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ARTICLE INFO ABSTRACT

Keywords: Seaweeds emerge as promising third-generation renewable for sustainable bioproduction. In the present work,
Transhydrogenase we valorized brown seaweed to produce i-lysine, the world’s leading feed amino acid, using Corynebacterium
Fructokinase

glutamicum, which was streamlined by systems metabolic engineering. The mutant C. glutamicum SEA-1 served as
. a starting point for development because it produced small amounts of r-lysine from mannitol, a major seaweed

Mannitol 2-dehydrogenase . . . . . . .

Protein engineering sugar, because of the deletion of its arabitol repressor AtlR and its engineered 1-lysine pathway. Starting from

NADH SEA-1, we systematically optimized the microbe to redirect excess NADH, formed on the sugar alcohol, towards

NADPH, required for L-lysine synthesis. The mannitol dehydrogenase variant MtlD D75A, inspired by 3D protein

Glyceraldehyde 3-phosphate dehydrogenase

NADPH

Redox balancing homology modelling, partly generated NADPH during the oxidation of mannitol to fructose, leading to a 70%

L-lysine increased 1-lysine yield in strain SEA-2C. Several rounds of strain engineering further increased NADPH supply

Oxidative pentose phosphate pathway and r-lysine production. The best strain, SEA-7, overexpressed the membrane-bound transhydrogenase pntAB

ls?ructos; together with codon-optimized gapN, encoding NADPH-dependent glyceraldehyde 3-phosphate dehydrogenase,
eawee

and mak, encoding fructokinase. In a fed-batch process, SEA-7 produced 76 g L™! 1-lysine from mannitol at a
yield of 0.26 mol mol™! and a maximum productivity of 2.1 g L1 h™!. Finally, SEA-7 was integrated into
seaweed valorization cascades. Aqua-cultured Laminaria digitata, a major seaweed for commercial alginate, was
extracted and hydrolyzed enzymatically, followed by recovery and clean-up of pure alginate gum. The residual
sugar-based mixture was converted to i-lysine at a yield of 0.27 G-mol C-mol ! using SEA-7. Second, stems of the
wild-harvested seaweed Durvillaea antarctica, obtained as waste during commercial processing of the blades for
human consumption, were extracted using acid treatment. Fermentation of the hydrolysate using SEA-7 provided
L-lysine at a yield of 0.40 C-mol C-mol~'. Our findings enable improvement of the efficiency of seaweed bio-
refineries using tailor-made C. glutamicum strains.

Macro algae

1. Introduction

There has been a rapid growth of interest in using sustainable re-
sources for the manufacture of industrial chemicals. One of the most
important products among the bio-based sectors is L-lysine. This essen-
tial amino acid is the world’s leading feed supplement (Wittmann and
Becker, 2007) and finds further application in the polymer, cosmetic,
and pharmaceutical industries (Koffas and Stephanopoulos, 2005). The
global 1-lysine market grows by 6-7% annually, and the production
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volume is expected to reach 4 million tons in 2023 (Cheng et al., 2018;
Eggeling and Bott, 2015). Currently, the r-lysine industry is based on
fermentation using cane and beet molasses and starch hydrolysates from
corn, cassava and wheat (Ikeda, 2003; Wittmann and Becker, 2007).
However, these raw materials are derived from food crops and suffer
from competition with human nutrition (Alaswad et al., 2015). The
increasing need for a more sustainable r-lysine production industry has
shifted interest towards non-edible second-generation (2G) renewables
rich in lignocellulose, such as straw, wood and grass (Balat, 2011;
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Buschke et al., 2013a; Naik et al., 2010). As an example, engineered
strains of the soil bacterium Corynebacterium glutamicum produce
L-lysine from lignocellulosic sugars (Anusree et al., 2016; Chen et al.,
2019; Gopinath et al., 2011). However, lignocellulosic biomass pro-
duction is challenged by the need for valuable arable land and the harsh
pretreatment required to yield fermentable sugar, consuming high
amounts of energy and causing toxin formation (Balat, 2011; Buschke
et al., 2013b).

In this context, marine macroalgae (seaweed) show exciting poten-
tial as third-generation (3G) feedstock to derive r-lysine in the future
(Poblete-Castro et al., 2020). Seaweed, farmed in the oceans and
collected from wild stocks, does not require fresh water, chemical fer-
tilizer, arable land, and extreme human intervention (Goh and Lee,
2010; Torres et al., 2019). It offers even higher yields per hectare than
leading terrestrial crops (Haag, 2007; Kraan, 2013) and requires only
mild and simple extraction for the recovery of fermentable carbohy-
drates (Poblete-Castro et al., 2020). Moreover, the high photosynthetic
activity and rapid growth of seaweed (Alaswad et al., 2015; van Hal
et al., 2014) counteracts global warming by fixing CO5 from the envi-
ronment (Kraan, 2013). Pioneering efforts have demonstrated the
fermentative conversion of seaweed sugars, e.g., to biofuels using yeast
(Adams et al., 2011; Enquist-Newman et al., 2014; Sunwoo et al., 2019).
Currently, more than 30 million tons of seaweed are farmed in the
oceans, and the market volume is expected to increase to 500 million
tons by 2050 (Poblete-Castro et al., 2020). Macroalgae are rich in car-
bohydrates such as polysaccharide alginate and the free sugar alcohol
mannitol (Poblete-Castro et al., 2020; Torres et al., 2019; Wei et al.,
2013). Depending on season and species, carbohydrate levels as high as
55% are observed (Kraan, 2013; Torres et al., 2019; Wei et al., 2013).

Previously, our group optimized C. glutamicum for the production of
L-lysine (Becker et al., 2011), ectoine (Becker et al., 2013; Giefelmann
et al., 2019), 1,5-diaminopentane (Kind et al., 2014), 5-aminovalerate
(Rohles et al., 2016), and glutarate (Rohles et al., 2016, 2018), all of
which were produced from glucose.

Here, we describe systems metabolic engineering of C. glutamicum for
high-level 1-lysine production from mannitol and mannitol-based
seaweed hydrolysates. C. glutamicum seemed a straightforward host to
enable 1-lysine production from seaweed because it has been the leading
workhorse for industrial 1-lysine manufacture (Becker and Wittmann,
2012). Recently, the microbe could be modified to produce 1-lysine from
mannitol, one of the seaweed sugars (Hoffmann et al., 2018), which
involved deletion of the arabitol repressor protein AtlR (Laslo et al.,
2012), also known as mannitol repressor MtIR and SucR (Peng et al.,
2011). In this work, the basic producer C. glutamicum SEA-1 served as a
starting point for development because it produced at least low amounts
of the amino acid from mannitol (Hoffmann et al., 2018). Investigation
of intracellular pathway fluxes and pools of reducing equivalents during
strain engineering revealed bottlenecks that were caused by unfav-
ourable thermodynamics and a perturbed redox metabolism that limited
production efficiency. The advanced producer C. glutamicum SEA-7,
obtained after several rounds of optimization, was evaluated in a
fed-batch process. Subsequently, SEA-7 was successfully used to valorise
two commercially relevant seaweeds, namely, Laminaria digitata and
Durvillaea antarctica.

2. Materials and methods
2.1. Microorganisms and plasmids

The basic 1-lysine-producing strain C. glutamicum SEA-1 was used as
starting point for strain engineering (Hoffmann et al., 2018). The E. coli
strains DH50 and NM522 were obtained from Invitrogen (Karlsruhe,
Germany) and used as hosts for plasmid amplification and methylation,
respectively. For genomic modification, the integrative plasmid pClik int
sacB was applied (Becker et al., 2005). This vector contained a multiple
cloning site, an origin of replication (ORI) for E. coli, kanamycin

294

Metabolic Engineering 67 (2021) 293-307

resistance (kan®) and the sacB gene from Bacillus subtilis, encoding
levansucrase, used as a selection marker (Jager et al., 1992, 1995). The
plasmid pClik 5a MCS was used for plasmid-based overexpression in
C. glutamicum (Buschke et al., 2011). It contained a multiple coning site,
an ORI for E. coli and C. glutamicum, an open reading frame encoding the
Rep protein to initiate replication of the vector, and kan® as a selection
marker. The plasmid pTC, encoding the DNA methyltransferase for
C. glutamicum, was used for DNA methylation (Kind et al., 2010). The
vector also contained an ORI for E. coli and tetracycline resistance (tet®).
To add the DNA methylation pattern of C. glutamicum to plasmid DNA,
pTC was co-expressed in E. coli NM522. All strains and plasmids used in
this study are displayed in Table 1.

2.2. Molecular design and genetic engineering

For cloning design, the software Clone Manager Professional 9 (Sci-
Ed Software, Denver, CO, USA) was applied. The amplification of DNA
fragments, the construction of transformation vectors, and their trans-
formation into E. coli via heat shock were performed as described

Table 1
Corynebacterium glutamicum strains and plasmids.
Strain/ Description Reference
Plasmid
Strain
SEA-1 LYS-12 + deletion of atIR (mtIR) (NCgl0110) (Hoffmann
et al., 2018)
SEA-2C SEA-1 + nucleotide exchange in the mtID gene  This work
(NCgl0108) of C. glutamicum, encoding
mannitol 2-dehydrogenase, resulting in the
mutation D75A
SEA-2D SEA-1 + genome-based integration of pntAB This work
(EG10744, EG10745) from E. coli K12-
MG1655, encoding the membrane-bound
nicotinamide nucleotide transhydrogenase
PntAB, into the crtB gene locus (NCgl0598)
SEA-4 SEA-2B + genome-based integration of pntAB This work
(EG10744, EG10745) from E. coli K12-
MG1655, encoding the membrane-bound
nicotinamide nucleotide transhydrogenase
PntAB, into the crtB gene locus (NCgl0598)
SEA-5 SEA-4 + empty plasmid pClik 5a MCS This work
SEA-6 SEA-4 + plasmid-based expression of gapN This work
(SMU_676) from S. mutans UA159, encoding
NADP-dependent glyceraldehyde 3-phosphate
dehydrogenase
SEA-7 SEA-4 + genome-based integration of codon- This work
optimized gapN (SMU_676) from S. mutans
UA159, encoding NADP-dependent
glyceraldehyde 3-phosphate dehydrogenase,
into the crtI2 gene locus (NCgl0597)
Plasmid
pTC Expression vector for DNA methyltransferase (Kind et al.,
of C. glutamicum, containing an origin of 2010)
replication (ORI) for E. coli and tet® as a
selection marker
pClik int sacB Integrative transformation vector for genome- Becker et al.
based modification, comprising an MCS for C. (2005)
glutamicum, an ORI for E. coli, and kan® and
sacB as selection markers
pClik 5a MCS Episomal vector Buschke et al.
(2011)
pClik 5a MCS Episomal vector with native gapN from S. Hoffmann et al.
gapN mutans UA159 (SMU_676) (2018)
pClik int sacB Integrative transformation vector to replace This work
mtlD* the GAT start codon of mtlD by GCA
pClik int sacB Transformation vector for integration of the This work
Py pntAB PpntAB gene from E. coli K12-MG1655 into the
crtB gene locus under control of the tuf
promoter
pClik int sacB Transformation vector for integration of the This work

codon-optimized gapN gene from S. mutans
UA159 into the crtI2 gene locus under control
of the tuf promoter

Prys gapN
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previously (Becker et al., 2010; Hoffmann et al., 2018). The final vectors
were transformed into C. glutamicum by electroporation (Becker et al.,
2010). The correctness of each genetic modification was verified by PCR
and sequence analysis (GATC Biotech AG, Konstanz, Germany). Further
details on the cloning can be found in the supplementary file 1,
whereby the primer sequences used in this study are listed in Table S1.

2.3. Computational modelling for protein engineering

The crystallographic structure of mannitol 2-dehydrogenase from
Pseudomonas fluorescens (pdb entry 1M2W.pdb) was retrieved from the
RCSB Protein Data Bank (PDB) and used to generate a homology model
of the C. glutamicum enzyme using SWISS-MODEL (Benkert et al., 2011;
Waterhouse et al., 2018). The new cofactor NADP™' was re-constructed
on basis of NAD", which was present in the X-Ray structure, by add-
ing the corresponding phosphate group manually (the phosphate res-
idue was added to NAD" to mimic NADP™), followed by energetic
optimization using the MM + force field parameters implemented in
HYPERCHEM (HYPERCHEM, 1999) to predict its putative position in
the binding site. The native and modified enzyme structures were
visualized using Swiss-Pdb Viewer for subsequent inspection of in-
teractions between NADP™ and the protein residues that could be opti-
mized by mutations (Guex et al., 1999).

2.4. Batch cultivation in shake flasks

Cultivation studies in minimal medium were conducted as previ-
ously described (Hoffmann et al., 2018). For 13C metabolic flux analysis,
naturally labelled mannitol was replaced by 99% [1-'3C] mannitol
(Omicron Biochemicals, South Bend, IN, USA) (Hoffmann et al., 2018).
For cultivation of C. glutamicum on seaweed extracts, a chemically
defined mineral salt medium without carbon source was prepared as
described above. Instead of pure substrate, algal extract was then added
to the main culture. The resulting concentration of total sugar is given
below.

2.5. Fed-batch cultivation in stirred tank bioreactors

The production performance of C. glutamicum on mannitol was
assessed in a fed-batch process using 1 L bioreactors (SRO7000DLS,
DASGIP AG, Jiilich, Germany). The preculture was grown for 12 h at
30 °C in 2 L baffled flasks, filled with 200 mL of complex medium (37 g
L~!BHL 15 g L~! mannitol). Cells were harvested (5 min, 8800 x g, room
temperature), resuspended in 50 mL of batch medium and then used as
inoculum. The batch medium contained 41 g of mannitol, 6.6 g of yeast
extract (Sigma-Aldrich, Steinheim, Germany), 2 g of citric acid, 25 g of
(NH4)2$O4, 1.25 g of KH2PO4, 1.6 g of NazHPO4' 2H20, 1.25 g of
MgSO4+7H20, 70 mg of FeSO4*7H20, 30 mg of ZnSO4*7H,0, 9 mg of
MnSO4+H0, 133 mg of CaSO4*H>0, 0.43 mg of boric acid, 0.59 mg of
CoSO4*7H20, 0.63 mg of CuSO4*5H0, 0.47 mg of NiSO4*6H20, 0.06
mg of (NH4)2MoOy, 4.5 mg of biotin, 9.5 mg of thiamineHCl, 9 mg of
nicotinamide, 33 mg of pantothenic acid, and 1 mL of antifoam 204
(Sigma-Aldrich). The process was started with 300 mL (initial volume)
of medium. During the process, the temperature was kept at 30 °C £+ 0.1
(CWD4 bioblock, DASGIP AG, Jiilich, Germany). For pH monitoring, a
pH electrode was used (Mettler Toledo 405-DPAS-SC-K8S/225, Mettler
Toledo, Giessen, Germany). A 25% NH4OH solution was added auto-
matically (MP8 pump system, Eppendorf, Hamburg, Germany) to keep
the pH stable at 7.0 + 0.1. The dissolved oxygen level (pO3) was
monitored using a pO; electrode (VisiFerm DO 225; Hamilton, Hochst,
Germany), and it was maintained above 30% saturation by adjusting the
stirrer speed, aeration rate, and oxygen fraction of the gas inflow. The
composition of the exhaust gas (CO5 and O3) was measured online (GA4,
DASGIP AG, Jiilich, Germany). The initial stirrer speed was set to 600
rpm, and the aeration rate was set to 18 sL h™. The feed solution con-
tained 192 g of mannitol, 14 g of urea, 13.3 g of (NH4)2SO4, 5 g of yeast
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extract (Sigma-Aldrich), 150 mg of biotin, 317.8 mg of thiamine+HCI,
300 mg of nicotinamide, 1.1 g of pantothenic acid, and 1 mL of antifoam
204 (Sigma-Aldrich) per litre. Feed pulses were added when the pO,
increased to more than 45%. Data acquisition and process control were
conducted by the DASGIP control software (DASGIP AG, Jiilich,
Germany).

2.6. Extraction of the brown seaweed Durvillaea antarctica

D. antarctica was collected in wintertime (August 2019) at Los
Molles, Valparaiso, Chile (32°14'36”S, 71°31'00"W). The non-edible
parts, i. e. the mid-stem parts, were processed. They were washed
with seawater to remove sand and transported to the laboratory in
plastic bags. The stem was cut into pieces (10 cm in length), dried at
60 °C until constant weight and powdered with a blender for 15 min. For
extraction, 10 g of powder was mixed with 200 mL of ethanol (80% v/v)
and stirred at 60 °C for 2 h. Subsequently, the ethanol was evaporated by
heating to 80 °C for 30 min. The resulting solution was resuspended in
250 mL of sulphuric acid (4% v/v), autoclaved (121 °C, 40 min), cooled
down to room temperature, stirred overnight, and then neutralized to
pH 7.0 by adding KOH pellets (>85%). The supernatant was collected
(10 min, 6000xg, 20 °C) and clarified by filtration (Whatman filter
paper 6 pM, 55 mm, GE Health Care, Amersham, UK). The obtained
hydrolysate was sterilized (121 °C, 15 min).

2.7. Extraction of the brown seaweed Laminaria digitata

Dried leaves (50 g) of Laminaria digitata (Makrobiotik, Hohrenk,
Germany) were powdered with a blender. The powder was resuspended
in 500 mL of deionized water and autoclaved (121 °C, 18 min), yielding
a mannitol-rich hydrolysate. As an optional step, enzymatic hydrolysis
was conducted after the heating step to increase the sugar level. For this
purpose, the extract was amended with a cocktail of enzymes, i.e.,
Celluclast 1.5 L (10 mg g~ ') and Viscozyme L (10 mg g~ }) (Sigma-
Aldrich, Steinheim, Germany), and incubated at 50 °C and pH 5.5 for 48
h. Subsequently, the hydrolysate was clarified from debris and collected
(15 min, 5000xg, 4 °C), and alginate was precipitated as described
below.

2.8. Purification of alginate from seaweed extracts

The extraction of sodium alginate from seaweed hydrolysate was
adapted from previous work (Haug et al., 1974; Latifi et al., 2015). In
short, CaCly*2H50 (0.1 g g’l) was added. The mixture was stirred (15
min, 200 rpm). The precipitated raw alginate was separated from the
supernatant by filtration, resuspended in 2% (w/v) CaCly for 2 h and
then washed with deionized water. Subsequently, the polymer was
treated for 2 h with 40% formaldehyde and then extracted twice with 50
mL of 0.2 M HCI. Then, it was washed three times with deionized water.
Finally, the alginate was dissolved in 400 mL of 3% (w/v) Nay;CO3 and
incubated for two days. Then, the solution was centrifuged (30 min, 10,
000xg) to remove solids, and the obtained supernatant was mixed with
an equal volume of ethanol to precipitate alginate as sodium salt.
Finally, the obtained sodium alginate was washed twice with acetone
and dried for 24 h at room temperature and then for 24 h at 80 °C.

2.9. Processing of seaweed hydrolysate for fermentative r-lysine
production

The D. antarctica extract (see above) was directly used for cultivation
experiments, while the L. digitata extract was concentrated after alginate
separation to achieve a higher carbohydrate content. For this purpose,
the alginate-free extract was filtered (Whatman filter paper, 6 pM, 55
mm, GE Health Care, Amersham, UK) and concentrated approximately
seven-fold (3 h, Vacuum Concentrator RVC 2-33 IR, Christ, Osterode,
Germany), followed by pH adjustment to pH 7.4 with 6 M NaOH. The
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final solution was sterilized by autoclaving (121 °C, 20 min) prior to
cultivation.

2.10. Substrate and product quantification in culture broth

Quantification of trehalose and organic acids (lactate, acetate) was
conducted by isocratic HPLC (1260 Infinity Series, Agilent Technology)
using an Aminex HPX-87H column (300 x 7.8 mm, Bio-Rad, Hercules,
CA, USA) at 55 °C with 50 mM H2SO4 as the mobile phase and a flow rate
0f 0.5 mL min (Hoffmann et al., 2018). Detection and quantification of
the analytes were performed via refraction index measurement and with
external standards. Mannitol, glucose, and fructose were quantified
using HPLC (1260 Infinity Series, Agilent Technology) with a Metacarb
87C column (300 x 7.8 mm, Agilent Technology), preceded by a Met-
acarb 87C guard column (50 x 7.8 mm, Agilent Technology) and a
desalting column (Micro-Guard Deashing Cartridge, Bio-Rad). Separa-
tion was carried out at 85 °C using demineralized water as the mobile
phase at a flow rate of 0.5 mL min . Refraction index measurement was
used for detection, and external standards were used for quantification.
Quantification of amino acids was conducted as described previously
(Hoffmann et al., 2018). The cell concentration was determined spec-
trophotometrically at 660 nm (ODggo) (UV-1600PC spectrophotometer,
VWR, Hannover, Germany). The concentration of the cell dry mass
(CDM) was calculated from the optical density using the formula CDM [g
L71] = 0.352 x ODggo, wherein the correlation factor was previously
determined for mannitol-grown C. glutamicum (Hoffmann et al., 2018).

2.11. Quantification of intracellular carbohydrates

To quantify fructose and mannitol in cell extracts, 5 mg biomass was
harvested by vacuum filtration using cellulose nitrate filters (0.2 pm
pore size, 47 mm, Sartorius, Gottingen, Germany) and washed twice
with 2.5% NacCl. The filter was then placed into a cup, pre-filled with 2
mL p-galactose solution (250 pM) as internal standard. The cup was then
closed and incubated for 15 min at 100 °C for metabolite extraction.
Then, the solution was cooled on ice (10 min) and clarified from debris
(13,000%g, 5 min, 4 °C). For quantification of intracellular carbohy-
drates, the obtained extract was dried (4 h, Vacuum Concentrator RVC
2-33 IR, Christ, Osterode, Germany), followed by a two-step conversion
of the sugars into the corresponding trimethylsilyl O-methyloxime der-
ivates. For this purpose, the extract was dissolved in 50 pL pyridine (2%
methoxylamine) and incubated for 25 min at 80 °C. Afterwards, 50 pL N,
O-bis-trimethylsilyl-trifluoroacetamide = (BSTFA,  Macherey-Nagel,
Diiren, Germany) was added and the mixture was incubated for 30
min at 80 °C (Kiefer et al., 2004; Schwechheimer et al., 2018). Subse-
quently, the derivatized extract was analysed by gas
chromatography-mass spectrometry (GC-MS) (GC 7890A, 5975C quad-
rupole detector, Agilent Technologies) (Kiefer et al., 2004; Kromer et al.,
2008; Wittmann et al., 2002), using the following temperature gradient:
0-3 min 150 °C, 3-10 min linear increase to 230 °C, 10-14 min linear
increase to 325 °C.

To exclude isobaric interference between the analytes of interest and
the sample matrix, all samples were first measured in scan mode
(Wittmann, 2007). The mass isotopomer distributions (MIDs) of fruc-
tose, mannitol, and the internal standard galactose were then deter-
mined in duplicate via selective ion monitoring (SIM) of the most
prominent ion clusters. These were inferred from the analysis of pure
standards and the MassBank Europe mass spectral database (www.ma
ssbank.eu): fructose, m/z 103-105, 147-149, 217-219, and 307-309
(MassBank record RP023511); mannitol m/z 103-105, 205-207,
307-309, 319-321 (MassBank record OUF00344); galactose m/z 73-75,
103-105, 147-149, and 319-321 (MassBank record PR010044). Initial
tests aimed to use LC-ESI-MS/MS for the quantification of intracellular
fructose and mannitol. Trials on a triple quadrupole MS (QTRAP 6500+,
AB Sciex, Darmstadt, Germany) coupled to an HPLC system (Agilent
Infinity 1290 System) with a reversed phase column (Gemini C18, 100
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mm x 4.6 mm, 3 pm, 110 [o\, Phenomenex, Aschaffenburg, Germany)
(Glaser et al., 2020), however, revealed insufficient separation of the
analytes of interest in cell extracts so that this approach was not
considered further.

2.12. Identification of sugars in seaweed hydrolysates

To identify the carbohydrates contained in seaweed hydrolysate, 1
mL extract was dried at 80 °C for approximately 20 h. Subsequently,
400 pL of HCI (2 M) was added. Then, the solution was clarified by
filtration (0.2 pm, Merck, Millipore, Darmstadt, Germany) and dried
under nitrogen for approximately 20 min. Further sample preparation
included a two-step derivatization as previously described (Kiefer et al.,
2004; Schwechheimer et al., 2018), however, another silylation reagent
was used. In short, the dried supernatant was incubated in 50 pL of
pyridine (2% methoxylamine) for 25 min at 80 °C and then derivatized
with 50 pL of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA,
Macherey-Nagel, Diiren, Germany) for 30 min at 80 °C. The subsequent
analysis in scan mode was carried out by gas chromatography-mass
spectrometry (GC-MS) (GC 7890A, 5975C quadrupole detector, Agi-
lent Technologies) using pure standards as a reference (Kiefer et al.,
2004; Kromer et al., 2008; Wittmann et al., 2002).

2.13. GC-MS '3C analysis of proteinogenic amino acids

For '3C labelling analysis, mass isotopomer distributions (MIDs) of
amino acids from the cell protein of C. glutamicum were quantified by
GC-MS (GC 7890A, 5975C quadrupole detector, Agilent Technologies)
as described previously (Hoffmann et al., 2018). The obtained MIDs
were corrected for natural isotope abundance (van Winden et al., 2002).

2.14. Metabolic modelling and flux estimation

Metabolic flux analysis of mannitol-grown C. glutamicum was con-
ducted as described previously (Hoffmann et al., 2018). To additionally
capture fluxes through the introduced transhydrogenase and malic
enzyme, the approach was extended, considering the in vitro activities of
the enzymes as constraints and consistency checks (Lange et al., 2017).
The cultures exhibited isotopic and metabolic steady state (Fig. S1;
Fig. $2, supplementary file 1). Using 3C labelling information of pro-
teinogenic r-alanine (Table S2, supplementary file 1), measured extra-
cellular fluxes (Table S3, supplementary file 1), and metabolite
balancing, the approach provided a distribution of intracellular carbon
fluxes through the metabolism of C. glutamicum (Tables S4 - S13, sup-
plementary file 1).

2.15. Determination of enzyme activities

To prepare crude cell extract, cells were grown, harvested, and dis-
rupted as described previously (Hoffmann et al., 2018). All assays were
conducted in triplicate. For the analysis of mannitol 2-dehydrogenase
activity, crude cell extract was obtained using 100 mM Tris-HCI (pH
7.8, 10 mM MgCl,, 0.75 mM DTT) as disruption buffer. Activity mea-
surement was performed in 1 mL of buffer containing 25 pL of crude cell
extract, 80 mM mannitol, and 1 mM NAD™ at 30 °C (Peng et al., 2011).
For kinetic studies, the concentration of NAD" was varied, and the
cofactor was replaced by NADP'. An extinction coefficient of €349 =
6.22 I. mmol ! ¢cm™! for NAD(P)H was used to determine the enzyme
activity based on the change in absorbance at 340 nm.

For determination of glyceraldehyde 3-phosphate dehydrogenase
activity, cells were disrupted in 100 mM Tris-HCI (pH 8.3, 10 mM MgCl,,
0.75 mM DTT). The activity of the enzyme was measured at 30 °C in 1
mL of 100 mM Tris-HCI buffer containing 25 pL of crude extract, 2 mM
glyceraldehyde 3-phosphate, and either 1 mM NAD " or 1 mM NADP™ to
assay both variants, i.e., native NAD-dependent glyceraldehyde 3-phos-
phate dehydrogenase (GapA) and NADP-dependent glyceraldehyde 3-
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phosphate dehydrogenase (GapN). An extinction coefficient of e349 =
6.22 L. mmol~! em™! for NAD(P)H was used to determine the enzyme
activity based on the change in absorbance at 340 nm.

To measure malic enzyme activity, cells were disrupted in a buffer
containing 100 mM Tris-HCI (pH 7.8, 200 mM KCl, 0.75 mM DTT). The
enzyme activity was then analysed at 30 °C as described previously
(Gourdon et al., 2000) using a total volume of 1 mL, containing 100 mM
Tris-HCI (pH 7.8), 200 mM KCl, 2 mM MgCly, 1 mM NADP, 40 mM
malate, and 50 pL of crude extract. An extinction coefficient of €349 =
6.22 L. mmol ! em ™! for NAD(P)H was used to determine the enzyme
activity based on the change in absorbance at 340 nm.

Prior to activity analysis, membrane-bound transhydrogenase
(PntAB) was enriched as the membrane fraction from cells, harvested by
centrifugation (10 min, 4500xg, 4 °C), and washed with TE buffer (10
mM Tris-HCl, 1 mM EDTA,; pH 8.0) as described previously (Kabus et al.,
2007). The cell pellet was resuspended in 1 mL of TE buffer containing
40 pL of complete protease inhibitor (Roche Diagnostics, Penzberg,
Germany). Cells were then transferred into FastPrep-24 vials and dis-
rupted as described above. Cell debris was removed by centrifugation
(20 min, 5000xg, 4 °C). The obtained crude extract was subjected to
ultracentrifugation (90 min, 150,000xg, 4 °C). The sedimented mem-
brane fraction was washed in 1 mL of Tris-HCl buffer (10 mM, pH 8.0)
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Fig. 1. Metabolic pathway design to produce i-lysine from mannitol in Corynebacterium glutamicum. The overview illustrates the genomic layouts of the producers
created in this work, including the core carbon metabolism and r-lysine synthesis (blue), mannitol catabolism (orange), and redox metabolism (yellow) pathways.
The basic producer SEA-1 served as the starting point for this work (Hoffmann et al., 2018). It was recently established by deletion of the repressor AtlR (also known
as MtIR) in C. glutamicum LYS-12, which additionally contained twelve genome-based modifications for L-lysine hyperproduction from glucose (shown in blue in the
figure) (Becker et al., 2011). The newly created mannitol dehydrogenase variant MtID D75A partly used NADPH as a cofactor (mannitol module II, redox module I).
Expression of pntAB from E. coli, encoding membrane-bound transhydrogenase, was used to establish redox module II. The gene was integrated under the control of
the constitutive tuf promoter into the crtB locus of C. glutamicum. In addition, fructokinase from E. coli (mak) was inserted into the crtEb locus under the control of the
constitutive sod-promoter (mannitol module III), and NADPH-dependent glyceraldehyde 3-phosphate dehydrogenase was expressed in its native form on an episomal
plasmid and in a codon-optimized form under the control of tuf integrated into the crtl2 locus. The gene annotations for central carbon metabolism and i-lysine
synthesis are given in the supplementary file 1.
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and subsequently resuspended in 0.5 mL of the same buffer. Trans-
hydrogenase activity was analysed at 30 °C in a 1 mL mixture that
contained 50 mM potassium phosphate (pH 7.0), 100 mM NaCl, 10 mM
p-mercaptoethanol, 0.1 mM NADPH, 0.1 mM 3-acetylpyridine-NAD™,
and 25 pL of resuspended membrane protein solution, via monitoring
the increase in absorbance at 375 nm. One unit of activity was defined as
the production of 1 pmol of 3-acetylpyridine-NADH per minute. Nega-
tive controls were carried out without substrate and cell extract.

All enzyme activities are given as specific activity [U mg’l] corre-
lated to the protein concentration in the extract (Hoffmann et al., 2018).

2.16. Analysis of the cellular redox state

The protocol used to quench intracellular metabolism during sam-
pling was adapted from previous work (Moritz et al., 2000). In short, 5
mL culture broth was mixed with 10 mL pre-cooled methanol (—58 °C,
60% (v/v)) and centrifuged (5 min, 9400xg, —10 °C), whereby the
temperature of the quenched sample remained below —20 °C. The
nicotinamide adenine dinucleotides were immediately extracted from
the obtained cell pellet and assayed (EnzyChrom NAD(P)"/NAD(P)H
Assay Kit, BioAssay System, Hayward, CA, USA), following the manu-
facturer’s instructions.

2.17. Statistical analysis

For significance analysis, data were subjected to one-way analysis of
variance (ANOVA), followed by Fisher’s least significant difference
(LSD) test and Duncan’s multiple range test. Values were considered
statistically significant when the P value was less than 0.05 (P < 0.05, *)
or 0.01 (P < 0.01, **). The SPSS 24.0 software (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis.

3. Results and discussion

3.1. Mannitol-grown C. glutamicum SEA-1 reveals a perturbed redox
metabolism, limited NADPH availability, and excess NAD™

Intracellular redox levels are important drivers of metabolism. As an
example, a sufficient NADPH/NADP™" ratio is crucial for microbial 1-
lysine production, which has a high demand for NADPH. Here, the
recently developed basic i-lysine-producer C. glutamicum SEA-1, con-
taining twelve genetic modifications for enhanced 1-lysine synthesis and
a derepressed mannitol utilization was used as starting point of devel-
opment (Fig. 1). It was interesting to note that the NADPH/NADP™ ratio
of mannitol-grown SEA-1 was severely reduced as compared to glucose-
grown cells (Fig. 2). The limited NADPH availability likely explained the
much lower r-lysine yield (Table 2) (Becker et al., 2011). The
NADH/NAD™ ratio on mannitol was reduced too. This was surprising on
a first glance. Intuitively, one might have expected an increased value
due to the stoichiometric formation of NADH in mannitol catabolism
(Hoffmann et al., 2018). However, this was not the case, and SEA-1
showed excess NAD' on mannitol, even more than on glucose (Fig. 2).

Thermodynamic inspections explained the low NADH/NAD™ ratio in
SEA-1 and unravelled a severe problem, faced by mannitol-grown
C. glutamicum. At neutral pH (expected for the cytoplasm of
C. glutamicum during growth at neutral pH as done here) (Follmann
et al., 2009; Kelle et al., 1996; Kramer et al., 1990), the oxidation of
mannitol to fructose required a large excess of mannitol and NAD™ over
fructose, NADH, and protons, as inferred from the low equilibrium
constant (Keq = 6.2 X 1079 (Voegele et al., 2005). For SEA-1, exhibiting
a cytoplasmic pH of 7.0 (Follmann et al., 2009; Kelle et al., 1996; Kramer
et al., 1990) and a ratio of NADH/NAD"' = 0.2 (Figs. 2 and 5A), the
intracellular pool of fructose had to be approximately 3-fold lower than
the mannitol pool to enable forward operation of MtID.

However, it appeared possible that mannitol-grown SEA-1 accumu-
lated fructose inside the cells due to its limited fructose conversion
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Fig. 2. Redox metabolism in t-lysine producing C. glutamicum SEA-1 grown on
glucose and mannitol. The samples were taken during exponential growth at
OD = 1. Error bars represent standard deviations from three biological repli-
cates (*p < 0.05, **p < 0.01, NS = not significant).

Table 2

Growth and production performance of 1-lysine-producing C. glutamicum strains
during batch cultivation using mineral salt medium with mannitol as the sole
carbon source. The data comprise specific rates for growth (imay), mannitol
uptake (qumq), mannitol catabolism (qumycar), and ri-lysine formation (qys).
Additionally, yields for 1-lysine (Yrys/mu), biomass (Yx/mu), and fructose (Ygre,
w1 are given. Errors represent standard deviations of three biological replicates.
The data for SEA-1 are taken from previous work and refer to the major phase of
cultivation under mannitol excess (Hoffmann et al., 2018).

Strain SEA-1 SEA-2C
Qrys [mmol g ' h™'] 0.6 + 0.0 1.0 £ 0.0
Qi [mmol g~ h™'] 6.1+1.1 3.7+0.1
Quitbear [mmol g1 h™1] 45+1.1 3.7 +0.1
Pmax [h 1] 0.26 + 0.00 0.16 + 0.02
Yiys/ma [mmol mol™] 90.1 + 1.1 279.8 + 18.1
Yre/ma [mmol mol '] 262.1 + 14.2 <0.01

Yx/ma [g mol™'] 402+ 2.0 43.1 £ 4.0

capacity. C. glutamicum lacks kinases for fructose conversion present in
other microbes (Lange et al., 2017) and in plant tissues, where the im-
mediate removal of fructose by glycolysis is regarded as crucial to drive
mannitol oxidation (Voegele et al., 2005). Naturally, C. glutamicum faces
intracellular fructose only during growth on the disaccharide sucrose
(from intracellular cleavage of sucrose 6-phosphate to glucose 6-phos-
phate and fructose), but this growth mode is linked to much weaker
generation of sugar in the cytoplasm compared to the synthetic mannitol
metabolism created here (Wittmann et al., 2004), while fructose as a
substrate enters the cell from the outside as fructose 1-phosphate (via
the fructose specific PTS) and a minor proportion of fructose 6-phos-
phate (via the glucose specific PTS) (Becker et al., 2005; Ikeda, 2012).

Indeed, SEA-1 showed a large intracellular fructose pool (Table 514,
supplementary file 1). Moreover, the cells exhibited a rather high
cytoplasmic fructose/mannitol ratio (Fig. 5C). As a result, mannitol
dehydrogenase unfavourably operated close to equilibrium. The corre-
sponding distance to equilibrium (I'/Keg), i. €. the ratio between the in
vivo mass action ratio (I') and the equilibrium constant (Keq) was close to
1 (Table 3).

Upon being forced to grow on mannitol, SEA-1 responded in two
ways to create an outcome against the disadvantageous thermody-
namics: (i) it largely removed fructose by excretion and, inter alia, (ii)
kept the NADH/NAD™ ratio low to provide the required driving force.
Therefore, the massive fructose secretion by SEA-1 was not caused by
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Table 3

Thermodynamics of mannitol oxidation to fructose, catalysed by mannitol 2-de-
hydrogenase in 1-lysine producing C. glutamicum strains on minimal mannitol
medium. The data comprise the in vivo mass action ratio (I'), estimated from the
intracellular ratios of NAD/NADH (Fig. 5A), fructose/mannitol (Fig. 5C), and
the cytoplasmic pH, the thermodynamic equilibrium constant of mannitol
oxidation (Keq) (Voegele et al., 2005), and the distance from the estimated
equilibrium (I'/Keq), calculated as described previously (Wittmann et al., 2005).
Samples for intracellular metabolite analysis were taken during exponential
growth at OD 1.

Strain  SEA-1 SEA-2C SEA-2D SEA-4 SEA-7

Keq 6.20 x 6.20 x 107°  6.20 x 6.20 x 6.20 x 10~°
10°° 107° 107°

r 6.58 x 3.08 x 415 x 5.82 x 3.09 x
107° 10710 107° 107° 10710

[/Keq 1.06 0.05 0.67 0.94 0.05

NADH-related inhibition at the level of glyceraldehyde 3-phosphate, as
assumed until recently (Kiefer et al., 2004; Toyoda and Inui, 2016;
Yokota and Lindley, 2005). In fact, it was crucial to remove the sugar
from the cytoplasm and keep mannitol dehydrogenase in operation. As
another bottleneck, SEA-1 supplied NADPH for 1-lysine mainly via the
TCA cycle due to its low pentose phosphate (PP) pathway flux (Hoff-
mann et al., 2018), which in turn delivered even more NADH.
Altogether, mannitol-grown C. glutamicum SEA-1 exhibited a per-
turbed redox metabolism and substantial fructose excretion, super-
imposed by the unfavourable thermodynamics of mannitol oxidation.

3.2. Electrostatic engineering of the catalytic site of mannitol
dehydrogenase creates NADP " -dependent activity with high affinity and
enhances mannitol-based 1-lysine production

The mannitol dehydrogenase MtID of C. glutamicum almost exclu-
sively used NAD T as a cofactor (Table 4) and generated undesirable
amounts of NADH during mannitol utilization. Considering the NADPH
limitation (Fig. 2), a modulation of the cofactor specificity of MtID
appeared promising. For this purpose, a 3D model of the protein struc-
ture of MtID of C. glutamicum was constructed using the crystallographic
structure of Pseudomonas fluorescens MtID (pdb entry 1M2W.pdb) as the
template, since no crystallographic protein structure for MtlD of
C. glutamicum was available. The template structure revealed 44%
sequence identity, suggesting satisfactory predictive power. To identify
the position of NADP™, its phosphate substituent was added into the
NAD*-containing crystal structure of the enzyme of P. fluorescens, and
the exact location of the cofactor was calculated by energy optimization.
Based on this layout, the 3D structure of the cofactor-binding pocket of
the mannitol dehydrogenase of C. glutamicum with bound NADP' was
derived (Fig. 3A, protein data bank (pdb) file, provided as supplemen-
tary file 2). Obviously, the negatively charged carboxylate group of
Asp75, naturally stabilizing the binding of NAD' by bifurcated
hydrogen bonds with the adenosyl-ribose ring (Bommareddy et al.,
2014), unfavourably repelled the negatively charged phosphate group of
NADP™.

Table 4

Kinetic properties of the native mannitol 2-dehydrogenase MtID and its engi-
neered variant MtlD D75A (MtID"). C. glutamicum SEA-1 (MtID) and SEA-2C
(MtID?) were grown on mannitol mineral salt medium at 30 °C. Error bars
represent standard deviations of three biological replicates.

Strain Kwm, NaD Vimaxs Nap (MU Kwm, NaDP Vmax, Napp (MU
(mM) mg 1) (mM) mg l)
SEA-1 0.8 +0.1 378 £ 15 n.d.” 1+0
SEA- 1.1 +0.1 149 + 4 0.7 +£0.1 13+1
2C

2 Not determined.
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Fig. 3. Homology models of the cofactor-binding site of wild-type NAD"-spe-
cific mannitol 2-dehydrogenase (MtID) of C. glutamicum (A) and a predicted
NADP"-dependent mutant MtID* with the mutation D75A (B), displaying car-
bon (grey), nitrogen (blue), oxygen (red), phosphorous (pink), and sulphur
(yellow). The corresponding protein data base (pdb) file is provided as sup-
plementary file 2.

To avoid this collision, r-aspartate 75 had to be replaced by a rather
small amino acid to be able to accommodate the additional phosphate
group. By using the Swiss-Pdb Viewer to carry out putative mutations in
the homology model, we found out that among the conceivable non-
polar amino acids only i-alanine was small enough to avoid steric
clashes (Fig. 3B). Due to steric hindrance, larger amino acids containing
polar or positively charged side chains to further enhance interactions
with the phosphate group could be ruled out as candidates. Accordingly,
L-aspartate 75 was replaced by r-alanine in the protein via introduction
of the point mutation D75A into the mtID gene (Fig. 3B). The novel strain
that expressed MtID* was designated SEA-2C. Fortunately, the D75A
mutant exhibited the desired NADP-specific activity, and the corre-
sponding conversion rate increased by almost 15-fold, while that for
NAD" decreased. The mutant enzyme showed even greater affinity for
NADP™ than for NAD' (Table 4). It should be mentioned that compu-
tational modelling predicted a second amino acid exchange in addition
to D75A to enhance cofactor specificity for NADP™, that is, replacement
of 1-methionine by a positively charged 1-lysine at the neighbouring
position 78 (M78K), which should further support binding of the phos-
phate group of NADP™ (Fig. 3). However, the double variant was no
longer functional; the corresponding mutant no longer grew on mannitol
(no strain name assigned; data not shown).

SEA-2C, expressing the single D75A mutant, accumulated 19 mM t-
lysine (Fig. S3AB, supplementary file 1) and exhibited a substantially
improved production performance compared to the parent strain SEA-1
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(Table 2): (i) a more than three-fold higher i-lysine yield, (ii) an almost
doubled 1-lysine production rate and (iii) elimination of undesired
fructose overflow. Interestingly, SEA 2C strongly accumulated intra-
cellular mannitol, which was likely the consequence of the derepressed
mannitol influx (caused by the mtIR deletion) that could only partially be
converted by the mutated enzyme. This scenario inter alia resulted in a
rather small intracellular fructose pool (Table S14, supplementary file 1)
and nicely explained the fact that fructose was not secreted by this strain
(Table 3, Fig. S3AB, supplementary file 1). The redox metabolism
remained relatively unaffected (Fig. 5).

The specific impact of the changed cofactor preference on metabolic
efficiency became obvious, when considering the 1-lysine formed from
truly catabolized mannitol (not secreted as fructose). SEA-1 internalized
mannitol at a rate of 4.5 mmol g~} h™! and produced 0.6 mmol r-lysine
g~ ! h™L. Considering only the fraction of catabolized mannitol, SEA-1
exhibited a conversion yield of 0.13 (mol 1-lysine) (mol catabolized
mannitol) !, while the corresponding value for SEA-2C was more than
twice as high, i.e., 0.28 mol mol~!. Altogether, the findings indicated
that the introduced NADP™ specificity of MtID* channelled extra carbon
towards -lysine biosynthesis. The reduced mannitol catabolism, how-
ever, appeared as a drawback of the MtID* mutant.

3.3. Expression of membrane-bound transhydrogenase improves r-lysine
production and cellular fitness

Given the perturbed redox levels (Fig. 2) and the previously shown,
limited success of heterologous fructose kinase expression to improve
the performance of SEA-1 (Hoffmann et al., 2018), membrane-bound
transhydrogenase was chosen as the next target. Driven by the proton
motive force, the enzyme catalysed a potentially beneficial conversion:
the oxidation of NADH to NAD™ coupled to the reduction of NADP™ to
NADPH (Jackson, 2003; Kabus et al., 2007). In line, overexpression of
PntAB has been found useful to drive redox-demanding production in
other C. glutamicum strains (Kabus et al., 2007; Yamauchi et al., 2014;
Zhan et al., 2019).

The new strain SEA-2D (SEA-1 Py pntAB) harboured a genome-
based copy of the transhydrogenase gene from E. coli. This strain
exhibited the desired transhydrogenase activity (497.9 + 30.8 mU
mg’l), whereas SEA-1 did not (<0.1 mU mg’l). When tested in batch
culture, SEA-2D accumulated 12.8 mM 1-lysine (Fig. S3CD, supple-
mentary file 1), 45% more than SEA-1 (Hoffmann et al., 2018). In
addition, SEA-2D formed the product at almost three-fold increased
yield and productivity (Table 5). As an additional benefit, secretion of
fructose was eliminated, likely supported by a low intracellular fructose
level (Table S14, supplementary file 1) and a reduced fructose/mannitol
ratio that provided extra driving force for mannitol oxidation (Fig. 5C,
Table 3).

From the viewpoint of kinetics, SEA-2D was superior to the MtID*
mutant SEA-2C. It grew 30% faster (Table 2, Table 5) and completed the
entire cultivation in only two-thirds of the time (Fig. S3CD, supple-
mentary file). In addition, SEA-2D used 20% more carbon for growth,
indicating its significantly better fitness. Regarding production stoichi-
ometry, however, SEA-2D was not as efficient: its i-lysine yield was
slightly lower than that of SEA-2C (Table 2, Table 5).

To understand in more detail how the expression of PntAB affected
the metabolism of C. glutamicum, the SEA-2D mutant was analysed at the
metabolic flux level using a'®C-based approach for mannitol-grown
C. glutamicum; this method was recently developed (Hoffmann et al.,
2018) and extended here to additionally estimate fluxes through malic
enzyme and the novel PntAB transhydrogenase, considering in vitro
activities of the enzymes as constraints and consistency checks (Lange
et al., 2017). The approach provided a distribution of intracellular car-
bon fluxes through the metabolism of C. glutamicum SEA-2D (Fig. 4A).

SEA-2D channelled more than 90% of the utilized substrate via
fructose 1-phosphate and fructose 1,6-bisphosphate towards the lower
Emden-Meyerhof-Parnas (EMP) pathway. The PP pathway exhibited a
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Table 5

Growth and production of L-lysine-producing C. glutamicum strains during batch
cultivation in shake flasks using mineral mannitol medium (Fig. S4A-F, sup-
plementary file 1). The data comprise specific rates for growth (pmax), mannitol
uptake (qumq), mannitol catabolism (qumcar), and r-lysine formation (qys).
Additionally, yields for 1-lysine (Yrys/mn), biomass (Yx/mua), and fructose (Ygrc,
) are given. The data represent the entire cultivation for SEA-2D, SEA-6, and
SEA-7. For the fructose-accumulating strains SEA-4 and SEA-5, the data reflect
the major phase under mannitol excess (shown in white for SEA-4 in Fig. S4AB,
supplementary file 1). Data on additional by-products are shown in Table S3
(supplementary file 1). Errors represent standard deviations of three biological
replicates.

Strain SEA-2D SEA-4 SEA-5 SEA-6 SEA-7
Quys [mmol g1 0.91 + 0.85 + 0.84 + 1.59 + 1.58 +
h™'] 0.04 0.01 0.02 0.03 0.05
qua [mmolg™! 4.0+01 54+03 52+02 51+01 53+0.1
h1
Quitcat [mmol 40401 44+03 40+02 51+01 53+0.1
g h7]
Mmax [h™1] 0.21 + 0.29 + 0.24 + 0.24 + 0.25 +
0.01 0.03 0.06 0.02 0.02
Yiys/ma [mmol 224.9 + 159.3 + 163.3 + 311.9 + 299.5 +
mol~!] 5.0 8.1 9.1 7.6 4.8
Yre/ma [mmol <0.01 179.3 + 239.9 + <0.01 <0.01
mol 1] 8.7 13.4
Yxna [gmol '] 52,0 + 53.5 + 45.9 + 47.2 + 47.8 +
3.9 1.8 9.3 3.0 5.4

minor flux of 5% and contributed only a small amount of reducing
power (10% flux, 15-fold less than that on glucose (Becker et al., 2011)).
Despite the low supply from this commonly regarded major NADPH
supply route, SEA-2D channelled a high flux of 24% through the 1-lysine
pathway, with other pathways contributing to supply redox power. The
TCA cycle generated the highest amount of NADPH (isocitrate dehy-
drogenase flux of 78%), and malic enzymes supplied NADPH as well
(23%), which matched well with the determined in vitro activity of 158
mU mg ™! as an upper constraint (Table S10, supplementary file 1).
Notably, the newly introduced transhydrogenase carried a flux of 66%,
making it the second most important enzyme to supply NADPH in
SEA-2D and underlining its beneficial impact on 1-lysine production.

While mannitol catabolism functioned well and t-lysine formation
was substantially enhanced in SEA-2D, the high TCA cycle flux remained
a bottleneck, given the undesirable excess loss of carbon resulting from
the generation of NADPH via the cycle compared to the other pathways.
It was interesting to note that the redox ratios remained rather unaf-
fected by the expression of PntAB (Fig. SAB). Despite the improved 1-
lysine production, the availability of NADPH and the NADH/NAD™ ratio
were still at low levels. Obviously, the vital contribution of PntAB did
not fully restore the redox imbalance, indicating room for further
improvement.

3.4. C. glutamicum SEA-7 exhibits a debottlenecked carbon core
metabolism and forms 1-lysine from mannitol at 30% molar yield

The second-generation strain SEA-2D exhibited excellent production
capacity and high vitality and was therefore chosen as the chassis to
further enhance performance. SEA-2D still exhibited a perturbed redox
state, so further rounds of strain engineering aimed at resolving this
issue. A first modification introduced the fructokinase Mak from E. coli,
suggested recently to enhance the PP pathway flux on mannitol,
although the resulting benefits (at the level of SEA-1) were found only
minor (Hoffmann et al., 2018). However, it appeared promising to
implement and test this modification in SEA-2D, given also the benefi-
cial properties of overexpressing fructokinase in other C. glutamicum
strain backgrounds and on other substrates (Xu et al., 2013, 2020; Zhang
et al., 2017). The corresponding mutant SEA-4 produced more r-lysine
than SEA-2D (Fig. S3CD; Fig. S4AB, supplementary file 1). Its specific
L-lysine production rate was increased by 54%, which was likely linked
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to the improved NADPH availability (Fig. 5B). However, SEA-4 again
secreted fructose during the initial culture phase, as the higher influx of
mannitol obviously surpassed the catabolization potential of the cells
(Fig. S4AB, supplementary file 1) and mannitol dehydrogenase was set
back to near-equilibrium operation (Table 3).

Next, non-phosphorylating NADP'-dependent glyceraldehyde 3-
phosphate dehydrogenase from Streptococcus mutans (Crow and Wit-
tenberger, 1979; Takeno et al., 2010) was implemented due to its
recently discovered benefits to provide extra NADPH in mannitol-grown
C. glutamicum (Hoffmann et al., 2018) and other C. glutamicum cell
factories (Takeno et al., 2010, 2016). For test purposes, gapN was first
expressed from an episomal plasmid under the control of its native
promoter. Transformation of the corresponding plasmid pClik 5a MCS
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gapN into SEA-4 created strain SEA-6. SEA-6 exhibited substantial
NADP"-dependent glyceraldehyde 3-phosphate dehydrogenase activity
(250 £ 11 mU mg’l), whereas the parent strain SEA-4 did not (<0.1 mU
mg ™). The novel mutant accumulated substantially higher levels of
L-lysine (Fig. S4CD, supplementary file 1), thereby achieving an almost
doubled product yield (312 mmol mol’l) and an almost doubled specific
production rate compared to SEA-4 and surpassing the initial strain
SEA-1 in performance by 3.5-fold and 2.6-fold (Table 2, Table 5).
Notably, fructose accumulation was completely abolished by GapN
expression. Since the control strain SEA-5, harbouring only the empty
plasmid, did not exhibit such improvement but matched the character-
istics of the ancestor strain (Table 5), the enhanced performance could
be fully attributed to the GapN enzyme.
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A final round of engineering replaced the plasmid-based gapN gene
with a genome-based copy to obtain a fully genome-engineered strain.
To compensate for the fact that genomic gapN would occur only as a
single copy compared to multiple copies of a plasmid-based gene, the
expression efficiency was tuned. First, the gapN sequence was adapted to
the preferred codon usage of C. glutamicum (Fig. S5, supplementary file
1). Second, the translational start codon of gapN (GTG) was replaced by
the more common and stronger variant ATG to promote translational
efficiency (Becker et al., 2010). Third, the native promoter was replaced
by the tuf promoter for high expression efficiency in C. glutamicum
(Becker et al., 2005). C. glutamicum SEA-7, obtained after the second
recombination, revealed the desired NADP*-dependent GapN activity
(462.6 + 2.4 mU mg’l), almost twice as high as that of the native
plasmid-based version. SEA-7 consumed mannitol within only 20 h,
much faster than all other strains (Fig. S4, supplementary file 1).
Regarding production performance, strain SEA-7 appeared to be as good
as the plasmid-based variant (Table 5).

Metabolic flux analysis of SEA-7 revealed high glycolytic activity,
supported by the additional GapN, which contributed 36% to the total
EMP pathway flux (Fig. 4B). SEA-7 achieved the highest flux towards
NADPH among all strains (199%). Isocitrate dehydrogenase (66%),
PntAB (62%), GapN (36%), and malic enzyme (23%) were the major
NADPH contributors, while carbon flux and redox supply from the PP
pathway were low (6% and 12%, respectively). SEA-7 (and its plasmid-
based counterpart SEA-6) achieved the best catabolization rates for

A
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mannitol of all strains (Table 5), even reaching the high level of glucose
catabolization in r-lysine hyperproducers (Becker et al., 2007, 2011).

Interestingly, SEA-7 revealed a beneficially restored redox level
(Fig. 5AB), including increased NADPH availability and reduced excess
NAD™. The latter was a clear response to the artificially increased ca-
pacity to channel fructose towards central metabolism, which decreased
the intracellular level of the sugar (Table S14, supplementary file 1) so
that the high NAD" excess as a thermodynamic driving force for MtID
was no longer needed (Table 3).

3.5. C. glutamicum SEA-7 performs well under fed-batch conditions and
accumulates 76 g L1 1-lysine from mannitol within 35 h

To assess performance under more industrially relevant conditions,
we benchmarked the SEA-7 strain in a fed-batch process (Fig. 6). During
the batch phase, the strain grew exponentially (Fig. 6A) and accumu-
lated 1-lysine at a yield of 0.21 mol mol~! (Fig. 6B, Phase I). Thereby,
fructose accumulation was observed, which peaked at approximately 14
g L1, indicating a bottleneck when high levels of mannitol were pro-
vided. After 6 h, the initially supplied mannitol (41 g L) was depleted,
and the feed phase was started. Mannitol was added pulse-wise so that
the substrate was kept in a range of 5-10 g L™!. The vr-lysine concen-
tration continually increased from 5 g L™! at the end of the batch phase
to 32 g L™! after 17 h, providing a product yield of 0.26 mol mol~!
(Fig. 6B, Phase II). During this phase, fructose was fully re-consumed.
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Fig. 6. Fed-batch production of 1-lysine by metabolically engineered C. glutamicum SEA-7: culture profile (A) and product yield (B). The data represent mean values

and deviations from two replicates.
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Obviously, C. glutamicum SEA-7, equipped with efficient pathways to
metabolize mannitol, handled the substrate very well, including at the
high starting concentration chosen. Due to the lower solubility of
mannitol (216 g L’l), compared to other sugars, the feed was less
concentrated, so the reactors had approached their maximum filling
capacity. Because SEA-7 was still performing well at this point, the feed
was switched, adding solid mannitol every few hours. Each single dose
increased the mannitol level by 50 g L™!, and the substrate was then
consumed within a short time. Addition of feed was stopped after 29 h to
allow depletion of the remaining carbon. The -lysine level increased to a
final titre of 76 g L™! after 35 h. The short cultivation time was com-
parable to that of the molasses-based fed-batch processes of
C. glutamicum (Becker et al., 2011). The space-time yield for r-lysine was
maximal during the feed phase (2.1 g L™ h™1). Averaged over the full
process, production occurred at more than the half-maximum rate (1.5 g
L7! h™1). The cells produced i-lysine exclusively. Lactate transiently
accumulated as the only by-product but was completely re-consumed
later (Fig. S6, supplementary file 1), whereas trehalose levels
remained nonsignificant (<0.1 g L™1). The created SEA-7 cell factory
exhibited high synthetic selectivity, a strong benefit for downstream
processing.

3.6. Cascaded valorization of L. digitata to alginate and 1-lysine using
optimized C. glutamicum SEA-7

L. digitata is a major seaweed used for the manufacturing of com-
mercial alginate, a high-value polymer for the food, cosmetic, and
pharmaceutical industries due to its superior gelling, thickening and
stabilization properties (Fertah et al., 2017; Torres et al., 2019).

Here, ground L. digitata powder was treated with hot water, yielding
extracts with mannitol as the major sugar (Fig. S7A, supplementary file
1) and smaller shares of L-alanine, L-glutamate, and r-aspartate, the most
abundant amino acids in algal biomass (Hou et al., 2015; Manns et al.,
2017). Enzymatic hydrolysis conducted after the extraction, addition-
ally provided significant amounts of glucose and fructose and even
additional mannitol, resulting from degradation of the L. digitata poly-
mer laminarin (Fig. S7B, supplementary file 1) (Hou et al., 2017; Kim
et al., 2011). The obtained extracts were quite viscous due to the pres-
ence of alginate (Chades et al., 2018; Hou et al., 2015). Alginate was
precipitated, followed by several steps of decolorization and purifica-
tion, which finally yielded pure sodium alginate as a clean, white gum
(Fig. 7).

Seaweed pre-treatment

Dried Grinded
seaweed seaweed

Laminaria
digitata
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The seaweed extract, remaining after alginate separation, was
filtered, and concentrated approximately seven-fold by heating to 70 °C
under vacuum. The treatment provided a sugar-rich feed containing
high levels of mannitol (53-75 g L™1), glucose (16-22 g L™!) and fruc-
tose (0.5-3.5g L) for different L. digitata batches, linked to seasonal
and regional fluctuations in the sugar content in seaweed (Schiener
et al., 2015).

SEA-7 performed well on the mannitol-, glucose-, and fructose-
containing hydrolysate (Fig. 8). Its specific growth rate (0.36 h™1) was
significantly higher than that on pure mannitol (Table 5) and even
reached the value obtained for wild-type C. glutamicum on glucose
(Becker et al., 2011). The high vitality of SEA-7 was obviously supported
by growth-promoting ingredients in the seaweed extract (Torres et al.,
2019) and synergistic effects, eventually resulting from co-consumption
of the sugars. The sugars represented 95-98% of depolymerized or-
ganics. In addition, minor shares of amino acids (mainly r-glutamate,
-alanine, and r-aspartate) were observed (Fig. S7, supplementary file 1).
On a quantitative basis, they displayed the remaining fraction of 2-5%,
while organic acids and other organics were not detected. Considering
these substrates together, SEA-7 produced i-lysine from the residual
L. digitata stream at a yield of 0.24 C-mol C-mol !, almost as high as from
pure mannitol medium (Fig. 9B). Additional studies using L. digitata
extracts, directly derived from hot water extraction were also converted
by SEA-7 and even resulted in a 1-lysine yield of 0.27 C-mol C-mol ! and
faster growth than on pure mannitol (Fig. 9, Fig. S8, supplementary file

1).

3.7. Valorization of a commercial waste stream from food processing of
the brown seaweed Durvillaea antarctica using SEA-7

The large brown seaweed D. antarctica is an endemic species of the
Southern Hemisphere (Lizée-Prynne et al., 2016; Mansilla et al., 2012,
2017). In Chile, it is collected for food purposes from wild habitats.
Commercialization of D. antarctica has increased by more than 400%
over recent years, reached a production volume of 8000 tons (Ferdouse
et al.,, 2018) and enabled international trading with other countries
(Uribe et al., 2018). The soft fronds (blades) of seaweed are processed
for human consumption, leaving the rest as a significant waste
(Fig. S9AB, supplementary file 1). Extraction of this waste (holdfasts and
harder parts of the blades), this time using acid treatment, yielded a
hydrolysate containing mannitol, glucose, fructose, and small amounts
of galactose (Fig. S7C, supplementary file 1). SEA-7 converted the

Extraction, depolymerization & fractionation

Hot water
extraction

Enzyme

hydrolysis Fractionization

Concentrated Fermentation

filtrate sugar feed SEA-7 strain

Fermentative L-lysine production

L-Lysine

Sodium
Alginate

Raw alginate
precipitation

Washing &
decolorization

Alginate downstream processing

Fig. 7. Cascaded valorization of the industrial seaweed L. digitata to alginate and 1-lysine using C. glutamicum SEA-7, optimized by systems metabolic engineering.
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useable carbohydrates (galactose was not used) and minor shares of
amino acids to L-lysine at a yield of 0.40 C-mol per G-mol~! (Fig. 9B),
proving its suitability to valorise commercial seaweed waste. SEA-7
grew slower than on the L. digitata hydrolysate (Fig. S8, supplemen-
tary file 1), likely due to the increased level of salt originating from
pretreatment of the seaweed with sulphuric acid. Similarly, SEA-7
revealed weaker performance on acid hydrolysates obtained from
L. digitata using HCI (data not shown), suggesting that milder pretreat-
ment strategies should be applied to achieve increased bioavailability in
the future.

4. Conclusions

The use of more sustainable raw materials is one of the most relevant
tasks to achieve a greener production. Admittedly, biotechnology still
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that these compounds were the major car-
bon sources.

largely relies on first and second-generation renewables. As an example
L-lysine, a premium feed additive, is primarily manufactured from
starch, raw sugar and molasses (Becker et al., 2005, 2011; Gopinath
et al., 2011; Hirao et al., 1989; Ikeda, 2017; Seibold et al., 2006; Tateno
et al., 2007a, 2007b; Xu et al., 2018). In this work, we established
C. glutamicum as a production host for the feed amino acid 1-lysine from
seaweed biomass. For maximized sustainability, the microbe used
low-value residual seaweed streams, left over after extraction of the
high-value ingredient alginate and the recovery of edible parts for food
manufacturing. SEA-7 accumulated forty-fold more 1i-lysine from
mannitol, the major seaweed sugar, than any other microbe engineered
to date (Hoffmann et al., 2018).

More work seems, however, needed regarding fermentation strate-
gies. As example, a better control of the mannitol level during fermen-
tation promises higher product yields. Moreover, the less concentrated
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mannitol-based feeds will require higher reactor volumes than the ones
presently used for conventional sugars. The addition of solid mannitol
(as done here to benchmark the strain) is not expected to be preferred for
actual production.

Notably, the excellent performance of SEA-7 was enabled by a sys-
tematically streamlined metabolism, which included 16 genomic traits
that covered the entire route from substrate to product: the r-lysine
module (12 genomic changes in 4 different carbon core metabolic
modules) to drive i-lysine formation, mannitol modules I and III (2
genomic changes) to drive mannitol uptake, redox module II (1 genomic
change) to supply NADPH from NADH, and redox module III to couple
the high glycolytic flux further to NADPH supply (Figs. 1 and 4B). In this
way, mannitol, a non-natural substrate for C. glutamicum, could be
efficiently converted to r-lysine, providing an even higher yield than
glucose, the gold standard of fermentation (Fig. 9), and enabling effi-
cient production independent of redox supply via the PP pathway
(Fig. S4EF, supplement).

Further optimization can be expected by additional rounds of strain
engineering (Campbell et al., 2017; Lange et al., 2017; Lynch, 2016;
Nielsen, 2017) to complement the use of terrestrial crops for fermenta-
tion (Becker et al., 2011; Ikeda et al., 2009; Lee and Park, 2010; Ohnishi
et al., 2002) by seaweed biomass from rapidly growing ocean farms.
From the point of substrate utilization, metabolic engineering could aim
at extending the substrate spectrum of C. glutamicum towards alginate,
since the structural polysaccharide is abundant in many brown algae
species (Kawai and Murata, 2016; Wei et al., 2013). Simultaneous uti-
lization of alginate and mannitol could also be interesting from the fact
that the catabolism of alginate requires NADH, which is provided by the
oxidation of mannitol (Wargacki et al., 2012). Furthermore, the sub-
strate spectrum of C. glutamicum SEA-7 could be expanded by consid-
ering other algae species as raw material, such as red algae, since these
contain a higher carbohydrate content than brown algae, that can range
up to 84% of their dry weight (Wei et al., 2013), which can be broken
down into glucose, mannose, and galactose by acid treatment and
enzymatic saccharification (Kim et al., 2011). Besides carbohydrates,
macroalgae have a large repertoire of hydrocolloids, vitamins, fatty
acids, proteins and amino acids, minerals and pigments (Torres et al.,
2019), suggesting a cascaded biorefinery to fully harness all valuable
compounds while reducing the amount of waste produced (Torres et al.,
2019; van Hal et al., 2014). By using such a biorefinery approach, a more
sustainable and thus economically more efficient production of indus-
trially important products can be achieved (Poblete-Castro et al., 2020;
Torres et al., 2019; van Hal et al., 2014). The production of -lysine from
residual seaweed sugars could display one vital element of such an ocean
based sustainable bio-production. In addition, given its excellent L-lysine
production performance, SEA-7 could be modified for the production of
other commercially attractive compounds which are derived via the
L-lysine pathway, such as ectoine (Becker et al., 2013; Giefelmann et al.,
2019), 1,5-diaminopentane (Kind et al., 2014), 5-aminovalerate (Rohles
et al., 2016), and glutarate (Rohles et al., 2016, 2018), promising
additional potential.
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