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ocess development for muconic acid production from aromatic
compounds and lignint

Davinia Salvachua*, Christopher W. Johnson, Christine A. Singer, Holly Rohrer, Darren J.
Peterson, Brenna A. Black, Anna Knapp, Gregg T. Beckham*

Muconic acid (MA) is a bio-based platform chemical that can be converted into the commodity petrochemical
building blocks adipic acid or terephthalic acid, or used in emerging, performance-advantaged materials. MA is
a metabolic intermediate in the R-ketoadipate pathway, and can be produced from carbohydrates or other
traditional carbon sources via the shikimate pathway. MA can also be produced from lignin-derived aromatic
compounds with high atom efficiency through aromatic-catabolic pathways. Metabolic engineering efforts to
date have developed efficient muconic acid-producing strains of the aromatic-catabolic microbe
Pseudomonas putfida K12440, but the fiters, productivities, and yields from aromatic compounds in most cases
remain below the thresholds needed for industrially-relevant bioreactor cultivations. To that end, this work
presents further process and host development towards improving MA titers, yields, and productivities, using the
hydroxycinnamic acids, p-coumaric acid and ferulic acid, as model aromatic compounds. Coupling strain
engineering and bioprocess development enabled the discovery of new bottlenecks in P. putida that hinder MA
production from these compounds. A combination of gene overexpression and removal of a global catabolic
regulator resulted in high-yielding strains (100% molar yield). Maximum MA ftiters of 50 g/L, which is near the lethal
toxicity limit in this bacterium, and productivities over 0.5 g/L/h were achieved in separate process configurations.
Additionally, a high-pH feeding strategy, which could potentially reduce the salt load and enable higher titers by
decreasing product dilution, was tested with model compounds and lignin-rich streams from corn stover and a
complete conversion of the primary monomeric aromatic compounds to MA was demonstrated, obtaining a
titer of 4 g/L. Overall, this study presents a step forward for the production of value-added chemicals from lignin
and highlights critical needs for further strain improvement and bioprocess development that can be applied in
the biological valorization of lignin.
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Lignin, the most recalcitrant polymer in lignocellulose, is
highly undervalued, and its upgrading is recognized as critical
to support the feasibility of modern lignocellulosic
biorefineries.'*'® In this regard, a recent techno-economic
analysis revealed that fuel prices from cellulosic sugars could
be reduced by up to $3 per gasoline-gallon equivalent if the
lignin from the biorefinery was converted in an 80% yield to
MA and catalytically upgraded to adipic acid.'® Furthermore,
the biorefinery sustainability when converting lignin to MA
and adipic acid remains environmentally beneficial even when
lignin is diverted away from heat and power,'” which has been
the main route for lignin to date. Currently, lignin
depolymerization is one of the main challenges if monomeric
species are needed for further valorization. However, many
chemical and biological strategies exist and are being actively
developed for this purpose.'* > ¥

The most well studied aromatic precursor for MA production
has been benzoic acid,’ but this compound is not a typical
monomer released during lignin  depolymerization.
Consequently, with the aim of valorizing lignin, the substrate
spectrum for the production of MA has broadened in the last
years and new model compounds and diverse lignin streams
have been tested (Table 1). However, MA titers and yields
from lignin streams typically remain low. In terms of host
selection, due to its robustness, tolerance to aromatic
compounds, and the presence of endogenous aromatic-
catabolic pathways (B-ketoadipate pathway) (Fig. 1), P. putida
KT2440 has been the primary bacterial strain engineered for
MA production. Engineered E. coli, Corynebacterium
glutamicum, and Arthrobacter sp. have also been reported to
produce high MA titers from aromatic compounds such as
catechol and benzoic acid (Table 1).

In addition to producing high yields of bioavailable
compounds from lignin depolymerization, it is also necessary
to simultaneously work to improve the strains and associated
bioprocesses to move towards industrially-relevant titers,
productivities, and yields. In this regard, little work has been
directed to optimize MA production processes utilizing lignin-
relevant aromatic compounds (i.e. hydroxycinnamic acids
released from alkaline biomass treatments methods such as p-
coumaric acid (p-CA) and ferulic acid (FA)),* *' which is
critical to identify strain and process limitations. Recently, we
have demonstrated improvements in P. putida KT2440 strains
(hereafter KT2440) in terms of MA yields from p-CA by (1)
enhancing the activity of the protocatehuate decarboxylase
(AroY) through the co-expression of two associated proteins
(EcdBD) (generating the strain KT2440-CJ184)'* ** and by
(2) eliminating a global regulator of carbon catabolite
repression (generating the strain KT2440-CJ238)* (Fig. 1).
However, our previous work did not focus on increasing MA
titer or productivity — key cost drivers for any bioprocess.

The aim of this work is to evaluate new and previously
reported KT2440 strains in various bioreactor setups to
identify bottlenecks and further develop an efficient MA
production process and strain. For that purpose, we used
monomeric aromatic compounds, namely p-CA and FA, as
model substrates and evaluated the effect of different feeding
strategies to achieve high MA titer, yield, and productivity. In
addition, we also evaluated MA production from two high pH
lignin-rich streams produced in a biorefinery-like process
from corn stover.”* Overall this work provides new insights
regarding both substrate and product toxicity and highlights
additional bottlenecks for further strain and process
improvements that could be applied to a variety of lignin
streams.

Table 1 Comparative muconic acid (MA) fiters reported from aromatic compounds and lignin streams. Yield is calculated as MA mol per mol of
aromatic compound (model or detected in the lignin stfream). Productivity is calculated as MA ftiter at the end time point divided by the total
cultivation time. APL=alkaline pretreated liquor; BCDL=lignin liquor resulting from base catalyzed depolymerization; DO=oxygen saturation; FB=fed-
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batch.
Microorganism Substrate Feeding mode Titer Yield Productivity Reference
g/L mol/mol g/L/h
AROMATIC COMPOUNDS
E. coli BL21 (DE3)/pEcatA Catechol FB 59.0 1.00 4.90 25
P. putida KT2440-MA1 Catechol pH-stat FB 64.2 1.00 1.03 26
C. glutamicum MA-2 Catechol DO-stat FB 85.0 1.00 1.42 27
P. putida BM014 Benzoate Constant FB, cell-recycle 13.5 1.00 5.50 28
P. putida KT2440-JD1 Benzoate pH-stat FB 18.5 1.00 0.80 29
P. putida BM014 Benzoate DO-stat FB 324 1.00 0.70 30
P. putida KT2440-CJ102 Benzoate DO-stat FB 345 1.00 0.28 31
Arthrobacter sp. T8626 Benzoate Manual FB 441 0.96 0.90 32
P. putida KT2440-CJ242 Benzoate DO-stat FB 52.3 0.97 0.26 This work
P. putida KT2440-CJ184 p-Coumarate DO-stat FB 15.6 1.00 0.21 13
P. putida KT2440-CJ242 p-Coumarate DO-stat FB 29.4 0.98 0.20 This work
P. putida KT2440-CJ242 p-Coumarate Constant FB 27.1 0.99 0.53 This work
P. putida KT2440-CJ242 p-Coumarate Constant FB, high pH feed ~ 49.7%/27.7° 0.97%/0.99" 0.23%0.49" This work
P. putida KT2440-CJ475 Ferulate Constant FB 16.0 0.99 0.21 This work
P. putida KT2440-CJ475 p-Coumarate + Ferulate Constant FB 34.7%27.1¢ 1.00%/0.99¢ 0.27/0.50¢ This work
LIGNIN STREAMS
P. putida KT2440 IDPC/pTS108 Japanese cedar FB 0.02 0.001 0.001 33
Sphingobium sp. SYK6 SME257/pTS084 Birch FB 0.03 0.41 0.001 33
E. coli- engineered Kraft lignin Batch 0.34 0.74 0.007 34
E. coli- engineered Tobacco Batch 0.31 0.34 0.006 34
P. putida KT2440-CJ103 Corn stover BCDL FB 0.50 0.31 0.014 21
P. putida KT2440-CJ103 Corn stover APL Batch 0.70 0.67 0.029 4
P. putida KT2440-CJ242 Corn stover APL Constant FB, high pH feed 0.70 1.35¢ 0.010 This work
C. glutamicum MA-2 Pine FB 1.8 1.00 0.066 27
P. putida KT2440-CJ242 Corn stover BCDL Constant FB, high pH feed 3.70 1.37° 0.060 This work
P. putida KT2440-M A9 Pine (concentrated stream) FB by pulses 13.00 1.00 0.240 26

(a) Feeding rate at 3 mmol/h; (b) Feeding rate at 6 mmol h; (c) Feeding rate at 4 mmol/h; (d) Feeding rate at 8 mmol/h; (e) A yield higher than 1.0 can be the result of the
conversion of other non-detected aromatic compounds to MA or the utilization of oligomeric lignin.
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Results

MA production from p-CA: the feeding strategy is key to
evaluate bacterial strains

p-CA is the most abundant aromatic compound resulting from
alkaline treatment of corn stover’ *> * since esterified p-
coumaryl groups are abundant in it (up to 18% of the total
lignin)37 and ester bonds are cleaved by mild base treatment.”’
Therefore, we selected p-CA as an initial model aromatic
compound to compare the performance of engineered MA-
producing KT2440 strains. Because p-CA leads to MA
production, a carbon and energy source (glucose in this study)
also needs to be supplied to maintain the bacterial metabolism.
Feeding high concentrations of aromatic compounds or
glucose can have deleterious effects on KT2440, via toxicity™®
or catabolite repression,” respectively, which would
ultimately hinder MA production. Thus, we selected a feeding
strategy based on the saturation of oxygen (DO-stat fed-batch)
to maintain both compounds at low concentrations.”” To select
an appropriate p-CA:glucose molar ratio, we conducted a
preliminary experiment with a previously reported MA-
producing strain, KT2440-CJ184 (aroY and ecdBD
overexpressed; Fig. 1, Table S$1)."* The ratios utilized were
2:1, 4:1, and 8:1. The 8:1 ratio led to the accumulation of the
metabolic intermediates 4-hydroxybenzoate and
protocatechuate and produced low cell biomass (Fig. S1). The
2:1 and 4:1 ratios generated similar MA titers (~28 g/L) and
yields (>0.97 mol/mol). However, the 4:1 ratio exhibits lower
cell density and a higher variability between bioreactors in
terms of 4-hydroxybenzoate accumulation. Thus, we selected
a p-CA:glucose molar ratio of 2:1 to conduct further strain
evaluation.

The strains compared here were the previously reported
KT2440-CJ184" and KT2440-CJ238 (aroY overexpressed

DO-stat fed-batch
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and Crc knocked out, respectively, Fig. 1, Table S1)%
strains, and a new strain which combines the genetic
modifications from KT2440-CJ184 and KT2440-CJ238
(KT2440-CJ242) (Fig. 1, Table S1). The modifications to
these strains are integrated into the genome, obviating the
need to supplement the cultures with antibiotics. As explained
above, the initial strategy selected for the feeding was DO-stat
fed-batch (Fig. 2A-C). The oxygen profiles for all these
cultivations are shown in Fig. S2. The performance of
KT2440-CJ184 and KT2440-CJ242 was similar. Both strains
achieve titers of approximately 28 g/L, yields over 0.95
mol/mol, and productivities of 0.20 g/L/h. However, KT2440-
CJ238 accumulated protocatechuate during the cultivation,
leading to a MA yield decrease and cell death in one of the
bioreactors (Fig. 2B, Fig. S2B).

DO-stat feeding strategies are appropriate to reach high titers.
However, due to the nature of this strategy, which includes
time intervals where all the substrates may be fully converted
(i.e. during DO increases in each DO period), productivity
may be inherently limited. To ascertain if productivity could
be enhanced, we also tested the effect of constant feeding at
the same p-CA:glucose ratio using the same strains. In the
DO-stat mode, an average of 2 mmol p-CA/h (=0.33 g/L/h)
was added during the first hours of cultivation. For the
constant feeding, we selected a 4-fold higher initial feeding
rate (~8 mmol p-CA/h = 1.3 g/L/h). In this experiment,
KT2440-CJ184 and KT2440-CJ238 accumulated 4-
hydroxybenzoate and protocatechuate respectively, which
considerably reduced MA yields (Fig. 2D-E). In fact, the
cultivation with KT2440-CJ184 also exhibited accumulation
of p-CA at the end of the cultivation. In contrast, KT2440-
CJ242 did not accumulate any metabolic intermediate and still
produced over 27 g/L of muconate, at 99% yield, and at an
increased productivity of 0.53 g/L/h (Fig. 2F).
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Fig. 2 Muconic acid (MA) production from p-coumaric acid (p-CA) by engineered P. putida KT2440 strains utilizing 2 feeding strategies: (a-c) DO-stat
fed batch and (d-f) constant fed-batch. p-CA concentration in the feeding bottle was 0.5 M at pH 7. The initial feeding rates for the constant fed-
batch was 8 mmol p-CA/h. Titers (T), yields (Y), and productivities (P) are shown in each graph. Each value represents the average of biological

duplicates. The error bars represent the absolute difference between the

biological duplicates. (1) Time at which one of the biological replicates

stopped utilizing glucose and could not be controlled by DO afterwards (see DO profiles, Fig. $2). 4-HBA= 4-hydroxybenzoic acid; PCA=
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acid.
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Table 2 Muconic acid fiters, yields, and productivities from KT72440-CJ242
and KT2440-CJ518 cultivations at 1:1 vol. batch media:vol. feeding media
ratio.

(a) At 49 h of cultivation.

(b) End- time point (~74 h, feeding depleted).

In light of these results, KT2440-CJ242 was selected to
investigate if titer and productivity could be further enhanced.
First, the ratio between the initial batch media in the
bioreactor and the feeding media (vol:vol) was changed from
3:2 to 1:1. The latter ratio (used in the rest of the study) offers
the likelihood of increasing titers in the bioreactors (due to the
inability to increase p-CA concentration in the feeding media;
p-CA maximum solubility at neutral pH is 0.5 M). Second,
higher feeding rates (9 mmol p-CA/h) were also evaluated.
The new volume ratio enabled an increased titer, up to 30.5
g/L (Table 2; Fig. S3A) but at a lower yield than that
observed before at the same feeding rate at the end of the
cultivation (because 4-hydroxybenzoate began to accumulate
after 49 h of cultivation, which is the time at which the
cultivation was ended previously, Fig. 2F). In addition,
productivity was not enhanced at a feeding rate of 9 mmol p-
CA/h since 4-hydroxybenzoate also accumulated during the
cultivation (Table 2; Fig. S3B). Considering the bottleneck
observed in 4-hydroxybenzoate, we also overexpressed PobA
by integrating a second copy of this native gene into the
genome of KT2440-CJ242, generating the strain KT2440-
CJ518 (Fig. 1, Table S1) and fed p-CA at 9 mmol/h.

However, improvements were not observed compared to
KT2440-CJ242 (Table 2; Fig. S3C).

These results suggest that approximately a MA titer limit of

Strain Initial Titer (g/L) Yield Productivity X X Lo

feeding rates & (mol/mol) (g/L/h) 25-27 g/L can be achieved at maximum productivities of 0.53
KT2440-C1242 flrg“g’ﬁ/)h 24.9930.5° | 0.97%70.91° | 0.51%0.41° g/L/h while maintaining near-theoretical yields. To understand

9 mmol/h N N . if these limits are driven by product and/or intermediate
KT2440-CJ242 243+48 | 0.66+030° | 0.34+0.07 .. . .

(1.5 g/L/h) toxicity, we subsequently performed toxicity assays with the
KT2440-CI518 ?1‘2‘2&1//};1) 250 +6.4° | 0.68+0.09° | 0.35+0.09° most relevant molecules in this work.

Evaluation of substrate, metabolic intermediates, and
product toxicities in KT2440-CJ242

KT2440-CJ242 was subjected to relevant concentrations of
MA, p-CA, 4-hydroxybenzoate, and protocatechuate in the
presence of glucose, as well as FA and vanillate since these
compounds are commonly derived from biomass and were
also evaluated in this work (vide infra). Increasing MA
concentrations (from 5 to 60 g/L) decreased maximum initial
growth rates and increased initial lag phases (Fig. 3A). At MA
concentrations of 25-30 g/L (the maximum titers reached in
the experiments above), the growth rate decreased
approximately 30% compared to the control and the lag time
doubled. At an initial MA concentration of 60 g/L, bacterial
growth was not observed in 24 h cultivations which could
indicate the lethal limit. To obtain more information on MA
toxicity, we also performed a bioreactor experiment with
KT2440-CJ242 utilizing benzoic acid as a substrate (since
benzoic acid can be concentrated up to 1 M in the feeding
media and the metabolic pathway is shorter than the one from
p-CA, see Fig. 1) in DO-stat fed batch mode. In this case,
maximum MA titers of 52 g/L were achieved. From that point,
benzoic acid began to accumulate (Fig. S4). Together, these
results suggest that with the current strain, the maximum MA
concentrations we can obtain are approximately 50 g/L.
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Fig. 4 Muconic acid (MA) production from ferulic acid (FA) in constant fed-batch mode by two different K12440 strains: (a) K12440-CJ242 and (b-c)
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We also investigated the toxicity of the aromatic compounds
used as model substrates in this work (i.e. p-CA and FA). FA
exhibits higher toxicity than p-CA at low concentrations (at 5
and 10 mM) (Fig. 3 B-C). However, p-CA shows significantly
longer growth lags than FA at concentrations > 40 mM. In
fact, growth was not observed at 80 mM p-CA, while cells
were still able to grow at a FA concentration of 100 mM. In
terms of the metabolic intermediates, it is noteworthy that low
concentrations (< 20 mM) of 4-hydroxybenzoate and vanillate
boosted the growth rates compared to the control (only
glucose) and that vanillate exhibits higher toxicity than 4-
hydroxybenzoate at the highest concentrations. Conversely,
protocatechuate exhibits the highest toxicity among the
various molecules evaluated in this study and bacterial growth
ceased at a concentration beween 20 and 40 mM (3 and 6
g/L). This result can help explain the results obtained with
KT2440-CJ238 (Fig. 2B-E). Interestingly, protocatechuate
was maintained in those cultivations at levels between 3-4
g/L, excluding one case where cells died in one of the
bioreactors in DO-stat mode (Fig. 2B), which can potentially
be explained by the high toxicity of this intermediate.

MA production from ferulic acid

FA is commonly the second most abundant aromatic
compound produced in alkaline treatment of corn stover, and
is present at an approximately 3-fold lower concentration than
p-CA.> Accordingly, we first evaluated MA production from
FA by KT2440-CJ242 at a concentration 3-fold lower in the
feeding media than p-CA (0.16 M instead of 0.5 M) which
resulted in a feeding rate of 2-3 mmol/h (0.5 g FA/L/h).
Vanillate was the main product of this cultivation, which
substantially decreased MA yields (Fig. 4A). This result
suggests that there may be a bottleneck in the vanillate O-
demethylase, VanAB (Fig. 1). Thus, we generated another
strain, KT2440-CJ475, in which we included another copy of
VanAB, driven by the tac promoter, which is strong and
constitutive in P. putida,”® into the genome. In this case, the
new strain was able to achieve 100% conversion from FA to
MA (Fig. 4B). To investigate the maximum MA titers from
FA, we also used a FA feeding source at its maximum
solubility at neutral pH (0.25 M). These cultivations lead to a
MA production of 16 g/L at a productivity of 0.21 g/L/h. It is
also worth highlighting that MA productivities from FA may
be still enhanced by increasing feeding rates. However,

the absolute difference between

the biological duplicates. VA= vanilic acid.

considering that this is a less abundant aromatic compound in
lignin-rich streams, we did not pursue this optimization.

MA production from mixed aromatic compounds

Lignin streams almost invariably contain a mixture of
compounds. To mimic the composition of lignin-rich streams
such as alkaline pretreated liquor from corn stover, we
mixed p-CA and FA at a relevant molar ratio in the feeding
source (0.4 M p-CA: 0.1 M FA). In addition, in this
experiment, we also wished to evaluate if we could increase
MA titers by decreasing feeding rates. As reported above
(Table 2), some intermediates such as 4-hydroxybenzoate
accumulate at a feeding rate of 8§ mmol/h after 49 h of
cultivation. Thus, we reduced the feeding rate to 4 mmol/h to
investigate if the accumulation of that intermediate was also
observed at the same MA concentration. At the highest
feeding rate, p-CA accumulated rapidly after 49 h, without the
accumulation of 4-hydroxybenzoate as observed previously
(Fig. 5). MA titers (27 g/L at 49 h) and productivity (0.5 g/L/h
at 49 h) were similar to those obtained from p-CA at the same
rate (Fig. 2F, Table 2). However, at the lowest feeding rate,
no intermediates accumulated during the entire cultivation,
leading to MA titers of ~35 g/L, but at a lower productivity of
0.27 g/L/h. These results again suggest that the catabolism of
aromatic compounds slows at MA concentrations between 25-
30 g/L MA and that it is possible to avoid the accumulation of
metabolic intermediates and/or substrate by decreasing
feeding rates.
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Fig. 5 Muconic acid (MA) production from a mix of p-coumaric acid (p-
CA) and ferulic acid (FA) in constant fed-batch mode by K12440-CJ475 at
two different initial feeding rates, 4 and 8 mmol/h. p-CA and FA
concentrations in the feeding boftle were 0.4 M and 0.1 M, respectively.
Titers (T), yields (Y), and productivities (P) are shown in each graph. Each
value represents the average of biological duplicates. The error bars
represent the absolute difference between the biological duplicates.
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High pH feeding enables higher MA titers from p-CA
Considering that the lignin streams we are highlighting in this
work are alkaline in nature (Fig. 1), we evaluated the
possibility of feeding high pH (pH ~9.5) solutions of aromatic
compounds. This feeding strategy presents several potential
advantages: (1) lignin streams would not need to be
neutralized a priori, which would reduce the overall salt
burden in wastewater treatment, (2) it would theoretically
decrease the dilution effect resulting from the addition of base
in the bioreactor, and (3) it would allow higher substrate
concentrations since lignin and aromatic compounds are more
soluble at higher pH. The last two points could then also
enable higher titers. The maximum solubilities at pH=9.5 for
p-CA and FA are 0.75 M and 0.5 M, respectively. However,
in the case of FA, we observed a rapid FA degradation at that
pH.

Due to the instability of FA, we tested this feeding strategy
only with p-CA and KT2440-CJ242 (since the overexpression
of VanAB is not neccesary in this case) at three different
feeding rates (3, 6, and 9 mmol p-CA/h). At the lowest
feeding rate, we achieved almost complete conversion of p-
CA to MA at the end of the cultivation (Fig. 6A). The titer
and productivity obtained in this run were similar to those
obtained from benzoic acid (Fig. S4) and, in both cases,
metabolic intermediates accumulate at the same MA
concentration (approximately 50 g/L), likely due to the MA
toxicity (Fig. 3A).

At the intermediate feeding rate, we observed similar results
to those presented in the previous sections (Fig. 2F, Fig. 5).
Althought the feeding rates are lower (6 mmol/h instead of 8
mmol/h), due to the reduction in base dilution, we reached a
similar titer and productivity (28 g/L and 0.5 g/L/h) at the
same time point (approximately 49 h) before intermediates
accumulate. However, utilizing this feeding strategy, MA
titers reached almost 40 g/L at a productivity of 0.37 g/L/h
and 89% vyield (Fig. 6B). Conversely, at the highest feeding
rate, 4-hydroxybenzoate progressively accumulated from the
beginning of the cultivation. Overall, this experiment reaches
the highest MA titers reported to date to our knowledge from
p-CA and demonstrate that high-pH feeding may a viable
feeding strategy to feed alkaline lignin streams in the
bioreactors.

protocatechuic

acid.

Muconic acid production from high-pH lignin streams

In this work, we focus on lignin streams that are derived from
a biorefinery process from corn stover’™ (Fig. 7A). The
pretreatment  process consists of deacetylation and
mechanical-refining steps.”* The deacetylation process uses a
mild alkaline treatment which generates an aqueous lignin-
rich stream dubbed alkaline pretreated liquor (APL). Then, the
solids are enzymatically hydrolyzed to release soluble
monomeric sugars and the remaining solid fraction (high-
lignin content residue*”) can be further solubilized through
base catalyzed depolymerization (BCD), as reported
previously.”" *' Both APL and and the lignin liquor resulting
from the BCD process (dubbed BCDL) contain p-CA and FA
as the most abundant aromatic compounds. Because BCDL
contains a low FA concentration in proportion to p-CA
compared to APL (Fig. 7A), we selected KT2440-CJ242 and
KT2440-CJ475 for the conversion of BCDL and APL,
respectively. These cultivations were initiated as in previous
experiments, a batch phase in minimal media and then a fed-
batch phase where in this case the lignin streams (250 mL)
were fed at 4 mL/h. As expected, due to the higher
concentration of aromatic compounds in BCDL, MA titers
were higher in BCDL (3.7 g/L) than in APL (0.65 g/L) (Fig.
7B,C). The cell densities obtained in these experiments were
higher (ODgyy= ~16) than those reached in the model
compound experiments (ODgp= ~10), even though the
glucose amount added was the same in all cases. This result is
likely due to the presence of other carbon sources in the lignin
streams such as acetate and carboxylic acids, as previously
reported.’® *+

As expected, MA productivities in the lignin streams are
relatively low (0.06 g/L/h). However, the feeding rates were
not optimized in this experiment and could likely be
increased. Interestingly in both cases, MA yield (calculated as
MA mol/(p-CA+FA) mol) was higher than 100%. This result
indicates that there are other aromatic compounds that lead to
MA production that we do not detect and/or that P. putida is
able to break down oligomeric lignin and convert it to MA.*
To gain further insights into lignin modification by the
bacterium, we analyzed changes in the molecular weight
(MW) of lignin, by gel permeation chromatography at the end

6

Page 6 of 13



Page 7 of 13

of the cultivation and compared it with the initial lignin
profiles. The results indicate (Fig. S5) that low MW lignin in
BCDL was almost completely utilized by the bacterium.
However, in APL, although the main two low MW lignin
peaks disappear, a new low MW peak appears after the
bacterial treatment, suggesting that P. putida may be also
releasing other low MW compounds that it cannot natively
utilize. Future studies will focus on identifying these
metabolites to better understand lignin breakdown by P.
putida. For the high MW lignin, we did not observe
considerable changes after 64 h of cultivation. Overall, 15%
of the lignin was converted to MA in both cases (g MA/g
lignin).

A BIOREFINERY-LIKE PROCCESS

CORN Solids Solids Liquor Soluble
STOVER ’ > sugars
Liquor | | Solids> BCD > Liquor
APL (pH=9) BCDL (pH=10.5)

Lignin=~10 g/L
p-CA= 0.9g/L, FA=0.3 g/L

Lignin= ~30 g/L
p-CA= 59/l FA= 0.5g/L

B APL
08 - 18
- 16
5 0.7 b
3 06 - 14 %
-§ N F12 3
L 10
5 o4 s 8
8 o3 T(g/L): 0.65£0.03 | §-_
S un L4 YA (mol/mol): 1.35 + 0.06 3
O YL (g/g):0.14£001 7 4 ©
0.1 P(g/Ll):0.01:000} 2 &
0.0 L o
0 12 24 36 48 60 72
Time (h)
C
40 18
— 35 F16 W
3 L a
3 30 g
§ 25/ (2 k
=4 -
£ 20 3
: e &
e 151 TL):37:02|¢6 2
8 10 YA (mol/mol): 1.37£007 | , §
05 YL (g/g): 0.15+ 0.01 g
. P (g/L/h):0.06+000[ 2 ~
0.0 )
0 12 24 36 48 60 72
Time (h)
—A= MA (g/L) —- pCA(glL)
& FA (glL) -®- OD600 (g/L)

Fig. 7 Muconic acid (MA) production from lignin streams. (a) Overview of
lignin stream generation from a corn stover-based biorefinery process. MA
production from (b) alkaline prefreated liquor (APL) by KT2440-CJ475 and
(c) solubilized lignin liquor from a base catalyzed depolymerization
process (BCDL) by KT2440-CJ242. Ferulic acid (FA) and p-coumaric acid
(p-CA) concentrations in APL are 0.3 g/L and 0.9 g/L, respectively. FA and
p-CA concentrations in BCDL are 0.5 g/L and 5.0 g/L, respectively. Titers
(T). yields from aromatics (YA) and from inifial lignin source (YL), and
productivity (P) are shown in each graph. The error bars represent the
absolute value difference of two biological replicates. BCD= base
catalyzed depolymerization; DMR= deacetylation and mechanical
refining; EH= enzymatic hydrolysis.

Discussion

Green Chemistry

Decades of metabolic engineering and fermentation process
development have been invested into the conversion of sugars
to fuels and value-added chemicals at high titers, rates, and
yields — critical economic parameters for the development of
any bioprocess. The advent of microbial lignin conversion
strategies will warrant a similar level of effort to develop
robust strains and bioprocesses to achieve the same level of
success for a biological approach to lignin valorization. A
critical point to start this development focuses on process
configuration. For instance, performing bioreactor cultivations
relative to shake flask experiments can lead to more realistic
information on the limitation of the biocatalysts and allows for
improved understanding of substrate, product, or intermediate
toxicity when microbial systems are challenged to achieve
industrially-relevant titers, yields, and productivities.

Lignin deconstruction to bioavailable compounds remains one
of the most important challenges in enabling biological lignin
valorization, since bacteria studied to date cannot rapidly
utilize high molecular weight lignin, which is typically a large
fraction in many lignin streams.” Thus, biological and/or
catalytic processes, focused on generating higher yields of
bioavailable monomeric aromatic compounds from lignin,
need to continue being developed to make the technology
presented in the current work a realistic, cost effective
strategy. Despite not yet having monomer-rich lignin streams,
we have demonstrated 15% lignin conversion to MA (g MA/g
lignin) from two streams. As shown in Fig. 7, MA yields from
detectable monomeric species in these lignin streams is over
100%, and titers approach 4 g/L in one case. However, it is
noteworthy that MA titers could be increased by starting the
cultivation directly in lignin (instead of minimal media) and/or
concgéntrating lignin streams (as recently shown by Kohlstedt
etal.™).

Beyond increasing bioavailable compounds in the lignin
streams, the limitations of the biological catalysts — in our
case engineered P. putida KT2440 — must be understood in
terms of substrate, intermediate, or product toxicity limits to
select an appropiate bioreactor cultivation strategy for MA
production. As presented in the current study, the major
aromatic deconstruction product from corn stover (p-CA) is
toxic at relatively low concentrations: 60 mM (~10 g/L)
decreases growth rates by 34% and 80 mM (~14 g/L) was
lethal for the bacterium (Fig. 3B). The same reduction in
growth rate was recently reported for the native P. putida
KT2440, which demonstrates that the toxicity effect does
not vary in both native and the MA-producing strains studied
here. Due to the toxicity of this substrate, we initially selected
a DO-stat fed-batch feeding strategy and demonstrated that it
enables high titers, but at the expense of lower productivity.
Thus, we then evaluated a constant feeding strategy at a
higher p-CA feeding rate but still at a low p-CA toxic
concentration (8 mmol p-CA/h) and showed a ~2.5-fold MA
productivity increase (to 0.53 g/L/h) while still maintaining
100% MA yields (Fig. 2). MA productivity from catechol and
benzoic acid has been reported to be as high as 5.5 g/L/h
(Table 1) ** but both the substrates (which are in a shorter
pathway to MA, 1 or 2 enzyme steps instead of 7) and the
feeding strategy (constant fed-batch with cell recycle in the
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benzoate cases) can have important effects on the productivity
value.

FA, a less toxic substrate than p-CA, was also evaluated as a
model compound in bioreactors for MA production. We first
employed the strain KT2440-CJ242 for conversion purposes.
Even though this strain has a global catabolic repressor
knocked out, which has been reported to enhance VanAB
production,23, it was unable to overcome the bottleneck in
vanillate. The overexpression of VanAB has been previously
reported to enhance vanillate utilization rates in a different P.
putida strain.’* Here, we also overexpressed VanAB and
observed complete conversion to MA.

In our attempts to increase MA productivity by increasing
feeding rates of p-CA, we discovered another limitation of
engineered P. putida KT2440 strains: 4-hydroxybenzoate
accumulates, even though further metabolic engineering was
applied in an attempt to alleviate that bottleneck by
overexpressing PobA (Table 2). It is unclear, however, how
substantial the improvement would be if this bottleneck was
removed. To wunderstand whether aromatic compound
transport might be another limitation, we performed a
preliminary experiment with KT2440-CJ242 in which p-CA
was fed at 10, 11, and 12 mmol/h (Fig. S6). At 10 and 11
mmol/h, both MA and 4-hydroxybenzoate accumulate.
However, at 12 mmol/h, p-CA accumulated from the
beginning of the cultivation, which indicates that transport
may be already a subsequent bottleneck. Utilizing a feeding
rate of 12 mmol/h and assuming 100% conversion, MA
productivities could only achieve approximatly 0.85 g/L/h.
Considering the need to reach productivities up to 1 g/L/h (a
value that would approach industrially relevance), adaptive
laboratory evolution (to accelerate the overall utilization rates,
potentially including improved transport of aromatic
substrates), directed evolution (to improve certain enzymes),
protein engineering, or additional metabolic engineering
would need to be leveraged to enable better utilization and/or
transport of these aromatic substrates. Additional approaches
such as employing functional biosensors (as recently
described in P. putida)* to allow high-throughput strain
evaluation and isolation of evolved populations toward
improving enzymes and metabolic pathways could also prove
useful to this end.

Native P. putida KT2440 has been described as highly
tolerant to toxic substrates (i.e. p-CA or catechol) compared to
other organisms because of its membrane composition, efflux
pumps, motility, or the higher generation of NADPH by
utilizing the Entner-Doudoroff, Embden-Merhof-Parnas
pathway.” *** However, these tolerance mechanisms may be
insufficient to maintain efficient metabolism in the presence
of high MA concentrations. Thus, product toxicity may also
lead to reduced MA productivity and the amplification of
some of the bottlenecks detailed above. As shown in Fig. 3,
even though MA is less toxic than the aromatic substrates or
metabolic intermediates, it is still likely an important toxicity
driver. Specifically, MA maximum titers of approximately 50
g/L have been corroborated in several experiments in the
current study (Fig. 3A, Fig. 6A, Fig. S4). MA toxicity has
been also evaluated in a different MA-producing strain

(KT2440-JD1) by van Duuren et al,” and the trends are
quite similar to those observed here, suggesting a general
toxicity threshold for P. putida. For instance, at a MA
concentration of 300 mM (~40 g/L), maximum growth rates
decrease 50% in both cases. van Duuren et al. also reported
that benzoic acid uptake rates begin to decline at MA
concentrations between 15-20 g/l and decrease 75% at
concentrations close to 30 g/L.*’ This finding relates to our
observations regarding different feeding rates: low feeding
rates allow for full conversion of substrates or metabolic
intermediates when MA concentration are higher than 25-30
g/L (Fig. 5, Fig. 6). Some effects of high MA concentrations
and other toxic compounds on the cells may be related to
reduced activity of enzymes in the B-ketoadipate pathway”
and on energy shortages provoked by the disruption of the
membrane  potential and  inhibition of  oxidative
phosphorylation.** *’ Thus, to improve MA production from
lignin streams, we need to enhance the tolerance of P. putida
to higher MA concentrations. For this purpose, adaptative
laboratory evolution can be useful, which will be pursued in
future studies, alongside targeted engineering strategies. For
instance, the constitutive overexpression of the chaperone
genes, groEL, groES, and clpB (which increased the tolerance
of P. putida to pyrolysis wasterwater streams up to 200-
fold),”* the enginering of the phospholipid composition in the
membrane of E. coli (which improved the tolerance and
production of a variety of molecules),” and the
overexpression of efflux pumps (which are found in highly
solvent tolerant bacteria)’® could be also applied to our current
bacterial strains.

Apart from pathway, enzyme, or protein engineering to
overcome bottlenecks and/or increase the tolerance to product,
it is clear that modifications in the feeding strategy can
enhance the process performance. For instance, the addition of
glucose pulses has been reported to overcome the
accumulation of catechol during MA production, likely due to
an increase in ATP production.”® Similarly, our work has also
shown that a minimum level of glucose, or generally a carbon
and energy source, is neccesary to fully convert MA from p-
CA without the accumulation of any metabolic intermediates
(Fig. S1). The catabolism of p-CA and FA to MA only
releases a single acetyl-CoA, which is likely not enough to
support the bacterial metabolism for a bioprocess without any
additional carbon and energy source. However, a promising
glucose-free process for the production of MA has been
recently reported by Sonoki er al.** but titers, yields, and
productivity would need to be substantially enhanced to be a
competivitive process. Currently, glucose and other sugars are
readily obtained in a biorefinery process. Indeed, a fraction of
the glucose could also potentially be simultaneously directed
to MA production.'”>' In addition, lignin-rich streams such as
APL also contain high concentrations of acetate and other
carboxylic acids®® ** that could be used as a carbon source and
support MA production.”” Further research in bioprocess
optimization utilizing these alternative carbon sources will be
conducted in future work to enhance the overall conversion to
MA.

Conclusion
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MA is a promising chemical building block that can be
produced with high atom efficiency from lignin. As shown in
the current work, parallel strain and bioreactor process
development revealed bottlenecks and limitations of the
system, which enabled considerable improvements to MA
production by engineered P. putida KT2440. This work
represents progress towards the goal of industrially relevant
conversion of lignin-derived aromatic monomers to MA.
Continued process development and engineering P. putida for
better product tolerance and higher productivity will be
pursued in future work.

Materials and Methods

Recovery of lignin streams

The lignin streams utilized in the current study derive from the
biorefinery process designed at NREL by Chen et al.** with
some modifications. For the production of APL for the
bioreactor experiments, 15 g of corn stover were mixed with
150 mL of a 0.7% NaOH solution into stainless steel 200 mL
reactors. The reaction was carried out at 130°C for 30 min.
Then, the reactors were quenched and the mixture centrifuged
at 8,000 rpm in sterile conditions. The supernatant (at pH 9)
was directly used as feeding in the bioreactor experiments. For
the production of BCDL, dry solid material remaining from
the enzymatic hydrolysis step was added as 10% (w/v) solids
to a 2% NaOH solutions and loaded into 200 mL stainless
steel reactors as previously reported.”’ The reaction was
carried out at 120°C for 30 min. In this case, the solubilized
material was directly used as feeding without any
centrifugation step for the bioreactor experiments.

Strains and plasmid construction

P. putida KT2440 (ATCC 47054) strains were constructed as
previously described.> Specific strain construction details are
provided in Table 3 and SI (SI materials and methods, Table
S1, Table S2, Table S3).

Table 3. Genotypes of the strains used in this study.

Strain Genotype

KT2440-CJ184 P. putida KT2440 AcatRBC::Ptac:catA

ApcaHG::Ptac:aroY:ecdB:ecdD

KT2440-CJ238 P. putida KT2440 AcatRBC::Ptac:catA
ApcaHG::Ptac:aroY:ecdB:asbF

Acre

KT2440-CJ242 P. putida KT2440 AcatRBC::Ptac:catA

ApcaHG::Ptac:aroY:ecdB:ecdD Acrc

KT2440-CJ475 P. putida KT2440 AcatRBC::Ptac:catA

ApcaHG::Ptac:aroY:ecdB:ecdD Acrc fpvA:Ptac:vandB

KT2440-CJ518 P. putida KT2440 AcatRBC::Ptac:catA

ApcaHG::Ptac:aroY:ecdB:ecdD Acrc fpvA:Ptac:pobA

Seed preparation

To revive strains from glycerol stocks, the surface of the vials
were scrapped and inoculated in 250 mL baffled flasks
containing 50 mL LB media. These cultures (seed cultures)
were incubated overnight at 30°C and 225 rpm. The cells were
then washed and concentrated in 5 mL of modified minimal
media (M9) for inoculation in the bioreactors at an initial
ODggp 0f 0.2. The M9 media consists of 13.55 g/l Na,HPO,, 6
g/L KH,PO,, 1 g/L NaCl, 2.25 g/L (NH4),SOy, 2 mL/L from 1
M MgSOy, 0.1 mL/L from 1 M CaCl,, and 1 mL/L from 18
mM FCSO4.

Green Chemistry

Batch-phase: media preparation and bioreactor control
The media utilized in the batch phase was the same in all the
experiments carried out in this study, which contained M9 and
2.7 g/L (15 mM) glucose as a carbon and energy source. The
volume of the batch media was 250 or 300 mL, depending on
the experiment (detailed below). The bioreactors used in this
study were 0.5 L BioStat-Q Plus bioreactors (Sartorius Stedim
Biotech) and were controlled at 30°C, at pH 7 with 4 N
NaOH, and sparged with air at 1 vvm. The initial agitation in
the batch phase was 350 rpm. When the saturation of oxygen
reached approximately 30%, the agitation was manually
increased 50 rpm (in general 6-7 times). Once the glucose was
depleted in the batch phase, indicated as a rapid increase in
DO levels (up to 75%), the fed-batch phase was initiated (see
details below). It is also worth noting that at 4 h, aromatic
compounds were added in the bioreactor to induce a metabolic
switch in P. putida in the exponential growth phase.
Specifically we added 2 mM p-CA when p-CA was the
feeding source, 2 mM FA when FA was the feeding source, 1
mM p-CA and 1 mM FA when both p-CA and FA were the
feeding source, and 4 mL of the corresponding lignin stream
when actual streams were the feeding source. Bioreactor
experiments were performed in duplicate and samples (1.5
mL) were taken periodically to analyze bacterial growth
(ODggpo) and the different metabolites. The ammonium
concentration was also analyzed by YSI (YSI 7100 MBS) in
various bioreactor cultivations and the values were over 0.2
g/L during the entire fed-batch phase (data not shown). The
model aromatic compounds p-CA and FA were obtained from
AKSci (AK Scientific) and Sigma-Aldrich, respectively

Fed-batch phase: media preparation and feeding strategies
DO-stat fed-batch with p-CA at neutral pH. The feeding
media (200 mL) contained 85 g/L (0.5 M) p-CA, 45 g/L
glucose, and 9 g/L (NH4),SO4 and 6mL/L antifoam 204
(Sigma). The solution was adjusted to pH 7 with 10 N NaOH.
As detailed above, when the glucose in the batch phase was
depleted (batch volume of 300 mL), the fed-batch was
initiated. Specifically, the feeding solution was pumped for 30
s intervals ([]0.8 mL, bringing the concentration in the
bioreactor to 1.3 mM p-CA and 0.66 mM glucose) every time
that the DO reached a value of 75%. The agitation was
manually adjusted to maintain DO minimal values over 10%.
Bioreactor experiments were concluded when the feeding was
fully consumed or DO did not decrease anymore after adding
feeding solution (this fact also applies to the experiments
below).

Constant fed-batch with p-CA at neutral pH. The feeding
media (200 or 250 mL, as detailed in the Results section)
contained 85 g/L (0.5 M) p-CA, 45 g/L glucose, and 9 g/L
(NH4),SO,, and 6mL/L antifoam 204. The solution was
adjusted to pH 7 with 10 N NaOH. Once the batch phase
(containing 300 or 250 mL of media, detailed in the Results
section) was terminated, the feeding solution was constantly
added at an initial feeding rate of 8 mM p-CA/h. The DO was
automatically controlled by agitation at a DO level of 30-35%
(this parameter applies to all the constant feeding
experiments). We based this DO control on work from Choi et
al., which reported that higher DOs than 30-40% do not
enhance MA productivity.”®
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Constant fed-batch with FA at neutral pH. The feeding
media (250 mL) contained 31 g/L or 48.5 g/L (0.16 or 0.25 M,
respectively) FA, 45 g/L glucose, and 9 g/L (NH,4),SO,, and 6
mL/L antifoam 204. The solution was adjusted to pH 7 with
10 N NaOH. Once the batch phase (containing 250 mL of
media) was terminated, the feeding solution was constantly
added to reach at an initial feeding rate of 2-3 or 4 mmol
FA/h.

Constant fed-batch with mixed p-CA and FA at neutral pH.
The feeding media (250 mL) contained 19.4 g/L (0.1 M) FA
and 65.6 g/L (0.4 M) p-CA, 45 g/L glucose, and 9 g/L
(NH4),SO,, and 6mL/L antifoam 204. The solution was
adjusted to pH 7 with 10 N NaOH. Once the batch phase
(containing 250 mL of media) was terminated, the feeding
solution was constantly added to reach at an initial feeding
rate of 4 or 8§ mmol (p-CA+FA)/h.

Constant fed-batch with p-CA at high pH. The feeding media
(250 mL) contained 123 g/L (=0.75 M) p-CA, 67.5 g/L
glucose, and 13.5 g/ (NH4),SOy4, and 6 mL/L antifoam 204.
The solution was adjusted to pH 9.5 with 10 N NaOH. Once
the batch phase (containing 250 mL of media) was
terminated, the feeding solution was constantly added to reach
an initial feeding rate of 3, 6, and 9 mmol p-CA/h. Fresh
feeding for these cultivations was prepared every 3 days of
cultivation.

Constant fed-batch of lignin streams at high pH. The feeding
media (250 mL) contained 227.5 mL high pH lignin stream
(APL or BCDL) and 22.5 mL of concentrated glucose and
(NH4),SO;, to yield a final concentrations of 45 g/L and 9 g/L,
respectively. The feeding solution was added at a rate of 4
mL/h.

Calculation of fermentation parameters

MA titers (g/L) correspond to the concentration at the end of
the cultivation (or as otherwise indicated). Yields (mol/mol)
are calculated as mol of MA between mol of aromatic
compounds (pure or detected in the lignin stream).
Productivity (g/L/h) is calculated as MA concentration
divided by the total duration of the cultivation (as otherwise
indicated).

Toxicity assays in Bioscreen C

To evaluate the toxicity of the different aromatic compounds
and MA, we employed a ‘Bioscreen-C™ Automated
Microbiology Growth Curves Analysis System’ to track the
bacterial growth through ODgjy measurements during 24 h of
cultivation. The seed culture with KT2440-CJ242 was
prepared as decribed above. Then, cells were washed with M9
and inoculated to each well (5 pL) to yield an initial ODgyy of
0.1. Each well contained M9 supplemented with 5 g/L glucose
and the corresponding molecule at different concentrations.
Specifically, p-CA, FA, protocatechuic acid, vanillic acid, and
4-hydroxybenzoic acid were solubilized with NaOH to yield a
concentration of 200 mM and pH 7 and then added to each
well at final concentrations of 20, 40, 60, 80, 100 mM in 2-
fold concentrated M9. MA was prepared at an initial
concentration of 80 g/L, also a pH 7, and mixed with 4-fold
concentrated M9 at concentrations of 5, 10, 15, 20, 25, 30, 35,
40, 50, and 60 g/L. The plates were incubated at 30°C in the

equipment and shaken continuously at medium speed.
Maximum growth rates (u™') and initial lag phases (h) were
calculated from each growth curve. Each condition was
performed in duplicate.

Analytical methods

Model aromatic compound quantitation. Metabolite analysis
from those cultivations involving model aromatic compounds
was performed on an Agilent 1100 series HPLC system,
including a refractive index detector and a diode array
detector (DAD) (Agilent Technologies). Analysis was
performed by injecting 6 pL of 0.02 um filtered culture
supernatant onto a Phenomenex Rezex™ RFQ-Fast Acid
H'(8%) column with a cation H'guard cartridge (Bio-Rad
Laboratories) at 85°C using a mobile phase of 5 mM sulfuric
acid at a flow rate of 1.0 mL/min.

MA and aromatic compound quantitation in BCDL.
Metabolite analysis in BCDL was performed on an Agilent
1100 HPLC system equipped with a DAD and an Ion Trap SL
(Agilent Technologies) MS with in-line electrospray
ionization (ESI). Each sample was injected at a volume of 25
pL into the LC/MS system. Compounds were separated using
a Develosil C30 RPaqueous, Sum, 4.6 x 250 mm column
(Phenomenex) at an oven temperature of 30°C. The
chromatographic eluents consisted of A) water modified with
4mM ammonium formate, and B) acetonitrile/water (9:1, v/v)
also modified with 4mM ammonium formate. At a flow rate
of 0.7 mL/min, the eluent gradient was as follows: initially,
0% B; going to 7% B at 13 min; 18 min, 10% B; 25 min, 15%
B; 52.1 min, 100% B which was held for 10 min before
equilibrium for a total run time of 45 min. Flow from the
HPLC-DAD was directly routed in series to the ESI-MS ion
trap. The DAD was used to monitor chromatography at 210,
225, and 325 nm for a direct comparison to MS data. MS and
MS/MS parameters are as follows: smart parameter setting
with target mass set to 165 Da, compound stability 10%, trap
drive 50%, capillary at 3500 V, fragmentation amplitude of
0.75 V with a 30 to 200% ramped voltage implemented for 50
msec, and an isolation width of m/z 2 (He collision gas). The
ESI nebulizer gas was set to 60 psi, with dry gas flow of 11
L/min held at 350°C. Into each sample and standard mixture,
0.01 g/L 3,4-dihydroxybenzaldehyde (97% purity, Sigma
Aldrich) was added to adjust for chromatographic shift and
detector response. MS scans and precursor isolation-
fragmentation scans were performed across the range of 40-
750 Da. Standards of protocatechuic acid, cis,cis-MA, p-CA,
vanillic acid, 4-hydroxybenzoic acid, and FA were purchased
from Sigma Aldrich and used to construct calibration curves
between the ranges of 1 — 100 pg/L. A minimum of five
calibration levels was used with an r* coefficient of 0.995 or
better for each analyte.

MA and aromatic compound quantitation in APL.
Metabolite analysis in APL was performed on an Agilent
1200 LC system (Agilent Technologies) equipped with a
DAD. Each sample and standard was injected at a volume of
10 pL onto a Phenomenex Luna C18(2) column 5 pm, 4.6 %
150 mm column (Phenomenex). The column temperature was
maintained at 30°C and the buffers used to separate the
analytes of interest were A) 0.05% acetic acid in water and B)
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0.05% acetic acid in acetonitrile. The chromatographic
separation was carried out using a gradient of: initially starting
at 1% B going to 50% B at 35 min before immediately
switching to 99% B at 35.1 min, before equilibrium for a total
run time of 47 min. The flow rate of the mobile phases was
held constant at 0.6 mL/min. The same standards used in the
BCDL experiments were also used to construct calibration
curves, but between the ranges of 5 — 200 ug/L. Three
separate wavelengths from the DAD were used to identify and
quantitate the analytes of interest. A wavelength of 210 nm
and 225 nm was used for analytes protocatechuic acid, vanillic
acid, 4-hydroxybenzoic acid, and cis, cis-MA. A wavelength
of 325 nm was used for analytes p-CA, and FA. A minimum
of five calibration levels was used with an r* coefficient of
0.995 or better for each analyte.

Green Chemistry

APL=alkaline pretreated liquor; BCD=base catalyzed
depolymerization; BCDL=lignin liquor resulting from the
BCD process; DO=oxygen saturation; EH=enzymatic
hydrolysis; FA=ferulic acid; FB=fed-batch; MA=muconic
acid; MW=molecular weight; ODgy=optical density at an

absorbance of 600 nm; p-CA=p-coumaric acid;
PCA=protocatechuic acid; P=productivity; T=titer;
VA=vanillic acid; Y=yield.
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