hexanoic (caproic)
acid; C8, octanoic (caprylic) acid; C10, decanoic (capric) acid; C12,
dodecanoic (lauric) acid. Gene overexpression apparent from plasmid
names (i.e., pZSfadBA.egTER expressing fadB, fadA, and egTER).

purpose, as the same integrated components produced
significantly less total longer-chain fatty acids (C > 6) in the
absence of FadA, and no products greater than C6 were
detected (Figure 7). In addition, S times the amount of
butyrate was observed when FadA was excluded as a modular
component, indicating the difficulty for AtoB to efliciently
operate multiple cycle turns (and the ability of FadA to
outcompete termination at butyrate). While this modular
framework demonstrates the required components for the
operation of multiple cycle turns during a functional reversal of
the f-oxidation cycle, the relatively low levels of longer-chain
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fatty acids demonstrate the opportunity for future investigation
into the overall integration of the core pathway components as
well as the identification and incorporation of highly specific
termination pathways enabling the production of a wide array
of products with varying carbon length and functionality.
Conclusions. An engineered reversal of the p-oxidation
cycle was constructed using a synthetic/bottom-up approach
based on the in vitro kinetic characterization of individual
functional units and their in vivo assembly. This strategy
enabled the synthesis of a variety of 4-C carboxylic acids
resulting from a one-turn functional reversal of the f-oxidation
cycle, as the individual thiolase (AtoB), 3-hydroxyacyl-CoA
dehydrogenase (FadB), enoyl-CoA hydratase (FadB), and acyl-
CoA dehydrogenase/trans-enoyl-CoA reductase (egTER)
components exerted the majority of the control over product
formation with native thioesterase termination pathways.
Through the integration of a thiolase capable of acting on
longer-chain intermediates (FadA), the initiation of multiple
cycle turns leading to the production of longer-chain products
was also demonstrated. This modular framework for the
synthesis of 4-C and higher compounds overcomes some
limitations with the previously used system-level/top-down
approach (due to the ill-defined nature of the individual
components of the pathway), providing a “clean” platform that
can be transferred to other hosts/organisms. The self-contained
and host-independent functional units identified in this study
provide the core metabolic platform required for the efficient
production of a wide array of compounds attainable from key
intermediates of the reversal of the f-oxidation cycle. Further
identification and integration of selective termination pathways
should provide the required functionality to expand the
portfolio of components. This combined with further
optimization should enable the integration of this pathway
within other industrial hosts allowing the advantageous nature
of a reversal of the f-oxidation cycle to be fully exploited for the
synthesis of a wide array of drop-in biofuels and biochemicals.

B METHODS

Strains, Plasmids, and Genetic Methods. Wild-type K12
Escherichia coli strain MG1655> was used as the host for all
genetic modifications. Gene knockouts were introduced in
MG1655 and its derivatives by P1 phage transduction.’**”
Single gene knockout mutants from the National BioResource
Project (NIG, Japan)®® were used as donors of specific
mutations. All mutations were confirmed by polymerase chain
reaction, and the disruption of multiple %enes in a common
host was achieved as previously described.*® All resulting strains
used in this study are listed in Supplementary Table S1.

Gene overexpression was achieved by cloning the desired
gene(s) in either low-copy (pZS*®) or higher copy based
vectors (pTrcHis2A, abbreviated pTH,; Invitrogen, Carlsbad,
CA) utilizing In-Fusion PCR cloning technology (Clontech
Laboratories, Inc., Mountain View, CA). Cloning inserts were
created via PCR of ORFs of interest from E. coli genomic DNA
using the primers listed in Supplementary Table S2 with
Phusion DNA polymerase under standard conditions described
by the supplier (Thermo Scientific, Waltham, MA). Amplifica-
tion of the trans-2-enoyl-CoA reductase gene from E. gracilis
(egTER) was performed as above except using a plasmid
harboring a codon-optimized egTER synthesized by GenScript
(Piscataway, NJ). When appropriate, a RBS was added via
primer synthesis. Vector backbone was purified from E. coli
cultures (Qiagen, Valencia, CA) and digested with the
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restriction enzymes listed in Supplementary Table S2 as
according to the manufacturer (New England Biolabs, Ipswich,
MA) to enable cloning. The resulting In-Fusion products were
used to transform E. coli Stellar cells (Clontech Laboratories,
Inc.,, Mountain View, CA), and positive clones were confirmed
by PCR, restriction digestion, and DNA sequencing.

All molecular biology techniques were performed with
standard methods®”** or by manufacturer protocol. Strains
were kept in 32.5% glycerol stocks at —80 °C. Plates were
prepared using LB medium containing 1.5% agar, and
appropriate antibiotics were included at the following
concentrations: ampicillin (100 ug/mL), kanamycin (SO ug/
mL), and chloramphenicol (34 pg/mL).

Culture Medium and Cultivation Conditions. The
minimal medium designed by Neidhardt et al,** with 125
mM MOPS and Na,HPO, in place of K;HPO,, supplemented
with 20 g/L glycerol, 10 g/L tryptone, S g/L yeast extract, 100
UM FeSO,, S mM calcium pantothenate, 1.48 mM Na,HPO,, §
mM (NH,),SO,, and 30 mM NH,Cl was used for all
fermentations unless otherwise stated. Antibiotics (100 ug/
mL ampicillin and 34 pug/mL chloramphenicol) and inducers
(0.1 uM isopropyl f5-p-1-thiogalactopyranoside and 100 ng/mL
anhydrotetracycline) were included when appropriate. All
chemicals were obtained from Fisher Scientific Co. (Pittsburgh,
PA) and Sigma-Aldrich Co. (St. Louis, MO).

Fermentations were conducted in 25 mL Pyrex Erlenmeyer
flasks (narrow mouth/heavy duty rim, Corning Inc.,, Corning,
NY) filled with 20 mL of the above culture medium and sealed
with foam plugs filling the necks. A single colony of the desired
strain was cultivated overnight (14—16 h) in LB medium with
appropriate antibiotics and used as the inoculum (1%) for all
fermentations. After inoculation, flasks were incubated at 37 °C
and 200 rpm in an NBS C24 Benchtop Incubator Shaker (New
Brunswick Scientific Co., Inc., Edison, NJ) until an optical
density of ~0.3—0.5 was reached, at which point IPTG and
anhydrotetracycline were added. Flasks were then incubated
under the same conditions for 48 h post-induction unless
otherwise stated.

Analytical Methods. Optical density was measured at 550
nm in a Thermo Spectronic Genesys 20 (Thermo Scientific,
Waltham, MA) and used as an estimate of cell mass (1 ODsg, =
0.34 g dry weight/ L).* Identification of short chain (C < 4)
metabolites was conducted through nuclear magnetic resonance
(NMR) as previously described,® while longer-chain fatty acids
were identified via gas chromatography—mass spectroscopy
(GC—MS). Identification of fatty acids was performed on an
Agilent 7890A GC system (Agilent Technologies, Santa Clara,
CA), equipped with a 5975C inert XL mass selective detector
(Agilent Technologies, Santa Clara, CA) and an Rxi-SSil
column (0.25 mm internal diameter, 0.10 ym film thickness, 30
m length; Restek, Bellefonte, PA), following the method of an
initial temperature of 35 °C held for 1 min, 6 °C/min to 200
°C, 30 °C/min to 270 °C, held for 1 min. Extraction and
derivatization procedures were as described below. Helium (2.6
mL/min, Matheson Tri-Gas, Longmont, CO) was used as the
carrier gas. The injector and detector were maintained at 280
°C. A 2 uL sample was injected using a 40:1 split ratio.

Quantification of glycerol and metabolic products in the
culture supernatant was conducted through high-performance
liquid chromatography (HPLC) and gas chromatography-flame
ionization detection (GC-FID). The concentrations of glycerol,
ethanol, and organic acids were determined via ion-exclusion
HPLC using a Shimadzu Prominence SIL 20 system (Shimadzu
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Scientific Instruments, Inc., Columbia, MD) equipped with an
HPX-87H organic acid column (Bio-Rad, Hercules, CA) with
operating conditions to optimize peak separation (0.3 mL/min
flow rate, 30 mM H,SO, mobile phase, column temperature 42
°C).* Additional quantification of fatty acids (C4—C12) and
fatty acid methyl esters (C14—C18) was carried out in a Varian
CP-3800 gas chromatograph (Varian Associates, Inc., Palo Alto,
CA), equipped with a flame ionization detector (GC-FID) and
an HP-INNOWax capillary column (0.32 mm internal
diameter, 0.50 ym film thickness, 30 m length; Agilent
Technologies, Inc., Santa Clara, CA), following the method:
50 °C held for 3 min, 10 °C/min to 250 °C, and 250 °C held
for 10 min. Helium (1.8 mL/min, Matheson Tri-Gas,
Longmont, CO) was used as the carrier gas. The injector and
detector were maintained at 220 and 275 °C, respectively. A 1
uL sample was injected in splitless injection mode.

For the identification of fatty acids, supernatant aliquots of 2
mL were transferred to S mL glass vials (Fisher Scientific Co.,
Pittsburgh, PA). Samples were supplemented with 1.2 yL of 1-
nonanol as internal standard and extracted with 2 mL of
hexane. Vials were tightly closed, vortexed for 30 s, and mixed
in a Glas-Col rotator (Glas-Col, Terre Haute, IN) at 60 rpm for
2 h. Samples were then vortexed again for 30 s and centrifuged
at 8000 rpm at 4 °C for 1 min. Aliquots of 700 yL of the top
organic layer were transferred to 2 mL borosilicate glass vials
with PTFE/silicone screw caps (Fisher Scientific Co.,
Pittsburgh, PA) and mixed with 50 uL of pyridine and SO uL
of BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide). Samples
were incubated in sealed vials at 70 °C for 30 min using an
AccuBlock Digital Dry Bath (LabNet, Woodbridge, NJ), and
silylated samples were analyzed via GC—MS.

For the quantification of fatty acids and fatty acid methyl
esters, supernatant aliquots of 2 mL were transferred to S mL
glass vials (Fisher Scientific Co., Pittsburgh, PA). Samples were
acidified with sulfuric acid, supplemented with 2 mg of
tridecanoic acid as internal standard, and extracted with 2 mL
of a mixture of hexane/chloroform (4:1, v/v). Vortex, rotation,
and centrifugation were done as described above. For the
quantification of short- and medium-chain fatty acids (C4—
C12), 1 mL of the organic layer was aliquoted into 2 mL
borosilicate glass vials with PTFE/silicone screw caps (Fisher
Scientific Co., Pittsburgh, PA) and analyzed via GC-FID. For
the quantification of longer-chain fatty acids (C14—C18), 1 mL
of the organic layer was transferred to 2 mL glass vials (Fisher
Scientific Co., Pittsburgh, PA). Samples were nitrogen
evaporated to near dryness, redissolved in 1 mL of a mixture
of methanol/chloroform/sulfuric acid (30:3:1, v/v/v) and
incubated in a sealed vial at 90 °C for 60 min using an
AccuBlock Digital Dry Bath (LabNet, Woodbridge, NJ). Water
(1 mL) was added to each tube, and fatty acid methyl esters
(FAMEs) were extracted with 2 mL of hexane/chloroform (4:1,
v/v). After extraction, 1 mL of the organic layer was aliquoted
into 2 mL borosilicate glass vials with PTFE/silicone screw caps
(Fisher Scientific Co., Pittsburgh, PA) and analyzed via GC-
FID.

Stearic (Cig), palmitic (C,0), myristic (Ciyyp), lauric
(Cia0), capric (Cygyp), caprylic (Cygy), caproic (Cgyp), and
butyric (C,,) acids (Sigma Chemical Co., St. Louis, MO) were
used to calibrate the gas chromatograph. Hexane (high
resolution gas chromatography grade) and chloroform (reagent
grade) were used as extraction solvents (Fisher Scientific Co.,
Pittsburgh, PA). 1-Nonanol, pyridine (HPLC grade), and
BSTFA (synthesis grade) were used for the silylation reaction
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(Sigma Chemical Co., St. Louis, MO). Methanol and
concentrated sulfuric acid used for the esterification reaction
were reagent grade (Fisher Scientific Co., Pittsburgh, PA).
When stated, product yields (mmol/mmol glycerol or g/g
glycerol) represent the amount of product synthesized per
amount of glycerol consumed during the length of the
fermentation (48 h unless otherwise stated). All values stated
as different were compared with a 0.05 level of significance.
Enzymatic Characterization and Assays. For enzyme
characterization, E. coli fadA and fadB genes were cloned from
MG1655 genomic DNA into the pUCBB-ntH6 vector™ to
yield a constitutively expressed gene with a n-terminal His,-tag
that can be cleaved by Thrombin. fadA was amplified as two
halves with the primers fad ANdelSp:fadAmidrev (1st half) and
fadAmidfor:fadANotI3p (2nd half) (Supplementary Table S3).
fadB was amplified in three parts with fadBNdelSp:fadBmi-
dlrev (Ist part), fadBmidlfor:fadBmid2rev (2nd part), and
fadBmid2for:fadBNotI3p (3rd part) (Supplementary Table
S3). fadA and fadB PCR products sections were combined by
overlap extension PCR to yield the whole genes, which were
subsequently digested with Ndel and NotI restriction enzymes
and ligated into pUCBB-ntH6 that was previously digested with
Ndel and Notl to yield pUCBB-ntH6-FadA and pUCBB-ntH6-
FadB. The hbd gene from Clostridium acetobutylicum ATCC
824 (caHBD) was cloned into pUCBB-pBAD™ to yield an
arabinose-inducible caHBD gene with a c-terminal Hise-tag.
caHBD was PCR amplified from the genome of Clostridium
acetobutylicum ATCC 824 using the caHBDBgliiSp and
caHBDxhol3p primers (Supplementary Table S3). The
resulting PCR product was then digested with BglII and Xhol
and ligated into pUCBB-pBAD previously digested with BglII
and Xhol to yield pUCBB-pBAD-caHBD. For AtoB and
thioesterase characterization assays, the pCA24N- gene (-gfp)
plasmids from the ASKA collection** were used. For expression
of E. gracilis TER for kinetic characterization, the egTER gene
was cloned into pTrcHis2A using the In-Fusion protocol
(Clontech Laboratories, Inc., Mountain View, CA) following
PCR amplification from the aforementioned codon-optimized
e¢TER containing plasmid with the primer pair of F1pTH6hi-
sEgter and R1pTH6hisEgter (Supplementary Table S3).
Cultures for enzymatic assays were grown overnight in 100
mL of LB media at 37 °C in 250 mL baffled flasks (Wheaton
Industries, Inc., Millville, NJ) in E. coli BL21 (DE3) cells
induced with either 1 mM IPTG (pCA24N, pTrcHis2A) or 1
mM Arabinose (pUCBB-pBAD) at an ODgy, of ~0.6 or
expressed constitutively (pUCBB-ntH6). Reactions were
monitored on either a Synergy HT plate reader (BioTek
Instruments, Inc, Winooski, VT) at 25 °C (for reactions
monitored at 300 nm or higher) or in a Biomate §
Spectrophotometer (Thermo Scientific, Waltham, MA) for
reactions at 263 nm. Cells were lysed using Bacterial Protein
Extraction Reagent (B-PER) (Thermo Scientific, Waltham,
MA) as per the prescribed protocol in order to obtain the
supernatant containing the active enzymes. FadE and YdiO
were purified following previously established methods* using
the same growth conditions mentioned above. Cell pellets were
resuspended in 40 mL of 50 mM potassium phosphate buffer
pH 7.2 and broken by disruption EmulsiFlex-C5 homogenizer
(Avestin, Ottawa, ON). Disrupted cells were then spun for 90
min at 4 °C at 120,000g in a Optima L-80XP Ultracentrifuge
(Beckman-Coulter, Schaumburg, IL) to produce the super-
natant used for assays. For specific activity assays (reported in
umol substrate/mg protein/min) these supernatant fractions
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were utilized and protein concentration was established using
the Bradford Reagent (Thermo Scientific, Waltham, MA) using
BSA as the protein standard. Linearity was established for each
reaction and the background nonenzymatic rate was subtracted
to establish the activity.

For kinetic characterization, his-tagged proteins of AtoB,
FadA, FadB, caHBD, egTER were purified from the B-PER
supernatant fractions using Talon Metal Affinity Resin
(Clontech Laboratories, Inc, Mountain View, CA) using
gravity purification. In short, the supernatant was mixed for 1
h at room temperature on a LabQuake rotator (Fisher
Scientific, Pittsburgh, PA) with approximately 2 mL of Talon
Resin (1 mL resin/0.3 mg supernatant protein) that was
prewashed twice with Buffer A (50 mM Tris pH 7.9, S mM
MgCl,, 100 mM NaCl, 5 mM imidazole). Resin was then spun
at 700g for 5 min to remove the nonbound proteins, washed
with 20x (40 mL) Buffer A, resuspended in 20x (40 mL) Buffer
B (Buffer A with 20 mM Imidazole), and loaded onto a gravity
column. Buffer B was then drained off, and the protein was
eluted with 20 mL of Buffer C (Buffer A with 250 mM
imidazole). The eluted fraction was then concentrated and used
for kinetic characterizations. Enzyme concentration was
established by measuring the absorbance at 260 nm, and
extinction coefficients were predicted for each enzyme by the
ProtParam program (http://web.expasy.org/protparam/).

For kinetic characterization, an appropriate amount of
enzyme was established by checking linear range near predicted
Ky, values. Then, the rates were measured for a range of
substrates in order to establish k., and K. In the cases of FadB
for the crotonase reaction and FadA in the “forward” thiolase
reaction coupled with HBD, substrate saturation could not be
established, and as such, the k_/Ky for the reaction was
determined by dividing the linear slope of Velocity vs
[Substrate] by the amount of enzyme used in the assays. For
reactions that could be saturated, Velocity vs [Substrate] was
fitted by the EnzKIN Matlab module (http: //www.mathworks.
com/matlabcentral/fileexchange/ 26653) to establish V. and
Ky All values stated as different were compared with a 0.05
level of significance.

The forward thiolase assay (i.e., biosynthetic direction) and
P-hydroxybutyryl-CoA dehydrogenase assays were performed
in the presence of 1.5 mM DTT, 4.5 mM MgCl,, 100 mM Tris
HCI pH 7.5, and 0.2 mM NADH in a total volume of 200 uL at
25 °C.* B-Hydroxybutyryl-CoA dehydrogenase activity was
monitored by following the oxidation of NADH at 340 nm,
while thiolase activity in the forward direction was measured at
340 nm in a coupled assay in which 10 U excess of caHBD was
present to reduce the acetoacetyl-CoA generated from thiolase
activity. Thiolase activity in the reverse direction was
determined in the presence of 0.5 mM DTT, 4.5 mM MgCl,,
100 mM Tris HCl pH 7.5, and 2 mM CoA in a total volume of
200 uL at 25 °C.*" Activity was monitored by the loss of
acetoacetyl-CoA at 303 nm using an extinction coefficient of 14
mM™' cm™. Crotonase activity was monitored by following the
loss of crotonoyl-CoA at 263 nm (¢ = 6.7 mM™' cm™) in the
presence of 100 mM Tris HCL pH 7.5 in 200 uL total
volume.*® For egTER, crotonyl-CoA reductase activity was
followed by monitoring the loss of NADH absorbance in the
presence of 100 mM Tris HCL pH 7.5 and 0.2 mM NADH in a
final volume of 200 4L at 25 °C.* For FadE and YdiO, Butyryl-
CoA dehydrogenase activity was measured utilizing ferricenium
ion.*” Reactions were performed in 50 mM potassium
phosphate pH 7.2, 0.4 mM MgSO,, 200 uM ferrocenium

552

hexafluorophosphate, and 200 uM Butyryl-CoA and the
formation of the reduced ferrocene ion was monitored at 300
nm (¢ = 43 mM ' em 7!). Thioesterase activity was
monitored by following the production of TNB at 412 nm (& =
4.3 mM~" ecm 7!).** Reactions were carried out in the presence
of 100 mM Tris pH 7.5, 200 mM KCI, 25 mM DTNB and 200
UM of the “~-CoA” substrate in a volume of 200 uL at 25 °C. All
substrates and chemicals for enzyme assays were obtained from
Fisher Scientific Co. (Pittsburgh, PA) and Sigma-Aldrich Co.
(St. Louis, MO).
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