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Introduction

Development of an E. coli strain for one-pot
biofuel production from ionic liquid pretreated
cellulose and switchgrassf

Marijke Frederix,*® Florence Mingardon,® Matthew Hu,?® Ning Sun,”® Todd Pray,”
Seema Singh,?®© Blake A. Simmons,?®¢ Jay D. Keasling®°"9 and
Aindrila Mukhopadhyay*®®

Biological production of chemicals and fuels using microbial transformation of sustainable carbon
sources, such as pretreated and saccharified plant biomass, is a multi-step process. Typically, each
segment of the workflow is optimized separately, often generating conditions that may not be suitable for
integration or consolidation with the upstream or downstream steps. While significant effort has gone
into developing solutions to incompatibilities at discrete steps, very few studies report the consolidation
of the multi-step workflow into a single pot reactor system. Here we demonstrate a one-pot biofuel pro-
duction process that uses the ionic liquid 1-ethyl-3-methylimidazolium acetate ([C,C;Im][OAc]) for pre-
treatment of switchgrass biomass. [C,C,Im][OAC] is highly effective in deconstructing lignocellulose, but
nonetheless leaves behind residual reagents that are toxic to standard saccharification enzymes and the
microbial production host. We report the discovery of an [C,CyiIm]-tolerant E. coli strain, where [C,Cqlm]
tolerance is bestowed by a P7Q mutation in the transcriptional regulator encoded by rcdA. We establish
that the causal impact of this mutation is the derepression of a hitherto uncharacterized major facilitator
family transporter, YbjJ. To develop the strain for a one-pot process we engineered this [C,C;Im]-tolerant
strain to express a recently reported p-limonene production pathway. We also screened previously
reported [C,C,Im]-tolerant cellulases to select one that would function with the range of E. coli cultiva-
tion conditions and expressed it in the [C,Cilm]-tolerant E. coli strain so as to secrete this [C,CqIm]-
tolerant cellulase. The final strain digests pretreated biomass, and uses the liberated sugars to produce the
bio-jet fuel candidate precursor p-limonene in a one-pot process.

Pretreatment is traditionally done via techniques like exposure
to dilute acids or bases at elevated temperatures or using

Sustainably grown lignocellulosic biomass provides an attrac-
tive carbon source for the production of renewable biofuels."
Prior to saccharification, pretreatment of the biomass is
required to separate it from the lignin and to solubilize the
available cellulose and hemicellulose to make it more accessi-
ble to enzymes that hydrolyze it into fermentable sugars.
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ammonia fiber expansion.> More recently however, hydrophilic
ionic liquids (ILs) such as 1-ethyl-3-methylimidazolium acetate
([C2C4Im][OAc]) have emerged as highly effective pretreatment
solvents that are more environmentally friendly, produce rela-
tively low amounts of biomass-derived inhibitors and can be
used at lower temperatures and pressures than conventional
pretreatments that use acids or bases.*™ One of the initial
challenges in the use of ILs as pretreatment reagents was the
cost of the reagents, and for an economical process the ILs
had to be recovered and recycled, leaving less than 12 mM in a
typical slurry.® Significant improvements in IL synthesis have
reduced their cost and current predictions estimate that in an
economical industrial-scale production process, a residual
level of 12-300 mM can be allowed to remain in the down-
stream sugar stream that will be used for cultivation of
the biofuel-producing organism.®” Consequently, both the
saccharification enzymes as well as the microbiological conver-
sion have to be optimized to be able to accommodate the pres-
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ence of higher levels of residual ILs. To this end, several
studies have focused on both the discovery of IL-tolerant
microbes® as well as cellulases that can function in the pres-
ence of high levels of ILs.”'® However, as with any process that
requires purified proteins, the cost of the proteins remains a
significant source of cost.

Recent progress in consolidated bioprocessing addresses
the cost of the saccharification enzymes and has led to the
development of a variety of strains that express cellulase
enzymes'"'* and in some examples are also coupled to a pro-
duction pathway.'*™'®> However, these engineered strains will
also be hampered by growth inhibitory compounds that are
routinely present in pretreated hydrolysates,'® making the use
of industrially relevant hydrolysates challenging. In the case of
IL pretreated hydrolysates, the toxicity of residual ILs to the
microbial production host'” is the major challenge to optimiz-
ing an integrated process, and has led to studies that focus on
discovery of tolerance bestowing mechanisms'® and strain
engineering to optimize the expression of such genes.'” A
necessary next step in the area of biofuel production is to con-
solidate the findings from studies that have examined and
found solutions to different segments of the bioconversion
process, from cellulases that may allow efficient saccharifica-
tion in IL-containing hydrolysate,® strains that can withstand
residual ILs® and synthetic metabolic pathways that convert
the biomass-derived sugars to desirable final products.>

In this study, we characterized a spontaneous E. coli mutant
that is tolerant to the IL 1-ethyl-3-methylimidazolium chloride
([C2C4Im]Cl), and identify the causal mutation to be located in
the transcriptional regulator RedA (also known as YbjK). We
examined the genetic basis for the phenotype observed due to
the mutant RcdA and demonstrated the ability of an rcdA
mutant to produce fuels in IL containing medium and with IL
pretreated biomass as the carbon source. Subsequently we
screened a mini-library of secreted cellulases for their ability to
confer growth on cellulose in the presence of ILs and inte-
grated the best cellulase for our cultivation conditions into an
E. coli redA mutant strain also engineered to contain a pro-
duction pathway for the monoterpene bio-jet fuel precursor
and commodity chemical, p-limonene (Fig. 1). Terpene-based
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Fig. 1 E. coli engineered for a one-pot limonene production process
from IL pretreated biomass. An E. coli rcdA mutant is more tolerant to
the extracellular presence of ILs due to the overexpression of the major
facilitator superfamily transporter ybjJ. To produce limonene from
unsaccharified cellulose (PASC), the strain was engineered to contain a
p-limonene production plasmid and to secrete the IL tolerant cellulase
(J29) into the extracellular medium.
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compounds provide a range of candidates with energy content
and combustion properties that make them suitable for gaso-
line, diesel as well as jet fuel needs.>"** These advanced bio-
fuels also have physicochemical properties that may align
better with the existing infrastructure. Since E. coli DH1 has
previously been shown to be an ideal host for monoterpene
production,®® we first constructed an rcdA mutant in this
strain background. This strain was able to produce significant
levels of p-limonene in [C,C,Im][OAc]| containing growth
medium and with either phosphoric acid swollen cellulose
(PASC) or [C,C,Im][OAc] pretreated switchgrass as a carbon
source. This study demonstrates the one-pot biofuel pro-
duction process for IL pretreated biomass, using an IL tolerant
E. coli strain and takes into account the reduced requirement
for IL recycling.

Experimental
Bacterial strains and plasmids

All strains and plasmids used in this work can be obtained
from http://public-registry.jbei.org ** and are summarized in
Table 1. E. coli DH10B (Invitrogen Carlsbad, CA) was used for
cloning. All [C,C;Im]Cl and [C,C;Im][OAc] tolerance assays
were done using E. coli BW25113-derived strains.>* The origi-
nal FM002 strain was isolated from colonies of spontaneous
mutants that appeared after plating FM001 on plates contain-
ing [C,mim'] CI™. The kanamycin resistance cassette of the
KEIO collection E. coli strains, BW25113 rcdA and BW25113
ompA, was removed using the plasmid pCP20, per methods
described in Cherepanov et al®® to generate the strains
JBEI-12574 and JBEI-13315. An E. coli DH1 (ATCC33849) derived
redA mutant strain (JBEI-13314) was generated using the lambda
red methodology”® and was used as a host strain for p-limonene
production. All plasmids constructed in this study were
designed using the j5 DNA assembly design software®” and were
assembled using the method described by Gibson et al.*®

Growth conditions and media

All E. coli strains expressing cellulases or the limonene pro-
duction pathway were grown at 30 °C, while all other strains
were grown at 37 °C. The medium used was Luria-Bertani (LB)
or EZ rich minimal medium (Teknova, Hollister, CA). When
PASC?® was used as carbon source it was added to EZ rich to
obtain a final concentration of 10 g per L cellulose (equivalent
to 11 g glucose per L). For hydrolysate-derived medium,
[C,C,Im][OAc]-treated biomass (prepared at the ABPDU per
methods described below) was added to obtain a final glucose
concentration of 10 g per L and 2.3 g per L xylose. Cultures with
pCellulose and pCellulose-derived plasmids (Table 1) were
always grown in the presence of 10 g per L glucose at 30 °C to
repress transcriptional activity from the cspD promoter, unless
PASC was used as the carbon source. All chemicals were pur-
chased from Sigma-Aldrich (St Louis, MO). Antibiotics were
added as required to maintain plasmid selection. [C,mim"]CI~
(98%) was purchased from Sigma-Aldrich (St Louis, MO) and

This journal is © The Royal Society of Chemistry 2016
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Table 1 Strains and plasmids used in this study
Description Ref.
Strains
JBEI-12929 FMO01, E. coli BW25113 AdmsD + pBbA8c-RFP This work
JBEI-7851 FM002, spontaneous mutant tolerant to 200 mM [C,C,Im]Cl derived This work
from E coli BW25113 AdmsD + pBbA8c-RFP, P7Q mutation
JW5114 E. coli BW25113 rcdA (b0846) mutant 24
JW0829 E. coli BW25113 ybjJ (b0845) mutant 24
JW0940 E. coli BW25113 ompA (b0957) mutant 24
JW1010 E. coli BW25113 pgaA (b1024) mutant 24
JW1023 E. coli BW25113 ¢sgD (b1040) mutant
JW1529 E. coli BW25113 ydel (b1536) mutant 24
JW5778 E. coli BW25113 nanC (b4311) mutant
JW1151 E. coli BW25113 ycgZ (b1164) mutant 24
JW5826 E. coli BW25113 asr (b1597) mutant 24
JW2095 E. coli BW25113 yehA (b2108) mutant 24
JW1022 E. coli BW25113 c¢sgE (b1039) mutant 24
JBEI 13314 E. coli DH1 rcdA mutant This work
JBEI-13315 E. coli BW25113 ompA (b0957) mutant, Km cassette removed using pCP20 This work
JBEI-12574 E. coli BW25113 rcdA (b0846) mutant, Km cassette removed using pCP20 This work
Plasmids
JBEI-6409 pLimonene, limonene production plasmid 20
JBEI-7585 pCP20, plasmid to remove Km resistance cassette from KEIO collection 26
JBEI-2558 pBDbS8k (low copy vector with arabinose inducible promoter) 56
JBEI-4338 pCellulose 15
JBEI-12905 pCellulose/]24 This work
JBEI-12906 pCellulose/]29 This work
JBEI-12934 pCellulose/]20 This work
JBEI-12940 pCellulose/Csac This work
JBEI-12935 pBbS8k-ybjJ This work
JBEI-12927 pBbS8k-ompA This work
JBEI-12925 pBbS8k-ybjJ-ompA This work

[C,mim |[OAc] (90%) was purchased from BASF (Ludwigsha-
fen, Germany).

Growth assays

To measure growth, 5 pl of preculture was inoculated into
100 pl of growth medium in 96-well plates and grown at 30 °C
in a Tecan F200 microtiterplate reader (Maennedorf, Switzer-
land), measuring the optical density at a wavelength of 590 nm
(ODsgg) at 20 min intervals. When PASC and IL-pretreated
biomass were used as a carbon source, because of the turbidity
of the growth medium, growth was measured by counting
colony forming units (CFU). 4 mL of culture was inoculated
with 100 pl of fresh preculture, grown shaking at 30 °C, and
CFU was determined by counting the number of colonies after
plating 100 pl of a 107° dilution on LB-agar plates.

Whole-genome resequencing

DNA from FM001 and FM002 was randomly sheared into ~400
bp fragments that were used to create Illumina libraries. These
libraries were sequenced on Illumina sequencers, generating
100 bp paired-end reads that were aligned to the reference
genome (GenBank accession number NC_000913) using the
Burrows-Wheeler alignment tool®** and down sampled to gene-
rate an average read depth of 250 times. A total of 55 putative
variants were identified using the samtools and mpileup pro-
grams.’" Variants that failed our filtering criteria (minimum
quality = 10, minimum P value for strand bias = 0.0001,

This journal is © The Royal Society of Chemistry 2016

minimum P value for end bias = 0.0001, single-nucleotide poly-
morphisms within 10 bp around a gap) were removed from the
analysis. There was only one single base pair that was different
between FM001 and FM002, a C20A mutation in the gene rcdA
leading to a P7Q mutation in the amino acid sequence.

Limonene production assays

The E. coli DH1 rcdA mutant (JBEI 13314) was used for all
limonene production assays. Strains harboring the limonene
production plasmid (JBEI-6409) were grown in EZ-Rich
medium with the appropriate antibiotics to maintain plasmid
selection, with glucose, PASC, or IL-pretreated biomass hydro-
lysate as a carbon source at a final concentration of 1%
(10 g L") (Teknova, Hollister, CA). Precultures (from fresh
transformation plates) were grown shaking overnight at 30 °C
and used to inoculate production cultures at a starting optical
density (ODggo) of 0.1. Cultures containing glucose or IL-pre-
treated biomass hydrolysate as carbon source were then grown
at 30 °C until ODg(, between 0.6-0.8 and induced with 25 pM
isopropyl p-p-1-thiogalactopyranoside (IPTG), at which point a
dodecane overlay (10 mL for 50 mL cultures) was also added to
capture the produced limonene. Limonene production was
sampled after 48 h and analyzed using gas-chromatography
mass-spectrometry (GC-MS) according to methods described
previously.”® Cultures containing PASC as carbon source were
grown for 8 hours with no [C,mim'][OAc] present and then for
10 hours with 100 mM [C,mim']J[OAc], after which they were

Green Chem., 2016, 18, 4189-4197 | 4191
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induced with 25 pM IPTG, overlaid with dodecane (10 mL for
50 mL cultures) and allowed to grow for 48 h before sampling
and GC-MS analysis for limonene production.

Preparation of the hydrolysate using IL pretreated biomass

The hydrolysate was prepared using pilot-scale reactors at the
DOE Advanced Biofuels Process Demonstration Unit (ABPDU),
Lawrence Berkeley National Laboratory.** Switchgrass was pre-
treated in a 210 L customized Andritz reactor at 160 + 3 °C for
2 h using [C,C,Im][OAc] as the solvent. The total mass of the
reaction was 40 kg with 15% (w/w) solid loading. After 2 h
incubation, the reactor was cooled to 60 °C and 40 L ethanol
was pumped into the mixture as the anti-solvent. The slurry
was released from the reactor and homogenized using a labo-
ratory blender to break down large chunks. The solid was
then separated from the IL-rich liquid by filtration through
cheese cloth. The recovered solid was further washed with
warm water (60 °C) to remove the IL residual. The washed
solids were collected to determine moisture content and solid
recovery from IL pretreatment. Enzymatic saccharification was
performed in 50L IKA SPP50 reactor with 15% (w/w) solid
loading. The total batch mass was 20 kg with cellulase (CTec2)
54 mg enzyme per g glucan and xylanase (HTec2) 6 mg enzyme
per g glucan (total protein loading: 9.2 mg protein per g
glucan). After 160 h incubation, the reaction was stopped and
the slurry was transferred out. The lignin rich solid was separ-
ated from the hydrolysate using a basket centrifuge with a
polypropylene filter bag (pore size 25-30 micron) as the liner.
The hydrolysate was stored at 4 °C for future use and analysis.

Results and discussion
Isolation of a spontaneous IL tolerant mutant

Selected mutants from the E. coli KEIO collection were
screened for strains with increased tolerance to [C,C,Im]Cl.
While none of the KEIO mutants in this screen were signifi-
cantly more or less tolerant than wild type, we did observe the
appearance of spontaneous mutants with the desired pheno-
type. One of these mutants (FM002), found in the AdmsD
mutant (FM001), had a very reproducible IL tolerant pheno-
type (Fig. S1A and Bf). Further study showed that in addition
to increased tolerance to 200 mM [C,C,Im]|Cl it also had
increased tolerance to 150 mM [C,C;Im][OAc], a related IL.
This suggests that the tolerance is related to the [C,C,Im]"
cation (Fig. S1C and Df¥). The genetic basis of the increased
tolerance phenotype of FMO002 was identified via whole
genome resequencing and indicated one original mutation in
basepair 20 (C20A) of the transcriptional regulator rcdA
(b0846), which resulted in a P7Q amino acid change. Bioinfor-
matics analysis of the RcdA protein sequence showed that this
mutation is at the start of the helix-turn-helix DNA binding
domain of the protein. Considering the biochemical nature of
proline (hydrophobic with a strong conformational rigidity)
to glutamine (polar) change, we hypothesized that the identi-
fied mutation renders RcdA non-functional. To verify this, the
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Fig. 2 Growth of strains BW25113 (WT) and a BW25113 ArcdA mutant
in the presence of [C,C1Im]Cl. Growth of different strains in LB medium,
(A) without [C,C4Im]CL or (B) containing 200 mM [C,C4Im]CL. Shaded
areas represent standard deviations from at least three biological
replicates.

redA mutant from the KEIO collection was tested for tolerance
to [C,C4Im]Cl and indeed found to be more tolerant than wild
type BW25113 (Fig. 2). As was the case for FMO002, the
BW25113 rcdA mutant was also found to be tolerant to
[C,C4Im][OAC] (Fig. S1E and Ff).

Phenotypic characterization of RedA regulatory targets

Since RcdA is a transcriptional regulator, the increased toler-
ance phenotype of the rcdA mutant was hypothesized to be
due to its regulatory targets. The RcdA binding box and its
potential targets had already been determined via a genomic
SELEX screening procedure in E. coli BW25113 by Shimada
et al.®® The presence of 20 RedA binding sites in the genome
had led to the prediction of 27 putative gene regulatory targets.
A subset of these was selected for further analysis, based on
their predicted function. Amongst these were two transcrip-
tional regulators appY and ycgF, which have been shown to be
involved in stress response,®*® two cytoplasmatic stress
response genes ydel and asr, several genes involved in
biofilm formation (csgD, csgB, yehA, fimB),***° an inner mem-
brane protein ybjJ, which is located next to rcdA and is pre-
dicted to be a transporter of the major facilitator superfamily
(MFS), and three pore-forming outer membrane proteins
(ompA, pgaA and nanC).**** The mutants for these genes were
obtained from the KEIO collection®® and screened for their
potential involvement in [C,C;Im]" tolerance by a liquid
growth assay in 96 well plates in the presence of 200 mM
[C,C4Im]CI (Fig. S2A-D¥). This led to the identification of two
mutants with reduced tolerance to [C,C,Im]|Cl~, AompA and
Aybj], both of which encode proteins involved in transport
across the inner and outer membrane (Fig. 3).

36,37

Overexpression of YbjJ and OmpA

YbjJ is an inner membrane transporter and OmpA an outer
membrane porin and both may impact [C,C;Im]" tolerance
individually, or together as a complex. To evaluate these hypoth-
eses, both genes were overexpressed separately (JBEI-12935
and JBEI-12927 respectively) and together in an operon

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Growth of strains BW25113 (WT), a BW25113 AompA and a
BW25113 AybjJ mutant in the presence of [C,C;Im]Cl. Growth of strains
in LB medium, (A) without [C,C4Im]Cl or (B) containing 200 mM
[C,C1Im]CL. Shaded areas represent standard deviations from at least
three biological replicates.

(JBEI-12925), on a low copy plasmid transcribed from the ara-
binose-inducible araBAD promoter (Ppap). They were sub-
sequently introduced into wild type BW25113 and their growth
in the presence of 200 mM [C,C,Im]Cl was evaluated in a
liquid growth assay in 96 well plates (Fig. 4A and B). Over-
expression of OmpA and YbjJ in an operon increased tolerance
significantly, as did overexpression of YbjJ on its own.
However, overexpression of OmpA did not increase tolerance,
but rather led to a growth burden that was further increased in
the presence of [C,C,Im]Cl. However, in strains overexpressing
YbjJ alone, native levels of OmpaA are still present in wild type
E. coli BW25113 and may still have synergistic benefit in the
function. To fully eliminate the possibility that YbjJ requires
OmpA for function, YbjJ was overexpressed in a AompA
mutant. The resulting strain was found to have increased toler-
ance to [C,C1Im]|Cl equivalent to the overexpression of YbjJ in
the wild type E. coli BW25113, showing that the YbjJ on its
own is sufficient for tolerance.

Production of fuels in the presence of [C,C;Im][OAc]

To evaluate if the rcdA mutant could be used for biofuel
production from IL-pretreated biomass, we generated an rcdA
deletion mutant in E. coli DH1, since this is the preferred
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production host for terpenes.** The main goal of this study
was to use IL-pretreated biomass for fuel production, therefore
we chose to conduct all fuel production assays with [C,C;Im]
[OAc], one of the most effective ILs established for biomass
pretreatment.*’

First we confirmed tolerance of the E. coli DH1 rcdA mutant
to [C,C,Im][OAc] using plate growth assays (Fig. S3+). Then we
developed the strain to produce the terpene jet-fuel precursor
candidate p-limonene and determined the production using
either glucose or switch grass hydrolysate as the carbon source
(Fig. 5A). In optimal conditions using glucose as a carbon
source and without toxicity from [C,C,Im][OAc], an E. coli DH1
p-limonene producer strain carrying the plasmid pLimonene>°
yields about ~550 mg L~'. In the presence of 100 mM
[C,C4Im][OACc] this strain shows limited growth and no o-limo-
nene could be detected. In contrast, the E. coli DH1 rcdA
mutant p-limonene producer strain produced ~300 mg L™" in
the presence of [C,C,Im][OAc] (Fig. 5A).

We also evaluated the ability of both strains to produce
limonene in EZ rich media containing IL pretreated and sac-
charified switchgrass as a carbon source. IL pretreated switch-
grass was generated at the ABPDU, based on a standard
process as described in the Methods section, and involved
extensive washing leading to a final residual [C,C,Im][OAc]
concentration of 12 mM. No toxicity was observed when the
biofuel production strains were grown in hydrolysate-derived
growth medium compared to glucose-derived growth medium.
Using this hydrolysate-containing media, a yield of ~400 mg
per L p-limonene was obtained for both wild type and the rcdA
mutant.

To test if the strains could produce limonene in IL pre-
treated biomass that contains toxic levels of [C,C,Im][OAc], the
IL was added as described in the Methods section. In this test,
no growth or production was observed in the wild type produ-
cer strain (Fig. 5A). However the rcdA mutant producer pro-
duced approximately 150 mg per L p-limonene, which is
comparable to the production with glucose and no [C,C,Im]
[OAc] in the media. To our knowledge, this is the first report of
producing an advanced biofuel directly from a solution con-
taining IL pretreated biomass.

. aeesay. ]
—— WT + pBbS8k
—— WT + pBbS8k-ybjJ
—— WT + pBbS8k-ybj)_ompA

—— WT + pBbS8k-ompA
AompA + pBbS8k-ybjJ

time (h)

"0 2 46 810121416 0 2 4 6 8 1012 14 16

time (h)

Fig. 4 Growth of wild type BW25113 (WT) expressing pBbS8k, pBbS8k-ybjJ, pBbS8k-ompA, pBbS8k-ybjJ-ompA and pBbS8k-ompA and a BW25113
AompA mutant (AompA) expressing pBbS8k-ybjJ in the presence of [C,C,Im]CL. Growth of strains in LB medium (A) without [C,C4lm]Cl or (B) con-
taining 200 mM [C,C4Im]CL. Shaded areas represent standard deviations from at least three biological replicates.
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Fig. 5 Limonene production in wild type E. coli DH1 and a DH1 ArcdA
mutant using different carbon sources. p-Limonene yield comparison in
defined growth medium using (A) glucose (blue) or IL-pretreated
biomass (red), and (B) PASC (green) as carbon source in the presence
and absence of 112 mM and 100 mM [C,C;Im][OAc] respectively.
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One-pot biofuel production process in [C,C,Im]" containing
medium

In the cellulosic biofuel production workflow, after pretreat-
ment of biomass, the solubilized cellulose needs to be con-
verted into glucose by cellulases. Traditionally this is done in a
separate step using purified enzymes, but it can also be done
through a consolidated process in which the required cellu-
lases have been engineered into the biofuel production host.
In previous work"® a cellulose degrading plasmid, pCellulose,
had been developed for the expression of a secreted cellulase
(a translational fusion between the N-terminus of the E. coli
protein OsmY and Cel from Bacillus D04) and an intracellular
B-glucosidase (Cel3A from Cellvibrio japonicas) by expressing
them from native E. coli promoters (pcspD and pwrbA respect-
ively) (Fig. 1 and Table 1). These enzymes had not been tested
for activity in the presence of [C,C;Im][OAc]. We transformed
pCellulose into BW25113 and the BW25113 rcdA mutant,
and tested the ability to grow on medium containing PASC as
a carbon source. While pCellulose did allow growth in culture
medium without [C,C;Im][OAc], the growth rates were signifi-
cantly lower than previously reported. In the presence of
[C,C1Im][OAc], the rcdA mutant grew slightly better than the
WT, but never to the same level as the control without
[C,CiIm][OAc], indicating that the enzymes in pCellulose
might not perform optimally under these conditions (Fig. 6A, B),
and that the Cel enzyme may be sensitive to [C,C;Im][OAc].

To overcome the potential toxicity of [C,C;Im][OAc] to cellu-
lases, we took advantage of the collection of IL-tolerant cellu-
lases that had been assembled by Gladden et al.’ We evaluated
four [C,C,Im][OAc] tolerant cellulases for their ability to confer
growth on PASC in the presence of [C,C,Im][OAc]: J24 (Paeni-
bacillus provencensis), J29 (Paenibacillus sp. KSM-N546), J30
(Thermobacillus composti KWC4) and Csac (Caldicellulosiruptor
saccharolyticus).>*® To evaluate their potential consolidated
with a production strain, variants of pCellulose plasmid were
constructed in which cel was replaced by the genes encoding
the IL tolerant cellulases (Table 1). These plasmids were sub-

A 400 pCellulose C pCellulose/J24 pCellulose/J29 pCellulose/J30 pCellulose/Csac
300
200 ; :
R 7 VAR A V4
0
S B D —— WT 0mM
* —w— ArcdA0 mM
% 400 pCellulose pCellulose/J24 pCellulose/J29 pCellulose/J30 pCellulose/Csac ____ wT 150 mM
300 —— ArcdA 150 mM
200
100 7 -
o | E—— — P —
0 10 20 30 40 0 10203040 0 10203040 O 10203040 O 1020 30 40
time (h) time (h) time (h) time (h) time (h)

Fig. 6 Growth of BW25113 (WT) and the BW25113 ArcdA mutant containing pCellulose variants on defined medium containing glucose (A, C) or
PASC (B, D) as carbon source. A, B: pCellulose, C, D: pCellulose-J24, pCellulose-J29, pCellulose-J30 and pCellulose-Csac.
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sequently transformed to BW25113 and the BW25113 rcdA
mutant and the growth on PASC derived medium was assayed
by CFU counting assays. All strains showed equivalent growth
on glucose as a carbon source (Fig. 6C).

When expressed in the rcdA mutant, one pCellulose deriva-
tive, pCellulose-J29 outperformed the others. No significant
growth difference was observed in the presence and absence of
[C,C,Im][OAc], indicating that J29 is adequately produced,
secreted and active in our cultivation conditions (Fig. 6D).
Next, p-limonene production using PASC as an unsaccharified
carbon source was evaluated by transforming the E. coli DH1
pLimonene control strain and the E. coli DH1 rcdA pLimonene
strain with the pCellulose-J29 plasmid. In the absence of
[C,C,Im][OAc], both control and the rcdA mutant produce
approximately 35 mg per L p-limonene. In the presence of
150 mM [C,C;Im][OAc], no growth or fuel production was
observed for the control, but a yield of 10 mg L™" was obtained
for the rcdA mutant production strain (Fig. 5B).

Conclusions

The major contribution of this study is the development of a
one-pot biofuel production process that can directly convert
both saccharified IL-pretreated hydrolysate and unsaccharified
cellullose into a next-generation bio-jet fuel precursor in the
presence of ILs. In contrast to previous studies that used
highly washed pretreated biomass,"> significant IL was
included in the growth medium, as would be expected in a
typical industrial process that uses IL based pretreatment and
provides an important baseline for production under indust-
rially relevant conditions.®” For a successful process, two
aspects of IL toxicity needed to be overcome: both the biofuel
production strain and the secreted cellulases that convert the
solubilized cellulose into fermentable sugars were required to
be IL-tolerant.

To overcome the first challenge, a spontaneous [C,C;Im]
tolerant mutant strain of E. coli BW25113 was used. Analysis of
the isolated mutant identified a mutation in the transcrip-
tional regulator RcdA. We used the E. coli DH1 rcdA mutant as
our background for growth in medium containing saccharified
[C,C1Im] pretreated biomass as carbon source in the presence
of the [C,C,Im] reagent, and demonstrated the production of
the bio-jet fuel precursor p-limonene, at final titer of 150 mg
L™'. These levels are lower than the best reported yields
obtained using glucose as a carbon source, however the
control E. coli production strain is unable to produce any
p-limonene in [C,C,;Im][OAc] containing medium. To our
knowledge this is the first demonstration of one-pot microbial
p-limonene production from IL-containing saccharified hydro-
lysate as the substrate.

We also established the genetic basis for the mutant rcdA
phenotype. RedA has mainly been studied for its involvement
in the regulation of biofilm formation via CsgD. However, pre-
vious work by Shimada et al.*® report a comprehensive list of
its regulatory targets. In our study, two of these targets, ybj/
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and ompA, were found to have a role in tolerance to imid-
azolium-based ILs, as a deletion of these genes led to
increased sensitivity. OmpA is an abundant protein in the
E. coli outer membrane and forms a non-specific channel.*!
An E. coli AompA mutant has been found to be more sensitive
to compounds like sodium dodecyl sulfate, cholate, acid and
to high osmolarity,”” which correlate with sensitivity measured
in our study to [C,C,Im]CL ybjJ encodes an inner membrane
protein belonging to the major facilitator superfamily (MFS) of
pumps and is transcribed divergently from rcdA. YbjJ does not
show any significant similarity to another MFS IL efflux pump,
EilA, identified previously.'® It has been shown that RedA can
function both as an activator and repressor of gene expression
and our results indicate that RedA functions as a transcriptional
repressor for the expression of ybjJ and ompA and is consistent
with previous reports by Shimada et al.** that also show RedA to
be a repressor for ybjj expression. While the deletion of both
ybjJ and ompA increased the sensitivity to [C,C;Im]Cl, when
overexpressed in trans, only YbjJ displayed the tolerance pheno-
type demonstrated by the rcdA mutant. These results indicate
that the primary mechanism for enhanced IL tolerance in the
RedA(P7Q) mutant is due to the derepression of ybjJ.

The second challenge for developing a one-pot biofuel pro-
duction is in the direct use of pretreated, but unsaccharified
biomass. This is possible by engineering the microbial host to
also produce cellulases for the saccharification of pretreated
biomass as has been shown before.'> However, the recent
improvements’ in processes using ILs allow greater residual IL
levels to be retained in the final substrate necessitating that
the cellulase also be functional in the presence of ILs. To
achieve this, we screened a mini-library of previously reported
IL tolerant cellulases for their ability to grow on PASC, in the
presence or absence of IL. One enzyme, J29, emerged as a
highly active and IL-tolerant cellulase in the conditions used
to cultivate E. coli for bio-fuel production. J29 has been shown
to be 100% active in 294 mM [C,C,Im][OAc] and retains >50%
activity in 882 mM [C,C;Im][OAc].’ While its optimal tempera-
ture is reported to be 65 °C, we found its activity to be
sufficient at 30 °C, the optimal temperature for p-limonene
production by E. coli DH1. A future study focused on the full
biochemical characterization of the cellulases in our
library will be very valuable in determining the underlying
mechanism for the superior performance of J29 relative to the
other enzymes and may use methods that were developed
to examine cellulases after exposure to reagents such as
[C,C,Im][OAc].*®

We consolidated an E. coli DHI rcdA mutant background
with a plasmid borne p-limonene production pathway and the
plasmid pCellulose-]J29, and demonstrated the production of
10 mg per L p-limonene on growth medium containing PASC
as carbon source in the presence of 100 mM [C,C,Im][OAc].
This yield is significantly lower than the best p-limonene pro-
duction reported using idealized glucose based growth con-
ditions. However the demonstrated one-pot biofuel production
from non-saccharified cellulose provides the necessary next
step in the development of a strain that can function and
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produce a biofuel product in a highly industrially relevant
condition.

Several challenges remain to be overcome as we continue to
build and test strains and production processes with greater
industrial value. The growth benefit provided by the rcdA
mutant, via the derepression of ybjJ, can be further optimized
by fine-tuning the levels of this MFS pump as well as by com-
bining additional IL tolerance genes. In this study we also do
not address the presence of other potentially inhibiting com-
pounds in the growth medium (for example, lignin derived
aromatic compounds)*® and the toxicity of the final product
itself,>*>> both of which are factors that likely negatively
impact fuel production. Tolerance mechanisms for many of
these inhibitory compounds have been studied and reported
and often involve export pumps,”>* and pose their own meta-
bolic burden on the cell when overexpressed.>® Our group and
others have shown in previous studies that the overexpression
of pumps needs to be tightly controlled.'®*® One foreseeable
challenge is to fully understand how different tolerance
mechanisms can be combined in a synergistic manner. Other
areas for the successful development of a consolidated biofuel
process include the improved secretion of cellulases and con-
tinued metabolic engineering of the fuel pathways, that when
incorporated into the microbial chromosome will generate the
final industrial hosts.
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