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The conversion of biomass-derived sugars and aromatic molecules to cis,cis-muconic acid (referred to
hereafter as muconic acid or muconate) has been of recent interest owing to its facile conversion to
adipic acid, an important commodity chemical. Metabolic routes to produce muconate from both sugars
and many lignin-derived aromatic compounds require the use of a decarboxylase to convert proto-
catechuate (PCA, 3,4-dihydroxybenzoate) to catechol (1,2-dihydroxybenzene), two central aromatic in-
termediates in this pathway. Several studies have identified the PCA decarboxylase as a metabolic bot-
tleneck, causing an accumulation of PCA that subsequently reduces muconate production. A recent study
showed that activity of the PCA decarboxylase is enhanced by co-expression of two genetically associated
proteins, one of which likely produces a flavin-derived cofactor utilized by the decarboxylase. Using
entirely genome-integrated gene expression, we have engineered Pseudomonas putida KT2440-derived
strains to produce muconate from either aromatic molecules or sugars and demonstrate in both cases
that co-expression of these decarboxylase associated proteins reduces PCA accumulation and enhances
muconate production relative to strains expressing the PCA decarboxylase alone. In bioreactor experi-
ments, co-expression increased the specific productivity (mg/g cells/h) of muconate from the aromatic
lignin monomer p-coumarate by 50% and resulted in a titer of > 15 g/L. In strains engineered to produce
muconate from glucose, co-expression more than tripled the titer, yield, productivity, and specific pro-
ductivity, with the best strain producing 4.92 + 0.48 g/L muconate. This study demonstrates that over-
coming the PCA decarboxylase bottleneck can increase muconate yields from biomass-derived sugars
and aromatic molecules in industrially relevant strains and cultivation conditions.
© 2016 The Authors. Published by Elsevier B.V. on behalf of International Metabolic Engineering Society.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

production contributes substantially to the nitrous acid-mediated
generation of ozone-producing free radicals, thus prompting

Muconic acid is an intermediate in the -ketoadipate pathway
employed by many microbes for catabolism of aromatic com-
pounds (Harwood and Parales, 1996; Ornston and Stanier, 1966).
There is substantial interest in producing muconic acid from bio-
mass, typically motivated by the ability to efficiently convert
muconic acid to adipic acid by catalytic hydrogenation under mild
conditions (Vardon et al., 2015). Adipic acid is an industrially im-
portant dicarboxylic acid that is a precursor to nylon 6,6, among
other polymers. It is conventionally produced by nitric acid oxi-
dation of cyclohexanol and cyclohexanone, releasing nitrous acid.
With a market volume of 2.6 million tons per year, adipic acid
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substantial efforts to produce it from renewable resources (Deng
et al., 2016; Polen et al., 2013; Van de Vyver and Roman-Leshkov,
2013). Recently, it has been shown that trans,trans-muconic acid
can be converted catalytically to diethyl terephthalate, another
important commodity polymer precursor (Lu et al., 2015).
Muconic acid can be produced biologically by dioxygenase
enzymes that catalyze intradiol ring-cleavage of catechol, a central
intermediate in one branch of the -ketoadipate pathway (Fig. 1)
(Xie et al., 2014). However, many aromatic molecules derived from
the depolymerization of lignin, which accounts for 15-30% of the
dry weight of biomass, are metabolized through a parallel branch
of the P-ketoadipate pathway in which protocatechuate (PCA),
rather than catechol, serves as the central intermediate. Employing
a PCA decarboxylase, which converts PCA to catechol, has enabled
the production of muconate from lignin monomers such as p-
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Fig. 1. Metabolic pathways for production of muconate from glucose and lignin-derived aromatic compounds. In P. putida KT2440, glucose is metabolized through the
Entner-Doudoroff (ED) and pentose phosphate (PP) pathways to produce phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E4P), which can be condensed to enter the
shikimate pathway for aromatic amino acid biosynthesis. An intermediate in the shikimate pathway, 3-dehydroshikimate, can be converted to PCA by the action of a 3-DHS
dehydratase, such as AsbF from Bacillus cereus used here. Deletion of the genes encoding the PCA dioxygenase, PcaHG, and integration of genes encoding the PCA dec-
arboxylase AroY from Enterobacter cloacae and two associated proteins, EcdB and EcdD, from enables PCA to be converted to catechol rather than entering the g-ketoadipate
pathway. Two paralogous dioxygenases, CatA and CatA2, convert catechol to muconate, which accumulates due to deletion of the genes encoding CatB and CatC, two
enzymes required for further metabolism of muconate. Lignin-derived aromatic molecules are metabolized through upper pathways to form catechol in the case of phenol or
guaiacol while p-coumarate, ferulate, 4-hydroxybenzoate, and vanillate are metabolized to form PCA, which can then be converted to catechol by the action of the PCA

decarboxylase for subsequent conversion to muconate.

coumarate, ferulate, 4-hydroxybenzoate, and vanillate (Vardon
et al,, 2015) as well as from glucose via a 3-dehydroshkimate (3-
DHS) dehydratase that converts this intermediate in the shikimate
pathway for aromatic amino acid biosynthesis to PCA (Curran
et al,, 2013; Draths and Frost, 1994; Jung et al., 2015; Niu et al.,
2002; Weber et al.,, 2012). An accumulation of PCA has been ob-
served in strains engineered to produce muconate from aromatic
molecules and sugars (Curran et al.,, 2013; Sonoki et al., 2014;
Weber et al.,, 2012) and is an indication of insufficient PCA dec-
arboxylase activity. The accumulation of intermediates not only
reduces the yield and productivity of the engineered biocatalyst,
but even trace amounts of residual aromatic compounds can sig-
nificantly affect the separation of muconate from fermentation
broth (Vardon et al., 2016).

Sonoki et al. recently described a means of increasing activity of
the PCA decarboxylase that may enable those pursuing strategies
to produce muconate via PCA to overcome this bottleneck (Sonoki
et al.,, 2014). Most genes encoding decarboxylases in the hydro-
xyarylic acid decarboxylase family that includes the PCA dec-
arboxylase, AroY, are co-expressed as an operon with two other
small genes shown to be important to activity of the decarboxylase
(Lupa et al., 2005; 2008; Matsui et al.,, 2006). These three genes,
BCD, are typically clustered in an operon and named for the or-
ganism in which they are found (i.e. Klebsiella pneumoniae dec-
arboxylase: kpdB, kpdC, and kpdD) with the C gene encoding the
decarboxylase. While AroY from Klebsiella pneumoniae exhibits
activity when expressed alone in Escherichia coli, Sonoki et al.
hypothesized that co-expression of KpdB and/or KpdD, might
enhance activity of AroY (Sonoki et al, 2014). Weber and

colleagues had previously co-expressed KpdB and KpdD with AroY,
but did not compare the PCA decarboxylase activity they achieved
with the activity of AroY expressed alone so as to be able to in-
terpret the importance of KpdB and KpdD co-expression (Weber
et al.,, 2012). Sonoki and colleagues found that, in an Escherichia
coli host, plasmid-based co-expression of KpdB and, in some cases
KpdD, enhanced PCA decarboxylase activity relative to expression
of AroY alone, essentially eliminating this bottleneck and enhan-
cing production of muconate from vanillin, a lignin-monomer
model compound (Sonoki et al., 2014). While the function of B and
D proteins were previously unknown, it was recently discovered
that homologues of the B protein, UbiX from E. coli and PAD1 from
Saccharomyces cerevisiae, synthesize a novel, prenylated flavin
cofactor required for the activity of decarboxylases homologous to
the hydroxyarylic acid decarboxylases (Lin et al., 2015; Payne et al.,
2015; White et al., 2015). It is likely, then, that KpdB also produces
this cofactor, which is required for the decarboxylase activity of
AroY.

We previously reported the production of muconate from
model lignin monomers as well as alkaline pretreated corn stover
by an engineered P. putida KT2440 strain (Vardon et al., 2015). This
strain utilized the AroY PCA decarboxylase from Enterobacter
cloacae, which enabled muconate production but also exhibited a
substantial accumulation of PCA, similar to that observed by others
as described above. In the present study, we sought to apply co-
expression of the decarboxylase-associated proteins examined by
Sonoki et al. to our system, aiming to improve muconate pro-
duction. Using genome-integrated gene expression in P. putida
KT2440-based strains, we demonstrate that co-expression of these
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proteins reduces PCA accumulation and enhances muconate pro-
duction from the lignin monomer p-coumarate in both shake flask
experiments and fed-batch bioreactor studies. Further, we de-
monstrate a three-fold improvement in muconate yields from
glucose upon co-expression of these proteins. Together, these re-
sults suggest that the co-expression of these proteins enhances
PCA decarboxylase activity and could enable industrial-scale, bio-
logical production of muconic acid from both the lignin and car-
bohydrate fractions of biomass.

2. Materials and methods
2.1. Plasmid construction

Plasmids for gene replacement were constructed in the vector
pCM433 (Addgene plasmid #15670), a gift from Christopher Marx
(Marx, 2008). Synthetic ribosome binding sites were designed
using the Salis Lab RBS Calculator at salislab.net (Borujeni et al.,
2013; Salis et al., 2009). DNA fragments were synthesized by In-
tegrated DNA Technologies (IDT) or SGI-DNA or amplified from P.
putida genomic DNA using Q5® Hot Start High-Fidelity 2X Master
Mix (New England Biolabs) and primers synthesized by IDT.
Plasmids were assembled using NEBuilder® HiFi DNA Assembly
Master Mix (New England Biolabs) and transformed into NEB®
5-alpha F'I? competent E. coli (New England Biolabs) according to
the manufacturer’s instructions. Transformants were selected on
LB (Lennox) plates containing 10 g/L tryptone, 5 g/L yeast extract,
5g/L NaCl, and 15 g/L agar, supplemented with either 10 pg/mL
tetracycline grown at 37 °C. The sequences of all plasmid inserts
were confirmed using Sanger sequencing performed by GENEWIZ,
Inc. Specific plasmid construction details, including the sequences
of primers and synthesized DNA fragments, can be found in the
Supplementary materials and methods.

2.2. Strain construction

Gene replacements were made in P. putida KT2440 (ATCC
47054) using the antibiotic/sacB method by transforming the sui-
cide integration vector into the target strain by electroporation
(Choi et al., 2006), selecting for recombination of the plasmid into
the genome on LB (Lennox) plates supplemented with 30 pg/mL
tetracycline, and counter-selecting for recombination of the plas-
mid out of the genome on YT +25% sucrose plates containing 10 g/
L yeast extract, 20 g/L tryptone, 250 g/L sucrose, and 18 g/L agar, as
described previously (Johnson and Beckham, 2015). Diagnostic
colony PCR using MyTaq™ HS Red Mix (Bioline) and primers
synthesized by Integrated DNA Technologies was used to confirm
gene replacement by amplification of a product of the size ex-
pected for the replacement rather than the wild-type sequence.
Details on the construction of strains used in this study are pro-
vided in the Supplementary Materials and Methods.

2.3. Culture growth and metabolite analysis

For shake flask experiments, 25 mL M9 minimal media (pH 7.2)
containing 13.56 g/L Na,HPO,, 6g/L KH,PO4 1g/L NaCl, 2 g/L
NH4Cl, 2 mM MgSO,4, 100 pM CaCl,, and 18 pM FeSO4 supple-
mented with 4 mM glucose and 20 mM p-coumaric acid (Sigma-
Aldrich) neutralized with NaOH for strains producing muconate
from p-coumarate or 50 mM glucose for strains producing muco-
nate from glucose was added to 125 mL baffled flasks. These flasks
were inoculated to an optical density at 600 nm (ODgog) of
0.1 with cells grown shaking at 225 rpm, 30 °C in LB (Lennox)
medium overnight, then centrifuged and resuspended in M9
minimal medium. Flasks were incubated shaking at 225 rpm, 30 °C

and sampled periodically to evaluate growth by measurement of
the ODgpo and metabolite concentrations using high performance
liquid chromatography (HPLC). Following sampling, an additional
4 mM glucose was added every 6 h for the first 12 h and every 12 h
thereafter to cultures producing muconate from p-coumarate.
Shake flask experiments were performed in triplicate.

Bioreactor experiments were performed in duplicate. Seed
cultures were grown in 500 mL baffled flasks containing 100 mL
LB (Lennox) medium and incubated shaking at 225 rpm, 30 °C
overnight. Cells from these cultures were centrifuged and washed
with modified M9 minimal medium with the composition de-
scribed above except for the substitution of 2.25 g/L (NH,4),SO4
instead of 2 g/L NH4Cl as the nitrogen source and supplementing
with 15 mM glucose. These washed cells were used to inoculate
0.5 L BioStat-Q Plus bioreactors (Sartorius Stedim Biotech) con-
taining 300 mL of M9 supplemented with 15 mM glucose, for ex-
periments in which muconate was produced from p-coumarate, or
83 mM (15 g/L) glucose, for experiments in which muconate was
produced from glucose, to an ODggq of 0.2. The pH was maintained
at 7.0 by addition of 4 N NaOH. The temperature was controlled at
30 °C, air was sparged at 300 mL/min (1 vvm), and the agitation
was set at 350 rpm at the beginning of cultivation.

For fed-batch bioreactor production of muconate from p-cou-
marate, feeding was controlled by saturation of dissolved oxygen
(DO-stat). Following inoculation, the agitation was gradually in-
creased from 350 to around 650-700 rpm to maintain an average
DO level of ~50%. After 4 h, 1 mM p-coumarate was added to the
culture. After ~7 h, when the glucose level was close to depletion
as indicated by a rapid increase in DO, DO-stat controlled feeding
was initiated. When the DO reached 75% feeding solution con-
taining 85 g/L p-coumarate, 22.5 g/L glucose, 4.5 g/L (NH4),SO4,
and 6 mL/L antifoam 204 (Sigma) was pumped for 30 s intervals
(~0.8 mL, bringing the concentration in the bioreactor to 1.3 mM
p-coumarate and 0.33 mM glucose). Samples were taken periodi-
cally to evaluate growth by measurement of the ODggo, metabolite
concentrations using HPLC for aromatic analytes, and YSI analysis
for glucose. These bioreactor experiments were concluded
after 73 h.

For fed-batch bioreactor production of muconate from glucose,
growth was controlled by the addition of a feeding solution con-
taining 400 g/L glucose and 80 g/L (NH,4),SO4. The agitation was
manually increased to maintain aerobic conditions (monitored by
DO levels) from 350 to 1200 rpm. Samples were taken periodically
and glucose measured by YSI analysis. When glucose was close to
being depleted, 15 mL of the feeding solution was added with the
exception of the fourth (final) feeding, when 30 mL was added.
These bioreactor experiments were terminated after 54 h.

HPLC analysis was performed by injecting 6 uL of 0.02 pm fil-
tered culture supernatant onto an Agilent 1100 series system
equipped with a Phenomenex Rezex™ RFQ-Fast Acid H+(8%)
column and a cation H+guard cartridge (Bio-Rad Laboratories) at
85 °C run using a mobile phase of 0.01 N sulfuric acid at a flow rate
of 1.0 mL/min and a diode array detector and refractive index
detector for analyte detection. Analytes were identified by com-
paring retention times and spectral profiles with pure standards.
YSI analysis to measure p-glucose in bioreactor experiments was
performed using a YSI 7100 MBS (Multiparameter Bioanalytical
System, YSI Incorporated).

For shake flask experiments, the standard deviations of the
triplicate measurements were calculated using the following
equation:

Y (x — XY
n-1

in which x is each value in a sample, X is the average of the values,
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Fig. 2. Shake-flask evaluations of muconate production from p-coumarate by engineered P. putida KT2440 strains. Cultures were grown in M9 minimal medium containing
p-coumarate and fed glucose periodically as a source of carbon and energy for growth and sampled to evaluate culture growth by ODggo and the concentration of metabolites
in the medium by HPLC. Each value represents the average of three biological replicates. The error bars represent standard deviation of the measurements. (A) KT2440-CJ102,
expressing the AroY PCA decarboxylase, (B) KT2440-CJ183, expressing AroY as well as EcdB, and (C) KT2440-CJ184, expressing AroY, EcdB, and EcdD.

and n is the number of values.

For bioreactor experiments, the range of duplicate measure-
ments was calculated by subtracting the lowest value from the
highest value. Muconate yields were calculated as the ratio of
muconic acid production (mM) to p-coumaric acid (or glucose)
added (mM) into the bioreactor. These calculated values were
adjusted to compensate for dilution caused by the addition of
NaOH and feeding solution as well as the volume removed for
sampling. Muconate productivity (g/L/h) was calculated as the
total muconate produced (g/L) during the experiment (h). Specific
productivities (g/g cells/h) are expressed as the ratio of muconic
acid (g/L) to cells (g/L) at the conclusion of the experiment (h). To
calculate the cell biomass (g/L), an experiment to determine the
correlation between ODggo and cell dry weight was performed and
the equation y=0.4448x+0.1549 (R?=0.989) describing their re-
lationship was obtained, where y is the cell dry weight in g/L and x
is the ODggo-

3. Results

We chose P. putida KT2440 as the basis of our stain engineering
because of its well characterized metabolism (Belda et al., 2016;
Chavarria et al., 2013; del Castillo et al., 2007; Jiménez et al., 2010,
2002; Nikel et al., 2015), tolerance to stress such as that induced by
aromatic compounds (Nicolaou et al., 2010), and strong potential
as an industrial-scale microbial cell factory (Nikel et al., 2014). In P.
putida KT2440, muconate is generated upon intradiol ring-clea-
vage of catechol by the paralogous dioxygenases CatA and CatA2
(Fig. 1). The catA gene is expressed in the catRBCA operon in which
the transcriptional regulator CatR drives expression of CatB and
CatC, which are responsible for further metabolism of muconate,
as well as CatA. We have previously demonstrated that genomic
replacement of the catRBC genes with the tac promoter, which is
constitutively expressed in P. putida KT2440, to drive expression of
catA (AcatRBC: Ptac:catA), results in the accumulation of muco-
nate (Vardon et al., 2015, Vardon et al., 2016). We have also shown
that the additional genomic replacement of the pcaHG genes,
which encode a PCA dioxygenase, with a codon-optimized gene
encoding the AroY PCA decarboxylase from E. cloacae subsp.
cloacae ATCC 13047 (Genbank: ADF61496) driven by the tac pro-
moter enabled the production of muconate from the aromatic
monomers p-coumarate, ferulate, 4-hydroxybenzoate, and

vanillate (Vardon et al., 2015, Vardon et al., 2016). In order to
evaluate the effect of co-expression of these decarboxylase-asso-
ciated proteins in our system, we first identified their Enterobacter
cloacae homologues. EcdB (Genbank: ADF63617), named based on
convention after the abbreviation of Enterobacter cloacae dec-
arboxylase, is 89.3% identical to KpdB used by Sonoki et al. while
EcdD (Genbank: ADF63615) is 94.5% identical to KpdD. We then
constructed strains in which codon-optimized genes encoding
EcdB alone or EcdB and EcdD were integrated in the pcaHG locus
downstream of the tac promoter driven gene encoding AroY. Co-
expression of the D protein with AroY in the absence of B protein
was not examined because this combination was shown pre-
viously to attenuate PCA decarboxylase activity (Sonoki et al.,
2014).

To determine if these proteins enhance PCA decarboxylase ac-
tivity when expressed from genes integrated as single copies in
the genome, these three strains, KT2440-CJ102 (ApcaHG::Ptac:
aroY), KT2440-CJ183 (ApcaHG::Ptac:aroY:ecdB), and KT2440-C]184
(ApcaHG::Ptac:aroY:ecdB:ecdD) were evaluated in shake-flask ex-
periments for production of muconate from 20 mM p-coumarate,
one of the predominant aromatic lignin-monomers produced from
alkaline pretreatment of corn stover and switchgrass (Karp et al.,
2014; 2015; Vardon et al., 2015) in M9 minimal medium using
glucose (4 mM fed every 6 h for the first 12 h and every 12 h
thereafter) as a carbon source for growth and energy. As observed
previously, expression of AroY alone in KT2440-CJ102 enabled the
production of muconate from p-coumarate, but the productivity
was affected by a substantial accumulation of PCA, up to 6.3 mM at
24 h (Fig. 2A). Upon co-expression of EcdB alone (KT2440-CJ183,
Fig. 2B) or EcdB and EcdD (KT2440-CJ184, Fig. 2C), PCA only ac-
cumulated to 1.2 mM, peaking at 12 h in both cases, resulting in an
increase in productivity between 6 and 36 h. These results clearly
demonstrate that the benefit of co-expressing these proteins along
with AroY can be applied to a genome-integrated host with po-
tential as an industrially-relevant biocatalyst.

We next sought to determine if the benefit of co-expressing
EcdB and EcdD also applies to more industrially relevant fed-batch
bioreactor cultivation. We used a DO-stat strategy in which small
pulses of a solution containing 85 g/L p-coumarate and 22.5 g/L
glucose (corresponding to 1.3 mM and 0.3 mM in the bioreactor)
were fed when the DO increased to a preset value (75%), indicating
that the glucose from the previous pulse had been consumed. This
enabled us to avoid the accumulation of glucose, which could
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Fig. 3. Bioreactor evaluations of muconate production from p-coumarate by engineered P. putida KT2440 strains. Cultures were grown for 72 h in M9 minimal medium by
DO-stat control, pulsing p-coumarate and glucose to reach bioreactor concentrations of 1.3 mM and 0.33 mM, respectively. Cultures were sampled to evaluate bacterial
growth by ODggo and the concentration of metabolites in the medium by HPLC. p-Coumarate values graphed above represent the amount remaining of the total p-coumarate
fed by the conclusion of the experiment. Each value represents the average of two biological replicates. The error bars represent the range of the measurements. (A) KT2440-

CJ102, expressing the AroY PCA decarboxylase, (B) KT2440-CJ183, expressing AroY as well as EcdB, and (C) KT2440-CJ184, expressing AroY, EcdB, and EcdD.

Table 1
Parameters at 73 h from bioreactor experiments to produce muconate from p-cou

marate. Values represent the average and range of biological duplicates.

Strain Genotype

KT2440-CJ102 P. putida KT2440 AcatRBC::Ptac:catA ApcaHG::Ptac:aroY
KT2440-CJ183 P. putida KT2440 AcatRBC::Ptac:catA ApcaHG::Ptac:aroY:ecdB
KT2440-CJ184 P. putida KT2440 AcatRBC::Ptac:catA ApcaHG::Ptac:aroY:ecdB:ecdD

Titer (g/L)  Yield (M/M) Productivity (g/L/h) Specific productivity (mg/g cells’/h)
1450+ 154 0.86+0.08 0.20+0.02 64.55 +3.77
1565+112 095+0.02 0.214+0.02 90.57 +5.28
15.59+0.01 1.01+0.02 0.21+0.00 95.46 + 0.47

2 Cell dry weights inferred based on correlation with ODggo as described in m

trigger catabolite repression that might affect aromatic metabo-
lism (Rojo, 2010), as well as the accumulation of p-coumarate,
which is toxic at concentrations > 15 g/L (data not shown). Using
this strategy, muconate production by KT2440-C]J102, KT2440-
CJ183, and KT2440-CJ184 were compared. As we observed in the
shake flask experiments, KT2440-CJ102 exhibited an accumulation
of PCA (Fig. 3A) that diminished upon co-expression of EcdB in
KT2440-CJ183 (Fig. 3B) or EcdB and EcdD in KT2440-CJ184
(Fig. 3C), leading to a trend toward increases in the final muconate
titer, yield, and productivity after 73 h (Table 1). Importantly,

A B

aterials and methods.

KT2440-CJ102 achieved a specific productivity (mg muconate/g
cells/h) of 64.55+ 3.77 while KT2440-CJ183 and KT2440-CJ184
achieved specific productivities of 90.57 +5.28 and 95.46 + 0.47,
respectively. Thus, co-expression of EcdB and EcdD with AroY re-
duces the accumulation of PCA and increases muconate produc-
tion during fed-batch bioreactor cultivations producing much
higher titers of muconate than those observed in shake flask ex-
periments, up to 15.59 + 0.01 g/L with KT2440-CJ184.

As mentioned above, conversion of PCA to catechol is also
central to pathways for production of muconate from sugars via
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Fig. 4. Shake-flask evaluations of muconate production from glucose by engineered P. putida KT2440 strains. Cultures were grown for 24 h in M9 minimal medium
containing glucose for conversion to muconate and as a source of carbon and energy for growth and sampled to evaluate culture growth by ODggo and the concentration of
metabolites in the medium by HPLC. Each value represents the average of three biological replicates. The error bars represent standard deviation of the measurements.
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3-DHS, an intermediate in the shikimate pathways for aromatic
amino acid synthesis. As such, we next set out to determine how
enhancing PCA activity by co-expression of EcdB or EcdB and EcdD
along with AroY might benefit the production of muconate from
glucose. In order to convert glucose to muconate, we constructed
strains similar to those described above for production of muco-
nate from aromatic lignin-monomers but that also incorporated a
codon optimized gene encoding AsbF, a 3-DHS dehydratase from
Bacillus cereus ATCC 14579 (Genbank: AAP08954) that converts
3-DHS to PCA (Fox et al., 2008). We then performed a shake flask
experiment comparing KT2440-CJ156 (ApcaHG::Ptac:aroY:asbF),
KT2440-CJ200 (ApcaHG::Ptac:aroY:ecdB:asbF), and KT2440-CJ202
(ApcaHG::Ptac:aroY:ecdB:ecdD:asbF) grow in M9 minimal medium
contain 50 mM glucose. KT2440-CJ156 produced 0.8 mM muco-
nate, a 1.6% yield (mol/mol) from 50 mM glucose (Fig. 4A), in-
dicating that AsbF is functional and enables production of muco-
nate from glucose. The addition of EcdB in CJ200 resulted in an
almost three-fold improvement in muconate titer, producing
2.3 mM muconate, a 4.7% yield (mol/mol) (Fig. 4B). Interestingly,
KT2440-CJ202, which expresses EcdD in addition to EcdB and
AroY, produced only 0.2 mM muconate (Fig. 4C), less than KT2440-
CJ156 expressing AroY alone (Fig. 4A). To confirm that this result
was not caused by some unknown mutation or other stochastic
difference in this strain, we repeated this experiment with a sec-
ond strain that was constructed identically to KT2440-C]J202 but
this strain exhibited the same low muconate yield (data not
shown). These results demonstrate that increased PCA decarbox-
ylase activity resulting from co-expression of EcdB greatly en-
hances muconate production from sugars, which is attenuated by
the additional expression of EcdD.

As before, we next evaluated these strains in bioreactor culti-
vations. The production of muconate from glucose alone elimi-
nated the need for the DO-stat control strategy used in our pre-
vious bioreactor experiments in order to avoid possible catabolite
repression and toxicity of aromatic substrates. Instead, the cultures
were fed an initial 15 g/L of glucose and when the glucose was
almost depleted the culture was fed another 15 g/L of glucose.
These feedings were repeated twice more along with a single, final
feeding of 30 g/L glucose (Fig. 5). After 54 h, KT2440-C]156, pro-
duced only 144+ 0.14 g/L muconate (Fig. 5A) while KT2440-
CJ200, with its additional expression of EcdB, produced
4,92 +0.48 g/L (Fig. 5B) and achieved a yield, productivity, and
specific productivity that were at least three-fold greater than

] KT2440-CJ156 (AroY) \ J

KT2440-CJ200 (AroY, EcdB)

those of KT2440-CJ156 (Table 2). As observed in the shake flask
experiments performed using these strains, the additional ex-
pression of EcdD reduced the production of muconate (Fig. 5C),
even relative to KT2440-CJ156 expressing AroY alone (Fig. 5A).

4. Discussion and conclusions

In this study, we have clearly demonstrated that co-expression
of EcdB and EcdD reduces the accumulation of PCA in P. putida
KT2440-based strains engineered using genome-integrated gene
expression to produce muconate from aromatic molecules in
shake flask (Fig. 2) and bioreactor (Fig. 3) cultivations. In addition
to the obvious effect upon product yields, reducing the accumu-
lation of an aromatic intermediate such as protocatechuate could
substantially reduce costs associated with separation of the final
product by reducing the required loading of activated carbon for
removal of residual aromatic compounds (Vardon et al., 2016). We
have also demonstrated that expression of EcdB increased muco-
nate production by about 3-fold in strains engineered to produce
muconate from glucose, both in shake flask (Fig. 4) and bioreactor
experiments (Fig. 5). The maximum titer (4.92 +0.48 g/L) and
yield (0.077 + 0.005 mol/mol) of muconate from glucose reported
here (Table 2) are nearly an order of magnitude higher than those
described in yeast-based systems (Curran et al., 2013; Weber et al.,
2012), but considerably lower than those reported in E. coli host
systems (Draths and Frost, 1994; Niu et al., 2002). All of these
previously described systems, however, relied on plasmid-based
gene expression and, in most cases, the introduction of mutations
that required cultures to be supplemented with aromatic amino
acids, both of which are generally inconsistent with at-scale pro-
duction processes. As such, it is important to note that the P. putida
KT2440-based strains described here represent the only reported
system for production of muconate from glucose by strains en-
gineered using entirely genome-integrated gene expression,
without the requirement of costly amino acid supplementation.
Additional metabolic engineering to increase the flux of carbon to
muconate will undoubtedly be of benefit to the “base case” strains
described here and will be necessary to achieve industrially-re-
levant levels of production; this work is ongoing in our laboratory
currently.

In shake flask experiments, co-expression of EcdB or EcdB and
EcdD also had the unexpected benefit of increasing the rate of
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Fig. 5. Bioreactor evaluations of muconate production from glucose by engineered P. putida KT2440 strains. Cultures were grown in M9 minimal medium and fed glucose at
time points as indicated by arrows. Cultures were sampled to evaluate culture growth by ODggo and the concentration of metabolites in the medium by HPLC. Glucose values
graphed above represent the amount remaining of the total glucose fed by the conclusion of the experiment. Each value represents the average of two biological replicates.
The error bars represent the range of the measurements. (A) KT2440-CJ156, expressing the AroY PCA decarboxylase, (B) KT2440-CJ200, expressing AroY as well as EcdB, and
(C) KT2440-CJ202, expressing AroY, EcdB, and EcdD.
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Table 2

Parameters at 54 h from bioreactor experiments to produce muconate from glucose. Values represent the average and range of biological duplicates.

Strain Genotype Titer (g/L) Yield (M/M) Productivity (g/L/h)  Specific productivity
(mg/g cells?/h)
KT2440-CJ156 P. putida KT2440 AcatRBC::Ptac:catA ApcaHG::Ptac:aroY:asbF 144 +0.14 0.021 + 0.002 0.03 +0.00 3.10+0.89
KT2440-CJ200 P, putida KT2440 AcatRBC: :Ptac:catA ApcaHG: :Ptac:aroY:ecdB:asbF 492 +0.48 0.077 £ 0.005 0.09 +0.01 9.50 +0.08
KT2240-CJ202 P putida KT2440 AcatRBC: :Ptac:catA ApcaHG: :Ptac:aroY:ecdB:ecdD:asbF  0.59 + 0.03  0.008 + 0.001 0.01 £+ 0.00 1.63 +0.11

@ Cell dry weights inferred based on correlation with ODggo as described in materials and methods.

catabolism of p-coumarate (Fig. 2B and 2C vs. 2A), though this
ultimately resulted in greater accumulation of 4-hydroxybenzoate.
Based on the data from these shake flask experiments, the accu-
mulation of 4-hydroxybenzoate appears to represent a substantial
bottleneck in the pathway to muconate. In the corresponding
bioreactor experiments (Fig. 3), however, a substantial accumula-
tion of 4-hydroxybenzoate was not observed. Conversely, however,
these bioreactor cultures exhibited lower growth rates once
feeding of p-coumarate was initiated relative to the strain ex-
pressing AroY alone (Fig. 3B and 3C vs. 3A), which were not ob-
served in shake flask experiments. This might be associated with
the increased accumulation of muconate, which could be in-
hibitory. Further experiments will be required to determine if this
can be overcome with additional optimization of bioreactor con-
ditions or the strains themselves. The differences in performance
of these strains under different growth conditions underscores the
importance of evaluating strains in the controlled environment of
a bioreactor.

Efforts to understand the mechanism whereby the expression
of EcdB modulates the activity of the AroY PCA decarboxylase may
be informed by an examination of the function of its homologues.
Decarboxylases in the hydroxyarylic acid decarboxylase family,
which includes AroY and the C proteins discussed in the in-
troduction, are homologous to UbiD, a bacterial 3-octaprenyl-4-
hydroxy-benzoate decarboxylase required for biosynthesis of
ubiquinone (coenzyme Q), and the ferulic acid decarboxylase
(FDC) from Saccharomyces cerevisiae (Lupa et al., 2005; White
et al, 2015). The B genes usually co-expressed with the dec-
arboxylase C genes are homologous to the bacterial ubiX and yeast
PAD1 genes that were recently shown to encode a flavin pre-
nyltransferase responsible for producing a prenylated-FMN co-
factor required by UbiD and FDC (Lin et al., 2015; Payne et al.,
2015; White et al., 2015). It is likely, then, that the B proteins
produce the same specialized cofactor that is utilized by the C
decarboxylases as well as AroY. This would explain why AroY is
active when expressed without the B protein in E. coli, in which
the prenylated-FMN is already produced by UbiX, or S. cerevisiae
(Curran et al.,, 2013), where it is produced by PAD1. PCA dec-
arboxylase activity is enhanced by co-expression of the B protein
in E. coli (Sonoki et al., 2014), probably by increasing production of
prenylated-FMN beyond what is synthesized by the native UbiX
alone, which is apparently insufficient to also support full activity
of the heterologously expressed AroY. This likely also applies to
expression of AroY in P. putida KT2440, which also natively ex-
presses a UbiX homologue (PP_0548, Genbank: NP_742711.1).

The role of the D protein, which shows no homology to any
proteins characterized to date, remains elusive. We have shown
that co-expression of ecdD with ecdB and aroY provides a slight,
but consistent reduction in accumulated PCA and improvement in
muconate production relative to expression of only ecdB and aroY
in strains engineered to produce muconate from aromatic lignin
monomers (Figs. 2 and 3, Table 1.). However, in strains engineered
to produce muconate from glucose by the incorporation of the
DHS dehydratase, AsbF, its expression attenuates muconate pro-
duction below that observed by expression of AroY alone

(Figs. 4 and 5, Table 2). Sonoki and colleagues observed similarly
inconsistent results with expression of kpdD in their E. coli host;
when aroY was expressed on one plasmid and kpdB and kpdD were
expressed on a second plasmid, it resulted in greater PCA dec-
arboxylase activity than when the second plasmid expressed only
kpdB. When all of these genes were expressed on a single plasmid,
however, the addition of kpdD reduced decarboxylase activity re-
lative to the plasmid expressing only aroY and kpdB (Sonoki et al.,
2014). Taken together, these results suggest that the effect of the D
protein on the PCA decarboxylase activity of AroY and the B pro-
tein is highly context dependent. While in the study by Sonoki
et al., differing effects were seen in cases where kpdD may have
been expressed at very different levels relative to aroY, our P. pu-
tida KT2440-derived strains KT2440-CJ184 and KT2400-CJ202 only
differ in that the asbF gene was incorporated in the synthetic
operon integrated into the genome of KT2440-CJ202 (Ptac:aroY:
ecdB:ecdD:asbF), in which the activity of the PCA decarboxylase
was attenuated by co-expression of EcdD, but not in that of
KT2440-CJ184 (Ptac:aroY:ecdB:ecdD), in which EcdD co-expression
enhanced its activity. We believe it is unlikely that the asbF gene,
which was incorporated at the 5’ end of the operon, would affect
expression of ecdD upstream of it, but it is still formally possible
that expression of ecdD is affected by the addition of asbF. It is also
formally possible that AsbF and EcdD interact in a way that affects
the function of EcdD. Because the benefit of co-expressing the D
gene on PCA decarboxylase activity is negligible at best and has
the potential to be deleterious based on our findings and those of
Sonoki and colleagues, it is tempting, and even advisable, to forgo
its inclusion in metabolic engineering strategies that incorporate
the PCA decarboxylase. Its evolutionary conservation, coupled
with our findings and those of Sonoki et al. (Sonoki et al., 2014)
demonstrating that it can enhance PCA decarboxylase in certain
circumstances, may justify greater examination of this protein.

The PCA decarboxylase itself is certainly worthy of further in-
vestigation. While molecules such as 4-hydroxybenzoate and va-
nillate, which are generated by relatively mild lignin depolymer-
ization methods (Linger et al., 2014; Salvachda et al., 2015) are
metabolized through PCA, their decarboxylated counterparts,
phenol and guaiacol, less substituted products arising from
harsher lignin depolymerization methods (Katahira et al., 2016;
Kruger et al., 2016), are metabolized through catechol. Decarbox-
ylases capable of catalyzing these reactions have been character-
ized and demonstrated to, technically if not efficiently, catalyze the
reverse reaction (carboxylation) as well (Chow et al., 1999; Lupa
et al., 2008; 2005), as has the PCA decarboxylase (He and Wiegel,
1996; Yoshida at al., 2010). Thus, AroY and these other hydro-
xyarylic acid decarboxylases can essentially bridge the PCA and
catechol branches of the [(-ketoadipate pathway as well as the
upper pathways that funnel into them, a capability that is likely to
become important as interest grows in metabolic engineering
aimed at lignin valorization (Beckham et al., 2016).
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