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Summary

Consumption of added sugar is a health threat since it can cause obesity and type 2 diabetes.
Consequently, there is an increasing demand for sugar substitutes. Available sweeteners,
however, have different drawbacks resulting in a need for alternative sugar substitutes. The
natural metabolite 5-ketofructose (5-KF) is a promising sweetener candidate. It is not
metabolized by the human body and probably not metabolized by the human gut microbiome
while having a comparable sweet taste as fructose. 5-KF can be produced from fructose via
oxidation by the membrane-bound fructose dehydrogenase (Fdh) of Gluconbacter japonicus,
encoded by the fdhSCL genes. Recent studies showed the production of the sweetener with
heterologous strains of the industrially relevant acetic acid bacterium Gluconobacter oxydans. As
G. oxydans possesses no Fdh, plasmid-based fdhSCL expression was applied in previous studies.
For production of a food additive, however, antibiotic-free production is desirable.

Aiming at plasmid- and antibiotic-free 5-KF production, in this study the fdhSCL genes
were integrated into the chromosome of engineered G. oxydans 1K003.1. Four different genomic
integration sites were selected, including three intergenic regions and one gene replacement, to
compare the effects of the genomic environment. The four integration strains were successfully
constructed, and all allowed functional expression of the fdhSCL genes with minor differences in
5-KF production. However, the efficiency and velocity of 5-KF production was lower compared to
plasmid-based fdhSCL expression. To improve the plasmid-free production of the sweetener, the
two best integration sites were combined in a double integration strain, G.oxydans
1K003.1::fdhSCL? containing two chromosomal fdhSCL copies. This strain showed accelerated
5-KF production, approaching that of the strain with plasmid-based fdhSCL expression.

Methods for genetic engineering and expression systems for G. oxydans are still limited.
G. oxydans needs complex medium components for good growth and has a low biomass yield.
Hence, in the second part of this study, the well-established organism Pseudomonas putida was
selected as alternative 5-KF production host. Tn7-based chromosomal integration of the fdhSCL
genes enabled P. putida to produce 5-KF from fructose in mineral salts medium. In a batch
fermentation with 150 g/L fructose, a product concentration of 129 + 5 g/L 5-KF was reached.
Overall, shake flask experiments, bioreactor cultivations and whole-cell biotransformations
demonstrated a competitive ability of P. putida::fdhSCL to produce 5-KF when compared to a
G. oxydans fdhSCL integration strain. The substrate spectrum of P. putida::fdhSCL was expanded
by plasmid-based expression of inv1417, encoding a periplasmic invertase of G. japonicus. Inv1417
enabled 5-KF production from sucrose as cheaper substrate at rates comparable to production

from fructose.
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All in all, a set of potent G. oxydans and P. putida 5-KF producers was generated in this
study, providing a good starting point for further process development and industrial

implementation of microbial 5-KF production.

Zusammenfassung

Der zunehmende Zuckerkonsum stellt eine grofde gesundheitliche Bedrohung dar, weil
tibermafiger Konsum zu Ubergewicht und Typ 2 Diabetes fithren kann. Folglich gibt es eine
zunehmende Nachfrage nach Zuckerersatzstoffen. Aufgrund verschiedener Nachteile der bereits
erhaltlichen Siifdstoffe gibt es einen Bedarf an alternativen Zuckerersatzstoffen. Der natiirliche
Metabolit 5-Ketofructose (5-KF) ist ein vielversprechender Siifstoff-Kandidat. 5-KF hat einen
dhnlich siifden Geschmack wie Fructose und wird nicht vom menschlichen Kérper und vermutlich
auch nicht vom Darm-Mikrobiom verstoffwechselt. 5-KF wird durch Oxidation von Fructose mit
der membrangebundenen Fructose-Dehydrogenase (Fdh) aus Gluconobacter japonicus, kodiert
durch die fdhSCL-Gene, gebildet. Frithere Studien haben sich auf die 5-KF-Produktion mit
heterologen Stimmen des industriell relevanten Essigsdurebakteriums Gluconobacter oxydans
konzentriert. Da G. oxydans selbst keine Fdh besitzt, wurden die fdhSCL-Gene bisher plasmid-
basiert exprimiert. Fiir die Produktion eines Siif3stoffs wire jedoch eine antibiotika-freie
Herstellung wiinschenswert.

Um eine plasmid- und antibiotika-freie 5-KF-Produktion zu ermdéglichen, wurden die
fdhSCL-Gene in das Chromosom des optimierten G. oxydans-Stammes IK003.1 integriert. Um den
Einfluss der genomischen Umgebung zu testen, wurden vier verschiedene genomische
Integrationsorte ausgewdhlt, drei intergene Regionen und ein Genaustausch. Alle vier
Integrationsstimme wurden erfolgreich konstruiert und zeigten nur leichte Unterschiede in der
5-KF Produktion. Allerdings waren die Effizienz und Geschwindigkeit der 5-KF-Bildung geringer
als bei den Stimmen mit plasmid-basierter fdhSCL-Expression. Um die plasmid-freie Produktion
des Siif$stoffs zu steigern, wurde die beiden besten Integrationsorte in einer Doppelintegrante,
G. oxydans 1K003.1::fdhSCL? mit zwei chromosomalen fdhSCL-Kopien kombiniert. Dieser Stamm
zeigte eine beschleunigte 5-KF-Produktion, die nahe an die Rate von Stimmen mit plasmid-
basierter fdhSCL-Expression heranreichte.

Die Methoden zur genetischen Modifikation sowie die verfiigbaren Expressionssystemen
fiir G. oxydans sind noch recht begrenzt. G. oxydans benétigt komplexe Mediums-Bestandteile fiir
gutes Wachstum und erreicht nur eine geringe Biomasse-Ausbeute. Daher wurde das methodisch
gut etablierte Bakterium Pseudomonas putida als alternativer Wirt fiir die 5-KF Produktion
ausgewahlt. Eine Tn7-basierte chromosomale Integration der fdhSCL-Gene befahigte P. putida zur
5-KF Produktion aus Fructose in Minimalmedium. In einer Batch-Fermentation mit 150 g/L

Fructose wurden Produktkonzentrationen von 129 + 5 g/L 5-KF erreicht. Insgesamt wurde
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gezeigt, dass P. putida::fdhSCL im Vergleich mit einem G. oxydans fdhSCL-Integrationsstamm
vergleichbare Aktivitdten beziiglich der 5-KF-Produktion zeigt und somit ein geeigneter
Wirtsorganismus ist. Um statt Fructose das giinstigere Substrat Saccharose fiir die 5-KF-
Produktion einsetzen zu konnen, wurde das Gen inv1417, codierend fiir eine periplasmatische
Invertase aus G.japonicus, in P. putida::fdhSCL plasmid-kodiert exprimiert. Der resultierende
Stamm zeigte ausgehend von Saccharose eine 5-KF-Produktionsrate, die vergleichbar war mit der
Rate aus Fructose.

Zusammenfassend wurden in dieser Arbeit verschiedene G. oxydans und P. putida 5-KF-
Produzentenstimme generiert und charakterisiert, die eine gute Grundlage fiir die weitere

Bioprozess-Entwicklung sowie eine industrielle Umsetzung darstellen.
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Abbreviations
5-KF 5-Ketofructose
ADI Amount of daily intake
ATP Adenosine triphosphate
BMI Body Mass Index
DCPIP 2,6-dichlorophenolindophenol
EDP Entner-Doudoroff pathway
EFSA European Food Safety Authority
EMP Embden-Meyerhoff pathway
FAD Flavin adenine dinucleotide
FDA Food and Drug Administration
Fdh Fructose dehydrogenase
GA3P Glyceraldehyde-3-phosphate (GA3P)
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Ged Glucose dehydrogenase (membrane-bound, P. putida)
GdhM Glucose dehydrogenase (membrane-bound, G. oxydans)
HPLC High performance liquid chromatography
mSIdAB Membrane-bound polyol/sorbitol dehydrogenase (G. oxydans)
MSM Mineral salts medium
NAD+/NADH Nicotinamide adenine dinucleotide, oxidized /reduced
NADP+/NADPH  Nicotinamide adenine dinucleotide phosphate, oxidized /reduced
NMR Nuclear magnetic resonance
ODeoo Optical density, measured at 600 nm
OMP Outer membrane protein
PEP Phosphoenolpyruvate
PPP Pentose phosphate pathway
PQQ Pyrroloquinoline quinone
PTS Phosphotransferase system
RDCI Recommended daily calorie intake
Reb Rebaudioside
SPE Solid phase extraction
TCA Tricarboxylic acid
WHO World Health Organization

A Deletion
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1 Introduction

1.1 Sugar consumption and sweeteners

1.1.1 Health problems caused by sugar consumption

According to the world health organization (WHO), obesity has almost tripled between 1975 and
2016 and in 2016 39 % of adults worldwide were overweight (body mass index (BMI) = 25) and
13 % were obese (BMI = 30) (WHO, 2020). In Germany even 54 % of adults were overweight and
18 % obese in 2014/15 (Schienkiewitz, et al,, 2017, Stricker, et al., 2021). Despite regional
variation in overweight augmentation, obesity is an increasing health threat around the world. In
2000, the WHO recognized obesity as a global epidemic (WHO Consultation on Obesity and World
Health Organization, 2000). One discussed cause for weight gain, overweight and obesity is the
excessive consumption of free sugars (WHO, 2020, Stricker, et al,, 2021). However, it is difficult to
precisely link consumption of added sugars to obesity since bodyweight can be influenced by
many factors. Sugar as component of the diet is just one of the factors (Mitchell, et al., 2011, van
Buul, et al., 2014, Rippe and Angelopoulos, 2016).

In addition to the possible linkage to obesity, the consumption of added sugars, mostly as
sucrose or high fructose corn sirup (HFCS), often in forms of processed food or sugar-sweetened
beverages, is discussed as cause or risk factor for several health problems, in particular the
metabolic syndrome, type-2 diabetes, cardio-vascular diseases, and dental caries (Malik, et al.,
2010, de Koning, et al,, 2011, Moynihan and Kelly, 2014, Yang, et al,, 2014, DiNicolantonio, et al.,
2015, Moynihan, 2016, Rippe and Angelopoulos, 2016).

These problems could be solved, or risk factors could be reduced by an altered, sugar-
reduced diet. The WHO and the German Society for Nutrition (Deutsche Gesellschaft fiir
Erndhrung) for instance recommend an intake of free sugars of < 10 % of the recommended daily
calorie intake (RDCI). Based on the RDCI of 2000 kcal for an adult, this corresponds to 50 g sugar
or 17 sugar cubes or 500 mL orange juice (Stricker, et al., 2021). Reducing the sugar consumption

without sacrificing the desired sweet taste can be achieved with sugar substitutes or sweeteners.

1.1.2 Sweeteners on the market

The sweetener market already offers a broad variety of sweeteners with different traits for
various applications. However, most available sugar substitutes have disadvantages or are
controversially discussed. The available sweeteners can be divided in nutritive, and non-nutritive
or intensive sweeteners, by having a caloric content similar to sugar or having no or a low caloric
content. Non-nutritive sweeteners can be subdivided in artificial and natural sweeteners
(Carocho, et al,, 2017, Ruiz-0jeda, et al., 2019). An overview is shown in Figure 3.

Nutritive sweeteners are sugar alcohols or polyols that are used as sugar substitutes

because they do not interfere with insulin levels and have no cariogenic properties and are used
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for example in sugar-free chewing gum (Deshpande and Jadad, 2008, Carocho, et al., 2017). The
group of sugar alcohols comprises erythritol, isomaltose, lactitol, mannitol, sorbitol, and xylitol.
Polyols are sweeteners with a reduced caloric content compared to sucrose and a comparable or
slightly lower sweetness. However, polyols are most applied where the low glycemic and non-
cariogenic properties are needed. They are natural compounds that occur for example in fruits
(Livesey, 2003, Grembecka, 2015, Moriconi, et al, 2020). While some polyols, primarily the
smaller molecules, for examples erythritol, are mostly absorbed by diffusion in the small intestine,
high percentages of others, for example lactitol, are predominantly fermented by the gut
microbiome in the distal small intestine or in the large intestine. The fermentation can lead to
gastrointestinal problems like flatulence, abdominal discomfort, or laxative effects and can alter
the composition of the microbiome (Lenhart and Chey, 2017, Ruiz-Ojeda, et al., 2019). Due to the
laxative effect, the daily intake of polyols is limited in order to avoid gastrointestinal discomfort
(Ghosh and Sudha, 2012).

Non-nutritive artificial sweeteners are synthesized by chemical or biotechnological
processes. The group of artificial sweeteners includes acesulfame-K, aspartame, cyclamate,
saccharine and sucralose (Chattopadhyay, et al., 2014). An overview of the respective structures

is shown in Figure 1.

Acesulfame-K Aspartame
/o
6]
Lo
] i
N K'
HO. e}
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o NH; (o]
o] CHo0OH
H o} cl CHoCI
N // 0, Rge)
~ OH
S HO
// o e NH
Na
© SQ © CHCI
VR
0 HO OH
Cyclamate Saccharine Sucralose

Figure 1 Chemical structures of different artificial sweeteners

Since the sweet taste of a compound cannot be predicted, artificial sweeteners were accidental
discoveries (Mazur, et al.,, 1969). In comparison to sucrose, they are 200-600-fold sweeter and
only small amounts are therefore necessary for generating a sweet taste. Consequently their
caloric content can be neglected (Moriconi, et al.,, 2020).

Although the sweeteners on the market are all approved by the Food and Drug
Administration (FDA) in the USA or the European Food Safety Authority (EFSA) with different
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acceptable amounts of daily intake (ADI), their influence on the human body, its microbiome and
potential health threats are evaluated controversially (Mattes and Popkin, 2009, Tandel, 2011,
Sharma, et al, 2016, Moriconi, et al, 2020). Aspartame for example was shown to have
carcinogenic effects in rats even in amounts below ADI (Soffritti, et al., 2006). Sucralose was
described to change the gut microbiome and influence the cholesterol bile acid metabolism in
mice (Uebanso, et al,, 2017). Though intended to reduce health risk factors by using sweeteners
instead of sugar, some studies relate the consumption of artificial sweeteners with the risk to
develop metabolic syndrome or type 2 diabetes (Fagherazzi, et al., 2013, Pepino, 2015). Similarly
controversial is the effect of artificial sweeteners in weight control. Some studies show a positive
effect (Miller and Perez, 2014), while others show adverse effects linking consumption of artificial
sweeteners with weight gain (Chia, et al,, 2016, Azeez, et al.,, 2019).

The group of non-nutritive natural sweeteners contains different natural compounds
with a high sweetness. The use of sweeteners of this group is increasing due to customer demands
for natural food additives. The most prominent sweetener of this group is stevia or steviol
glycosides. Steviol glycosides are extracted from the leaves of Stevia rebaudiana Bertoni. The
extracted steviol glycosides (E957) contain different compounds, stevioside (5-10%),
rebaudioside (Reb) A (2-5%), Reb C (1%), dulcoside A (0.5%), Reb D, E and F (0.2%), of which

Reb A is the sweetest. Selected steviol glycosides are shown in Figure 2.
OH

Steviol
COOH
Glucose Glugose Glugose
O——Glucose ——Glucose O——Glucose——Glucose O ——Glucose — Glucose
Glucose
COO—Glucose COO— Glucose —Glucose COO——Glucose —— Glucose
Reb A Reb D Reb M

Figure 2 Structure of steviol and selected steviol glycosides. Adapted from Olsson, et al. (2016).

The mixture is 250-300-fold sweeter than sucrose, but unfortunately some of the components
have a bitter taste, limiting the use as sweetener (Carocho, et al., 2017, Momtazi-Borojeni, et al.,
2017). Hence, microbial production processes of certain steviol glycosides without bitter taste

like Reb D or Reb M have been developed. The steviol glycosides differ in their number of glucose
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molecules, Reb D and Reb M have with five and six glucose molecules the most (Olsson, etal., 2016,
Zhao, et al,, 2018).

Thaumatin is another example for a natural non-nutritive sweetener. It is a mixture of
similar 207 amino acid proteins, with a sweetness 2000-3000-fold higher than sucrose (Carocho,
et al, 2017). It is extracted from the plant Thaumatococcus danielli Bennett, which is naturally
found in the rain forests in Nigeria, Ghana, Cameroon, and the Ivory Coast and hence production
is limited (Frey, 2012). Different approaches of heterologous production with various microbial
hosts have been reported in literature. However, many of these studies resulted in an inactive
form without the desired sweet tase. Eventually, production of sweet thaumatin II could be
achieved for example with refolding of inclusion bodies synthesized with Escherichia coli (Daniell,
et al, 2000, Masuda, 2017, Joseph, et al., 2019). Also, different studies on the recombinant
thaumatin production in different plants have been described in literature. While there is no
industrial process yet, the recent publication of a techno-economic analysis suggests that large-
scale production of the sweetener might come (Firsov, et al., 2018, Kelada, et al,, 2021). Sensory
drawbacks of thaumatin are the slow development of the sweet taste and a characteristic licorice-
like aftertaste (Carocho, et al., 2017, Firsov, et al.,, 2018). Additionally, thaumatin-like proteins
were found to be allergens and allergic reactions were reported for chewing gum factory workers

processing a thaumatin-containing powder (Breiteneder, 2004, Tschannen, et al., 2017).
| Natural 250-3000 x sweeter  + Natural sweet taste without calories

Steviol glycosides than sucrose
Thaumatin - Licorice-like aftertaste

Natural, new Comparably sweet + Natural sweet taste without calories
5-Keto-D-fructose  as sucrose + Fructose like taste / no aftertaste
+ Not metabolized by the gut microbiome

Figure 3 Schematic overview of available sweeteners together with the new potential sweetener 5-KF.
Sweeteners can be grouped into nutritive and non-nutritive sweeteners. Non-nutritive sweeteners can be further
divided in artificial sweeteners and natural sweeteners. Some examples, their sweetness as well as advantages (+) and

disadvantages (-) for each group are listed.

The overview of different sweeteners in Figure 3 shows the variety of available nutritive

and non-nutritive sweeteners, but also points out the drawbacks and limitations of the different
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compounds. Especially the controverse discussion or suspicion of health threats from the artificial

sweeteners explains the demand for new, preferably natural sweeteners.
1.2 5-Ketofructose as new natural sweetener

1.2.1 Characteristics of the potential sweetener 5-KF
5-Keto-D-fructose (5-KF) is an interesting new sweetener that is not yet produced commercially.
5-KF is a natural compound that can be found in botrytized grapes, in wine as well as in honey and
vinegar (Barbe, et al,, 2001, Blasi, et al., 2008, Siemen, et al., 2018). It is almost comparable sweet
as fructose. A sensory test showed no differentiation in sweetness intensity or quality of a 60 mM
fructose and a 70 mM 5-KF solution (Herweg, et al.,, 2018). It is considered as a non-nutritive
sweetener since it is not metabolized by the human body (Wyrobnik, et al., 2009) and likely also
not metabolized by the gut microbiome, as recently demonstrated by a study with 15
representative intestinal species (Schiess], et al., 2021). Hence, 5-KF possesses promising traits as

a new sweetener.

1.2.2  5-KF synthesis
5-KF was first described in 1934, when the diketone was synthesized chemically and called
5-fructonose (Micheel and Horn, 1934). Microbial synthesis of 5-KF was first reported in 1952 via
a 2-fold oxidation of D-mannitol by Acetobacter suboxydans and in 1960 from D-fructose by
different Acetobacter strains together with the sweet taste of the compound (Isbell and Karabinos,
1952, Terada, et al., 1960).

Later a membrane-bound fructose dehydrogenase was found to be responsible for this
reaction (Ameyama, et al., 1981b) (1.2.5). Additionally, 5-KF was described as intermediate in
kojic acid fermentation from sorbose by Acetobacter species (Terada, et al., 1961) and as
intermediate formed from D-sorbitol in formation of the y-pyrones kojic acid, 3-oxykojic acid and
5-oxymaltol by A. suboxydans (Sato, et al., 1967). The first patent for fermentative 5-KF production
was filed in 1963 (Kinoshita and Terada, 1963).

While 5-KF synthesis first seemed limited to acetic acid bacteria, also two strains of
Pseudomonas convexa were reported to convert L-sorbose to 5-KF (Longley and Perlman, 1972).
Additionally, 5-KF production from L-sorbose via an L-sorbose oxidase was described for the
Basidiomycete Trametes sanguinea (Yamada, et al., 1966b) and by the flavin adenine dinucleotide-
(FAD)-dependent pyranose oxidase of the Basidiomycete Peniophora gigantea (Danneel, et al.,
1993). Immobilized P. gigantea pyranose oxidase was described in a lab-scale conversion of
L-sorbose to 5-KF (Huwig et al. 1994), and an engineered P. gigantea pyranose oxidase was shown
to convert L-sorbose to 5-KF more efficiently (Schneider, etal,, 2012). Enzymatic synthesis of 5-KF

was achieved from fructose-6-phosphate in a transaldolase reaction with hydroxy pyruvic
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aldehyde (Grazi, et al., 1962). An overview of the different microbial and enzymatic formation and

degradation possibilities is shown in Figure 4.

CH,0H CH,0H
HC—OH Hl—OH
HO—CH HO—(LH
HC—OH HC|2—OH
HC—OH H<|3—0H
CH,OH lHQOH
p-Sorbitol p-Mannitol

D-Sorbitol dehydrogenase
(Gluconobacter oxydans)

Polyol dehydrogenase
(Gluconobacter oxydans)

GHOH CH20H CH,0H
c=—o (|::o c=o
HO—CH Ho—(|:H HO—CH
HC—OH H(LfOH HC—0OH
HO—CH Hi—OH HC—OH
CH,OH J‘,HQOH CH,0P0O3?
L-Sorbose p-Fructose p-Fructose-6-phosphate

Fructose dehydrogenase

o Py (Gluconobacter species, ‘CH&OH
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Figure 4 Overview on microbial and enzymatic formation and degradation of 5-KF. Depicted are 5-KF formation
from different substrates (upper panel) and different products starting from 5-KF (lower panel). Responsible

microorganisms and enzymes reported in literature are indicated.



Introduction 7

1.2.3  5-KF degradation

After discovery of microbial 5-KF production an enzyme for 5-KF degradation, a 5-KF reductase
from Acetobacter albidus IFO 3250 was described to catalyze the nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent reaction of 5-KF to fructose (Aida and Yamada,
1964). Further 5-KF reductases were later identified in Erwinia citreus, Gluconobacter cerinus,
Acetobacter melanogenum, Gluconobacter industrius, Tatumella morbirosei, G.oxydans 621H,
G. japonicus LMG 26773, G. japonicus LMG 1281, and Clostridium pasteurianum. The reductases
enable the strains to use 5-KF as carbon and energy source (Avigad, et al., 1966, Sasajima and
Isono, 1968, Englard and Avigad, 1975a, Ameyama, et al.,, 19813, Schrimsher, et al., 1988, Schiessl],
etal., 2021). Only recently, the 5-KF reductase of Gluconobacter sp. CHM43 was characterized and
classified as shikimate reductase family member (Nguyen, et al., 2021b). Another type of NADPH-
dependent 5-KF reductases, yielding L-sorbose instead of fructose, initially found in baker’s yeast,
was detected in Bacillus subtilis var. aterneum, Aerobacter cloacae, Bacillus subtilis 168-2, Proteus
vulgaris, Aerobacter aerogenes, Bacillus megaterium, Bacillus brevis 9999, and a Corynebacterium
sp. mutant (Englard, et al., 1970, Englard and Avigad, 1975b, Yagi, et al,, 1989). An nicotinamide
adenine dinucleotide (NADH)-dependent activity reducing 5-KF to sorbose was described for a
sorbitol dehydrogenase of A. melanogenum (Sasajima and Isono, 1968).

Direct phosphorylation of 5-KF at C; was described for a yeast hexokinase, yielding a
mono-phosphate ester. The following reduction with a G. cerinus NADPH-dependent 5-KF
reductase resulted in fructose-1-phosphate (Avigad and Englard, 1968). 5-KF-1-phosphate could
also be further phosphorylated by yeast phosphofructokinase to yield 5-KF-1,6-bisphosphate,
which competitively inhibited fructose-1,6-bisphosphate aldolase and fructose 1,6-diphosphatase
for fructose-1,6-bisphosphate (Avigad and Englard, 1974).

For G. cerinus IFO 3267, containing an endogenous fructose dehydrogenase, coexistence
of fructose oxidation and 5-KF reduction was shown by isotope labeling. Continuous fructose
oxidation and 5-KF reutilization were postulated to play a role in NADP+ regeneration. This
hypothesis was supported with a mutant without fructose oxidation activity that showed poor
growth on fructose as sole carbon source and better growth upon 5-KF addition (Mowshowitz, et

al,, 1974a, Mowshowitz, et al., 1974b).

1.2.4 Chemical structures of 5-KF
Regarding the structure of 5-KF, first a hemiacetal form for both carbonyl groups (Figure 5A) was
proposed according to spectrometric analysis (Avigad and Englard, 1965). Subsequently the
5-keto-D-fructose structure (D-threo-2,5-hexudiolose) with the second carbonyl group at Cs was
confirmed with tritiated fructose and stereospecificity of the 5-KF reductase. Also the internal
hemiacetal form was confirmed by a molecular model and the earlier suggested 6-aldo-D-fructose

form, reported by Weidenhagen and Bernsee (1960) was refuted (Englard, et al.,, 1965).
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X-ray analysis and 13C nuclear magnetic resonance (NMR) spectroscopy of the crystalline
form revealed a dimer of a furanose and a pyranose form, linked by C-O-C bonds (Figure 5B)
(Hansen, etal., 1976, Brewer, et al., 1982). NMR analysis of 5-KF in dimethyl-ds sulfoxide showed
a spirane dimer of one furanose and one pyranose ring, like the crystalline structure, while
5-KF in D20 showed in more than 95% a B-pyranose form with a hydrated 5-ketogroup,
forming a gem-diol (Figure 5C), while only about 2% of 5-KF were found in the -furanose
form (Figure 5D) (Blanchard, et al., 1982). The 3-5-keto-D-fructopyranose gem-diol hydrate
form was also confirmed by a more recent NMR analysis (Herweg, et al., 2018, Siemen, et al.,

2018).

HOH,C, OH

3]
HO CH3z0H

HOC HO

Hy HOH,C

"”'"’/OH

Figure 5 Structures of 5-KF. Depicted are the first proposed hemiacetal form (A), the dimeric form of a furanose and
a pyranose form, linked by C-0-C bonds (B), the monomeric pyranose Cs gem-diol hydrate found in aquatic solution (C)
and the monomeric 2f,5a-furanose form (D). Structures adapted from Brewer, et al. (1982), Blanchard, et al. (1982)
and (Avigad and Englard, 1965)

1.2.5 Membrane-bound fructose dehydrogenase and its application in 5-KF production
5-KF can be produced by fructose oxidation via the membrane-bound fructose dehydrogenase
(Fdh, EC 1.1.99.11). D-Fructose dehydrogenase activity was first described in 1966 for the
particulate fraction (membrane fraction) of G. cerinus var. ammoniacus ASAI 1IFO 3267. The
oxidation was described to be NAD- and NADP- independent and 2,6-dichlorophenolindophenol
(DCPIP) was found as most effective artificial electron acceptor (Yamada, et al., 1966a).

In 1981 Fdh was first purified from the membrane fraction of G. industrius IFO 3260. This
strain was chosen because it showed the highest Fdh activity among various tested Gluconobacter
spp- The characterization showed three components, a dehydrogenase subunit, a cytochrome ¢
subunit and a third subunit with unknown function. An acidic pH optimum of 4.0-4.5, a
temperature optimum of 25 °C, a strong substrate specificity for fructose, and the unsuitability of
NADH, NADPH and oxygen as electron acceptors, were reported (Ameyama, etal.,, 1981b).In 2013
the Fdh of G. japonicus NBRC 3260 (formerly G. industrius IFO 3260), was purified and further
characterized (Kawai, et al., 2013). The genes encoding the Fdh subunits were identified and
sequenced based on the N-terminal amino acid sequence of the large subunit FdhL. The fdhSCL
genes were found in a polycistronic operon, encoding a small (18 kDa), a cytochrome ¢ (51 kDa),

and a large subunit (68 kDa). This confirmed the three subunits reported from the first
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purification. The operon starts with a TTG start codon for fdhS. Exchange of the TTG to an ATG
start codon significantly increased Fdh activity in the heterologous host G. oxydans (Kawali, et al.,
2013). FdhC has three CXXCH motifs for heme binding and in FdhL the FAD binding motif GXGXXG
was found. Covalent binding of three heme ¢ moieties and one FAD was shown experimentally
(Kawai, et al,, 2013). The small subunit FdhS was predicted to have a Tat signal peptide and for
the cytochrome c subunit FdhC a Sec signal peptide was predicted. No signal peptide was found
for the large subunit FdhL. Since FdhL contains covalently bound FAD, a co-secretion with the
small subunit via the Tat-pathway was proposed. Expression of only fdhSL showed that the
cytochrome ¢ subunit is the membrane-anchor of the enzyme, links the Fdh complex to the
respiratory chain and is responsible for ubiquinone reduction (Kawai, et al., 2013). A schematic

overview of FdhSCL is shown in Figure 6.
HO HO
O O

OH OH
HO HO

OH

Pewlasm

)CIJOCKJOOOOQOCY )COOOOQOCL DO0CRCE

Figure 6 Schematic overview of the membrane-bound fructose-dehydrogenase. Fructose is oxidized in the

periplasm to 5-KF via the heterotrimeric membrane-bound fructose dehydrogenase complex (Fdh), consisting of a
small (FhdS), a cytochrome c subunit (FhdC) with three hemes ¢ (blue boxes) and a large subunit with a covalently
bound FAD as prosthetic group. The electrons and protons are transferred to FAD, resulting in reduced FADH2. The
electrons are each transferred to a heme c, while the protons are released to the periplasm. An FADH- semiquinone is
formed as intermediate. The electrons from the hemes c are transferred to ubiquinone (UQ) together with protons from
the periplasm, forming a semiquinone radical (UQH-). The formed ubiquinol (UQH2) is regenerated in the respiratory

chain, using oxygen as electron acceptor, yielding one water molecule per fructose molecule oxidized.

Fdh has a high specificity towards D-fructose and can be used to quantify D-fructose
amounts down to 0.01 umol (Ameyama, et al, 1981b). For example, a diagnostic colorimetric

assay applying Fdh for the exact determination of serum D-fructose has been described (Hui, et
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al,, 2009). With Fdh in direct electron transfer (DET) electrodes, D-fructose can directly transfer
electrons to the electrode. These electrodes can function as electrochemical biosensors for
absolute fructose quantification without calibration via the coulometric method, since all
measured fructose is converted into electric charge in the coulometric biosensor (Kamitaka, et al.,
2006, Tsujimura, et al.,, 2009). The direct electron transfer from Fdh to the electrodes without
mediator is facilitated by heme c in FdhC (Kawai, et al., 2014). Another possible application of Fdh
was demonstrated as part of an enzyme cascade in a biofuel cell. Fdh together with an invertase
and a glucose oxidase in a ferrocene-modified polymer layer on a carbon electrode, paired with
an air breathing platinum cathode can be used to generate an electric current from sucrose.
Biofuel cells like these are researched as potential power source for small electronic devices
(Hickey, et al, 2013). Furthermore, Fdh was used as a model membrane-bound enzyme
immobilized in liquid crystalline cubic mesophases, where it remains active for several days,
allowing good stability for different applications of immobilized Fdh. For example the
aforementioned biosensor or biofuel cell are applications where the immobilization method could
increase the lifetime (Sun, et al., 2016). This work, however, focuses on the use of Fdh in 5-KF
production.

Previous studies expressed fdhSCL of G.japonicus 1FO 3260 heterologously in
Gluconobacter oxydans, a classic host for periplasmic oxidation instead of using the natural host
G. japonicus (Herweg, et al., 2018, Siemen, et al., 2018). The genome sequence of G. japonicus IFO
3260 is not yet available and G. japonicus has not yet been extensively studied, while G. oxydans is
a reasonably characterized host, already applied in industry since many decades (see 1.3).
Heterologous fdhSCL expression in G. oxydans was shown to be beneficial compared to
homologous expression in the natural host (Kawai, et al.,, 2013). Heterologous plasmid-based
fdhSCL expression in G. oxydans 621H resulted in high 5-KF/fructose yields and product titers of
almost 500 g/L were achieved in a fed-batch process (Herweg, et al., 2018, Siemen, et al., 2018).
More recently, 5-KF production has also been described with a natural host. D-Mannitol was
oxidized to D-fructose and then further oxidized to 5-KF by Gluconobacter frateurii CHM 43
(Adachi, et al,, 2020).

1.3 Gluconobacter oxydans

The genus Gluconobacter was first described in 1935, comprising some previous Acetobacter
strains (Asai, 1935, Gupta, et al., 2001), and Gluconobacter oxydans is the type species (Sievers and
Swings, 2015). G.oxydans is a Gram-negative acetic acid bacterium belonging to the
alphaproteobacteria. The ellipsoidal to rod-shaped cells are obligately aerobic and use oxygen as
terminal electron acceptor (Gupta, et al., 2001, Sievers and Swings, 2015). G. oxydans is naturally
found in sugary niches like fruits and flowers. It can live in acidic and highly osmotic sugar-rich

habitats (Gupta, et al., 2001, Sievers and Swings, 2015, Zahid, et al., 2015).
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G. oxydans has a special carbon metabolism that is characterized by its membrane-bound
dehydrogenases with their catalytic center located in the periplasm (see 1.3.1). The various
dehydrogenases are also the reason for G. oxydans’ application in industrial biotechnology (Gupta,
et al, 2001, Deppenmeier, et al., 2002). It's oxidation abilities are used for example in the
production of dihydroxyacetone from glycerol via the membrane-bound glycerol/polyol
dehydrogenase (mSIdAB) (Hekmat, et al., 2003, Gatgens, et al., 2007), and for oxidation of
D-sorbitol to L-sorbose via mSIdAB in vitamin C production (Reichstein and Griissner, 1934,
Bremus, et al, 2006), and for oxidation of 1-amino-1-deoxy-D-sorbitol to 6-amino-6-deoxy-L-
sorbose, likewise catalyzed by mSIdAB as step in production of miglitol, an antidiabetic drug
(Schedel, 2000, Ke, et al., 2019).

The 2.7 Mbp genome of G. oxydans 621H, an often used and well characterized strain, that
was also used as strain background in this work, was sequenced in 2005 and resequenced in 2017
(Prust, et al,, 2005, Kranz, et al,, 2017). The genome sequence facilitated strain optimization via
directed genetic modifications and allowed deeper insights into the strain’s metabolism and
physiology (Deppenmeier and Ehrenreich, 2009).

Genetic engineering of G. oxydans is possible since plasmid systems for homologous
recombination, based on either upp- or codBA-counter selection, are available (Kostner, et al,
2013, Peters, et al.,, 2013a). Plasmid-based expression is possible with the broad host range vector
pBBR1 (Kovach, et al, 1995). Different native promotors, either of selected membrane-bound
dehydrogenases (Mientus, et al, 2017) or of ribosomal proteins (Kallnik, et al, 2010) with
different strength are described for expression (Fricke, et al, 2021a). While those native
promotors were mostly constitutive or repressed by glucose, only recently the first inducible
promotor systems have been described for heterologous expression in G. oxydans (Fricke, et al,,
2020, Fricke, et al,, 2021b). So far, knowledge on regulation in G. oxydans is very limited, but is
further being investigated (Hanke, et al,, 2012, Lj, et al,, 2016, Schweikert, et al,, 2021).

1.3.1 Membrane bound dehydrogenases in G. oxydans
G. oxydans possesses various membrane-bound dehydrogenases with periplasmic activity that are
bound to the cytoplasmic membrane and linked to the respiratory chain. The dehydrogenases
allow regio- and stereoselective incomplete oxidation of various sugars, alcohols, and polyols. This
direct oxidation or non-phosphorylative pathway is sometimes called oxidative fermentation and
needs no substrate uptake into the cytosol. Substrates and oxidation products only need to pass
the outer membrane via porins to enter the periplasmic space (Deppenmeier, et al., 2002, Adachi,
et al, 2003). There are two types of membrane-bound dehydrogenases, quinoproteins and
flavoproteins, that have either pyrroloquinoline quinone (PQQ) or covalently bound FAD as
prosthetic groups. These prosthetic groups transfer the electrons to ubiquinone. Ubiquinol is

reoxidized by ubiquinol oxidases, which transfer the electrons to molecular oxygen forming
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water. Hence, the membrane-bound dehydrogenases are linked to the respiratory chain, making
oxygen essential for periplasmic oxidation (Matsushita, et al., 1994).

The genome sequence and experiments with a series of multideletion strains revealed that
G. oxydans 621H has nine different membrane-bound dehydrogenases with a periplasmic active
center (Prust, etal,, 2005, Peters, et al., 2013b). With regard to the number of accepted substrates,
the alcohol dehydrogenase mADH and the polyol dehydrogenase mSIdAB are the most important
dehydrogenases (Peters, et al.,, 2013b, Mientus, et al,, 2017). The quinoprotein mSIdAB as major
polyol dehydrogenase in G. oxydans 621H oxidizes for example glycerol, D-sorbitol and D-mannitol
(Matsushita, et al., 2003, Peters, et al,, 2013b). For an mSIdAB homolog, the membrane-bound
glycerol dehydrogenase of Gluconobacter thailandicus, the oxidation of fructose to 5-KF has been

described as additional reaction (Ano, et al.,, 2017).

1.3.2 The respiratory chain of G. oxydans
The primary, membrane-bound dehydrogenases oxidize different substrates and transfer the
electrons via ubiquinone to the respiratory chain, where the terminal oxidases transfer the
electrons to the terminal electron acceptor oxygen to generate energy for growth (Matsushita, et
al,, 1994). Besides a non-proton-translocating NADH:ubiquinone oxidoreductase (ndh, GOX1675),
the respiratory chain of G. oxydans 621H contains two quinol oxidases, a cytochrome bd oxidase
(cydAB genes, GOX0278-0279) and a cytochrome bos oxidase (cyoBACD, GOX1911-1914) (Prust,
et al,, 2005, Richhardt, et al., 2013b). The cyanide insensitive bd oxidase has a lower oxygen
affinity but a higher Vimay, compared to the bos oxidase (Miura, et al., 2013). In deletion strains and
overexpression experiments of both oxidases, the boz oxidase was found to play a key role in the
respiratory chain of G. oxydans (Richhardt, et al, 2013b). In addition to the terminal oxidases,
genes for a cytochrome bc; complex (qcrABC, GOX0565-0567) and a soluble cytochrome csz2 (cyc4,
G0X0258) were found in the genome, however, no cytochrome c oxidase is present, which could
transfer the electrons from the bc; complex to oxygen (Prust, etal., 2005, Richhardt, et al., 2013b).
Nevertheless, the bc; complex was found to play a physiological role, at least at low pH (Hanke, et
al,, 2012). Besides oxygen availability, in G. oxydans the pH can influence the regulation of the
respiratory chain. It was found that the bd oxidase genes are about twofold upregulated at an
acidic pH of 4.0 compared to a pH of 6.0, leading to an increased cyanide insensitivity of the
respiratory chain at acidic pH (Matsushita, et al.,, 1989, Hanke, et al,, 2012). An overview of the

respiratory chain in G. oxydans is shown in Figure 7.
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Figure 7 Scheme of the respiratory chain of G. oxydans 621H. Electrons are transferred to ubiquinone (UQ) by the
membrane-bound dehydrogenases (DH) that are either FAD- or PQQ-dependent and by the NADH dehydrogenase.
Ubiquinol is subsequently regenerated by the terminal bd and bos quinol oxidases. Whether the cytochrome bc1 complex
is also involved is unclear, as no cytochrome c oxidase is present. DH 3 and DH 4 are uncharacterized PQQ-dependent
dehydrogenases of a yet unknown substrate spectrum (Peters, et al.,, 2013b). * The sorbitol dehydrogenase is inactive
due to a stop codon mutation in G. oxydans 621H. The dehydrogenases oxidize available sugars, polyols, or alcohols.
Expression of the oxidase genes is influenced by the oxygen availability and the pH. (Locus tags for the G. oxydans 621H

genome are indicated.)

1.3.3 Carbon metabolism in G. oxydans
G. oxydans has a special carbon metabolism, as it lacks the Embden-Meyerhoff pathway (EMP) due
to the absence of phosphofructokinase and has an incomplete tricarboxylic acid (TCA) cycle since
itlacks succinyl-CoA synthetase, and succinate dehydrogenase (Greenfield and Claus, 1972, Prust,
etal, 2005, Deppenmeier and Ehrenreich, 2009). Instead, it uses the pentose phosphate pathway
(PPP) and the Entner-Doudoroff pathway (EDP). In a study with deletion strains of key enzymes
of either pathways, the PPP was shown to be the most important pathway for cytoplasmic glucose
utilization (Richhardt, et al., 2013a). However, only a minor portion of the available sugar and
sugar alcohol substrates is processed through the cytoplasmic carbon metabolism, as the majority
is incompletely oxidized in the periplasm and subsequently released to the medium as end
products, characterizing the special metabolism of G. oxydans. In a 13C flux analysis it was revealed
that in the first growth phase of glucose-grown G. oxydans only 10 % of the glucose enters the
cytoplasm, of which a majority is directly oxidized by a cytosolic glucose dehydrogenase to
gluconate and only a small portion is phosphorylated. Also, some of the gluconate formed in the
periplasm by the membrane-bound glucose dehydrogenase is transported into the cytoplasm,
where a small part is phosphorylated. Overall, only a minor portion of the initial glucose enters
the cytoplasm and even less is processed via the PPP, which was shown to be the most frequented
pathway (Hanke, et al., 2013). While the versatile oxidation activities are key to the industrial
applications of G. oxydans, incomplete oxidation is a disadvantage with respect to biomass yield,
which is only in the range of 0.1 g/g glucose and thus much lower than the one of bacteria like

E. coli (0.5 g/g) (Ng, 1969, Krajewski, et al., 2010, Kiefler, et al., 2017).
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1.3.4 G. oxydans1K003.1
The engineered strain G. oxydans IK003.1 was used in this work. It is based on the 621 H wild type
and was optimized towards an improved biomass yield when grown on glucose (Kiefler, et al,
2017). In the G. oxydans wild type the majority of available glucose is oxidized by the membrane-
bound glucose dehydrogenase GdhM to gluconate, which can be further oxidized to
2-ketogluconate (Hanke, et al,, 2013). This causes an inefficient biomass formation, which is
represented by the low biomass yield of 0.1 g cell dry weight/g glucose. To optimize the biomass
yield, direct glucose oxidation was one of the targets for strain engineering by Kiefler, et al. (2017).
In total, the soluble glucose dehydrogenase gene gdhsS, the pyruvate decarboxylase gene pdc and
the membrane-bound glucose dehydrogenase gene gdhM were replaced by the Acetobacter
pasteurianus succinate dehydrogenase genes sdhCDAB and flavinylation factor gene sdhE, the
NADH dehydrogenase gene ndh from G.oxydans DSM3504 and the Gluconacetobacter
diazotrophicus succinyl-CoA-synthetase genes sucCD, respectively. By this approach, direct
glucose oxidation was prevented to increase the biomass yield by avoiding glucose loss. The
incomplete TCA cycle was complemented with the aim to allow a complete oxidation of glucose in
the cytoplasm for a more efficient biomass formation. However, this was not achieved by the
expression of the missing TCA cycle genes, since pyruvate was accumulated by the strain instead
of acetate, indicating a bottleneck in pyruvate oxidation to acetyl-CoA. Nevertheless, the metabolic
engineering approaches enabled an increase of the biomass yield of strain 1IK003.1 by 60 %

compared to the reference strain G. oxydans 621H Aupp (Kiefler, et al., 2017).

1.4 Pseudomonas putida
Pseudomonas putida is a ubiquitous Gram-negative soil and plant root-associated bacterium of the
group of gammaproteobacteria (Palleroni, 2015). It can adapt to physicochemical and nutritional
niches and shows outstanding tolerance towards organic solvents (Nelson, et al., 2002, Blank, et
al,, 2008, Nikel, et al., 2014). The most studied strain is P. putida KT2440, which was derived from
P. putida mt-2 (formerly Pseudomonas arvilla), a m-toluate degrading soil isolate. Strain KT2440
lacks the pWWO plasmid, responsible for degradation of aromatic substrates (Murray, et al., 1972,
Bagdasarian, et al,, 1981, Nikel and de Lorenzo, 2018). Revelation of the 6.18 Mbp genome
sequence of strain KT2440 in 2002 and its revised version in 2016 allowed systemic insights into
its metabolism and demonstrated the non-pathogenic character of the strain, as it lacked key
virulence factors of the pathogenic close relative Pseudomonas aeruginosa (Nelson, et al., 2002,
Belda, et al.,, 2016). P. putida KT2440 is classified as host-vector system safety level 1 (HV-1) by
the FDA, meaning it is safe to work with (Kampers, et al.,, 2019).

Due to its versatile metabolism and tolerance towards xenobiotics P.putida is an
interesting and well-studied organism. Consequently, a big toolbox including different

modification techniques and expression systems is available (Loeschcke and Thies, 2015,
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Martinez-Garcia and de Lorenzo, 2017, Nikel and de Lorenzo, 2018). Besides a system for
homologous recombination (Martinez-Garcia and de Lorenzo, 2011), a system for site-directed
Tn7-based transposon-integration (Zobel, et al., 2015) for chromosomal integration in P. putida is
available. Additionally, gene repression via CRISPR interference is possible (Tan, et al., 2018).
Plasmid-based expression is possible with various vector backbones and a multitude of inducible
promoter systems (Martinez-Garcia and de Lorenzo, 2017). Of special interest for 5-KF
production with P. putida from alternative substrates is the fact that different examples of enzyme
surface display for either the wild type, engineered or surfome-streamlined P. putida are reported
in literature (Lee, et al,, 2005, Martinez-Garcia, et al., 2020, Tozakidis, et al., 2020). The reduction
of the surfome, surface exposed proteins which are for example involved in attachment and
biofilm formation, was reported to improve the suitability of P. putida for heterologous protein
anchoring to the outer membrane (Martinez-Garcia, et al., 2020)

P. putida has not only a potent endogenous metabolism but is also an interesting chassis
for heterologous pathways. Among others, the production of rhamnolipids, the terpenoid
zeaxanthin, prodigiosin, aromatic products like phenol and p-coumaric acid with P. putida was
shown (Wiercky, et al., 2005, Loeschcke, et al,, 2013, Loeschcke and Thies, 2015, Calero, et al.,
2016, Nikel and de Lorenzo, 2018, Tiso, et al,, 2020). Moreover, the solvent tolerance of P. putida
and its ability to withstand industrial-scale stress conditions make it an excellent industrial host
(Ankenbauer, et al., 2020). Currently, rhamnolipids and different Polyhydroxyalkanoates (PHAs)
are already industrially produced with P. putida and the production of furandicarboxylic acid
(FDCA), a building block for the recyclable polymer polyethylene furanoate (PEF) is planned to
start in 2023 (Poltronieri and Kumar, 2017, Tiso, et al., 2020, Weimer, et al., 2020, Avantium,
2021). In addition to the broad product spectrum, the utilization of lignin- and plastic-derived
compounds by engineered P.putida strains is of interest for sustainable biotechnological
processes (Kohlstedt, etal,, 2018, Li, et al., 2020, Ackermann, etal., 2021, Elmore, et al.,, 2021, Tiso,
etal, 2021).

For this work, however, the recently shown xylonate production with P. putida via
periplasmic oxidation by its native membrane-bound glucose dehydrogenase (Dvorak, et al,
2020) is the most relevant application of the versatile host since it demonstrates the ability of

P. putida for product formation via periplasmic oxidation.

1.4.1 Membrane bound dehydrogenases in P. putida
Like G. oxydans, P. putida possesses a membrane-bound PQQ-dependent glucose dehydrogenase
(Gcd), which plays an important role in glucose metabolization (del Castillo, et al., 2007, Nikel, et
al,, 2015). The gluconate formed by glucose oxidation plays an important role in the natural
habitat of P. putida, the soil, where excreted gluconate can solubilize phosphate from poorly

soluble calcium mineral phosphates like hydroxyapatite or tricalcium phosphate, promoting plant
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growth (Castagno, et al.,, 2011, An and Moe, 2016). In glucose metabolization it also plays an
important physiological role for the cells themselves, since a major portion of the hexose is first
oxidized, subsequently taken up as gluconate and phosphorylated to phosphogluconate (Nikel, et
al,, 2015, Kohlstedt and Wittmann, 2019).

Gluconate can also be oxidized via a second membrane-bound dehydrogenase, which
G. oxydans and P. putida have in common, gluconate dehydrogenase (Gad). The enzyme consists
of three subunits, encoded by PP_3382-3384, a cytochrome ¢ subunit, which is predicted to be
membrane associated and have a Sec signal peptide, a large FAD-containing subunit without
signal peptide, and a small subunit with a Tat signal peptide. It oxidizes gluconate to
2-ketogluconate (Kumar, et al., 2013, Winsor, et al., 2016). Regarding its subunits and prosthetic
groups, Gad resembles G. japonicus Fdh.

1.4.2 The respiratory chain of P. putida
The branched respiratory chain of P. putida contains a proton-pumping complex type I NADH
dehydrogenase, two non-proton-pumping type Il NADH dehydrogenases, two ubiquinol oxidases
(cytochrome bosz and a cyanide-insensitive bd-type oxidase CI0), a cytochrome bc; complex, and
three cytochrome c oxidases (cytochrome aaz and two cytochrome cbbs oxidases, cbbs-1 and
cbbsz-2) (Nelson, et al,, 2002, Morales, et al, 2006, Ebert, et al, 2011). An overview of the

respiratory chain of P. putida is shown in Figure 8.

Type | NADH DH (FMN, Fe-S) /1 c

(PP_4119-31) \
Glucose DH (PQQ) /

(PP_1444) / \ I
Gluconate-2 DH (FAD)
(PP_3382-4)
Succinat DH (FAD)

(PP_4190-3)

Lactat DH (FMN, Fe-S)
(PP_4736-5)

9
(PP_4265)
- 04

Figure 8 Scheme of the respiratory chain of P. putida. Electrons are transferred to ubiquinone (UQ) by the
membrane-bound glucose dehydrogenase (DH), gluconate DH, succinate DH, lactate DH and by the NADH
dehydrogenases. Ubiquinol is subsequently regenerated by the terminal cytochrome bd and cytochrome bos quinol
oxidases or the cytochrome bci complex, which further transfers the electron via cytochrome c to the terminal
cytochrome aas or cytochrome cbbs oxidases. Expression of the oxidases is regulated by the global ANR regulator
depending on the oxygen availability. During exponential phase or at high oxygen tension (green arrows), ANR
upregulates expression of the chbs-1 oxidase and in early stationary phase or during oxygen limitation (red arrows)
ANR downregulates expression of the bd and bos oxidases and upregulates expression of the chbs-1 oxidase (Ugidos, et

al.,, 2008). Locus tags for the P. putida KT2440 genome (Belda, et al., 2016) are indicated.
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Expression of the bos, bd and cchs-1 terminal oxidases in P. putida was shown to be coordinated
by the oxygen-responsive global regulator ANR (Ugidos, et al., 2008). ANR is one of three FNR-
family proteins in P. putida, each with a different O sensitivity, modulating O;-responsive gene

expression (Ibrahim, et al,, 2015).

1.4.3 Carbon metabolism in P. putida

The carbon metabolism of P. putida was predominantly analyzed for the commonly used hexose
glucose. Glucose enters the periplasm via the sugar-specific porin OprB (Saravolac, et al,, 1991,
del Castillo, et al., 2007, Coines, et al,, 2019). From the periplasm glucose can either be directly
taken up into the cytoplasm via the ABC transporter GtsABCD, where it is subsequently
phosphorylated to glucose 6-phosphate by the glucokinase Glk or be processed via periplasmic
oxidation. A major portion of glucose is oxidized to gluconate by the membrane-bound glucose
dehydrogenase Gcd. Gluconate is either taken up into the cytoplasm via the gluconate transporter
Gnt and then phosphorylated by the gluconokinase GnuK or it is further oxidized in the periplasm
to 2-ketogluconate by the membrane-bound gluconate dehydrogenase Gad. 2-Ketogluconate is
then taken up by the 2-ketogluconate transporter KguT and subsequently phosphorylated by the
2-ketogluconate kinase KguK (del Castillo, et al., 2007). The phosphorylated metabolites then
enter the central carbon metabolism. Flux studies showed that direct glucose uptake only plays a
minor role, while the initial oxidation to gluconate and subsequent gluconate uptake is the major
route (Nikel, et al., 2015, Kohlstedt and Wittmann, 2019). P. putida KT2440 encodes the needed
enzymes for the EDP, the PPP and an incomplete EMP, lacking the 6-phosphofructo-1-kinase (Pfk)
(Nelson, etal., 2002, Belda, et al,, 2016). A combined cyclic, so called EDEMP cycle, using enzymes
of all three routes was shown to be used by P. putida for glucose metabolization (Nikel, et al.,
2015). Sugar processing via this route leads to high regeneration rates for NADPH, which can be
interconverted to NADH by the soluble and the membrane-bound, proton-translocating pyridine
nucleotide transhydrogenases (SthA and PntAB) (Nikel, et al., 2016, Kohlstedt and Wittmann,
2019). Additionally, the periplasmic glucose oxidation leads to an ATP surplus, compared to direct
glucose uptake via GtsABCD. Only one ATP per glucose is needed for the phosphorylation of
gluconate or 2-ketogluconate, while for the direct glucose uptake one ATP is needed for the
transport and one for the phosphorylation. Together the high NAD(P)H and ATP regeneration
likely support the organisms robustness (Ebert, et al.,, 2011, Nikel, et al., 2015, Kohlstedt and
Wittmann, 2019).

For this work however, fructose is the more important carbon source. Fructose is taken
up as fructose-1-phosphate via the only sugar phosphotransferase system (PTS) in P. putida.
PTSFru consists of FruA, a fusion protein of EIIB-EIIC, and FruB, a fusion protein of EIIA-HPr-EI,
encoded by the fruBKA operon, together with the 1-phosphofructokinase FruK (Velazquez, et al.,

2007, Pfliiger and de Lorenzo, 2008). fruB deletion strains cannot grow on fructose, indicating
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that fructose can only be taken up via PTSFru (Velazquez, et al., 2007, Chavarria, et al., 2013).
Fructose-1-phosphate is phosphorylated by FruK to fructose-1,6-bisphosphate, enabling further
processing directly via the EMP, or after cleavage of one phosphate group by 1,6-bisphosphatase
as fructose-6-phosphate via the EDP, and PPP (Sawyer, et al, 1977, Lessie and Phibbs, 1984,
Velazquez, etal,, 2007, Chavarria, et al., 2012). Regarding the uptake of the sole PTS sugar fructose
via PTSFrv in P. putida additionally some regulatory effects are important. The fruBKA operon is
repressed by FruR, a catabolite repressor/activator (Cra) protein and fructose-1-phospate is
needed as FruR effector to allow fruBKA expression (Chavarria, et al., 2014, Chavarria, et al,, 2016).
Cra additionally represses the expression of one glyceraldehyde-3-phosphate (GA3P)
dehydrogenase (GAPDH) gene (PP_3443) and thus regulates the central carbon metabolism at the
GA3P branching point. Upon fructose availability and effector binding, additional GAPHDH is
available, ensuring efficient phosphoenolpyruvate (PEP) for PEP-dependent fructose uptake via
PTSFru (Chavarria, et al., 2016). In addition to PTSFy, P, putida possesses a second PTS, PTSNr, [t
was first believed to sense the balance between N and C in the cell, but was later shown to control
various metabolic functions, and thus is a key regulatory device. Both PTSs were shown to be
interconnected via exchange of phosphoryl-groups (Cases, et al., 2001, Pfliiger and de Lorenzo,

2008, Chavarria, et al., 2012, Wolf, et al,, 2015).

1.4.4 Heterologous sucrose metabolism in P. putida

In addition to glucose and fructose, for this work sucrose as cheap alternative carbon source is of
importance. P. putida is naturally not able to metabolize the disaccharide, however, two
engineering approaches with heterologous genes toward sucrose consumption in P. putida were
reported so far. The cscA and cscB genes of E.coli W, encoding an invertase and a sucrose
permease were expressed from plasmids or in Tn5 transposon integration strains (Lowe, et al,,
2017). While the reference strain without cscAB showed no growth with sucrose as sole carbon
source, the strain with plasmid-based or transposon-integrated cscAB expression was able to
grow with sucrose as sole carbon source. However, growth of the expression strain with sucrose
was slower than growth of the reference strain with a combination of glucose and fructose. The
expression of cscA alone was also shown to allow growth with sucrose as sole carbon source at a
comparable growth rate and biomass yield, as with cscAB. CscA is a cytoplasmic enzyme, and
sucrose should not be taken up into the cell without CscB since no sucrose specific porins or
transporters are known in P. putida. The sucrose cleavage of the invertase CscA alone was
explained with nonspecific leakage of the enzyme out of the cell, since a small portion of invertase
activity was detected in the supernatant (Lowe, et al.,, 2017).

Improved growth on sucrose was shown when using the newly identified sucrose
metabolism gene cluster of the close relative Pseudomonas protegens Pf-5. The cscRABY gene

cluster (PFL_3236-3239), encodes a repressor, a sucrose hydrolase, a permease and a porin
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(Lowe, et al., 2020). Plasmid-based expression of cscRABY allowed growth with sucrose as sole
carbon source. The expression of cscRAB, without cscY, encoding a porin, was not sufficient to
enable growth in M9 medium with sucrose as sole carbon source, suggesting a crucial role or the
porin in sucrose consumption. However, cscRAB expressing cells from M9 precultures, compared
to cells from LB precultures, were able to grow with sucrose as sole carbon source, despite lacking
the CscY porin. This different behavior is explained with the difference of a glycolytic regime when
grown in M9 medium with glucose as sole carbon source, compared to a gluconeogenetic regime
in LB-grown cells, as these different lifestyles require a different composition of the outer
membrane. The difference in precultures was shown to influence the permeability for sucrose,
likely by altering the outer membrane composition. Overall, this study demonstrated the
importance of porins for sucrose uptake when using an intracellular sucrose cleavage in P. putida

(Lowe, et al., 2020).

1.5 Aims of this thesis

Plasmid-based 5-KF production with a heterologous G. oxydans strain expressing fdhSCL was
already described in literature. For production of 5-KF as a food additive, antibiotic-free
production would be desirable. Consequently, the first part of this thesis aimed at plasmid-free
5-KF production via chromosomally encoded Fdh. For G. oxydans, however, not many genomic
integration sites were known since recent studies mainly focused on metabolic engineering with
gene replacements. Therefore, criteria for the selection of integration sites should be defined, sites
should be chosen based on the results of an RNAseq analysis (Kranz, et al., 2018), and the
G. japonicus fdhSCL genes should then be integrated at the selected sites in the chromosome via
homologous recombination. The resulting recombinant strains should then be tested for 5-KF
production from fructose and the different integration sites compared with respect to their
influence on fdhSCL expression and 5-KF production. The second aim was the use of alternative
substrates like sucrose or starch for 5-KF production by employing surface-displayed
heterologous enzymes (invertase, amylase, glucose isomerase) that convert these substrates to
fructose. As model enzyme for establishing surface display in G. oxydans, amylase was selected.
Although G. oxydans is a well-established host for oxidative biotransformations, it has
several disadvantages for industrial production, such as the low biomass yield, the need for
complex media components, and the restricted molecular toolbox available. Hence, in the second
part of this thesis, the possibility for 5-KF production with an alternative host lacking these
disadvantages should be tested. For various reasons, the well-established workhorse P. putida
was chosen as an attractive new host for 5-KF production. Suitable fdhSCL expression strains
should be constructed and their efficiency for 5-KF production from fructose should be compared
with the corresponding G. oxydans strains. Furthermore, the substrate spectrum for 5-KF

synthesis should be extended to sucrose by expression of a heterologous invertase.
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2 Results

The overarching aim of this thesis was the construction and characterization of strains of
Gluconobacter oxydans and Pseudomonas putida for the efficient production of the natural
sweetener 5-ketofructose (5-KF) from fructose and alternative substrates. The results were

published in two original articles in peer-reviewed journals.

In the publication “Novel plasmid-free Gluconobacter oxydans strains for production of the
natural sweetener 5-ketofructose” (Microbial Cell Factories (2020) 19:54) the generation and
characterization of chromosomal fdhSCL integration strains based of G. oxydans 1K003.1 was
described. Four chromosomal integration sites for heterologous expression were selected. In
three cases the fdhSCL genes were inserted into intergenic regions, whereas in one case the fdhSCL
genes replaced a known defective gene in the chromosome. Integration of G. japonicus fdhSCL
genes enabled plasmid-free 5-KF production with only slightly varying levels for the four different
strains. As the 5-KF production rates were much lower than that of a strain with plasmid-borne
fdhSCL genes, the double integration strain IK003.1::fdhSCL? was constructed, which showed an
approximately two-fold increased 5-KF production rate when compared to the single integration
strains. RT-qPCR showed that different 5-KF production rates were related to different fdh
expression levels in the respective strains. In cooperation with M.Sc. Svenja Battling at the
Institute of Biochemical Engineering headed by Prof. Jochen Biichs at RWTH Aachen University,
bioprocess optimization was performed for a selected fdhSCL integration strain. Overall, this
study demonstrated the possibility for plasmid- and antibiotic-free 5-KF production with
G. oxydans.

5-KF production from fructose and sucrose with P. putida as alternative host is described
in the publication “Metabolic engineering of Pseudomonas putida for production of the natural
sweetener 5-ketofructose from fructose or sucrose by periplasmic oxidation with a heterologous
fructose dehydrogenase” (Microbial Biotechnology, doi: 10.1111/1751-7915.13913). Tn7-based
genomic integration of the G. japonicus fdhSCL genes enabled P. putida to oxidize fructose to 5-KF.
In a fed-batch fermentation high titers and yields of 5-KF were reached, comparable to the
corresponding G. oxydans strain. Plasmid-based expression of the G.japonicus invi417 gene
encoding an invertase enabled sucrose metabolization. With sucrose as substrate, production
times almost comparable to fructose as substrate were reached and in a pulsed fed-batch
fermentation high 5-KF concentrations comparable to the fructose fermentation were reached. In

summary, this study established P. putida as an efficient alternative host for 5-KF production.
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Abstract

Background: 5-Ketofructose (5-KF) has recently been identified as a promising non-nutritive natural sweetener.
Gluconobacter oxydans strains have been developed that allow efficient production of 5-KF from fructose by plasmid-
based expression of the fructose dehydrogenase genes fdhSCL of Gluconobacter japonicus. As plasmid-free strains are
preferred for industrial production of food additives, we aimed at the construction of efficient 5-KF production strains
with the fdhSCL genes chromosomally integrated.

Results: For plasmid-free 5-KF production, we selected four sites in the genome of G. oxydans IK003.1 and inserted
the fdhSCL genes under control of the strong P264 promoter into each of these sites. All four recombinant strains
expressed fdhSCL and oxidized fructose to 5-KF, but site-specific differences were observed suggesting that the
genomic vicinity influenced gene expression. For further improvement, a second copy of the fdhSCL genes under
control of P264 was inserted into the second-best insertion site to obtain strain IK003.1:fdhSCL?. The 5-KF produc-
tion rate and the 5-KF yield obtained with this double-integration strain were considerably higher than for the single
integration strains and approached the values of IK003.1 with plasmid-based fdhSCL expression.

Conclusion: We identified four sites in the genome of G. oxydans suitable for expression of heterologous genes and
constructed a strain with two genomic copies of the fdhSCL genes enabling efficient plasmid-free 5-KF production.
This strain will serve as basis for further metabolic engineering strategies aiming at the use of alternative carbon
sources for 5-KF production and for bioprocess optimization.

Keywords: Gluconobacter oxydans, Sweetener, Chromosomal integration, 5-ketofructose, Fructose dehydrogenase

Background

The strictly aerobic acetic acid bacterium Gluconobacter
oxydans contains at least eight membrane-bound dehy-
drogenases catalyzing the rapid chemo-, regio-, and ste-
reoselective oxidation of sugars, alcohols, and polyols in
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the periplasm to organic acids, aldehydes, and ketones
[1]. The resulting electrons are transferred via ubiqui-
none to the terminal cytochrome bo; oxidase [2] or a
cyanide-insensitive bd-type oxidase [3], both of which
reduce oxygen to water. Due to the distinctive properties
of the membrane-bound dehydrogenases, G. oxydans has
become an important workhorse for oxidative biotrans-
formations in biotechnology [4—8]. The first industrial
application of G. oxydans was in vitamin C production
via the Reichstein-Griissner process [9], where the sorbi-
tol dehydrogenase catalyzes the oxidation of D-sorbi-
tol to L-sorbose [10]. Other products whose synthesis

©The Author(s) 2020.This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
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in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material

is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http//creativeco
mmonsorg/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http+//creativecommons.org/publicdomain/
zero/10/) applies to the data made available in this article, unless otherwise stated in a credit line to the data
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involves G. oxydans include dihydroxyacetone [11] or the
anti-diabetic drug miglitol [12, 13].

Due to the vigorous incomplete periplasmic substrate
oxidation of G. oxydans, only a small fraction of the car-
bon source is taken up into the cytoplasm and enters the
central carbon metabolism, which is characterized by an
incomplete glycolysis and an incomplete tricarboxylic
acid (TCA) cycle [14]. Glucose is metabolized predomi-
nantly via the oxidative pentose phosphate pathway and
to some extent via the Entner—Doudoroff pathway [15].
Pyruvate is partly converted to acetate as final product by
pyruvate decarboxylase and acetaldehyde dehydrogenase
[16]. As a consequence of the small fraction of substrate
metabolized within the cell, the biomass yield of G. oxy-
dans is quite low (about 0.1 g cell dry weight/g glucose).
As this causes increased costs for biomass synthesis, met-
abolic engineering was used to create G. oxydans strains
with improved biomass yield on glucose by reducing or
avoiding its oxidation to gluconate [16, 17]. One of the
resulting strains, IK003.1, which is derived from the par-
ent strain 621H, lacks both the membrane-bound and the
soluble glucose dehydrogenase as well as pyruvate decar-
boxylase. It has a 60% increased biomass yield on glucose
and accumulates pyruvate instead of acetate [17].

Excess sugar consumption is associated with obesity
and various diseases such as cardiovascular diseases or
type II diabetes [18-20]. Thus, the food industry aims
at the replacement of nutritive sugars such as sucrose or
high-fructose corn syrup by non-nutritive sugar substi-
tutes such as sucralose [21]. Various artificial and natural
sweeteners are already available on the market, but most
of them have drawbacks. Polyols such as p-sorbitol or
p-xylitol show laxative effects [18], whereas compounds
such as acesulfame K or steviol glycosides have a bitter
off-taste [22]. 5-Keto-D-fructose (5-KF) is considered as a
potential non-nutritive natural sweetener [23], which has
been found e.g. in white wine [24, 25]. It shows a sweet
taste quality identical to that of fructose and has a similar
intrinsic sweet threshold concentration of 16.4 mmol/L
[26]. Therefore, the development of processes for the
production of 5-KF has recently gained attention.

G. oxydans is able to oxidize fructose to 5-KF when
cultivated with fructose [25] or with mannitol, which is
initially oxidized to fructose [27]. However, the enzyme
responsible for 5-KF formation in G. oxydans is not
known yet. In contrast, fructose dehydrogenase (FDH),
a membrane-bound enzyme catalyzing the periplas-
mic oxidation of fructose to 5-KF with ubiquinone as
electron acceptor, has been isolated and characterized
from Gluconobacter japonicus NBRC3260 (formerly
Gluconobacter industrius IFO3260) [28, 29]. It is a het-
erotrimeric enzyme composed of a small subunit with
a putative Tat signal peptide (FdhS), a Sec-secreted
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cytochrome ¢ subunit with three CXXCH motifs for
covalent heme attachment and a C-terminal trans-
membrane helix anchoring the entire complex to the
membrane (FdhC), and a large subunit with a cova-
lently bound flavin adenine dinucleotide (FAD) cofac-
tor (FdhL). It lacks a signal peptide and is presumably
exported via the Tat system in complex with FdhS. The
corresponding genes are organized in the polycistronic
fdhSCL transcription unit [29]. Plasmid-based expres-
sion of the G. japonicus fdhSCL genes under the control
of an adhAB promoter in a AadhA mutant of G. oxy-
dans NBRC12528 lead to 20-fold higher FDH activity
compared to G. japonicus wild-type cells, confirming
the successful synthesis of FDH in this heterologous
host [29].

The application of FDH for the targeted produc-
tion of 5-KF was reported only recently [30]. A strain
of G. oxydans 621H expressing the fdhSCL genes of
G. japonicus under the control of the strong constitu-
tive promoter P264 on the broad host range plasmid
pBBR1p264-fdhSCL-ST showed good growth on fruc-
tose and formed 5-KF with a yield of 89 mol% 5-KF
per fructose. Moreover, when combined with a second
G. oxydans strain secreting the sucrase SacC of Zymo-
monas mobilis, this bacterial community was able to
convert either purified sucrose or sucrose present in
sugar beet extract to glucose and fructose and oxidize
the latter to 5-KF with molar yields of >90% and > 80%,
respectively [30]. Most recently, 5-KF production from
sucrose was reported for a G. oxydans strain with a
chromosomal fdhSCL integration and plasmid-based
expression of an invertase, resulting in conversion
of 8442 mol% of the fructose units of sucrose into
5-KF [31]. G. oxydans carrying the expression plasmid
pBBR1p264-fdhSCL-ST was also used for bioprocess
development. When cultivated in a 2 L bioreactor with
constant fructose feeding, 5-KF up to 489 g/L, yields up
to 0.98 g 5-KF/g fructose and space-time yields up to
8.2 g/L/h were reached, demonstrating the efficiency of
this 5-KF production process [26].

Considering an industrial implementation, 5-KF pro-
duction with plasmid-free strains would be desirable.
Therefore, the current study aimed at the development
and characterization of G. oxydans strains with genomi-
cally integrated fdhSCL genes. Initially, four strains of
G. oxydans 1K003.1, each harboring a single copy of the
fdhSCL genes at different genomic loci, were constructed
and analyzed regarding 5-KF production. Based on these
results, a strain carrying two genomic f@dhSCL copies
under control of the P264 promoter was constructed,
which showed even better growth on fructose than the
single-copy strains and formed 5-KF with yields of up to
0.82g/g.



24 5-KF production with G. oxydans

Results

Battling et al. Microb Cell Fact (2020) 19:54

Results and discussion

Selection of genomic integration sites for the fdhSCL genes
and design of integration constructs

In this study, we wanted to generate plasmid-free G. oxy-
dans strains for the production of 5-KF by genomic inte-
gration of the FDH genes fdhSCL from G. japonicus.
Because the genomic vicinity can influence the expres-
sion of integrated genes, we selected four different inte-
gration sites in the genome of G. oxydans 1K003.1. For
one of the insertions, the genes GOX2096-G0OX2095
(GOX_RS11750) for a sorbitol dehydrogenase large
subunit were replaced by the fdhSCL genes. GOX2096-
GOX2095 represent an authentic frameshift in G. oxy-
dans 621H leading to an inactive enzyme [14, 32].
Therefore, the replacement does not lead to a metabolic
deficiency. In the case of the other three integration sites,
the fdhSCL genes were inserted into intergenic regions
(IGRs) without deleting any part of the genome. The
IGRs were chosen based on the following criteria: (i) the
genomic positions should be close to the origin of rep-
lication to profit from a positive gene dosage effect; (ii)
the positions should be located between the 3'-ends of
two convergent genes to avoid an interference with the
regulation of neighboring genes; (iii) the expression lev-
els of the adjacent genes should vary for the three sites
to test the influence of the genomic vicinity on fdhSCL
expression; (iv) the chromosomal gene upstream of the
fdhSCL genes should possess a terminator to enable com-
parison of the three loci without readthrough from an
upstream promoter. Applying those criteria and using
RNAseq data [33] for the evaluation of the expression
levels of the neighbouring genes, the following positions
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were selected: igrl between GOX0013 and GOX0014,
igr2 between GOX0028 and GOX0029, and igr3 between
GOX0038 and GOX0039. The exact integration sites
were positioned directly downstream of the terminator
of the upstream gene, as predicted with the online tool
ARNold [34].

The fdhSCL integration fragments were composed of
500 bp upstream DNA of the respective insertion site
followed by the strong constitutive P264 promotor, the
consensus ribosome binding site (RBS) AGGAG [33],
the fdhSCL genes with an ATG start codon instead of
TTG for fdhS, which was shown to be beneficial for 5-KF
production [29], the bidirectional 100 bp terminator
region downstream of GOX0028, which led to efficient
termination according to RNA seq data [33], and 500 bp
downstream DNA of the respective insertion site. The
integration fragments were inserted into the suicide vector
pAJ63a [35] and transferred into G. oxydans IK003.1 by
conjugation, followed by a two-step homologous recom-
bination protocol as outlined in the Methods section. The
resulting integration strains were checked via colony-PCR
and named IK003.1-igrl:fdhSCL, 1K003.1-igr2:fdhSCL,
1K003.1-igr3::fdhSCL, and 1K003.1 Asdh::fdhSCL (Fig. 1).

Shake flask cultivations with different G. oxydans
1K003.1::fdhSCL strains with 18 g/L and 80 g/L fructose
Shake flask cultivations with offline sampling, using the
four integration strains as well as IK003.1 as reference,
were performed to assess whether the integration strains
produce more 5-KF than the parental strain. Cultiva-
tions were performed with 18 g/L fructose (=100 mM).
Growth, fructose consumption, and 5-KF formation are
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shown in Fig. 2. After 29 h of cultivation, when no further
growth was observed, 1K003.1-igr3:fdhSCL, 1K003.1-
igr2:fdhSCL, and 1K003.1 Asdh::fdhSCL had completely
consumed the fructose, resulting in higher 5-KF con-
centrations than observed for IK003.1-igr1:fdhSCL with
2.5 g/L residual fructose. The integration strains showed
15-22% higher growth rates (0.31 h™! —0.33 h™) than
the reference strain 1K003.1 (0.27 h™') and reached
higher final cell densities. Due to the lack of the fdh-
SCL genes, 1K003.1 cannot generate energy by periplas-
mic fructose oxidation, which explains slower growth
and lower biomass formation. Nevertheless, the refer-
ence strain produced small amounts of 5-KF, reaching
a yield of 0.04 g/g. Low 5-KF production has also previ-
ously been described for G. oxydans grown on mannitol
[27]. Here fructose oxidation to 5-KF was presumably
catalyzed by the membrane-bound polyol dehydroge-
nase mSIdAB, since a side activity for fructose oxidation
has been described for a Gluconobacter thailandicus
mSIdAB homolog [36]. All integration strains formed
5-KF, but the kinetics differed (Fig. 2b). Strain IK003.1-
igr3:fdhSCL showed the fastest 5-KF production,
strains 1K003.1-igr2:fdhSCL and 1K003.1 Asdh:fdhSCL
were somewhat slower, and IK003.1-igrl:fdhSCL
was much slower than the other strains. The 5-KF
yields after 29 h were comparable for the three fastest
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Fig.2 Growth, 5-KF formation, and fructose consumption of the
indicated G. oxydans strains in shake flasks. Depicted is a the cell
density as ODgyq, b the 5-KF concentration, and ¢ the fructose
concentration determined by HPLC (method A). The strains were
cultivated in 100 mL complex medium with 18 g/L fructose in 500 mL
baffled shake flasks at 30 °C, 130 rpm, a shaking diameter of 50 mm,
and 85% humidity. Shown are mean values of biological duplicates
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strains (0.76 g/g for IK003.1-igr3::fdhSCL and 1K003.1-
igr2:fdhSCL, 074 glg for IK003.1 Asdh:fdhSCL),
but lower for IK003.1-igrl:f@dhSCL (0.61 g/g). This
experiment already showed an influence of the inte-
gration site on 5-KF production with the ranking
1K003.1-igr3::fdhSCL > 1K003.1-igr2::fdhSCL > 1K003.1
Asdh:fdhSCL >1K003.1-igr1::fdhSCL. This ranking was
later confirmed in additional experiments.

To further investigate the four different integration
sites, cultivations with online monitoring of respiratory
activity in shake flasks were performed using the Respira-
tion Activity MOnitoring System (RAMOS). Measuring
the oxygen transfer rate (OTR) and the carbon dioxide
transfer rate (CTR) provides extremely useful informa-
tion about the metabolic activities and the physiological
state of the microorganisms [37, 38]. 5-KF production
from fructose is an oxidation reaction catalyzed by
FDH and the electrons are transferred in the respiratory
chain to oxygen as the final electron acceptor [26, 39].
Hence, 5-KF formation contributes to the OTR kinetics
in addition to other catabolic activities of the G. oxydans
strains. Cultivations with online monitoring of the respir-
atory activity were performed to obtain additional infor-
mation on the growth behavior of the four integration
strains using IK003.1 and the plasmid-containing strain
1K003.1 pBBR1p264-fdhSCL-ST as reference (Additional
file 1: Fig. S1). Increasing the fructose concentration from
18 g/L to 80 g/L led to a decrease of the 5-KF yield for all
four integration strains, reaching values between 0.36 g/g
and 0.58 g/g (Additional file 1: Table S1). Residual fruc-
tose concentrations of 25 g/L to 45 g/L were detected
for the integration strains (Additional file 1: Table SI).
1K003.1 pBBR1p264-fdhSCL-ST reached a much higher
yield of 0.88 g/g.

The kinetics of OTR, CTR, and the respiratory quotient
(RQ = CTR/OTR) observed for the six strains (Addi-
tional file 1: Fig. Sla—c) are likely caused by differences in
the fructose oxidation rate, as a consequence of varying
JdhSCL expression levels, which will be discussed below.
The plasmid-containing strain IK003.1 pBBR1p264-
fdhSCL-ST presumably has the highest FDH activity
and showed the highest OTR. The maximal total oxygen
consumption (TOC) of 220 mmol/L was reached already
after 19 h (Additional file 1: Fig. S1d). Due to the rapid
oxidation of fructose to 5-KF, less fructose is available for
uptake and intracellular oxidation, resulting in the lowest
total carbon dioxide evolution (TCE) of 50 mmol/L for
1K003.1 pBBR1p264-fdhSCL-ST (Additional file 1: Fig.
Sle). The reference strain IK003.1 had only a very low
activity for fructose conversion to 5-KF and a very low
maximal TOC of 80 mmol/L. The CTR was also quite
low for 1K003.1, because the strain may be energy-lim-
ited in the absence of FDH-based respiration, resulting
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in a maximal TCE of only 75 mmol/L. The 5-KF produc-
tion of the four integration strains was slower than in the
plasmid-based strain, resulting in a lower OTR. A maxi-
mal TOC of 250 mmol/L was reached for the integration
strains at the end of the cultivation, except for IK003.1-
igrl::fdhSCL. At the same time, more fructose was taken
up and catabolized within the cell, resulting in higher
CTR. The maximal TCE is two to four times higher for
all integration strains in comparison with the plasmid-
containing strain (Additional file 1: Fig. Sle). The kinetics
of the RQ reflects these differences (Additional file 1: Fig.
Slc).

Another parameter that probably influences the kinet-
ics of OTR and CTR is the pH value. Strain IK003.1
forms pyruvate (pK, 2.49) instead of acetate (pK, 4.78),
leading to a stronger acidification of the medium. In the
experiment shown in Additional file 1: Fig. S1, pyru-
vate formation is dependent on the rate of intracellular
fructose catabolism and thus should be reflected by the
CTR value. Consequently, the integration strains should
show a stronger acidification than the plasmid-contain-
ing strain and IK003.1, which was confirmed by the pH
values measured after 29 h of cultivation (Additional
file 1: Table S1). The pH influences the FDH activity and
thus fructose consumption. The pH optimum for FDH is
around 4 and activity decreases slightly at higher pH val-
ues, but strongly at lower pH, with no activity observed
at pH 3 [29]. It is therefore likely that the OTR and CTR
kinetics observed for the integration strains with a slow
decrease after the maximum (Additional file 1: Fig. S§1)
and the incomplete fructose consumption (Additional
file 1: Table S1) is caused by inhibition of FDH and other
enzymes, such as those of the pentose phosphate path-
way [40], due to acidification.

Influence of buffering on growth and 5-KF production
during cultivation of IK003.1-igr1::fdhSCL with 80 g/L
fructose in a RAMOS device
The decreasing pH during the cultivation had presum-
ably a negative influence on growth and product forma-
tion during the cultivation. Therefore, it was investigated
whether pH control has a positive effect on growth and
product formation. CaCO, is sometimes used in shake
flask cultivations for buffering, but it has several disad-
vantages including turbidity of the medium [41]. There-
fore, 2-(N-morpholino)ethansulfonic acid (MES) buffer
with a pK, value of 6.1 was used [42]. Strain IK003.1-
igrl::fdhSCL was chosen to compare cultivations with-
out buffer and with 50 mM, 100 mM, and 150 mM MES
buffer.

The addition of MES buffer had a strongly positive
effect on 5-KF formation (Fig. 3). As expected, the pH
value at the end of the cultivation increased from 3.3
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Fig.3 Cultivation of G. oxydans IK003.1-igr1:fdhSCL in a RAMOS
device with 80 g/L fructose and different MES buffer concentrations.
Depicted is a the residual fructose concentration (red), the 5-KF
concentration (green), the yield g/g (grey), and the pH (blue), b the
oxygen transfer rate (OTR) and ¢ the total oxygen consumption (TOC)
Cultivations were performed at 30 °C, 350 rpm,V, =10 mL in 250 mL
flasks, pHy,r =6 and a shaking diameter of 50 mm in complex
medium with 80 g/L fructose and MES buffer at concentrations of
0 mM, 50 mM, 100 mM and 150 mM. Shown are mean values of
duplicates and the concentrations determined for fructose and 5-KF
in the two experiments as well as the resulting yields are shown as
stars

for unbuffered cultivation to 4-4.7 for the cultivations
with MES buffer (Fig. 3a). Fructose was completely con-
sumed in the buffered cultures, resulting in a significantly
increased 5-KF formation of up to 71 g/L and an increase
of the yield from 0.56 g/g for the unbuffered culture to
0.86 g/g for the culture with 50 mM MES (Fig. 3a). At
100 mM and 150 mM MES, the 5-KF concentration and
the yield were lower than at 50 mM MES, but the final
0Dy, was higher (4.1 for 0 mM MES, 4.9 for 50 mM
MES, 5.4 for 100 mM MES, 5.9 for 150 mM MES). Higher
pH values thus favor biomass formation and decrease
5-KF production.

The OTR kinetics of cultivations with the different
MES concentrations showed clear differences (Fig. 3b).
The maximal OTR of all MES-buffered cultures was
about 50 mmol/L/h and thus 2.5-fold higher than for
the unbuffered culture. At 100 mM and 150 mM MES,
the OTR slowed down compared to 50 mM MES. This is
most likely due to the higher osmolality of the medium,
which increased from 0.56 Osmol/kg for unbuffered
medium to 0.78 Osmol/kg for medium with 150 mM
MES. The negative influence of osmolality on growth of
G. oxydans has already been described [41, 43].

Results
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The kinetics of TOC is shown in Fig. 3c. As expected
from the OTR kinetics, the TOC values of the MES-
containing cultures were much higher than that of the
unbuffered culture. Increasing MES concentrations
correlated with increased TOC values, which can be
explained by the fact that higher MES concentration led
to higher biomass formation and thus a higher fraction of
fructose was metabolized intracellularly, leading to more
reducing equivalents per fructose than its simple oxida-
tion to 5-KFE.

Despite the increased lag phase, the positive effect of
MES buffer regarding pH, TOC, ODgy and yield pre-
dominates. Therefore, subsequent shake flasks experi-
ments were conducted with 150 mM MES buffer, which
led to the highest TOC and the highest pH at the end of
the cultivation. This was important for further experi-
ments with fructose concentrations up to 210 g/L per-
formed in shake flasks (Additional file 1: Fig. S5, Tab. S2).

Comparison of different G. oxydans strains

during cultivation in a RAMOS device with 80 g/L fructose
and 150 mM MES buffer

Based on the positive effect of MES buffering on 5-KF
production by IK003.1-igrl:fdhSCL, these condi-
tions were used to compare the four different integra-
tion strains among each other, with the parent strain
IK003.1, and with the plasmid-containing strain IK003.1
pBBR1p264-fdhSCL-ST (Fig. 4).

As expected from the previous experiments, all strains
except for IK003.1 consumed fructose completely and the
final pH values varied between 4.3 and 4.6. 5-KF forma-
tion by the four integration strains was very similar (57—
59 g/L), corresponding to yields of 0.71-0.75 g/g (Fig. 4a).
Compared to the unbuffered cultures (Additional file 1:
Table S1) this was an increase of 1.2- to 2-fold. The plas-
mid-containing strain formed 65 g/L 5-KF corresponding
to a yield of 0.84 g/g.

The final ODgy, of the integration strains ranged
between 6.9 and 8.3 (Fig. 4a). In view of the comparable
5-KF formation of the four strains, these differences were
unexpected and apparently are a consequence of the dif-
ferent genomic integration sites. The plasmid-containing
strain had a much lower final ODgy, of only 3.3 compared
to the integration strains. As discussed above, this is
caused by the higher copy number resulting in more fdh-
SCL transcript, resulting in faster fructose oxidation and
a lower amount of fructose entering the cell. Additionally,
a longer period of fructose oxidation by FDH also pro-
vides a longer period of energy supply for biomass forma-
tion from components of the yeast extract. Once fructose
has been exhausted, growth is no longer sustained.

The statements made above are supported by the OTR
and CTR kinetics (Fig. 4b, ¢). The plasmid-based strain
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Fig.4 Cultivation of the indicated G. oxydans strains in a RAMOS
device with 80 g/L fructose and 150 mM MES. Depicted is a
the residual fructose concentration and the 5-KF concentration
(determined by HPLC method B), the yield g/g, and the optical
density (ODgq) after 29 h, b the oxygen transfer rate (OTR), ¢ the
carbon dioxide transfer rate (CTR), and d the respiratory quotient (RQ,
shown for OTR values above 5 mmol/L/h). The strains were cultivated
in complex medium with 80 g/L fructose and 150 mM MES at 30 °C,
350 rpm, vV, =10 mL in 250 mL flasks, pH,, =6 and a shaking
diameter of 50 mm. Shown are mean values of duplicates and the
values determined for optical density, the concentrations of fructose
and 5-KF, and the resulting yields in the two experiments are shown
as stars

reached its OTR maximum of 36 mmol/L/h already after
13 h, whereas the integration strains reached their maxi-
mum of ~55 mmol/L/h after 17 h 19 h (Fig. 4b). CTR
was very low for the plasmid-based strain and much
higher for the integration strains. This is in line with a
higher intracellular fructose catabolism and a presum-
ably higher consumption of yeast extract components
(Fig. 4c). For strain 1K003.1, both OTR and CTR were
retarded compared to the integration strains. These
kinetics are due to slow intracellular oxidation of fruc-
tose. In line with these data, the RQ value for IK003.1
was the highest of all strains (about 0.9), whereas the RQ
of the plasmid-based strain was very low with a value of
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about 0.2. The integration strains showed RQ values in
the range of 0.6-0.8 (Fig. 4d).

This experiment revealed that when using buffered con-
ditions, the fdhSCL integration strains approached the
5-KF titer and the yield of the strain with plasmid-based
fAhSCL expression. With respect to the four genomic
integration sites, the differences in 5-KF titer and yield
were rather small, but IK003.1-igr3::fdhSCL showed the
fastest growth followed by IK003.1 Asdah::fdhSCL and
1K003.1-igr2::fdhSCL.

Scale up and fermentation in 2 L fermenter

with 1K003.1-igr3:fdhSCL

An important step for the industrial implementation of
5-KF production with a plasmid-free strain is the design
and establishment of a suitable fermentation process. As
a first step, a scale up from shake flasks to a 2 L fermenter
was performed with strain 1K003.1-igr3:fdhSCL, which
was the best performing integration strain so far. To
allow a direct comparison between shake flask (RAMOS
system) and fermenter, the same medium, initial pH, and
temperature were used for both cultivation devices. The
shake flask was filled with inoculated medium by sterile
transfer of a sample of the fermenter culture to ensure
optimal comparability. In shake flask cultivations with
80 g/L fructose, no oxygen limitation was detected in the
RAMOS devices. Hence, for a successful scale-up, oxy-
gen limitation in the fermenter had to be avoided. For
that reason, the dissolved oxygen tension (DOT) was
kept above 30% by adjusting the agitation speed, whereas
the aeration rate in the fermenter was kept constant at 1
vessel volume per minute (vvm). To verify the success-
ful scale-up, online data (OTR, CTR, RQ) and offline
data (ODg, pH, fructose and 5-KF concentration) were
measured and compared. The results are shown in Addi-
tional file 1: Fig. S2. No significant differences in both,
online and offline data, were found. Additional fermen-
tations were performed as first optimization steps and
confirmed the consistency of online and offline data
(Additional file 1: Fig. S3 and Fig. S4). Hence, the scale up
to a 2 L fermenter was successful and the process could
be further optimized.

Higher product concentrations are desirable for an
industrial application. To achieve higher 5-KF titers,
the fructose concentration in batch fermentations was
increased. To identify the optimal initial fructose con-
centration for the cultivation of IK003.1-igr3:fdhSCL,
an experiment in shake flasks was performed using the
RAMOS device and fructose concentrations between
80 g/L and 210 g/L. IK003.1-igr3:fdhSCL completely
consumed fructose up to 210 g/L and the highest yield
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of 0.86 g/g was reached for the cultivation with 160 g/L
fructose (Additional file 1: Fig. S5 and Table S2).

In a previous study, a 5-KF production process in a 2
L fermenter with the plasmid-based strain G. oxydans
621H pBBR1p264-fdhSCL-ST was described. This strain
carried the same plasmid as IK003.1 pBBR1p264-fdh-
SCL-ST. G. oxydans 621H is not optimized for biomass
formation from glucose and produces acetate rather than
pyruvate. A batch fermentation with 150 g/L fructose
was performed, reaching a 5-KF yield of 0.87 g/g [26].
To compare our genomic integration strain IK003.1-
igr3:fdhSCL with this strain, a 2 L batch fermentation
was performed under similar conditions (Fig. 5). An ini-
tial fructose concentration of 150 g/L was used to allow a
direct comparison. Due to pH control by KOH addition,
MES buffer was not included in the medium. The pH was
set to 5, promoting both growth of G. oxydans and FDH
activity. The DOT was maintained above 30% and anti-
foam was added twice during the cultivation. The OTR
reached a maximum of 53 mmol/L/h after approx. 20 h
and decreased sharply after 27 h, indicating the complete
consumption of fructose (Fig. 5a). The ODy, increased
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Fig.5 Cultivation of G. oxydans IK003.1-igr3:fdhSCL in a 2 L fermenter
with pH control. Depicted is a the oxygen and carbon dioxide
transfer rates (OTR and CTR), the respiratory quotient (RQ, shown for
OTR values above 5 mmol/L/h), b optical density (ODgo) and pH, €
dissolved oxygen tension (DOT) and agitation speed, antifoam (AF)
agent addition, and period of DOT control (indicated by arrows), d
fructose and 5-KF concentrations. The cultivation was performed

in complex medium with 150 g/L fructose with 1 L filling volume,
DOT = 30% controlled by agitation speed (500-1200 rpm), aeration
rate (Q)= L/min, T=30 °C, pHgnio1= 5
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over time and reached a final value of 9.2 (Fig. 5b), which
is 1.7-fold higher compared with G. oxydans 621H
pBBR1p264-fdhSCL-ST [26]. This difference is presum-
ably caused by a somewhat higher fraction of fructose
metabolized within the IK003.1 pBBR1p264-fdhSCL-ST
cells and possibly also by the genetic alterations intro-
duced into strain IK003.1 [17]. Most importantly, the
5-KF yield 1K003.1-igr3:fdhSCL was 0.84 g/g and thus
only slightly smaller than the 5-KF yield of 0.87 g/g deter-
mined for the plasmid-based strain [26].

Shake flask cultivation of double integration strain
1K003.1:fdhsCL?

The results described above were obtained with integra-
tion strains containing a single genomic fdhSCL copy and
a resulting lower expression rate compared to plasmid-
based fdhSCL expression (see below). To further improve
the potential for plasmid-free 5-KF production, the dou-
ble integration strain IK003.1:fdhSCL” was constructed
using the two most potent integration sites igr3 and igr2
for fdhSCL integration. The performance of this strain
was compared to the parent single integration strains
IK003.1-igr2::fdhSCL and I1K003.1-igr3::fdhSCL and to
the plasmid-based strain IK003.1 pBBR1p264-fdhSCL-ST
in a shake flask experiment. Growth curves, fructose con-
sumption, and 5-KF formation are shown in Fig. 6.

The growth rate of strain IK003.1:;fdhSCL? (0.32 h™%)
was close to that of the plasmid-based strain (0.33 h™1)
and slightly higher than that of the single integration
strains (0.28-0.29 h™!). The final ODy,, after 30 h of
the double integration strain (3.5) was lower than that
of IK003.1-igr2:fdhSCL (4.1) and IK003.1-igr3:fdhSCL
(4.1) and higher than that of the plasmid-based strain
(2.3). Most importantly, the double integration strain
1K003.1:fdhSCL? was clearly faster than the single inte-
gration strains with respect to fructose consumption and
5-KF formation, but still slower than the plasmid-based
strain. In a further experiment, the IK003.1:fdhSCL?
strain was compared with the parent single integra-
tion strains in a RAMOS cultivation device with 80 g/L
fructose and 150 mM MES buffer (initial pH 6.0). As
shown in Additional file 1: Fig. S6, the OTR kinetics con-
firmed faster fructose consumption by the double inte-
gration strain, reaching maximal OTR values at about
12 h, whereas the single integration strains reached the
maximum after about 17 h. Under these conditions,
IK003.1::fdhSCL? reached a final 5-KF yield of 0.82 g/g,
close to that of IK003.1 pBBR1p264-fdhSCL (0.84 g/g)
obtained in the experiment shown in Fig. 4.

The properties of 1K003.1:fdhSCL? showed that dou-
bling of the copy number of the fdhSCL genes and thus
presumably a higher rate of fdhSCL transcription is
sufficient to significantly increase the rate of fructose
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consumption and 5-KF formation. In the plasmid-based
strain, the copy number of the fdhSCL genes is presum-
ably above 20, as the copy number of the parent vector
was determined to be 23+6 in G. oxydans AhsdR [44].
In this case, the increase in fdhSCL copy number did not
lead to tenfold higher rates of fructose consumption and
5-KF production, showing that there were other factors
that limit fructose oxidation.

Analysis of fdhSCL expression by RT-qPCR

To validate that different fdhSCL transcription levels are
responsible for the phenotypic differences of single inte-
gration strains, reverse transcription quantitative PCR
(RT-qPCR) was performed with the single integration
strains, the double integration strain, and the plasmid-
based strain using RNA from cells in the exponential
growth phase. The gap gene (GOX0508), encoding glyc-
eraldehyde 3-phosphate dehydrogenase, was tested
as reference. It has been used as reference gene for RT-
qPCR in G. oxydans before [45, 46]. However, with this
reference gene we failed to detect the difference between
single integration strains and the double integration
strain, suggesting that gap expression is not constant
under the experimental conditions employed and thus
not a suitable reference gene (data not shown). We there-
fore used the gene for a ribosomal protein as reference,
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namely GOX0264 encoding the ribosomal protein L35.
The results obtained for the f@hSCL/GOX0264 mRNA
ratios are shown in Fig. 7, normalized to the mRNA ratio
of the plasmid-based strain (5.03), which was set as 1.

The fdh mRNA ratio of the four single integration
strains varied between 3.5% and 6.6% of the value meas-
ured for the plasmid-based strain, which fits with a copy
number of about 20 for pBBR1p264 in G. oxydans [44].
In the double integration strain, the fdi mRNA ratio
was about twice as high (14% of the level of the plasmid-
based strain), roughly corresponding to the sum of the
values measured for IK003.1-igr2:fdhSCL and IK003.1-
igr3::fdhSCL (12%). These results confirm the differ-
ent expression levels expected from the fdhSCL copy
numbers of the different strains. The fdhSCL transcrip-
tion levels observed for the different integration strains
correlated with the 5-KF production levels in the order
1K003.1::fdhSCL? > IK003.1-igr3::fdhSCL > IK003.1-
igr2::fdhSCL >1K003.1 Asdh:fdhSCL >1K003.1-
igrl:fdhSCL.

Despite the usage of the same promoter and termi-
nator structures, fdhSCL expression in the four differ-
ent integration sites varied, indicating that the genomic
vicinity of the target gene had an influence on the expres-
sion. It has been reported that RNA polymerase activ-
ity increases with proximity to the origin of replication
[47] and that transcription speed is influenced by the
codon composition [48]. However, both factors are not
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Fig. 7 Relative fdhSCL transcript levels for the indicated G. oxydans
strains as determined by RT-gPCR. Depicted is the transcript

ratio fahSCL/GOX0264 normalized to the transcript ratio of the
plasmid-based strain IK003.1 pBBR1p264-fdhSCL-ST, which was set as
1.0. Shown are the mean values of at least three biological replicates
and technical duplicates, with standard deviation as error bars
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applicable to the differences observed here for the four
single integration strains, since all four sites are close to
the origin and contain the same DNA sequence. Genome
architecture and DNA supercoiling are known to influ-
ence bacterial gene expression with DNA gyrase playing
an important role by introducing negative supercoils or
relaxing positive supercoils introduced by RNA polymer-
ase [47, 49, 50]. In Escherichia coli, an increase in gyrase
cleavage sites was found downstream of highly tran-
scribed operons [51]. Furthermore, nucleoid-associated
proteins influence DNA folding and gene expression [52,
53]. Such mechanisms, which have not been studied at all
in G. oxydans, are likely to contribute to the variation in
fdhSCL expression at the four different integration sites.

Conclusions

In this study, four different integration sites for heterolo-
gous genes were identified in the genome of G. oxydans,
all enabling successful expression. The integration into
the intergenic region of convergent genes flanked by ter-
minators is thus a favorable option for future engineering
studies requiring genomic expression of foreign genes.
The position-dependent effects on gene expression
observed in our experiments suggests that a compari-
son of different integration sites might be worthwhile.
Chromosomal fdhSCL expression should enable stable
expression and in fact we never observed loss of the abil-
ity for 5-KF production during growth for up to 30 gen-
erations and handling of the strains over several months.
Furthermore, chromosomal expression avoids the neces-
sity to use antibiotics required for plasmid-based fdh-
SCL expression. Plasmid loss can be an issue in the case
of plasmid-based expression, however, no evidence for
this has been observed in the case pBBR1p264-fdhSCL-
ST. Another advantage of genomic fdhSCL expression
is that it facilitates further metabolic engineering of the
strains, for example toward utilization of alternative sub-
strates. As doubling the genomic copy number of the
fdhSCL genes correlated with twofold increased 5-KF
synthesis rates, additional fdhSCL integrations could
further increase 5-KF production. Also, the use of a pro-
moter stronger than P264 could further enhance fdhSCL
expression. Besides genetic optimization, process optimi-
zation is an obvious method to improve 5-KF production.
In summary, our study provided the efficient G. oxydans
strain 1K003.1:fdhSCL? for plasmid-free 5-KF produc-
tion that will serve as basis for future strain and process
development.

Methods

Strains, plasmids and oligonucleotides

All strains and plasmids used in this study are listed in
Table 1. Oligonucleotides were obtained from Eurofins
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Table 1 Strains and plasmids used in this study
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Strain or plasmid Relevant characteristics

Source or references

E. coli
DH5a F- endA1 ©80dlacZAM15 A(lacZYA-argF)U169 recAT relAT hsdR17(rK-mK+) deoR supE44 thi-1 gyrA% 57
phoA A-, strain used for cloning
S17-1 ArecA, endAl, hsdR17, supE44, thi-1, tra+, strain used for conjugation of G. oxydans [62]
G. oxydans
[K003.1 G. oxydans 621H Aupp AgdhS:sdhCDABE Apde:ndh AgdhM::sucCD n7
1K003.1-igr1:fdhSCL 1K003.1 with the fdhSCL genes of G. japonicus under the control of the P264 promoter integrated This work
between GOX0013 and GOX0014 (GOX_RS01200 and GOX_RS01205)
1K003.1-igr2:fdhSCL 1K003.1 with the fdhSCL genes of of G. japonicus under the control of the P264 promoter integrated This work
between GOX0028 and GOX0029 (GOX_RS01280 and GOX_RS01285)
1K003.1-igr3:fdhSCL 1K003.1 with the fdhSCL genes of G. japonicus under the control of the P264 promoter integrated This work
between GOX0038 and GOX0039 (GOX_RS01330 and GOX_RS01335)
IK003.1 Asdh:fdhSCL  1K003.1 with the fdhSCL genes of G. japonicus under control of the P264 promoter replacing the genes  This work
GOX2095-6 (GOX_RS11750) encoding an inactive sorbitol dehydrogenase (authentic genomic
frameshift)
IK003.1 :fdhSCL 1K003.1-igr2:fdhSCL with an additional copy of the fdhSCL genes of G. japonicus under the control of  This work

the P264 promoter integrated between GOX0038 and GOX0039

Plasmids
pBBR1p264-fdhSCL-ST

PBBR1MCS-2 derivative containing the promoter region of GOX0264 upstream of the fdhSCL genes of  [30]

G. japonicus NBRC3260 with a C-terminal Strep-tag ll-encoding sequence fused to the 3'-end of fdhL

pAJ63a
pAJ63a-igri:fdhSCL

Kmf, FUS, derivative of pAJ&3a for integration of the fdhSCL genes under the control of the P264

Km®, FU®, derivative of pk18mobGll, integration vector for Aupp based counter-selection [35]

This work

promoter between GOX0013 and GOX0014 (GOX_RS01200 and GOX_RS01205)

pAJ63a-igr2:fdhSCL

KmP, FUS, derivative of pAJ63a for integration of the fdhSCL genes under the control of the P264

This work

promoter between GOX0028 and GOX0029 (GOX_RS01280 and GOX_RS01285)

pAJ63a-igr3:fdhSCL

Km", FU®, derivative of pAJ63a for integration of the fdhSCL genes under the control of the P264

This work

promoter between GOX0038 and GOX0039 (GOX_RS01330 and GOX_RS01335)

pAJ63a Asdh:fdhSCL

Km®, FU®, derivative of pAJ63a for integration of the fdhSCL genes under the control of the P264

This work

promoter with simultaneous deletion of GOX2095-6 (GOX_RS11750)

Genomics (Ebersberg, Germany) and are shown in Addi-
tional file 1: Table S3.

Media composition

G. oxydans strains were cultivated in complex medium
containing 5 g/L vyeast extract (Karl Roth GmbH,
Karlsruhe, Germany or BD Biosciences, Heidelberg, Ger-
many), 2.5 g/L MgSO, x 7 H,O, 1 g/L (NH,),SO,, 1 g/L
KH,PO,. The initial pH was adjusted to 6 with KOH [54].
The media were supplemented with 50 pg/mL cefoxitin
and 10 pM thymidine, and for plasmid-carrying strains
50 pg/mL kanamycin was added. For the precultures,
40 g/L mannitol was added as carbon source and main
cultures were conducted with different fructose concen-
trations as indicated in the respective experiments. E. coli
strains were cultivated in lysogeny broth-based media
[55] at 37 °C and 130 rpm, and 50 pg/mL kanamycin was
added for plasmid-carrying strains.

Generation of fdhSCL integration strains

To generate the fdhSCL integration strains, derivatives
of pAJ63a [35] containing the fdhSCL genes of G. japoni-
cus with promoter and terminator and flanked by about
500 bp DNA regions up- and downstream of the selected
integration site were constructed. The required DNA
fragments were amplified from suitable templates with
the Phusion High Fidelity PCR Master Mix (New Eng-
land Biolabs, Frankfurt am Main, Germany). The fdhSCL
fragment with an ATG start codon for fdhS instead of the
native TTG start codon was amplified from pBBR1p264-
fdhSCL-ST [30] with the oligonucleotides RBS-ATG-fdh-
SCL-fwd, containing a consensus RBS, and fdhSCL-rev
[33]. For all integration constructs, a 508 bp fragment
covering the strong promoter of GOX0264 was ampli-
fied from pBBR1p264 [44] using the oligonucleotides
P264-fwd and P264-rev-RBS-overlap with an overlap
to the RBS and fdhS. A 100 bp bidirectional terminator
region downstream of GOX0028 containing an overlap
to fdhL was amplified with the oligonucleotides Term-
GOX0028-fwd-fdhL-overlap and Term-GOX0028-rev
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from genomic DNA of strain IK003.1, which was isolated
with the DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany). Two individual flanking regions of about
500 bp up- and downstream the respective integration
sites were amplified from G. oxydans IK003.1 genomic
DNA using specific oligonucleotide pairs with overlaps
to the pAJ63a backbone, digested with PstI and Kpnl, the
promotor region and the terminator region to assemble
all fragments via Gibson assembly [56]. The resulting
fusion constructs were used to transform E. coli DH5a by
the RbCl method [57]. Plasmids of positive clones were
isolated using the QIAprep Spin Miniprep Kit (Qiagen,
Hilden, Germany) and verified by sequencing (Eurofins
Genomics, Ebersberg, Germany). Then the plasmids
were transferred into the donor strain E. coli S17-1 for
integration into G. oxydans IK003.1 via conjugation as
described previously [17]. Positive clones, containing
genomically integrated fdhSCL genes but not the vector
backbone, were selected with 60 pg/mL 5-fluorouracile
[35]. Positive clones were checked via colony PCR using a
forward primer that binds upstream the upstream flank-
ing region and a reverse primer, binding downstream of
the downstream flanking region. Since the generation
of the fdhSCL double integration strain turned out to
be more challenging than the single integration strains,
an adapted protocol was applied. IK003.1-igr2:fdhSCL
was conjugated with E. coli S17-1 pAJ63a-igr3:fdhSCL
according to the above mentioned protocol, while recom-
bination media for the second recombination step and
the agar plates for selecting the positive clones contained
fructose instead of mannitol, as a strain with two chro-
mosomal fdhSCL copies was assumed to show improved
growth on fructose in comparison to a strain with a single
fdhSCL copy. The double integration strain was obtained
after several attempts.

Cultivation in regular shake flasks

For biological replicates, individual 10 mL-precultures
in 100 mL unbaffled shake flasks with complex medium
containing 40 g/L mannitol were inoculated from agar
plates and incubated for about 24 h at 30 °C and 250 rpm.
Cells from these precultures were harvested for 15 min
at 20 °C and 5.000¢g, washed once in the main culture
medium and used to inoculate 100 mL main cultures in
500 mL baffled shake flasks to an ODg,, (optical den-
sity at 600 nm) of 0.15 in complex medium with 18 g/L
(100 mM) fructose. Main cultures were incubated at
30 °C and 130 rpm with a shaking diameter of 50 mm
and 85% humidity (Shaker ISF1-X, Kuhner, Birsfelden,
Switzerland).
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Cultivation in a respiration activity monitoring system
(RAMOS)

Online monitoring of the respiratory activity in shake
flask cultivations was performed using the Respira-
tion Activity MOnitoring System (RAMOS) devel-
oped at the chair of biochemical engineering (RWTH
Aachen University) [37, 38]. Commercial versions of the
RAMOS device can be acquired from Kiihner AG (Birs-
feld, Switzerland) or HiTec Zang GmbH (Herzogen-
rath, Germany). Eight 250 mL shake flasks (unbaffled)
were cultivated in parallel with an initial filling volume
of 10 mL, 350 rpm shaking frequency and 50 mm shak-
ing diameter (Climo-Shaker ISF1-X, Kuhner, Birsfelden,
Switzerland). The aeration rate was set to 10 mL/min
(1 vvm). Each flask is equipped with a partial pressure
sensor for oxygen and a differential pressure sensor to
determine oxygen and carbon dioxide transfer rates
(OTR and CTR). The respiratory quotient (RQ) is the
quotient of CTR and OTR. [37, 38]. For strain mainte-
nance, glycerol stocks were used. Cells cultivated in com-
plex medium with mannitol were harvested during the
exponential growth phase, centrifuged and re-suspended
in fresh preculture medium with 200 g/L glycerol. The
glycerol stocks were stored at —80 °C.

Precultures were inoculated with 100 pL glycerol stock
suspension (ODgy,=2.4) and cultivated at 30 °C for 11 h
to 19 h. Main cultures were inoculated from pre-cultures
starting with an ODyg, of 0.1. Preculture cells were cen-
trifuged for 3 min at 16,214¢ and room temperature, and
resuspended in main culture medium. Samples for offline
analysis were taken from Erlenmeyer flasks operated at
the same conditions in parallel to the online measure-
ment. If necessary, 2-(N-morpholino) ethansulfonic acid
(MES) buffer (pH 6, adjusted with 3 M KOH) was added
in different concentrations to main cultures.

Cultivation in 2 L bioreactors

Fermentation experiments were performed in a 2 L Sar-
torius BIOSTAT® Bplus stirred tank reactor (Sartorius,
Goettingen, Germany). The temperature was set to 30 °C
and aeration was set to 1 L/min with a filling volume
of 1 L (1 vwvm). The fermenter was equipped with a six
blade rusthton turbine and 4 baffles. During cultivation,
the dissolved oxygen tension (DOT) was measured using
a VisiFerm™ DO 225 pO, sensor (Hamilton, Hoechst,
Germany). The DOT was controlled at>30% by auto-
matically adjusting the stirring rate between 500 rpm and
1500 rpm. The pH value was measured using a pH sensor
(EasyFerm Plus K8 200, Hamilton, Hoechst, Germany).
If necessary, pH was controlled with a 3 M KOH solu-
tion. Oxygen and carbon dioxide in the exhaust gas were
measured using a DASGIP GA4 exhaust gas analyser
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(DASGIP, Eppendorf, Jiilich, Germany). 0.5 mL antifoam
agent Plurafac LF 1300 (BASE, Ludwigshafen, Germany)
was added at the beginning of each experiment and when
needed to prevent foaming. During fermentation, sam-
ples were taken from the bioreactor for offline analysis.
Volume change by KOH titration and sampling were con-
sidered for mass balancing.

The performance of scale-up from shake flasks to the
fermenter was investigated by cultivating simultaneously
in both cultivation systems. For this purpose, media com-
position, pH, temperature and oxygen supply (aeration
rate) were kept constant for both cultivation systems. The
shake flasks were filled with medium from a fermenter.
Cultivation broth was sterilely transferred from the fer-
menter into shake flasks to ensure that media composi-
tion, pH and optical density were identical [58—60].

Offline analyses
The optical density of cultures at 600 nm (ODg,,) was
measured either with a Genesys 20 photometer (Thermo
Scientific, Darmstadt, Germany) or with an Ultraspec
2100 UV-Visible Spectrophotometer (biochrom, Hol-
liston MA, USA). The photometers have a linear range
between 0.1 and 0.3 and samples were diluted with 0.9%
(w/v) NaCl if necessary. The pH values were determined
with a HI221 Basic pH (Hanna Instruments Deutschland
GmbH, Véhringen, Germany), which was calibrated
using two standard buffer solutions at pH 4 and 7. The
osmolality was determined using the cryoscopic Osmom-
eter OSMOMAT® 030 (Genotec, Berlin, Germany).
Fructose consumption and 5-KF production were ana-
lyzed by HPLC of culture supernatants. 1 mL culture
was centrifuged at 17,000g for 10 min and the superna-
tant was frozen at -20 °C until further analysis. Thawed
samples were heated for 60 min at 60 °C (to avoid double
peaks, probably caused by the existence of 5-ketofruc-
tose in an equilibrium of the keto and the germinal diol
form [26)), filtered (0.2 um syringe filter, Whatman'", GE
Healthcare, Freiburg, Germany) and diluted with deion-
ized water. Sugars were quantified using the same 5-KF
standard with two different methods: HPLC method A:
A 10 pL sample was measured in an Agilent LC-1100
system (Agilent, Santa Clara, CA, USA) equipped with a
Carbo-Ca Guard Catridge (Phenomenex, Aschaffenburg,
Germany) using a Rezex RCM-Monosaccharide 300,
7.8 mm column (Phenomenex, Aschaffenburg, Germany)
for separation at 60 °C with water as eluent at a flow rate
of 0.6 mL/min. 5-KF and fructose were detected with a
refraction index detector (35 °C) [27]. 5-KF and fructose
were calibrated in a range of 0.1 to 8 g/L, with retention
times of 12.7 and 14.6 min, respectively. HPLC method
B: An HPLC system of Shimadzu (Duisburg, Germany)
was equipped with a precolumn Organic Acid Resin
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(40 x 8 mm, CS-Chromatographie Service, Langerwehe,
Germany), the separating column Organic Acid Resin
(250 x8 mm, CS-Chromatographie Service, Langer-
wehe, Germany), and refraction index detector RID-20A
(Shimadzu, Duisburg, Germany). The flow rate was set
to 0.8 mL/min and an injection volume of 20 pL sample
was used for analysis. 5 mM H,SO, was used as mobile
phase. Eluted components were detected and quantified
using standard curves prepared with fructose and 5-KF
solutions of known concentrations (0.032 g/L to 10 g/L).
Evaporation during cultivations in the RAMOS device
was determined gravimetrically and was taken into
account for determination of fructose and 5-KF concen-
trations. Yields were calculated by dividing the produced
5-KF by the total fructose concentration and are indi-
cated in g/g.

Analysis of gene expression by RT-qPCR
Strains were cultivated in shake flasks as described above
and harvested in the exponential growth phase (after
7.25 h). 35 mL culture were mixed with 15 g ice, centri-
fuged for 5 min at 5.000g and 4 °C and the resulting cell
pellet was shock-frozen in liquid nitrogen and stored at
—80 °C. RNA was isolated using QIAzol Lysis Reagent
(Qiagen, Hilden, Germany) including the following steps:
cell disruption in a Precellys 24 homogenizer (Bertin,
Frankfurt am Main, Germany), chloroform extraction,
isopropanol precipitation, an on-column DNA digest on
RNeasy mini spin columns, with RNase-free DNase (Qia-
gen, Hilden, Germany). Purified RNA was subjected to a
second DNA digest using the Ambion™ DNAfree™ DNA
Removal Kit (Thermo Scientific, Waltham, MA USA).
RNA was checked for integrity after the first or second
DNase digest to exclude strong RNA degradation using
a High Sensitivity RNA ScreenTape in the TapeStation
2200 (Agilent, Santa Clara, CA USA). Final RNA concen-
trations were determined using the Colibri microvolume
spectrometer (Titerek-Berthold, Pforzheim, Germany).
cDNA was generated with SuperScript™ III Reverse
Transcriptase (Thermo Scientific, Braunschweig, Ger-
many) with the following protocol. 10 ng RNA, 150 ng
random primers (Invitrogen, Thermo Scientific, Braun-
schweig, Germany) and 1 pL of 10 mM dNTP mix (Inv-
itrogen, Thermo Scientific, Braunschweig, Germany) in a
total volume of 14 pL were incubated for 5 min at 65 °C
and cooled for 1 min at 4 °C. Subsequently, 4 uL 5x first
strand buffer, 1 pL 0.1 mM DTT, and 1 pL SuperScript III
reverse transcriptase were added and incubated for 5 min
at 25 °C, 60 min at 50 °C and finally for 5 min at 70 °C
for inactivation of reverse transcriptase. For all samples,
additionally a no amplification control was generated
with water instead of reverse transcriptase to exclude
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genomic DNA contaminations in RT-qPCR. RT-qPCR
was performed with a qTower instrument (Analytik Jena,
Jena, Germany) using KAPA SYBR FAST qPCR Master
Mix (Roche Diagnostics, Mannheim, Germany). 2 uL of
c¢DNA or no template control were used for RT-qPCR.
For each sample, at least three biological replicates with
two technical replicates were measured.

To set up RT-gPCR, primers were designed using
the online tool Primer3plus [61] and default qPCR set-
tings with a target PCR product of 100-120 bp and an
annealing temperature of 60 °C. Three different primer
pairs for fdhSCL, two binding in fdhS and one in fdhC,
one primer pair for GOX0264, and three primer pairs
for gap (GOX0508) were designed and tested for PCR
specificity. To optimize RT-qPCR conditions, all primer
pairs were compared in a gradient from 57.1 to 63.9 °C
regarding PCR specificity via agarose gel electrophore-
sis and melting curve analysis. The optimal temperature
was determined to be 57.1 °C. Subsequently, the PCR
efficiency was determined by running a RT-gPCR with
an 8-step 1:10 dilution series of cDNA. Ct values were
determined using qPCRsoft 3.1 (Analytik Jena). The opti-
mal primer pairs were selected to quantitatively amplify
¢DNA fragments of fdhC (q-fdhC-fwd+ g-fdhC-rev,
PCR efficiency of 103.2%), of GOX0264 (q-GOX0264-
fwd + q-GOX0264-rev, 103%), and of GOX0508 (q-gap-
fwd2 + q-gap-rev2, 91.8%) Relative transcript levels were
calculated from Ct values, considering the primer effi-
ciencies, and normalized to the transcript levels of the
plasmid strain.
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Supplementary information accompanies this paper at https//doi.
org/10.1186/512934-020-01310-7.

Additional file 1: Table 51. Offline data for cultivation of the indicated G.
oxydans strains with 80 g/L fructose in a RAMOS device shown in Fig. S1.
Table $2. Offline date for the cultivation of G. oxydans IK003.1-igr3:fdhSCL
in a RAMOS device with different fructose concentrations shown in Fig.
S5. Table $3. Oligonucleotides used in this study. Figure §1. Cultivation
of the indicated G. oxydans strains with 80 g/L fructose in a RAMOS device
with online monitoring. Depicted are (a) the oxygen transfer rate (OTR)
(b) the carbon dioxide transfer rate (CTR) (¢) the respiratory quotient

(RQ shown for OTR values above 5 mmol/L/h), (d) the total oxygen
consumption (TOC) and (e) the total carbon dicxide evolution (TCE). The
strains were cultivated in complex medium with 80 g/L fructose at 30 °C,
350 rpm, Vi =10 mL in 250 mL flasks, pHy,, =6 and a shaking diameter
of 50 mm. Shown are mean values of duplicates. Figure S2. Scale-up of
batch fermentation of G. oxydans IK003.1-igr3:7dhSCL from shake flasks
(RAMOS device) to a 2 L fermenter with 80 g/L fructose and 150 mM MES.
Depicted are (a) oxygen transfer rate (OTR) and carbon dioxide transfer
rate (CTR), (b) growth as ODgq and pH, (¢) dissolved oxygen tension
(DOT), agitation speed during fermentation, addition of antifoam agent
(AF}, and period of DOT control (indicated by arrows) and (d) fructose
and 5-ketofructose concentration as determined by HPLC (method B)
Cultivations were performed in complex medium with 80 g/L fructose
prepared in the fermenter. The shake flask experiment was started with

a sterile sample from the fermenter at 30 °C, 350 rpm, V, =10 mL in

250 mi flasks, pH,;,,; =6 and a shaking diameter of 50 mm using the
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RAMOS system. Fermentation was performed with 1 L filling volume in

a L fermenter, DOT was kept > 30% by variation of the agitation speed
(500-1250 rpm), aeration rate (Q)=1 L/min, 30 °C. Figure S3. Cultiva-
tion of G. oxydans IK003.1-igr3:fahSCL in a 2 L fermenter with 100 mM
MES and 80 g/L fructose. Depicted is (a) the oxygen and carbon dioxide
transfer rates (OTR and CTR), (b) optical density (ODgy,) and pH, (c) dis-
solved oxygen tension (DOT) and agitation speed, and (d} fructose and
5-ketofructose concentrations. The cultivation was performed with 1 L
filling volume, DOT > 30% controlled by agitation speed (500-1500 rpm),
aeration rate (Q)=1 L/min, T=30 °C. Figure S4. Cultivation of G. oxydans
1K003.1-igr3::fdhSCL in a 2 L fermenter with 80 g/L fructose and pH control.
Depicted is (a) the oxygen and carbon dioxide transfer rates (OTR and
CTR), (b) optical density (ODgqq) and pH, (c) dissolved oxygen tension
(DOT) and agitation speed, and (d) fructose and 5-ketofructose concentra-
tions. The cultivation was performed with 1 L filling volume, DOT > 30%
controlled by agitation speed (500-1500 rpm), aeration rate (Q)=1L/
min, T=230 °C. Figure S5. Cultivation of G. oxydans IK003.1-igr3:fdhSCL in

a RAMOS device with different fructose concentrations and 150 mM MES
(initial pH of 6). Depicted is the oxygen transfer rate during growth with
the indicated concentrations of fructose in complex medium at 30 °C,

350 rpm, Y, =10 mL in 250 mL flasks, pH,,,,=6 and a shaking diameter

of 50 mm. Shown are mean values of duplicates. Figure 6. Cultivation of
the indicated G. oxydans strains in a RAMOS device with 80 g/L fructose
and 150 mM MES (initial pH of &). Depicted is (a) the 5-ketofructose con-
centration (HPLC method B), the yield g/g, the ODgyq and the final pH after
29 h and (b) the oxygen transfer rate (OTR). Cultivations were performed
in complex medium with 80 g/L fructose and 150 mM MES buffer at 30 °C,
350 rpm, ¥ =10 mL in 250 mL flasks, pHy,,,=6 and a shaking diameter of
50 mm. Shown are mean values of duplicates.
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Table S1. Offline data for cultivation of the indicated G. oxydans strains with 80 g/L fructose in a RAMOS device shown

in Fig. S1.!
G. oxydans strain Residual  5-Ketofructose Yield 0D, pH
Fructose (g/L) (g2
(/L)

1K003.1 69 3 0.04 3.6 3.8
IK003.1 pPBBRp264-fdhSCL-ST 0 70 0.88 . ) 3.6
IK003.1-igr1::/hSCL 45 29 0.36 3:2 3.4
IK003.1-igr2: fdhSCL 31 42 051 35 33
IK003.1-igt3: fdhSCL 25 47 0.58 38 3.3
1K003.1 Asdh::fdhSCL 32 38 047 3.6 33

! The data were measured after 29 h of cultivation. Fructose and 5-KF were determined by HPLC (method B). The yield
represents gs-Kr/Zfuctose,otal. The strains were cultivated in complex medium with 80 g/L. fructose at 30 °C, 350 rpm and a

shaking diameter of 50 mm.
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Table S2. Offline date for the cultivation of G. oxydans 1IK003.1-igr3::fdhSCL in a RAMOS device with different fructose
concentrations shown in Fig. S5.

Fructose Osmolality 5-Ketofructose  Yield 0D, pH
(g/L) (Osmol/kg) (g/L) (g/9)
80 0.8 60 0.77 5.30 5.0
100 0.9 75 0.77 5.30 4.9
120 1.1 96 0.80 5.00 48
160 14 141 0.86 4.60 4.7
180 1.6 150 0.84 4.00 4.7
210 1.8 164 0.78 3.50 4.9
IThe values for 5-KF, yield, ODsoo and pH were measured after 25 h (80 g/I. -120 g/I. fructose) and after 72 h (160 g/I. —
210 g/L fructose).
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Table S3. Oligonucleotides used in this study

Oligonucleotide Sequence (5°= 3°) and properties®
Oligonucleotides for Cloning
P264-fwd CGTTGCGCCTGAATGAGAGGAAAG

P264-rev-RBS-overlap
RBS-ATG-1dhSCL-fwd
fdhSCL-rev
Term-GOX0028-twd-fdhL-overlap
Term-GOX0028-rev

FlA-igrl-fwd-pAl-overlap
FlA-igrl-rev-fdhSCL-overlap
FIB-igrl-fwd-Term-overlap
FIB-igrl-rev-pAJ63a-overlap

FlA-igr2-fwd-pAJ-overlap
FlA-igr2-rev-fdhSCL-overlap
FIB-igr2-fwd-Term-overlap
FIB-igr2-rev-pAJ63a-overlap

FIB-igr3-fwd-Term-overlap
FIB-igr3-rev-pAJ63a-overlap
FIB-igr3-fwd-Term-overlap
FIB-1gr3-rev-pAJ63a-overlap

FIB-sdh-fwd-Term-overlap
FIB-sdh-rev-pAJ63a-overlap
FIB-sdh-fwd-Term-overlap
FIB-sdh-rev-pAJ63a-overlap

CCATCTGCAGTCCTCCTTTCTTCGGTCTCCCTCGCCGTAAAC
GAAAGGAGGACTGCAGATGGAAAAAATAGCTGATTCCGGCCCTG
TTACCCCTGTTTCAGGTCATTGAG
ATGACCTGAAACAGGGGTAAGCGCGTTCCCGAGCGGTTC
AGACTGAAGTCTCGGTTCAGACAGATAAAAAAAG

TACGAATTCGAGCTCGGTACAACCTGACCAGCTCAACACTGGG
CCTCTCATTCAGGCGCAACGCCTCGTGAACTGAAAGACCG
CTGAACCGAGACTTCAGTCTATATCTCGCTCCTGCCCTGTG
GCCAAGCTTGCATGCCTGCATTACGCTTATGCGTTCGCGCC

TACGAATTCGAGCTCGGTACTCTCACTTCAGCGCCGCCATC
CCTCTCATTCAGGCGCAACGAGACAGATAAAAAAAGCCGGTCCCGC
CTGAACCGAGACTTCAGTCTGAACCGAGACTTCAGTCTGC
GCCAAGCTTGCATGCCTGCACACGTCATCATGAAAGTGCATC

TACGAATTCGAGCTCGGTACCATCTGGCCGCCCATCCC
CCTCTCATTCAGGCGCAACGGCACTAATCCGAAAAGAGCGGTTG
CTGAACCGAGACTTCAGTCTTCGATCAGACCTGTGTGTTC
GCCAAGCTTGCATGCCTGCATTACGACATGGAACCGGGC

TACGAATTCGAGCTCGGTACCAGAGCCTGCAACCGGCG
CCTCTCATTCAGGCGCAACGTTTGATCTGAAGACATAGGAGATGCTG
CTGAACCGAGACTTCAGTCTTGGTCTTITCCTTATTGGTGGAACGG
GCCAAGCTTGCATGCCTGCATCGCCGGTTTCCTGCTICTC

Oligonucleotides for sequencing and colony-PCR

pAJ63a-seq-fwd
pAJ63a-seq-rev
fdh-seq-fwd2
fdh-seq-fwd3
fdh-seq-fwd4
fdh-seq-rev
Integr-igrl-seq-fwd
Integr-igrl-seq-rev
Integr-igr2-seq-fwd
Integr-igr2-seq-rev
Integr-igr3-seq-fwd
Integr-igr3-seq-rev
Integr-sdh-seq-rev

TGCTTCCGGCTCGTATGTTG
GGATGTGCTGCAAGGCGATTAAG
GTGGTTATGCCATTICTTCCCC
AACCGATGGTGCTGCACTC
CCCGCATACCAACTACTTCC
CCGGCATGACATCGACGG
TGGCAATATTCTCGGCTTCAC
CGTGATCGAAACGCCTCTGC
TCACCGCCACAGGCTTTG
GCTGGGTTCAGCCATAGC
CAGCGAGGCCTATGCCAAAC
GATGATGCGGGCCTGGAC
GCTGATGCGGATGTCACGTC

Integr-sdh-seq-fwd CGGGGTGTGTGGCATGTC
Oligonucleotides for RT-qPCR

q-fdhS-fwdl AGCCTAACAGTCGCAGCAAT
q-fdhS-revl AAGCGGAAAGCTGCATAAAA
q-fdhS-fwd2 CCCACGCTCATCCAGATTAT
q-fdhS-rev2 GGGACGGCTGATACATGAGT
q-fdhC-fwd TACCCACAATGACGACTGGA
q-fdhC-rev ACTGATTGGGCGCTAGAAGA
q-GOX0264-fwd AGACCAAGTCGTCGGTCAAG
q-GOX0264-rev GTTGGTGCGCTTCATCTTCT
q-gap-fwdl TCCGACTTCAACCATGACAA
q-gap-revl TTGTCGTACCACGAGCAGAC
q-gap-revlb GTTGTCGTACCACGAGCAGA
q-gap-fwd2 ATGATCAGGCTGTTGCCTTC
q-gap-rev2 TTGTCGCCATCAACGATCTG

2 overlaps for Gibson Assembly in bold

Results
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Figure S1. Cultivation of the indicated G. oxydans strains with 80 g/L fructose in a RAMOS device with online
monitoring. Depicted are (a) the oxygen transfer rate (OTR), (b) the carbon dioxide transfer rate (CTR), (c) the respiratory
quotient (RQ shown for OTR values above 5 mmol/L/h), (d) the total oxygen consumption (TOC) and (¢) the total carbon
dioxide evolution (TCE). The strains were cultivated in complex medium with 80 g/L fructose at 30 °C, 350 rpm, VL = 10 mL
in 250 mL flasks, pHstar = 6 and a shaking diameter of 50 mm. Shown are mean values of duplicates.
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Figure S2. Scale-up of batch fermentation of G. oxydans 1K003.1-igr3::fdhSCL from shake flasks (RAMOS device) to
a 2 L fermenter with 80 g/L fructose and 150 mM MES. Depicled are (a) oxygen transfer rate (OTR) and carbon dioxide
transfer rate (CTR), (b) growth as ODsoo and pll, (c) dissolved oxygen tension (DOT), agitation speed during fermentation,
addition of antifoam agent (AF), and period of DOT control (indicated by arrows) and (d) fructose and 5-ketofructose
concentration as determined by HPLC (method B). Cultivations were performed in complex medium with 80 g/L fructose
prepared in the fermenter. The shake flask experiment was started with a sterile sample from the fermenter at 30 °C, 350 rpm,
Vi =10 mL in 250 mL flasks, pHstart = 6 and a shaking diameter of 50 mm using the RAMOS system. Fermentation was
performed with 1 L filling volume in a 2 L fermenter, DOT was kept > 30 % by variation of the agitation speed (500 rpm —
1250 1pm), acration rate (Q) = 1 L/min, 30 °C.
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Figure S3. Cultivation of G. oxydans TK003.1-igr3::fdhSCL in a 2 L fermenter with 100 mM MES and 80 g/L fructose.
Depicted is (a) the oxygen and carbon dioxide transfer rates (OTR and CTR), (b) optical density (ODsoo) and pH, (c¢) dissolved
oxygen tension (DOT) and agitation speed, (d) fructose and 5-ketofructose concentrations. The cultivation was performed with
1 L filling volume, DOT = 30 % controlled by agitation speed (500 rpm — 1500 rpm), aeration rate (Q) = 1 L/min, T =30 °C.
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Summary

5-Ketofructose (5-KF) is a promising low-calorie nat-
ural sweetener with the potential to reduce health
problems caused by excessive sugar consumption.
It is formed by periplasmic oxidation of fructose by
fructose dehydrogenase (Fdh) of Gluconobacter
japonicus, a membrane-bound three-subunit enzyme
containing FAD and three haemes ¢ as prosthetic
groups. This study aimed at establishing Pseu-
domonas putida KT2440 as a new cell factory for 5-
KF production, as this host offers a number of
advantages compared with the established host Giu-
conobacter oxydans. Genomic expression of the
fdhSCL genes from G. japonicus enabled synthesis
of functional Fdh in P. putida and successful oxida-
tion of fructose to 5-KF. In a batch fermentation,
129 g I* 5-KF were formed from 150 g I"* fructose
within 23 h, corresponding to a space-time yield of
5.6 g I"' h~'. Besides fructose, also sucrose could
be used as substrate for 5-KF production by
plasmid-based expression of the invertase gene
inv1417 from G. japonicus. In a bioreactor cultivation
with pulsed sucrose feeding, 144 g 5-KF were pro-
duced from 358 g sucrose within 48 h. These results
demonstrate that P. putida is an attractive host for
5-KF production.
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Introduction

Consumption of food and beverages with added sugars
like sucrose or high-fructose corn syrup is linked to
health problems like obesity, diabetes type 2 and cardio-
vascular diseases (Rippe and Angelopoulos, 2016; Caro-
cho et al., 2017). Reduction of added sugar consumption
can be supported with non-nutritive sweeteners (Acero
et al., 2020). As such, 5-ketofuctose (5-KF) is an inter-
esting product. It is a naturally occurring compound that
has a similar taste and sweetness as fructose (Herweg
et al., 2018), but is not metabolized by the human body
(Wyrobnik and Wyrobnik, 2006) and, as recently shown,
not metabolized by 15 prominent bacterial species of the
human gut microbiome (Schiessl et al, 2021). 5-KF
therefore meets crucial demands for a new sweetener.
5-KF can be synthesized biologically via fructose oxida-
tion catalyzed by the fructose dehydrogenase (Fdh) of
Gluconobacter japonicus (Ameyama et al., 1981). This
membrane-bound dehydrogenase is a heterotrimeric
enzyme consisting of a small subunit FdhS with a Tat
signal peptide, a large subunit FdhL with a covalently
bound flavin adenine dinucleotide (FAD), and a cyto-
chrome ¢ subunit FAdhC with three haem-binding motifs
CXXCH, a Sec-signal peptide and a C-terminal trans-
membrane helix that anchors the entire periplasmic Fdh
complex in the cytoplasmic membrane. FdhL lacks a sig-
nal peptide and is probably secreted into the periplasm
pickaback with FdhS via the Tat export system (Kawai
et al, 2013). The industrially used cell factory Glu-
conobacter oxydans contains no endogenous Fdh activ-
ity (Ameyama et al, 1981) and the genome does not
contain homologs of fdhSCL (Prust et al., 2005; Kranz
et al., 2017). However, plasmid-based heterologous
expression of the fadhSCL genes from G. japonicus in
G.oxydans led to much higher Fdh activities than
observed for wild-type G. japonicus (Kawai et al., 2013).
Consequently, the subsequent studies on 5-KF produc-
tion used recombinant strains of G. oxydans.

Equipped with various membrane-bound dehydroge-
nases (Deppenmeier et al., 2002; Peters et al,, 2013),
G. oxydans is an established host in industrial biotech-
nology for the periplasmic oxidation of substrates in a
chemo-, stereo- and regio-specific manner (Reichstein

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or

adaptations are made.

Results
'.) Check for updates



Results

5-KF production with P. putida

49

2 K. Wohlers et al.

and Grissner, 1934; De Muynck et al., 2007). In previ-
ous studies, G. oxydans with plasmid-encoded Fdh
reached high 5-KF production rates and in a fed-batch
process, 5-KF titres of almost 500 g I=' with a yield of
up to 0.98 gs.kr/Oiructose Were obtained (Herweg et al.,
2018; Siemen et al.,, 2018). Hence, G. oxydans is a suit-
able host for 5-KF production from fructose. However, G.
oxydans also has a number of limitations. It has a very
low growth yield compared with other bacteria (Kiefler
et al., 2017) and culture media have to be supplemented
with yeast extract or other complex nutrient sources in
order to obtain fast growth. The number of genetic tools
is also limited, although an efficient deletion system
(Kostner et al, 2013) and plasmids for constitutive and
inducible expression (Kallnik et al., 2010; Fricke et al.,
2020) are available. Our knowledge on many aspects of
metabolism and in particular regulation in G. oxydans is
very limited compared with other bacteria used as multi-
purpose production hosts in biotechnology, although
there is continuous progress (Bringer and Bott, 2016;
Schweikert et al, 2021). These features impede the
development of G. oxydans production strains by meta-
bolic engineering and prompted us to search for an alter-
native host for 5-KF production that lacks the limitations
described above.

In this study, we analysed the capabilities of Pseu-
domonas putida KT2440 to serve as production strain
for 5-KF. P. putida is a metabolically versatile and robust
organism for which plenty of knowledge and many tools
and techniques for genetic engineering and heterologous
expression are available (Loeschcke and Thies, 2015;
Zobel et al, 2015; Martinez-Garcia and de Lorenzo,
2017; Nikel and de Lorenzo, 2018). P. putida shares a
number of features with G. oxydans that make it a
promising host for 5-KF production. Like G. oxydans, P.
putida KT2440 is a strictly aerobic proteobacterium,
which contains two membrane-bound dehydrogenases
oxidizing glucose to gluconate and 2-ketogluconate in
the periplasm. The glucose dehydrogenase (Ged) is a
PQQ-dependent enzyme (An and Moe, 2016), whereas
gluconate dehydrogenase (Gad) consists of a cyto-
chrome ¢ subunit with a Sec-signal peptide, an FAD-
containing subunit without a signal peptide, and a third
small subunit with a Tat-signal peptide (Kumar et al.,
2013; Winsor et al., 2016). These properties resemble
those of Fdh of G. japonicus and suggest that functional
expression of the fdhSCL genes in P. putida might be
possible.

In contrast to G. oxydans, the oxidized products
formed via periplasmic glucose oxidation by P. putida do
not accumulate in the medium but the majority is taken
up and metabolized in the cytoplasm. Similar to G. oxy-
dans, P. putida lacks a complete Embden-Meyerhof-
Parnas pathway and uses the EDEMP cycle for sugar

metabolism (del Castillo et al., 2007; Nikel et al., 2015),
whereas G. oxydans employs a partially cyclic pentose
phosphate pathway as major route and the Entner-
Doudoroff pathway is dispensable (Hanke ef al, 2013;
Richhardt et al., 2013). P. putida, in contrast to G. oxy-
dans, possesses a complete tricarboxylic acid cycle,
allowing complete oxidation of acetyl-CoA to CO.. Differ-
ences also exist with respect to the respiratory chain. P.
putida possesses a proton-pumping complex |-type
NADH dehydrogenase, two non-proton-pumping type Il
NADH dehydrogenases, two ubiquinol oxidases (cy-
tochrome bos and a cyanide-insensitive bd-type oxidase
ClO), a cytochrome bey complex and three cytochrome
¢ oxidases (cytochrome aaz; and two cytochrome cbbs
oxidases). G. oxydans possesses only a non-proton-
pumping NADH dehydrogenase and two quinol oxi-
dases. Consequently, the flexibility of the respiratory
chain and the capabilities for proton-motive force genera-
tion are much lower for G. oxydans than for P. putida.
As a consequence of these metabolic differences, the
biomass yield of P. putida (about 0.5 g/g glucose) is
about 5-fold higher than the one of G. oxydans (about
0.1 g/g glucose) and also the growth rates reported for
P. putida (about 0.5-0.7 h™") surpass that of G. oxydans
(about 0.3-0.5 h™") (del Castillo et al., 2007; Ebert et al.,
2011; Richhardt et al, 2012; Nikel et al., 2015; Kiefler
et al., 2017). Another important difference to G. oxydans
is that P. putida grows well in minimal media and does
not require complex medium components.

P. putida can utilize fructose as carbon source. Fruc-
tose is taken up as fructose 1-phosphate via the PEP-
dependent phosphotransferase system PTS™ com-
posed of the two fusion proteins FruA (EIIB-EIIC) and
FruB (EI-HPr-EllIA). Fructose 1-phosphate enters central
carbon metabolism after phosphorylation by the kinase
FruK to fructose 1,6-bisphosphate (Chavarria et al.,
2013). Besides fructose, sucrose is an interesting cheap
substrate for 5-KF production, which is present for exam-
ple in high amounts in sugar beet molasses (Sjdlin et al.,
2019). Sucrose is naturally not metabolized by P. putida
KT2440, but strains were constructed which were able to
utilize sucrose by expression of the cscA and cscB
genes of Escherichia coli W, encoding an invertase and
a sucrose permease, respectively (Lowe et al., 2017), or
by expression of the Pseudomonas protegens Pf-5
cscRABY gene cluster for sucrose uptake and metabo-
lism (Léwe et al., 2020).

The aim of this study is the evaluation of P. putida as
a new host for 5-KF production. As first step, we inte-
grated the fdhSCL genes of G. japonicus into the chro-
mosome of P. putida KT2440 via Tn7 integration. The
recombinant P. putida:fdhSCL was able to efficiently
oxidize fructose to 5-KF. In order to utilize sucrose as
substrate for 5-KF production, the G. japonicus invi417

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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gene encoding a periplasmic invertase (Hoffmann et al.,
2020) was expressed in P. putida::fdhSCL and the
resulting strain was able to grow on sucrose as sole car-
bon source and produce 5-KF from the disaccharide. In
summary, we generated a potent 5-KF production strain
of P. putida and thus showed that this organism is a suit-
able host for products requiring periplasmic oxidation.

Results and discussion

Generation of P. putida::fdhSCL and test for 5-KF
production

To assess whether heterologous expression of the G.
Jjaponicus fructose dehydrogenase genes enables P.
putida to oxidize fructose to 5-KF, the fdhSCL cluster
was integrated into the genome of P. putida KT2440.
For stable and strong expression, we used a pBG14g-
derived vector for site-directed Tn7 integration of fdhSCL
under control of the strong constitutive synthetic 14g pro-
moter followed by a BCD2 linker that serves as a trans-
lational coupler (Zobel et al, 2015). BCD stands for
bicistronic design. The BCD2 DNA sequence includes a
ribosome binding site preceding a small ORF of 17
codons, which also includes the ribosome binding for the
target gene to be expressed, in our case fdhS. The stop
codon of this small ORF includes the A of the ATG start
codon of the target gene. Translational couplers were
shown to reduce effects of the target gene on translation
(Mutalik et al., 2013).

The recombinant strain P. putida::fdhSCL and its par-
ental wild type were cultivated in mineral salts medium
(MSM) with 100 mM fructose either as sole carbon
source or in combination with 20 mM glucose to test for
5-KF production (Fig. 1). Glucose was added to enable
faster growth and potentially increase yield and rate of
5-KF production. The wild type consumed only a small
portion of the fructose (35 + 4 mM) when grown either
on fructose alone or with 20 mM glucose as additional
carbon source (22 + 4 mM) and did not form 5-KF. P.
putida::fdhSCL consumed the entire fructose within 48 h
of cultivation and formed 57 + 4 mM 5-KF when culti-
vated with fructose alone and 67 + 4 mM 5-KF when
cultivated with fructose and glucose. An example HPLC
chromatogram demonstrating 5-KF production in MSM
with glucose and fructose as carbon sources is shown in
Fig. S1. The molar yields (5-KF formed/fructose con-
sumed) were 0.59 + 0.02 in medium with only fructose
and 0.68 + 0.03 in glucose-supplemented medium.
Although the molar vyield related to the sum of fructose
and glucose consumed (0.56 + 0.03) was slightly lower
compared with medium with fructose alone, glucose
enabled much faster 5-KF production due to a reduced
lag phase and an increased growth rate. Hence, glucose
addition was also used in the following experiments.

5-Ketofructose production with P. putida 3

In all cultures an acidification was observed. P. putida
oxidizes a large fraction of the consumed glucose initially
to gluconate, a fraction of which can remain in the med-
ium and contribute to the acidification (Nikel et al., 2015;
Kohlstedt and Wittmann, 2019). A preliminary screening
for organic acids in culture supernatants via dilute-and-
shoot mass spectrometry (Reiter et al, 2021) modified
for detection of organic acids qualitatively identified glu-
conate, pyruvate and several intermediates of the TCA
cycle (citrate, isocitrate, succinate, malate), suggesting
that the acidification is due to the excretion of a mixture
of organic acids. The pH decrease is important for 5-KF
production, since Fdh has a pH optimum of about 4
(Kawai et al., 2013).

The results described above show that P. putida is a
suitable alternative host for 5-KF production and is able
to functionally express the fdhSCL genes of G. japoni-
cus. This is not self-evident as it requires covalent haem
attachment to Sec-secreted FdhC, covalent FAD attach-
ment to FdhL and Tat-dependent secretion of the FdhS-
FdhL complex. In order to quantify Fdh activity, enzyme
assays were performed with cell-free extracts using a
spectrophotometric assay (Ameyama and Adachi, 1982)
in which ferricyanide serves as electron acceptor and is
reduced to ferrocyanide. Ferrocyanide is subsequently
quantified as Prussian blue as described in the Experi-
mental procedures section. For P. putida:fdhSCL, a
specific Fdh activity of 1.23 = 0.08 umol min™" (mg pro-
tein)"! was determined, which is comparable to the
specific Fdh activity measured for G. oxydans 1K003.1-
igr3::fdhSCL (1.24 + 0.15 pmol min™ (mg protein)™) that
served as positive control. No Fdh activity was detected
for the parent strains of P. putida and G. oxydans that
do not harbour the fdhSCL genes.

Bioreactor cultivation of P. putida:{dhSCL with 150 g I '
fructose

The next experiment aimed at determining the potential
of P. putida::fdhSCL for 5-KF production when cultivated
under controlled conditions in a bioreactor with a high
fructose concentration of 150 g I™' (833 mM). For the
cultivation in a DASGIP bioreactor, 1 | MSM medium pH
7 containing 150 g I ' fructose and 3.6 g I”' glucose
was used. After the initial acidification phase, the pH
was kept at pH 5.0 by automated addition of KOH. To
prevent foam formation, headspace gassing was applied
at a flow rate of 1 vwm and initial stirring at 500 rpm.
The dissolved oxygen concentration (DO) was controlled
at 30%. The medium was inoculated using overnight
shake flask precultures in MSM with 150 g I”" fructose
and 36 ¢l 1 glucose. Four biological replicates were
performed (Fig. S2) and a representative result of one of
these cultivations is shown in Fig. 2. Despite the high

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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Fig. 1. Growth, pH, sugar consumption and 5-KF formation of P. putida and P. putida::fdhSCL in shake flasks. P. putida wild type (A, C) and
P. putida::fdhSCL (B, D) were cultivated in 50 ml MSM with 100 mM fructose only (A, B) and MSM with 100 mM fructose and 20 mM glucose
(C, D) in 500 ml shake flasks at 30 °C, 85% humidity, and 180 rpm with a shaking diameter of 50 mm. Glucose, fructose and 5-KF concentra-
tions in the culture supernatant were determined by HPLC. Mean values and standard deviations of biological triplicates are shown.

sugar concentration, a growth rate of 0.48 + 0.02 h™'
was observed. Glucose was completely consumed within
the first 8 h of cultivation. The pH decreased from 7 to 5
within about 11 h (Fig. 2). 5-KF production correlated
with fructose consumption. Within the first 4 h of cultiva-
tion, no 5-KF was produced, which might be due to the
acidic pH optimum of Fdh (Kawai et al, 2013). After
23 h, fructose had been completely consumed and
129 + 5 g I"' 5-KF (mean value and standard deviation
of four biological replicates) had been formed, resulting
in a yield of 0.88 + 0.01 g 5-KF/g fructose and a space
time vyield of 5.60 + 022 g1"" h™". In our previous
study with the G. oxydans strain 1K003.1-igr3::fdhSCL,
which also contains a genomically encoded Fdh, a 5-KF
yield of 0.84 g/g was achieved within 27 h (Battling
et al., 2020). Consequently, P. putida::fdhSCL shows a
comparable performance for 5-KF production as G. oxy-
dans IK003.1-igr3::fdhSCL, but only requires a minimal

medium and not a medium with yeast extract as G. oxy-
dans. A comparison of relevant parameters of the two
production strains is shown in Table 1.

Biotransformation with resting cells of P. putida and G.
oxydans

To further compare P. putida and G. oxydans regarding
their ability to produce 5-KF, resting cells of P. putida:
fdhSCL and G. oxydans 1K003.1-igr3::fdhSCL were used
for the biotransformation of fructose to 5-KF. For this
purpose, cell suspensions with an ODggo = 3 prepared
in 100 mM potassium phosphate buffer pH 6 containing
150 g I fructose were incubated at 30°C and 180
r.p.m. Both strains showed very similar conversion rates
of 1.81 01 gl ' h' for G. oxydans IK003.1-igr3:
fdhSCL and 1.80 + 0.03 g I"' h™' for P. putida::fdhSCL
(Fig. 3). No activity loss was observed during the 48 h

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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Fig. 2. Growth, pH, sugar consumption and 5-KF formation of P.
putida::fdhSCL in a batch cultivation. The strain was cultivated in 1 |
MSM with 150 g | * fructose and 3.6 g | " glucose in a DASGIP
bioreactor at 30°C and DO > 30%. After the initial acidification
phase, the pH was kept at pH 5 by addition of KOH. For inoculation,
overnight shake flask precultures in MSM with 150 g | fructose
and 3.6 g I glucose were used. Fructose, glucose, and 5-KF con-
centrations in the culture supernatants were determined by HPLC.
A representative example of four biological replicates (Fig. S2) is
shown here.

Table 1. Comparison of bioreactor cultivations of G. oxydans
1K003.1-igr3::fdhSCL and P. putida::fdhSCL.

G. oxydans

1K003.1-igr3:: P. putida::
Parameter fdhScL* fdhScL®
(W) nd. 0.48 + 0.02
Final ODggo 92 8.55 + 0.36
Yield (g 5-KF g~ fructose) 0.84 0.88 + 0.01
Space time yield (g I ' h ") 4.37 5.60 + 0.22

a. Data for G. oxydans IK003.1-igr3::fdhSCL cultivated in complex
medium with 150 g I”' fructose were taken from Battling et al.
(2020).

b. Mean values and standard deviations from four biological repli-
cates of P. putida:fdhSCL in MSM with 150 g I " fructose and
3.6 g I”' glucose.

100
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Fig. 3. Biotransformation of fructose to 5-KF with resting cells. Cell
suspensions of G. oxydans IK003.1-igr3::fdhSCL and P. putida::
fdhSCL at an ODgqg of 3 were incubated in 100 mM potassium
phosphate buffer pH 6 with 150 g I"" fructose at 30°C and

180 rpm. 5-KF concentrations were determined by HPLC. Mean val-
ues and standard deviations of biological triplicates are shown.
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of incubation. However, when these cells were sedi-
mented by centrifugation and used for a second bio-
transformation, the 5-KF production rate was much
lower, indicating that repeated use of the cells is not an
option (data not shown).

Expansion of the substrate spectrum for 5-KF production
to sucrose

Sucrose represents a cheaper substrate for 5-KF produc-
tion than fructose and we therefore aimed to construct a
P. putida::fdhSCL derivative with the ability to utilize
sucrose. P. putida wild type is unable to metabolize and
grow on sucrose, but strains engineered for growth on
sucrose were reported (Lowe et al., 2017; Lowe et al.,
2020). However, these studies used cytosolic invertases,
that is CscA from E. coli and CscA from P. protegens,
whereas we aimed for a periplasmic invertase, which pro-
vides fructose for Fdh without the necessity for fructose
export from the cytoplasm. Hence, we selected an inver-
tase recently identified in G. japonicus LMG1417, which
has a high Ky for sucrose (63 + 11 mM), but the highest
specific activity (2300 U mg™') of all mesophilic inver-
tases. After heterologous inv1417 expression in G. oxy-
dans, 40% of the activity was found in the periplasm and
60% in the cytoplasm (Hoffmann et al., 2020). According
to in silico prediction, Inv1417 contains a Tat signal pep-
tide (Hoffmann et al., 2020). However, as the protein is
not known to contain a cofactor, secretion via the Sec
machinery cannot be excluded. The G. japonicus
inv1417 gene was cloned into the expression plasmid
pBT'T under the control of the constitutive P;,. promoter.
P. putida::fdhSCL transformed with pBT'T-inv1417 was
cultivated in MSM with 100 mM sucrose as sole carbon
source to test whether the invertase is active in P. putida
and whether efficient 5-KF formation from sucrose can
be achieved with this enzyme (Fig. 4).

P. putida::fdhSCL (pBT'T-inv1417) grew on sucrose as
sole carbon source, but initial growth was slower com-
pared with cultivations with glucose and fructose (see
Fig. 1D). Since Inv1417 has an acidic pH optimum at
around pH 5 (Hoffmann ef al., 2020) and invertase activ-
ity is crucial for growth on sucrose as sole carbon
source, we compared cultures with an initial pH of 7.0
(Fig. 4A) with cultures having an initial pH of 6.5
(Fig. 4B). The lower initial pH resulted in faster sucrose
cleavage, faster 5-KF production and a lower final cell
density. After 46.5 h of cultivation, the cultures with a
start pH of 6.5 reached an ODgqq of 4.7 & 0.1 compared
with 6.6 + 0.3 for the cultures with a start pH of 7.0.
Besides faster 5-KF production, the reduced start pH
also led to an increased molar yield (5-KF/sucrose) of
0.93 + 0.02 compared with 0.82 + 0.01 obtained for the
cultures with a start pH of 7.0.
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Fig. 4. Growth, pH, sugar consumption and 5-KF formation of P. putida::fdhSCL (pBT'T-inv1417) in shake flasks. The strain was cultivated in

50 mL MSM with 100 mM sucrose in 500 ml shake flasks at 30 °C, 85% humidity, and 180 rpm (shaking diameter of 50 mm) with a start pH of
either 7.0 (A) or 6.5 (B). The cultures were inoculated with precultures grown in MSM with 100 mM sucrose and 20 mM glucose. Sucrose, glu-
cose, fructose and 5-KF concentrations in the supermnatants were determined by HPLC. Mean values and standard deviations of biological tripli-

cates are shown.

As shown in Fig. 4A and B, both fructose and glucose
were formed in the first 11 h of the cultivation with
roughly similar kinetics. However, whereas the fructose
was completely consumed again by conversion to 5-KF,
glucose remained in the medium, reaching final concen-
trations of 54.3 + 0.4 mM in the cultures with an initial
pH of 7 and 65.1 + 0.3 mM in the cultures with an initial
pH of 6.5. This suggests that glucose consumption is
inhibited by acidic pH. We could support this assumption
by further growth experiments in which we either dou-
bled the buffer capacity of the medium or adjusted the
pH after 24 h to 6.5 with NaOH. In both cases, the
higher pH led to a higher glucose consumption and
increased ODgoo values (Fig. S3). The major pathway
for glucose catabolism in P. putida is the periplasmic oxi-
dation to gluconate, which is then taken up and metabo-
lized in the cytoplasm (Nikel et al., 2015; Kohlstedt and
Wittmann, 2019). Hence, the membrane-bound glucose
dehydrogenase Gcd plays a crucial role in glucose cata-
bolism. For Ged of P. putida, the pH optimum has not
been determined to our knowledge. However, in recent
studies on lactobionic acid production with Pseu-
domonas taetrolens it was reported that the PQQ-
dependent glucose dehydrogenase is responsible for the
oxidation of lactose to lactobionic acid (Oh et al., 2020).
In a subsequent study of the same group, it was shown
that lactobionic acid production with P. taetrolens worked
best at pH values above 6, suggesting that the optimum
pH of the PQQ-dependent glucose dehydrogenase is in
this range (Kim et al, 2020). The PQQ-dependent
glucose dehydrogenase of P. taetrolens (GenBank:

KMM82267.1) shows 49% amino acid sequence identity
to the homologous protein of P. putida (Gcd, PP_1444),
suggesting that the two proteins share comparable prop-
erties.

The kinetics of 5-KF production by P. putida::fdhSCL
(pBT'T-inv1417) from sucrose is comparable to that
directly from fructose (Fig. 1) and even faster compared
with G. oxydans with genomically integrated fdhSCL
genes and plasmid-based inv1417 expression (Hoffmann
et al., 2020). This is surprising as Inv1417 is expected to
be more active in G. oxydans at the beginning of the cul-
tivations due to the lower start pH of 6. A possible limita-
tion might be a higher number of membrane-bound
dehydrogenases in G. oxydans compared with P. putida,
which might limit the secretion of Fdh and invertase. A
G. oxydans multideletion strain lacking eight membrane-
bound dehydrogenases showed an increased L-
erythrulose production by the native membrane-bound
polyol dehydrogenase SIdJAB compared with the parental
wild-type strain, which might be due at least in part to an
improved Sec-dependent secretion of SIdA (Peters
et al., 2013; Burger et al., 2019). In summary, the results
shown in Fig. 4 demonstrate that plasmid-based synthe-
sis of the invertase Inv1417 from G. japonicus enables
good growth of P. putida::fdhSCL with sucrose and effi-
cient 5-KF production.

We also determined the specific invertase activity in
cell-free extracts of P. putida::fdhSCL (pBT'T-invi1417)
and the control strain P. putida::fdhSCL (pBT'T) by mea-
suring sucrose consumption via HPLC. In extracts
containing Inv1417, a  specific activity of
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4.63 + 0.23 pmol min” (mg protein)’ was measured,
and similar rates were determined for the formation of
the products glucose (4.38 + 0.18 pmol min™ (mg pro-
tein)") and fructose (4.03 + 0.26 umol min™ (mg pro-
tein)"). In contrast, no sucrose consumption was
determined in extracts of the control strain without inver-
tase. This result confirms the functional expression of
inv1417in P. putida.

Bioreactor cultivation of P. putida::fdhSCL (pBT'T-
inv1417) with sucrose

After demonstrating efficient 5-KF production from
sucrose in shake flasks by P. putida::fdhSCL (pBT'T-
invi417), we wanted to test the performance of the
strain at elevated substrate concentrations under con-
trolled conditions in a bioreactor. Preliminary tests
showed that an initial concentration of 285 g 1" sucrose
(corresponding to 150 g I fructose) is growth-inhibitory,
and we therefore started with an initial sucrose concen-
tration of 150 g I”' and added two pulses of sucrose
after 13 and 23 h (Fig. 5). A growth rate of 0.43 h™' was
reached with sucrose as sole carbon source and within
46 h 121 g I 5-KF were produced. Taking into account
the initial sucrose concentration, the two sucrose pulses,
and sucrose loss caused by sampling, 358 g sucrose
were available in total. Considering 5-KF loss during
sampling, 144 g 5-KF were produced in total, corre-
sponding to a mass yield of 0.40 g 5-KF per g sucrose

g
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E 50
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Fig. 5. Growth, pH, sugar consumption and 5-KF formation of

P. putida::fdhSCL (pBT'T-inv1417) in a bioreactor cultivation with
pulsed feeding of sucrose. The strain was cultivated in 1 | MSM with
150 g I ! sucrose in a DASGIP bioreactor at 30°C, DO = 30% and
pH control at pH 5 by KOH addition after the initial acidification
phase. For inoculation overnight shake flask precultures in MSM
with 150 g I"" sucrose were used. Additional sucrose was added as
pulses of 100 ml and 165 ml of an 839 g I"' sucrose solution after
13 and 23 h of cultivation, respectively (indicated by dashed lines).
Sucrose, fructose, glucose, and 5-KF concentrations in the culture
supernatants were determined by HPLC. A representative example
of two biological replicates (Fig. S4) is shown here.
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consumed and a molar yield of 0.77 mol 5-KF per mol
sucrose. The space-time yield was 2.74 g I~ ' h'. After
the pH drop and especially after the sucrose pulses, fast
sucrose cleavage and fast 5-KF production were
observed. As in the shake flask experiment (Fig. 4), high
amounts of glucose remained in the medium (150 g 1),
likely because the low pH prevented further metaboliza-
tion (see discussion above).

Conclusions and outlook

In this study, we demonstrated that P. putida is able to
functionally synthesize the fructose dehydrogenase of G.
Jjaponicus, which includes a membrane-anchored trihaem
cytochrome ¢ and an FAD-containing subunit transported
pickepack with a small subunit via the Tat secretion sys-
tem. The recombinant strain with genomically integrated
fdhSCL genes proved to be an efficient 5-KF producer
with comparable performance as G. oxydans, the stan-
dard host used for periplasmic oxidation reactions. By
functional expression of the periplasmic invertase gene
inv1417 from G. japonicus, we enabled growth of P.
putida::fdhSCL on sucrose and 5-KF production from this
substrate. Periplasmic conversion of sucrose to glucose
and fructose is particularly reasonable for 5-KF produc-
tion, as the substrate is formed directly in the compart-
ment where it is needed (Fig. 6). Remarkably, the 5-KF
production rate from sucrose was comparable to the one
obtained directly with fructose, confirming that Inv1417 is
a highly active invertase. Furthermore, our results indi-
cate that P. putida has a high potential to serve as host
for periplasmic oxidations not only with native enzymes,
as recently published (Dvofédk et al., 2020), but also with
complex heterologous enzymes like G. japonicus Fdh.
Strategies to further optimize P. putida as host for 5-
KF production can be envisaged. In G. oxydans the
chromosomal integration of a second fadhSCL copy sig-
nificantly increased the 5-KF production rate (Battling
et al., 2020) and a comparable effect might also occur in
P. putida with an additional chromosomal copy. Alterna-
tively, plasmid-based expression of fdhSCL without the
requirement for antibiotics selection could be used to
increase the 5-KF production rate. Various antibiotic-free
plasmid addiction systems have been described for bac-
teria (Kroll et al., 2010). For example, pyrF (encoding
orotidine-5’-phosphate decarboxylase) and proC (encod-
ing pyrroline-5-carboxylate reductase) were shown to be
suitable plasmid selection markers in ApyrF and AproC
strains of Pseudomonas fluorescens (Schneider et al.,
2005). Furthermore, chromosomal expression of inv1417
or the use of an antibiotic-independent inv1417 expres-
sion plasmid would allow 5 KF production from sucrose
without the necessity to use antibiotics. Lastly, process
optimization will be important to improve 5 KF production
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Fig. 6. Schematic overview of sugar metabolism and 5-KF production in P. putida::fdhSCL (pBT'T-inv1417). Sucrose and fructose enter the
periplasm via porins (not shown) in the outer membrane (OM). Sucrose is cleaved by the periplasmic invertase Inv1417 of G. japonicus to glu-
cose and fructose. Fructose is oxidized to 5-ketofructose by the membrane-bound fructose dehydrogenase FdhSCL from G. japonicus. Glucose
can be taken up into the cytosol via the cytoplasmic membrane (CM) by the glucose transport system (GtsABCD) or is oxidized by the PQQ-
dependent glucose dehydrogenase (Ged) to gluconolactone, which is subsequently hydrolyzed to gluconate. Gluconate can be taken up via the
gluconate permease (GntP) or is further oxidized by the gluconate dehydrogenase (Gad) to 2-ketogluconate, which can be taken up via the
ketogluconate transporter (KguT). Periplasmic oxidation by the membrane-bound dehydrogenases generates ubiquinol, which is oxidized in the
respiratory chain either directly by ubiquinol oxidases or via the cytochrome bc, complex and cytochrome ¢ oxidases.

with the strains generated in this study. For isolation of
5-KF, a method has been described in US patent
3,206,375, which involves removal of the cells, treatment
of the supernatant with activated carbon for decolouriza-
tion, deionization with ion exchange resins, concentra-
tion, precipitation and recrystallization (Kinoshita and
Terada, 1963).

Experimental procedures
Strains, plasmids and oligonucleotides

All strains and plasmids used in this study are listed in
Table 2. Plasmids were cloned in either E. coli DH5x
or E. coli PIR2 (for the integration plasmid with ori
RBK) via standard Gibson assembly (Gibson, 2011).
Oligonucleotides used are listed in Table S1 and were
synthesized by Eurofins Genomics (Ebersberg, Ger-
many).

Media composition and cultivation conditions

E. coli strains and P. putida precultures were cultivated
in LB medium (Bertani, 1951) at 37°C and 130 rpm or at
30°C and 180 rpm respectively. 5-KF production experi-
ments with P. putida were conducted at 30°C, 85%
humidity and 180 rpm at a shaking diameter of 50 mm
in a Kuhner shaker ISF1-X (Kuhner, Birsfelden, Switzer-
land) using mineral salts medium (MSM) based on Hart-
mans et al. (1989). It contains per | double-distilled HO
388 g KHPO, 1.63g NaH,PO4 x 2 HO, 20g

(NH4)2S04, 0.1 g MgClx x 6 H,O, 10 mg EDTA, 2 mg
ZnS04 x 7 HO, 1mg CaCl, x2 HO, 5mg
FeSO, x 7 H.O, 0.2 mg NaMoO4 x 2 H,O, 0.2 mg
CuSO, x 5 H,O, 0.4 mg CoCl, x 6 H,O and 1 mg
MnCl, x 2 H,O with varying carbon sources at the indi-
cated concentrations. When required, 50 ug mi~' kana-
mycin or 25 ug mi~' gentamycin were added. G.
oxydans strains were cultivated at 30°C and 180 r.p.m in
complex medium containing 40 g I' mannitol, 5¢g 1"
yeast extract (BD Biosciences, Heidelberg, Germany),
259" MgS0s x 7 HyO, 1gl' (NH4.S0, and
1 g 17" KH,PO,. The initial pH was adjusted to pH 6 with
NaOH (Richhardt et al., 2013). The medium was supple-
mented with 50 ug mi~ ! cefoxitin and 10 uM thymidine.

Generation of P. putida::fdhSCL via Tn7 integration

The Tn7-based chromosomal integration of the fdhSCL
genes from G. japonicus was performed according to
Zobel et al. (2015). arcfdhSCL was amplified from
pBBR1p264-fdhSCL-ST (Siemen et al, 2018) and
encodes an FdhS variant with an ATG start codon
instead of the original TTG start codon, which was
shown to be advantageous (Kawai et al., 2013). Except
for the start codon change, the native G. japonicus
sequence was used. fdhSCL was cloned into pBG14g,
with the Tn7L and Tn7R extremes, the left and right
ends of Tn7 and the strong synthetic 14g promotor
(Zobel et al, 2015). The resulting strain E. coli PIR2
pBG14g-fdhSCL was used for mating on LB agar with
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Table 2. Bacterial strains and plasmids used in this work.
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Strain or plasmid Relevant characteristic

Source or reference

Bacterial strains

E. coli
DH52 F~ endA1 ®80dlacZAM15 A(lacZYA-argF)U169 recAT relA1 Hanahan (1983)
hsdR17(rK-mK+) deoR supEd44 thi-1 gyrA96 phoA ).—,
strain used for cloning
PIR2 F~ Alac169 rpoS(Am) robA1 creC510 hsdR514 endA Invitrogen
reacA1 uidA(AMiui)::pir, host for ori REK replication
HB101 F~ merB mrr hsdS20(rB— mB —) recA13 leuB6 ara— 14 Boyer and Roulland-Dussoix (1969)
proA2 lacY1 galK2 xyl-5 mtl-1 rpsL20(SmR) gin V44 ;—
DH5e hpir pir phage lysogen DH5x derivative; host for ori R6K vectors Platt et al. (2000)
P. putida
KT2440 Wild-type, mt-2 derivative cured from plasmid pWW0 Bagdasarian et al. (1981)

P. putida::fdhSCL

Plasmids
pBG14g-msigip
BCD2- msfgfp fusion, Pi4g
pBG14g-fdhSCL

pTnS1 Amp®, ori R6K, TnNSABC+D operon
pRK2013 Kan®, oriV(RK2/ColE1), mob" tra”
pBT'mes Kan®, ori and rep of pBBR1, Prac
pBT'T pBT'mcs with ribosomal binding site

pBT'T-invi417 pBT'T derivative for expression of invi417

KT2440 with fdhSCL genes under control of P14g,
integrated in afTn7, downstream of gimS

Kan®, Gm®, ori R6K, Tn7L and Tn7R extremes,

pBG14g derivative for integration of fahSCL

This study

Zobel et al. (2015)

This study

Choi et al. (2005)

Figurski and Helinski (1979)

Koopman et al. (2010)

Wierckx lab, Forschungszentrum Julich, Germany
This study

the P. putida KT2440 wild-type recipient, the helper
strain E. coli HB101 pRK2013 and E. coli DH5a ipir
pTnSi1, carrying the TnSagc:p operon for site-directed
transposition (Choi et al., 2005) according to Wynands
et al. (2018). P. putida integration strains were selected
on cetrimide agar with gentamycin and correct integra-
tion downstream of the g/mS gene (PP_5409) was con-
firmed via colony-PCR.

Cultivation in 2-I bioreactor

Bioreactor cultivations were conducted in a 2 | DASGIP
bioreactor. The 1 | main cultures in MSM pH 7 with
150 g I fructose and 20 mM glucose or MSM pH 6.5
with 150 g I"" sucrose were inoculated from overnight
shake flask precultures in the main culture medium. To
prevent foam formation, headspace gassing was used.
The DO was controlled at 30% via a cascade of increas-
ing the stirrer speed from 500 to 1200 rpm, the flow rate
from 60 to 90 sL h~' and the oxygen concentration from
21 to 80% (volivol).

Sugar quantification via HPLC

Culture samples were centrifuged (15 min, 17 000 g)
and the supernatants stored at —20°C. Thawed samples
were diluted with deionized water, heated for 60 min at
60°C to prevent double peaks for 5-KF, which might be
caused by the keto and gem-diol forms (Herweg et al.,
2018), filtered and analysed via high performance liquid
chromatography (HPLC) using a modification of a previ-
ously described method (Richhardt et al, 2012). 10 uL

samples were analysed with an Agilent LC-1100 system
using a Rezex RCM-Monosaccharide 300 x 7.8 mm
column  (Phenomenex, Aschaffenburg, Germany)
equipped with a Carbo-Ca Guard Cartridge (Phenom-
enex) at 80°C with water as eluent at a flow rate of
0.6 ml min~". Sucrose, glucose, 5-KF and fructose were
detected using a refraction index detector at 35°C at
retention times of 9.4, 11.3, 13.1 and 14.5 min respec-
tively.

Preparation of cell free extracts for enzyme activity
assays

Overnight cultures of the respective P. putida and G.
oxydans strains were harvested (10 min, 5000 g, 4°C),
washed once in ddH2O (Fdh assay) or 100 mM potas-
sium phosphate buffer pH 6 (invertase assay) and the
cells were disrupted in a Precellys 24 homogenizer (Ber-
tin, Frankfurt am Main, Germany). Cell lysates were cen-
trifuged for 10 min at 16 000 g and 4°C and the
supernatant was collected as cell-free extract for the
enzyme activity assays. Protein concentrations were
determined via a modified Bradford assay using the Coo
Protein Assay (Uptima, Interchim, Montlucon Cedex,
France).

Enzyme assays

Fructose dehydrogenase activity was measured in a
spectrophotometric assay with potassium ferricyanide as
artificial electron acceptor as described (Ameyama and
Adachi, 1982). Briefly, 100 pl Mcllvaine buffer pH 4.5, 20
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wl Ho0O, 20 pl 10% Triton X-100, 20 pl 1 M fructose and
20 ul cell-free extract were preincubated for 5 min at
25°C and then the reaction was started by adding 20 pl
0.1 M Ks[Felll(CN)g]. Samples were incubated for 4-
14 min at 25°C, the reaction was stopped by adding 100
ul ferric sulfate-Dupanol reagent (5 g1 ' Fey((SO)4)s,
3 g 1" sodium dodecyl sulphate, 95 ml |-! 85% phos-
phoric acid). 700 ul ddH,O was added and the samples
were incubated for 20 min at 25°C. The formation of
Prussian blue colour was measured at 660 nm. The
kinetics of the absorbance increase was used to calcu-
late the specific activity. One unit of enzyme activity is
defined as the amount of enzyme catalysing the oxida-
tion of 1 pmol D-fructose per minute under the condi-
tions described above; 4.0 absorbance units equal
1 umol of D-fructose oxidized (Ameyama and Adachi,
1982).

Invertase activity was measured according to a previ-
ously published method (Hoffmann et al, 2020) with
slight modifications. 100 ul cell-free extract was mixed
with 400 pl 100 mM potassium phosphate buffer pH 6
containing 1 M sucrose. The mixtures were incubated at
30°C and samples were taken at different time points
after 20-120 min and stored at —20°C. Thawed samples
were diluted with ddH,O and the sucrose, glucose and
fructose concentrations were determined via HPLC. The
specific activity was determined from the sucrose
decrease over time, with one unit of enzyme activity cor-
responding to 1 pmol sucrose converted per minute.
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Fig. S1. Analysis of 5-KF formation by HPLC. In panel A, a
standard mixture containing 5 g/L glucose, 5-KF and fruc-
tose was separated. In panel B, supernatants (10 ul) of a
shake flask cultivation of P. putida::fdhSCL (see Fig. 1) at
the start of the cultivation (grey) and after 48 h (black) were
analyzed with an Agilent LC-1100 system using a Rezex
RCM-Monosaccharide 300 x 7.8 mm column (Phenomenex,
Aschaffenburg, Germany) equipped with a Carbo-Ca Guard
Cartridge (Phenomenex, Aschaffenburg, Germany) at 80 °C
with water as eluent at a flow rate of 0.6 mL/min. A refrac-
tion index detector operated at 35 °C was used for detec-
tion.

Fig. S2. Growth, pH, sugar consumption and 5-KF formation
of P. putida::fdhSCL in batch cultivation. The strain was cul-
tivated in 1 L MSM with 150 g/L fructose and 3.6 g/L glu-
cose in a DASGIP bioreactor at 30 °C and DO = 30%. After
the initial acidification phase, the pH-control kept the pH at
5 by KOH addition. For inoculation, overnight shake flask
precultures in MSM with 150 g/L fructose and 3.6 g/L glu-
cose were used. Fructose, glucose, and 5-KF concentra-
tions in the culture supernatants were determined by HPLC.
The data for all four biclogical replicates performed in this
study are shown. Panel D is identical to Fig. 2 in the main
text.

Fig. $3. Growth, pH, sucrose and glucose consumption of
P. putida::fdhSCL (pBT'T-inv1417) in shake flasks. The
strain was cultivated in 50 mL MSM with 100 mM sucrose
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in 500 mL shake flasks at 30 °C, 85% humidity, and 180
rpm (shaking diameter of 50 mm). The cultures were grown
either under standard conditions with an initial pH of 7.0, or
under the same condition, but with a pH shift after 24 h to
pH 6.5 by addition of NaOH, or in modified MSM containing
72 mM phosphate buffer instead of 36 mM with an initial pH
of 7, or in standard MSM with an initial pH of 6.5 All cultures
were inoculated with precultures grown in MSM with 100
mM sucrose and 20 mM glucose, initial pH 7.0. Sucrose
and glucose concentrations in the supematants were deter-
mined by HPLC. Mean values and standard deviations of
biological triplicates are shown.

Fig. S4. Growth, pH, sugar consumption and 5-KF formation
of P. putida:fdhSCL (pBT'T-inv1417) in a bioreactor

5-Ketofructose production with P. putida 13

cultivation with pulsed feeding of sucrose. The strain was
cultivated in 1 L MSM with 150 g/L sucrose in a DASGIP
bioreactor at 30 °C and DO > 30%. After the initial acidifica-
tion phase, the pH was kept at pH 5 by addition of KOH.
For inoculation, overnight shake flask precultures in MSM
with 150 g/L sucrose were used. Additional sucrose was
added as pulses of 100 mL and 165 mL of an 839 g/L
sucrose solution after 13 and 23 h of cultivation, respec-
tively (indicated by dashed lines). Sucrose, fructose, glu-
cose, and 5-KF concentrations in the culture supernatants
were determined by HPLC. The data for two biological repli-
cates performed in this study are shown. Panel A is identi-
cal to Fig. 5 in the main text.

Table S1. Oligonucleotides used in this study.
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Glucose
Fructose

Fig. S1. Analysis of 5-KF formation by HPLC. In panel A, a standard mixture containing 5 g/L mM glucose, 5-KF
and fructose was separated. In panel B, supernatants (10 ul) of a shake flask cultivation of P. putida:;fdhSCL (see Fig.
1) at the start of the cultivation (grey) and after 48 h (black) were analyzed with an Agilent LC-1100 system using a
Rezex RCM-Monosaccharide 300 x 7.8 mm column (Phenomenex, Aschaffenburg, Germany) equipped with a Carbo-
Ca Guard Cartridge (Phenomenex, Aschaffenburg, Germany) at 80 °C with water as eluent at a flow rate of 0.6
mL/min. A refraction index detector operated at 35 °C was used for detection.
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Fig. S2. Growth, pH, sugar consumption and 5-KF formation of P. putida:;fdhSCL in batch cultivation. The strain was
cultivated in 1 L MSM with 150 g/L fructose and 3.6 g/L glucose in a DASGIP bioreactor at 30 °C and DO > 30%.
After the initial acidification phase, the pH-control kept the pH at 5 by KOH addition. For inoculation, overnight shake
flask precultures in MSM with 150 g/L fructose and 3.6 g/L glucose were used. Fructose, glucose, and 5-KF
concentrations in the culture supernatants were determined by HPLC. The data for all four biological replicates
performed in this study are shown. Panel D is identical to Fig. 2 in the main text.
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Fig. S3. Growth, pH, sucrose and glucose consumption of P. putida:;fdhSCL (pBT T-invi417) in shake flasks. The
strain was cultivated in 50 mL MSM with 100 mM sucrose in 500 mL shake flasks at 30 °C, 85% humidity, and 180
rpm (shaking diameter of 50 mm). The cultures were grown cither under standard conditions with an initial pH of 7.0,
or under the same condition, but with a pH shift after 24 h to pH 6.5 by addition of NaOH, or in modified MSM
containing 72 mM phosphate buffer instead of 36 mM with an initial pH of 7, or in standard MSM with an initial pH
of 6.5 All cultures were inoculated with precultures grown in MSM with 100 mM sucrose and 20 mM glucose, initial
pH 7.0. Sucrose and glucose concentrations in the supernatants were determined by HPLC. Mean values and standard
deviations of biological triplicates are shown.



Results 5-KF production with P. putida

65

iy
2
-
S
B
g
8
0 12 24 36 48
Time (h) Time (h)
—— ODgpy — pH - Sucrose -# Glucose —¥* Fructose —+ 5KF

Fig. S4. Growth, pH, sugar consumption and 5-KF formation of P. putida:;fdhSCL (pBT T-invi417) in a biorcactor
cultivation with pulsed feeding of sucrose. The strain was cultivated in 1 L MSM with 150 g/L sucrose in a DASGIP
bioreactor at 30 °C and DO = 30%. After the initial acidification phase, the pH was kept at pH 5 by addition of KOH.
For inoculation, overnight shake flask precultures in MSM with 150 g/L sucrose were used. Additional sucrose was
added as pulses of 100 mL and 165 mL of an 839 g/L sucrose solution after 13 and 23 h of cultivation, respectively
(indicated by dashed lines). Sucrose, fructose, glucose, and 5-KF concentrations in the culture supernatants were
determined by HPLC. The data for two biological replicates performed in this study are shown. Panel A is identical to
Fig. 5 in the main text.
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Table S1. Oligonucleotides used in this study

Oligonucleotide Sequence (5°=> 3°) and properties!

Oligonucleotides for cloning

JdhS-fwd-pBG-overlap TGCTAAGGAGGTTTTCTAATGGAAAAAATAGCTGATTCCG
JdhL-rev-pBG-overlap ATCCCCGGGTACCGAGCTCGTTACCCCTGTTTCAGGTCATTG

invi417-fwd-pBT'Toverlap ACAGGAAACAGGAGGTACCGATGCTGCCGGGTATGACGGATC
invi417-rev-pBT Toverlap GCCCGACGTCGCATGCTCCTCTACATCGCCGTAGGGCGATTC

Oligonucleotides for sequencing and colony-PCR

pBG-seq-fwd AAGCCATGAAAACCGCCACTG
pBG-seqg-rev GAGTTCTGAGGTCATTACTG
Jdh-seq-fwd2 GTGGTTATGCCATTTCTTCCCC
fdh-seq-fwd3 AACCGATGGTGCTGCACTC
Jdh-seq-fwd4 CCCGCATACCAACTACTTCC
5-Pput-g/mS UP? AGTCAGAGTTACGGAATTGTAGG
pBT'T-seq-fwd TGAGCCCCATCCCCCTGTTG
pBT'T-seq-rev ACTCACTATAGGGCGAATTGGAGC
invi417-seq-fwd GTCATCTGCCCCGACGTTGC

1Qverlaps for Gibson assembly in bold
2Zobel et al. 2015 ACS Synth Biol 4: 1341-1351
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3 Discussion

The increasing demand for new sweeteners makes 5-ketofructose (5-KF) an interesting new
product, as it has a similar taste and sweetness as fructose but is not metabolized by humans and
major species of the human gut microbiome. In previous studies it was shown that strains of
Gluconobacter oxydans carrying an expression plasmid for the fructose dehydrogenase of
Gluconobacter japonicus can serve as highly efficient 5-KF producers. However, for a food additive,
plasmid- or at least antibiotic-free microbial production is desirable and needs to be kept in mind
when developing an industrial process. Furthermore, as the costs for such a sweetener must be
low, besides an efficient producer strain also the substrate and the media composition are highly
relevant parameters in process development. In this study efficient 5-KF producer strains with

different traits were developed (Battling, et al.,, 2020, Wohlers, et al., 2021).

3.1 Development of plasmid-free G. oxydans strains for 5-KF production

In the first part of this thesis, plasmid-free G. oxydans strains for 5-KF production were developed
to avoid the necessity to add antibiotics to the media for plasmid-maintenance. For this purpose,
the fdhSCL genes encoding fructose dehydrogenase were integrated in four selected chromosomal
loci. Furthermore, a strain with two genomic copies of the fdhSCL genes was created. The resulting

integration strains were analyzed were characterized.

3.1.1 Integration site-specific differences in fdhSCL expression
Different plasmid-free 5-KF G. oxydans producer strains were generated and four suitable
chromosomal integration sites for heterologous expression were identified. The comparison of
the corresponding fdhSCL-integration strains with respect to 5-KF production and the
approximately consistent RT-qPCR results, assaying fdh expression, revealed slight site-specific
differences in fdhSCL expression and 5-KF production rate (Battling, et al., 2020). These might be
due to the chromosomal organization and secondary structures, since supercoiling and the
distribution of nucleoid-associated proteins differ among chromosomal regions and globally
influence transcription (Browning, et al, 2010, Lal, et al, 2016, El Houdaigui, et al., 2019).
Alternatively, the differences in fdhSCL expression could also depend on the cultivation conditions
influencing the expression levels of the neighboring genes. For E. coli a reduced expression of the
reporter gene was observed when the transcription of the neighboring gene was increased and
vice versa (Bryant, et al, 2014). Despite the minor differences in fdhSCL expression, all four
integration sites were shown to be suitable for future projects targeting G. oxydans strain

development.

3.1.1 Influence of the fdhSCL copy number on expression and 5-KF production
As desired, the double integration strain 1K003.1::fdhSCL? showed approximately twice the 5-KF

production rate and relative expression level compared to the corresponding single integration



68 Discussion

strains (Battling, et al., 2020). Plasmid-based expression however, only resulted in an about two-
fold increase in 5-KF production velocity, compared to the double integration strains. This means
that a third or fourth chromosomal fdhSCL copy could already lead to 5-KF production rates like
in the plasmid-based system. Additionally, a stronger promotor for fdhSCL expression could
increase Fdh activity. Hoffmann, et al. (2020) reported for a single chromosomal fdhSCL
integration with the P264 promotor in the gdhM locus, together with the native gdhM promotor,
so actually a double promotor, 38% Fdh activity compared to the plasmid-based Fdh activity.
However, the difference between fdhSCL transcript levels and 5-KF production in the plasmid-
containing strain is striking. For the pBBR1 backbone a copy number of 23 + 6 copies per cell has
been reported for strain G. oxydans AhsdR (Kallnik, et al., 2010). While the expected 20-fold
difference between the single integration strains and the plasmid-bearing strain was confirmed
by RT-qPCR for the fdhSCL expression levels, a much weaker difference was observed with respect

to the 5-KF production rate (Battling, et al., 2020).

3.1.2 Limitations in 5-KF production

The discrepancy between fdhSCL expression and 5-KF production can have different reasons. One
explanation could be a limitation in secretion and correct incorporation of the C-terminal
transmembrane helix of FdhC into the inner membrane. This hypothesis seems likely since the
cytoplasmic membrane of G. oxydans contains a vast number of endogenous dehydrogenases
(Peters, et al.,, 2013b, Mientus, et al., 2017). The native membrane-bound dehydrogenases could
limit the incorporation of the heterologous Fdh or the secretion via the Sec- or Tat-pathway since
all membrane-bound dehydrogenases with the active site in the periplasm need to be secreted as
well. A negative influence of the multitude of membrane-bound dehydrogenases was reported for
L-erythrulose production via the native mSIdAB (Burger, et al., 2019). Using the G. oxydans BP.8
multideletion strain with deletions of the genes for eighth native membrane-bound
dehydrogenases, other than mSIdAB, was advantageous for L-erythrulose production, regarding
rate and final titer, when compared to the corresponding wild type strain. In a biotransformation
with resting cells, the multideletion strain reached an about 10% increased cell-specific product
formation rate, compared to the wild type strain. The authors explain the effect by a limitation in
space for enzyme integration to the cytoplasmic membrane by the different membrane-bound
dehydrogenases (Burger, et al,, 2019).

Another possible explanation for limited fructose oxidation could be a limitation in
oxygen. However this seems unlikely, as the plasmid-carrying strain G. oxydans 621H AhsdR
pBBR1p264-fdhSCL-ST was not 20-fold faster in 5-KF production than the single integration strain
G. oxydans 1K003.1-igr3::fdhSCL in a comparable batch fermentation, where oxygen supply is
sufficient (Herweg, et al., 2018, Battling, et al., 2020). It is rather possible that the ubiquinone

regeneration via the respiratory chain is limiting. A similar effect was reported for a G. oxydans
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strain overproducing the membrane-bound glucose dehydrogenase. In the study by Meyer, et al.
(2013), plasmid-based gdhM expression resulted in nine-fold increased transcript levels, while
the membrane fraction showed five-fold increased GdhM activity with an artificial electron
accepter, but only three-fold increased oxygen consumption, indicating a limitation in the
terminal quinol oxidases of the respiratory chain (Meyer, et al., 2013).

After an improvement of plasmid-free 5-KF production by increasing the fdhSCL
expression levels with additional copies and/or a different promotor, the transcription-
independent limitation in fructose oxidation could be addressed by either deleting genes for
endogenous dehydrogenases or, the other way around, integrating the fdhSCL genes in an existing
multideletion strain, for example G.oxydans BP.9 (Peters, et al, 2013b), or alternatively
overexpress selected parts of the respiratory chain. Overexpression of the cyoBACD genes
encoding cytochrome bos oxidase in G. oxydans for example led to an improved growth rate and
growth yield (Richhardt, et al,, 2013b) and improved GdhM- and mSIdAB-based production of
5-keto-D-gluconic acid (Yuan, et al., 2016).

Further optimization of the presented 5-KF production strains might be achieved by
deletion of the 5-KF reductase genes, GOX1432 and GOX0644, recently discovered in G. oxydans
621H (Schiess], et al., 2021). Although no decrease in 5-KF concentrations was observed in our

strains, simultaneous fructose oxidation and 5-KF reduction could decelerate the production rate.

3.1.3 Alternative 5-KF production via native Gluconobacter strains
Although plasmid-free and needing no antibiotics, the generated G. oxydans 5-KF producer strains
are still genetically modified organisms (GMOs) since they carry the fdhSCL genes of G. japonicus.
For consumer perception, a non-GMO production process would be beneficial, since non-GMO
labeled foods are unwarrantedly more likely to be related to healthiness, safety, and
environmental friendliness by costumers (Sax and Doran, 2016). Consequently, also the
possibility of a non-GMO producer strain was investigated. G. oxydans 621H has no Fdh but still
produces small amounts of 5-KF when grown on fructose as seen in the IK003.1 reference
(Battling, et al., 2020). Also, the parental strain G. oxydans 621H was previously described to form
5-KF when grown on D-mannitol (Richhardt, et al, 2012). The glycerol dehydrogenase of
G. thailandicus NBRC 3258, a homolog of the G. oxydans 621H polyol dehydrogenase mSIdAB, was
described to have a broad substrate spectrum and to oxidize fructose to 5-KF (Ano, et al,, 2017).
We could confirm unspecific 5-KF production in G. oxydans 621H by mSIdAB with a sIdAB deletion
strain and complementation with plasmid-based sldAB expression (Figure S1). However, even
plasmid-based sIdAB expression in the wild type (Figure S2) resulted only in low 5-KF production
rates compared to the fdhSCL expressing strains, indicating that 5-KF production via the
endogenous mSIdAB enzyme in G. oxydans 621H is not competitive with heterologous production

via the highly active FdhSCL.
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Another option would be to use a species with an endogenous Fdh, such as G. japonicus
NBRC3260, the donor of the here used fdhSCL genes. However, an initial comparison of a
heterologous plasmid-based fdhSCL expression in G. oxydans was shown to be beneficial when
compared to the G. japonicus wild type (Kawai, et al, 2013). Even for the strain G. oxydans
Amgdh::fdhSCL with only one chromosomal fdhSCL copy a higher Fdh activity than in different
tested Gluconobacter strains with native Fdh was reported (Hoffmann, et al., 2020). Also, the
recently published example of 5-KF production from mannitol with native G. frateurii CHM 43
(Adachi, et al., 2020) seems not competitive, since the reported production rates are lower than
in our fdhSCL integration strains (Adachi, et al., 2020, Battling, et al., 2020). This indicates that the
known hosts with native Fdh would also need optimization prior to efficient 5-KF production and

that G. oxydans strains are advantageous for 5-KF production.

3.2 P.putida as alternative 5-KF production host

In the second part of this thesis, 5-KF production was established in P. putida as alternative host.
Tn7-based chromosomal integration of the fdhSCL genes enabled P. putida to produce 5-KF from
fructose. Furthermore, heterologous expression of invi417, encoding an invertase, allowed 5-KF
from sucrose as alternative substrate. The different strains were characterized in shake flask and
bioreactor cultivations. Additionally, the new host was compared to G. oxydans regarding 5-KF
production.

The membrane-bound Fdh, which needs proper secretion via the Sec- and Tat-pathway,
the membrane incorporation via the cytochrome ¢ subunit and heme ¢ and FAD as prosthetic
groups for FdhC and FdhL, is a complex enzyme and correct assembly in the new host was not
self-evident. However, the presence of the endogenous gluconate dehydrogenase in P. putida,
which has similar subunits and prosthetic groups (Kumar, et al., 2013), suggested that correct Fdh
assembly might be possible. Additionally, the importance of periplasmic glucose oxidation (del
Castillo, et al.,, 2007) and the recently published xylonate production based on periplasmic xylose
oxidation with P. putida (Dvorak, et al., 2020) led to the assumption that P. putida is a suited host
for production processes via periplasmic oxidation.

Whether P. putida has a sufficient osmotolerance to produce 5-KF at high substrate and
product concentrations, whether high fructose oxidation activities can be reached with strong
heterologous fdhSCL expression and whether the yield can be improved by inhibiting fructose

metabolization still needs to be investigated.

3.2.1 P. putida at increased osmotic pressure
The adaptation of P. putida to osmotic stress conditions via uptake of potassium or betaine and
biosynthesis of Na-acetylglutaminylglutamine amide and mannitol has been described (Kets, et
al,, 19964, Kets, et al., 1996b). According to transcriptome studies, P. putida responds to osmotic

stress also with membrane modifications, biofilm formation and reduced flagella formation
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together with a more general stress response (Reva, et al,, 2006, Bojanovic, et al., 2017). To assess
the ability of P.putida::fdhSCL to cope with increased osmotic stress at high fructose
concentrations a preliminary experiment with different fructose concentrations ranging from
18 g/L - 200 g/L fructose was conducted in the BioLector. The experiment showed an extended
lag phase and decreased final biomass with increasing fructose concentrations and no growth
with 180 g/L or 200 g/L fructose (Figure S3). In the 1 L batch fermentation in a DASGIP bioreactor
with 150 g/L fructose, however, P. putida::fdhSCL showed good growth and 5-KF production
(Wohlers, et al., 2021). This demonstrates that fructose concentrations of at least 150 g/L are
tolerated. Also, higher sugar concentrations and osmolarities during a potential 5-KF production
process should be no problem, since 150 g/L fructose could be a good initial concentration for a
fed-batch process. Since fructose oxidation only started in the late exponential phase after a pH
decrease, in a fed-batch process with a balanced fructose feed-rate beginning after the growth

phase and optimized conditions, high product concentrations should be possible.

3.2.2 Influence of a second chromosomal fdhSCL copy on 5-KF production in P. putida
Aiming atincreased 5-KF production, like in the G. oxydans project, a second chromosomal fdhSCL
copy was integrated into the genome of P. putida. Two serial, adjacent fdhSCL copies, together with
one 14g promotor, were integrated via Tn7 transposition into the P. putida wild type, yielding
P. putida::2xfdhSCL. Against the expectations, no increase in 5-KF production was observed.
Instead, growth was slightly inhibited and 5-KF production delayed, when compared to the single
integration strain (Figure S4). This indicates that increased production of the heterologous
membrane-bound enzyme complex is growth-inhibiting and consequently fructose oxidation is
delayed. Despite having a negative effect under these conditions, the impaired growth suggests
that in fact more Fdh is produced and incorporated into the membrane. Despite the growth defect,
the second fdhSCL copy could be beneficial at higher fructose concentrations, when a later
production start but higher fructose oxidation rate outcompetes the earlier start in 5-KF
production of the single integration strain. However, it needs to be assessed how much of
improvement can be achieved considering the oxidation capacities of the respiratory chain. In
G. oxydans, even in a plasmid-carrying strain that reaches approximately 20-fold expression levels
of a single integration strain, only an about four-fold 5-KF production rate was reached compared

to a single integration strain, indicating a limitation in the respiratory chain (Battling, et al., 2020).

3.2.3 Acidification during cultivation of P. putida::fdhSCL with fructose or sucrose
A strong acidification with a drop from pH 7 to pH values below 5 was observed in the cultivations
of P. putida::fdhSCL when grown in mineral salts medium (MSM) with glucose and fructose or with
sucrose as sole carbon source for the inv1417 expressing strain. A role of Fdh or 5-KF can be
excluded since a similar pH decrease was observed in cultures of the wild type (Wohlers, et al.,

2021). A similar effect has to our knowledge not yet been described for P. putida. However, its
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sugar metabolism has mostly been studied for cells grown with glucose. While glucose is
predominantly oxidized in the periplasm to gluconate and partially further oxidized to
2-ketogluconate, these acids are described to be later taken up and metabolized via the central
carbon metabolism (del Castillo, et al., 2007, Nikel, et al., 2015, Kohlstedt and Wittmann, 2019).
This suggests that at least the 20 mM glucose in the medium is not responsible for the strong pH
decrease. Admittedly, in the publications describing the complete metabolization of the acids from
periplasmic glucose oxidation, only 16-40 mM glucose were applied and this might be different at
increased overall sugar concentrations like in the 20 mM glucose with 100 mM fructose used for
5-KF production (del Castillo, et al, 2007, Nikel, et al., 2015, Kohlstedt and Wittmann, 2019,
Wohlers, et al., 2021). Additionally, a similarly low pH as in cultures containing glucose and
fructose has also been observed in cultures with fructose as sole carbon source (Wohlers, et al,,
2021), indicating that acids formed during fructose consumption are causing the pH decrease. To
exclude glucose as cause for the acidification, a cultivation with 100 mM or 120 mM glucose would
be necessary.

Only recently the periplasmic formation of the acidic compound mannonate has been
described for fructose-grown P. putida. Fructose is initially isomerized to mannose and then
oxidized to mannonate by the periplasmic glucose dehydrogenase (Nguyen, et al, 2021a).
However, these reactions were observed under completely different conditions, namely when
P. putida was grown anaerobically in an artificial bioelectrochemical system and thus this effect
might not occur in aerobically grown P. putida. The fact that P. putida::fdhSCL AfruB, a mutant
unable to take up fructose, showed a delayed pH decrease (Figure S5) rather indicates that the
reason for acidification of fructose grown P. putida lies in cytoplasmic fructose consumption.
Furthermore, the strain P. putida::fdhSCL Agcd::inv1417, lacking the membrane-bound glucose
dehydrogenase showed a comparable acidification as the 5-KF strain with gcd (Master Thesis
Marielle Driller, 2021). Consequently, periplasmic mannonate formation can be excluded as
reason for the observed acidification during 5-KF production. The study on anaerobic fructose
metabolization additionally describes the formation of acetate and pyruvate as by-products
(Nguyen, et al, 2021a). These by-products, however, were also reported for a comparable
anaerobic metabolization of glucose (Yu, etal., 2018), while they were not detected during aerobic
glucose consumption (Nikel, et al, 2015), indicating that the formation of pyruvate and acetate
not necessarily has to be the same for aerobically fructose-grown cells. .

Both uptake and metabolism of fructose and glucose in P. putida show differences. Glucose
is taken up via the ATP-dependent ABC transporter GtsABCD, while fructose is taken up via PTSFru,
A study by Chavarria, et al. (2012) revealed a different metabolization of both sugars. Glucose is
mostly processed via the EDP and only to a small extent (4%) via the PPP, or as later described
via the EDEMP cycle, while fructose is metabolized through the EDP (52 %), the EMP (34%), and
the PPP (14%). Despite lacking phosphofructokinase, P. putida can process fructose via the EMP
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since fructose-1-phosphate is directly phosphorylated to fructose-1,6-bisphosphate by FruK
(Chavarria, et al,, 2012). The distribution among different routes was shown to be influenced by
PtsN, a subunit of PTSNt, which is interconnected with PTSFru (Chavarria, et al, 2012).
Additionally, fructose-1-phosphate is the effector for Cra, which represses PP_3443, encoding a
GAPDH and can consequently influences the upper sugar metabolism at the GA3P node. To ensure
efficient PEP supply for PTSu in fructose-grown cells the GAPDH flux is increased, in comparison
to glucose-grown cells. Hence the distribution between the different pathways, TCA cycle, EDEMP
cycle or PPP is different depending on the carbon source (Chavarria, et al,, 2012, Chavarria, et al.,
2016). The different fluxes of the non-PTS sugar glucose and the PTS sugar fructose, the different
metabolization and varying enzyme activities could cause the accumulation of distinct by-
products. Consequently, the difference in metabolization of fructose from glucose could possibly
cause the strong acidification in cultures of fructose-grown P. putida , since a similar acidification
has not yet been reported for glucose-grown cells.

A dilute-and-shoot mass spectrometry analysis using a method described by Reiter, et al.
(2021) optimized for detection of organic acids, identified the presence of gluconate, pyruvate,
and different TCA cycle intermediates (citrate, isocitrate, succinate, malate) in culture
supernatants after growth with fructose and glucose (Wohlers, et al., 2021). However, verification
via high performance liquid chromatography (HPLC) was challenging and qualitative detection
was only possible for some of the compounds following sample preparation via solid phase
extraction (SPE), using NH»-SPE columns as described by Agius, et al. (2018). Pyruvate was found
in all tested samples of P. putida::fdhSCL and P. putida::fdhSCL pBT'T-inv1417, while succinate,
malate and 2-ketogluconate could only be detected in some samples. Additionally, unidentified
peaks were detected (see example chromatograms in Figure S7). These results suggest that small
amounts of different acids are excreted into the medium by fructose- or sucrose-grown P. putida,

which in combination cause the observed pH shift.

3.2.4 Fructose uptake and metabolism in P. putida
An advantage of using the well-studied P. putida is the knowledge of the fructose uptake system.
In P. putida fructose is taken up via the PEP-dependent phosphotransferase system present in this
species, PTSFru encoded by the fruBKA operon. PTSFu has been reported to be the only uptake
route for fructose in P. putida, since a fruB mutant strain cannot grow on fructose as sole carbon
source (Velazquez, etal., 2007). Hence, a P. putida::fdhSCL AfruB mutant was generated to prevent
fructose loss via cytoplasmic fructose metabolization and thereby increase the 5-KF/fructose
yield. However, instead of increasing 5-KF production and yield, 5-KF production was decelerated,
and an increasing brownish coloring of the medium was observed. Additionally, a slower pH
decrease was observed compared to P. putida::fdhSCL, still carrying the fruB gene (Figure S5). The

brownish coloring had also been observed previously in the biotransformation experiments with
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high fructose and 5-KF concentrations and is likely due to the Maillard reaction. The Maillard
reaction actually comprises a set of different reactions following an initial reaction between a
carbonyl group of a reducing sugar with an amino group of amino acids or peptides, forming a
glycosylamine (Hodge, 1953, Martins, et al,, 2000). This initial step is facilitated at neutral to basic
pH, since the amino group needs to be unprotonated (Martins, et al., 2000, Lund and Ray, 2017).
In the case of 5-KF production with P. putida, a lowering of the pH occurred during cultivation.
This acidification is not only important to increase Fdh activity, but also decreases the formation
of by-products via Maillard reaction, meaning substrate or product loss. Compared to fructose
with its single a-hydroxyketo group, 5-KF with two a-hydroxyketo groups is even more prone to
the Maillard reaction. Consequently, in the case of P. putida::fdhSCL AfruB not only the slower 5-KF
production, but possibly also the increased brownish coloring of the culture medium is caused by
the slower pH decrease in the mutant lacking the fruB gene. This assumption was confirmed when
P. putida::fdhSCL AfruB was cultivated at different pH conditions. A lower pH was implemented by
either doubling the initial glucose concentration for increased gluconate formation and natural
acidification, or artificial acidification by addition of HCI after growth was completed. These
modifications on the one hand increased 5-KF /fructose yield and on the other hand decreased the
brownish coloring of the medium, compared to the standard conditions (Figure S6). In addition
to the importance for Fdh activity, the acidification observed during 5-KF production with

P. putida seems to be important to avoid the formation of brown by-products.

3.2.5 Sucrose as alternative substrate for 5-KF production in P. putida

An alternative way to make 5-KF production more cost-efficient is the use of a substrate that is
cheaper than fructose, such as sucrose. Plasmid-based expression of the G. japonicus invi417 gene
in P. putida::fdhSCL resulted in 5-KF production from sucrose at comparable rates as from fructose
(Wohlers, etal., 2021). The invertase Inv1417 has been described to be a periplasmic enzyme and
in silico predictions suggest the presence of a Tat signal peptide (Hoffmann, etal., 2020). However,
in our lab the suitability of Inv1417 to be anchored to the outer membrane via Sec-dependent
surface display was shown (data not shown, Master Thesis Marielle Driller, 2021), indicating that
Inv1417 is secreted via the Sec pathway and not via the Tat pathway. Regardless of the secretion
mechanism, periplasmic sucrose cleavage is advantageous for 5-KF production in comparison to
the previously reported heterologous sucrose cleavage in the cytosol (Lowe, et al, 2020), as
fructose is formed in the compartment where also its oxidation by Fdh takes place.

When studying 5-KF formation from sucrose, large amounts of the glucose fraction were
not metabolized. From 100 mM sucrose up to 65 mM glucose remained in the culture medium
(Wohlers, et al., 2021). This effect was not reported for the sucrose-consuming P. putida strains
described in literature, but in these studies, only low sucrose concentrations of 3 g/L sucrose (=8.7

mM) were used (Lowe, et al., 2017, Lowe, et al,, 2020). Since in our studies more glucose was
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accumulated in cultures with a start pH of 6.5 compared to cultures with a start pH of 7, a
connection of glucose accumulation and the low pH was assumed. This assumption was confirmed
when comparing different pH adjustments with the standard cultivation conditions. In cultures
with increased pH, either by NaOH addition or with increased buffer capacity, less glucose was
accumulated compared to the standard conditions (Wohlers, et al., 2021). The major route for
glucose consumption in P. putida is the oxidation to gluconate via the periplasmic PQQ-dependent
glucose dehydrogenase Ged (Daddaoua, et al,, 2010, Nikel, et al., 2015, Kohlstedt and Wittmann,
2019). Hence, a limitation in Ged activity at low pH seems to be a possible reason for glucose
accumulation. The pH optimum of Gcd for glucose oxidation has not been determined. However,
the production of lactobionic acid in Pseudomonas taetrolens via its native PQQ-dependent glucose
dehydrogenase was described to be most efficient at pH values above 6, indicating a neutral pH
optimum for the glucose dehydrogenase (Kim, et al.,, 2020, Oh, et al., 2020). Since the P. taetrolens
glucose dehydrogenase (Genbank KMM82267.1) shows 49% amino acid sequence identity to the
homologous protein of P. putida (Gcd, PP_1444), comparable properties and a similar pH optimum
are likely. Considering the role of glucose oxidation by P. putida in the soil or rhizosphere, where
gluconic acid formation leads to acidification causing phosphate solubilization, reduced Gcd
activity at acidic pH seems reasonable. Phosphate limiting conditions were shown to increase
expression of gcd and genes encoding enzymes for PQQ biosynthesis, together leading to
acidification by gluconate formation (An and Moe, 2016). Consequently, a Gecd inhibition or
downregulation at acidic pH could also be possible.

If inactive Ged would lead to the glucose accumulation, a strain without gcd should
accumulate even more glucose. However, P.putida::fdhSCL Agcd::inv1417 showed a similar
glucose accumulation when compared to a strain that has the gcd (data not shown, Master Thesis
Marielle Driller, 2021). This suggests, that reduced or inhibited Gcd activity is not the only reason
for glucose accumulation.

Considering not directly the acidic pH but the organic acids causing it, catabolite
repression could be of importance here. Pseudomonads are described to prefer organic acids like
succinate and citrate over glucose (Collier, et al., 1996). For P. aeruginosa citrate and succinate
were shown to repress enzymes of glucose metabolism. For example, gluconate dehydrogenase,
glucose 6-phosphate dehydrogenase, and KDPG aldolase were downregulated when the organic
acids were present. Concentrations as little as 5 mM succinate or 8 mM citrate were sufficient for
downregulation (Ng and Dawes, 1973, Siegel, et al,, 1977, Collier, et al,, 1996, Rojo, 2010). For
P. putida, succinate also results in catabolite repression of glucose, however, both carbon sources
are consumed simultaneously, while succinate is consumed faster (La Rosa, et al., 2015). While in
the publication by La Rosa, et al. (2015) glucose is still metabolized when succinate is present, this

could be different under the conditions in our study.
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Also, a general pH inhibition of growth and the overall enzyme activities and a stop in
glucose consumption as consequence are possible. The observed pH values below 5 are rather
untypical for P. putida, which is described to grow at a pH range of 5.5-10 (Bagdasarian and
Timmis, 1982, Reva, et al,, 2006). Thus, inactivity of the organism’s metabolism seems to be a
possible explanation for the glucose accumulation.

Regardless of the reason for glucose accumulation during growth on sucrose, this effect
can be beneficial in future studies. For maximal 5-KF production from sucrose, also the glucose
units need to be converted to 5-KF. Hence, glucose accumulation is favorable since it allows 5-KF

production also of the glucose units after isomerization to fructose.

3.3 Comparison of G. oxydans and P. putida regarding their qualification for
5-KF production
When comparing G. oxydans and P. putida with respect to 5-KF production, important traits of the

host organism are a high osmotolerance, sufficient oxidation capacity of the respiratory chain and

the ability to grow and survive at acidic pH.

3.3.1 Comparison of osmotolerance
G. oxydans as natural habitant of sugary niches is an organism renowned for its osmotolerance
(Deppenmeier, et al., 2002, Sievers and Swings, 2015, Zahid, et al., 2015). However, the molecular
basis of the osmotolerance of the acetic acid bacterium has not been completely elucidated.
2-Keto-L-gulonic acid, which can be synthesized from sorbitol in G. oxydans, was proposed to have
a function in osmotic stress control (Saito, et al., 1998), but so far only mannitol accumulation was
demonstrated as strategy in osmoprotection (Zahid, et al,, 2015). A fed-batch process for 5-KF
production already proved sufficient osmotolerance of G. oxydans. Only at osmolalities = 1.08
osmol/kg, corresponding to the initial fructose concentration of 150 g/L fructose, growth of
G. oxydans 621H AhsdR pBBR1p264-fdhSCL-ST was delayed and product concentrations up to
489 g/L 5-KF could be reached (Herweg, et al, 2018). The ability of P.putida to tolerate
concentration above 150 g/L fructose or 5-KF still needs to be investigated. For P. putida facing
osmotic stress, mannitol accumulation was also shown as strategy and transcriptome data suggest
further adaptation mechanisms like the accumulation or synthesis of further osmoprotectans like
glycine or N-acetylglutaminylglutamine amide (NAGGN), a modification of the cell envelope,
activation of transmembrane transporters, motility reduction by downregulation of flagella genes
and upregulation of biofilm formation (Kets, etal.,, 1996a, Reva, et al., 2006, Bojanovic, et al., 2017).
However, if the endogenous adaptation capabilities should not be sufficient, exogenous
osmoprotectants like proline or betaine could be added to the medium. The uptake of these

compounds should be possible, as the gene PP_2914 was annotated as a proline/betaine
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symporter (ProP) and was upregulated under osmotic stress (Belda, et al.,, 2016, Bojanovic, et al.,

2017).

3.3.2 Comparison of the respiratory chain and oxidation capacity
Regardless of the organism, the respiratory chain or more specifically the terminal oxidases and
their oxidation capacity is of high importance for fast 5-KF oxidation. At least in G. oxydans with
plasmid-based fdhSCL expression, rather the regeneration of ubiquinol via the terminal oxidases
than the fdhSCL expression seems to be limiting (see 3.1.2).

P. putida and G. oxydans both have a cytochrome bd- and a cytochrome bos- type quinol
oxidase and a cytochrome bc; complex. However, G. oxydans lacks cytochrome c oxidase and
therefore the role of the cytochrome bci complex is unclear. P. putida, on the other hand, contains
three cytochrome c oxidases, one aaz- and two cbbs-type cytochrome c terminal oxidases. The
higher number and broader variety of terminal oxidases in P. putida in theory imply a higher
oxidation capacity. Especially cbbs-type cytochrome oxidases are known to have a high oxygen
affinity and hence could be important at high oxidation rates (Morales, et al., 2006, Hanke, et al.,
2012, Richhardt, et al,, 2013b, Belda, et al., 2016). Probably more important than the number of
terminal oxidases are the expression of the genes and the actual activity. In both organisms the
cytochrome bo3z oxidase encoded by respective cyo operons has been reported to be the main
oxidase under aerobic conditions (Sweet and Peterson, 1978, Dinamarca, et al., 2002, Richhardt,
etal, 2013b).

For G. oxydans the overexpression of the cyoBACD genes coding the bos oxidase has been
described to increase the growth rate, the growth yield, and the ubiquinol oxidase activity and led
to accelerated and increased production of 5-ketogluconate via GdhM and mSIdAB (Richhardt, et
al,, 2013b, Yuan, et al,, 2016). A similar overexpression of the cyoBACD genes could also improve
5-KF production with G. oxydans. Correspondingly, overexpression of the terminal oxidase genes
might improve 5-KF production in P. putida, despite no such study has been published yet. In
P. aeruginosa, however, the overexpression of the cioAB genes for cytochrome bd oxidase led to a
cell division defect and increased antibiotic sensitivity (Tavankar, et al., 2003). This could be
different in P. putida and the alternative overproduction of the cytochrome bos; oxidase might be
possible without negative effects. Instead of direct overexpression of quinol oxidase-coding genes,
the titration of regulatory effects might increase the terminal oxidase activity and consequently
accelerate ubiquinol and fructose oxidation. For example the hybrid sensor kinase HskA was
shown to play a role in the composition of the electron transport chain in P. putida depending on
oxygen availability by sensing the redox status of the respiratory ubiquinones (Sevilla, et al.,
2013a, Sevilla, et al,, 2013b). HskA upregulates the expression of the genes coding for the
cytochrome bci complex and the cytochrome cbbs-1 oxidase at aerobic conditions. At semiaerobic

conditions, HskA upregulates the genes coding for the cytochrome bd, aas and chbz-1 oxidases and
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the cytochrome bci complex, while the cytochrome bos and the cbbs-2 oxidases are not regulated
by HskA (Sevilla, et al,, 2013a). Consequently, hskA overexpression could possibly increase the
oxidation capacity and accelerate 5-KF production in P. putida.

The respiratory chain of the acid-tolerant G. oxydans has been described to adapt to acidic
pH by increasing the amount of the cyanide-insensitive cytochrome bd oxidase. At pH 4 compared
to pH 6 expression of the cydAB genes is 2.2- and 1.6 fold upregulated (Matsushita, et al., 1989,
Hanke, et al,, 2012). The cytochrome bd oxidase has high quinol oxidase activity, also at low pH,
whereas the cytochrome bos oxidase shows decreasing activity at lower pH (Miura, et al., 2013).
Despite no cytochrome c oxidase was identified in G. oxydans, the cytochrome bc; complex was
described to play a role at acidic pH, as a deletion mutant showed a growth defect at acidic pH
(Hanke, et al., 2012). In P. putida, no transcriptional changes were detected for the terminal
oxidase genes at acidic conditions of pH 4.5 (Reva, et al.,, 2006). However, the cytochrome bos

oxidase has been described to be crucial for adaptation to acidic pH (Reva, et al., 2006).

3.3.3 Comparison of acid tolerance

For 5-KF production with Fdh and its acidic pH optimum, both organisms need to adapt to acidic
conditions. For G.oxydans the ability is self-evident as the natural metabolism involving
incomplete periplasmic oxidation of various substrates is causing acidification. The pH adaptation
mechanisms of G.oxydans, however, have not yet been elucidated. A transcriptome study
comparing global gene expression at pH 4 and pH 6 showed no typical acid stress responses,
suggesting functionality of all crucial G. oxydans enzymes at neutral to acidic pH (Hanke, et al.,
2012).

In the soil as natural habitat, P. putida can also be exposed to pH stress and in general
P. putida is renown as robust host. In a study on the influence of acidic pH (pH 4.5, HCI) on the
P. putida transcriptome, only a few changes were noted. PP_1656, encoding RelA, the major ppGpp
synthetase, was upregulated. Also, PP_2914, coding for a proline/betaine transporter, was
upregulated, potentially to stimulate the uptake of proline or betaine from the medium.
Additionally, PP_2196, encoding an agmatinase, was upregulated. Agmatinase hydrolyzes
agmatine to putrescine and urea. The authors assume that this causes the observed alkalization
from pH 4.5 to 8 during the cultivation (Reva, et al.,, 2006). This unbuffered increase of the pH
during the experiment might have falsified the strength of transcriptome change upon acid stress.
The genome sequence of P.putida revealed that most acid resistance mechanisms of
Enterobacteria are missing in P. putida (Bearson, et al.,, 1997, Belda, et al,, 2016). However, also
P. putida possesses a gene PP_4140 coding for a lysine decarboxylase, which in E. coli plays a role
in acid resistance (Belda, et al., 2016). Despite the limited knowledge on the mechanisms and
ability for acid adaptation in P. putida, 5-KF production upon acidification below pH 5 showed
clearly that the cells are able to withstand the acidic condition (Wohlers, et al.,, 2021).
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3.4 Conclusion and outlook

Both G. oxydans and P. putida were shown to be suitable hosts for 5-KF production and of both
organisms potent producer strains were generated in this work (Battling, et al., 2020, Wohlers, et
al,, 2021). While G. oxydans is a well renowned host for periplasmic oxidations, P. putida was first
shown in this work to be a suited host for heterologous periplasmic oxidation. For further project
development and potential industrial implementation, however, one of the two hosts needs to be
chosen eventually. The choice is between the classical periplasmic oxidizer G. oxydans with a high
osmotolerance and strong oxidation capacities but limitations in engineering tools and expression
systems and, on the other side, the well-studied P. putida, with many genetic tools available, good
growth in minimal media and a better biomass yield than G. oxydans, but possible limitations in
periplasmic oxidation capacities, at acidic pH and when facing highly osmotic conditions.

For a potential industrial process, space time yield and product titer are especially
important. Consequently, the production ability of P. putida to produce high 5-KF concentrations
in a fed-batch process with fructose as substrate need to be evaluated and compared to that of
G. oxydans to decide which organism should be used for further strain and process optimization.

For both organisms, an increase in fructose oxidation abilities seems possible and should
be addressed first, e.g., by introducing further chromosomal fdhSCL copies or promotor exchanges
for increased expression. Also it is necessary to check whether the capacity of the terminal
oxidases is sufficient by comparing oxygen consumption during fructose oxidation with Fdh
activity in an oxygen-independent reaction with artificial electron acceptors, similar as described
by Meyer, et al. (2013).

Sucrose utilization for 5-KF production in the generated strain G. oxydans
1K003.1::fdhSCL? via heterologous invi417 expression, as first described by Hoffmann, et al.
(2020), was already tested and is possible (Figure S8). This means that 5-KF production from
sucrose is an option with both organisms at choice via plasmid-based inv1417 expression. For
antibiotic-free production, however, a chromosomal integration or change for an antibiotic-
independent plasmid system would be needed. For efficient use of sucrose, eventually also the
glucose fraction needs to be converted to 5-KF. Therefore, the conversion of glucose to fructose
by glucose isomerase is necessary. Upon identifying or developing a suited isomerase, glucose
isomerization seems possible since both organisms accumulate the majority of the glucose units
after sucrose cleavage (Figure S8; Wohlers, et al. (2021)).

Regarding sucrose as substrate, also the potential of a surface display of invertase and
further heterologous enzymes should be assessed. The development of a surface display system
for enzymes needed for the utilization of alternative substrates was tested to obtain a reusable
cell catalyst for conversion of substrates without the need of an uptake via the membranes. The
difficulties to establish a surface display system in G. oxydans were the most important reason for

testing P. putida as alternative 5-KF production host. Hence, an assessment of the advantages and
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applicability of a surface display of the invertase and potentially an isomerase in comparison with
soluble, periplasmic enzymes is of importance for the selection of the organism. The surface
display of Inv1417 was achieved in P. putida::fdhSCL with E. coli Lpp-OmpA or P. aeruginosa OprF
as membrane anchors (data not shown, Master Thesis Marielle Driller, 2021). However, additional
proof of surface display and optimization would be needed before application.

Eventually, process development will lead to optimization of media composition, pH,
starting substrate concentration, and feed-rate. Additionally, a process for product purification
needs to be established. An approach for 5-KF purification from the culture broth has been
described by Kinoshita and Terada (1963).

Independent of the choice of the producer strain and further strain and process
optimization, the applicability and stability of 5-KF in different foods and preparation methods
needs to be tested prior to market introduction as not all sweeteners are equally suited for all
applications (Carocho, et al., 2017). Since 5-KF is prone to Maillard reactions, which are enhanced
at high temperature, it is perhaps not suited for baking. More importantly, approval of 5-KF as
food ingredient by the authorities (FDA, EFSA) is needed before it can be commercialized. This
approval process requires a broad set of toxicity tests, which need to be completed before

submitting a petition (Rulis and Levitt, 2009).
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5 Appendix

References given in the Appendix are part of the reference list given for the general discussion.

5.1 Supplementary figures
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Figure S1 Shake flask cultivation of G. oxydans 621H AmsldAB with pBBR1p264 and pBBR1p264-msldAB.
Depicted is the growth as ODsoo, the 5-KF production, and fructose consumption of G. oxydans 621H pBBR1p264 and
G. oxydans 621H AmsldAB with either the empty vector control pBBR1p264 or the expression plasmid pBBR1p264-
msldAB, cultivated in 100 mL complex medium with 18 g/L fructose in 500 mL baffled shake flasks that were incubated
at 30°Cand 130 rpm. The msldAB genes encode the major polyol dehydrogenase, which has a broad substrate specificity
(Peters, et al., 2013b, Ano, et al., 2017) Shown are mean values of biological triplicates. This experiment was conducted

by Philipp Wirtz during his Bachelor Thesis.
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Figure S2 Shake flask cultivation of G. oxydans 621H with pBBR1p264 and pBBR1p264-msldAB. Depicted is the

growth as ODeoo, 5-KF production, fructose formation and consumption, and mannitol consumption of G. oxydans 621H

with either the empty vector control pPBBR1p264 or the expression plasmid pBBR1p264-msldAB, cultivated in 100 mL

complex medium with 40 g/L mannitol in 500 mL baffled shake flasks that were incubated at 30°C and 130 rpm. Shown

are mean values of biological duplicates. This experiment was conducted by Philipp Wirtz during his Bachelor Thesis.
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Figure S3 Growth of P. putida::fdhSCL with different fructose concentrations. Depicted is the growth as backscatter

(arbitrary units, a.u.)(A) and the final cell density as ODsoo (B) of P. putida::fdhSCL grown in MSM with 20 mM glucose

(3.6 g/L glucose) and 18-200 g/L fructose. The main cultures were inoculated from precultures grown in MSM with

20 mM glucose and 18 g/L fructose. 800 uL cultures were incubated in a Flowerplate in a BioLector at 30 °C, 1200 rpm

and 85 % humidity. Depicted are mean values and standard deviations of biological triplicates.
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Figure S4 Shake flask cultivation of P. putida::fdhSCL and P. putida::2xfdhSCL. Depicted are the ODsoo, pH, and the
concentrations of glucose, fructose and 5-KF for P. putida::fdhSCL and P. putida::2xfdhSCL grown in 500 mL shake flasks
with 50 mL MSM containing 100 mM fructose and 20 mM glucose. The cultures were incubated at 30 °C and 180 rpm.

Shown are mean values and standard deviations of four biological replicates.
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Figure S5 Shake flask cultivation of P. putida::fdhSCL and P. putida::fdhSCL AfruB. Depicted are ODesoo, pH, and the
concentrations of glucose, fructose and 5-KF concentrations for P. putida::fdhSCL (A) and P. putida::fdhSCL AfruB (B)
grown in 500 mL shakeflasks with 50 mL MSM containing 100 mM fructose and 20 mM glucose. The cultures were

incubated at 30 °C and 180 rpm. Shown are mean values and standard deviations of biological triplicates.
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Figure S6 Shake flask cultivation of P. putida::fdhSCL AfruB under different conditions. Depicted are ODeoo, pH,
and the concentrations of glucose, fructose and 5-KF for P. putida::fdhSCL AfruB grown in 500 mL shake flasks with
50 mL MSM containing 100 mM fructose and 20 mM glucose, with either no adjustments (standard), 2x glucose
(40 mM), addition of 3.6 mM HCI (pH adjusted A), or addition of 6 mM HCI (pH adjusted B). The cultures were incubated

at 30 °C and 180 rpm. Shown are mean values and standard deviations of biological triplicates.
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Figure S7 Example chromatograms of organic acid analysis in culture supernatants after SPE. A: Overlay of 32 h
sample of P. putida::fdhSCL cultivated in a shake flask with 100 mM fructose (1:2 dilution of culture supernatant with
water) and standard solutions of 10 mM pyruvate and 10 mM malate. B: Overlay of 23 h sample of P. putida::fdhSCL
pBT'T-inv1417 cultivated in a bioreactor with 150 g/L sucrose (3:4 dilution of culture supernatant with water) together
with standard solutions of 10 mM pyruvate and 10 mM succinate. C: Overlay of 22 h sample of P. putida::fdhSCL pBT'T-
inv1417 cultivated in shake flasks with 100 mM sucrose (1:5 dilution of culture supernatant with water) and standard
solutions of 10 mM pyruvate and 10 mM 2-ketogluconate. All samples and standard solutions contained tricarballylic
acid as internal standard. Samples were prepared vie NH2 SPE, acids were eluted with phosphoric acid according to a
method described by Agius, et al. (2018). Eluted acids were separated in an Agilent LC-1200 system (Agilent, Santa
Clara, CA, USA), equipped with a 250*4.6 mm Synergi 4u polar RP 80A column (Phenomenex, Germany) with 20 mM

ammonium phosphate buffer, pH 2.6 with an acetonitrile gradient according to the published method.
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Figure S8 Shake flask cultivation of G. oxydans 1K003.1::fdhSCL> pBBR1p264-inv1417. Depicted is the growth as
ODeoo together with the pH and the concentrations of sucrose, glucose, fructose, and 5-ketofructose determined by HPLC
for a shake flask cultivation of G. oxydans 1K003.1 fdhSCL? pBBR1p264-invi417. Cells were cultivated in 50 mL
Gluconobacter complex medium, pH 6.0, with 100 mM sucrose using 500 mL shake flasks that were incubated at 30°C

and 180 rpm. Shown are mean values and standard deviations of biological triplicates.
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5.2 Studies on cell surface display in G. oxydans

5.2.1 Background
To obtain a reusable cell catalyst for 5-KF production from alternative substrates like sucrose and
starch, a surface display of the heterologous enzymes required for conversion of these substrates
was planned. The reusability of the cells aimed to compensate for the low biomass yield of
G. oxydans. Additionally, this would have the advantage that bulky substrates like starch, that
cannot enter the cell, could also be used.

Cell surface display in Gram-negative bacteria by using heterologous membrane anchors
has been described in literature for various examples and hence seemed possible in G. oxydans
(Becker, et al,, 2005, Schiiiirmann, et al., 2014, Tozakidis, et al.,, 2015, Schulte, et al., 2017). For
sucrose conversion to 5-KF, two enzymes are required, namely an invertase and a glucose
isomerase. For starch as alternative substrate, four additional enzymes would be needed, namely

an a-amylase, a pullulanase, an a-glucosidase, and a glucose isomerase (see Figure S9).

A
Sucrose / I

\ - [ 5-Ketofructose J
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Figure S9 Planned heterologous utilization of alternative substrates. Shown is an overview of the needed enzymes

Fructose | T2
>
[ Fructose | 2

for 5-KF production from sucrose (A) and starch (B). The enzymes for surface display are written in grey.

5.2.2 Amylases

a-Amylase was selected as test enzyme because starch as a substrate cannot cross the outer
membrane of Gram-negative bacterial cells. Hence, amylase activity observed in cell suspensions
would indicate extracellular amylase activity. For the selection of the amylases, the molecular
mass and the pH range of the enzymes were considered. The pH range of the amylase needed to
overlap with the slightly acidic pH range of G. oxydans and Fdh activity and the molecular mass
was relevant, as smaller passenger enzymes are thought to be more suited for secretion and
surface display.

At first, two different amylases, that of Bacillus licheniformis DSM 13 and that of
Streptomyces griseus IMRU 3570, were selected due to their characteristics. Later a third enzyme,

the a-amylase of Streptococcus bovis 148, was included. This enzyme was shown to be actively



100 Appendix

expressed in G. oxydans in the group of Prof. U. Deppenmeier (University of Bonn, Germany).
Additionally, for the S. bovis amylase functional surface display has been described in literature
(Narita, et al., 2006). An overview of the selected enzymes with the corresponding characteristics

is shown in Table S1.

Table S1 Selected a-amylases for surface display in G. oxydans

Organism Molecular mass pHrange References

Bacillus licheniformis 55 kDa 5-8 (Saito, 1973, Yuuki, et al., 1985)
DSM 13

Streptomyces griseus 57 kDa 6-8 (Vigal, et al., 1991, Seibold, et al.,
IMRU 3570 2006)

Streptococcus bovis 148 77 kDa 4.5-7.5 (Satoh, etal,, 1993, Satoh, et al,,

1997, Narita, et al., 2006)

5.2.3 Membrane anchors

As membrane anchors first the autotransporters EstA and EhaA were selected. The
autotransporter domain of P. aeruginosa EstA is a well-studied membrane anchor in heterologous
surface display (Yang, et al., 2004, Becker, et al,, 2005, Nicolay, et al., 2012, Chung, et al., 2020).
The E. coli EhaA autotransporter domain has already been used in several examples in
heterologous surface display, among other hosts also in Zymomonas mobilis (Wells, et al., 2008,
Tozakidis, et al., 2014, Sichwart, et al.,, 2015, Schulte, et al., 2017). Z. mobilis, like G. oxydans, is an
alphaproteobacterium, suggesting that the membrane anchor could also be functional in
G. oxydans.

To broaden the spectrum of membrane anchors and increasing the variety, later also the
outer membrane protein (OMP)-derived N-terminal membrane anchors OprF and Lpp-OmpA
were included. OprFigs, a truncated version of P. aeruginosa OprF (Lee, et al., 2005), was selected,
since it has been described for functional surface display in G. oxydans (Blank and Schweiger,
2018). The fusion construct Lpp-OmpA of the E. coli lipoprotein signal peptide and a truncated
E. coli OmpA fragment adds variety to the set of membrane anchors (Francisco, et al., 1992,
Earhart, 2000). An overview of the selected membrane anchors together with their size and

original reference is listed in Table S2.
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Table S2 Selected membrane anchors tested for surface display in G. oxydans

Membrane anchor Organism Size Reference
Autotransporter
EstA P. aeruginosa 326 aa /36 kDa (Becker, et al., 2005)
EhaA E. coli 339 aa/ 38kDa (Wells, et al., 2008)
OMP
OprFiss P. aeruginosa 188 aa / 20 kDa (Lee, et al.,, 2005)
Lpp-OmpA E. coli 122 aa /13 kDa (Francisco, et al,, 1992)

5.2.4 Cloning and testing
For strong constitutive expression, the respective amylase membrane anchor constructs were
cloned into the plasmid pBBR1p264. All autotransporter constructs were cloned with the N-
terminal signal sequence of EstA to avoid differences between the EhaA and EstA constructs
caused by secretion differences due to different signal peptides. The plasmids were used to
transform G. oxydans 1IK003.1 via conjugation, since electroporation was not successful, likely due
to the large plasmid size.

As a first assay, the strains were tested for amylase activity on starch agar plates. For that
purpose, Gluconobacter mannitol medium agar plates, additionally containing 1 g/L starch, were
used to streak out the relevant strains and incubate them for 1-2 days at 30 °C. After growth, the
plates were layered with Lugols’ solution (3.3 g/L iodine and 6.6 g/L potassium iodine). During
incubation for some minutes at room temperature, the iodine stains the starch in the agar plates.
Areas not or only weakly stained indicate starch degradation by amylase activity. Additionally,
cells from liquid cultures, either whole cells or cell fractions, were assayed in the Phadebas assay
(Phadebas AB, Kristianstad, Sweden), the dinitro salicylic assay (Miller, 1959), or the Red Starch
assay (Megazyme Ltd., Wicklow, Ireland). The Phadebas and the Red Starch assay are both based
on modified starch molecules enabling colorimetric detection of starch hydrolysis. Dinitro
salicylic acid allows colorimetric detection of reducing sugars formed by starch hydrolysis.

All tests showed that, at least in combination with the selected membrane anchors, AmyA
of S. bovis is the most suited amylase for expression in G. oxydans. The starch plate assay showed
strong starch cleavage activity for the Lpp-OmpA-AmyA construct and selected experiments with
the most promising strain G. oxydans IK003.1pBBR1p264-Ipp-ompA-amyA are shown in Figure
S10. Cell fractionation and proteinase K treatment prior to enzyme assays showed only very low
amylase activity for the membrane fraction compared to the soluble fraction and no activity
decrease upon proteinase K treatment (Figure S10). These results suggest that the extracellular
amylase activity was due to cell lysis or secretion into the medium and that the surface display

was not successful.
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Figure S10 Surface display experiments with AmyA of S. bovis in G. oxydans 1IK003.1. (a) G. oxydans IK003.1 strains
with pBBR1-p264-plasmids for the synthesis of AmyA fusion proteins with EstA, EhaA, OprF188 or Lpp-OmpA as
membrane anchors were cultivated on starch agar and stained with Lugols’ solution. (b, c) Amylase activity of G. oxydans
IK003.1 pBBR1-p264-Ipp-ompA-amyA with the artificial substrate Red Starch either in cell fractions, incubated for
20.5h at 30 °C (b) or with whole cells of an ODsoo of 20, after proteinase K (PK) incubation for 15 min at room
temperature (c). The lower activity in the cells incubated without PK suggests that PK leads to cell lysis and release of

intracellular amylase.

5.2.5 Conclusion
Despite testing different amylases and different membrane anchors, the surface display of an a-
amylase in G. oxydans was not successful. This could have different reasons. It is possible that the
selected enzymes are not suitable for functional expression in G. oxydans. At least the amylase
AmyA of S. bovis is suited for G. oxydans as reported by our project partners at the University of
Bonn (Prof. Deppenmeier) and shown here in the amylase assays with the membrane-anchor
constructs. Also, the membrane anchor might not be functional in G. oxydans. However, the
selected anchoring sequences had a broad variety including N-terminal OMPs and C-terminal
autotransporter domains. Additionally, the OprF188 membrane anchor has been described to be
functional in G. oxydans (Blank and Schweiger, 2018). When using a functional amylase and a
functional membrane anchor, it is still possible that the combination of both is not optimal. The
membrane anchor is described to influence the activity of the displayed passenger enzyme
(Tozakidis, etal.,, 2020). For the autotransporters also the choice of the signal peptide can strongly
influence the surface display (Tozakidis, et al., 2020). Since different signal peptides described to
be functional in G. oxydans were tested, the choice of the signal peptide was at least not the only
reason for the problems with surface display in G. oxydans. The most likely explanation at present
is that the expression was too strong and that also constitutive expression might not be ideal for
surface display. In literature, inducible expression has been used for surface display. The strong

constitutive expression with pBBR1p264 in our study was likely too strong for a heterologous,
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secreted, and membrane-integrated fusion protein. This hypothesis was supported by the fact that
the DNA sequencing of some of the expression plasmids after isolation from G. oxydans revealed
disrupted plasmids.

To enable surface display in G. oxydans it would likely be best to first test an endogenous
enzyme as passenger or an enzyme of a more related organism and to use an inducible expression
system. Also, the fusion with one of G. oxydans native OMPs as membrane anchor could be an

option.
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5.3 Influence of 5-KF on the P. putida KT2440 transcriptome

5.3.1 Background and experimental settings
To test whether 5-KF influences the alternative host P.putida, the effect of 5-KF on the
transcriptome was analyzed in a DNA microarray experiment. LB precultures (four biological
replicates) were used to inoculate a second preculture in mineral salts medium (MSM) (Hartmans,
et al,, 1989, Wohlers, et al., 2021) with 20 mM glucose. The second preculture was used to
inoculate two 10 mL main cultures in MSM with 100 mM glucose. After incubation for 4.5 h at
30 °C and 180 rpm to an approximate ODsgo of 4, 2 mL samples were taken for RNA isolation and
100 mM 5-KF or the same volume of water were added to the cultures together with concentrated
medium to avoid a dilution effect. After continued incubation for 30 minutes, again 2 mL samples

were taken for RNA isolation. The experiment was performed in four biological replicates.

5.3.2 Results
In the microarray experiment the genome-wide changes in transcript levels upon addition of 5-KF
or water were analyzed. First, the mRNA ratio of the samples +5-KF 30 min vs. +5-KF 0 min and
+water 30 min vs. +water 0 min were formed. Subsequently, the ratio of these two ratios was
formed to exclude changes in gene expression not caused by 5-KF, but just by incubating the

cultures for 30 min. The differentially expressed genes are listed in Table S3.

Table S3 List for transcriptome changes in P. putida KT2440 caused by addition of 100 mM 5-KF. Listed are genes
that were differentially expressed with a signal to noise ratio >3, signals in at least 2 out of 4 replicates, >2-fold change
and p-values <0.1. Stated are the fold changes after incubation for 30 min with 100 mM 5-KF or water as control and
the ratio of the fold-changes in 5-KF compared to H20. Mean values of 4 biological replicates are shown. The genes were

ordered into functional groups and listed with the corresponding p-values.

Locus tag |Gene name, annotation Fold changes p-values
5-KF / H20 |5-KF ‘HZO 5-KF [H20

Respiration and energy metabolism

PP_0103 |cytochrome c oxidase, aas-type, subunit II 0.49 0.18 [0.37 [2x103|4x10+4
PP_0104 |cytochrome c oxidase, aas-type, subunit I 0.17 0.11 [0.65 |[7x105|5x10-2
PP_0105 |cytochrome c oxidase assembly protein 0.39 0.18 |0.46 |2x103|8x103
PP_0106 |cytochrome c oxidase, aas-type, subunit III 0.26 0.18 [0.67 [3x10*|4x102
PP_0109 |cytochrome oxidase assembly protein 0.44 0.26 |0.61 |4x103|6x102
PP_0810 |cyoupsl protein, gene upstream of cyoABCD operon  |2.48 5.10 [2.06 [3x104|9x10?
PP_0811 |cyoups2 protein, gene upstream of cyoABCD operon 2.29 6.99 |3.05 [3x104|2x103
PP_0812 |cyoA, cytochrome o ubiquinol oxidase, subunit II 3.22 8.55 [2.66 [3x103|7x10-2
PP_0814 |cyoC, cytochrome o ubiquinol oxidase, subunit III 2.58 8.57 (3.32 |1x103|5x10-2
PP_4251 |cco0-1, cytochrome c oxidase, chbs-type, subunit II 10.20 4.38 (0.43 |3x102(4x102
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Locus tag |Gene name, annotation Fold changes p-values
5-KF / H20 |5-KF (H20 |5-KF |H20

PP_4253 |ccoP-1, cytochrome c oxidase, chbs-type, subunit 111 7.53 4.09 [0.54 [2x102|8x102
PP_4258 |ccoP-2, cytochrome c oxidase, chbs-type, subunit 111 3.81 2.21 [0.58 [3x102|7x10-2
PP_4870 |azurin 2.09 0.67 [0.32 [9x102|2x102
Metabolism
PP_0056 |oxidoreductase, GMC family 0.38 0.07 [0.17 [1x103|1x103
PP_0154 |acetyl-CoA hydrolase/transferase family protein 2.60 1.51 |0.58 [1x102|3x102
PP_0205 |oxidoreductase 2.43 1.94 |0.80 |4x102|8x102
PP_0323 |soxB, sarcosine oxidase, beta subunit 0.44 0.31 [0.71 [2x105|4x102
PP_0397 |serine proteine kinase PrkA 0.41 0.26 [0.62 [4x103|2x102
PP_0490 |formate dehydrogenase, iron-sulfur subunit 17.66 10.57(0.60 |2x10-3|3x10?
PP_0491 (formate dehydrogenase, cytochrome b556 subunit 6.45 3.75 |0.58 [9x104|9x103
PP_0552 |adh, 2,3-butanediol dehydrogenase 2.28 11.44|5.02 |3x104|{1x102
PP_0596 |beta-alanine-pyruvate transaminase 0.43 0.09 |0.20 [4x103|2x103
PP_0763 |long chain fatty acid-CoA synthetase 0.47 0.12 |0.26 {1x105(1x102
PP_0794 |fruK, 1-phosphofructokinase 7.18 4.41 |0.61 |3x103|9x103
PP_0903 |type 11 methyltransferase 0.40 0.61 |1.52 |3x103|7x102
PP_1033 |sulfatase domain protein 0.33 0.20 [0.61 [1x103|3x102
PP_1303 |cysD, sulfate adenylyl transferase subunit II 2.18 3.13 |1.43 |6x105(3x102
PP_1343 |IpxC, UDP-3-0-[3-hydroxymyristoyl] N- 0.49 0.78 |1.61 |8x102|6x102

acetylglucosamine deacetylase
PP_1811 |wecB, UDP-N-acetylglucosamine 2-epimerase 0.47 0.26 [0.55 [1x10-3|3x10?
PP_2036 |dihydrodipicolinate synthase, putative 0.50 249 |5.00 [6x10*|1x103
PP_2052 |hydrolase, haloacid dehalogenase-like family 10.93 8.57 [0.78 [3x10-*|4x 102
PP_2183 |formate dehydrogenase, subunit gamma 0.39 0.28 [0.73 [9x10-3|5x10?
PP_2206 |peptidase, U32 family 3.83 6.70 |1.75 |2x103|2x102
PP_2351 |acetyl-CoA synthetase, putative 0.26 0.18 |0.66 [6x103|6x103
PP_2439 |ahpC, alkyl hydroperoxide reductase, C subunit 6.11 443 |0.72 [1x103|3x103
PP_2453 |ansA, L-asparaginase 11 0.44 0.50 [1.15 [7x102|3x102
PP_2795 |acyl-CoA synthetase 0.46 0.79 |1.71 |7x102|4x10+*
PP_2926 |UDP-glucose dehydrogenase, putative 2.00 1.51 |0.75 [1x101|8x102
PP_2928 |saccharopin dehydrogenase 2.12 5.00 |2.36 |7x103|2x103
PP_3136 |[serine O-acetyltransferase, putative 0.49 0.38 [0.77 [2x10%*|9x102
PP_3443 |glyceraldehyde-3-phosphate dehydrogenase 4.15 2.26 |0.55 |[3x103|4x103
PP_3623 |gluconate 2-dehydrogenase, cytochrome c family 0.48 0.41 [0.84 [1x102|4x10?

protein
PP_3745 |glcD, glycolate oxidase subunit 22.10 7.42 10.34 |7x106|6x103
PP_3746 |gIcE, glycolate oxidase, FAD binding subunit 26.59 10.36/0.39 |4x103|5x102
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Locus tag |Gene name, annotation Fold changes p-values
5-KF / H20 |5-KF (H20 |5-KF |H20

PP_3747 |gicF, glycolate oxidase, iron-sulfur subunit 33.47 18.42|0.55 |3x104|2x102

PP_3748 |glcG, hypothetical protein 32.35 20.08|0.62 |7x104|6x102

PP_3786 |aminotransferase 0.41 1.41 |3.42 |6x102(3x102

PP_4278 |xdhA, xanthine dehydrogenase, subunit A 0.48 0.11 [0.23 |1x103|7x103

PP_4286 |polysaccharide deacetylase family protein 0.45 0.14 |0.30 [4x103|2x10+*

PP_4403 |bkdB, branched-chain alpha-keto acid dehydrogenase, |0.37 0.21 [0.57 [1x103|2x102
subunit E2

PP_4493 |oxidoreductase, FAD-linked, putative 2.99 1.34 (045 |7x102|7x102

PP_4752 |aminopeptidase, putative 0.41 0.27 |0.68 |6x103|5x102

PP_5346 |oadA, pyruvate carboxylase subunit B 2.18 2.66 |1.22 |3x103|4x102

PP_5008 |polyhydroxyalkanoate granule-associated protein GA1 |0.42 0.20 [0.47 [3x103|1x10?

Transport

PP_0233 |tauA, taurine ABC transporter, periplasmic substrate- |(4.43 2.63 |0.59 [5x103|2x10?
binding protein

PP_0284 |gamma-aminobutyrate transporter, putative 0.33 0.41 [1.24 [2x103|5x102

PP_0295 |glycine betaine/L-proline ABC transporter, permease [0.22 0.45 |2.05 |3x103|7x102
protein

PP_0304 |hypothetical protein (BlastP: choline ABC transporter) |0.36 0.25 [0.70 [1x10*|7x103

PP_0411 |polyamine ABC transporter, ATPase 0.22 0.13 |0.56 |1x102(4x102

PP_0412 |polyamine ABC transporter, periplasmic substrate- 0.40 0.17 |0.42 |2x103|2x102
binding protein

PP_0496 |sodium/alanine symporter 0.49 1.34 |2.71 |2x102|6x1073

PP_0618 |branched-chain amino acid ABC transporter, permease |0.49 0.17 [0.35 [9x104|6x103
protein

PP_0619 |branched-chain amino acid ABC transporter, 0.45 0.10 [0.21 [5x105|6x103
periplasmic substrate-binding protein

PP_0709 |NCS1 nucleoside transporter family 0.38 0.49 |1.31 |3x102|6x103

PP_0884 |dipeptide ABC transporter, periplasmic peptide- 0.38 0.22 |0.58 |6x10*|5x102
binding protein

PP_0885 |dipeptide ABC transporter, periplasmic peptide- 0.37 0.16 |0.44 |5x103|3x102
binding protein

PP_0970 |cyanate MFS transporter 2.18 1.52 |0.70 |7x102|1x10!

PP_1015 |sugar/glucose ABC transporter, periplasmic sugar- 0.24 0.47 |1.92 |5x103|5x103
binding protein

PP_1016 |Sugar/glucose ABC transporter, permease protein 0.30 0.64 |2.12 |9x102|5x102

PP_1017 |Sugar/glucose ABC transporter, permease protein 0.31 0.68 |2.21 |5x102|5x102
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Locus tag |Gene name, annotation Fold changes p-values
5-KF / H20 |5-KF (H20 |5-KF |H20

PP_1071 |amino acid ABC transporter, periplasmic substrate- 0.37 0.56 |1.54 |2x102|8x102
binding protein

PP_1137 |braG, branched-chain amino acid ABC transporter, 0.36 0.27 [0.75 [5x10*|6x 102
ATP-binding protein

PP_1297 |aap], general amino acid ABC transporter, periplasmic [0.06 0.04 |0.68 [3x10%|7x102
substrate-binding protein

PP_1486 |polyamine ABC transporter, periplasmic polyamine- [0.36 0.21 |0.58 |7x10*|6x102
binding protein

PP_2264 |sugar ABC transporter, periplasmic sugar-binding 0.47 0.76 |1.60 |2x102|2x102
protein, putative

PP_2454 |rbsB, ribose ABC transporter, periplasmic ribose- 0.30 0.17 [0.57 [5x104|9x103
binding protein

PP_2558 |outer membrane efflux protein, TolC family type 0.46 0.35 |0.76 |1x102(2x102

PP_2569 |metabolite MFS transporter, MHS family 0.46 0.24 [0.51 [8x103|2x103

PP_2604 |major facilitator family transporter 0.45 0.66 |1.48 |8x102|6x102

PP_2830 |major facilitator family transporter 0.41 0.73 |1.77 |1x102|5x103

PP_3165 |benK, benzoate MFS transporter 0.42 1.73 |4.09 |5x102|7x103

PP_3658 |aromatic compound MFS transporter, putative 0.45 0.54 |1.20 |1x101|5x102

PP_4309 |transporter, NCS1 nucleoside transporter family 0.49 0.23 |0.47 |3x102|6x10-3

PP_4735 |IctP, L-lactate transporter 0.19 0.05 [0.28 [1x10°5|5x103

PP_4863 |branched-chain amino acid ABC transporter, ATP- 0.15 0.12 [0.79 |[7x103|6x102
binding protein

PP_4865 |branched-chain amino acid ABC transporter, permease |0.19 0.14 [0.70 [5x10%*|8x102
protein

PP_5171 |cysP, sulfate ABC transporter, periplasmic sulfate- 2.25 1.70 |0.76 [4x102|9x102
binding protein

PP_5174 |efflux membrane fusion protein, RND family 0.48 0.35 [0.74 [4x10%*|2x102

PP_5279 |amino acid ABC transporter permease 4.76 3.72 |0.78 |7x103|5x102

Membrane

PP_0092 |lipoprotein, putative 2.26 4.14 |1.83 |5x104|9x102

PP_0504 |oprG, outer membrane protein, OmpW family protein |2.57 1.77 |0.69 |7x102|2x102

PP_1122 |OmpA family protein 0.39 0.27 |0.69 |6x103|5x102

PP_1153 |lipoprotein, putative 2.36 0.49 |0.21 |3x102(2x102

PP_3090 |OmpA domain protein 3.56 2.06 |0.58 |8x102|6x102

PP_3236 |lipoprotein Oprl 2.20 0.38 |0.17 |4x103|9x10+*

PP_4282 |aquaporinZ 0.47 0.33 |0.70 |4x103|2x103

Regulation and signal transduction
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Locus tag |Gene name, annotation Fold changes p-values
5-KF / H20 |5-KF (H20 |5-KF |H20

PP_0386 |[sensory box protein 0.37 0.30 |0.81 [5x10-3|7x102
PP_1063 |metR-1, transcriptional activator 2.22 1.86 |0.84 |1x103(8x102
PP_1144 |diguanylate cyclase, GGDEF domain protein 0.48 0.31 |0.64 |1x103|3x102
PP_1313 |transcriptional regulator, AraC family 0.41 0.67 |1.63 [4x104|2x102
PP_1644 |wrbA, trp repressor binding protein 2.19 1.66 |0.76 [4x102|2x102
PP_2259 |sigma-54 dependent transcriptional regulator 0.43 0.33 |0.78 |8x103|5x102
PP_2944 |sensor histidine kinase 0.46 0.32 [0.69 [2x103|2x102
PP_2945 |sensor histidine kinase/response regulator 0.46 0.30 |0.65 |[3x104|2x102
PP_3159 |benR, transcriptional activator of benABC operon 0.38 0.59 |1.58 [1x102(9x102
PP_3420 [sensor histidine kinase 0.41 0.20 |0.49 |8x10+|8x103
PP_3592 |transcriptional regulator, RpiR family 0.34 0.23 [0.68 [4x10*|3x102
Motility
PP_2310 |methyl-accepting chemotaxis transducer 2.49 1.48 |0.59 [1x103|2x102
PP_4376 |[fIiD, flagellar cap protein 0.30 0.47 |1.56 |5x103|1x101
PP_4388 |flgE, flagellar hook protein 0.46 0.87 |1.91 |2x102|5x102
PP_4888 |methyl-accepting chemotaxis transducer, putative 0.36 0.27 |0.74 |3x102|5x102
Stress
PP_0985 |cold-shock domain family protein 0.42 0.78 |1.84 |4x102|5x102
PP_1522 |cspA, cold shock protein 0.35 0.60 |1.70 |2x103|5x102
PP_3234 |heat shock protein, HSP20 family 2.48 0.33 [0.13 |7x10*|8x10+*
PP_3290 |universal stress protein family 2.07 0.46 [0.22 |7x10-3|3x103
PP_4855 |osmotically-inducible lipoprotein OsmE 22.96 15.79|0.69 [4x10+|9x103
Transcriptional and translational machinery
PP_0493 |selA, selenocysteine synthase 2.25 1.68 |0.75 |8x102|2x102
PP_0719 |ychF, GTP-dependent nucleic acid-binding protein 2.10 4.03 [1.92 |7x103|4x102
PP_2006 |hypothetical protein (BlastP: TULIP family P47 like 0.24 0.41 |1.75 |2x102|1x102

protein)
PP_2007 |P-47-related protein 0.32 0.23 [0.70 [3x103|4x102
PP_t12 tRNA-Pro 0.39 0.83 [2.13 [2x103|8x 102
Others
PP_0052 |metallo-beta-lactamase family protein 0.47 0.31 |0.66 |[3x103(4x102
PP_1083 |bacterioferritin-associated ferredoxin, putative 0.31 0.75 |2.41 [8x102|6x102
PP_1116 |site-specific recombinase, resolvase family 2.05 2.67 |1.30 |4x103|3x102
PP_3448 |nfrB, bacteriophage N4 adsorption protein B 0.45 0.30 |0.67 |2x102(4x102
PP_4259 |iron-sulfur cluster-binding protein 2.74 1.75 |0.64 [5x103|2x102
PP_4856 |bacterioferritin, putative 14.63 14.13|/0.97 |3x104|3x102

Hypothetical proteins
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Locus tag |Gene name, annotation Fold changes p-values
5-KF / H20 |5-KF (H20 |5-KF |H20
PP_0273 |hypothetical protein 3.19 1.53 [0.48 |2x102|2x102
PP_2874 |hypothetical protein 2.71 1.40 |0.52 |5x102(3x103
PP_3094 |hypothetical protein 4.49 6.78 |1.51 |5x104|7x102
PP_3097 |hypothetical protein 3.51 490 |1.40 [3x10*|6x102
PP_3100 |hypothetical protein 3.52 491 [1.39 |5x105|8x102
PP_3235 |hypothetical protein 2.17 0.45 |0.21 [4x103|4x103
PP_3307 |hypothetical protein 3.07 2.29 |0.75 |2x102|8x102
PP_3401 |hypothetical protein 2.14 245 |1.14 |5x102|5x102
PP_3610 |hypothetical protein (BlastP: DNA alkylation repair 2.15 1.34 |0.62 [8x102|2x102
protein)
PP_4615 |hypothetical protein, phosphate-starvation-inducible E [4.70 2.29 |0.49 |6x102|7x102
PP_5167 |hypothetical protein (BlastP: alpha/beta hydrolase) 2.03 1.44 |0.71 [8x102|6x102
PP_0712 |hypothetical protein (BlastP: polyphosphate kinase)  [0.43 0.29 |0.69 [4x103|5x103
PP_0764 |hypothetical protein PP_0764 0.29 0.19 [0.65 [6x10-3|3x10?
PP_0765 |hypothetical protein PP_0765 0.37 0.16 |0.44 |5x103|1x102
PP_0766 |hypothetical protein PP_0766 0.16 0.11 |0.70 |2x103|4x102
PP_0819 |hypothetical protein PP_0819 0.47 0.69 |1.46 |7x102|2x102
PP_0905 |hypothetical protein PP_0905 0.36 0.51 |1.43 |1x102|5x102
PP_1640 |hypothetical protein (BlastP:YIP1 family protein) 0.25 0.16 |0.67 |1x103|3x102
PP_1662 |hypothetical protein PP_1662 0.47 0.28 |0.60 [3x103|7x103
PP_1742 |hypothetical protein PP_1742 0.29 0.07 |0.25 |6x103|2x102
PP_1762 |hypothetical protein (BlastP: Pyrroloquinoline 0.45 0.36 |0.81 [1x102(3x102
quinone (Coenzyme PQQ)
PP_1958 |hypothetical protein PP_1958 0.41 0.73 |1.79 |3x102|2x10-3
PP_2292 |hypothetical protein PP_2292 0.44 0.59 |1.34 |9x102|5x102
PP_2396 |hypothetical protein PP_2396 0.49 0.39 [0.79 [4x103|7x10?
PP_2401 |hypothetical protein (BlastP: ferric reductase-like 0.44 0.33 [0.76 [1x103|6x10?
transmembrane domain-containing protein)
PP_2510 |hypothetical protein PP_2510 0.46 0.94 [2.06 [8x10*|5x10?
PP_2796 |hypothetical protein PP_2796 0.47 0.89 [1.90 [8x102|8x103
PP_3782 |hypothetical protein (BlastP: acyl carrier protein) 0.46 1.39 299 |6x104(8x102
PP_3784 |hypothetical protein (BlastP:dioxygenase) 0.44 1.25 |2.82 |6x102|6x102
PP_4062 |hypothetical protein PP_4062 0.33 0.63 |1.92 [3x102|1x103
PP_4207 |hypothetical protein (BlastP: histidin kinase/ response |0.48 0.37 |0.76 |5x103|4x102
regulator)
PP_4593 |hypothetical protein PP_4593 0.47 0.32 |0.68 [2x103|4x102
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Locus tag |Gene name, annotation Fold changes p-values

5-KF / H20 |5-KF (H20 |5-KF |H20

PP_4640 |hypothetical protein (BlastP: YbdD/YjiX family 0.36 0.54 |1.50 [4x103|3x102
protein)
PP_4685 |hypothetical protein (BlastP: TfoX/Sxy family DNA 0.48 0.43 0.89 [2x10-3|9x10?

transformation protein)

PP_5319 |hypothetical protein (BlastP: conserved exported 0.46 0.27 10.59 [1x103|2x10?

protein of unknown function)

Of the selected genes, 58 were upregulated and 104 were downregulated with respect to the ratio
of 5-KF-fold change/water-fold change. Genes that are of particular interest are those related to
fructose metabolism and those with a particularly strong expression change (up or down). A

selection of these genes is discussed in the following sections.

5.3.3 Genes involved in respiration and energy metabolism
The genes for the cytochrome o quinol oxidase and the cbbs-type cytochrome c oxidase, especially
cbbs-1, were upregulated upon 5-KF addition, while the genes for the aas-type cytochrome c
oxidase were downregulated compared to the control. Opposing results were observed for an
experiment involving 60 min incubation of cells after addition of 30 g/L (=513 mM) NaCl. The
osmotic stress was shown to downregulate the genes for the cytochrome o oxidase and the chbs-
2 oxidase (Bojanovic¢, et al,, 2017). The genes for the cytochrome o quinol oxidase are usually
downregulated under oxygen limitation due to the low oxygen affinity of the bos oxidase. chbs-
type oxidases on the other hand have a very high oxygen affinity and are important for growth
under microaerobic conditions (Williams, et al, 2007, Ugidos, et al., 2008). For P. aeruginosa,
which like P. putida possesses two cbbsz oxidases, the cbbz-1 oxidase, corresponding to the
P. putida cbbs-2 oxidase, also plays an important role at high oxygen tension, while the other is
more important at low oxygen tension (Williams, et al, 2007, Ugidos, et al, 2008). The
composition of the respiratory chain in dependence of oxygen availability in P. putida is regulated
by the oxygen-sensitive global regulator ANR, which activates the expression of cbbsz-1 oxidase
but represses the bos oxidase (Ugidos, et al., 2008). The hybrid sensor kinase HskA is also known
to regulate the expression of the electron transport chain components depending on the oxygen
availability, the oxidation state of ubiquinone, and the growth phase. HskA activates the
cytochrome cbbs-1 oxidase genes but does not regulate the cytochrome bos oxidase genes (Sevilla,
etal, 20134, Sevilla, etal., 2013b). The observation that 5-KF addition causes upregulation of both,
bos oxidase and cbbs-1 oxidase, suggests ANR or HskA might be responsible for activation of the
cbbs-1 oxidase genes and that another regulatory system is responsible for activation of the bos

oxidase genes. Also, the water control does not show these effects, and both cultures under the
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same incubation conditions, should have comparable oxygen concentrations. The 5-KF addition

should not change the oxygen availability.

5.3.4 Genes involved in metabolism

An interesting result of the transcriptome study is the upregulation of fruK, encoding the
phosphofructokinase, which phosphorylates fructose-1-phosphate to fructose-1,6-bisphosphate.
Expression of the fruK gene was previously shown to be upregulated after fructose addition when
compared to glucose-grown cells (Chavarria, et al., 2013, Sudarsan, et al., 2014). Also, the GAPDH
gene PP_3443 was upregulated by 5-KF addition, which was also previously observed when
comparing fructose-grown cells and glucose-grown cells (Chavarria, et al,, 2016). PP_3443 is
upregulated by Cra, for which fructose-1-phosphate is the effector (Chavarria, et al,, 2016). The
upregulation of PP_3443 and fruK by the addition of 5-KF suggests that 5-KF is taken up and
phosphorylated like fructose by PTSFru. 5-KF phosphorylation to 5-ketofructose-1-phosphate has
already been described for a yeast hexokinase (Avigad and Englard, 1968). [t would be interesting
to confirm the formation of 5-KF-1-phosphate in future and elucidate the fate of this new
metabolite.

Strongly upregulated by 5-KF addition are also the genes for glycolate oxidase. However,
these genes seem to be part of a general stress response in P. putida. RNAseq data for oxidative,
imipenem, and osmotic stress all showed an upregulation of the genes for the glycolate oxidase
(Bojanovic, et al, 2017). Also, the formate dehydrogenase genes and PP_2052, encoding a
hydrolase of the haloacid dehalogenase family, are strongly upregulated by 5-KF and these genes
are also upregulated by oxidative and osmotic stress (Bojanovic, et al, 2017) and hence are

probably not specifically related to 5-KF .

5.3.5 Genes involved in transport
The genes for a taurine transporter were strongly upregulated (in the list only tau4, in the whole
data set also further subunits are upregulated, but do not fulfill the set criteria (fewer replicates
or p-values > 0.1). The upregulation of these genes is reported for oxidative stress, not for osmotic
stress. Taurine is an antioxidant and membrane stabilizer (Bojanovi¢, et al, 2017). The
upregulation of the taurine transporter could thus be a response to the osmotic stress caused by
5-KF addition.

Striking is the downregulation of the glycine betaine/proline ABC transporter subunit
(PP_0295) since these compounds serve as compatible solutes and enable protection against
hyperosmotic stress.

Interesting is also the downregulation of sugar ABC transporters, especially the PP_1015-
1018 operon, which is known to take up glucose (del Castillo, et al., 2007). This could indicate a

conversion from glucose to fructose metabolism. However, the sugar ABC transporters are also
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downregulated under osmotic stress conditions in Bojanovi¢, etal. (2017), this is rather a strategy

for osmoprotection, to limit intracellular sugar concentrations.

5.3.6  Genes involved in motility
As expected for osmotic stress and as reported by Bojanovi¢, et al. (2017), genes involved in
flagella synthesis are downregulated. Here only two are listed, but further were downregulated in

the entire data set, but either were changed in a small number of replicates or had p-values >0.1.

5.3.7 Genes involved in stress response
The added 5-KF concentration of 100 mM 5-KF in comparison to the start concentration of
100 mM glucose seems to have caused osmotic stress. Some targets correspond with those
reported for osmotic stress response upon NaCl addition (Bojanovi¢, et al., 2017). Remarkably is
the upregulation of osmE, which is upregulated upon osmotic stress in E. coli and P. putida, but
besides being a lipoprotein, the function is not known (Gutierrez, et al., 1995, Bojanovic, et al,,

2017).

5.3.8 5-KF reductases
Different organisms were described to reduce 5-KF to fructose and thus enable its metabolism
(see 1.2.3). Only recently different 5-KF reductases were identified in different organisms
(Nguyen, et al, 2021b, Schiessl], et al., 2021). When analyzing the transcriptome changes of
P. putida upon 5-KF addition, the question whether this bacterium can reduce 5-KF is important
when using it as a 5-KF production host. The known 5-KF reductase sequences reported by
Schiess], et al. (2021) and Nguyen, et al. (2021b) were used for a TBlastN search (Altschul, et al.,
1990) against the P. putida KT2440 genome. The results are listed in Table S4. Nine genes were
identified as homologs for 5-KF reductases, but no significant upregulation was found for any of
the genes upon 5-KF addition. Since a 5-KF reducing enzyme would likely be upregulated upon
5-KF addition, this indicates that P. putida KT2440 has no 5-KF reductase or at least none with is

subject to 5-KF dependent regulation.
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Table S4 5-KF reductase homologs in P. putida KT2440. Listed are TBlastN results for the 5-KF reductases reported
by Schiess], et al. (2021) and Nguyen, et al. (2021b)

Homologous BLAST hit for P. putida KT2440

5-KF reductase Protein locus tag and annotation

PP_2406, putative quinate/shikimate dehydrogenase
Tatumella morbirosei KGD75378.1
PP_3768, putative shikimate 5-dehydrogenase

PP_2368, 2,5-diketo-d-gluconate reductase
Clostridium pasteurianum  AJA48273.1
PP_3671, oxidoreductase, aldo/keto reductase family

PP_2368, 2,5-diketo- d-gluconate reductase

PP_3671, oxidoreductase, aldo/keto reductase family

GOX0644, PP_3120, aldo/keto reductase
AAW60421.1 PP_3174, putative oxidoreductase
Gluconobacter oxydans
PP_2902, UDP-2,3-diacylglucosamine hydrolase
PP_4872, hypothetical protein
G0X1432,
No hits
AAW61182.1
Gluconobacter GAP25168.1 PP_2406, putative quinate/shikimate dehydrogenase
thailandicus PP_2608, shikimate dehydrogenase

5.3.9 Conclusions
The microarray results indicate that the addition of 100 mM 5-KF apparently caused osmotic
stress, as some genes showed changed expression that were previously reported to be part of the
osmotic or general stress response. To avoid the stress response and get a more 5-KF-specific
result, a similar experiment could either be performed with a lower 5-KF concentration to avoid
the stress effect or in comparison to glucose addition to have the same osmotic effect in the control
samples.

Striking is the differential expression of genes involved in respiration. Whether these
changes are related to stress or other effects remains unclear.

The most remarkable observations are the upregulation of fruK, encoding the
phosphofructokinase, and PP_3443, encoding a GAPDH, which are both also upregulated in
fructose-grown cells, suggesting that the cells seem to recognize 5-KF as fructose or potentially
can even metabolize it similarly, at least the initial steps.

The observation that none of the 5-KF reductase homologs was upregulated upon 5-KF
addition suggests that P. putida can likely not reduce 5-KF, which is beneficial for its use as 5-KF

production host.
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