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Urspriingliche Aufgabenstellung, Stand der Wissenschaft und Ablaufplan

Pflanzliche Sekundarmetaboliten, die sich von Ferulasduren (FerA) und deren Derivaten herleiten,
zeichnen sich durch eine Vielzahl an biologischen Aktivitdten aus. Sie sind unter anderem fir die
gesundheitsfordernde Wirkung, das Geschmacksprofil bestimmter Lebensmittel oder eine, das Altern
verzégernde, Wirkung von Arzneipflanzen (z.B. Rhodiola rosea) verantwortlich und sind
dementsprechend fiir eine Anwendung in der Nahrungsmittel- und pharmazeutischen Industrie attraktiv.
Heutzutage konzentriert sich die Produktion von trans-Ferulasaure hauptsachlich auf die Extraktion der
Verbindung aus pflanzlichem Material wie Getreidekornern, Reis, Weizen und Zuckerrohr oder deren
Abfallstromen. Die extrahierbare Produktmenge ist jedoch gering und schwankt je nach
Ausgangsmaterial und Extraktionsmethode zwischen 0,5 und 2 %. Andere, neuere Ansétze stutzen sich
daher auf die Verwendung von gentechnisch veranderten Mikroorganismen zur biotechnologischen
Herstellung von trans-Ferulaséure unter Verwendung von Aminoséaurevorlaufern wie L-Tyrosin.

Das beantragte Projekt basierte auf Vorarbeiten der Verbundpartner IPB und MLU, in denen kirzlich
ein FerA-produzierender E. coli-Stamm erzeugt werden konnte. Dieser sollte als Grundlage fiur die
weitere Entwicklung von industriell nutzbaren Mikroorganismen zur Herstellung 6ékonomisch wertvoller
FerAs dienen. Dazu sollten sowohl der Produktionsstamm als auch der Fermentationsprozess in einer
Kooperation des Leibniz-Instituts fur Pflanzenbiochemie (IPB), der Martin-Luther-Universitat Halle-
Wittenberg (MLU), und des Fraunhofer-Zentrums fiir Chemisch-Biotechnologische Prozesse (CBP) in
Hinsicht auf eine wirtschaftlich tragfahige fermentative Synthese optimiert werden.

Das IPB identifizierte geeignete Enzyme zur Integration weiterfihrender Biosynthesewege, um die
produzierten FerAs zu ausgewdhlten, hochpreisigen Pflanzeninhaltsstoffen von 6konomischem
Interesse zu veredeln. Die Zielverbindungen umfassten dabei Flavonoide und FerA-Konjugate mit
medizinischer Anwendbarkeit.

Die Optimierung der Produktionsstamme durch den MLU Partner zielte auf die Umgehung vorhandener
Limitierungen der FerA-Produktion. Zum einen sollte die zellulare Verfugbarkeit von C1-
Vorlaufermolekillen zur Regeneration von S-Adenosyl-Methionin (SAM) verbessert werden. Uber
metabolic engineering sollten Engpasse des Synthesewegs durch ein systematisches Screening
aufgedeckt werden. Der so verbesserte Produktionsstamm sollte das derzeit nutzbare System zur
Herstellung von FerA (max. bisher erreichte Konzentration: 2 g L) Ubertreffen. Die genannten
Optimierungsschritte sollten in parallel verlaufenden Fermentationsversuchen durchgefiihrt werden, die
eine direkte Skalierung in industrielle Maf3stébe erleichtert. Die, aus den Laborverfahren gewonnenen
Erkenntnisse, sollten am CBP zum Scale-Up der Fermentationen in den Produktionsmafstab
verwendet werden, um die Technologie fur industrielle Partner nutzbar zu machen. Zudem sollte ein
nachhaltiges Verfahren fur die Isolierung der hergestellten FerAs aus der Fermentationsbriihe
demonstriert werden. Weiterhin sollten die Multienzymkaskaden zur FerA-Produktion in, allgemein als
sicher anerkannte, Mikroorganismen (GRAS-Status) Uberfuhrt werden, um Stdmme fur eine Zulassung
in der Lebensmittelherstellung zu generieren. Die Herstellung von FerA-Derivaten die den
Produktionsstamm inhibieren sollte am Fallbeispiel Coniferylalkohol untersucht werden. Dabei sollte die
Wirkung einer spezifische UDP-Glucose-Glykosyltransferase (UGT) genutzt werden, um die Toxizitat
fur den Produktionsstamm zu reduzieren.

Wesentlichen Ergebnisse des Ferubase Projektes

MLU Teil (031B0836A) Die biotechnologische FerA Produktion im Laborreaktor-Maf3stab konnte durch
verbesserte feeding und Induktions-Strategien, sowie auf eine besser abgestimmte
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Biosynthesekaskade auf 3 g L! gesteigert werden. Umfangreiche Untersuchungen zu mdoglichen
Limitationen der Biosynthesen, erlaubten die Identifizierung zweier metabolischer Engstellen. Zum
einen zeigt das erste Enzym in der Biosynthesekaskade eine ausgepragte feed back-Inhibition durch
FerA, die mittels kinetischer Charakterisierung auf 12 uM bestimmt werden konnte. Zum anderen gelang
durch die Etablierung eines Reporter-Assays fiir die C1-Gruppenibertragung die Identifizierung von
Limitationen im C1-Stoffwechsel. Die erhaltenen Erkenntnisse erdffnen neue Wege zur
Nutzbarmachung biotechnologischer Verfahren zur Herstellung methylierter Produkte. Ein FerA
produzierende GRAS-Stamm wurde entwickelt und ein neuartiges Expressionssystem fir
biotechnologische Synthesen erarbeitet. Um Produktionsprozesse zu verbessern die durch
Produkttoxizitat limitiert sind, wurde eine pflanzliche Glycosyltransferase charakterisiert und deren
detoxifizierende Aktivitat auf Coniferyl alkohol nachgewiesen. Dies erdffnet neben klassischen, aber
technisch aufwendigen, in situ Trennverfahren auch die metabolisches Verfahren zur Aufhebung einer
Produkttoxizitat und damit zur Produktsteigerung.

IPB Teil (031B0836B) Ziel des Teilprojekts am IPB war es, Enzyme zu identifizieren, die fir die
grof3technische Produktion spezifischen FerA-Derivate geeignet sind. Der erste Schritt bestand in einem
Screening-Prozess, um die am besten geeigneten Enzyme zu ermitteln. AnschlieBend wurden die
identifizierten Kandidaten durch rationales Design optimiert, um ihre Funktionalitat auf bestimmte
Aufgaben zuzuschneiden. Diese Strategien fuhrten zur Entdeckung einer O-Methyltransferase (OMT)-
Variante, die sich durch einen bemerkenswert hohen Grad an Para-Regioselektivitat auszeichnet und
zur Herstellung von z. B. Isoferulasdure und Flavonoiden mit spezifischer aromatischer Dekoration
verwendet werden kann. Darilber hinaus wurden durch umfangreiches Genom- und Transkriptom-
Mining, gekoppelt mit Proteinexpression und enzymatischen Assays, neue Acyltransferasen in
ausgewahlten Pflanzenarten entdeckt. Diese neuen Enzyme wurden hinsichtlich ihrer Substratspezifitat
charakterisiert. Biokatalytische Reaktionen, bei denen z. B. die gefundenen Amidsynthasen eingesetzt
wurden, zeigten gute Ausbeuten (Uber 60 %) und wurden erfolgreich als biokatalytische zweistufige
Kaskade hochskaliert. Daruber hinaus wurden durch Biokonversionsprozesse mit nicht-nativen
Substraten neuartige Hydroxyzimtsdurekonjugate synthetisiert. Diese enzymatischen Werkzeuge
wurden anschlieBend mit Mitarbeitern der MLU geteilt, und in einen E. coli-Stamm integriert, der fur die
biotechnologische  Produktion der entsprechenden Verbindungen getestet wurde. Die
biotechnologische Sysnthese eines Ferulasdureamids basierend auf den selektierten Enzymen wurde
demonstriert.

CBP Teil (031B0836C) Der Fermentationsprozess fir die Ferulasaureproduktion wurde erfolgreich von
der MLU (1 L-MaRstab) zum CBP (10 L-MaRstab) transferiert. Dabei erfolgte flir das Medium eine
Umstellung von Chemikalien mit Laborqualitdt (und hoher Reinheit) zu Chemikalien technischer
Qualitat. Dadurch war es mdoglich die Rohstoffkosten zu senken und den Prozess ¢konomischer zu
gestalten. Zudem wurden zuzugebenden Aminosduren in NaOH anstatt HCl gelést, um
Abwasserrichtlinien im GroBmaRstab zu erfillen und eine Korrosion der Edelstahl-Fermenter zu
verhindern. Im Anschluss an den Technologietransfer wurde der Prozess schrittweise in den 1 ms3-
MaRstab Uberfuhrt. Hier mussten einzelne Parameter wie die Feed-Strategie, DO-Regelung und
Zugabe von Antischaummittel fiir eine optimale und einfache Prozessfihrung angepasst werden. Im 10
L-Mafstab als auch im 1 m3-Maf3stab konnte eine vergleichbare Produktkonzentration erreicht werden,
wie im Labormal3stab bei dem Verbundpartner MLU. Zum Ende des Projektes erfolgte die Etablierung
eines mehrstufigen Downstream Processing Verfahrens im PilotmaRstab zur Aufreinigung der
Ferulasdure aus der Fermentationsbrihe. Die Bilanzierung tber alle Schritte ergab fur das DSP eine
Ausbeute von 20 %. Durch die Verwertung bzw. dem Recycling von Nebenstromen wére es mdglich die
Gesamtausbeute der Ferulaséaure erheblich zu steigern.
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MLU Teil (031B0O836A)

AP A: Enhanced FerA production by optimized cofactor regeneration.

In recent years, the biotechnological production of ferulic acid has gained popularity.
Thus far, the maximum microbial production achieved using engineered E. coli and tyrosine
as precursor was 0.257 g/ L (Rodrigues, Gomes, and Rodrigues 2020). Previously, the highest
obtained from an tyrosine overproducing E. coli was 0,196 g/L (Kang et al. 2012). In previous
work performed in our working group, a production cascade of ferulic acid from tyrosine in
E. coli was established. The conversion includes three enzymatic steps: a deamination (TAL),
an aromatic hydroxylation (HpaBC) and a methylation (PFOMT) (Figure 1). With the established
process using a parallel controller reactor and constant feeding of 1 mM/h (40 h) tyrosine (Y)
and methionine (M), a maximum ferulic acid yield of 2 g/L was achieved. Further increase in
the productivity is limited by two identified bottlenecks: 1) a downshift in the flux of the cascade
due to a strong product inhibition of the first enzyme (RgTAL. Ki= 16 puM) together with a high
Kv—value of the second enzyme (EcHpaB. Ky= 3 mM); and 2) a limitation in the methylation
step caused by insufficient methyl-donor (SAM).
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Figure 1: Reaction scheme of recombinant ferulic acid (FerA) biosynthesis

AP A.1 Development of a metJ deletion strain. Genomic integration of feedback
resistant mutants

The current production process of ferulic acid in E. coli shows a limitation on the methylation
step due to insufficient supply of methyl donor. This limitation was partially overcame by
addition of methionine (precursor of S-adenosylmethionine -the methyl-donor-) to the feed,
which led to a significant increase in the production of ferulic acid with less accumulation of
intermediates and improved cell vitality. A straightforward strategy to keep up with the high
demand for methyl donor is to increase the intracellular methionine (or SAM) concentration.
One option to promote the intracellular accumulation of methionine is to deregulate the
methionine synthesis by deleting the methionine repressor gene, metJ. MetJ is responsible for
the transcriptional downregulation of methionine and SAM synthesis in E. coli. It does so by
repressing the transcription of at least 8 of the enzymes involved in methionine/SAM pathway
(Marincs et al. 2006). It is therefore the aim of this experiment to prepare an E. coli BL21 AtyrR
strain with disrupted metJ (AmetJ).
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Targeted disruption of the metJ gene on the E. coli B21 AR chromosome was achieved by
controlled recombination using the Red/ET system of Gene Bridges. This system relies on
homologous in vivo recombination to insert a provided “resistance cassette” in a chosen
position of the genome, followed by removal of the selection marker by a FLP-recombinase
step (Datsenko and Wanner 2000).
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Figure 2: Graphical representation of the method used for MetJ disruption. MetJ gene disruption used
a two-step process: a) a FRT-flanked kanamycin resistance marker was inserted at the metJ gene using
RedET homologous; b) using FLP-recombination the resistance gene was removed leaving an FRT-
scar. Inred: Location of primers used for PCR screening and expected fragment size.

For the specific purpose of this experiment, a FRT-flaked kanamycin resistance cassette was
first introduced at the metJ gene position (see Figure 2, step 1). Positive modified colonies
were identified by PCR amplification of the resultant genome fragment: 1788-bp with primer
upstream and downstream of metJ gene. Figure 3_left, shows the result of the screening for 6
colonies. From these, colonies 1, 6 and 12 were still a mix of modified and unmodified cells
indicated by the presence of an extra 505-bp fragment corresponding to the original E. coli AR.
The other three, 14’, 10 & 7, were single positive E. coli B21 AR AMetJ:Kan colonies. The
colony used for the next step was selected for its better growth in minimal media (Colony 10;
p= 0,58 h1).

In a second step, the kanamycin selection marker was removed from the chromosome by
expression of the site specific FLP recombinase which removed the nucleotides in between
the two FRT sites and leaves a single FRT site as footprint behind (see Figure 2, step 2).
Positive single colonies were screened by PCR amplification of the resultant FRT-scar region
(743-bp fragment). All screened colonies (6) showed positive result Figure 3_right). In regards
to their growth behaviors in minimal medium, all of them were comparable (u= 0,53 - 058 h-1).
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Figure 3: PCR screening of chromosomal modification for metJ disruption in E. coli BL21 AR
Left: screening of colonies after kanamycin resistance cassette insertion in the metJ gene. Right:
screening after removal of antibiotic resistance gene. Expected fragment size: Original AR strain = 505
bp, AR MetJ:Kan = 1788 bp, AR MetJ = 743 bp.

The BI21 AtyrR,Amet] deletion strains have been used as production host for the
implementation of the FerA biosynthesis cascade. Production of FerA was set up in a parallel
bioreactor comparing FerA production in the BI21 AtyrR,4metJ with the production in the
parental strain BI21 AtyrR. Analysis of the production profiles of FerA and its intermediates in
the presence of tyrosine and methionine feed (or just tyrosine feed), did not show any
advantage of the double mutant (FerA 12 mM) compared to the parental strain (FerA 12,5
mM). Instead the double deletion strain grew less fast (umax 0,62) than the parental strain
(umax = 0,7) and shows a worse biomass per glucose yield. For these reasons, the use of the
double mutant was discontinued and an integration locus for selected enzymes ells than metJ
was identified. Deletions of flhD in the BI21 AtyrR were analysed in regard to growth rate and
biomass/glucose yield and found to be unaffected compared to the parental BI21 AtyrR strain.
The flhD locus will be further used for integrating selected genes aiding in the production of
FerA (see below).

The objective of milestone MLU-MA1: “Genomic integration in metJ (month 72)”was achieved.

AP A.2 Identification of bottle necks in the C1 metabolism of SAM synthesis.

To transfer one carbon unit in its reduced form (-CHz) all living organisms use activated methyl
groups in form of S-Adenosyl-Methionine (SAM). It is used by SAM-dependent enzymes to
transfer the terminal methyl group to acceptor molecules, thereby leaving S-Adenosyl-
Homocysteine (SAH). SAH is recycled via the intermediates homocysteine and methionine to
SAM again. To figure out which reaction step in the SAM-cycle causes the flux control
observed in the production phase of ferulic acid production we designed and set up a reporter
assay. It is based on coexpression of the caffeic acid methyl transferase (PFOMT) and
individual enzymes of the SAM-cycle. For the reporter assay the PFOMT enzyme was
overexpressed in the production strain E. coli BL21AR from the T7-expression system in the
plasmid pRSF-PFOMT (KanR). For the co-expression of candidate enzymes, the compatible
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“helper plasmid” pACYCDuet (Cam®) was used. A general schematic representation of the
basic set-up is depicted in Figure 4.
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Figure 4: Selection of plasmids for PFOMT reporter assay
Rbs: ribose binding site. CA: Chloramphenicol. Kan: Kanamycin. SAM: S-Adenosylmethionine. SAH:
S-Adenosylhomocysteine.

To test the performance of the assay, caffeic acid (2 mM) was provided as substrate (ODego:
0.6), and its conversion to ferulic acid (FerA) was measured after 24 hours. A conversion of
25% of the caffeic acid (0.50 mM FerA) was observed. By supplementation of equimolar
amount of methionine (2 mM), the titer of the reaction was increased by 150% to 1.25 mM
FerA. Since the supplied methionine is taken up by E. coli and is converted to SAM by the
action of S-adenosyl methionine synthase (MetK), this last result represents the “positive
control” of a methylation reaction with improved intracellular SAM. For practical reason and
given the complexity of methionine/SAM synthesis, the pathway was divided into smaller
modules (Figure 6). Priority was given to the methylation of homocysteine to methionine
(Module 1); and SAM regeneration (Module II).

Module I. Homocysteine methylation

In E. coli, methionine is synthesized by the direct methylation of homocysteine. (Figure 6).
Limitation in the CH3-THF supply has been suggested before as one of the potential
bottlenecks in methionine and SAM biosynthesis in E. coli (Huang et al. 2018; Okano 2020).
As a starting point for understanding the limitations of this part of the SAM pathway, increasing
the availability of CH3-THF was the target. . The data collected from these experiments
showed no positive effect on the methylation reaction. Addition of 2 mM serine was tested to
rule out deficiency of this precursor as reason for the observed absence of MetF and GIyA
overexpression effect. The FerA titer increased only slightly to 0.27 mM and 0.96 mM in the
experiments without and with methionine supplementation. However, similar than with
methionine addition, the cells supplemented with homocysteine displayed an increase..
Overexpression of GlyA and MetF with homocysteine supplementation did not further improve
the already increased titer, and addition of serine increased the titer only slightly. Taken
together, these results suggest that homocysteine conversion to methionine is not the major
bottleneck in SAM synthesis during the methylation reaction. Instead it can be concluded that
homocysteine is depleted during ongoing methylation due to insufficient recycling.
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Figure 5: S-adenosylmethionine biosynthetic pathway in E. coli. S-adenosyl-methionine (SAM) is
synthesized from methionine by methionine adenosyltransferase. SAM is then used as methyl-donor by
several SAM-dependent methyltransferases, producing S-adenosyl-homocysteine (SAH). SAH is then
hydrolyzed to homocysteine (Hcy) and adenine, followed by CH3-THF-mediated methylation of Hcy to
methionine. RH: Ribosyl-homocysteine, CH3-THF: 5-methyl-THF, CH2=THF: 5,10-methylene-THF,
THF: Tetrahydrofolate.

Module Il. SAM regeneration.

The precursor of homocysteine is SAH. E. coli uses the MtnN-LuxS pathway to hydrolyse SAH
and supply homocysteine (and adenine) back to the methionine synthesis cycle. The helper
plasmid coexpressing mtnN and luxS were cotransformed with the PFOMT expressing plasmid
and the reporter assay as described above was performed. Cofeeding of methionine together
with coexpression of mtnN and luxS elevated FerA production even further. The substantial
effect of LuxS and MtnN, the significant effect of methionine feeding and no significant effect
of an SAM-synthase overexpression (earlier work) figured out the main metabolic bottle neck
in the SAM cycle to be the recycling of SAH.

The milestone MLU-MAZ2: “Identification of bottle necks in the C1 metabolism” (month 18) was
achieved.

AP A.3 Enhanced expression of flux limiting enzyme of the SAM-cycle

In E. coli, methionine is synthesized by the direct methylation of homocysteine. (Figure 6).
Limitation in the CH3-THF supply has been suggested before as one of the potential
bottlenecks in methionine and SAM biosynthesis in E. coli (Huang et al. 2018; Okano 2020).
The PFOMT reporter assay was performed to detect possible limitations in the MetF and GIyA
enzymes. The results suggested that homocysteine conversion to methionine is not the major
bottleneck in SAM synthesis during the methylation reaction. Instead, it was found that
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homocysteine is depleted during ongoing methylation due to insufficient recycling
(Zwischenbericht 2021).
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Figure 6: S-adenosylmethionine biosynthetic pathway in E. coli.

S-adenosyl-methionine (SAM) is synthesized from methionine by methionine-adenosyltransferase. SAM
is then used as methyl-donor by several SAM-dependent methyltransferases, producing S-adenosyl-
homocysteine (SAH). SAH is then hydrolyzed to homocysteine (Hcy) and adenine, followed by CH3-
THF-mediated methylation of Hcy to methionine. RH: Ribosyl-homocysteine, CH3-THF: 5-methyl-THF,
CH2=THF: 5,10-methylene-THF, THF: Tetrahydrofolate.

In order to combine over expression of MtnN and LuxS (responsible for the hydrolysis of SAH
in E. coli) with the pFA3 expression cascade, the two enzymes have been cloned under
constitutive promotor on a pFA3-compatible expression plasmid (pLysT_XN). As control for
the enzymatic effect of MtnN and LuxS catalytic inactive point mutants of MtnN92d and LuxS¢dead
have been generated as well (pLysT_X9NY). Before testing the coexpression during
fermentation the effect of these plasmids have been tested in the shake flask scale.

The shake flask experiments showed improvement in FerA production by ACTIVE-MtnNLuxS-
overexpression when no methionine is feed. The inactive MtnN_LuxS module did not improve
FerA production. The same observation was seen in experiments of caffeic acid to FerA
conversion where only the active MtnN LuxS could improve FerA production. In the
experiments with MtnN LuxS overexpression the overall amount of FerA did not exceed the
FerA production in the presence of methionine. In addition the coexpression of MtnN and LuxS
plus cofeeding of methionine did not elevate FerA product concentrations further. We
concluded that the shake flask might not allow higher product concentrations due to the
uncontrolled reaction conditions of O2, pH and nutrition.

Coexpression of MtnN and LuxS in a controlled bioreactor environment. Improved Ferulic acid
production with co-expression of the enzymes MtnN & LuxS in the Shake-Flask suggested a
positive impact of these enzymes on the SAM-dependent methylation reaction. Co-expression
of MtnN-LuxS from pLysT-XN plasmids and TAL-HpaB-pFOMT from pFA3 was confirmed by
SDS-PAGE analysis. Preliminary shake flask assay with BI21[1R-pLysT-XN+ FA3 vs. BI21[IR-
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pLysT-XdNd + FA3, showed improved Ferulic acid production with co-expression of active
MtnN-LuxS (clear improvement when no methionine was provided)

To address the improved biotechnological production of FerA by enhanced coexpression of
MtnN and LuxS several comparative proceses have been conducted with BI21AR pFA3 which
differ in in the coexpression plasmid and feeding.

DR-FA3-MtnN-LuxS _ ACTIVE
Tyrosine + Methionine
22.11.2022_ Vessel I: DR-FA3-MtnNLuxS_ 0.30%
lactose_1.0mM/h Y/M_p(h-1): 0,40_0OD: 0,03 +Carbenicillin
pre o 5 10 22 S 18 33 4B

GEED wm— ==—" S, S=— S |- TAL
- HpaB

- PFOMT
~ |- MtnN

- LuxS

Figure 7: Recombinant proteins in crude extract: SDS-PAGE analysis of whole cell protein. 0,1 OD
per lane. Coomassie staining. Recombinant proteins are indicated at the right site.

In order to decrease the metabolic burden coursed by strong constitutive expression of MtnN
and LuxS we made use of a SAH-Riboswitch controlled expression of both enzymes (Wang,
J. X., etal. 2008). In order to test the SAH-Riboswitch controlled expression, a reporter plasmid
was used in this fermentation. The plasmid “pLys-Ribo-GFP” contains the SAH-Riboswitch
from ahcY of P. syringae, upstream of the ORF of GFP, in a pLysT backbone. An initial test
expression of GFP from this plasmid was already tested in co-transformation with pRSF-
pFOMT. GFP could be detected in shake flask cultures grown in LB/M9. Therefore, FerA
production tests in a controlled bioreactor environment have been conducted.

In Order to focus on the direct impact of LuxS and MtnN we used CafA feeding after expression
of the recombinant FerA biosynthesis cascade in the presence or absence of active LuxS and
MtnN. CafA feeding without cofeeding of methionine and coexpression of LuxS and MtnN
shows a stable CTR but a limited FerA production . Cofeeding of methionine under the same
experimental set up course a strong decline in CTR and a fast and significant increase .
Riboswich controlled coexpression of LuxS and MtnN with CafA feeding shows a significant
increase in FerA production but also a decline in the CTR signal compared to the same
experiment without LuxS and MtnN coexpression. This again indicates the importance of LuxS
and MtnN in regeneration of SAM but also fosters the hypothesis that an enhanced
regeneration of SAH by LuxS and MtnN augments the metabolic burden coursed by the
methylation reaction it self.

The work package is formally completed. Unfortunately, the results are not as expected and
the final work will aim to use the gained knowledge to improve FerA titers.

The milestone MLU-MA3: “enhanced expression of flux-limiting enzyme of Cl-metabolism
(month 24)” was achieved.
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AP B: Development of Ferulic acid production in a GRAS-strain

AP B.1 Identification of a suitable candidate GRAS-organisms and appropriate
molecular tools for their modification (Q3)

For industrial production of nutritional additives a few generally regarded as save organisms are favored
over classical model organisms most frequently engineered in pioneer developments (Liu et al. 2017).
These organisms have been used since a long time in the production of food and food additives and are
therefore also well tolerated by consumers. Out of these GRAS organisms Saccharomyces cerevisiae
and Corynebacterium glutamicum are best known on the molecular level and therefore well suited for a
rational engineering of biochemical pathways. State of the art technics for genomic manipulations are
CRISPR/Cas methods developed for the respective host (Stovicek, Holkenbrink, and Borodina 2017;
Zhang et al. 2019). The generally considered higher metabolic activity of prokaryotes over eukaryotes
favors C.g. as target organism for implementing ferulic acid biosynthesis cascade. In addition
pioneering studies describing the recombinant synthesis of phenylpropanoids in C. g. are emerging
(Kallscheuer and Marienhagen 2018).

Initial attempts of implementing FerA synthesis cascade into C. g. were conducted with a recently
described strain that harbors a genomic insertion of the T7 polymerase under the lac promotor of E. coli
(MB001), (Baumgart et al. 2013). This strain enables the rapid implementation of the established FerA
production cascade which is based on strong expression by T7 polymerase. The cascade enzymes can
be expressed from plasmid as well as from a genomic insertion.

Further metabolic engineering will target the endogenous catabolism of phenyl propanoic acids
preventing putative drain of intermediates and product. The degradation pathway is encoded by the phd
gene cluster, encoding enzymes involved in transport, activation and -oxidation of phenylpropanoids
(Kallscheuer et al. 2016) (Figure 8). A single knock out of PhdE will omit degradation of phenyl
propanoids while keeping the activation step catalyzed by PhdA available for further pathway
engineering efforts.

o)
O, -OH l¢) SCoA o) SCoA SCoA 0, SCoA )LSCOA
PhdA PhdD Z Phdl- Pth 0, PhdC +
7T> 7? 7_» O~__OH
ATP AMP FAD,, H0 \u)* H0
R +PP; FAD,eq NADH+H*
2 R R2
R1 Ry R1 H1 R2
Ry

Figure 8: Proposed catabolic pathway of phenylpropanoids in C. g. and the responsible gene
products. From (Kallscheuer et al. 2016).

The milestone MLU-MB1.: Identification of suitable GRAS-strain and molecular tools for its modification.
(Month 3)” was achieved.

AP B.2 Integration of FerA-biosynthesis cascade into selected GRAS-strain.
FerA production is established (Q8).

For integration of the FerA Biosynthesis cascade we started to develop improved expression
plasmids based on recent findings according to miss annotations in pEKex2 addressing better
expressions of Lacl and higher genetic stability (Bakkes 2020). Different backbones have been
synthesized (pGA, pBL1, pCC1) and fused to an E. coli colE1 origin of replication together with
a kanamycin resistance gene. The resulting shuttle vectors have been successfully propagated
in E. coli. However in C.g. MBOO1 only the pCC1 and pBL1 vectors give rise to stable clones.
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The pGA back bone therefor was not sufficiently described so fare. Test expressions of
recombinant genes (GFP, TAL) in pCC1 were successfully achieved.

In order to allow accumulation of FerA, deletion strains of phdD and phdA have been prepared
by using CRISPR/Cpfl method described earlier (Zhang 2019). The deletion strains C.g.
MB0014phdD and C.g. MB0OO1phdA have been grown on different solid agars. On brain—heart
infusion (BHI) supplemented with 50 mM sorbitol and 1% glucose (BHISG) the deletion strains
show comparable growth to the strain C.g. MB0OO1. On the canonical minimal medium CGXII
(Keilhauer, Eggeling, and Sahm 1993) we observed significant slower growth than the wt
strain. Transformants of C.g. MBO00l4phdD and C.g. MBOO1lphdA with the pCC1l_FA3
comprising the hole expression cascade for ferulic acid synthesis show no growth on CGXII
but grow on complex medium. SDS-PAGE analysis indicated a significant background
expression of FerA biosynthesis genes in C.g. Test experiments with tyrosine feeding have
resulted in detectable levels of FerA in the culture broth, proving the synthesis of FerA in C.
glutamicum. However, the lack of growth in mineral medium and the high background
expression in complex medium is complicating FerA production in C. glutamicum in an
industrial production scale. Hence we have started to construct new genetic elements with an
engineered T7 RNA-polymerase for the use of fermentative production processes in large
scale (AP B3).

The milestone MLU-MB2: “Integration of FerA-biosynthesis cascade in C. glutamicum (Month 24)” was
achieved

AP B.3 Development and optimization of GRAS-based fermentation process for
FerA production (Q12).

In order to decrease background expression of recombinant proteins driven by T7-
polymeraase, we aimed to destabilize T7-RNA polymerase by targeted protein degradation
(Wang K. et al., 2008). In the classical DE3 construct the wild type T7 RNA polymerase is a
very stable once it is synthesized (Studier W., 1986). This causes a ongoing RNA synthesis
and metabolic burden for the production host. in order to titrate and time the expression of
recombinant genes we decided to take advantage of terminal amino acids that cause targeted
degradation by ClpX/P proteases. To get true N-terminal ends, we created different N-terminal
SUMO-fusions of T7-RNA polymerase differing only in the intervening amino acids of SUMO
and Genel (T7-RNApolyerase).

The BI21 DR eNd_X strains have been functionally characterized and found to cause strong
expression induced by IPTG. Western blotting of crude cell extract of expression tests clearly
show proteolytic processing of the SUMO-fusions of T7-RNA-Polymerase indicating the
desired N-terminally modified T7 polymerases are expressed and functional. Fermentation
processed have been conducted to evaluate the performance of the new strains with the
revised DES3 cluster. In order to address the question of chasing activity of T7-polymerase we
expressed a destabilized version of GFP (N35M***-GFP, Biran D. et al 1995). Analysis of protein
content during a fermentative production process showed the intended chasing N35M*A-GFP
signal, proving the chasing activity of N-terminally modified T7 polymerases.

Due to time delay caused by the corona situation the revised DE3 clusters could not be
incorporated into the C. glutamicum host. Never the less, because these “eNd” strains exhibit
several advantages over classical DE3 strains especially in regard to long lasting production

processes we are planning to registering intellectual property rights.
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The milestone MLU-MB3: “Development and optimization of GRAS-based fermentations-processes
(Month 36)” was readjusted and resulted in significant achievements.

AP D.1 Identification of substrate specific UGT enzymes.

Many plant secondary metabolites are considered as supplements for nutrition as well as
pharmaceuticals. Because chemical synthesis and extraction from plants is often not feasible,
the recombinant production in microorganisms is of great interest (Chemler and Koffas 2008).
However a common phenomenon is the antibiotic and antifungal activity of a large variety of
these secondary metabolites including coniferyl alcohol. Hence biotechnological production is
inherently hindered by the toxicity of the desired product. The current work aims to overcome
the product toxicity by enzymatically adding small sugar moieties to the product of choice
(Hefner et al. 2002) (Figure 9).
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Figure 9: UGT catalysed condensation of UDP-glucose and coniferyl alcohol to coniferin
(coniferyl glycoside).

In a previous project we investigated the production of coniferyl alcohol from ferulic acid,
thereby recognizing the toxicity of coniferyl alcohol on the production host. To implement
glycosylation in a production process, the selected enzyme must fulfill several criteria: A: active
on the desired product, B: inactive on the intermediates of the production process, C:
expressed under the production conditions, D: sufficient co-substrate must be present during
the production.

For the production of coniferin in E. coli we selected described UGTSs active on coniferyl alcohol
and priories them according to the catalytic properties. Genes for Arabidopsis thaliana
UGT72E2 and B1 have been synthesized in frame with a 5’ sequence coding for an oligo
histidine fusion and subcloned for recombinant expression in E. coli. Both gene products are
well expressed but almost completely insoluble at expression temperatures of 37°C.
Expression tests of AtUGT72E2 in dependence of temperature shows invers correlation of
temperature and solubility of the recombinant UGT72E2. UGT72E2 expressed at 16°C was
purified by Ni2+ affinity chromatography and initial activity tests were conducted (Figure 10).
HPLC analysis of coniferin as well as quantification with a purchased reference standard has
been established.

11



FeruBase; Forderkennzeichen 031B0836, Anlage 2, Teil Il

A B
M — [kDa]
116
66 200 4

160

35

120

- 25

80

coniferine [UM]

40 W UGT72E2 |
18 ——

0
- 14 0 4 8 12 16 20

time [min]

Figure 10: Recombinant expression and activity of AAUGT72E2. A: Coomassie stained UGT72E2 after
purification and PAGE analysis. B: progress curve of 30 nM UGT72E2 in the presence of 1 mM coniferyl
alcohol and 2 mM UDP-GIc. Reaction was extracted with Chloroform and water phase was analysed by
HPLC.

The observed in vitro activity of UGT72E2 suffices for the large scale production of coniferin
in E. coli. To overcome the problem of temperature sensitive expression we are conducting
optimization in the expression procedure and on the coding sequence.

The milestone MLU-MD1: “Identification of substrate specific UGT enzyme (Month 12). ” was achieved.

AP D.2 Integrating selected UGT in coniferyl alcohol production strain.

The Arabidopsis thaliana UGT72E2 (UGT) has been clones in a pET 28 expression vector and
test expressions at different temperatures showed a strong overexpression. However after cell
disruption and clarifying the lysate by centrifugation the majority of the protein was detected in
the insoluble fraction. However residual amounts of activity could be detected. Therefor we
asked whether the soluble amount of UGT is sufficient to catalyse the conversion of coniferyl
alcohol to coniferin (the 4-O-glycosid of coniferyl alcohol) in living cells.
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Figure 11: In vivo activity of UGT72E2: BI21 OR transformed with pET_UGT72E2 was grown in M9
minimal medium. At ODsoo expression of UGT72E2 was induced, temperature reduced to 24°C and
cultivated for 12 h. Temperature was set to 37°C again and 0.5 mM coniferyl alcohol was added.
Samples of the super natant have been prepared at the indicated time points and analysed by HPLC.
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A) Representative HPLC chromatogram for the detection of coniferin with a retention time of 7.5 min. B)
Time course of coniferin production in BI21 [JR. Negative control is an experiment with empty plasmid.

The results demonstrate the time dependant accumulation of coniferin (Figure 11). This proves
the UGT to be active in the production strain BI21 AR and both the substrate and the product
of UGT are exchanged across the cell membrane. Therefore, the strain is suitable for the
biotechnological production of coniferin starting from coniferyl alcohol.

The milestone MLU-MD2: “Integrating selected UGT into the BI21 AR production strain (Month 18).”
was achieved.
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AP D.3 Optimized production of coniferin.

To gain maximal activity of UGT in the production strain by as low as possible expression
strength we started to characterise the enzyme in more detail to understand the reasons for
the low solubility in vivo (Figure 12). The enzyme was purifies to homogeneity from low
temperature expressions and heat induced folding transitions have been conducted (Figure
12B). The results show that the transition of unfolding is at 42°C. The onset of unfolding is
calculated to 35-37°C. Hence, we concluded that the thermal stability of UGT is not the reason
for is low soluble expression. In addition, the purified enzyme was concentrated to 45 pM
without detectible precipitates. Taken together the temperature sensitive expression, thermal
stability and solubility argue for an insufficient co-translational (nascent) folding procedure. To
analyse potential requirements of chaperones for the nascent chain folding we investigated
the soluble expression of UGT in the presence of different chaperones.
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Figure 12: Characterisation of UGT: A) Coomassie stained SDS-PAGE analysis of fractionated cell
lysate of differentially expressed UGT. The red box indicates the expected band of soluble UGT. B)
Thermal shift assay with purified UGT. The transition point of unfolding is calculated to 42 °C. C) In vitro
activity of UGT in regard of different amounts of reducing agent. Red bar indicates no additional reducing
agent. D) Temperature dependence of in vitro UGT activity.
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Figure 13: Caperone coexpression. UGT was expressed in Bl21 R in the presence of different
coexpressed chaperones as indicated. Lysate was prepared and activity of UGT in raw extract (RE) was
estimated.

We observed a clear increase in the activity upon coexpression of DnaK+DnaJ (2.4 fold) as
well as a further increased activity upon coexpression of DnaK+DnaJ+groESL (3 fold). This
indicates that chaperons assist in the folding of UGT. Especially DnaK+DnaJ are known to
directly assist in nascent chain folding. We conclude that the folding pathway of UGT is quite
complex and only a minor fraction of the UGT nascent chain finds its natural three-dimensional
structure. To facilitate proper folding of UGT we tested N-terminal fusions with well known and
folded polypeptides (Figure 14).
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Figure 14: N-terminal fusions of UGT: N-terminal fusions of UGT have been cloned in pET28 and
expressed at 37°C in M9 minimal medium for 3 h. Cell lysate was prepared and clearified by
centrifugation. Activity of UGT fusions in cell extract were estimated. (GST: Gluthtion-S-Transfease,
MBP: Maltose-Binding-Protein, SUMO: Small Ubiquitine-like Modifier.

Surprisingly N-terminal fusion with GST and MBP led to a significant reduction in activity
compared to the His-tagged control. The fusion with SUMO enabled an increased activity in
cell lysate. We concluded that also the N-terminal fusion peptide can interfere with the UGT
folding and utilizing UGT for biotechnological purposes does not require an N-terminal fusion
peptide.
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For the production of coniferin by coexpression of UGT72E2 with the coniferyl alcohol
synthesis cascade in the BI21AtyrR production strain, two different expression set ups have
been employed. First the AtUGT72E2 gene was placed under a constitutive promotor for
continuous production of UGT. Second a fusion gen, coding for N-terminal SUMO-
AtUGT72E2, was placed under the inducible T7-promotor. Initially we considered that
coexpression of a multi- enzyme cascade plus a single enzyme from two individual T7
promotors will give unbalanced expression of the cascade enzymes and the single enzyme.
Therefor we aimed to produce the UGT from a constitutive promotor. Unfortunately, all our
attempts for constitutive, stable and detectable expression of UGT72E2 in Bl214tyrR failed.
We tested different copy number plasmids, different strains and different media (Table 1).

Table 1: Expression plasmids of UGT: Expression constructs have been cloned using XI1 blue or DH5q.
Prepared plasmids were transformed in BI21 AR. UGT: AtUGT72E2; HpaB and Mtn are test genes for
successful constitutive expressions; MM: minimal medium; LB: Medium nach Luria und Bertani; n.d. not
determined.

co
Plasmid Strain Py Medium | Expression | Phenotype
number
X1 blue LB n.d.
pUC_UGT
Bl21 AR . MM no mutated
high
t
pUC_HpaB Bl21 AR MM yes Strong
expr.
DH5a LB yes
pACYC_UGT
Bl21 AR . MM no mutated
medium
t
PACYC_Mtn | BI21AR MM yes Strong
expr.
XI1 blue LB n.d.
pSC101_UGT low
Bl21 AR MM no

We concluded that the expression of UGT72E2 coursed substantial growth retardations in BI21
AR cultivated in M9 minimal medium.

To test the UGT enzyme on its ability to detoxify the phenylpropanoid coniferyl alcohol we set
up a cocultivation of two strains. One strain carries the UGT enzyme capable of transforming
coniferyl alcohol in coniferin and a naive cell line, as reporter strain capable of growing in the
absence of retarding concentrations of coniferin Figure 15. The experiment shows a correlation
of coniferin production and restored growth of naive cell line. A catalytically inactive variant of
UGT72E2 did not lead to coniferin production nor restored growth of cells, showing the direct
effect of active UGT. With this result we conclude that glycosylation can indeed detoxify
coniferyl alcohol. Thus, glycosylation can be considered a biochemical tool for improving
production of metabolites that negatively feed back on the production hosts metabolism.
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Figure 15: Detoxification by Glycosylation: A BI21 (IR cell line expressing active (light green) or inactive
(light blue) AtUGT72E2 was co-cultivated with a naive cell line in minimal medium containing 8 mM
coniferyl alcohol at 37°C. ODeoonm and coniferin concentrations were analysed between 0 and 36 h.

The milestone MLU-MD3: “Improved production of coniferin (Month 36).” was achieved.

IPB Teil (031B0836B)

The overall goal of the cooperation project FeruBase is the development of a production strain
for (iso)ferulic acid derivatives with a positive impact on human health and modifiers that
enhance flavor profiles. Hence, the suggested compounds are of high interest to nutra- and
pharmaceutical industries. The target compounds include the bitter-masking flavonoid
homoeriodictyol (HED), the natural sweetener hesperetin (HES), and ferulic acid conjugates
exhibiting proven pharmacological activities such as antimicrobial/neuroprotective tyramides,
and esters (Figure 16). An integration of the expertise from all project partners at MLU, the
IPB, and CBP was required to achieve the aim of the project.
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Figure 16: Enzymatic formation of hydroxycinnamic acid derivatives from activated CoA thioesters.
Enzymes catalysing the transformation are represented in green. CHS, chalcone synthases; CoA,
coenzyme A; DCF, ester synthase (O-acyltransferase); THT, tyramine-hydroxycinnamoyltransferase.
The role of IPB is to provide suitable genes for biosynthetic enzymes (CHS and
acyltransferases) for integration into the genomes of ferulic acid acid-producing E. coli,
developed at the MLU, for the transformation of produced FerAs into selected, high-value plant
ingredients of economic interest. The work plan at IPB was based on the following work
packages (WP-I), which are thematically oriented to the enzymes to be developed:

AP E.1. Identification / Design of O-methyltransferases for IsoFerA synthesis
(months 1-24)

We tested a set of eleven plant-derived OMTs available at the IPB which are known to have
regioselective methylation on 3’ and/or 4’ hydroxyl groups of a catechol system. PFOMT, from
the ice plant Mesembryanthemum crystallinum, had the highest conversion rate of caffeic acid
(88.3%), however, with the disadvantage of forming only ferulic acid with no para-activity.
GnOMT was identified as the best candidate from our OMT collection for the production of

isoferulic acid from caffeic acid.
Due to this regioselectivity, a rational engineering strategy to improve the conversion to the
desired product was proposed for GnOMT. Recently, we published a paper on the engineering

of PFOMT to customize its substrate specificity (Dippe et al., 2022).
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Recently, a triple mutant of GeOMT W50M/A53N/Y186K from the snowdrop sister species
Galanthus elwesii was published (Su et al., 2022). This homologue is claimed to produce 76%
of isoferulic acid from caffeic acid with an overall conversion of 95%. Thus, we included this
variant into our collection of OMTs. Our characterization of this published GeOMT variant
showed a total yield of 72.3%, a para-O-methylation selectivity of 78.2%, resulting in a

conversion yield of isoferulic acid of 56.6%.

With respect to the conversion of eriodictyol to the bitter masking agent HED and the natural
sweetener HES, the introduction of the additional mutation led to higher para-selectivity in
GnOMT, but had a negative effect on the overall yield of homoeriodictyol and hesperetin.
Results from the GeOMT variant were similar. Further mutations resulted in a further reduction
in the overall conversion and the para-methylation activity. We identified the variant GeOMT
to be the best producer of homoeriodictyol and hesperetin from eriodictyol. However, the
guadruple mutant showed higher regioselective conversion into hesperetin. With these results,
the milestone IPB-ME-2 (“Optimized OMT for the production of IsoFerA”) was accomplished
with delay, which was caused by the change in the personnel involved in the work of AP E.1
(see previous reports on the project) during the work, the Covidl9 pandemics and the
publication of partial results from a third party.

AP E.2:. Design of chalcone synthases for the production of HED
(months 1-12)

Another aim of the project at IPB was to obtain the plant taste modulators homoeriodyctiol and
its isomer hesperetin by biosynthesis from either ferulic acid or isoferulic acid, respectively, via
a two-step enzymatic pathway. First, a cinnamic acid CoA ligase enzyme should be used to
activate the corresponding acid to its CoA thioester. Secondly, a chalcone synthase was
envisioned to condense three molecules of malonyl CoA with the activated cinnamoyl
derivative. To achieve the aim of this work package, we used a p-coumaroyl-CoA ligase from
Arabidopsis thaliana known for its promiscuity toward various substituted hydroxy- and
methoxycinnamoyl-CoA derivatives to form CoA thioesters including ferulic and isoferulic acid
in the presence of CoA with higher yields (Dippe et al., 2019).
For the second reaction step, the chalcone synthase from Triticum aestivum (TaCHS) (Wu et
al., 2008) was selected as a model enzyme for further engineering to catalyze the conversion
of (iso)feruloyl-CoA thioesters into the desired flavanones. Unlike typical chalcone synthases,
TaCHS is well expressed in E. coli and highly active in the conversion of the native substrate
p-coumaroyl-CoA, but lacks the desired ability to accept the bulkier analog (iso)feruloyl-CoA.
The established rational design strategy started with constructing a 3D model of the TaCHS
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active site . The constructed model was then used to select residues that can be exchanged
in order to raise activity on non-native substrates (e.g. (iso)ferulic acid). A total of four residues
were selected and TaCHS variants were subsequently designed by exchanging specific amino
acids at these residues in the active site as shown. Four single mutant variants and two double
mutants were designed and expressed in E. coli BL21. The ability of these variants to accept
different hydroxycinnamate CoA thioesters in the biosynthesis of different flavanones was then
evaluated by HPLC. Thus, the percentage of bioconversion using the TaCHS-wildtype as a
reference was determined for each variant. Our data revealed the TaCHS variant as a
promising enzyme with the ability to use feruloyl-CoA and isoferuloyl-CoA as substrates to
produce HED and hesperetin as compared to the wild-type, respectively. Milestone IPB-ME-2

("Chalcone synthase for the conversion of feruloyl-CoA to HED") was thus met on time.

AP E.3: Identification / Design of transferases for the production of FerA amides and
esters (months 1-24)

Amides and esters of(iso)ferulic acid amides and esters are of high value as they possess
antioxidant and memory-enhancing effects (Michels et al., 2018) and are involved in plant’s
defense against pathogens such as the oomycete Phytophthora infestans, the causative agent
of the devastating late blight disease in potato (Schmidt et al., 1999). The formation of these
valuable compounds requires the identification/design of promiscuous acyltransferases. A
known acyltransferase conjugates the activated acyl moieties of hydroxycinnamic coenzyme
A (CoA) thioesters with tyramine to form different amides. It was now characterized in detail to
judge its applicability in whole-cell biocatalysis. Therefore, the conversion of seventeen
structurally diverse cinnamic, benzoic, and aliphatic CoA esters to the respective tyramides
was tested in the presence of tyramine as an acyl acceptor using a recombinant enzyme
heterologously expressed in E. coli. In addition, the acceptance of twelve structurally diverse
amines was probed using feruloyl-CoA as an acyl donor. HPLC and HPLC-MS analysis of the
enzymatic assays showed exceptional promiscuity. All the tested CoA thioesters and even
nine of the amine acceptors were converted to the corresponding amides with different
conversion rates. HPLC and UPLC-MS chromatograms of substrates with a conversion rate
higher than 60% confirmed the presence of one product with the corresponding expected

molecular weight.

Metabolomic analysis has revealed a large repertory of highly substituted ferulic acid amides
in purslane, P. oleracea (Kokubun et al.,, 2012). These findings suggest the presence of
tyramine-hydroxycinnamic acid transferases in the plant, which may accept bulky and sterically
challenging CoA ester and amine substrates. A total of 17 putative transferases were identified
from these four species and expressed in E. coli. The acyltransferase activity of the purified

recombinant enzymes was tested in the presence of the acyl donor feruloyl-CoA and the
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acceptor tyramine. Our results showed that only one out of the 17 identified isoforms was able
to utilize feruloyl-CoA . This enzyme will be further tested for its substrate scope and potential
applications in amide synthesis in the frame of the successive FeruChain project.

As ferulic acid esters proved to have strong memory-enhancing activities (Michels et al., 2018),
their biosynthetic production was probed. Therefore, the ability to accept isoferuloyl-CoA as an
acyl donor (in addition to its native substrate feruloyl-CoA), and of different fatty alcohols as
acceptors was tested. The enzymatic esterification of long-chain fatty alcohols, as acyl
acceptors and feruloyl- and isoferuloyl-CoA as acyl donor iwas investigated by GC-MS, HPLC,
and UPLC-MS. UPLC-MS analysis showed the promiscuity of the tested enzyme, that
accepted all the tested acyl donors and acceptors.

To further extend our toolbox of active acyltransferases, the transcriptome and genome of two
cinnamate ester producers were selected for mining. Query sequences applied were the
recently published fatty w-hydroxy-acid/fatty alcohol hydroxycinnamoyl transferase from the
liverwort Marchantia emarginata (Wang et al., 2017). After refining the results of mining the
transcriptome and genome, 18 full-length genes were proposed based on their e-value and
the presence of at least one of the two conserved active site motifs. Phylogenetic analysis of
the identified sequences revealed that they belong to different enzyme classes). Using the
sequence read archive (SRA) database, we completed the sequence of additional 7 further
putative fragments annotated as acyltransferases. Interestingly, they were phylogenetically
distant from the found enzymes

The two sequences clustered close to the alkyl hydroxycinnamate ester acyltransferases were
expressed in E. coli and purified. Recombinant proteins were tested for activity against different
acceptor alcohols and feruloyl-CoA. Both tested sequences showed reasonable activity. They
were able to form the corresponding ferulic ester from three tested fatty alcohols but also from
a terpenoid alcohol. Taken together, the milestone IPB-ME-3 ("Transferases for the synthesis
of tyramide and fatty alcohol conjugates”) was thus successfully fulfilled. Detailed
characterization of identified putative acyltransferase genes in addition to further optimization
of acyltransferase which was not possible within FeruBase due to time restrictions, will be done

as part of the follow-up project FeruChain.

AP E.4: Design and testing of reaction cascades (months 10-33)

The well-behaved acyltransferase enzyme was selected to perform an in vitro one-pot cascade
reaction for the direct production of feruloyltyramine from ferulic acid, which contained the
upstream ligase, to catalyzing the essential activation step of the starter acid. As a prior step
to calculate the optimum amount of each enzyme required for the reaction, the specific activity
of both enzymes under optimized reaction conditions was calculated. The concentration of free

CoA was determined spectrophotometrically using Ellman’s reagent by comparison to a
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standard curve. The cascade reaction for the formation of feruloyltyramine from ferulic acid
was then performed under saturating conditions of equimolar concentrations of the reactants.
Two sets of negative controls were performed in parallel, which lack either the ligase or the
acyltransferase. The reactions and negative controls were incubated individually at 30° C for
2 hours or overnight. HPLC analysis of the enzymatic incubations showed a peak of

feruloyltyramine only in the reactions where the two enzymes were present.
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Figure 17: HPLC chromatograms of the two-step cascade reaction for the conversion of ferulic acid to
feruloyltyramide. A reaction containing the complete cascade is shown in blue, a negative control lacking

the ligase in green, a negative control lacking the acyltransferase in magenta, and the standard
feruloytyramide (1 mM) in red.

AP E.5: Integration of the reaction cascade into a ferulic acid-producing strain
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Figure 18: In vivo feruloyltyramine synthesis: BI21 cells are transformed with a bicistronic expression
plasmid or a control plasmid. After synthesis of the enzymes FerA was added at 0.5 mM and the culture

supernatant samples (t = 0-17h) were extracted and analyzed by HPLC in regard to authentic standards
of FerA.

The compatibility of At in a one-pot reaction cascade was proven. First, ferulic acid is activated
by the ligase, then, the formed ferulic CoA is transformed to feruloyltyramine by an transferase.
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The plasmids harboring the genes were handed to the project partners at MLU for integration
in a ferulic acid-producing E. coli for the construction of a stable conjugate-producing strain.
The MLU partner constructed a bicistronic expression plasmid for simultaneous synthesis. The
strains harbouring the bicistronic expression construct were grown in minimal medium, gene
expression was induced with ITPG and the substrate FerA was added to the medium (Figure
18). Atime dependent decrease of FerA and an increase in feruloyltyramine is observed. From
these results it is evident that in vivo synthesis of feruloyltyramine in a FerA producing strain
is possible. It opens the door for the biotechnological production of derivatives of
feruloyltyramine. It also shows that feruloyltyramine is accumulated in the culture supernatant,
simplifying downstream processing and if necessary, in situ extraction methods. Thus, the
share work of IPB and MLU for milestone IPB-ME-4 is achieved (“Conjugate-producing cell
strain”).

CBP Teil (031B0836C)

The work at CBP focused on fermentative ferulic acid production on a pilot scale (up to 1 m3)
and the establishment of subsequent, economical product processing (work packages C1 - 3).
The results of the individual work packages are presented below.

AP C.1. Yield and cost-optimized fermentation process

The aim of this work package was to increase the yield of ferulic acid concentration by adjusting
various process parameters on a 1 L scale and to investigate their influence. Then the
established fermentation process and the associated analytics should be transferred to CBP.

Besides downstream processing, the raw materials represent one of the largest cost factors of
fermentative processes. This is particularly relevant for fermentative ferulic acid production, as
the amino acids tyrosine and methionine, together with glucose, are high priced substrates.
Chemicals with technical grade purity are much cheaper (tyrosine from a laboratory supplier
costs about 300 €/kg; technical grade tyrosine only 16 €/kg) but have lower purity. Therefore,
the influence of technical grades of media components on ferulic acid production was
investigated (Figure 19).

It was found that about 10 mmol/L (= 1.94 g/L) of ferulic acid could be produced with both high
purity chemicals and technical grade chemicals. No significant differences were found. Thus,
technical grade chemicals were used for the scaling of the fermentation process.
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Figure 19: Production of trans-ferulic acid in E. coli BL21 in 1 L scale using laboratory grade (A)
and technical grade (B) chemicals. Initial batch phase with a glucose starting concentration of 1 g L-
1, After a spike in the DO signal indicating the consumption of glucose, the exponential feeding phase
was adjusted to maintain the growth rate of the culture at p = 0.45 h-1. After approximately 5 h, feeding
was changed to continuous feeding. At this time, induction was also performed with 3.5 g L! lactose (*).
4 h after induction, the tyrosine/methionine feed was started at a rate of 1.5 mmol L h' Process
conditions: 37 °C; pH 7; 30 % DO.

The most important precursor of ferulic acid, the amino acid tyrosine, is only soluble to a limited
extent in water, which is why tyrosine is dissolved in hydrochloric acid in the laboratory. In
comparison to the 1 L laboratory reactors made of glass, industrial fermenters are made of
stainless steel. Since this is susceptible to corrosion at high chloride concentrations, tyrosine
was dissolved in NaOH instead of hydrochloric acid. The stability of tyrosine in the basic
environment was tested and confirmed over a period of one week.

After the initial experiments in the 1-liter laboratory scale were completed and the parameters
of the process were validated, the fermentation process was transferred to the 10-liter scale at
CBP (Figure 20).
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Figure 20 Production of trans-ferulic acid in E. coli BL21 in 10 L-scale. Initial batch phase with a
glucose starting concentration of 1 g L1. After a spike in the DO signal indicating the consumption of
glucose, the exponential feeding phase was adjusted to maintain the growth rate of the culture at p =
0.45 h'l. After approximately 5 h, feeding was changed to continuous feeding. At this time, induction
was also performed with 3.5 g L-! lactose (*). 4 h after induction, the tyrosine/methionine feed was started
at a rate of 1.0 mmol L1 h-1 Process conditions: 37 °C; pH 7; 20 % DO.

|

>
Product concentration [mmol/L]

3

ODGDD [ ]
T
w
o

Glucose concentration [g/L]

T
o
T
o

24



FeruBase; Forderkennzeichen 031B0836, Anlage 2, Teil Il

The course of the fermentation was similar to that of the 1 L fermenters. The carbon dioxide
transfer rate (CTR), which can be seen as an indicator of cell viability, increased to about 100
mmol h! at the end of the exponential feeding phase and dropped back to 90 mmol h* shortly
after induction. This was typically followed by a short peak in the 1 L fermenters. In the 10 L
fermenter, this peak was absent. Approximately two hours after induction, the CTR reached a
maximum of 130 mmol h* and then steadily decreased until the end of the process. Ten hours
after induction, a maximum ODego 0f 60 was reached. This dropped to an ODsgo Of 40 by the
end of the process.

The dissolved oxygen concentration was controlled at 20 %. After about 12 h, the oxygen
concentration dropped to 0 %. This can be explained by the high metabolic activity of the cells
after induction and was circumvented in subsequent reactor experiments by an optimized para-
meter setting.

Scale-up to the 10-liter bioreactor showed great similarities to the previous stage. However,
the CTR dropped faster, ending the process after 54 h and yielding a lower product
concentration (7 mmol L after 48 h). In comparison, the process time 1 L fermentor was 82 h
and a final ferulic acid concentration of about 10 - 11 mmol L™ was obtained. The concentration
of p-coumaric acid and caffeic acid increased only at the end of the process when ferulic acid
production stagnated.

In summary, raw material costs were sustainably reduced by the use of technical chemicals
and the process was successfully transferred to CBP.

The milestone CBP-MCL1: "Development of the fermentation process at laboratory scale" was
achieved in its entirety.

AP C.2. Fermentation process in pilot scale

The aim of this work package AP C.2 was to transfer the developed fermentation process from
laboratory to pilot scale step by step to a fermentation scale of up to 1 m3.

For this purpose, a fermentation was first carried out on a 75-liter scale. For optimization of the
fermentation process, the following adjustments were made:

(1) Since the evaluation of the DO signal to detect the start of exponential feeding using
an automated script did not work reliably in all cases, an exponential feeding profile
starting immediately after inoculation was applied instead of the previously used short
batch phase.

(2) Antifoaming agent (approximately 5 mL of 1 % (w/v) PPG) was added manually prior
to induction to avoid heavy foaming due to lactose addition.

(3) The amino acid feed was decoupled from the level sensor to ensure a correct and
constant substrate concentration in case of strong foam formation.

(4) To avoid phases of oxygen limitation immediately after induction, the set point was
increased from 30 % to 50 % about 30 min before induction and decreased again to 30
% about 2 h after induction.

Scaling to the 75 L scale showed promising results, which were substantially comparable to
those obtained at the 10 L scale. However, due to strong foam formation, a higher volume was
measured in the tank, resulting in an increased induction. The maximum ODeyp was
significantly lower than in the previous processes with an ODeggo Of about 50. Despite the
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misinterpretation of the level and the resulting changes in inducer concentration, a higher
ferulic acid concentration was achieved.

In addition, the amino acid content in the supernatant was determined. It was noticed that the
conversion of both L-methionine and L-tyrosine was very efficient within the first 30 hours of
the process, as indicated by the negligibly low concentrations in the fermentation broth. In this
time frame it cannot be excluded that the trans-ferulic acid production was limited by the
availability of the precursors. In further experiments, the influence of a higher initial set point
for amino acid supply could be investigated, taking advantage of the high initial productivity.

Following the introduction of the new production strain E. coli BL21 from MLU during a project
meeting, this strain was used for the following scaling experiments. Based on the previously
gained experience, the fermentation process for the new strain was gradually transferred from
the 1 L reactor (MLU) to the 1000 L scale

For cultivation on a 1000 L scale, the pre-cultivation had to be carried out in two steps: After a
first preculture in a shake flask, a second preculture was inoculated in a 100 L fermenter. This
was used at an ODggo Of 5 to inoculate the 1000 L fermenter. In addition, cultivation up to
induction was carried out as a (fed) batch cultivation in the 100 L and 1000 L scale.

In general, the strain behaved very similarly across the different scales. However, there were
differences in respiration rates (represented by the carbon dioxide transfer rate CTR) and
product concentrations.The 75-liter and 100-liter fermentations show signs of excessive
inducer concentration. The exact amount of lactose added to the fermenter was calculated
based on the current volume. However, the different fermenters used different measurement
principles to determine the volume (Table 2).

The volume measurement of the 1-liter and 1000-liter scales represents the most accurate
measurement of liquid volume, while the 75-liter and 100-liter fermenters measure the volume
of water and gas holdup. This results in higher measured volumes and therefore higher
concentrations of inducer in the 75 L and 100 L scale. In addition, the CTR is calculated from
the aeration rate, the CO2 concentrations in the gas inlet and outlet, and the volume of the
fermenter. Since the volume measurement varies in different fermenters, the absolute value
of CTR is not comparable.

Table 2: Determination of reactor volume in different scales.

scale measuring principle effect
1L volume is determined by previously measures the volume of the liquid in the fermenter, but
calibrated pumps neglects evaporation
75Land 100 L potentiometric measurement measures actual level, including foam and gas holdup
1000 L differential pressure measures only the liquid volume and ignores gas holdup
and foam.

In summary, the fermentation procedure was successfully scaled up to the 1 m3 scale. In the
75 L scale, exponential feeding was applied according to the cultivation in the 1 L scale. To
automate the control technology, this was carried out directly after inoculation. To simplify
process control, in the 100 L and 1000 L scale, cultivation up to induction was implemented as
(fed) batch cultivation. The change in feed strategy had no negative effect on the process.
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The milestone CBP-MC2: "Successful scale-up of the fermentation process" was successfully
implemented.

AP C.3. Economic processing of FerA from the fermentation broth.

Due to the complex matrix of fermentation broths purification of desired compounds can be
challenging. In the case of ferulic acid fermentation, the major challenge is to separate the
intermediate products caffeic acid and p-coumaric acid from the product. These compounds
are very similar to trans-ferulic acid and therefore have comparable chemical properties.

Initially, ultrafiltration followed by acidic extraction with ethyl acetate was targeted. As the
project progressed, it became apparent that liquid-liquid extraction was not optimal. Due to the
chemical similiarity p-coumaric acid, caffeic acid and ferulic acid, the by-product could only be
separated partially from the product using extraction. Further, it was not possible to gain a solid
product after subsequent solvent evaporation, indicating high impurities. Therefore, the steps
for the DSP were restructured and ultrafiltration followed by adsorption and (re)crystallization
steps were applied. Figure 21 shows the final sequence of purification steps.
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Figure 21: Overview of the final downstream process.

In the following, the separate steps of the downstream process are described in detail.
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1. Cell separation

First, cells were removed by separation using an Alfa Laval Clara 80 disk stack separator
(Figure 22). In one passage, 560 L of fermentation broth were separated into 500 L of clear
supernatant and 60 L of cell slurry. Since the ferulic acid concentration was the same in all
fractions (about 3 g/L), about 10 % of the product was lost in the slurry. This loss could be
recovered by diluting the slurry with water and performing another separation step. In this case,

Figure 22: Disk stack separator Alfa Laval Clara 80

2. Ultrafiltration

In the next step, the clear phase had to be filtered by ultrafiltration to remove macromolecules
such as DNA and proteins. This step was necessary because laboratory tests showed (see
results under adsorption and liquid-liquid extraction) that the efficiency of the subsequent
adsorption process and the phase separation of the liquid-liquid extraction were significantly
improved.

The initial results in the laboratory showed that a membrane with a molecular weight cut-off
(MWCO) of 10 kDa was found to be suitable to retain most of the proteins and DNA. However,
dead-end filtration performed in the laboratory resulted in blockage of the membrane in some
cases. Therefore, for the scale-up approach of the ultrafiltration step, a cross-flow setup was
chosen and a hollow fiber module was selected due to its large surface area of 5 m2 (see Figure
23A). The membrane was made of polyethersulfon (PES) corresponding to the material used
in the laboratory scale experiments.

In a first test, the UF step was successfully demonstrated at pilot scale (75 L) with a product
recovery of > 99 %.

Compared to the dead-end ultrafiltration approach used at laboratory scale, the tangential flow
direction prevented clogging of the large scale filtration module. Nevertheless, an increase in
permeation resistance was observed during the operation of the system, as the membrane flux
decreased from the initial value of 0,27 mL cm? h! to 0,05 mL cm? h! at the end. This was
most likely due to the formation of a gel layer of macromolecules on the membrane. As the
formation of such a layer leads to an increase in resistance, the permeation through the
membrane is reduced, prolonging the filtration process (Doran, 2013).

Since the preliminary Solid-Liquid (S/L) separation after the fermentation was only carried out
by sedimentation over a period of 24 h, it can be expected that an increased release of
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macromolecules took place. It would therefore be advisable to investigate the performance of
the filtration system after direct cell separation using a disk stack centrifuge in order to simulate
a more realistic scenario for S/L-separation. In the case that the problem of a reduced flux
would still be pronounced, a reduction of the transmembrane pressure could contribute to a
decrease of the gel layer, as also recommended by Liu & Wang (2012). Other options would
be the application of cyclic pulses in the opposite direction to the feed to reduce the layer by
rapidly induced turbulence or to increase the temperature.

Nevertheless, the removal of precipitating impurities could already be observed qualitatively
during the dry weight determination, as the unfiltered sample showed dark brown-black
residues after evaporation compared to the filtered one (Figure 23B). These are most likely the
result of irreversible heat denaturation of the pre-dissolved proteins and DNA. Since this
phenomenon occurred only to a minor extent in the ultrafiltrated sample, it can be assumed
that the targeted removal of these impurities was successful.

(A) B (B)

Figure 23: (A) Hollow fiber ultrafiltration module (10 kDa MWCO) operated in cross-flow. (B) Dried
fermentation broth residues before (left) and after (right) cross-flow ultrafiltration (10 kDa MWCO, 10
mL, 105 °C, 48 h).

During a second run of the ultrafiltration for processing the fermentation broth from the 1000 L
scale, the filtration had to be stopped after collecting 400 L of filtrate and 100 L of retentate
due to the low flow rate. The fact that system showed low flow rates even under standard
conditions with water is an indication that the membrane was blocked. Therefore, only a
nominal yield of 80 % could be achieved for the ultrafiltration step from the 1000 L scale.

3. Adsorption

Five different adsorption materials based on hydrophobic interactions were selected and tested
for their suitability for purification: Amberlite® XAD4, Amberlite® XAD16, Amberlite® XAD7HP,
powdered activated carbon, granular activated carbon. First, the materials were characterized
with pure, commercially available trans-ferulic acid at different pH values (Figure 24A).
Afterwards, fermenter samples were used in further batch experiments to determine the
material(s) with the best adsorption capabilities for the product (Figure 24B).
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Figure 24 Freundlich coefficients Kg and maximum loading capacity qmax Of pure trans-ferulic
acid at different pH values and in comparison to ultrafiltered fermentation samples. (A) Freundlich
coefficients and maximum loading capacity of different adsorption materials at pH 2 and 7 for pure,
commercial trans-ferulic acid (B) Freundlich coefficients and maximum loading capacity at pH 2 for
trans-ferulic acid in fermentation broth in comparison to the values of the pure substance. Data were
retrieved from adsorption isotherm data by non-linear fitting to the Freundlich and Langmuir adsorption
models. The Freundlich coefficient Kr expresses the affinity of the trans-ferulic acid for the adsorbent
and the capacity coefficient gmax from the Langmuir equation the maximum loading of the material with
the product.

The data indicated a strong influence of the pH on affinity and loading capacity for all of the
five materials. As trans-ferulic acid is a neutral molecule at pH 2 due to the protonation of the
carboxy group, the hydrophobicity of the compound is increased, allowing for better adsorption
onto the materials, which rely on this kind of physicochemical interaction. In terms of the trans-
ferulic acid affinity to the adsorbent, the activated carbons showed the highest affinity under
both conditions. Concerning the influence of pH, the same trend on the affinity was also found
for the capacity. Following the lower affinities obtained at pH 7, the loading was also less
pronounced for all adsorbents. The highest loading capacity was found for powdered activated
carbon (PAC). These findings correlate with the material properties. Having a surface area of
up to 2500 m? g%, there are far more potential adhesion sites on PAC, e.g., compared to
XAD7HP, which has a surface area about 5 times smaller.

Regarding the adsorption of ultrafiltered fermentation samples, all materials showed a reduced
loading capacity and the affinity for trans-ferulic acid towards the adsorbents in comparison to
the pure substance. Impurities in the broth samples significantly affected the adhesion of the
target molecule. A lower susceptibility of trans-ferulic acid to the adsorbent, indicates a
stronger affinity for other impurities, which was also visually evident from the supernatants after
the adsorption. Since both the XAD7HP and PAC samples showed strong decolorization after
incubation, it can be assumed that the attachment of colored impurities to these adsorbents
occurred to a greater extent than with the other three tested. To avoid negative effects on the
subsequent elution of trans-ferulic acid, these materials were therefore excluded in further
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experiments. Among the materials, XAD4 was identified as the most suitable adsorbent due
to its high loading capacity of 85.62 mg FerA per g adsorbent.

Finally, various washing and elution procedures were investigated to achieve the most specific
and efficient recovery of trans-ferulic acid (Figure 25).
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Figure 25: Product loss and recovery after washing and elution of different adsorbent materials
loaded with trans-ferulic acid. (A) Product loss and removal of impurities during washing with dH20 and 0.1
mM HCI solution at different temperatures (5 h, 200 rpm). The application of higher temperatures was assumed to
positively affect the desorption of only weakly bound and volatile compounds, (B) Total product recovery and purity
for selected adsorbent materials after elution with differently concentration NaOH solutions (particles were washed
before with 0.1 mM HCl at 30 °C, 5 h, 35 °C, 200 rpm)

The data showed that both, the temperature and pH value of the washing solution, affected
the detachment of the trans-ferulic acid from the adsorbents. As can be seen on the left-hand
side of the Fig 9A, the product loss increased strongly with rising temperatures for all of the
tested materials. Compared to deionized water as a washing agent, the use of a dilute HCI
solution proofed to be more effective in stabilizing the adsorption of the product onto the
materials, as the product loss decreased significantly. Even though only lower amounts of
impurities were removed at pH 4 in comparison to pH 7, it still turned out to be the best
compromise to keep product loss low. The weakly acidic washing solution resulted in less
desorption of the product from the patrticles.

To elute the ferulic acid from the adsorber, the ferulic acid must be converted from the free
acid form to the salt. By testing different NaOH concentrations for their ability to elute the
product from the absorbents (Figure 25B), it was found that the XAD4 and GAC particles
exhibited higher product recovery with increasing NaOH concentration. With 1 M NaOH ferulic
acid was eluted with a desorption efficiency or 83 % and with a purity of 44 % form XADA4.
With these results, we considered XAD4 washing with 0.1 mM HCI at 70 °C and elution with
1 M NaOH as the best option, since comparable small amounts of product were lost while still
a respective number of impurities could be washed out. However, in pilot scale water had to
be applied for washing to prevent corrosion of the stainless steel. The results show, that a loss
of ca. 20 % of trans-ferulic acid will occur during the adsorption step as a consequence of
incomplete desorption of the product from the adsorbent and a slight loss during particle
washing.

Based on the laboratory results, for pilot scale purification, the UF filtrate was titrated to pH 2
and put into contact with Amberlite® XAD4 adsorbent in the filter dryer (Figure 26A). After the
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binding the liquid effluent was drained and the adsorber beads were washed with water to
remove adhering contaminants. Upon elution with sodium hydroxide a total of 54 L of eluent
containing 13 g L of ferulic acid was collected, corresponding to a recovery of 77 % (Figure
26B). The adsorption step acted as a purification and concentration step, which increased the
product concentration fourfold. After elution, the adsorbent beads were rinsed again with water.
Depending on the design of the final process, the rinse water could be used for subsequent
adsorptions, which can increase the recovery to 85 %.

® ®

Unaccounted
5%

Rinse Water
11% '||

l

Effluent

% Eluent

7%

Figure 26: (A) filter dryer (625 L) at CBP and (B) ferulic acid balance of the adsorption step with
XAD4.
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4. Precipitation

The solubility of ferulic acid in water depends strongly on the pH (Figure 27). While the solubility
of ferulate is quite high at neutral conditions (72 g L' at 20 °C and pH 7), free ferulic acid is
almost insoluble at acidic conditions (0.7 g L at 20 °C and pH 2). This mechanism is used in
the fourth purification step, in which the eluate is acidified with sulfuric acid to form an insoluble
precipitate. After precipitation, the crystals are separated by filtration.
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Figure 27: Solubility of ferulic acid in water, ethyl acetate and ethanol depending on pH value.

Figure 28A shows the mass balance of the ferulic acid from the precipitation step. In total, 60
% of the ferulic acid contained in the adsorbed eluate were recovered as filter cake with 40 %
ferulic acid. The dried filter cake is shown in Fig. 12B. The filtrate still contains 3 g L™ FerA and
could be added to the feed for the adsorption step. There is also a gap of 17 % in the mass
balance, which is probably due to wall growth in the crystallizer. In the future, the residues on
the wall should be redissolved in agueous sodium hydroxide. Then, the amount of FerA on the
wall can be determined and the solution can be used for further precipitation. From this, we
believe that the yield of the precipitation step could be significantly improved.
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(A) (B)

Unaccounted 17% Supernatant
23%

Figure 28: (A) mass balance after crystallization, (B) dried precipitate (40 % ferulic acid) after
crystallization.

5. Crystallisation
To purify the ferlulic acid from the dried precipitate two modes of crystallization were
investigated: cooling crystallization in water and crystallization by evaporation in ethanol.
The work in 2023 focused on how to purify ferulic acid from the dried precipitate. For that two
modes of crystallization were investigated: cooling crystallization in water and crystallization
by evaporation in ethanol.
Both methods have been investigated in the lab. For the demonstration in pilot scale the
cooling crystallization has been selected for the following reasons:
e The cooling crystallization would not require additional process equipment.
e The mother liquor after cooling crystallization is agueous and has a pH of 2. Thus it
could be fed back into adsorption.
e The solids gained in the precipitation step could be used in cooling crystallization
without the need of drying.
e Compared to the crystallization in ethanol the crystallization in water would potentially
allow for higher yields

Cooling Crystallization

In the pilot scale demonstration 783 g of dried containing 41.2 % of ferulic acid were suspended
in 124.4 L of water and heated up to 90 °C. The suspension was incubated for 30 min and
subsequently filtered through a 10 um filter. Since there were still solid particles in the
suspension, the filtration was repeated using a 1 um filter bag. The filter cake weighed 170 g
and consisted of black, coal like, amorphous particles (Figure 29A). The cake contained 37 g
of ferulic acid or roughly 10 %. The filtrate was transferred into a crystallization vessel and
cooled overnight to 8 °C. This led to the formation of crystals, which in turn were recovered
using a 1 pum bag filter (Figure 29B). Thus, 252 g of solids were harvested. At a ferulic acid
content of 87 %, 221 g FerA or 64 % the feed were recovered.
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10 pm
o

Figure 29: (A) Microscopic image of filtered solids in cooling crystallization. (B) Microscopic image of
crystal suspension after cooling crystallization.
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Figure 30: Ferulic acid balance of the cooling crystallization.

Crystallization by evaporation in ethanol

As an alternative to cooling crystallization, it was investigated, whether the dried precipitate
could be dissolved in ethanol and if there is crystallization upon evaporation of the solvent.
Figure 31 shows the solubility of pure ferulic acid in ethanol. At room temperature, one expects
a maximum solubility of about 80 g/L, which is much higher than the solubility in water. Thus,
a crystallization step in ethanol would require equipment with much lower volumes.

The crystallization in ethanol was carried out in lab-scale. 15 g of dried precipitate containing
5.3 g of ferulic acid were suspended in 100 mL ethanol and mixed for 1 h. The suspension was
filtered through a glass fiber filter that retained 5.6 g of filter cake. The cake itself only contained
95 mg or 2 % of ferulic acid. The dark brown filtrate was filled in an open beaker with a stirring
rod and was left over night to evaporate. Over the span of 30 h the volume was reduced to
27 mL. During this time crystals have formed both on the walls of the beaker and in the
suspension. The suspension was filtered again and 6.6 g of crystals were harvested with a
purity of 80 %. This constitutes a recovery of 44 % of ferulic acid. Despite the tar like
appearance of the mother liquor, the recovered crystals were light beige (Figure 31B). The
mother liquor still contained 67 g/L ferulic acid, which is in keeping with the solubility curve.
Because of the high solubility, about 33 % of the initial ferulic acid ends up in the mother liquor
(Figure 31B). The mother liguor might be added to a new crystallization batch, however the
concentration of impurities will increase, which might affect the crystallization behavior.
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An overall mass balance revealed a gap of 14 %, which is probably due to wall growth,
sampling and dilution effects.
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Figure 31: (A) Microscopic image of crystal suspension in ethanol. (B) Left crystals, right: mother liquor.

6. Liquid-liquid extraction

In the initial downstream scheme liquid-liquid extraction was planned directly after
ultrafiltration. However, due to the chemical similarity of p-coumaric acid, caffeic acid and
ferulic acid, the by-products could only be separated partially from the product using extraction.
Furthermore, after evaporation of the solvent it was neither possible to gain a solid product nor
to provide a possible basis for further downstream processing step.

Nevertheless, the results shall be shortly summarized in the following as liquid-liquid extraction
might be an option to used side streams.

Ultrafiltration (UF) was identified as a prerequisite for liquid-liquid extraction, as it improves
phase separation (Figure 32). In the liquid-liquid extraction of the unfiltered culture broth, an
emulsion phase formed between the aqueous and organic phases due to denaturation and
precipitation of proteins and DNA. This circumstance would make a scale-up of the L/L
extraction hardly feasible, as the emulsion would not allow a fast and clean phase separation,

which is essential for the success of the process.
= 2N 3

Figure 32: Comparison of phase separation during L/L-extraction of trans-ferulic acid from fermentation
broth into EtOAc. Left: with preceding ultrafiltration. Right: without ultrafiltration

Partition coefficients were determined for p-coumaric acid, caffeic acid and ferulic acid and as
free acid and as the respective sodium salt. The results are shown in Table 3.
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Table 3: Partition coefficients of hydrocinnamic acids and their respective sodium salt in one-step liquid-
liquid extraction in a system with ethyl acetate:water ratio 2:1. *sample used from fermentation. Feed
containing: 1.36 g L ferulic acid, 0,52 g L* caffeic acid, and 0.18 g L! p-coumaric acid.

Substance Partition coefficient Partition coefficient
free acid, pH < 3 salt form, pH 7
[Conc-ethyl acetate] [Conc-aqueus phase]

Conc.qqueos phase Conc.etnyi acetate

Ferulic acid 328+59 40.3 £ 16.8

Ferulic acid, fermentation sample * 254

Caffeic acid 86 +55 245 +16.8

Caffeic acid, fermentation sample* 1.0

p-Coumaric acid 435+ 232 28.6 £13.6

p-Coumaric acid, fermentation sample* 17.4

As expected free acid are affine towards the organic solvent while salts favor the aqueous
phase. Further, the partition coefficients are relatively high (between 10 and 40), which makes
liquid-liquid extraction well suited for a first capturing step. However, the three components
behave similar in terms of partition coefficients. Therefore, it is impossible to separate the three
by means of extraction. Only the equilibrium for caffeic acid was lower although still being on
the side of the extract. Therefore caffeic acid can be separated from the other acids to some
extend. Since caffeic acid is a toxic intermediate, reduction of this compound in the first step
is attractive for easier handling.

While different combinations of extraction and precipitation worked well for purifying standard
solutions of the three acids, so far we were unsuccessful in obtaining solid ferulic acid from
fermentation broth. After extraction, the extracts only have a purity between 10 to 30 %. So
far, the remaining impurities have suppressed any attempt at crystallization or precipitation.

In the pilot scale demonstration only the filtrate of the precipitation step was processed by
liquid-liquid extraction. Out of the 173 g of ferulic acid in the filtrate, 79 % were recovered in
the extract. Afterwards, the extract was evaporated in order increase the concentration of
ferulic acid above solubility. This should facilitate crystal formation. However, this only led to
the formation of stick resin. Apparently, crystallization out of ethyl acetate is difficult to
reproduce. The reason for this might be that the resin phase forms a second phase during the
evaporation and that ferulic acid seem to have a higher affinity to this phase. Thus, an
unanticipated second liquid-liquid extraction step seems to happen.

Alternatively, the filtrate after precipitation could be fed back into the adsorption column as a
feed.

Summary

The downstream processing of ferulic acid out of fermentation broth could be successfully
demonstrated in 1000 L scale. With each downstream step, the content of ferulic acid rose.
The crystals after cooling crystallization and evaporation of ethanol showed a purity of over 80
% as measured by HPLC. The crystals have been sent to IPB for further analysis via NMR and
LC-MS. Both measurements confirmed the measured purity. Apart from a slight contamination
with coumaric acid the samples are nearly identical to the ferulic acid standard from Sigma
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Aldrich. Both the standards and the crystalline ferulic acid generated in this project, contained
roughly 10 % of a ferulic acid isomer. In order to improve the purity and color of the product,
the re-crystallization steps could be repeated. However, it is unlikely to remove coumaric acid
or isomers of ferulic acid from the crystals as these molecules are very similar to ferulic acid.
Each purification step inevitably leads to a loss of product. In this first pilot scale demonstration,
the total recovery was 19.5 %. The low recovery is due in large part to the fact, that side
streams have not been recycled. All side streams are aqueous and could be reprocessed by
adsorption. Therefore, an actual production process would yield higher recovery rates of
around 73 %. The recycling of side streams has to be investigated in the future.

In summary, the biotechnological production of ferulic acid on a pilot scale, including
fermentation and product processing, was demonstrated. DSP was first tested with 75 L
fermentation broth and ultimately full DSP was demonstrated with culture broth from the 1000
L fermenter.

The milestone CBP-MC3: "Demonstration of the entire process chain on a pilot scale" was
successfully implemented.
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