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Summary 

Inositols (cyclohexanehexols) comprise nine isomeric cyclic sugar alcohols, several of which 

occur in all domains of life with various functions. The most abundant isomer is myo-inositol 

(MI). Its rare isomers, scyllo- (SI) and D-chiro-inositol (DCI) are promising drug candidates for 

treating Alzheimer’s disease, diabetes type 2 and polycystic ovary syndrome. Therefore, cost 

efficient processes for the production of these compounds are desirable. Many bacteria can 

utilize inositols as carbon and energy source via a specific pathway involving inositol 

dehydrogenases (IDHs) as the first step of catabolism, followed by the actions of inosose 

isomerases. The microbial cell factory Corynebacterium glutamicum can grow on MI as sole 

carbon source and possesses many uncharacterized genes that are annotated to contribute to 

inositol degradation. It also has the innate ability to synthesize MI from glucose-6-phosphate. 

This thesis aimed to elucidate the function of the undescribed genes for inositol metabolism and 

exploit the potential of C. glutamicum to be engineered as a suitable host for the 

biotechnological production of SI and DCI.  

Throughout the studies reported in this thesis, C. glutamicum was found to grow on myo-, 

scyllo-, D-chiro- and L-chiro-inositol as single carbon and energy source. Overall, seven IDHs 

were identified of which the five: IolG, OxiB, IdhA3, OxiD and OxiE were characterized as 

NAD+-dependent and contribute differently to growth on the tested inositols. OxiC was without 

function while IolW proved to be an NADPH-dependent scyllo-IDH. Sequence alignments, 

crystal structure elucidation, structure modeling and molecular docking experiments revealed 

cofactor and substrate binding sites that can partially explain the reason behind inositol 

selectivity and different activities for the identified IDHs.  

To generate an efficient C. glutamicum chassis strain that cannot degrade inositols, 21 genes 

spread among two gene clusters had to be deleted. Overexpression of iolG and iolW in the 

generated chassis strain enabled efficient biotransformation of MI to SI, which could be 

optimized to 100% efficiency by changing media conditions. Combined expression of iolG with 

the newly discovered inosose isomerase cg0212 enabled production of DCI from MI. The 

heterologous expression of the plant-derived D-ononitol and D-pinitol dehydrogenase genes 

MtOEPa and MtOEPb enabled a novel biosynthesis route for DCI. Combining these processes 

with the overexpression of the myo-inositol-1-phosphate synthase ino1 in the C. glutamicum 

chassis strain enabled the production of 4.4.g/L SI and 1.2 g/L DCI starting directly from 20 g/L 

glucose or 20 g/L sucrose. 
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Zusammenfassung 

Inositole (Cyclohexanhexole) umfassen neun zyklische Zuckeralkohol-Isomere, von denen 

mehrere in allen Bereichen des Lebens mit unterschiedlichen Funktionen vorkommen. Das am 

häufigsten vorkommende Isomer ist myo-Inositol (MI). Seine seltenen Isomere, scyllo- (SI) und 

D-chiro-Inositol (DCI), sind vielversprechende Arzneimittelkandidaten für die Behandlung der 

Alzheimer-Krankheit, von Diabetes Typ 2 und des polyzystischen Ovarsyndroms. Aufgrund 

dessen existiert die Nachfrage nach kosteneffizienten Verfahren für die Herstellung dieser 

Verbindungen. Viele Bakterien können Inositole als Kohlenstoff- und Energiequelle über einen 

spezifischen Abbauweg verstoffwechseln, an dem Inositol-Dehydrogenasen (IDHs) als erster 

Schritt des Katabolismus beteiligt sind, gefolgt von Inosose-Isomerasen. Die mikrobielle 

Zellfabrik Corynebacterium glutamicum kann auf MI als einzige Kohlenstoffquelle wachsen 

und besitzt viele noch nicht charakterisierte Gene, die zum Inositol-Abbau beitragen sollen. Es 

besitzt ebenfalls die Fähigkeit, MI aus Glucose-6-phosphat zu synthetisieren. Ziel dieser Arbeit 

war es, die Funktion der unbeschriebenen Gene für den Inositol-Stoffwechsel aufzuklären und 

das Potenzial von C. glutamicum als geeigneten Wirt für die biotechnologische Produktion von 

SI und DCI zu nutzen.  

In den Studien, über die in dieser Arbeit berichtet wird, wurde festgestellt, dass C. glutamicum 

auf myo-, scyllo-, D-chiro- und L-chiro-Inositol als einzige Kohlenstoff- und Energiequelle 

wächst. Insgesamt wurden sieben IDHs identifiziert, von denen die fünf: IolG, OxiB, IdhA3, 

OxiD und OxiE als NAD+-abhängig charakterisiert wurden und unterschiedlich zum Wachstum 

auf den getesteten Inositolen beitragen. OxiC war ohne Funktion, während IolW sich als 

NADPH-abhängige scyllo-IDH erwies. Sequenzalignments, Kristallstrukturaufklärung, 

Strukturmodellierung und molekulare Docking-Experimente ergaben Kofaktor- und 

Substratbindungsstellen, die den Grund für die Inositolselektivität und die unterschiedlichen 

Aktivitäten der identifizierten IDHs teilweise erklären können.  

Um einen effizienten C. glutamicum-Chassis-Stamm zu erzeugen, der keine Inositole abbauen 

kann, mussten 21 Gene, verteilt auf zwei Gencluster, deletiert werden. Die Überexpression von 

iolG und iolW in dem erzeugten Chassis-Stamm ermöglichte eine effiziente Biotransformation 

von MI zu SI, die durch Anpassen der Medienbedingungen auf 100 % Effizienz optimiert 

werden konnte. Die kombinierte Expression von iolG mit der neu entdeckten Inosose-

Isomerase cg0212 ermöglichte die Produktion von DCI aus MI. Die heterologe Expression der 

pflanzlichen D-ononitol- und D-pinitol-Dehydrogenasen MtOEPa und MtOEPb ermöglichte 

einen neuen Biosyntheseweg für DCI. Die Kombination dieser Prozesse mit der 

Überexpression der myo-Inositol-1-Phosphat-Synthase ino1 im C. glutamicum-Chassis-Stamm 

ermöglichte die Produktion von bis zu 4,4 g/L SI und 1,2 g/L DCI direkt aus 20 g/L Glucose 

oder 20 g/L Saccharose. 
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Abbreviations 

1KDCI    1-keto-D-chiro-inositol 

2KMI     2-keto-myo-inositol 

5DG     5-deoxy-D-glucuronic acid 

a.u.     Arbitrary units 

AD     Alzheimer’s Disease 

APH-1    Anterior pharynx defective 1 

APP     Amyloid precursor protein 

ATCC    American Type Culture Collection 

ATP     Adenosine triphosphate 

Aβ     Amyloid-β 

BACE    Membrane-anchored β-secretase 

CDP-DAG    Cytidine diphosphate diacylglycerol 

DCI   D-chiro-inositol 

DHAP    Dihydroxyacetone phosphate 

DKG    2-deoxy-5-keto-D-gluconic acid 

DKGP    2-deoxy-5-keto-6-phosphogluconic acid 

DNA     Deoxyribonucleic acid 

DPIN     D-pinitol 

DT2     Diabetes type 2 

FSH     Follicle stimulating hormone 

G6P     Glucose-6-phosphate 

GlcN-Ins    1D-myo-inositol-2-amino-2-deoxy-α-D-glucopyranoside 

GPI     Glycosylphosphatidylinositol 

HMIT    H+/myo-inositol transporter 

IMT     Inositol methyl transferase 

Ino1     myo-inositol-1-phosphate synthase 

IPG     Inositol phoshoglycans 

IPTG     Isopropyl-β-D-thiogalactopyranoside 

IR     Insulin receptor 

IRS     IR substrates 

LAM     Lipoarabinomannan 

LCI   L-chiro-inositol 



Abbreviations 
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LM  Lipomannan 

MI  myo-inositol 

mIDH  myo-inositol dehydrogenase 

MIOX  myo-inositol monooxygenase 

MIP1  L-myo-inositol-1-phosphate

MIP6  myo-inositol hexakisphosphate

MIPS  myo-inositol-1-phosphate synthase

MSA  Malonic semialdehyde

NAD  Nicotinamide adenine dinucleotide

NIC  Nicastrin

ONO  D-ononitol

PCOS  Polycystic ovarian syndrome

PD  Parkinson’s disease

PEN-2  Presenilin enhancer 2

PI  Phosphatidylinositol

PIM  Phosphatidylinositol mannosides

PIP  Phosphatidylinositol phosphate

PRES-1/2  Presenilin 1 or 2

RBS  Ribosome binding site

SI scyllo-inositol

sIDH  scyllo-inositol dehydrogenase

SMIT  Sodium-myo-inositol cotransporter

TCA  Tricarboxylic acid

THcHDO  3D-(3,5/4)-trihydroxy-cyclohexane-1,2-dione

TSH  Thyroid stimulating hormone

wt  Wild type

wt/vol  Weight per volume

Δ Deletion

Further abbreviations not included in this section are according to international standards, as, 

for example listed in the author guidelines of the FEBS Journal. 
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1. Introduction 

1.1 Inositol isomers and derivatives  

Inositol (1,2,3,4,5,6-cyclohexanol) is a cyclic carbohydrate with six hydroxyl groups, one on 

each carbon atom. The oldest known inositol is myo-inositol (MI), which was initially isolated 

in 1850 from muscle extracts and named after the greek word for muscle (μῦς: mys) (Majumder 

and Biswas, 2006; Scherer, 1850). MI is one of nine possible stereoisomers, as the six secondary 

hydroxyl groups can be arranged either axial or equatorial. Including MI, eight stereoisomers 

are known to occur in nature: myo-, scyllo-, D-chiro, L-chiro, allo-, muco-, epi- and neo-inositol 

(Fig. 1.1). Only the isomer cis-inositol, with all hydroxyl groups arranged in the axial position, 

was not found in nature and is only accessible by chemical synthesis (López-Gambero et al., 

2020; Thomas et al., 2016). Inositols are found in all domains of life (Michell, 2008; Wakelam 

and Michell, 2007) as the inositol moiety is utilized as a precursor for a variety of compounds 

with a diverse portfolio of biological functions, such as signal transduction (Tsui and York, 

2010), membrane biogenesis and cell wall formation (Fagone and Jackowski, 2009), ion 

channel physiology (Parys and De Smedt, 2012), phosphate storage, osmoregulation, and anti-

oxidative activity (Al-Suod et al., 2017; Loewus and Murthy, 2000; Thomas et al., 2016). 

Biosynthesis of all inositol-containing compounds starts with MI (Fig. 1.1). It is the only 

inositol isomer that is synthesized de novo from glucose-6-phosphate (G6P), which is first 

converted to L-myo-inositol-1-phosphate (MIP1) by an NAD+-dependent myo-inositol-1-

phosphate synthase (MIPS or Ino1) (Bachhawat and Mande, 1999; Loewus and Kelly, 1962; 

Stieglitz et al., 2005). The reaction starts with the open ring form of G6P by oxidation of C5 

via hydride transfer to the cofactor NAD+ (Ramos-Figueroa and Palmer, 2022). The next two 

steps consists of an enolization and an aldol reaction resulting in a cyclization via C6–C1 bond 

formation. Finally, a hydride transfer from NADH to the C5 carbonyl group generates the 

product MIP1 and regenerates the cofactor NAD+. Afterwards, MIP1 is dephosphorylated to 

MI by a myo-inositol phosphatase (Nigou and Besra, 2002; Stieglitz et al., 2007). The other 

naturally occuring inositol isomers are obtained by epimerization of one or two hydroxyl groups 

of MI (Hipps et al., 1982; Hipps et al., 1973) (Fig. 1.1).  

Inositols are incorporated in phosphatidylinositol (PI) by esterification of inositol to cytidine 

diphosphate diacylglycerol (CDP-DAG) via a phosphodiester linkage (Blunsom and Cockcroft, 

2020a) (Fig. 1.1). PI is a vital lipid and structural component of cellular membranes and 

participates in essential metabolic processes in all plants and animals (Gardocki et al., 2005). 
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The most abundant stereochemical forms are myo-PI and D-chiro-PI, but in some plants scyllo-

PI isomers have been identified (Kinnard et al., 1995). PIs can further function as precursors 

for various glycosylphosphatidylinositols (GPIs), which are synthesized by glycosidically 

binding glucosamine and mannose to the inositol residue (Ferguson, 1999; Majumder and 

Biswas, 2006). GPIs can be attached to the C-terminus of a protein during post-translational 

modification. The resulting GPI-anchored proteins can be displayed on the cell surface and play 

key roles in various biological processes (Eisenhaber et al., 2003; Paulick and Bertozzi, 2008). 

In higher eukaryotic cells, PIs can also be further phosphorylated to PI phosphates (or 

phosphoinositides, PIP) that are incorporated in cell membranes where they function as 

important cell signaling compounds (Balla, 2013; Di Paolo and De Camilli, 2006). Several lipid 

kinases and phosphatases selectively insert and remove monoester phosphates in three of the 

remaining free positions of the inositol ring (C3, C4, C5) (Tolias and Cantley, 1999), generating 

the seven currently known PIP species (PI(3,4,5)P1-3: number of phosphates varies between 

one and three) (Blunsom and Cockcroft, 2020a). An important representative is PI-4,5-

bisphosphate (PIP2), a substrate of phospholipase C that hydrolyzes the phosphodiester bond 

to yield diacylglycerol (DAG) and free inositol-1,4,5-triphosphate (IP3), which acts as a second 

messenger (Taylor and Machaca, 2019).  

In plants, even higher phosphorylated IPs are found, with the number of substituted phosphate 

groups on the inositol ring varying between one and six (IP1-6). Myo-inositol hexakisphosphate 

(MIP6), also known as phytic acid, is the most abundant form and functions as phosphate 

storage mostly in seeds (Gerke, 2015; Loewus and Murthy, 2000; Wang et al., 2022). Its 

synthesis starts with MIP1, which is sequentially phosphorylated by several kinases, each 

adding one phosphate group (Rasmussen et al., 2010). However, IP3 released from PIP2 can 

also be channeled into phytic acid synthesis (Suzuki et al., 2007). Besides MIP1-6, mono-, di- 

and multi-phosphate derivatives of neo-, scyllo- and D-chiro-inositol phosphates were identified 

in terrestrial and aquatic environments, however, their exact origins remain unknown (Cosgrove 

and Irving, 1980; Turner et al., 2002). In the biogeochemical cycle, MIPs accumulate in soil by 

rotting dead plant matter, animal wastes, and released IPs from microbial biomass. It is 

hypothesized that inositol-utilizing microorganisms are responsible for epimerization and 

dephosphorylation of MIPs to neo-, scyllo- and D-chiro-inositol phosphates (L’Annunziata et 

al., 2007; Turner et al., 2002).  
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Fig. 1.1. Inositols and derivatives. L-myo-inositol-1-phosphate (MIP1) is synthesized from D-glucose-6-
phosphate via NAD+-dependent myo-inositol-1-phosphate synthase. MIP1 is dephosphorylated to myo-inositol 
(MI), which can be converted to other stereoisomers via epimerization of one or two hydroxyl groups. Inositols 
are incorporated into many different compounds, including phosphatidylinositol (PI), inositol (poly-)phosphates 
with phosphate groups varying between 1 and 6, (di-)methylated inositols, and further metabolites. PIs are 
phosphorylated at C3, C4 and C5 to yield phosphoinositides, which can be hydrolyzed to recover inositol 
phosphates.  
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Other inositol derivatives identified are secondary plant metabolites consisting of mono- and 

dimethylated inositols, which mainly function as osmolytes in response to abiotic stress. S-

adenosylmethionine-dependent inositol methyltransferases methylate specific hydroxyl groups 

resulting in several isomers such as 4-O-methyl-myo-inositol (D-ononitol) (Pupel et al., 2019), 

3-O-methyl-D-chiro-inositol (D-pinitol; DPIN) (Sanchez-Hidalgo et al., 2021), 3-O,6-O-

dimethyl-D-chiro-inositol (pinpollitol) (Sureshan et al., 2009), and more (Al-Suod et al., 2017).

Further inositol derivatives consist of inositol glycosides-like sphingolipids (Tartaglio et al.,

2017) and ceramides (Buré et al., 2014). Inositols also function as building blocks of

aminoglycoside antibiotics produced by Streptomyces species, such as streptomycin or

kasugamycin (Kudo and Eguchi, 2009).

1.2 Inositols in human metabolism and their pharmaceutical relevance 

Inositols occur in all domains of life, so naturally, they play a central role in various cellular 

processes in the human body. The most abundant isomer in human tissue is MI representing 

approximately 99% of the inositol pool. The remaining 1% mainly consists of DCI and traces 

of SI identified in some tissue cells (Özturan et al., 2019). In the past, MI was considered an 

essential nutrient belonging to the vitamin B family. However, discovering inositol biosynthesis 

in liver and kidney tissue took away the title (Regidor and Schindler, 2016). Yet, the necessary 

amount of MI for the human body can be obtained via dietary uptake. A western diet has been 

estimated to provide about 1 g/day of MI (Bizzarri et al., 2016; Goodhart and Shils, 1980), with 

animal-based food containing mainly free MI and PIs, while plant-derived food contains MI 

preferentially as phytic acid (Caputo et al., 2020). Phytic acid is partially degraded by a 

combination of brush border membrane-associated endogenous phytases, phosphatases, 

pancreatic phospholipases, and microbial phytases, which results in the release of lower MIPs 

and even free MI in the intestine (Holub, 1986; Huber, 2016) (Fig. 1.2). Although the other 

inositol isomers are mainly derived from MI, DCI was also found to be obtained from its 

methylated derivative DPIN. DPIN is demethylated to free DCI under acidic conditions in the 

gastrointestinal tract (Kiani et al., 2021) (Fig. 1.2).  

After intestinal absorption, MI is distributed to different tissue via the bloodstream (Lewin et 

al., 1976). Transport of inositol compounds from blood plasma into cells is an active and 

saturable carrier-mediated process (Bizzarri et al., 2016) performed by the sodium- and proton-

dependent inositol transporters SMIT1 (Berry et al., 1995), SMIT2 (Coady et al., 2002), and 
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the H+/myo-inositol transporter HMIT (Uldry et al., 2001) (Fig. 1.2). SMIT1 and SMIT2 have 

been identified in many body tissues. Still, they are predominantly present in the intestine, 

kidney tissue and brain tissue (Schneider, 2015), while HMIT is exclusively present in the latter 

(Uldry et al., 2001).  

The inositol concentration in blood plasma and tissue cells is regulated by a complex balance 

between dietary MI uptake, incorporation into derivatives, de novo synthesis, excretion, and 

catabolic utilization as energy source (Dinicola et al., 2017). MI degradation mainly occurs in 

kidney cells (Chang et al., 2015; Howard Jr and Anderson, 1967), a process that is initiated by 

the myo-inositol monooxygenase (MIOX), a non-heme iron enzyme that converts MI to D-

glucuronic acid (Arner et al., 2001). The subsequent steps include the conversion of D-

glucuronic acid to D-xylulose-5-phosphate, which enters the pentose phosphate pathway (Arner 

et al., 2004) (Fig. 1.2). Kidney and liver cell tissues also synthesize up to 4 g MI per day via the 

elaborated mechanism (chapter 1.1) (Clements Jr and Diethelm, 1979).  

As stated before in chapter 1.1, inositols are important substrates for the synthesis of PI. In 

eukaryotic cells, PI synthesis takes place at the endoplasmatic reticulum (ER) where MI or DCI 

are joined with CDP-DAG, catalyzed by the PI synthase (Blunsom and Cockcroft, 2020b). 

Through the ER, PIs undergo glycosylation to produce GPIs (Michell, 2018), which are then 

incorporated into the cell membrane. PI is also transported directly to the cell membrane by PI 

transport proteins, where it makes up 10–15% of mammalian membrane phospholipids (Vance, 

2015). There, a complex array of different kinases phosphorylate myo-PI to yield PIPs 

(Blunsom and Cockcroft, 2020a). In mammals, hormones and neurotransmitters regulate 

phospholipase C, which is responsible for the release of the second messengers IP3 and DAG 

from PIP2 (Kadamur and Ross, 2013; Nakamura and Fukami, 2017) (Fig. 1.2). IP3 induces 

Ca2+ release in many tissues, which initiates the regulation of hormones such as thyroid 

stimulating hormone (TSH), follicle stimulating hormone (FSH), and insulin (Alberts et al., 

2015; Bizzarri and Carlomagno, 2014).  

As inositols are involved in many metabolic and signaling processes throughout the human 

body, improper biosynthesis, distribution, uptake, or degradation is associated with metabolic 

diseases. Hence, many studies deal with investigating the potential pharmaceutical applications 

of inositols. Administration of MI, DCI, SI, and their phosphate derivatives is tested against 

diseases that are directly connected to an improper inositol balance, but also the applications of 

isomers and derivatives not natural to the human body are studied. This thesis focuses on the 
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inositols MI, DCI and SI. Therefore, only explicit examples for their pharmaceutical use will 

be covered. The following chapters explain the roles of MI and DCI in the treatment of insulin 

resistance as well as the application of SI for the treatment of neurodegenerative diseases like 

Alzheimer’s disease (AD). 

Fig. 1.2. Inositol uptake, metabolism and further processing with impact on insulin signaling. Phytic acid 
and phosphoinositides (PIP) are degraded to free myo-inositol (MI) by phytases (PHY), phospholipase C (PLC), 
and phosphatases (PASE). D-pinitol (DPIN) is demethylated to free D-chiro-inositol (DCI). Inositols are taken up 
by Na+-dependent MI transporters (SMIT1 and SMIT2) and an H+-dependent MI importer (HMIT). Inositols are 
transported to target tissue cells. MI and DCI can be degraded by myo-inositol monooxygenase (MIOX). MI can 
be synthesized from glucose-6-phosphate (G6P) by myo-inositol-1-phosphate synthase (MIPS) and inositol 
phosphatases (IMPase). Interconversion of MI and DCI catalyzed by an inositol epimerase (EPI) is regulated by 
an insulin signal. Inositols are linked to cytidine diphosphate diacylglycerol (CDP-DAG) at the endoplasmatic 
reticulum (ER) by phosphatidylinositol synthase (PIS) to yield phosphatidylinositol (PI). PIs are transported to the 
cell membrane by phosphatidylinositol transporter proteins (PITPs). Myo-PI is further phosphorylated by specific 
kinases (KIN) to PIP1-3. PIs are glycosylated with glucosamines and mannosides to glycosylphosphatylinositol 
(GPI). GPIs are transported to the cell membrane and can function as membrane anchor for proteins. Insulin (Ins) 
binds to the insulin receptor (IR) and activate IR substrates (IRS). IRS activates a kinase that catalyzes the 
phosphorylation of PIP2 to PIP3. PIP3 activates PDK1 that subsequently activates PKB/AKT, which mediate 
insulin responses. PIP2 can be cleaved by PLC to generate DAG and inositol-triphosphate (IP3), which regulates 
insulin and other hormones. Inositolphosphoglycans (IPG) are cleaved from GPI by PLC under insulin stimulus 
and stimulate IRS and other insulin response reactions.  



Introduction 

7 

1.2.1 Role in insulin signaling and treatment of insulin resistance 

Diabetes mellitus type 2 (DT2) affects over 400 million adults with numbers increasing. It is 

mainly caused by an obesity epidemic in highly developed countries. Diabetes and its associated 

complications are the fourth leading cause of mortality worldwide and with its increasing cases 

becomes a major economic burden for health care systems. These complications can include 

increased risk for cardiovascular diseases, blindness, kidney failure, and more (Deshpande et 

al., 2008; Owczarczyk-Saczonek et al., 2018). The development of DT2 is caused by a 

combination of lifestyle and genetic factors. One preceding effect is the development of insulin 

resistance, in which target tissues are not able to maintain a coordinated response to a normal 

insulin plasma level (Petersen and Shulman, 2018).  

Insulin is a peptide hormone produced by beta (β) cells in the Islets of Langerhans in pancreas 

tissue (Mears, 2004). It regulates glucose uptake from the bloodstream and its further 

metabolism in peripheral tissues. Insulin output is tightly regulated by blood glucose 

concentration to maintain a constant blood sugar level (Wilcox, 2005). In insulin-resistant 

patients, blood glucose uptake is impaired as cells are not or less stimulated by insulin. The 

main reasons and mechanism leading to insulin resistance are still uncertain. However, in most 

cases it is hypothesized that insulin resistance manifests at the cellular level via post-receptor 

defects in the insulin signaling pathway (Wheatcroft et al., 2003; Wilcox, 2005). 

The canonical insulin signaling is based on insulin binding to the insulin receptor (IR) in target 

tissues, promoting tyrosine autophosphorylation of IR (Fig. 1.2). This acts as a signal for the 

recruitment of different IR substrates (IRS), which are then phosphorylated by IR. Activated 

IRS proteins stimulate, among others, the generation of PIP3, which then activates the 

phosphoinositide-dependent kinase Pdk-1 and subsequently Pkb/Akt. Pkb and Akt account for 

most of the intracellular actions of insulin, for example, increased expression and translocation 

of glucose transporter genes or activation of glycogen synthesis (Boucher et al., 2014; 

Cheatham et al., 1994; Lizcano and Alessi, 2002). 

The model of inositols acting in the insulin signaling pathway changed with the discovery of 

inositol phosphoglycans (IPG), which are released from GPIs upon insulin-promoted 

phospholipase C activity (Saltiel and Cuatrecasas, 1986; Saltiel et al., 1982). IPGs act as insulin 

modulators downstream of the signaling pathway via direct and indirect mechanisms, through 

the Pdk-1/Akt pathway (Fig. 1.2). IPGs are therefore described to exhibit insulin-mimetic 

effects and are differentiated between MI-IPG and DCI-IPG (Kessler et al., 1998). Both exhibit 
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different effects. MI-IPG regulates glucose transporters and glucose utilization, while DCI-IPG 

is involved in the regulation of glycogen synthesis and is part of a mediator in maintaining 

insulin sensitivity (Larner, 2002; Ortmeyer et al., 1993).  

As inositols greatly contribute to insulin signaling and regulating blood-glucose levels, 

deviations in inositol homeostasis are one factor that can lead to insulin-resistance. In insulin-

resistant and first-degree DT2 patient tissues, elevated MI and significantly reduced DCI 

excretion paired with overall deficient DCI bioactivity was observed (Asplin et al., 1993; Larner 

et al., 2010). The biosynthesis of DCI is based on an NAD+/NADH-dependent epimerization 

of MI, stimulated by insulin. Under normal insulin signaling, this results in tissue or organ-

specific ratios between MI and DCI. In insulin-resistant patients, this epimerization is 

diminished (Heimark et al., 2013; Unfer et al., 2014). Permanent insulin resistance is a sign of 

risk for developing DT2 and it accompanies a variety of other disorders, like nonalcoholic fatty 

liver disease (Marchesini et al., 1999), lipodystrophy (Petersen et al., 2002), and polycystic 

ovarian syndrome (PCOS). PCOS is the most common gynecological disorder, with 5% to 10% 

of women of reproductive age being afflicted (Thomas et al., 2016). It is a heterogeneous, 

multifaceted disorder characterized by infertility, chronic anovulation (irregular menstrual 

cycles), hyperandrogenism, and polycystic ovaries (Homburg, 2008). 

Due to their insulin-mimetic effects, MI, DCI, and other inositol isomers are tested for treatment 

of insulin resistance by trying to counter the defective inositol homeostasis. Studies showed 

that concentrations of 1 mM DCI and different inositol isomers could stimulate glucose 

transporter translocation to the plasma membrane of cells of diabetic rats and therefore induce 

glucose uptake (Yap et al., 2007). Furthermore, low concentrations of MI and DCI promoted 

the phosphorylation of Akt and other insulin signaling cascade proteins in human vascular 

endothelial cells (D'Oria et al., 2017). Whole rat and mice trials showed that MI could inhibit 

intestinal glucose absorption and increase muscle glucose uptake (Chukwuma et al., 2016), 

while supplemented DCI-IPG acted as an insulin sensitizer leading to decreasing food intake 

and body weight (Jeon et al., 2016). 

Furthermore, human clinical trials report that oral administration of DCI alone and in 

combination with MI could increase general insulin sensitivity in tissues of DT2 patients 

(Gambioli et al., 2021; Pintaudi et al., 2016). At doses ranging between 2 and 10 g/day, MI and 

DCI had favorable effects on glucose and insulin homeostasis, lipid profile, and arterial blood 

pressure in people with prediabetes or dyslipidemia. Administration of low DCI concentrations 
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could decrease blood pressure, serum androgens, and plasma triglycerides and promote 

ovulation in PCOS patients (Monastra et al., 2017; Ortmeyer et al., 1993). These direct and 

indirect evidences suggest that administration of MI, DCI, and derivatives has beneficial effects 

on the treatment of insulin resistance. 

1.2.2 Role in treatment of Alzheimer’s disease 

The development of modern medicine increases the average life expectancy in many countries, 

however, this is associated with new challenges in the form of neurodegenerative diseases. 

Prominent examples are Alzheimer’s disease (AD) and Parkinson’s disease (PD). It is estimated 

that 35.6 million people worldwide were affected by AD in the year 2010, whereby the given 

number tends to double every 20 years, giving approximately 115 million affected people by 

the year 2050 (Prince et al., 2013). Most AD cases occur at higher age, surpassing 65 years, 

with symptoms varying from loss of memory and mood changes to learning deficits and 

changes in behavior (Bature et al., 2017). Yet, a small percentage of people exhibit AD 

symptoms much earlier in life, in their mid-30s (Van Cauwenberghe et al., 2016). The primary 

causes that ultimately lead to the clinical AD phenotype are not fully understood, however, 

many different factors like cholinergic dysfunctions (DeKosky et al., 1992), inflammatory 

reactions (Griffin et al., 1989), or DNA damage seem to contribute. 

The most noted hypothesis for AD development is the Aβ hypothesis, in which the aggregation 

of amyloid-β (Aβ) plaques causing neural damage is thought to be the leading cause of the 

phenotypical manifestation of AD (Fig. 1.3). In brain tissue cells, the amyloid precursor protein 

(APP) is digested by β- and γ-secretase to yield Aβ peptides, whose natural functions are also 

not entirely certain. In more detail, the extracellular moiety of APP is first cleaved by the 

membrane-anchored β-secretase (BACE) (Yan et al., 1999). This process reveals a soluble 

APPβ protein and a membrane-integrated C99 fragment (Pulina et al., 2019; Seubert et al., 

1993). C99 is cut within its transmembrane domain by the γ-secretase, a multi-subunit protease 

complex, consisting of presenilin 1 or 2 (PRES-1/2), nicastrin (NIC), presenilin enhancer 2 

(PEN-2) and the stability factor “anterior pharynx defective 1” (APH-1). PRES1/2 provide the 

active center (De Strooper, 2003). The γ-secretase-mediated cut of C99 releases the high-

molecular Aβ peptide. Aberrant activity of γ-secretase can lead to further processing of the Aβ 

peptide to the highly self-aggregating Aβ40 or Aβ42 fragments (Takami et al., 2009). 

Extracellularly, these peptides can accumulate to Aβ oligomers, which can form insoluble 
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fibrils, ultimately leading to aggregating of Aβ plaques around brain tissue cells (Ashrafian et 

al., 2021). Aggregation around neurons can result in disruption of signaling processes (Salehi 

et al., 2004), which leads to loss of brain functions, like memory. Aβ plaques can also start 

immune responses leading to inflammation in brain tissue, causing damage of surrounding 

neurons (Sigurdsson et al., 2004) (Fig. 1.3).  

Fig. 1.3. Impact of scyllo-inositol on preventing amyloid β peptide aggregation and Aβ plaque formation.  
Amyloid precursor protein (APP) is digested by β-secretase (BACE) to yield soluble APPβ peptides and 
membrane-integrated C99 fragment. The γ-secretase multi-enzyme complex, consisting of presenilin 1 or 2 
(PRES-1/2), nicastrin (NIC), presenilin enhancer 2 (PEN-2), and the stability factor anterior pharynx defective 1 
APH-1, hydrolyses C99 to release Aβ40 or Aβ42 peptides. Aβ40/42 tend to form β-sheet intermediates that 
organize to Aβ oligomers. Aβ oligomers can aggregate to insoluble fibrils that accumulate to form Aβ-plaques, a 
distinct factor of Alzheimer’s disease. Scyllo-inositol (SI) was shown to inhibit Aβ oligomer formation by 
stabilizing β-sheet conformation of Aβ-peptides. 

In early onset AD patients, a significantly increased production of Aβ40/42 peptides is 

observed. The cause is traced back to mutations that mainly reside in the genes of the APP and 

the presenilin proteins (Chartier-Harlin et al., 1991; Holmes and Lovestone, 2002). Therefore, 
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the development of drug candidates against AD focused on compounds that could prevent Aβ42 

peptides aggregation. Among the tested compounds are the inositols MI, SI, and epi-inositol, 

of which SI showed promising effects. 

SI prevented the oligomerization of Aβ peptides via the formation of an inositol-Aβ complex 

in vitro (McLaurin et al., 2000) (Fig. 1.3) and successfully rescued Aβ oligomer-induced 

cognitive deficits and ameliorated disease pathology caused by Aβ oligomers in mice models 

(Fenili et al., 2007; Townsend et al., 2006). In clinical trials in humans, SI significantly reduced 

the amount of Aβ42 oligomers in cerebrospinal fluid or treated patients due to its good 

pharmacokinetic properties (Salloway et al., 2011). Moreover, SI could reduce the occurrence 

of neuropsychiatric symptoms (NPS) in AD significantly in a phase II clinical trial (Tariot et 

al., 2012). All taken together make SI a promising candidate in treatment against AD. 

1.3 Bacterial inositol metabolism 

1.3.1 Inositol catabolism 

Inositols are not only implemented in diverse metabolic and signaling processes in eukaryotes, 

but are also found in microorganisms that utilize them as energy source or as building blocks 

for various metabolites. In the biogeochemical cycle, microorganisms are believed to be 

responsible for the accumulation of different inositol phosphate isomers besides MIP in soil 

(Turner et al., 2002). Research on bacterial inositol metabolism achieved its first breakthrough 

already over 50 years ago with the elucidation of the general inositol degradation pathway in 

Klebsiella aerogenes by Boris Magasanik and coworkers (Anderson and Magasanik, 1971; 

Berman and Magasanik, 1966a; Berman and Magasanik, 1966b; Magasanik, 1953). This 

pathway was later found to be highly conserved among inositol-utilizing bacteria. Over the 

years, many other microorganisms have been identified that can use inositols as sole carbon 

and energy source, for example, Rhizobium leguminosarum (Fry et al., 2001), Bacillus subtilis 

(Yoshida et al., 2008), Sinorhizobium meliloti (Kohler et al., 2010), Paracoccus 

laeviglucosivorans (Fukano et al., 2018; Shimizu et al., 2012), or Legionella pneumophila 

(Manske et al., 2016).  

Nowadays, inositol catabolism has been best studied in B. subtilis, in which the whole catabolic 

pathway for not only MI, but also SI and DCI was explored and the corresponding genes 

identified (Fig. 1.4). Inositol catabolism starts with the uptake of inositol via specific inositol 
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transporters. For B. subtilis, the three transporters IolF, IolT, and YfiG have been identified 

(Bettaney et al., 2013; Morinaga et al., 2010b; Yoshida et al., 2002). After entering the cell, MI 

is first oxidized via the myo-inositol-2-dehydrogenase (mIDH) IolG at C2, resulting in the keto-

intermediate 2-keto-myo-inositol (2KMI), also termed myo-inosose-2/scyllo-inosose. 2KMI 

enters the catabolic pathway via dehydration by the 2KMI dehydratase IolE yielding 3D-(3,5/4)-

trihydroxy-cyclohexane-1,2-dione (THcHDO) and a water molecule (Yoshida et al., 2004). 

This intermediate is unstable, and via the addition of a water molecule catalyzed by the 

THcHDO acylhydrolase IolD the ring structure opens to yield 5-deoxy-D-glucuronic acid 

(5DG). 5DG is then isomerized by the 5DG isomerase IolB to 2-deoxy-5-keto-D-gluconic acid 

(DKG). The DKG kinase IolC transfers a phosphate from ATP to DKG to generate 2-deoxy-5-

keto-6-phosphogluconic acid (DKGP). The DKGP aldolase IolJ cleaves DKGP into 

dihydroxyacetone phosphate (DHAP), which can directly enter the glycolytic pathway, and 

malonic semialdehyde (MSA). IolA, a malonate semialdehyde dehydrogenase, oxidizes 

malonate semialdehyde to acetyl-CoA with concomitant reduction of NAD+ to NADH+H+ and 

release of a CO2 molecule. The resulting acetyl-CoA can then enter the tricarboxylic acid (TCA) 

cycle (Yoshida et al., 2008).  

The inositol degradation pathway-encoding genes are often organized in a large operon, such 

as the iolABCDEFGHIJ operon in B. subtilis (Fig. 1.4) (Yoshida et al., 1997). Expression of 

the operon is typically regulated by a repressor called IolR, which often is encoded upstream of 

the inositol operon in the opposite direction, like in B. subtilis (Yoshida et al., 1999). In the 

presence of inositols, IolR forms a complex with the accumulating intermediate DKGP, which 

causes dissociation of IolR from its operator and induction of gene expression (Fig. 1.4) 

(Yoshida et al., 2008). Besides the large inositol operon, IolR also regulates the expression of 

genes encoding inositol transporters that are usually located elsewhere in the genome, like 

reported for iolT in B. subtilis (Yoshida et al., 2002). 

Besides MI, B. subtilis was also shown to utilize SI and DCI. In the case of SI, the inositol 

transporter responsible for uptake is unknown, but three inositol dehydrogenases showing 

activity for SI were identified (Morinaga et al., 2010a; Kang et al., 2017b). The NAD+-

dependent scyllo-inositol 2-dehydrogenase (sIDH) IolX was found to be responsible for growth 

in minimal medium containing SI as single carbon and energy source. IolX oxidizes any C-

atom of SI, thereby generating 2KMI, which can enter the degradation pathway (Fig. 1.4). In 

the genome of B. subtilis, iolX is preceded by the gene iolQ encoding its transcriptional 

repressor (Kang et al., 2017a). The two other sIDHs identified are IolW and IolU, NADPH- 
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dependent enzymes that catalyzes the opposite reaction, i.e., the reduction of 2KMI to SI 

(Fig. 1.4). The physiological meaning of this reaction is unclear. 

Fig. 1.4. Schematic overview of the inositol catabolism in B. subtilis. (A) Inositol catabolism starts with uptake 
via three specific secondary transporters (IolF, IolT, YfiG). MI and DCI are oxidized by the NAD+-dependent 
inositol dehydrogenase IolG forming 2-keto-myo-inositol (2KMI) and 1-keto-D-chiro-inositol, respectively. The 
latter is isomerized to 2KMI by the inosose isomerase IolI. SI is oxidized by the NAD+-dependent inositol 
dehydrogenase IolX to 2KMI. The inositol catabolic enzymes encoded in the large iolABCDEFGHIJ operon 
further degrade 2KMI to intermediates of central metabolism, dihydroxyacetone phosphate, acetyl-CoA, and CO2. 
The NADPH-dependent sIDHs IolW and IolU reduce 2KMI to SI. Accumulating 2-deoxy-5-keto-6-
phosphogluconic acid (DKGP) binds to IolR causing dissociation from its operator and induction of gene 
expression. (B) The iolABCDEFGHIJ operon and additional genes that show upregulation in presence of MI. The 
genes encoding enzymes involved in inositol catabolism are highlighted in blue, genes coding for inositol 
transporters are colored in magenta. Genes coding for transcriptional regulators are colored in grey and genes 
shown in white encode proteins of yet unknown function. 
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DCI was found to be taken up by all three inositol transporters (Bettaney et al., 2013). DCI is 

also oxidized by IolG, but at the C1 or C6, resulting in the intermediate 1-keto-D-chiro-inositol 

(1KDCI). It is hypothesized that 1KDCI must first be isomerized to 2KMI before being further 

degraded. This reaction is catalyzed by the inosose isomerase IolI, which is part of the large 

inositol operon in B. subtilis (Yoshida et al., 2006). 

The two NAD+-dependent IDH IolG and IolX of B. subtilis show different activities for either 

MI and DCI or for SI. In other inositol-degrading bacteria, multiple paralogous IDHs were 

identified that show overlapping substrate specificities (Aamudalapalli et al., 2018; Yoshida et 

al., 2012; Zhang et al., 2010). Some species containing multiple IDH-encoding genes were 

identified, although the inositol catabolic pathway is absent (Kohler and Rossbach, 2013; Zhang 

et al., 2010). Most IDHs accept a broad substrate spectrum, but remain highly stereoselective. 

The model enzyme of this class is the mIDH BsIolG of B. subtilis, which like the other known 

IDHs belongs to the GFO (glucose–fructose oxidoreductase)/IDH/MocA family of 

dehydrogenases. BsIolG oxidizes the inositols MI and DCI, but not the all-equatorial 

stereoisomer SI. Moreover, BsIolG also oxidizes the monosaccharides α-D-glucose and α-D-

xylose, but not β-D-glucose, D-mannose, and D-galactose (Ramaley et al., 1979). The molecular 

reaction is based on a Bi Bi mechanism, with NAD+ binding first and then inositol. The two 

products are released in opposite sequential order (van Straaten et al., 2010). The crystal 

structure of BsIolG showed that NAD+ binds close to the GXGXXG consensus sequence motif 

for NAD(H)-binding proteins and the catalytic triad consisting of Lys97, Asp172, and His176 

(B. subtilis numbering), similar to other members of the GFO/IDH/MocA family. The reaction 

mechanism is believed to be initiated by proton abstraction from His176, which would facilitate 

equatorial hydride transfer from C2 of inositol to C4 of the nicotinamide group of NAD+ (van 

Straaten et al., 2010).  

Crystal structure analysis of IDHs from Lactobacillus casei dealt with finding reasons behind 

inositol stereoselectivity and positioning in the active site. L. casei contains two homologous 

IDHs: LcIDH1, a mIDH with activity for MI and DCI, and LcIDH2, a sIDH showing activity 

for MI, DCI and SI with preference for the latter. Both IDHs bind MI with a conserved Asp 

residue, but in LcIDH1 His155 orients MI close to NAD+ with an angular displacement of 22° 

compared to SI bound by Arg15 in LcIDH2. In LcIDH1 the equatorial OH group at the C2 

position of SI would sterically clash with the nicotinamide ring (Aamudalapalli et al., 2018). 

Follow-up studies also reported that LcIDH2 does not necessarily oxidize MI at the C2, which 

would lead to the formation of 2KMI. LcIDH2 simultaneously oxidizes MI either at C5, C3, or 
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C1, resulting in neo-inosose (ratio 70%) as the major product, along with the minor products 

1D-chiro-inosose (ratio 20%) and 1L-chiro-inosose (ratio 10%) (Ramos-Figueroa et al., 2020). 

These findings suggest that the inositol catabolism of microorganisms is more complex than 

described previously and that further enzymes involved in the initial steps of the degradation of 

other inositol isomers exist.  

1.3.2 Role of inositols in Actinobacteria 

In some bacteria, inositol is not necessarily used as a carbon and energy source, but serves as a 

precursor of structural and stress-response compounds. Members of the phylum Actinobacteria 

are exceptional in that they contain a diverse repertoire of essential inositol derivatives (Jackson 

et al., 2000; Newton et al., 2008; Vercellone et al., 1998). Actinobacteria are a large and diverse 

group of Gram-positive bacteria encountered in soil and seawater, but also in the skin, lungs, 

and gastrointestinal tract of humans. Some are used for the production of commercial products, 

including amino acids and antibiotics (Kalinowski et al., 2003; Weber et al., 2003), while others 

are responsible for causing human diseases, such as diphtheria (Corynebacterium diphtheriae) 

(Murphy, 1996; Sangal and Hoskisson, 2016) or tuberculosis (Mycobacterium tuberculosis) 

(Koch and Mizrahi, 2018). These bacteria can synthesize MI from G6P via the pathway 

described in chapter 1.1 catalyzed by a bacterial myo-inositol-1-phosphate synthase (Ino1) and 

inositol phosphatases.  

MI serves as a precursor of several characteristic molecules of Actinobacteria. One important 

example is mycothiol (1-D-myo-inositol-2-(N-acetyl-L-cysteinylamino)-2-deoxy-α-D-

glucopyranoside; MSH), the major thiol serving as a substitute of glutathione, which is the 

dominant thiol in other bacteria and eukaryotes, but absent in Actinobacteria. Like glutathione, 

MSH can prevent cellular damage caused by oxidative and other stresses (Liu et al., 2013; 

Vetting et al., 2008). MSH synthesis starts with MIP1 being fused to N-acetylglucosamine 

catalyzed by the N-acetylglucosaminyl transferase MshA (Fig. 1.5A). The phosphatase MshA2 

removes the phosphate moiety from this intermediate before the deacetylase MshB releases 

acetic acid from the N-acetylglucosamine moiety yielding 1D-myo-inositol-2-amino-2-deoxy-

α-D-glucopyranoside (GlcN-Ins). The last two steps include the ATP-dependent ligase MshC 

linking cysteine via a peptide bond with the amino group of the glucosamine moiety and the 

acetylation of the amino group of the cysteine moiety by the acetyltransferase MshD using 

acetyl-CoA as a donor to yield MSH (Guo et al., 2018; Newton et al., 2008; Vilchèze et al., 
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2008). Another important inositol-derived compound found in some Actinobacteria is 

phosphatidylinositol (PI). MI is linked to cytidine diphosphate diacylglycerol (CDP-DAG) to 

synthesize PI (chapter 1.1 and Fig. 1.5A), which acts as an abundant phospholipid in the 

cytoplasmic membrane. PI is also a precursor of more complex lipids of the cell envelope, such 

as phosphatidylinositol mannosides (PIM), lipomannan (LM), and lipoarabinomannan (LAM) 

(Morita et al., 2011) (Fig. 1.5A). PIs and PIMs are essential for membrane stability and cell 

viability (Jackson et al., 2000). In pathogenic Actinobacteria, LAM is a crucial modulator of 

the immune response in the course of tuberculosis and leprosy (Chatterjee and Khoo, 1998; 

Mishra et al., 2011). In some Streptomyces species, MI and SI are converted to aminocyclitols, 

which are core structures in some aminoglycoside antibiotics, including streptomycin, 

spectinomycin, kasugamycin, fortimicin, and hygromycin A (Ahlert et al., 1997; Kasuga et al., 

2017; Kudo and Eguchi, 2009; Lamichhane et al., 2014; Palaniappan et al., 2009). 

1.3.3 Features of Corynebacterium glutamicum 

A prominent member of the phylum Actinobacteria is the soil-dwelling 

Corynebacterium glutamicum, which has become a model organism in industrial 

biotechnology. Originally isolated in 1956 in Japan for its capability of secreting L-glutamate 

(Kinoshita et al., 1957), much work was put into developing strains for the production of L-

glutamate and other amino acids, particularly L-lysine. A particular boost in research of 

C. glutamicum was triggered by the determination of the genome sequence of the type strain

ATCC 13032 in 2003 (Ikeda and Nakagawa, 2003; Kalinowski et al., 2003), which was rapidly

followed by the establishment of the transcriptomics (Hüser et al., 2003; Polen and Wendisch,

2004) and proteomics (Bendt et al., 2003; Schaffer et al., 2001), and further systems biology

approaches (Wendisch et al., 2006). A large number of genetic tools is available, including

many different kinds of plasmids with constitutive or inducible promoters (Kirchner and Tauch

2003 Journal of Biotechnology 104: 287-299, (Kortmann et al., 2015), riboswitches (Zhou and

Zeng, 2015), transcription factor-based biosensors (Binder et al., 2012; Mahr et al., 2015;

Mustafi et al., 2012), CRISPR/Cas-based tools (Jiang et al., 2017; Wang et al., 2021), and

further engineering tools (Bott and Eggeling, 2017). Using these tools, a large variety of

producer strains for value-added products has been generated, many of which fulfill the GRAS

criteria (“generally recognized as safe”) (Baritugo et al., 2018). Nowadays, C. glutamicum

strains are used industrially for the annual production of about three million tons of the flavor
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enhancer L-glutamate and more than two million tons of the feed additive L-lysine (Becker et 

al., 2011; Wendisch et al., 2014). Bioprocesses using C. glutamicum have also been developed 

for the production of vitamins (Hüser et al., 2005), diamines (Nguyen et al., 2015), terpenoids 

(Henke et al., 2018), organic acids (Krause et al., 2010; Okino et al., 2005; Okino et al., 2008), 

alcohols (Inui et al., 2004; Yamamoto et al., 2013), proteins (Freudl, 2017), and further 

compounds (Becker et al., 2018; Eggeling and Bott, 2005; Wolf et al., 2021). 

C. glutamicum possesses many features that make it an attractive production host for industrial

processes, such as growth to high cell densities with a high biomass-specific production rate. It

possesses high resistance against a variety of stress factors, like oxidative stress, shear stress,

toxic compounds, high osmotic pressure, or phages (Becker and Wittmann, 2016; Eggeling and

Bott, 2005; Follmann et al., 2009; Lee et al., 2016; Stella et al., 2019). Another economically

relevant feature is that C. glutamicum can utilize a broad variety of carbon sources alongside

glucose, fructose, and sucrose (Becker and Wittmann, 2016), including organic acids (propionic

acid, lactic acid, acetic acid, gluconic acid, and citric acid) (Claes et al., 2002; Gerstmeir et al.,

2003; Stansen et al., 2005; Vallino and Stephanopoulos, 1994), alcohols (ethanol) (Arndt et al.,

2008), and other diverse carbohydrates like mannose, maltose (Blombach and Seibold, 2010;

Kiefer et al., 2002), arabitol (Laslo et al., 2012), or MI (Krings et al., 2006).

1.3.4 Inositol metabolism and its regulation in C. glutamicum 

In C. glutamicum, MI is embedded in many metabolic processes. As mentioned before, 

C. glutamicum uses MI as precursor for mycothiol and PI synthesis (Fig. 1.5A). The myo-

inositol phosphate synthase (Ino1, Cg3323) is responsible for MIP1 formation (Chen et al.,

2019) and at least two monophosphatases (ImpA, Cg2298 and SuhB, Cg2090) have the ability

to dephosphorylate MIP1 to yield MI (Kulis-Horn et al., 2017). Biosynthesis of MI in

C. glutamicum is tightly regulated. Expression of the ino1 gene is activated by the LacI-type

transcriptional regulator IpsA, which was found to act both as an activator and repressor for

diverse targets. Binding to excessive MI inactivates IpsA, leading to dissociation from its DNA

targets, which enables control of MI synthesis via a negative feedback loop (Fig. 1.5A)

(Baumgart et al., 2013).

C. glutamicum is not only able to synthesize MI, but also utilizes it as single carbon and energy

source via the conserved bacterial degradation route (Fig. 1.5A) (Krings et al., 2006). More
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than 20 genes showed increased expression when MI was present in the culture medium. Most 

of these genes are located in two clusters on the genome (iol1 and iol2) (Fig. 1.5B). 

Fig. 1.5. Schematic overview of myo-inositol utilization in C. glutamicum. (A) myo-inositol (MI) can be 
synthesized, taken up, assimilated, and degraded by C. glutamicum. L-myo-inositol-1-phosphate (MIP1) is 
synthesized from D-glucose-6-phosphate by Ino1. Together with UDP-GlcNAc and L-cysteine it is one of the 
precursors for the dominant thiol mycothiol. MIP1 is dephosphorylated to free MI via an inositol phosphatase. 
Synthesis of MI is regulated via a negative feedback loop. Binding of MI to the transcriptional regulator IpsA 
inactivates its function as repressor and activator. Free MI is linked to cytidine diphosphate diacylglycerol to 
generate phosphatidylinositol, which can be converted to more complex inositol-containing lipids. External MI 
enters the cell through the specific secondary transporters IolT1 and IolT2 and degradation follows the conserved 
pathway shown in Fig. 1.4. IolR represses expression of the genes encoding the MI catabolic pathway and iolT1. 
Repression is abolished by binding of intermediate of inositol catabolism to IolR, causing dissociation from its 
operator sites. (B) Gene clusters (iol1 and iol2) and single genes that show increased expression in the presence of 
MI. The genes involved in the conserved inositol degradation pathway are highlighted in blue, genes encoding
inositol transporters are colored in magenta. Genes for transcriptional regulators are colored in grey and genes
shown in white have not yet been characterized.
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Cluster iol1 contains the genes encoding the catabolic pathway organized in an operon 

(iolCJABDEGH), similar to B. subtilis. An iolI-like equivalent gene is missing in this cluster, 

but it includes two more putative oxidoreductases oxiA and oxiB as well as genes for a putative 

permease (cg0206, iolP) and a putative sugar phosphate isomerase (cg0212). Cluster iol2 

encodes three additional oxidoreductases, oxiC, oxiD, and oxiE, as well as the putative sugar 

isomerase cg3390. Although the genes of the iol2 cluster were upregulated during growth on 

MI, they could be deleted without having an impact on growth on MI (Krings et al., 2006). 

Interestingly, upon deletion of the iolG gene encoded in cluster iol1, cluster iol2 could sustain 

growth on MI and thus must encode at least one additional mIDH (Krings et al., 2006). 

C. glutamicum possesses two secondary transporters for MI, IolT1 (Cg0223) and IolT2

(Cg3387). IolT1 and IolT2 share 55% sequence identity and comparable kinetic constants

(Krings et al. 2006). Similar to other inositol-degrading bacteria, the expression of the genes

responsible for MI degradation and of iolT1 is repressed by the GntR-type transcriptional

regulator IolR in the absence of MI (Klaffl et al., 2013). Cluster iol2 might be regulated by the

LacI-type transcriptional regulator Cg3388 encoded upstream of oxiC in the same direction.

1.4  Inositol market and production 

In humans, inositols and their derivatives are studied to understand their role in metabolism and 

simultaneously investigated for their promising health-promoting properties. They are tested 

for pharmaceutical applications in therapies against several metabolic and neurodegenerative 

diseases. However, the overall inositol market includes many more industrial applications and 

demands. In the cosmetic industry, e.g., MI is added to skin products as it promotes cell growth 

and prohibits cell aging. Inositols find use in the beverage and food industry. They are applied 

as additives in energy drinks and foods because of their nutraceutical and sweetening function 

(Li et al., 2021). MI is also an important feed additive and health supplement in the aquaculture 

industry. For some species of aquatic animals, like Atlantic salmon, Common carp but also 

Juvenile grass shrimp or Chinese mitten crab, de novo synthesis of MI is insufficient to meet 

their metabolic demands. Especially in fish, exogenous supplementation of MI improves 

salinity tolerance, growth, immunity, and stress alleviation (Cui et al., 2022). Finally, MI is also 

used as an important starting compound for the production of other valuable chemicals besides 

its more expensive isomers. It is used, for example, as a substrate to produce glucaric acid (Liu 

et al., 2016), one of the US Department of Energy's top 12 renewable chemical compounds 
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(Werpy and Petersen, 2004). The market for inositols is expected to grow over the years. The 

current global market is estimated at 15,000 tons per year, with a value of around 94 million 

USD by 2019, corresponding to a price of about 6.3 $/kg MI. The global market size is expected 

to reach 140 million USD by 2024, with Europe and China being the main consumer regions 

(Benvenga et al., 2019). China, together with Japan, is also the leading country for inositol 

production, primarily MI.  

1.4.1 Conventional production 

The traditional method of producing MI is based on pressurized acid hydrolysis of phytic acid, 

which is obtained from corn and rice bran-soaking water during the processing of agricultural 

products. First, phytic acid is extracted through multiple steps: acid soaking, neutralization and 

filtration. Using inorganic acids under high pressure and high-temperature, phytic acid is 

hydrolyzed to release MI and free phosphate. Pure MI is obtained after concentration and 

crystallization (Li et al., 2021).  

Other inositol isomers can also be obtained via chemical production processes. DCI is mainly 

obtained from plants rich in D-pinitol (DPIN), like legumes and pinewood (Sanchez-Hidalgo et 

al., 2021). Industrial preparation of DCI is achieved by removing the 3-O-methyl group from 

DPIN via chemical hydrolysis with high concentrations of inorganic acid. Another example is 

the preparation of SI that starts with MI or MI orthoformate as initial substrates (Sarmah and 

Shashidhar, 2003). The substrate is selectively benzoylated and tosylated to a 2-hydroxy 

intermediate, which is then Swern oxidized (Omura and Swern, 1978) and reduced to SI. 

Although these production methods are based on abundant resources of raw materials and 

decades of development, they have many disadvantages. Especially the production of MI 

suffers from low yields. The direct extraction from raw materials comes with large amounts of 

various impurities, which increase the costs of downstream processing. The demanding use of 

high amounts of inorganic acid under high pressure and high temperature comes with strict 

equipment and waste disposal requirements. Recently developed processes enable atmospheric 

phytic acid hydrolysis via the use of various catalysts, which loosens the requirements for the 

equipment. However, separating the product MI from these catalysts also adds to a high 

production cost (Li et al., 2021). To address these challenges and especially avoid the inorganic 

waste accumulation and the resulting ecological burdens, biotechnological processes have been 

established for the production of inositols.  
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1.4.2 Biotechnological production of inositols 

The biotechnological production of inositols is based on the innate ability of some 

microorganisms to produce enzymes that enable the de novo synthesis of MI from cheaper 

starting compounds. Over the years, many biotechnological processes for the synthesis of MI 

have been established with production hosts like Saccharomyces cerevisiae (White et al., 1991) 

and Escherichia coli (Hansen et al., 1999; Yi et al., 2020). The process with S. cerevisiae is 

based on the organism’s natural ability to synthesize MI from G6P as it encodes a MIPS and 

IMPase. The transfer of S. cerevisiae MIPS to E.coli allowed the generation of heterologous 

production processes (Tang et al., 2020; Yi et al., 2020). As G6P is the starting compound of 

glycolysis, the pentose phosphate pathway, and saccharide biosynthesis, many studies dealt 

with redirecting carbon flux towards inositol production. This led to the development of strains 

able to produce over 100 g/L MI (You et al., 2020). In addition, the need for a microbial host 

was removed entirely as many in vitro processes based on cascades of purified MIPS and 

IMPases have been developed (Lu et al., 2018) (Patent: WO2018004307A1). Hence, no 

competing metabolic pathway consumes G6P, which led to a highly efficient synthesis of MI. 

Further research on cell-free MI production involves the combination of these processes with 

enzymes like phosphorylases, kinases, isomerases, epimerases, ketolases and aldolases which 

allowed the production of MI from much cheaper carbon sources than G6P like glucose, starch 

(Fujisawa et al., 2017), cellulose (Meng et al., 2018), and even pentoses like xylose (Cheng et 

al., 2019). 

In contrast to MI, biotechnological production processes for other inositol isomers are as scarce 

as the isomers themselves. The conventional methods mentioned earlier (chapter 1.4.1), 

including chemical hydrolysis and syntheses are still more prominent, but plant-based natural 

sources for many inositol isomers are rare. As stated in chapter 1.1, free and phosphorylated 

derivatives of SI, DCI, and neo-inositol were identified in soil, and it is speculated that they are 

of microbial origin. For the development of biotechnological production processes for inositol 

isomers, application of the (myo-)inositol metabolism of microorganisms is an obvious starting 

point. The first steps of inositol degradation are catalyzed by IDHs, enzymes with high 

stereoselectivity, and inosose isomerases, which interconvert keto-inositol intermediates. By 

employing bacterial IDHs and inosose isomerases as biocatalysts, biotechnological processes 

have been developed for SI and DCI (Yamaoka et al., 2011; Yoshida et al., 2006). Yoshida et 

al. reported an engineered B. subtilis strain that is unable to degrade inositol by deleting the 

corresponding pathway. Overexpression of the mIDH gene iolG together with iolI allowed 
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production of DCI from MI. First, IolG oxidizes MI to 2KMI with formation of NADH+H+. 

Secondly, IolI isomerizes 2KMI to 1KDCI with a ratio of 86:14 2KMI:1KDCI, and finally, due 

to the reaction equilibrium, IolG reduces 1KDCI to DCI with NADH+H+ as reductant. In this 

process, 6% of the total MI was converted to DCI.  

Similar processes have also been established for the production of SI. Tanaka et. al reported a 

B. subtilis strain unable to catabolize MI that constitutively overproduced IolG, which oxidized

MI to 2KMI, and the NADPH-dependent sIDH IolW, which subsequently reduced 2KMI to SI

(Tanaka et al., 2013). This process achieved 100% conversion. Such two-step conversion

processes have also been established in other microbial hosts via heterologous expression of

IDH genes (Li et al., 2020). Further engineering included the implementation of the

biosynthesis of MI from glucose-6-phosphate via heterologous expression of the myo-inositol

phosphate synthase gene mips from M. tuberculosis in the same microbial host. This enabled

production of SI directly from glucose (Michon et al., 2020). Biotechnological production of

inositol isomers using IDHs and inosose isomerases in suitable microbial hosts offers the

opportunity to supply the growing need for inositols.
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1.5 Aims of this thesis 

This thesis combines fundamental and applied research in the model organism C. glutamicum 

aiming for a detailed knowledge of the inositol metabolism and the enzymes involved as well 

as for the development of biotechnological production processes for rare inositols. As stated in 

chapters 1.3.3 and 1.3.4, C. glutamicum possesses the natural ability to synthesize MI and 

degrade it via the established catabolic pathway. Still, the function of more than 12 genes 

present in clusters iol1 and iol2 are unknown, although showing upregulated expression in the 

presence of MI. This leads to the hypothesis that inositol metabolism in C. glutamicum might 

be more complex than currently known. So the principal objective of this thesis is to profoundly 

investigate the potential hidden in the uncharacterized parts of the inositol gene clusters and use 

the gained insights to generate inositol producer strains. 

Through metabolic engineering, I aimed to construct C. glutamicum strains that are unable to 

degrade inositols and simultaneously possess an increased ability for MI biosynthesis. These 

strains should serve as chassis for multiple inositol production processes. By combining 

molecular, genetic, physiological, and biochemical analysis, I aimed to elucidate the 

physiological function of the uncharacterized genes and their role in inositol metabolism. A 

further aspect aimed at understanding the inositol selectivity of the relevant enzymes and at 

utilizing the promiscuity of these enzyme classes to establish novel inositol synthesis routes. 
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2. Results

The central topic of this doctoral thesis was the investigation of the inositol catabolism of 

C. glutamicum, analysis of the acting enzymes and application of metabolic engineering for the

development of biotechnological production processes for inositols. The results of these studies

have been summarized in two peer-reviewed publications and a manuscript, which will be

submitted soon.

In the publication “Metabolic engineering of Corynebacterium glutamicum for production of 

scyllo-inositol, a drug candidate against Alzheimer's disease” the generation of C. glutamicum 

chassis strains as hosts for the biotechnological production of the rare inositol scyllo-inositol 

(SI) is described. Following the model of B. subtilis, the genome of C. glutamicum was 

analyzed for the presence of genes encoding NAD+/NADPH-dependent IDHs. Using Blastp 

analysis with B. subtilis mIDH and sIDHs sequences as templates, seven inositol 

dehydrogenases were identified, among them one NADPH-dependent sIDH. Growth 

experiments with MI as single carbon and energy source revealed that C. glutamicum naturally 

produces, exports, takes up and degrades SI. Both gene clusters associated with inositol 

catabolism needed to be deleted to completely abolish inositol degradation. Overexpressing the 

well-characterized IDH iolG together with the newly identified NADPH-dependent IDH 

enabled efficient production of SI from MI in defined media. Using rich medium for the 

biotransformation resulted in complete conversion of MI to SI. Overexpressing the genes for 

innate MI synthesis from G6P in C. glutamicum together with the established IDH-based 

system enabled the production of SI directly from glucose and sucrose. In summary, this study 

demonstrated C. glutamicum as an efficient host for the production of SI. 

The publication “Physiological, biochemical, and structural bioinformatics analysis of the 

multiple inositol dehydrogenases from Corynebacterium glutamicum” describes the further 

characterization of the previously identified IDHs, their role in inositol catabolism and the 

attempt to understand the reasons behind different activity towards different inositols. Growth 

experiments revealed that C. glutamicum can utilize SI and DCI as single carbon and energy 

source. Both previously identified inositol transporters are responsible for uptake. 

Complementation experiments testing a deletion strain lacking all identified IDH genes 

revealed four different IDH with overlapping activity towards MI, SI and DCI. Enzymatic 

activity assays characterized their activity towards all tested inositols. CgIDHs were compared 

to other characterized IDH from other organisms and molecular docking experiments allowed 
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determination of substrate binding sites. Potential sites responsible for inositol selectivity were 

identified. Overall, this study elucidated the complex inositol catabolism of C. glutamicum and 

established a bioinformatic approach to analyze substrate acceptance of IDH. The insights in 

this study were extended through additional growth experiments on L-chiro-inositol and the 

solving of the crystal structure of a sIDH, both further explained in the Appendix. 

The manuscript “Production of D-chiro-inositol with Corynebacterium glutamicum via two 

different synthesis routes” deals with further investigation of the DCI catabolism of 

C. glutamicum and the parallel development of novel biotechnological production processes for

DCI. According to previous studies on DCI catabolism in B. subtilis, an inosose isomerase is

mandatory for DCI degradation. For C. glutamicum we identified two so far uncharacterized

genes encoding inosose isomerases acting on inositol-keto-compounds. The overexpression of

one isomerase gene with the mIDH iolG in a C. glutamicum strain unable to degrade inositols

enabled the biotransformation of MI to DCI. Surprisingly, production and growth

complementation experiments revealed that C. glutamicum possesses at least two more

paralogous inosose isomerase genes, of which one was identified. In parallel, a novel DCI

synthesis route was developed by utilizing the promiscuous activity of two plant-derived

methyl-inositol dehydrogenases. An NAD+/NADPH-dependent process for the

biotransformation of MI to DCI was established. Co-expression of both dehydrogenases with

the myo-inositol-1-phosphate synthase ino1 enabled the novel production of DCI directly from

glucose. By constructing a new bicistronic expression vector the final yield was further

increased. This study once more highlighted the potential of C. glutamicum as an efficient host

for the production of rare inositols like SI or DCI.



Results 

26 

2.1 Metabolic engineering of Corynebacterium glutamicum for production 
of scyllo-inositol, a drug candidate against Alzheimer's disease. 

Ramp, P., Lehnert, A., Matamouros, S., Wirtz, A., Baumgart, M., & Bott, M. (2021). 
Metabolic Engineering, 67, 173-185. 

Author contributions 

PR: Conceptualization, Methodology, Investigation, Writing – Initial Draft, Visualization. 

AL: Investigation, Methodology. 

SM: Supervision, Methodology.  

AW: Investigation, Methodology.  

MBa: Methodology, Writing – original draft, Supervision.  

MBo: Conceptualization, Supervision, Writing – review & editing, Funding acquisition. 

Overall contribution: 45% 



Results 

27 



Results 

28 



Results 

29 



Results 

30 



Results 

31 



Results 

32 



Results 

33 



Results 

34 



Results 

35 



Results 

36 



Results 

37 



Results 

38 



Results 

39 



Results 

40 



Results 

41 

2.2 Physiological, biochemical, and structural bioinformatics analysis of 
the multiple inositol dehydrogenases from Corynebacterium 

glutamicum 

Ramp, P., Pfleger C., Dittrich J., Mack, C., Gohlke, H., Bott, M. (2022). – accepted in 

Microbiology Spectrum, August 24, 2022 

Author contributions 

PR: Conceptualization, Methodology, Investigation, Writing – Initial Draft, Visualization, 
Funding acquisition 

CP: Methodology, Investigation, Writing – Manuscript, Visualization, 

JD: Methodology, Investigation, Writing – Manuscript, Visualization, Funding acquisition 

CM: Methodology, Investigation, 

HG: Supervision, Writing – review & editing, Funding acquisition 

MB: Conceptualization, Supervision, Writing – review & editing, Funding acquisition 

Overall contribution: 40% 



Results 

42 



Results 

43 



Results 

44 



Results 

45 



Results 

46 



Results 

47 



Results 

48 



Results 

49 



Results 

50 



Results 

51 



Results 

52 



Results 

53 



Results 

54 



Results 

55 



Results 

56 



Results 

57 



Results 

58 



Results 

59 



Results 

60 



Results 

61 



Results 

62 



Results 

63 



Results 

64 



Results 

65 



Results 

66 



Results 

67 



Results 

68 



Results 

69 



Results 

70 



Results 

71 



Results 

72 



Results 

73 



Results 

74 



Results 

75 



Results 

76 



Results 

77 



Results 

78 

2.3 Production of D-chiro-inositol with Corynebacterium glutamicum via 
two different synthesis routes 

Ramp, P., Mack, C., Wirtz, A., Bott, M. (2022). – to be submitted 

Author contributions 

PR: Conceptualization, Methodology, Investigation, Writing Manuscript, Visualization 

CM: Methodology, Investigation 

AW: Methodology, Investigation 

MB: Supervision, Writing – review & editing, Funding acquisition 

Overall contribution: 80% 



Results 

79 

Production of D-chiro-inositol with Corynebacterium glutamicum via two 

different synthesis routes 

Paul Ramp, Christina Mack, Astrid Wirtz, Michael Bott# 

IBG-1: Biotechnology, Institute of Bio- and Geosciences, Forschungszentrum Jülich, Jülich, 

Germany 

#Corresponding author: m.bott@fz-juelich.de 



Results 

80 

2.3.1 Abstract 

D-chiro-inositol (DCI) is a promising drug candidate for treating insulin resistance and its

associated diseases such as diabetes type 2 or polycystic ovary syndrome. Many bacteria can

utilize DCI via a specific pathway as carbon and energy source. First, an inositol dehydrogenase

(IDH) oxidizes DCI to the keto-intermediate 1-keto-D-chiro-inositol (1KDCI), and an inosose

isomerase interconverts 1KDCI to 2-keto-myo-inositol (2KMI), which enters the main inositol

catabolism. Both reactions are reversible. For the microbial cell factory Corynebacterium

glutamicum, the IDHs that enable growth on DCI have been identified, but the inosose

isomerase remains unknown. We therefore investigated the putative sugar phosphate

isomerases that are located in the two gene clusters associated with inositol catabolism for their

activity to interconvert 2KMI and 1KDCI. We identified Cg0212 as functional inosose

isomerase and overproduction with the IDH IolG in a C. glutamicum mutant strain unable to

degrade inositols led to the production of ~1.1 g/L DCI starting from 10 g/L MI. Production

and complementation experiments revealed that C. glutamicum, besides Cg0212, possesses the

inosose isomerase Cg2312 and at least one more unidentified inosose isomerase. In parallel, we

established a novel synthetic production route for DCI starting from MI by utilizing the

promiscuous activity of the two plant-derived NAD+/NADPH-dependent D-ononitol and

D-pinitol dehydrogenases MtOEPa and MtOEPb. Heterologous expression enabled an

NAD+/NADPH-driven, two-step process that produced ~1.6 g/L DCI from 10 g/L MI.

Furthermore, the plasmids-based co-expression of the MtOEPa and MtOEPb genes with the

endogenous myo-inositol-1-phosphate synthase (ino1) enabled direct production of 0.75 g/L

DCI starting from 20 g/L glucose. By generating a novel, bicistronic expression vector

containing two T7 promoters for C. glutamicum MB001(DE3), DCI production was increased

by up to 70%, with a final titer of 1.2 g/L DCI starting from 20 g/L glucose (wt/vol). This

demonstrates that C. glutamicum is an attractive host for the biotechnological production of

D-chiro-inositol.

2.3.2 Introduction 

D-chiro-inositol (DCI) is a cyclitol (C6H12O6) and one of nine different isomers of inositol

(myo-, scyllo-, allo-, muco-, epi-, neo-, D-chiro-, L-chiro-, and cis-inositol) (López-Gambero et

al., 2020; Thomas et al., 2016). DCI is regarded as a therapeutic candidate for the treatment of

metabolic illnesses linked to insulin resistance. Together with myo-inositol (MI), DCI regulates



Results 

81 

several metabolic pathways and hormonal signaling in the human body and is involved in cell 

growth, survival, and reproduction (Chiofalo et al., 2017; Dinicola et al., 2014; Kachhawa et 

al., 2021; Vitale et al., 2021). As inositol phosphoglycans (IPGs), both MI and DCI (MI-IPG 

and DCI-IPG) function as second messengers involved in insulin signaling, with DCI-IPG 

being mainly involved in the regulation of glycogen synthesis (GS) and maintaining insulin 

sensitivity (Larner, 2002; Ortmeyer et al., 1993). 

Insulin-resistant individuals, such as those with type 2 diabetes or women with polycystic ovary 

syndrome (PCOS), a diverse, multifaceted disorder characterized by ovarian dysfunction, 

infertility, hyperandrogenism, and name-giving polycystic ovaries, exhibit impaired synthesis 

of DCI-IPG (Homburg, 2008; Larner et al., 2010). Oral administration of DCI, both alone and 

in combination with MI, increased general insulin sensitivity in tissues of type 2 diabetes 

patients (Gambioli et al., 2021; Pintaudi et al., 2016) and induced ovulation in PCOS patients 

(Monastra et al., 2017; Ortmeyer et al., 1993).  

The industrial preparation of DCI is currently achieved by removing the 3-O-methyl group of 

soybean-derived D-pinitol (DPIN) via chemical hydrolysis with a high concentration of 

hydrochloric or hydrobromic acid (Sanchez-Hidalgo et al., 2021). In recent years, an alternative 

biotechnological process for DCI was described. It is based on the fact that DCI was found in 

some microbial species, which can utilize inositols as single carbon and energy sources, such 

as Bacillus subtilis. In this species, MI and DCI are first taken up via specific transporters and 

then oxidized to 2-keto-myo-inositol (2KMI) and 1-keto-D-chiro-inositol (1KDCI), 

respectively, by the inositol dehydrogenase (IDH) IolG in a reversible reaction (Yoshida et al., 

2006). The inosose isomerase IolI is then responsible for the reversible interconversion of 

1KDCI to 2KMI, which then enters an inositol-specific catabolic pathway forming acetyl-CoA 

and dihydroxyacetone phosphate (Yoshida et al., 2006; Yoshida et al., 2008). IolI is a protein 

with a TIM barrel fold and structural similarity to both endonuclease IV and xylose isomerase 

(Yoshida et al., 2006). Enzymatic assays with purified IolI showed a reaction equilibrium with 

a molar ratio of 77:23 in favor of 2KMI. IolG is also able to reduce 1KDCI back to DCI with 

NADH+H+. Thus, utilization of both IolG and IolI enables the production of DCI from MI 

(Yoshida et al., 2006). Using an engineered B. subtilis strain unable to degrade inositols and 

overexpressing IolG and IolI, production of DCI from MI with a yield of 6% was achieved 

(Yoshida et al., 2006).  

Corynebacterium glutamicum is a soil-dwelling actinobacterium that is used as an industrial 

cell factory, in particular for large-scale production of L-glutamate and L-lysine (Becker et al., 
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2018; Eggeling and Bott, 2015; Wendisch, 2020). In a recent study, we reported that 

C. glutamicum can grow not only with MI, but also with scyllo-inositol (SI) and DCI as single

carbon and energy source, similar to B. subtilis (Ramp et al., 2022). We identified the IDHs

IolG and OxiD catalyzing the initial oxidation of DCI, however, no IolI-type inosose isomerase

that interconverts 1KDCI to 2KMI has been identified in C. glutamicum so far. In contrast to

B. subtilis, C. glutamicum is not only able to degrade inositols, but also has the intrinsic

capability to synthesize MI in two steps from glucose 6-phosphate, which makes it an attractive

host for the production of inositols from cheap carbon sources. We recently demonstrated this

potential by developing C. glutamicum strains that efficiently produce SI from glucose and

sucrose (Ramp et al., 2021).

This study aimed for the engineering of C. glutamicum strains for the production of DCI. In 

that context, we searched for endogeneous isomerases catalyzing the conversion of 1KDCI to 

2KMI to utilize them for DCI synthesis. We identified the inosose isomerases Cg0212, Cg2312 

and Cg3390 in C. glutamicum that are able to catalyze this reaction. Overproduction of IolG 

together with Cg0212 in the chassis strain C. glutamicum MB001(DE3)∆IOL unable to 

catabolize inositols allowed the production of DCI from MI with a yield of up to 11%. 

Importantly, we identified and implemented a novel alternative route for efficient production 

of DCI from MI which is based on the substrate promiscuity of two plant enzymes, the NAD+-

dependent D-ononitol dehydrogenase MtOEPa and the NADP+-dependent D-pinitol 

dehydrogenase MtOEPb from Medicago truncatula. Using this pathway, also DCI production 

from glucose was achieved. 

2.3.3 Materials and Methods 

Bacterial strains, plasmids and growth conditions 

All bacterial strains and plasmids used in this work are listed in Table 2.3.1. All cloning steps 

were performed with Escherichia coli DH5α as host. E. coli strains were cultivated at 37 °C on 

LB agar plates or in lysogeny broth (LB) (Bertani, 1951) with 50 µg/mL kanamycin when 

appropriate. For growth characterization, C. glutamicum was cultivated in a BioLector 

microcultivation system (m2p-labs, Baesweiler, Germany). Single colonies were transferred in 

BHI medium and cultivated for 8 h at 30°C as a first preculture. The second preculture 

containing defined CGXII medium (Keilhauer et al., 1993) with 0.03 g/L protocatechuic acid 

and 20 g/L glucose was inoculated with 10% of first preculture and cultivated for 16 h at 30°C. 
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Before inoculation of main cultures, cells were washed once with CGXII medium without a 

carbon source. BioLector cultivations were performed in 800 µL CGXII medium, which was 

supplemented with 1% (wt/vol) of the desired carbon source in 48-well FlowerPlates (m2p-

labs, Baesweiler, Germany) at 1200 rpm at 30 °C. Growth in this system was measured online 

as scatterted light at 620 nm (Kensy et al., 2009). For protein production, C. glutamicum was 

cultivated in 200 mL BHI medium supplemented with 2% (wt/vol) glucose in 2 L baffled shake 

flasks at 100 rpm and 30°C. For production experiments, C. glutamicum was cultivated in 50 

mL CGXII medium supplemented with 20 g/L glucose and for biotransformations with 10 g/L 

myo-inositol in 500 mL baffled shake flasks at 30°C and 130 rpm for 72 h. Where appropriate, 

25 µg/mL kanamycin was added to the medium. Gene expression was induced by addition of 

isopropyl-β-D-thiogalactoside (IPTG) at the indicated concentrations. Bacterial growth was 

followed by measuring the optical density at 600 nm (OD600) using an Ultrospec 2100 pro 

photometer (Biochrom). 

Recombinant DNA work and construction of deletion mutants 

All plasmids and oligonucleotides used in this study are listed in Table 2.3.1 and Table 2.3.S1, 

respectively. PCRs, DNA restrictions, and plasmid constructions were performed according to 

established protocols (Gibson et al., 2009; Green et al., 2012). DNA sequencing and 

oligonucleotide synthesis were performed by Eurofins Genomics (Ebersberg, Germany). 

Chemically competent E. coli cells were transformed according to an established protocol 

(Hanahan, 1983). C. glutamicum was transformed via electroporation as described previously 

(van der Rest et al., 1999). C. glutamicum MB001(DE3) deletion mutants were constructed via 

double homologous recombination as described previously (Niebisch and Bott, 2001) using the 

pK19mobsacB-derived plasmids. The chromosomal deletions were confirmed via colony-PCR 

using oligonucleotides annealing outside of the deleted region. For protein overproduction and 

purification genes were cloned into the recently described pPREx6 plasmid (Ramp et al., 2022) 

downstream of the T7 promoter and upstream of a Strep-Tag II sequence. For the construction 

of the pMKEx2-based expression plasmids, the corresponding target genes were cloned 

downstream of the C. glutamicum consensus ribosome binding site (RBS) via Gibson assembly. 

For construction of the bicistronic expression plasmid pMKEx2BiT7, we amplified the T7 

promoter, the second multiple cloning site (MCS) and the corresponding terminator from 

pETDuet-1 using the oligonucleotides P62 and P63 and joined them with the pMKEx2 

backbone amplified with the oligonucleotides P64xP65 and P66x67 (Table 2.3.S1) via Gibson 
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assembly. The DNA sequences of the MtOEPa and MtOEPb genes were codon-optimized for 

C. glutamicum and ordered as DNA strings from ThermoFisher Scientific.

Table 2.3.1. Bacterial strains and plasmids used in this study 

Strain or plasmid Relevant characteristics Source or 
reference 

Strains 
E. coli

DH5α F- Φ80dlac∆(lacZ)M15 ∆(lacZYA-argF) U169 endA1

recA1 hsdR17 (rK
- , mK

+) deoR thi-1 phoA supE44 λ-

gyrA96 relA1; strain used for cloning procedures

(Hanahan, 1983) 

C. glutamicum

MB001(DE3) Derivative of the prophage-free strain MB001 with a 

chromosomally encoded E. coli lacI gene under 

control of its native promoter followed by the T7 RNA 

polymerase gene under control of the lacUV5 

promoter.  

(Kortmann et al., 

2015) 

MB001(DE3)∆iol1∆iol2  

(referred to as ∆iol1∆iol2) 

Derivative of MB001(DE3) in which both inositol 

clusters: iol1 cg0196-cg0212 and iol2 cg3389-cg3392 

are deleted 

(Ramp et al., 

2021) 

∆IOL Derivative of MB001(DE3)∆iol1∆iol2 in which the 

putative inositol dehydrogenase cg2313 (idhA3) was 

deleted 

This work 

∆IOL ∆qsuB Derivative of ∆IOL in which qsuB is deleted This work 

∆IOL ∆cg2312 Derivative of ∆IOL in which cg2312 is deleted This work 

∆IOL ∆cg2716 Derivative of ∆IOL in which cg2716 is deleted This work 

∆IOL ∆cg2822 Derivative of ∆IOL in which cg2822 is deleted This work 

∆IOL ∆cg2917 Derivative of ∆IOL in which cg2917 is deleted This work 

∆IDH MB001(DE3) derivative with deletion of the genes 

oxiC-cg3390-oxiD-oxiE (cg3389-cg3392), iolG 

(cg0204), iolW (cg0207), idhA3 (cg2313) and oxiB 

(cg0211) 

(Ramp et al., 

2022) 

∆IDH∆cg0212 ∆IDH derivative with deletion of the inosose 

isomerase genes cg0212 

This work 

∆IDH∆Iso ∆IDH∆cg0212 derivative with deletion of the inosose 

isomerase gene cg2312  

This work 

Plasmids 
pK19mobsacB KanR; plasmid for allelic exchange in C. glutamicum; 

(pK18 oriVE.c., sacB, lacZα) 
(Schäfer et al., 

1994) 

pK19mobsacB-∆cg2313 pK19mobsacB derivative with 1000 bp homologous 

flanks upstream and downstream of cg2313 

This work 

pK19mobsacB-∆cg0212 pK19mobsacB derivative with 1000 bp homologous 

flanks upstream and downstream of cg0212 

This work 

pK19mobsacB-∆cg2312-13 pK19mobsacB derivative with 1000 bp homologous 

flanks upstream and downstream of cg2312-2313 

This work 
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pK19mobsacB-∆cg2716 pK19mobsacB derivative with 1000 bp homologous 

flanks upstream and downstream of cg2716 

This work 

pK19mobsacB-∆cg2822 pK19mobsacB derivative with 1000 bp homologous 

flanks upstream and downstream of cg2822 

This work 

pK19mobsacB-∆cg2917 pK19mobsacB derivative with 1000 bp homologous 

flanks upstream and downstream of cg2917 

This work 

pPREx6 KanR; pPREx2 derivative with Ptac exchanged for PT7-

lac promoter 

(Ramp et al., 

2022) 

pPREx6-IolH KanR; pPREx6 derivative containing the iolH gene 

under control of PT7 and fused C-terminal to a Strep-

tag II sequence 

This work 

pPREx6-Cg0212 KanR; pPREx6 derivative containing the cg0212 gene 

under control of PT7 and fused C-terminal to Strep-tag 

II sequence 

This work 

pPREx6-Cg3390 KanR; pPREx6 derivative containing the cg3390 gene 

under control of PT7 and fused C-terminal to Strep-tag 

II sequence 

This work 

pMKEx2 KanR; E. coli-C. glutamicum shuttle vector (lacI, PT7, 

lacO1, pHM1519 ori Cg ; pACYC177 ori Ec ) for 

expression of target genes under control of the T7 

promoter 

(Kortmann et al., 

2015) 

pIolG pMKEx2 derivative for overexpression of iolG 

(cg0204) 

(Ramp et al., 

2022) 

pIolG-Cg0212 pMKEx2 derivative for overexpression of iolG 

(cg0204) and cg0212 in a synthetic operon 

This work 

pIolG-Cg2312 pMKEx2 derivative for overexpression of iolG 

(cg0204) and cg2312 in a synthetic operon 

This work 

pOEPa pMKEx2 derivative for overexpression of MtOEPa 

(XM_003599277.2) 

This work 

pOEPb pMKEx2 derivative for overexpression of MtOEPb 

(A0A396HGB9) 

This work 

pOEPa-b pMKEx2 derivative for overexpression of MtOEPa 

and MtOEPb in a synthetic operon 

This work 

pOEPb-a pMKEx2 derivative for overexpression of MtOEPb 

and MtOEPa in a synthetic operon 

This work 

pInoDCI pMKEx2 derivative for overexpression of ino1, 

MtOEPa and MtOEPb in a synthetic operon 

This work 

pMKEx2-BiT7 pMKEx2-derivative containing two T7 promoters, 

lacOs, MCSs and T7 terminators in opposite direction 

This work 

pBiT7-InoDCI pMKEx2-BiT7 containing ino1 under control of T7-1 

and MtOEPa and MtOEPb in a synthetic operon under 

control of T7-2 

This work 

Protein overproduction and purification 

C. glutamicum MB001(DE3) was transformed with pPREx6-based expression plasmids for

inositol dehydrogenase production and cultivated in 200 mL BHI medium supplemented with

20 g/L glucose. Gene overexpression was induced with 250 µM IPTG after 3 h and cells were

harvested after 24 h of cultivation via centrifugation at 5,000 g for 20 min at 4 °C. Cell pellets
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were washed and resuspended in 4 mL lysis buffer (100 mM KPO4 pH 7.5, 150 mM NaCl, 

1 mM MgSO4) per g cell wet weight and lysed by five passages through a French Press at 

124 MPa. The resulting cell extract was first centrifuged at 5,000 g and 4 °C for 20 min and the 

supernatant was then subjected to ultracentrifugation at 45,000 g and 4 °C for 1 h. The resulting 

supernatant was incubated with avidin (25 μg/mg protein) for 30 min on ice before performing 

purification on an Äkta pure protein purification system (Cytiva) via StrepTactin Sepharose 

affinity chromatography and subsequent size exclusion chromatography.  

A StrepTrap HP 1 mL column (GE Healthcare) was equilibrated with binding buffer (100 mM 

KPO4 pH 7.5, 150 mM NaCl, 1 mM MgSO4) before loading the protein extract. The column 

was washed with 10 column volumes (CV) of binding buffer and remaining proteins were then 

eluted in six 0.5 ml fractions with elution buffer I (100 mM KPO4 pH 7.5, 150 mM NaCl, 1 

mM MgSO4, 2.5 mM desthiobiotin). The protein-containing elution fractions were combined 

and concentrated by using a 10 kDa AMICON filter and centrifuging at 3,500 g and 4 °C to a 

final volume of 500 µL. The concentrated protein was then applied to a Superdex 200 Increase 

size exclusion chromatography column (GE Healthcare) that had been equilibrated with 2 CV 

of elution buffer II (100 mM KPO4 pH 7.5, 1 mM MgSO4). Protein was eluted with 1.5 CV of 

elution buffer II and collected in 2 mL fractions. The purity and the apparent molecular mass 

of the proteins after both purification steps were determined by 12% (wt/vol) SDS-PAGE 

according to standard procedures (Green et al., 2012). Protein concentrations were determined 

using the Bradford assay (Coomassie blue G-250) and measuring concentration-dependent blue 

coloration at 595 nm (Thermofisher Scientific). 

In vitro interconversion studies 

To analyze inosose isomerase activity in vitro, 50 µg of purified inosose isomerase was 

combined with 50 µg of purified IolG in 200 µL reaction buffer containing 50 mM KPO4 pH 

7.5, 1 mM MgSO4, 0.1 mM MnSO4, 5 mM NAD+, and either 10 g/L MI or 10 g/L DCI. The 

reaction was incubated at 30°C for 16 h and stopped via heating at 85°C for 15 min. For inositol 

analysis, the samples were subjected to HPLC analysis. 
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Inositol analysis by HPLC 

1 mL culture was centrifuged at 17,000 g for 20 min, the supernatant was filtered (0.2 μm 

syringe filter, Whatman™, GE Healthcare, Freiburg, Germany) and frozen at -20 °C until 

further analysis. Thawed samples were diluted with deionized water and used for HPLC 

analysis. A 5 µL sample was measured using an Agilent LC-1100 system (Agilent, Santa Clara, 

CA, USA) equipped with a Carbo-Pb Guard Catridge (Phenomenex, Aschaffenburg, Germany) 

and a Rezex RPM-Monosaccharide 300 × 7.8 mm column (Phenomenex, Aschaffenburg, 

Germany). Separation was performed at 85 °C with water as eluent at a flow rate of 0.6 mL/min. 

Sugar and sugar alcohols were detected with a refraction index detector operated at 35 °C.  

2.3.4 Results and Discussion 

Identification of enzymes with inosose isomerase activity in C. glutamicum 

The inosose isomerase gene iolI of B. subtilis is part of the operon containing the conserved 

insositol catabolism genes. The genes encoding the conserved inositol catabolism in 

C. glutamicum are also organized as one operon but with different gene order and no iolI

homolog. However, the two inositol clusters, iol1 and iol2, contain additional genes that take

part in inositol catabolism, as shown before (Ramp et al., 2022). They also contain three genes

encoding putative sugar phosphate isomerases: IolH (Cg0205), Cg0212, and Cg3390

(Fig. 2.3.1).

Fig. 2.3.1. Genes related to inositol catabolism in C. glutamicum. Genes shown in dark grey encode 
transcriptional regulators, genes in light grey have a known or predicted function, and genes in white have putative 
or unknown functions. The genes iolG and oxiD encoding IDHs with activity for DCI are shown in blue. Genes 
annotated as putative (sugar) phosphate isomerases (iolH, cg0212, cg3390) hypothesized to encode inosose 
isomerases are highlighted in red. 
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All three showed a sequence identity of 27-29% over a query cover of 20-54% to IolI of B. 

subtilis. B. subtilis also contains an IolH homolog that shows similarity to IolI, but no function 

has been described yet (Yoshida et al., 2006). Cg3390 was previously identified to be active on 

2KMI, converting it to yet unknown, brown-colored compounds (Ramp et al., 2021). We 

hypothesized that one of these putative sugar phosphate isomerases has a similar function as 

IolI from B. subtilis. 

To analyze if any of these putative isomerases enable interconversion of MI and DCI, we fused 

IolH, Cg0212, Cg3390 and the IDH IolG to a C-terminal Strep-Tag II and purified each enzyme 

after overproduction in C. glutamicum MB001(DE3) as described previously (Ramp et al., 

2022). Each isomerase was tested in vitro for production of DCI or MI in the presence or 

absence of IolG with either MI or DCI as starting compound. No inositol interconversion was 

detected in all reaction mixtures containing only one enzyme and also in the reaction mixtures 

containing IolG and IolH, indicating that IolH does not catalyze the conversion of 2KMI 

to1KDCI. In contrast, when starting with MI, IolG in combination with Cg0212 led to the 

formation of 0.55 g/L DCI from 10 g/L MI, corresponding to a conversion rate of 5.5% 

(Fig. 2.3.2). When starting from 10 g/L DCI, this enzyme combination produced up to 3 g/L 

MI (30% conversion rate), indicating that this is the favored direction. In these reactions, the 

reduction of the keto-intermediate via IolG recovers NAD+, which results in a cyclic reaction 

until the specific equilibrium is reached. In addition, the combination of IolG and Cg3390 

enabled the conversion of MI to DCI, but in this case, only ~0.2 g/L DCI were formed from 10 

g/L MI. In the opposite direction, nearly 1.0 g/L MI were synthesized from 10 g/L DCI, 

confirming this direction to be the favored one. For both reactions with IolG and Cg3390, much 

more substrate (7-8 g/L) disappeared than product was formed (Fig. 2.3.2) and the reaction 

mixture showed a brown coloration (data not shown). This effect was observed previously in 

vivo when IolG and Cg3390 were overproduced in the presence of MI (Ramp et al., 2021).  

We assume that Cg3390 not only converts 2KMI to 1KDCI, but also to other unknown products 

that can be reduced irreversibly by IolG under regeneration of NAD+. This shifts the 

concentration gradient so that more MI/DCI is processed as the new products leave the reaction 

cycle. For example, Cg3390 might catalyze the dehydration of 2KMI, leading to a diketo 

compound that IolG reduces. Such a reaction sequence would allow continued oxidation of MI 

by IolG. It is still unclear which compounds are formed and which are responsible for the brown 

coloration of the reaction mixture.  
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Fig. 2.3.2. In vitro enzymatic interconversion of DCI and MI with purified enzymes IolG, IolH, Cg0212 and 
Cg3390 starting from MI (A) or DCI (B). 50 µg purified protein each was mixed with MI or DCI in 200 µL 
reaction mixture and incubated at 30 °C for 24 h. Reaction was stopped by heating at 80°C for 15 min and inositol 
content was measured afterwards. Shown are inositol concentrations in g/L. Depicted are results from technical 
triplicates. 

Establishment of a DCI production process 

With Cg0212 identified as a functional isomerase enabling the conversion from MI to DCI, we 

aimed for a biotechnological production process with an engineered C. glutamicum strain that 

is unable to degrade inositols. We previously constructed C. glutamicum 

MB001(DE3)∆iol1∆iol2 in which we deleted the gene clusters cg0196-cg0212 and cg3389-

cg3392 (Fig. 2.3.1) (Ramp et al., 2021). We now additionally deleted the idhA3 gene (cg2313), 

yielding the chassis strain C. glutamicum MB001(DE3)∆IOL. For production of DCI, iolG and 

cg0212 were cloned as synthetic operon in the expression plasmid pMKEx2, which allows 

strong, inducible gene expression under the control of the T7 promoter. As controls, iolG and 

cg0212 were cloned separately in pMKEx2. The resulting plasmids pIolG-Cg212, pIolG and 
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pCg212 were introduced in C. glutamicum MB001(DE3)∆IOL. A strain harboring pMKEx2 

without insert served as an additional negative control.  

All strains were cultivated in CGXII medium with 20 g/L glucose for biomass formation and 

10 g/L MI as substrate for DCI synthesis at 30°C for 72 h. Overexpression of iolG and cg0212 

led to the formation of ~ 1.1 g/L DCI from 10 g/L MI in 48 h, corresponding to a yield of ~11% 

(Fig. 2.3.3). To our surprise, overexpression of iolG alone also led to the accumulation of 

~0.5 g/L DCI. As cg0212 and cg3390 as well as iolH were already deleted in C. glutamicum 

MB001(DE3)∆IOL, this result hinted towards presence of yet another enzyme with inosose 

isomerase activity encoded in the genome of C. glutamicum.  

A Blastp analysis using the amino acid sequence of IolI from B.subtilis as a template revealed 

the 3-dehydroshikimate dehydratase QsuB (cg0502) as closest homolog (21% identity, 51% 

query cover). To investigate if QsuB is responsible for DCI formation, we deleted the 

corresponding gene in C. glutamicum MB001(DE3)∆IOL and analyzed the remaining DCI 

formation via overexpression of iolG. As negative control, we transformed C. glutamicum 

MB001(DE3)∆IOL with the pMKEx2 empty vector. All strains were again cultivated in CGXII 

medium with 20 g/L glucose and 10 g/L MI at 30°C for 72 h. MI and DCI titers were measured 

at the end of the cultivation. To our surprise, the deletion of qsuB in a C. glutamicum 

MB001(DE3)∆IOL had no effect on DCI production in comparison to the parental strain 

(Fig. 2.3.4). Both strains still produced up to 0.65 g/L DCI, indicating that QsuB is not the 

unknown inosose isomerase. 

The InterPro database integrates predictive models or signatures representing protein domains, 

families and functional sites from multiple, diverse source databases (Hunter et al., 2009). This 

allows sorting a protein of interest into a protein family containing targets with similar domains 

and functional sites. IolI of B. subtilis is sorted into the Intepro xylose isomerase like 

superfamily (SSF51658). For C. glutamicum ATCC13032, a total of nine targets (Table 2.3.2) 

are classified in this xylose isomerase like superfamily. Among the identified proteins are the 

inositol dehydratase IolE, the mentioned isomerases IolH, Cg0212, Cg3390, and QsuB. The 

other identified proteins include the conserved, hypothetical protein Cg2917, the putative sugar 

phosphate isomerase Cg2822 and the two putative hydroxyl pyruvate isomerases Hyi (Cg2716) 

and Cg2312. It is noteworthy that cg2312 seems to be organized in an operon with cg2313, 

which encodes the putative inositol dehydrogenase IdhA3 (Ramp et al., 2022). 
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Fig. 2.3.3. Production of DCI from MI with C. glutamicum MB001(DE3)∆IOL expressing IolG and Cg0212. 
Strains were cultivated in CGXII medium containing 20 g/L glucose and 10 g/L myo-inositol. Gene expression 
was induced by addition of 500µM IPTG at the cultivation start. Mean values of biological triplicates and standard 
deviations are shown. 

We further focused on Cg2312, Cg2716, Cg2822 and Cg2917 since iolE, iolH, cg0212 and 

cg3390 are already deleted in C. glutamicum MB001(DE3)∆IOL and qsuB deletion had no 

effect. We created individual deletion strains analogous to MB001(DE3)∆IOL∆qsuB and 

analyzed DCI production after 72h (Fig. 2.3.4). All strains reached the same final OD600 of ~30. 

Only the deletion of cg2312 led to a significantly decreased DCI titer of 0.37 g/L, while all 

other strains accumulated ~ 0.65 g/L DCI. However, because DCI formation was still observed 

in MB001(DE3)∆IOL∆cg2312, at least one other inosose isomerases seems to be present.  
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Table 2.3.2. Xylose isomerase family proteins of C. glutamicum ATCC 13032 in the Interpro database. 

Name Locus tag Accession number Description 

IolE Cg0203 Q8NTY8 2-keto-myo-inositol dehydratase

IolH Cg0205 Q8NTY6 sugar phosphate isomerases/epimerases 

- Cg0212 Q8NTX9 putative phosphate isomerase/epimerase 

QsuB Cg0502 Q8NT86 3-dehydroshikimate dehydratase 

- Cg2312 Q8NNS8 putative hydroxypyruvate isomerase 

Hyi Cg2716 Q8NMU3 hydroxypyruvate isomerase 

- Cg2822 Q8NML9 putative sugar phosphate isomerase 

- Cg2917 Q8NME4 conserved hypothetical protein 

- Cg3390 Q8NL87 putative sugar phosphate isomerase 
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Fig. 2.3.4. DCI production by overexpression of iolG in C. glutamicum MB001(DE3)∆IOL and derivatives 
in which qsuB, cg2312, cg2716, cg2822, or cg2917 was deleted. The strains were cultivated in CGXII medium 
containing 20 g/L glucose and 10 g/L myo-inositol for 72 h at 30°C. Gene expression was induced by addition of 
500 µM IPTG at the start of the cultivation. Mean values of biological triplicates and standard deviations 
are shown. 

To further test this hypothesis, we analyzed the growth on DCI of a C. glutamicum mutant, in 

which we deleted the identified inosose isomerases cg0212 and cg2312. We used the recently 

constructed mutant C. glutamicum MB001(DE3)∆IDH, in which all seven IDHs were deleted 

as parental strain (Ramp et al., 2022). MB001(DE3)∆IDH is unable to grow on DCI without 

complementary expression of a corresponding IDH, such as IolG. The resulting deletion strain 
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was named C. glutamicum MB001(DE3)∆IDH∆Iso and transformed with pMKEx2 plasmids 

containing iolG + cg0212 or cg2312. A strain transformed with pMKEx2-iolG served as control 

if growth can be restored without complementary expression of the identified inosose 

isomerases. As negative control the deletion strain was transformed with the plasmid pMKEx2-

eyfp. C. glutamicum MB001(DE3) transformed with pMKEx2-eyfp served as positive control. 

Strains were cultivated in CGXII + 10 g/L DCI in a BioLector cultivation system at 30 °C for 

72 h. Gene expression was induced in the overnight preculture cultivated in CGXII + 20 g/L 

glucose. Results are shown in Fig. 2.3.5. 
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Fig. 2.3.5 Growth on DCI of C. glutamicum MB001(DE3)∆IDH∆Iso expressing the IDH iolG alone or in 
combination with the inosose isomerases or as negative control eyfp using the corresponding pMKEx2-based 
plasmids. C. glutamicum MB001(DE3) transformed with pMKEx2-eyfp was used as a positive control. The 
strains were cultivated in a BioLector system using CGXII minimal medium supplemented with DCI at 10 g/L. 
The cultures were incubated for 48 h at 30°C, 1200 rpm, and 85% humidity. Mean values and standard deviations 
of three biological replicates are shown. a.u. – arbitrary units. 

As reported before, C. glutamicum MB001(DE3) (wt eYFP) grew on DCI, while C. glutamicum 

MB001(DE3)∆IDH∆Iso (∆IDH∆Iso eYFP) did not (Fig. 2.3.5). The expression of iolG alone 

was sufficient to restore growth to wild type level. Expression of cg0212 or cg2312 with iolG 

did not result in any difference to the strain expression iolG alone. This indicates the presence 

of another inosose isomerase, which interconverts 1KDCI to 2KMI. One possibility that cannot 

fully be excluded is that at least for growth, no additional inosose isomerase is necessary. 

B. subtilis was also found to grow solely on DCI and it possesses the inosose isomerase BsIolI,

which interconverts 2KMI and 1KDCI. However, it was never analyzed if BsIolI is necessary
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for growth on DCI. In addition, the inositol dehydratase IolE, which catalyzes the dehydration 

of 2KMI to yield 3D-(3,5/4)-trihydroxy-cyclohexane-1,2-dione (THcHDO) (Yoshida et al., 

2004) for further degradation, was never analyzed for activity for other keto-inositol 

intermediates.  

Developing a novel D-chiro-inositol production route in C. glutamicum 

As described above, the strain C. glutamicum MB001(DE3)∆IOL pIolG-Cg0212 enabled 

production of DCI from MI with a yield of 11%. However, this process is based on the 

unfavored backwards reaction of IolG reducing 1KDCI to DCI using NADH+H+ and the 

reversible interconversion of 2KMI to 1KDCI by an isomerase with a reaction equilibrium in 

favor of 2KMI. Efficient DCI production with this strain therefore requires high concentrations 

of MI to drive the reaction in the direction of DCI and process regimes that allow in situ product 

removal, which might be difficult for two isomers such as MI and DCI. We therefore aimed to 

establish an alternative DCI production process that shifts the equilibrium in favor of DCI 

production.  

In plants, DCI is mainly found as the 3-O-methylated derivative D-pinitol (DPIN) (3-O-methyl-

D-chiro-inositol), which is synthesized from MI. MI is first methylated by an inositol methyl

transferase (IMT) resulting in D-ononitol (ONO) (4-O-methyl-myo-inositol), which then is

converted to D-pinitol. Recently, a two‐step D-ononitol epimerization pathway was identified in

Medicago truncatula (Pupel et al., 2019). In the first step, ONO is oxidized by the NAD+-

dependent dehydrogenase MtOEPa to 4-O-methyl-D-myo-1-inosoze. In the second step, the

keto intermediate is reduced to DPIN by the NADPH-dependent D-pinitol dehydrogenase

MtOEPb. As the only difference between ONO and MI and between DPIN and DCI is a single

methyl group, we hypothesized that the two dehydrogenases MtOEPa and MtOEPb might also

accept MI and D-myo-1-inosoze (synonym of 1KDCI) as substrates. Such a conversion would

enable to drive the reaction towards DCI, as the cellular ratio of NAD+/NADH (3.74 to 31.3)

and NADP+/NADPH (0.017 to 0.95) are in favor of NAD+ and NADPH with absolute

concentrations depending on the organism and growth conditions (Amador-Noguez et al., 2011;

Andersen and von Meyenburg, 1977; Bennett et al., 2009; Spaans et al., 2015).

To test our hypothesis we cloned the MtOEPa and MtOEPb genes in synthetic operons with 

different gene orders (MtOEPa-b and MtOEPb-a) and individually in pMKEx2. The resulting 

plasmids were introduced into C. glutamicum MB001(DE3)∆IOL and production of DCI from 
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MI was analyzed as described earlier. The expression of both dehydrogenases indeed enabled 

the formation of DCI (Fig. 2.3.6). Strain MB001(DE3)∆IOL pOEPa-b accumulated up to 

1.6 g/L DCI, whereas strain MB001(DE3)∆IOL pOEPb-a formed only 0.5 g/L DCI starting 

from 10 g/L MI, showing that the gene order was relevant. 

. 

Fig. 2.3.6. Production of DCI from MI by expressing the two dehydrogenase genes MtOEPa and MtOEPb 
from the plant M. trunculata in C. glutamicum MB001(DE3)∆IOL. The indicated strains were cultivated in 
CGXII medium containing 20 g/L glucose and 10 g/L myo-inositol. Gene expression was induced by addition of 
500 µM IPTG at the start of the cultivation. Mean values of biological triplicates and standard deviations are 
shown. 
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C. glutamicum MB001(DE3)∆IOL stills contains the inosose isomerases (Cg2312 + unknown)

that interconvert 1KDCI and 2KMI, so we speculate that their presence hinder the reaction

catalyzed by MtOEPa and MtOEPb. The production process using pOEPa-b will be repeated

in a chassis strain in which all active inosose isomerases are deleted, once they are identified.

Production of DCI from glucose with C. glutamicum 

With the use of the new two-step DCI production route based on MtOEPa and MtOEPb we also 

aimed for production of DCI from cheaper carbon sources like glucose. In a recent study we 

established production of SI from glucose and sucrose utilizing the innate ability of 

C. glutamicum to synthesize MI from glucose 6-phosphate via the myo-inositol-1-phosphate

synthase Ino1 followed by dephosphorylation via an inositol monophosphatase (Chen et al.,

2019). By overexpression of ino1 together with the inositol dehydrogenase genes iolG and iolW

production of SI from cheaper carbon sources was achieved (Ramp et al., 2021).

We cloned the MtOEPa and MtOEPb genes in a synthetic operon with ino1 in pMKEx2 and 

introduced the resulting plasmid pInoDCI (Fig. 2.3.7A) in C. glutamicum MB001(DE3)∆IOL. 

The strain was cultivated in CGXII medium with 20 g/L glucose for 72 h at 30°C in comparison 

to an empty vector containing strain. Gene expression was induced via supplementation of 

500 µM IPTG after three hours. C. glutamicum MB001(DE3)∆IOL pInoDCI grew similar to 

the empty vector control (Fig. 2.3.S1) and indeed accumulated up to 0.75 g/L DCI and 0.4 g/L 

MI after 72 h (Fig. 2.3.7B). The accumulation of MI hinted towards a limitation in the 

conversion of MI to DCI by MtOEPa and MtOEPb.  

Gene order in synthetic operons resulting in polycistronic mRNAs encoding biochemical 

pathways is of relevance for optimally tuned gene expression. Translation initiation levels 

decrease with increasing distance to the transcriptional start (Lim et al., 2011). It is therefore 

likely to be assumed that expression, especially of the gene for MtOEPb, is insufficient for ideal 

DCI formation. To improve expression of the genes for MtOEPa and MtOEPb, but also keep a 

high expression level of ino1 we constructed a new pMKEx2 expression plasmid allowing for 

bicistronic gene expression under the control of two T7 promoters. There are already multiple 

examples of bicistronic expression vectors for C. glutamicum (Gauttam et al., 2019; Goldbeck 

and Seibold, 2018; Liu et al., 2017), yet there is no plasmid containing two T7 promoter that 

would allow strong expression in C. glutamicum MB001(DE3). We amplified an expression 

cassette encoding the T7 promoter, a multiple cloning site including a ribosome binding site 
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plus a NdeI restriction site and a terminator from the bicistronic expression plasmid pET-

DUET-1 and cloned this cassette in opposite direction to the original T7 promoter of pMKEx2, 

yielding the bicistronic expression plasmid pMKEx2-BiT7 (Fig. 2.3.7A).  

Fig. 2.3.7 Synthetic operons for the production of DCI starting from glucose. (A) Schematic overview of the 
expression cassettes of pInoDCI cloned in a single direction in pMKEx2 and the cloning sites in the newly 
constructed expression vector pMKEx2-BiT7 with the resulting bicistronic expression cassette of pBiT7-InoDCI. 
(B) Production of DCI and MI from glucose by expressing the dehydrogenase genes MtOEPa and MtOEPb plus
ino1 in two different expression cassettes in C. glutamicum MB001(DE3)∆IOL. C. glutamicum

MB001(DE3)∆IOL containing pMKEx2 (Control) served as negative control. Strains were cultivated in CGXII
medium containing 20 g/L glucose for 72h at 30°C. Gene expression was induced by addition of 500 µM IPTG
after 3h of the cultivation start. Mean values of biological triplicates and standard deviations are shown.
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We then cloned ino1 under the control of the first and MtOEPa-b under the control of the second 

T7 promoter yielding the bicistronic plasmid pBiT7-InoDCI (Fig. 2.3.7A). The bicistronic 

expression of all genes did not affect growth (Fig. 2.3.S1) and led to an about 70% increase in 

DCI production with decreased accumulation of MI. At the end of the cultivation ~1.2 g/L DCI 

accumulated and 0.23 g/L MI (Fig. 2.3.7B). This indicates that functional expression of 

MtOEPa and MtOEPb is indeed one bottleneck in DCI production in C. glutamicum. 

2.3.5 Conclusion and Outlook 

We previously established C. glutamicum as a suitable host for the biotechnological production 

of SI, a promising drug candidate against Alzheimer’s disease. In this study, we constructed 

C. glutamicum strains that enable the biotechnological production of another pharmacologically

highly interesting inositol isomer: D-chiro-inositol. We identified the three inositol isomerases

Cg0212, Cg2312 and Cg3390 in C. glutamicum that enable the interconversion of 2KMI to

1KDCI. Overexpression of cg0212 together with iolG led to DCI production from MI with

yields of up to ~11%. Yet, C. glutamicum possesses at least one additional isomerase, which

catalyzes the interconversion of 2KMI to 1KDCI, indicated by both, production and growth

experiments. Further investigation will focus on identifying all residual putative inosose

isomerases. Utilizing the promiscuous activity of the two D-ononitol and D-pinitol

dehydrogenases MtOEPa and MtOEPb of the plant M. trunculata, we also established an

alternative production route of DCI from MI and even glucose (Fig. 2.3.8). The final titer could

be increased to 1.2 g/L DCI via bicistronic expression of MtOEPa and MtOEPb together with

ino1 from the novel generated C. glutamicum expression plasmid pMKE2-BiT7. Inositols

become more and more of interest for pharmacological application, therefore cheap and

efficient biotechnological production processes are highly desirable. With further engineering

C. glutamicum has the potential to serve as a suitable host for the industrial production of MI,

SI and DCI.
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Fig. 2.3.8 Schematic overview of myo- (MI) and D-chiro-inositol (DCI) catabolism and engineered pathways 
for DCI production in C. glutamicum MB001(DE3)∆IOL. Production of DCI from MI can either be achieved 
via IolG + inosose isomerase (blue + red arrows) or via the synthetic route consisting of MtOEPa + MtOEPb 
(green arrows). Conserved inositol catabolism (grey arrows and grey names) is deleted in C. glutamicum 
MB001(DE3)∆IOL. 2-keto-myo-inositol cannot be degraded in the generated chassis strain (red cross at branch 
point). Reactions leading to cell constituents requiring L-myo-inositol-1-phosphate or myo-inositol for synthesis 
are indicated with dashed arrows. 
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Suppementary Information to “Production of D-chiro-inositol with 
Corynebacterium glutamicum via two different synthesis routes” 

Table 2.3.S1. Oligonucleotides used in this study 
Oligonucleotide name Oligonucleotide sequence (5'฀ 3') 

pK19mobsacB plasmids 

P01_pK19∆cg2313_FW1 GAGGATCCCCGGGTACCGAGCTCGCCTCAAGCGGAACCTGAAG 

P02_pK19∆cg2313_RV1 CTTGCTGAAAGCATCGAGG 

P03_pK19∆cg2313_FW2 GTTAAACCTCGATGCTTTCAGCAAGGAGGGCAAGTTTGACTGAC 

P04_pK19∆cg2313_RV2 CGTTGTAAAACGACGGCCAGTGAATTATGGTGGTCAAGCCGATG 

P05_pK19∆cg0212_FW1 GCATGCCTGCAGGTCGACTCTAGAGTCGTGGTGGCTAACTTCCTG 

P06_pK19∆cg0212_RV1 TTTAAGAAACCAGGGACTCTTCGAGGTTGTAGAGACCGAGTTTCATG 

P07_pK19∆cg0212_FW2 CACCATGAAACTCGGTCTCTACAACCTCGAAGAGTCCCTGGTTTC 

P08_pK19∆cg0212_RV2 GTTGTAAAACGACGGCCAGTGAATTAGATCCTTGGTCACCAGATC 

P09_pK19∆cg2312-13_FW1 GAGGATCCCCGGGTACCGAGCTCGGAATCTGACTCCGAGCAG 

P10_pK19∆cg2312-13_RV1 AAGTCAGCGTTCACGGTC 
P11_pK19∆cg2312-
1313_FW2 ATTTAGACCGTGAACGCTGACTTGAGGGCAAGTTTGACTGAC 
P12_pK19∆cg2312-
1313_RV2 CGTTGTAAAACGACGGCCAGTGAATTATGGTGGTCAAGCCGATG 

P13_pK19∆cg2716_FW1 ATGCCTGCAGGTCGACTCTAGAGAGTCAGCCATGCATCTAC 

P14_pK19∆cg2716_RV1 GGCAGCAAATCGAGACAAG 

P15_pK19∆cg2716_FW2 TCTTATCTTGTCTCGATTTGCTGCCGGCTGGTTGGAGCTCTAG 

P16_pK19∆cg2716_RV2 GTAAAACGACGGCCAGTGAATTACGATCACGTGGCGCTTC 

P17_pK19∆cg2822_FW1 ATGCCTGCAGGTCGACTCTAGAGATAGATTGTTTAGGCCGTGAAAAGC 

P18_pK19∆cg2822_RV1 AATTCCTGCGGCATCCAATTTGGC 

P19_pK19∆cg2822_FW2 GCCAAATTGGATGCCGCAGGAATTAACGCCGAGTACAACTAAG 

P20_pK19∆cg2822_RV2 GTAAAACGACGGCCAGTGAATTGTGTGAATTACTTTGCAACGC 

P21_pK19∆cg2917_FW1 ATGCCTGCAGGTCGACTCTAGAGGAGGGTCCAGTGTTCTTG 

P22_pK19∆cg2917_RV1 AACGATGGGGAAGTAGCC 

P23_pK19∆cg2917_FW2 GAGAGGCTACTTCCCCATCGTTTGCGAGGCGCACTAGTTGATC 

P24_pK19∆cg2917_RV2 GTAAAACGACGGCCAGTGAATTAAAGCATCGGAAACCGCAG 

Recombination analysis 

P25_∆Cg2313_FW GTTCCATCAAAGTCAATGC 

P26_∆Cg2313_RV GTGCGCCGTGTGATCAATG 

P27_∆QsuB_FW CACTGGCGATGACCTTG 

P28_∆QsuB_RV GAGACGTCGGTGTTGTG 

P29_∆cg2312_FW GGAATGGGCTGCGTTG 

P30_∆cg2312_RV GCAGAAGTTTCGGTGTG 

P31_∆cg2716_FW ATCCACCAATGCTGACAC 

P32_∆cg2716_RV AGGTTAGCGTCAGTGAC 

P33_∆cg2822_FW CAAGCTCCGGTTTCAGCG 

P34_∆cg2822_RV GTGTGAATTACTTTGCAACGC 

P35_∆cg2917_FW ATTTGCGCACGAAGGTGG 

P36_∆cg2917_RV CGCAATCGCACTGTCTG 
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pPREx6 plasmids 

P37_px6-IolH_FW AGAAGGAGATATACATATGAACGTGGTTCGTATTG 

P38_px6-IolH_FW TGGGTGGGACCAGCTAGCTGCGTTTTCGATGAGTG 

P39_px6-Cg0212_FW TTAACTTTAAGAAGGAGATATACATATGAAACTCGGTCTCTAC 

P40_px6-Cg0212_FW CGAACTGTGGGTGGGACCAGCTAGCAGAAACCAGGGACTCTTC 

P41_px6-Cg3390_FW AGAAGGAGATATACATATGAAACCACAACTTATTG 

P42_px6-Cg3390_FW GGTGGGACCAGCTAGCGTTAGTGGAGGGGGCG 

pMKEx2 plasmids 

P43_pCg0212_FW CTTTAAGAAGGAGATATACCATGAAACTCGGTCTCTAC 

P44_pCg0212_RV GCACCAGAGCGAGCTCTGCGGCCGCTTAAGAAACCAGGGACTC 

P45_pIolG-Cg0212_FW1 CTTTAAGAAGGAGATATACCATGAGCAAGAGCCTTCGCGTTGG 

P46_pIolG-Cg0212_RV1 TGTCGCTCAGAGACCTGAGGTTAAGCGTAGAAATCTGGGCGAG 

P47_pIolG-Cg0212_FW2 CCTCAGGTCTCTGAGCGACAGAAGGAGATATACCATGAAACTCGGTCTCTAC 

P48_pIolG-Cg0212_RV2 GCACCAGAGCGAGCTCTGCGGCCGCTTAAGAAACCAGGGACTC 

P49_pIolG-Cg2312_FW CCTCAGGTCTCTGAGCGACAGAAGGAGATATACCATGACTTTTAAACTCGCAGC 

P50_pIolG-Cg2312_RV CCAGAGCGAGCTCTGCGGCCTTAGACCGTGAACGCTGAC 

P51_pOEPa_FW CCTCAGGTCTCTGAGCGACAGAAGGAGATATACCATGTCCAAGACCGTGTGC 

P52_pOEPa_RV TGGCACCAGAGCGAGCTCTGCGGCCTTACACCAGGCCACGGGACTTC 

P53_pOEPb_FW TTTAACTTTAAGAAGGAGATATACCATGGCAGGCAACAAGATCCC 

P54_pOEPb_RV TGGCACCAGAGCGAGCTCTGCGGCCTTACACGTCGCCATCCCAC 

P55_pOEPa-b_FW GCAGGTGCACAATGATACGATTACACCAGGCCACGGGAC 

P56_pOEPa-b_RV TCGTATCATTGTGCACCTGCGAAGGAGATATACCATGGCAGGCAACAAGATCCC 

P57_pOEPb-a_FW GCAGGTGCACAATGATACGATTACACGTCGCCATCCCACAGTTC 

P58_pOEPb-a_RV TCGTATCATTGTGCACCTGCGAAGGAGATATACCATGTCCAAGACCGTGTGCG 

P59_pInoDCI_FW1 CTTTAAGAAGGAGATATACCATGAGCACGTCCACCATCAG 

P60_pInoDCI_RV ACATCGTTGAGTGGTCACCGTTACGCCTCGATGATGAATG 

P61_pInoDCI_FW2 CGGTGACCACTCAACGATGTGAAGGAGATATACCATGTCCAAGACCGTG 

P62_pMKEx2-BiT7_FW1 TCGGGCTCATGAGCGCTTGTTTCGGTAATCGTATTGTACACGGCCG 

P63_pMKEx2-BiT7_FW2 CGGCCACGGGGCCTGCCACCATACATCCGGATATAGTTCCTCC 

P64_pMKEx2-BiT7_FW3 CCGAAACAAGCGCTCATG 

P65_pMKEx2-BiT7_RV1 TCGCAGACCGATACCAGGATCTTG 

P66_pMKEx2-BiT7_RV2 TCACCGAGGCAGTTCCATAGGATGG 

P67_pMKEx2-BiT7_RV3 GTATGGTGGCAGGCCCCGTG 

P68_pBiT7-InoDCI_FW1 GCACCAGAGCGAGCTCTGCGGCCTTACGCCTCGATGATGAATG 

P69_pBiT7-InoDCI_RV1 GTTAAGTATAAGAAGGAGATATACAATGTCCAAGACCGTGTGC 

P70_pBiT7-InoDCI_RV2 CGATATCCAATTGAGATCTGCCATATTACACGTCGCCATCCCAC 
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Fig. 2.3.S1 Growth of C. glutamicum MB001(DE3)∆IOL transformed with pMKEx2 (Control), pInoDCI or 
the bicistronic expression plasmid pBiT7-InoDCI. Strains were cultivated in CGXII medium containing 20 g/L 
glucose for 72h at 30°C. Gene expression was induced by addition of 500µM IPTG after 3h of the cultivation start. 
Mean values of biological triplicates and standard deviations are shown. 
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3. Discussion

3.1 The complexity of the C. glutamicum inositol catabolism 

The catabolism for MI is conserved throughout different microorganisms and has also been 

described in C. glutamicum (Krings et al., 2006). Over 20 genes and two gene clusters were 

identified that showed increased expression in the presence of MI, however, only the function 

of 10 of these genes was described so far. Through this thesis, we stepwise elucidated the 

function of nine more genes coding for enzymes that participate in the inositol catabolism of 

C. glutamicum, which turned out to be much more complex than previously described. We

based our first studies on comparisons with the model organism B. subtilis, whose inositol

catabolism and the corresponding enzymes have been intensively investigated over the last two

decades (Kang et al., 2017a; Kang et al., 2017b; Michon et al., 2020; Morinaga et al., 2010a;

Morinaga et al., 2010b; Yoshida et al., 1997; Yoshida et al., 1999; Yoshida et al., 2004; Yoshida

et al., 2008; Yoshida et al., 2002). Using BlastP (Altschul et al., 1990; Altschul et al., 1997),

we analyzed the genome of C. glutamicum for genes encoding homologs of the mIDH/sIDH

enzymes of B. subtilis and identified the seven putative inositol dehydrogenases IolG, IolW,

OxiB, OxiC, OxiD, OxiE, and IdhA3, which showed different sequence identities towards

BsIolG, BsIolX, and BsIolW.

Other inositol-degrading bacteria possess up to four identified paralogous IDHs with 

overlapping substrate spectra (Aamudalapalli et al., 2018; Yoshida et al., 2012; Zhang et al., 

2010). With seven IDH-encoding genes so far, C. glutamicum possesses the highest number of 

identified paralogs, which already hints toward the ability to utilize more inositols besides MI. 

In initial growth experiments, in which we cultivated C. glutamicum MB001(DE3) in CGXII 

minimal medium supplemented with MI, we observed that C. glutamicum naturally produces 

and degrades SI (Ramp et al., 2021; chapter 2.1). Further experiments revealed that 

C. glutamicum could grow with the inositols SI and DCI as single carbon and energy sources

(Ramp et al., 2022; chapter 2.2). Unpublished follow-up experiments explained in detail in

chapter 5.1 of the Appendix revealed that C. glutamicum could also grow on L-chiro-Inositol

(LCI). Many other bacteria have been identified to grow on SI and DCI (Morinaga et al., 2010a;

Morinaga et al., 2006; Yoshida et al., 2012), but to our knowledge, none has been reported to

grow on LCI. The growth of Sinorhizobium meliloti on SI, DCI, LCI, muco-, and allo-inositol

as sole carbon sources was analyzed. However, only growth on SI and DCI was detected

(Kohler et al., 2010).
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We found that both characterized inositol transporters, IolT1 and IolT2, facilitate uptake of all 

tested inositols MI, SI, DCI, and LCI (Ramp et al., 2022; chapter 2.2 and Appendix 5.1.) 

(Fig. 3.1). A ΔiolT1ΔiolT2 double deletion mutant could not grow on the tested inositols, 

excluding that the putative inositol permease encoded by iolP (cg0206) participates in the 

uptake of MI, SI, DCI, or LCI. So far, only the inositol transporters of B. subtilis have been 

analyzed in vivo and in vitro for the transport of different inositols and sugars (Bettaney et al., 

2013). In contrast to IolT1 and IolT2 of C. glutamicum, the three B. subtilis transporters IolT, 

IolF and YfiG showed different activities for tested inositols. IolT and YfiG mainly transported 

MI and DCI, while IolF only accepted DCI. SI was not analyzed in these experiments. Allo-, 

epi- and muco-inositol were not transported, while only YfiG was able to transport LCI. This 

suggests that B. subtilis might also be able to utilize LCI (Bettaney et al., 2013). IolT1 and IolT2 

of C. glutamicum show a general broader substrate spectrum and were reported to transport also 

glucose, fructose, and xylose (Brüsseler et al., 2018; Lindner et al., 2011). Based on these facts, 

it is likely that IolT1 and IolT2 also facilitate the uptake of other inositols, like allo-, epi-, or 

muco-inositol and that C. glutamicum might be able to utilize them as single carbon and energy 

source.  

3.2 Making sense of multiple inositol dehydrogenase activities 

The initial step of inositol degradation is catalyzed by IDHs, which oxidize inositol with 

concomitant reduction of NAD+ to NADH+H+. In B. subtilis, IolG was identified to oxidize 

both MI and DCI to 2KMI and 1KDCI, respectively, while IolX was shown to be responsible 

for SI oxidation. As seven IDHs are encoded in the genome of C. glutamicum, we analyzed 

their function by expressing each of the corresponding genes individually in an IDH deletion 

strain lacking all seven IDH genes and testing the corresponding strain for growth on MI, SI, 

and DCI. These experiments revealed that the four IDHs IolG, OxiB, OxiD, and OxiE enabled 

growth on different inositols with overlapping activities for each substrate (Ramp et al., 2022; 

chapter 2.2). In the scope of additional experiments described in chapter 5.1 of the Appendix, 

we found that IolG, OxiB, and OxiD also enabled growth on LCI to different extents. To our 

surprise, we also observed that IdhA3 is able to recover growth of the ΔIDH strain on LCI 

almost to wt level. IdhA3 showed no activity for either MI, SI, or DCI. Therefore we report the 

first ever discovered L-chiro-IDH. For a better overview, the results of the complementation 

experiments of chapters 2.2 and Appendix 5.1 are summarized in Table 3.1 and Fig. 3.1. 



Discussion 

108 

In some cases, plasmid-based expression of single IDH genes was sufficient to regain wt-like 

growth. In the case of oxiE, plasmid-based expression enabled even faster growth on SI than 

observed for the wt, suggesting that genomic expression of oxiE is the bottleneck for growth on 

SI. OxiD showed the highest specific activity for MI of all IDHs in the enzyme kinetic studies 

(Ramp et al., 2022; chapter 2.2) and plasmid-based expression of oxiD enabled wt-like growth 

of the ΔIDH strain on MI and DCI. However, in previous studies, deletion of only iolG already 

resulted in a strong growth defect on MI (Krings et al., 2006). This suggests that transcriptional 

regulation of the operon cg3389-cg3392 in the iol2 cluster limits the contribution of OxiD and 

OxiE to growth on inositols. The transcriptional regulation of inositol metabolism genes will 

be further discussed in chapter 3.4.  

Table 3.1. Role of the indicated IDHs for growth on MI, DCI, LCI, and SI 

Enzyme Group1 Substrate Growth2 

IolG (i) myo-Inositol ++++ 

D-chiro-Inositol ++++ 

L-chiro-Inositol + 

scyllo-Inositol - 

OxiD (i) myo-Inositol ++++ 

D-chiro-Inositol ++++ 

L-chiro-Inositol ++++ 

scyllo-Inositol - 

OxiB (ii) myo-Inositol +++ 

D-chiro-Inositol - 

L-chiro-Inositol + 

scyllo-Inositol ++ 

OxiE (ii) myo-Inositol ++ 

D-chiro-Inositol - 

L-chiro-Inositol - 

scyllo-Inositol ++++ 

IdhA3 (iv) myo-Inositol - 

D-chiro-Inositol - 

L-chiro-Inositol +++ 

scyllo-Inositol - 
1Grouping as established in chapter 2.2, sorting IDHs in NAD+-dependent mIDHs (i), NAD+-dependent sIDHs 
(ii), NADPH-dependent sIDHs (iii), IDHs with no activity for any tested inositol (MI, SI, DCI) (iv). 
2Growth of ΔIDH strain expressing the genes encoding the indicated IDHs, with "++++" indicating very good 
growth and "–"indicating no growth. 
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The analyzed IDHs showed many overlapping activities for the different inositols, but some 

explicitly distinguished between specific isomers. The distinction between the nine different 

inositol isomers is not simple, as they only differ in positioning one or two hydroxyl groups. 

Yet IDHs can discriminate between different inositols (Table 3.1). At the time the experiments 

reported in chapter 2.2 were performed, we noticed that the analyzed IDHs all accept MI as 

substrate, but distinguish between DCI and the all equatorial SI (Ramp et al., 2022). Based on 

this observation, we established a new grouping for IDHs that differs from the previous one 

(van Straaten et al., 2010). We defined the following four groups: (i) NAD+-dependent IDHs 

known to have activity for MI and DCI; (ii) NAD+-dependent IDHs known to have activity for 

MI and SI; (iii) NADP+-dependent IDHs catalyzing the reduction of 2KMI to SI; (iv) IDHs 

with no activity for any tested inositol (Ramp et al., 2022; chapter 2.2). We placed IolG and 

OxiD in group (i), OxiB and OxiE in group (ii), and IolW in group (iii). OxiC and IdhA3 were 

placed in group (iv) as no activity for MI, SI or DCI was found. We searched in literature for 

IDHs that have activity for MI, SI, or DCI, sorted them into the corresponding groups and 

performed a sequence alignment to identify potential conserved sites that explain inositol 

selectivity. Over 10,000 amino acid sequences are present in the BRENDA enzyme database 

for the entry: “EC 1.1.1.18 - inositol 2-dehydrogenase”. However, only 13 other IDHs from six 

different bacterial species have been characterized for their activity for MI, SI, or DCI.  

Furthermore, nearly no IDH has been tested for activity towards the other inositol isomers, ours 

included. The main reason, which is also true for our studies, is the difficult commercial 

availability of these isomers. Therefore, our IDH grouping is limited to the analysis of important 

features for acceptance of MI, SI, or DCI as substrates, but disregards features that might be 

relevant for acceptance of the other inositols. In our initial analysis, we found that IdhA3 has 

no activity for MI, SI, and DCI, but later discovered that the enzyme oxidizes LCI. Therefore, 

for a complete understanding of how IDHs select between inositols, the activity of more IDHs 

from different species need to be analyzed for all inositol isomers.  

Despite the limitations of our analysis of IDHs, the amino acid sequence alignment revealed 

some conserved motifs and differences between the groups. We identified potential reasons 

why OxiC showed no activity for any tested inositols (incomplete NAD(P)H binding motif and 

catalytic triad), identified residues that separate NADPH-dependent IDHs from NAD+-

dependent IDHs, and residues that allow a prediction if an IDH accepts SI (Ramp et al., 2022; 

chapter 2.2). However, sequence alignments have their limitations. To better understand what 
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characteristics determine inositol selectivity, we also analyzed the binding of inositols to 

structural models of IDHs.  

The solving of protein crystal structures can be a tedious task, but with the ever-advancing 

development of structure modeling software (Eswar et al., 2008; Kiefer et al., 2009), powerful 

algorithms (Dittrich et al., 2018; Morris et al., 1998; Steinegger et al., 2019), and the application 

of artificial intelligence (Jumper et al., 2021; Noé et al., 2020; Salehi and Burgueño, 2018), 

protein structures and interactions can be predicted with high reliability. In close collaboration 

with the research group of Prof. Holger Gohlke (Institute of Bio- and Geosciences 4: 

Bioinformatics, Forschungszentrum Jülich) we used such tools to perform molecular docking 

experiments on IDH structural models to predict the inositol acceptance of the tested IDHs and 

identify potential substrate binding sites. In 15 out of 18 cases, the correct IDH-inositol 

combinations were predicted. Also, the results of the docking experiments were in agreement 

with the conserved sites in motif V (Ramp et al., 2022; chapter 2.2, Fig. 4) that can be used to 

estimate the substrate preferences of IDHs. 

The docking experiments correctly predicted no binding of MI, SI, and DCI to IdhA3. 

According to the structural model, we assumed the more exposed binding pocket of IdhA3 to 

be responsible for the lacking activity with these inositols. However, this assumption is 

questioned with the new finding that IdhA3 is active on LCI (Appendix 5.1). Our molecular 

docking pipeline offers an efficient tool to predict relatively accurate IDH-inositol interactions. 

Given enough computational resources, interaction studies of more IDHs with the other inositol 

isomers can be performed to identify potentially novel activities. 

In some cases, solving a protein structure in complex with its cofactor and substrate is 

necessary, especially if nearly no comparable data exists about the protein of interest. 

Knowledge about inositol acceptance and reaction mechanisms of the catabolic NAD+-

dependent IDHs is accumulating (Aamudalapalli et al., 2018; van Straaten et al., 2010). 

However, little is known about the characteristics of NADPH-dependent IDHs and why they 

prefer to process the keto-inositol 2KMI. BsIolW, BsIolU, and CgIolW are the only NADPH-

dependent IDHs identified and characterized, with the apo-protein crystal structure of BsIolW 

submitted to PDB (PDB: 3GDO). In the course of a 3-month fellowship granted by the Japan 

Society for the Promotion of Science (JSPS) in close collaboration with the research group of 

Prof. Makoto Nishiyama, Prof. Saori Kosono and Prof. Ayako Yoshida at the Agro-

Biotechnology Research Center (AgTECH) at the University of Tokyo, Japan, we aimed to 
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solve the protein crystal structure of CgIolW in complex with NADPH and 2KMI. The 

experimental setup and the results are described and discussed in detail in chapter 5.2 of the 

Appendix. 

We successfully solved the crystal structure of CgIolW as apo-form and report the first crystal 

structure with bound NADPH, however, we were unable to obtain a structure of the IolW-2KMI 

complex. We identified the binding sites for NADPH, which agreed with the sites found in 

other NAD(P)H-dependent IDHs (van Straaten et al., 2010; Zheng et al., 2013). These findings 

might also be combined with molecular docking experiments to determine the binding sites of 

2KMI and the potential acceptance of other keto-intermediates.  

3.3 Inosose isomerases – The missing link? 

Inositol dehydrogenases have been the subject of many research studies dealing with enzymatic 

and structural analysis. They catalyze the initial step of inositol degradation: the NAD+-

dependent oxidation of inositols to a keto-intermediate. The first keto-intermediate discovered 

was 2KMI, which results from the oxidation of MI at the C2 or any C-atom in SI, which gave 

2KMI the alternative name scyllo-inosose (Morinaga et al., 2010a; Yoshida et al., 2008). 2KMI 

then enters the residual degradation pathway via dehydration of the C1 by IolE, yielding 

THcDHO (Anderson and Magasanik, 1971; Berman and Magasanik, 1966b; Yoshida et al., 

2004). Depending on the attacked C-atom of the inositol isomer, keto-intermediates deviating 

from 2KMI can be formed by IDHs.  

DCI is oxidized by IolG at its C1 or C6 to yield 1KDCI (Yoshida et al., 2006). It is unknown 

whether 1KDCI or other keto-intermediates can also directly be processed by IolE for further 

degradation. Purified IolE from B. subtilis was only analyzed for activity for 2KMI in vitro 

(Yoshida et al., 2004). However, the identification of the inosose isomerase IolI, which 

catalyzes the interconversion of 1KDCI and 2KMI in the DCI-degrading B. subtilis suggests 

that 2KMI is the main substrate of IolE. Before this thesis BsIolI was the only inosose isomerase 

characterized so far (Yoshida et al., 2006). Genes encoding putative IolI homologs have been 

annotated in the genomes of Lactobacillus rhamnosus (Zhang et al., 2010), Erwinia toletana 

(Caballo-Ponce et al., 2018), and some Anaerostipes species (Bui et al., 2021). We now add at 

least three more functional homologs (Cg0212, Cg2312, and Cg3390; Percent Identity Matrix 

provided in Table 3.2) to the list, with potentially more hidden in the genome of C. glutamicum. 

All three identified inosose isomerases enabled the interconversion of 1KDCI to 2KMI 
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(Fig. 3.1), but the mysterious activity of Cg3390 was not limited to that, as other yet unknown 

products were formed in addition to 2KMI (discussed in chapters 2.1 and 2.3).  

Table 3.2. Percent identity matrix of inosose isomerases. Amino acid sequences alignments of IolI of 
B. subtilis and the inosose isomerases of C. glutamicum generated with ClustalOmega v1.2.4

Inosose Isomerase – 

Identity in % 
IolI Cg0212 Cg2312 Cg3390 

IolI 100.00 20.87 21.94 21.08 

Cg0212 20.87 100.00 16.45 24.12 

Cg2312 21.94 16.45 100.00 22.16 

Cg3390 21.08 24.12 22.16 100.00 

The growth on LCI presumably also requires an inosose isomerase. Although the keto-

intermediate formed by LCI oxidation is unknown, LCI cannot directly be converted to 2KMI 

or 1KDCI in one oxidation reaction. Based on the reaction mechanism of DCI oxidation by 

IolG, we speculate that LCI oxidation may result in 1-keto-L-chiro-Inositol (1KLCI) (Fig 3.1). 

However, the prediction of the formed keto-intermediate is uncertain, as other IDHs were 

identified that do not follow the mechanism of C1/C6 or C2 oxidation. For example, sIDH from 

P. laeviglucosivorans oxidized SI to 2KMI, however it acts on the C4 of MI resulting in the

generation of epi-2-inosose (2-keto-epi-inositol) (Fukano et al., 2018). As described earlier,

LcIDH2 simultaneously oxidizes MI at multiple sites (C1, C3, C5) resulting in a mixture of

70% neo-inosose (keto-neo-inositol), 20% 1D-chiro-inosose (1KDCI), and 10% 1L-chiro-

inosose (1KLCI) (Ramos-Figueroa et al., 2020). This suggests that inositol degradation is far

more complex than previously assumed and that inosose isomerases might play an important

role in interconverting the various keto-intermediates so that they can enter the catabolic

pathway. However, as mentioned above, it cannot be excluded that IolE is able to accept

multiple keto-inositols.

In C. glutamicum, all identified inosose isomerases are encoded in small operons together with 

at least one IDH gene, like cg2312-idhA3, oxiB-cg0212, and oxiC-cg3390-ociD-oxiE. These 

IDH-isomerase modules might have different activities for different inositols and so contribute 

to the conserved MI catabolic pathway encoded in the larger iolCJABDEGH operon. None of 

these modules is directly regulated by IolR. Instead, they all possess either a LacI-type or an 

IclR-type repressor encoded upstream that might repress module gene expression as long as the 
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corresponding inositols are absent (Fig. 3.2). C. glutamicum probably has evolved such IDH-

isomerase modules, in addition to the main inositol catabolic pathway, to be able to metabolize 

the various inositols found in soil (Turner et al., 2002), supporting its competitiveness with 

other microbes. The multiple IDH-isomerase modules might have evolved through operon 

duplication and further functional divergence (Fondi et al., 2009; Gevers et al., 2004). It might 

also have gained these modules via horizontal gene transfer, a common phenomenon in the 

evolution of novel catabolic pathways in bacteria (Juhas et al., 2009; Thomas and Nielsen, 

2005). 

Fig. 3.1. Current model of the catabolism of myo-, scyllo-, D-chiro- and L-chiro-inositol in C. glutamicum. 
Catabolism starts with uptake of all inositols via the two specific secondary transporters IolT1 and IolT2. Each 
inositol is oxidized by specific NAD+-dependent inositol dehydrogenases (IolG, OxiB, IdhA3, OxiD and OxiE) to 
corresponding keto-intermediates. Myo- and scyllo-inositol are oxidized to 2-keto-myo-inositol (2KMI), D-chiro-
inositol is oxidized to 1-keto-D-chiro-inositol (1KDCI) and L-chiro-inositol is presumably oxidized to 1-keto-L-
chiro-inositol (1KLCI). Known and hypothesized oxidized carbon atoms of each inositol are highlighted as a red 
circle. 2KMI enters the main catabolism by dehydration via IolE to yield 3D-(3,5/4)-trihydroxy-cyclohexane-1,2-
dione, which is further degraded following the conserved pathway shown in Fig. 1.4. 1KDCI and 2KMI are 
interconverted by the inosose isomerases Cg0212, Cg2312, Cg3390 and at least one unknown enzyme. 
Hypothesized 1KLCI is presumably isomerized to 1KDCI or 2KMI by an unknown inosose isomerase (dashed 
arrows). IolE is hypothesized to accept other keto-inositol intermediates for further degradation (dashed arrows). 
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3.4 Regulation of the inositol metabolism in C. glutamicum 

In C. glutamicum, inositol catabolism is regulated by the GntR-type regulator IolR, which 

represses the expression of the iolCABDEGHPW operon, the gene encoding the putative LacI-

family transcriptional regulator Cg0210 preceding oxiB, and iolT1 (Fig. 3.2). In B. subtilis, the 

functional equivalent IolR belongs to the DeoR family of transcriptional regulators and 

derepression of its target genes is triggered by binding of the inositol degradation intermediate 

DKGP (Yoshida et al., 2008). In view of the strong conservation of the whole inositol 

degradation pathway, DKGP might also serve as ligand of IolR of C. glutamicum, although the 

protein shows only 21% sequence identity to IolR of B. subtilis (Fig. 3.2). As C. glutamicum 

can utilize multiple inositols, it makes sense that IolR is regulated by a common intermediate. 

Members of the DeoR family of bacterial transcription repressors are known to interact with 

phosphorylated sugars as inducer (Engels and Wendisch, 2007; van Rooijen and de Vos, 1990). 

DKGP may be more distinguishable than the other intermediates as it is a specific and the first 

phosphorylated intermediate in the inositol catabolic pathway.  

The cg3389-cg3392 operon and the IDH genes idhA3 and oxiB are not regulated by IolR. 

However, other transcriptional regulators are known or assumed to control expression of these 

genes. Both idhA3 and oxiB are preceded in the opposite direction by genes for LacI-type 

regulators, which might repress these IDH genes (Fig. 3.2). The operon cg3389-cg3392 is 

known to be repressed by the LacI-type transcriptional regulator IpsA. Deletion of the ipsA 

gene caused a four-fold increased expression (Baumgart et al., 2013). IpsA is a major regulator 

of MI synthesis in C. glutamicum and its activity is inhibited by MI when present at sufficient 

concentrations in the cell (Baumgart et al., 2013). As expression of the genes cg3389-cg3392 

was upregulated up to 20-fold in the wt when cultivated with MI compared to glucose as sole 

carbon source, additional regulators are probably involved in the control of this operon. A likely 

candidate is the IclR-family transcriptional regulator Cg3388 encoded immediately upstream 

of the operon in the same direction. In a recent study, unrelated to inositol metabolism, Cg3388 

was shown to bind to the intergenic region between its own gene and the iolT2-rhcM2D2 

operon, repressing its expression. 1,2,4-trihydroxybenzene, hydroquinone, and indole inhibited 

the DNA-binding capacity of Cg3388 as effector molecules (Walter et al., 2020) . As all these 

compounds contain benzol-ring structures, which share structural similarity to the cyclohexane 

ring motif of inositols, also inositol isomers might directly inhibit DNA-binding of Cg3388 and 

thereby derepress the cg3389-cg3392 operon. 
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Fig. 3.2. Schematic model of inositol metabolism regulation in C. glutamicum. Inositols are taken up by the 
specific inositol transporters IolT1 and IolT2. Inositols are oxidized by inositol dehydrogenases (IDH, encoding 
genes highlighted in green) to keto-inositols, e.g. 2-keto-myo-inositol (2KMI). Keto-inositols are interconverted 
by inosose isomerases (ISO), encoded by genes highlighted in orange. 2KMI enters the conserved pathway shown 
in Fig. 1.4. Genes encoding the inositol degrading enzymes (IolEDBCJA, highlighted in blue), the transporter 
IolT1 (highlighted in pink) and the LacI-type regulator Cg0210 are repressed by the GntR-type regulator IolR. 
Accumulating 2-deoxy-5-keto-6-phosphogluconic acid (DKGP) in the inositol degradation pathway presumably 
binds to IolR causing dissociation from its operator and induction of gene expression. Synthesis of myo-inositol 
(MI) starting from D-glucose-6-phosphate is regulated via a negative feedback loop. Binding of MI to the
transcriptional regulator IpsA inactivates its function as repressor for the oxiC-cg3390-oxiDE operon and as
activator for ino1. Binding of the IclR-type regulator Cg3388 to hydroquinone, indole or 1,2,4-trihydroxybenzene
causes dissociation from its operator, inducing gene expression of the iolT2-rhcM2D2 operon. Cg3388 is
hypothesized to control gene expression of the oxiC-cg3390-oxiDE operon via binding to an unknown inositol
compound. LacI-type regulators Cg0210 and Cg2314 are speculated to control gene expression of adjacent IDH-
ISO operons, also via binding to an unknown inositol compound. Bold arrows show experimentally proven
reactions, dashed arrows indicate hypothesized interactions.
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3.5 C. glutamicum as a suitable host for production of rare inositols 

We unveiled the profound versatility of the inositol metabolism of C. glutamicum and used this 

knowledge to develop biotechnological processes for producing rare inositols. As the demand 

for efficient, sustainable production processes of rare inositol isomers is increasing, one major 

goal of this thesis was to establish C. glutamicum as a novel production host.  

The first task was to develop a C. glutamicum chassis strain that is unable to degrade inositols. 

This initially required the deletion of gene clusters iol1 and iol2, as they both encode IDHs that 

are active on MI or SI (Ramp et al., 2021; chapter 2.1). The resulting strain named 

MB001(DE3)∆iol1∆iol2 showed no degradation of MI or SI anymore. The studies elaborated 

in chapters 2.3 and 5.1 now indicate that more deletions might be beneficial for a suitable 

chassis strain. Although not active for MI, DCI or SI, IdhA3 was proven to oxidize LCI. 

Furthermore, six putative and proven inosose isomerases were identified of which Cg0212, 

Cg2312 and Cg3390 interconvert 1KDCI and 2KMI, while Cg2716, Cg2822 and Cg2917 might 

still show activity for other keto-intermediates. Interconversion of keto-inositols might interfere 

with inositol biotransformation and IdhA3 might be active for inositols whose production will 

be aimed for in the future. To generate a clean chassis strain for the production of any inositol, 

the genes encoding the inosose isomerases and idhA3 should be also be deleted. 

On the other side, the large number of IDHs and inosose isomerases and their reversible 

activities to interconvert inositols make C. glutamicum an attractive host for the production of 

inositols. Overproduction of IolG and Cg0212 successfully led to the production of DCI from 

MI (Fig. 3.3A), demonstrating C. glutamicum’s innate ability to synthesize rare inositols. The 

identification of IdhA3 as an LCI-IDH and its potential corresponding isomerase Cg2312 might 

offer a similar, novel tool for the production of LCI starting from MI.  

Inositol production processes utilizing IDH-isomerase combinations have been employed 

before (Yoshida et al., 2006), but they have the same disadvantage as other processes based on 

reversible isomerase/epimerase reactions: they are dependent on the reaction equilibrium ratio, 

which can often lie on the side of the substrate (Fang et al., 2018; Mu et al., 2015). For the 

inosose isomerases IolI of B. subtilis and Cg0212 the reaction equilibrium mainly resides on 

the side of 2KMI (77:23 for 2KMI:1KDCI) (Yoshida et al., 2006), which is in favor of their 

physiological function. To reach economic product yields with such reactions, often extremely 

high concentration of substrate needs to be applied (>100 g/L). A possibility to push the reaction 

in the direction of the product is to perform in situ product removal (ISPR) (Dafoe and Daugulis, 
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2014). This comes with higher demand for efficient downstream processing and 

chromatographic methods. Especially for inositol isomers, efficient separation is difficult as 

they differ only slightly from each other. In addition, production processes based on IDH-

isomerase combinations, like those established for DCI, have the disadvantage of relying on the 

same enzyme to react in both directions (Yoshida et al., 2006).  

More efficient processes for the interconversion of inositols are desirable, whose driving force 

towards the product is not only based on the simple concentration gradient. Reactions based on 

NADPH-driven processes provide a promising alternative. The phosphate group of NADPH 

modifies the cofactor's structure, allowing enzymes to have different specificities for 

NADH/NAD+ and NADPH/NADP+. This enables two redox systems to function in tandem as 

driving forces for catabolic (NAD+-driven) and anabolic (NADPH-driven) processes, as the 

cellular ratio of NAD+/NADH and NADP+/NADPH are in favor of NAD+ and NADPH 

(Amador-Noguez et al., 2011; Andersen and von Meyenburg, 1977; Bennett et al., 2009; Spaans 

et al., 2015). C. glutamicum is already equipped with such a system for inositol synthesis, as it 

possesses the NADPH-dependent sIDH IolW. The overproduction of IolW together with IolG 

enabled biotransformation of MI to SI (Fig. 3.3B) with accumulating 2KMI in CGXII minimal 

medium with titers of 4.4 g/L SI and 2.7 g/L 2KMI after 48 h (Ramp et al., 2021; chapter 2.1). 

In earlier studies, a similar setup enabled complete conversion of 10 g/L MI to 10 g/L SI in 

B. subtilis when cultivated in rich medium (Tanaka et al., 2013). Comparing these results to our

findings, we concluded that the main bottleneck for the reaction catalyzed by IolG and IolW

was not the reaction equilibrium of the substrate and product but the availability of NADPH.

NADPH is essential for growth, as it is required for biomass formation, such as amino acid 

biosynthesis. The stoichiometric demand of C. glutamicum growing on glucose and fructose is 

approximately 11.5-15.5 mmol NADPH/g biomass (Kiefer et al., 2004; Marx et al., 1999). 

C. glutamicum maintains its NADPH supply mainly via the pentose phosphate pathway (PPP)

and the tricarboxylic acid cycle (Dominguez et al., 1998; Kiefer et al., 2004). About 50% of the

provided NADPH was consumed by the glutamate dehydrogenase reaction, which functions

mainly as donor of its amino group via transamination to cell mass synthesis and to a lesser

extent, to provide glutamate and the other amino acids of the glutamate family for protein

synthesis (Marx et al., 1999). Addition of rich medium to our SI production process enabled

also a 100% conversion rate of MI to SI (Ramp et al., 2021; chapter 2.1), as described before

(Tanaka et al., 2013). So by providing amino acids via cultivation in rich medium, less NADPH

is required for de novo amino acid synthesis and therefore becomes available for the production
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of SI. However, using rich medium drastically increases the cost and demand for cultivation 

and downstream processing. Therefore, metabolic engineering for increased NADPH supply is 

more desirable.  

There are many strategies reported to increase the NADPH supply in C. glutamicum. One major 

approach is to release the negative feedback inhibition of the glucose-6-phosphate 

dehydrogenase Zwf and 6-phosphogluconate dehydrogenase Gnd, enabling a higher flux 

through the pentose phosphate pathway and therefore increased NADPH synthesis (Becker et 

al., 2007; Ohnishi et al., 2005). This approach can be combined by actively redirecting the flux 

through the pentose phosphate pathway by downregulation of the activity of the 

phosphoglucoisomerase Pgi, which catalyzes the interconversion of G6P to fructose-6-

phophate, the initial reaction of the glycolysis (Bartek et al., 2010). Other strategies are based 

on introducing heterologous NADPH synthesis systems, like the cytosolic or membrane-bound 

transhydrogenases from E. coli (Kabus et al., 2007; Milke et al., 2020). Transhydrogenases 

interconvert NADH and NADPH, which would especially benefit the biotransformation of MI 

to SI, as IolG builds up NADH. Such a cycle reaction was attempted in B. subtilis to improve 

the production of SI from MI. The overexpression of the membrane-integral nicotinamide 

nucleotide transhydrogenase PntAB gene from E. coli in B. subtilis lead to slightly increased 

production of SI from MI (Tanaka et al., 2017). Another strategy is to replace the endogenous 

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase (GapA) with a heterologous, 

nonphosphorylating NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (GapN) 

(Takeno et al., 2016). 

There is much room for improvement via metabolic engineering in C. glutamicum to improve 

the production of SI from MI in minimal medium. Yet, C. glutamicum has another advantage 

that underlines its potential as an efficient inositol production host. As C. glutamicum naturally 

synthesizes MI from G6P, production costs can be strongly reduced by the use of cheaper 

carbon sources. The inositol biosynthesis in C. glutamicum is tightly regulated by the MI-

dependent transcriptional activator IpsA, which dissociates from the promoter region of the 

myo-inositol-1-phosphate synthase gene ino1 after binding excessive MI (Baumgart et al., 

2013). Combined overexpression of ino1 with the monophosphatase gene impA and the IDH 

genes iolG and iolW successfully lead to the production of SI directly from glucose and sucrose 

(Fig. 3.3C) (Ramp et al., 2021; chapter 2.1).  



Discussion 

119 

Fig. 3.3. Biosynthesis pathways utilizing inositol genes of C. glutamicum for the production of D-chiro- and 
scyllo-inositol. Shown are the generated expression cassettes and schematic reactions for the production of D-
chiro-inositol starting from myo-inositol (MI) (A), scyllo-inositol (SI) from MI (B) and SI from glucose-6-
phosphate (C) with the C. glutamicum chassis strains MB001(DE3)∆iol1∆iol2 and MB001(DE3)∆IOL. 

Surprisingly, the production of SI from 20 g/L sucrose reached higher titers (4.4 g/L) than from 

20 g/L glucose (1.8 g/L), although only 10 g/L G6P are formed from 20 g/L sucrose. One 

possible explanation could be the promiscuous activity of IolG. BsIolG was shown to oxidize 

glucose to gluconate (Ramaley et al., 1979). This might occur in our production process, where 

free glucose is taken up by IolT1 and IolT2 and oxidized by highly overproduced IolG to 

gluconate, which cannot enter inositol synthesis anymore. Sucrose is taken up by PtsS of the 

PTS as sucrose-6-phosphate and hydrolyzed by ScrB to yield free fructose and G6P, for which 

IolG might not be active. 

Biosynthesis of inositols starting directly from G6P competes with the first reactions of the 

central carbon metabolism in C. glutamicum. Ino1 has a reported Km of 12 mM for G6P and a 

kcat of 0.04 s-1 (Chen et al., 2019). It is therefore likely outperformed by the 

phosphoglucoisomerase Pgi (kinetics for G6P: E coli Pgi: Km 0.28 mM, kcat 212.21 s-1; M. 

tuberculosis Pgi: Km 0.27 mM, kcat 617.43 s-1) (Gao et al., 2005; Mathur and Garg, 2007) and 

glucose 6-phosphate dehydrogenase Zwf of C. glutamicum, which has a Km value of 0.17 mM 

for G6P and a kcat of 144.65 s-1 (Moritz et al., 2000). A reason for the slow activity of Ino1 

could be that the catalytic mechanism starts with the open form of G6P, which makes up only 

0.4% of the total sugar concentration in an aqueous solution (Ramos-Figueroa and Palmer, 

2022). 
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Increasing the supply of G6P and redirecting carbon flux towards inositol biosynthesis is an 

applicable strategy to increase titers. However, simple deletion of e.g. pgi or pfkA, the gene 

encoding the phosphofructokinase PfkA catalyzing the phosphorylation of fructose-6-

phosphate to fructose-1,6-bisphosphate comes with tremendous growth defects for 

C. glutamicum (Lindner et al., 2013; Siedler et al., 2013), which results in slower biomass

formation and lower space-time yield. To overcome these obstacles, dynamic regulation

strategies offer an alternative, in which flux through glycolysis is switched off and directed

towards inositol synthesis after biomass formation. Such genetic circuits have been developed

for MI and glucarate production in E. coli (Brockman and Prather, 2015; Reizman et al., 2015).

In a particular case, the glycolysis controlling genes pgi and pfkA were expressed from a

promoter controlled by a specific heterologous transcription factor, which activates gene

expression in absence of its inductor. Accumulation of the inductor produced by another

heterologous synthase leads to disruption of transcription factor binding and deactivates gene

expression. Varying the expression level of the synthase, leads to different inductor

accumulation rates, which allows downregulation of the controlled genes at variable times and

cell densities over the course of cultivation (Gupta et al., 2017). For C. glutamicum, a similar

system based on the VanR/PvanABK regulatory system has been developed. The activity of the

transcriptional repressor VanR is modulated by the inductor molecules ferulic acid, vanillin or

vanillic acid, which are co-metabolized with D-glucose (Siebert et al., 2021). External addition

of different concentrations of these inductor molecules enables dynamic regulation of genes

expressed under the control of the VanR/PvanABK system over the time of cultivation. Expression

of pgi or pfkA in C. glutamicum controlled by the PvanABK promoter would allow dynamic

regulation of the G6P fluxed between the glycolytic pathway and the inositol synthesis pathway.

3.6 Novel synthesis routes and prospects for the production of other 

inositols 

The inositol catabolism of C. glutamicum and other bacteria still has unknown reactions that 

can potentially be used for biotechnological production processes. The use of IolG and IolW 

proved to be an ideal production process for interconversion of MI to SI. However, IolW of 

B. subtilis and C. glutamicum are the only NADPH-dependent IDHs found so far. For the

production of other inositol isomers, NADPH-dependent IDHs reducing other inositol keto-

compounds like 1KDCI or neo-keto-inositol are desirable. One possibility could be the rational
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engineering of NAD+-dependent IDHs known to reduce other keto-intermediates, like IolG, to 

accept NADPH as cofactor. Such an approach has already been reported (Zheng et al., 2013). 

By altering the 2’-phosphate recognition site, BsIolG accepted NADP+ as cofactor for oxidation 

of MI. Switching the preference for NAD+/NADPH in oxidoreductases is an attractive strategy 

for the engineering of biocatalysts or metabolic pathways. However, the change of cofactor 

selectivity often leads to decreased catalytic activity (Chánique and Parra, 2018), which was 

also the case for BsIolG (Zheng et al., 2013). In addition, the reduction of keto-inositols by the 

modified IolG using NADPH has not been analyzed. Therefore it is of great interest to 

understand the structural features of IolW that determine its preference toward 2KMI. Our 

insights gained from the crystal structure analysis of CgIolW might be used to efficiently alter 

the cofactor specificity of NAD+-dependent IDHs to accept NADPH or even engineer IolW to 

accept other keto-intermediates. Interchanging and combination of the NAD+/NADPH-binding 

N-terminal-domain and the substrate-binding C-terminal domain of IDHs (discussed in more

detail in chapter 5.3 of the Appendix) might enable the design of new biocatalysts.

The bacterial inositol catabolism is not the only source from which useful new biocatalysts can 

be derived. IDHs are found in other metabolic pathways in bacteria and even plants. In some 

Streptomyces species, IDHs are involved in the biosynthesis of aminoglycoside antibiotics 

including inositols (Kudo and Eguchi, 2009; Kudo and Eguchi, 2022). For example, the IDH 

Hyg17 from Streptomyces hygroscopicus NRRL 2388 oxidizes MI directly to neo-keto-

inositol, which is further processed to be incorporated in hygromycin A (Palaniappan et al., 

2009). Plant-derived examples include the two elaborated dehydrogenases MtOEPa and 

MtOEPb from Medicago truncatula (chapter 2.3). Alongside methyl-inositol epimerases, they 

catalyze the isomerization of the O-methylated inositol isomers D-ononitol to D-pinitol 

(Fig. 3.4A). So far, they are the only NAD+/NADPH-dependent IDHs found in plants that 

catalyze this reaction. The identification of other O-methylated isomers like quebrachitol (2-O-

methyl-L-chiro-inositol) or brahol (5-O-methyl-allo-inositol) (Ahmad et al., 1998; Siracusa et 

al., 2022) hints at the existence of other IDHs that could be used for the production of inositol 

isomers (e.g. L-chiro-inositol or allo-inositol). These IDHs accept slightly different inositols 

and catalyze different reactions, but the promiscuous activity of these enzymes makes them 

attractive. We could prove that by employing MtOEPa and MtOEPb for the novel synthesis 

route to produce DCI from MI and G6P (Fig. 3.4B and C). These enzymes have no structural 

identity to any bacterial IDH or share similar characteristics as they are predicted to have 
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deviating catalytic centers (Pupel et al., 2019). Yet they also oxidize and reduce unmethylated 

inositols similar to bacterial IDHs.  

Fig. 3.4. Biosynthesis pathways utilizing the plant-derived inositol dehydrogenase genes MtOEPa and 
MtOEPb for the production of D-chiro-Inositol. Shown are the natural NAD(P)H dependent isomerization of 

D-ononitol to D-pinitol catalyzed by MtOEPa (OEPa) and MtOEPb (OEPb) in Medicago truncatula (A), the
generated expression cassettes and schematic reactions for the production of D-chiro-inositol starting from myo-
inositol (B) and from glucose-6-phosphate (C) with the C. glutamicum chassis strain MB001(DE3)∆IOL .

The production process for DCI from MI was much less efficient than the production of SI by 

IolG/IolW. This was mainly because this process relies on the unspecific side activity of these 

enzymes, which already have low specific activities for their preferred substrate (11.60-

54.36 pmol min-1) (Pupel et al., 2019). A powerful tool to increase their activity for 

unmethylated inositols would be growth-based adaptive laboratory evolution (Dragosits and 

Mattanovich, 2013; Portnoy et al., 2011). As we expect MtOEPa to oxidize MI to 1KDCI, the 

expression of the MtOEPa gene in C. glutamicum MB001(DE3)∆IDH (Ramp et al., 2022; 

chapter 2.2) is assumed to complement growth. By screening for growth and isolation of clones 

showing higher fitness, the activity of MtOEPa might be improved. Combining the 

identification of novel IDHs with ALE and rational protein engineering might enable the 

development of new biocatalysts for the production of the other inositol isomers. 
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3.7 Conclusion 

The studies summarized in this thesis contribute to the overall understanding of the inositol 

catabolism of C. glutamicum and demonstrate the potential of this microbial cell factory as a 

suitable host for the production of rare inositols (Fig. 3.5). At the beginning, more than 12 genes 

encoded in the two iol1 and iol2 clusters of C. glutamicum had an unknown function. 

Throughout this thesis, we revealed the activities of five IDHs and two inosose isomerases that 

lay hidden in these uncharacterized parts. In addition, another IDH and a further inosose 

isomerase were identified elsewhere in the genome. These nine newly characterized genes and 

their corresponding enzymes have profound functions for the degradation of multiple inositols 

in the versatile inositol catabolism of C. glutamicum, proving it as one of the best genetically 

equipped microorganisms for scavenging inositols from soil. Combining physiological, 

biochemical, structural, and bioinformatics analysis of IDHs, we elucidated characteristics that 

explain their selectivity towards inositols and catalytic preferences. As research on inosose 

isomerases is nearly nonexistent, identifying multiple inosose isomerases in C. glutamicum and 

analyzing their function in the interconversion of keto-inositols paves the way to better 

understand their contribution to inositol degradation.  

We transferred the gained fundamental knowledge of the inositol catabolism of C. glutamicum 

to establish efficient biotechnological processes for the production of rare inositols. Deleting 

all inositol catabolism-associated genes identified enabled the generation of suitable 

C. glutamicum chassis strains. By reengineering parts of the inositol metabolism of

C. glutamicum, we achieved the production of myo-inositol and of the pharmaceutical relevant

inositol isomers scyllo-inositol and D-chiro-inositol. We established a novel biosynthesis route

for D-chiro-inositol by heterologous expression of plant-derived IDHs, showing that much

potential for inositol production processes is hidden in alternative inositol pathways. The

findings summarized in this thesis lay the groundwork for further engineering of C. glutamicum

and inositol dehydrogenases towards efficient and industrial relevant processes for the

sustainable production of inositols.
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Fig. 3.5. Schematic summary of elucidated inositol metabolism, generated synthesis cassettes (A) and 
organization of identified and characterized inositol genes (B) in Corynebacterium glutamicum. 

C. glutamicum takes up myo-, scyllo-, D-chiro-, and L-chiro-inositol via the two specific inositol transporters IolT1
and IolT2. In the cytoplasm, inositols are oxidized by diverse NAD+-dependent inositol dehydrogenases (IolG,
OxiB, IdhA3, OxiD, OxiE) to yield 2-keto-myo-inositol (2KMI) or other keto-intermediates (1-keto-D-chiro- or
hypothesized 1-keto-L-chiro-inositol; 1KDCI and 1KLCI). Inosose isomerases encoded by cg0212, cg2312,
cg3390 and yet unidentified genes interconvert 2KMI and 1KDCI, 1KLCI is believed to be converted to 2KMI
via an inosose isomerase. Cg3390 also interconverts 2KMI to other, unknown products, which exhibit brown
coloration after further reactions. 2KMI enters the inositol degradation pathway encoded by the iolCJABDE

operon, where it is converted to intermediates of central metabolism, dihydroxyacetone phosphate, acetyl-CoA,
and CO2. 2KMI is also naturally reduced by the NADPH dependent IDH IolW to yield scyllo-inositol. Expression
of the iolCJABDEGH operon and iolT1 is regulated via the transcriptional repressor IolR. IolR of C. glutamicum

is believed to bind accumulating 2-deoxy-5-keto-6-phosphogluconic acid (DKGP) causing dissociation from its
operator and thus induction of gene expression. L-myo-inositol-1-phosphate (MIP1) is synthesized from D-glucose-
6-phosphate (G6P) by Ino1. Together with UDP-GlcNAc and L-cysteine it is one of the precursors for the dominant
thiol mycothiol. MIP1 is dephosphorylated to free MI via the inositol phosphatases ImpA and SuhB. Free MI is
linked to cytidine diphosphate diacylglycerol to generate phosphatidylinositol, which can be converted to more
complex inositol-containing lipids. Overexpression of C. glutamicums own IDHs (iolG and iolW) and inosose
isomerase cg0212 in an inositol catabolism deficient strain enables production of D-chiro-Inositol (red dashed
arrows) and scyllo-inositol (blue dashed arrows) from myo-inositol. Heterologous overexpression of the
NAD(P)H-dependent IDHs from Medicago truncatula (OEPa and OPEb) enables an alternative biosynthesis route
to produce D-chiro-inositol from myo-inositol (green dashed arrows). Additional overexpression of ino1 (and
impA) enables production of inositols from G6P (black arrows + colored arrows). Glucose is either taken up by
the phosphotransferase system PtsG followed by phosphoenol pyruvate (PEP) dependent phosphorylation or via
IolT1 and IolT2 and subsequent phosphorylation by the glucosekinases Glk and Ppgk. C. glutamicum can also
utilize sucrose via uptake by the phosphotransferase system PtsS, PEP-dependent phosphorylation and
hydrolyzation by the sucrose-6-phosphate hydrolase ScrB to yield G6P and fructose. Fructose is exported via an
unknown transporter and taken up by the fructose phosphotransferase system PtsF resulting in fructose-1-
phosphate. The phosphofructokinase PfkB converts fructose-1-phopshate to fructose-1,6-bisphosphate which
enters the glycolysis. G6P also enters glycolysis after isomerization to fructose-6-phosphate by the
phosphorglucoisomerase Pgi and phosphorylation to fructose-1,6-bisphosphate by the phosphofructokinase PfkA.
G6P also enters the pentose phosphate pathway after step-wise NADP+-dependent oxidation by the glucose-6-
phosphate dehydrogenase Zwf and 6-phosphogluconate dehydrogenase Gnd. Colors of genes in (B) resemble
colors of protein names in (A). Colors of arrows in (A) do not correspond to genes in (B). Putative genes or genes
not being part of inositol metabolism are depicted in white. Dashed lines in (B) show putative IDH-isomerase
modules.
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5. Appendix

5.1 L-chiro-inositol metabolism in C. glutamicum 

5.1.1 Background 

The research on bacterial inositol metabolism mainly concerns the inositol isomers MI, DCI 

and SI. One can only speculate why the other isomers have mostly been neglected. Possible 

explanations are the difficult commercial availability of other inositol isomers. MI is a relatively 

cheap compound and although DCI and SI are much more expensive, multiple production 

processes have been developed. In addition, MI, DCI, and SI have been reported to have 

pharmacological activities, which makes them particularly interesting. Many bacteria can 

degrade and interconvert MI, DCI, and SI, yet no microbial growth or a corresponding pathway 

was confirmed for any other inositol isomer. However, with neo-inositol found in soil (Turner 

et al., 2002) and IDHs identified that generate L-chiro- and neo-inosose (Ramos-Figueroa et al., 

2020), there should be microorganisms that can utilize and generate other isomers besides MI, 

DCI, or SI.  

We identified seven IDHs in C. glutamicum with overlapping activities for MI, DCI, and SI and 

multiple inosose isomerases that interconvert 2KMI and 1KDCI. Still, the function of IdhA3 

and OxiC remains unknown. Given the multiple paralogous enzymes responsible for 

degradation of inositols, we speculate that C. glutamicum can take up, degrade, and ultimately 

grow on more inositol isomers. The next inositol isomer which was commercially available for 

us in sufficient amounts was L-chiro-Inositol (LCI). We therefore investigated the ability of 

C. glutamicum to utilize L-chiro-inositol as single carbon and energy source.

5.1.2 Results and Discussion 

The experimental setup to investigate growth on LCI was similar to the transporter analysis and 

complementation experiments described in chapter 2.2. The IDH deficient strain C. glutamicum 

MB001(DE3)∆IDH was transformed with pMKEx2-based expression plasmids encoding one 

of the seven IDHs and tested for growth on L-chiro-inositol in the BioLector system. As 

controls, the parent strain C. glutamicum MB001(DE3) and the ∆IDH strain were transformed 

with pMKEx2-eyfp. Target gene expression was induced by adding 20 µM IPTG to the second, 
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overnight preculture and the main culture to enable an immediate start of growth in CGXII 

minimal medium supplemented with 1% (wt/vol) LCI.  

Indeed, C. glutamicum MB001(DE3) was able to grow on LCI with a growth rate comparable 

to growth on MI (0.42 h-1) (Fig. 5.1A). The transporter studies showed the same profile as for 

the other inositols. Both transporters IolT1 and IolT2 contribute to uptake of LCI, with no 

additional transporter enabling growth, as the strain ΔiolT1ΔiolT2 was unable to grow on LCI. 

IolT1 seems to be the main transporter as strain ΔiolT1 showed a slightly slower growth rate 

(0.39 h-1) and lower final backscatter than the strain ΔiolT2 (0.42 h-1) (Fig. 5.1). 

The strain ΔIDH (pMKEx2-eyfp) was unable to grow on LCI, proving that no additional gene 

enabling LCI utilization is present (Fig. 5.1B). Four IDHs complemented growth on LCI to 

different degrees, IolG, OxiB, OxiD, and to our surprise IdhA3, which was not active on MI, 

DCI, or SI in previous experiments. Expression of iolG and oxiB enabled very slow growth on 

LCI with rates of 0.03 h-1 and 0.08 h-1, respectively, while expression of oxiD and idhA3 

complemented growth of the ΔIDH strain comparable to the positive control with rates of 

0.41 h-1 and 0.36 h-1, respectively. 

This experiment showed the first difference in stereoselectivity and activity between OxiD and 

IolG, which possess comparable activities for MI and DCI (Ramp et al, 2022; chapter 2.2). In 

addition, OxiB, which was identified as a sIDH, was active on LCI, while OxiE did not rescue 

growth. The biggest difference to all previous experiments was the activity of IdhA3. IdhA3 

differs from all other IDHs of C. glutamicum in the catalytic triad, in which it contains a Glu 

residue instead of a conserved Asp residue (Ramp et al, 2022; chapter 2.2 Fig. S5). As the 

docking experiments clearly showed no binding of MI, DCI, and SI, we speculated that this 

exchange might be responsible for the lacking activity on these substrates. The observation that 

IdhA3 was active on LCI shows that the exchange of the Asp residue against Glu does not 

diminish enzymatic activity and, in addition, that this Glu residue is not a specific requirement 

for LCI oxidation, as OxiD contains the canonical Asp residue and allows even better growth 

on LCI than IdhA3.  

Further investigations will deal with the identification of LCI binding sites in IdhA3 via 

molecular docking experiments. In addition, the resulting keto-intermediate resulting from LCI 

oxidation needs to be identified. As DCI is oxidized at the C1 to 1KDCI, we hypothesize that 

LCI is processed in a similar way to yield 1-keto-L-chiro-inositol (1KLCI). Following this 

hypothesis, an inosose isomerase activity is presumably required for the interconversion of 
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1KLCI to 2KMI. Given the genomic organization of idhA3 in a putative operon with the 

identified inosose isomerase Cg2312, we speculate that both genes act as a module for LCI 

utilization.  
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Fig. 5.1. Growth of C. glutamicum on L-chiro-inositol. (A) Growth of C. glutamicum MB001(DE3) (wt) and 
different iolT1/iolT2 deletion strains. (B) Growth of C. glutamicum MB001(DE3)∆IDH expressing one of the 
seven IDH genes or as negative control eyfp using the corresponding pMKEx2-based plasmids. C. glutamicum 
MB001(DE3) transformed with pMKEx2-eyfp was used as a positive control. The strains were cultivated in a 
BioLector cultivation system for 48 h at 30°C, 1200 rpm, and 85% humidity in CGXII minimal medium 
supplemented with 10 g/L of LCI. Mean values and standard deviations of three biological replicates are shown. 
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5.2 Structure elucidation of the scyllo-inositol dehydrogenase IolW 

5.2.1 Background 

The sIDH IolW in C. glutamicum is the only IDH that uses NADPH as cofactor and catalyzes 

the reduction of the inositol keto-intermediate 2KMI to SI. In contrast, all other IDHs identified 

in C. glutamicum use NAD+ to oxidize inositols for their subsequent degradation. Only two 

other enzymes with the same characteristics as IolW of C. glutamicum have been identified, 

namely the homologous proteins IolW and IolU of B. subtilis. The physiological benefit of SI 

production for C. glutamicum and B. subtilis is unknown, one might consider this reaction as a 

possibility to reoxidize excess NADPH. Using IolW in combination with the mIDH IolG 

enabled the development of efficient biotechnological production processes for SI. The 

advantage of these processes lies in the different cofactor specificities of IolG (NAD+) and IolW 

(NADPH), which favors the conversion from MI to SI due to high cellular NAD+/NADH and 

NADPH/NADP+ ratios. This type of conversion would also be beneficial for the 

biotechnological production of other inositol isomers. However, no bacterial NADPH-

dependent IDH that is active on other inositol keto-compounds, like e.g. 1KDCI, has been 

identified so far.  

Understanding the structural characteristics of IDHs, which allow them not only to distinguish 

between different inositols, but also between cofactors and their oxidized or reduced state, 

might be helpful for the development of new biocatalysts for the production of other inositols. 

The crystal structure of BsIolW has been solved previously, but without bound substrate or 

cofactor. Therefore, we aimed for the elucidation the crystal structure of CgIolW in complex 

with its cofactor NADPH and potentially the substrate 2KMI. These experiments were 

performed as part of a 3-month scholarship granted by the Japan Society for the Promotion of 

Science (JSPS) in close collaboration with Prof. Makoto Nishiyama, Prof. Saori Kosono, and 

Prof. Ayako Yoshida in their research laboratory in the Agro-Biotechnology Research Center 

(AgTECH) at the University of Tokyo, Japan. 
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5.2.2 Experimental setup  

Protein overproduction and purification 

Overproduction of IolW-Strep and purification was performed similarly as described in 

chapter 2.2 with minor alterations. C. glutamicum MB001(DE3) was transformed with 

pPREx6-based expression plasmids for inositol dehydrogenase overproduction and cultivated 

in 200 mL BHI medium supplemented with 20 g/L glucose. Target gene overexpression was 

induced with 250 µM IPTG after 3 h, and cells were harvested after 24 h of cultivation via 

centrifugation at 7,500 g for 20 min at 4 °C. Cell pellets were washed and resuspended in 4 mL 

lysis buffer (50 mM KH2PO4 /K2HPO4 pH 7.5, 150 mM NaCl, 1 mM MgSO4) per g cell wet 

weight and lysed by five passages through a French Press at 124 MPa. The resulting cell extract 

was first centrifuged at 5,000 g and 4 °C for 20 min and the supernatant was then subjected to 

ultracentrifugation at 45,000 g and 4 °C for 1 h. The supernatant was used for purification on 

an Äkta pure protein purification system (Cytiva) via StrepTactin Sepharose affinity 

chromatography and subsequent size exclusion chromatography.  

A StrepTrap HP 5 mL column was equilibrated with binding buffer (50 mM potassium 

phosphate pH 7.5, 150 mM NaCl) before loading the protein extract. The column was washed 

with 10 column volumes (CV) of binding buffer and the remaining bound proteins were then 

eluted in six 0.5 ml fractions with elution buffer I (100 mM potassium phosphate pH 7.5, 150 

mM NaCl, 2.5 mM desthiobiotin). The protein-containing elution fractions identified by 

analyzing the absorbance at 280 nm were combined and concentrated by using an AMICON 

Ultra centrifugal filter with a molecular mass cut-off at 10 kDa (Millipore) and centrifugation 

at 3,500 g and 4 °C to a final volume of 500 µL. The concentrated protein was then applied to 

a HiLoad 26/600 Superdex 200 pg chromatography column (GE Healthcare) that had been 

equilibrated with 2 CV of elution buffer II (20 mM potassium phosphate pH 7.5, 150 mM 

NaCl). Protein was eluted with 1.5 CV of elution buffer II and collected in 5 mL fractions. The 

purity and apparent molecular mass of the proteins after both purification steps were determined 

by 12% (wt/vol) SDS-PAGE according to standard procedures (Green and Sambrook, 2012). 

Protein concentrations were determined using a Bradford assay reagent (Thermofisher 

Scientific) and measuring concentration-dependent blue coloration at 595 nm. For 

crystallization, the purified protein was concentrated to a final concentration of 20 mg/mL. 
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Crystallization and structural determination 

Crystallization was performed at 20 °C using the hanging drop vapor-diffusion method. The 

protein aliquot (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mg/ml IolW-Strep) was mixed 1:1 

with each reservoir solution. For cofactor and substrate or product binding, a final concentration 

of 6 mM NADPH or NADP+ and 60 mM 2KMI or 60 mM SI were added. In total, we tried to 

obtain crystals for four different combinations: 1. IolW apo; 2. IolW + NADPH; 3. IolW + 

NADP+ and SI; 4. IolW + NADPH and 2KMI. For crystal screening, a combination of the 

commercial screening kits Crystal Screen I & II and Wizard I-IV (Hampton Research, CA, 

USA) was used for initial screening trials. Suitable crystals were formed after four days under 

condition no. 4 (100 mM Tris pH 8.5, 2.0 M ammonium sulfate) in in Crystal Screen kit I. 

Conditions were optimized via iteratively defining optimal pH and ammonium sulfate 

concentration. The crystals were soaked into the cryo-protectant solution prepared by mixing 

the reservoir solution with 20% (v/v) ethylene glycol and then flash-frozen with a nitrogen gas 

stream. Diffraction data were collected at 1.000 Å with pixel array detector PILATUS3 S2M at 

the beamline NW12 and with PILATUS3 S6M at the beamline BL-5A of the Photon Factory, 

High Energy Accelerator Research Organization (KEK, Tsukuba, Japan).  

Diffraction images were processed with XDS (Kabsch, 2010) and the statistics were calculated 

with AIMLESS (Evans and Murshudov, 2013). The structures were determined by the 

molecular replacement method with Phaser (McCoy et al., 2007). We used the crystal structure 

of IolW of B. subtilis (PDB:3GDO) as search models for the molecular replacement to 

determine the apo-IolW structure. The structure of the IolW-NADPH complex was determined 

by the molecular replacement methode using the apo-IolW as a search model. Manual model 

construction and refinement were performed with Coot (Emsley et al., 2010) and REFMAC5 

(Murshudov et al., 2011). The statistics for data collection and refinement are summarized in 

Table 5.1. Figures were prepared using UCSF ChimeraX 1.4 software (Pettersen et al., 2021). 
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Table 5.1. Statistics for data collection and refinement of the crystal structure of IolW 

Crystals apo-IolW IolW-NADPH 

Data collection 

Space group P63 P63 

Cell dimensions 

 a, b, c (Å) 100.7, 100.7, 127.3 101.4, 101.4, 127.3 

Resolution (Å) 1.53 (46.81 – 1.53) 1.80 (47.09 – 1.80) 

Rmerge 3.6 (83.4) 5.4 (85.3) 

CC1/2 1.000 (0.894) 1.000 (0.915) 

I / s(I) 31.0 (3.0) 26.4 (2.8) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Multiplicity 10.2 (10.0) 10/3 (10.5) 

Refinement 

Resolution (Å) 1.53 (46.85 – 1.53) 1.80 (47.13 – 1.80) 

No. reflections (total/unique) 1122438/109893 707138/68580 

Rwork / Rfree 17.9/21.0 17.7/21.5 

No. atoms 

 Protein 5196 5177 

 NADPH - 96 

  SO4
- 10 5 

 Water 598 382 

B-factors

 Protein 30.89 36.08 

 NADPH - 61.46 

  SO4
- 46.73 45.14 

 Water 37.66 39.29 

R.m.s. deviations

 Bond lengths (Å) 0.0162 0.0103 

 Bond angles (°) 1.99 1.681 
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5.2.3 Results and Discussion 

IolW of C. glutamicum (CgIolW) was successfully crystallized in monomeric form as the apo-

enzyme and in complex with NADPH to 1.53 and 1.80 Å resolution, respectively. The 

monomeric structure of CgIolW is depicted in Fig. 5.2. We could not obtain crystals of CgIolW 

in complex with NADP+, 2KMI, or SI. Administration of substrate to crystal solution as well 

as soaking crystals in a solution with a high 2KMI concentration was unsuccessful. We 

speculate that this might be due to the low solubility of 2KMI. Following the trend of the other 

IDHs of C. glutamicum, IolW might also possess a Km in the same range (~1 - 60 mM). To 

effectively achieve crystallizing protein with bound substrate, excessive amounts of substrates 

were applied, which in the case of 2KMI is ≤140 mM, the observed maximum solubility. If 

possible, substrate concentrations of about ~10-fold Km value are recommended (Chayen and 

Saridakis, 2008). 

Structural alignment of CgIolW with the only other elucidated crystal structure of an NADPH-

dependent sIDH, BsIolW from B. subtilis (PDB: 3GDO), revealed a close conservation of 

structure, as indicated by the α-carbon root mean squared deviation (rmsd) of 1.033 Å 

(Fig. 5.3A). The similarity of CgIolW to the best-analyzed IDH structure, BsIolG (3NT5), is 

also high with an rmsd of 1.312 Å (Fig. 5.3C). The structure of IolW shows the characteristic 

features of enzymes belonging to the GFO/IDH/MocA family (Taberman et al., 2016; van 

Straaten et al., 2010). The IolW monomer consists of two structural domains, the N-terminal 

domain (residues 1–121), which forms the typical α/β nucleotide-binding (Rossmann fold) 

motif (Rossmann et al., 1974). The Rossmann fold is one of the most functionally diverse 

structural elements, with hundreds of different functions, but it is typically involved in 

methylation of substrates (methyltransferase) or electron transfer from one molecule to another 

(oxidoreductases) (Kamiński et al., 2022). The two βαβαβ-motifs (β1α1β2α2β3 and 

β4α4β5α5β6) stack together to form a single six-stranded parallel β-sheet, flanked on both sides 

by α-helices (α1- α5) (Fig. 5.2). The Rossmann fold is completed by α10 of the C-terminal 

domain. The C-terminal domain (residues 122-341) contains six α-helices (α6–α11) and a 

mixed parallel/antiparallel six-stranded β-sheet made up of the strands β7-8+β11-14 

characteristic for GFO/IDH/MocA family proteins (Taberman et al., 2016). Here CgIolW 

differs from other IDHs like BsIolW or BsIolG, as it also contains the two additional ß-strands 

ß9 and ß10, which form a loop that interrupts the stranded β-sheet (Fig. 5.2). In BsIDHs, these 

two strands are absent. The strands β15 and β16 of CgIolW form an additional two-stranded 

antiparallel β-sheet, which becomes part of the parallel/antiparallel six-stranded β-sheet, 
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increasing the strand number to eight. This is also true for BsIolW (Fig. 5.3A) and other 

members of the glyceraldehyde 3-phosphate superfamily (Buehner et al., 1974; Taberman et 

al., 2016), but not for BsIolG (Fig. 5.3B). In BsIolG, the stretched out β-sheet (β13-14 in 

BsIolG) was found to be important for tetramer formation (van Straaten et al., 2010). Both 

CgIolW and BsIolW (PDB 3GDO) were crystallized either as monomer or dimer, but not as a 

tetramer, indicating that this structural difference might affect quaternary structure 

arrangement. 

Fig. 5.2 Crystal structure of monomeric apo-CgIolW solved with a resolution of 1.53 Å in ribbon 
representation. Secondary structure elements of the N-terminal domain (α-helices/η-turns in red, β-strands in 
orange) and the C-terminal domain (α-helices/η-turns in blue, β-strands in green) indicated. 

The NADPH-bound structure showed little deviation from the apo form (rmsd: 0.258A) 

(Fig. 5.3C). The slight change in the backbone upon binding of NADPH suggests a 

conformational effect, which is consistent with previous studies of IDH structures in complex 

with NAD(P)H (van Straaten et al., 2010; Zheng et al., 2013). This change is due to the ordered 

mechanism of the IDH-catalyzed reaction in which first the binding of the cofactor is necessary 

to build up the active center to accept the substrate (van Straaten et al., 2010). The dynamic 

movement upon binding of NADPH was analyzed using the DynDom database of domain 

motions (Veevers and Hayward, 2019). This allows comparison of the apo- and the NADPH-
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bound form for specific hinge bending of domains or residues. Binding of NADPH induces a 

main bend at residues 118−119, which are close to the residues separating the N-terminal 

Rossmann fold domain (1−121) and the C-terminal domain (122−341). The C-terminal domain 

shows only a slight conformational change (rmsd 0.19 Å), while the N-terminal domain rotates 

by 2.1° about a hinge axis centered at residues 118-119 (Fig. 5.4) towards the C-terminal 

domain, as reported for other IDHs (Zheng et al., 2013). Effectively, binding of NADPH results 

in tightening the binding pocket.  

Fig. 5.3. Crystal structure of CgIolW superimposed to other IDHs. A CgIolW apo-structure (blue) 
superimposed to BsIolW (PDB: 3GDO, yellow). B CgIolW apo-structure (blue) superimposed to BsIolG with 
bound NADH (PDB: 3NT5, green). C CgIolW apo-structure (blue) superimposed to NADPH-bound form (pink) 
with NADPH included. 
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Fig. 5.4. Domain movement of CgIolW after NADPH binding calculated with DynDom. The trace of the α-
carbon backbone of apo-CgIolW is shown in blue, the moving N-terminal domain of the NADPH-bound form in 
pink. The arrow represents the axis of rotation, hinged at residues 118-119 highlighted in green. 

The binding of NADPH to CgIolW occurs in the fashion characteristic for IDHs and is very 

similar to NAD+ binding to BsIolG (Fig. 5.5 and Fig. 5.6A), with hydrogen bonds formed to 

nearby amino acid residues and water molecules in the Rossmann-fold domain. The 2′-

phosphate of NADPH is stabilized by the positive charge of Arg36 and a hydrogen bond with 

Ser37 at the N-terminus of the α2-helix. This site is the one that distinguishes between NADPH 

and NADH in GFO/IDH/MocA family proteins (Carugo and Argos, 1997; Zheng et al., 2013). 

In most NAD(H)- dependent members, like BsIolG, an Asp or Glu residue is present at position 

35, which forms hydrogen bonds to the adenine ribose (Fig. 6B). The negative carboxyl group 

of Asp35 repels the 2′-phosphate of NADPH, therefore allowing only binding of NAD(H). In 

CgIolW, Thr40 forms an additional hydrogen bond with the 2′-phosphate of NADPH. The 

pyrophosphate forms hydrogen bonds with the main-chain amide of Gly13 and structurally 

conserved water molecules found in the GXGXXG consensus sequence motif for NAD(P)H-

binding proteins (Bellamacina, 1996; Bottoms et al., 2002; van Straaten et al., 2010). The 

nicotinamide ribose is hydrogen-bonded to residues in the loops between β4/α4 and β5/α5. 

Upon NADPH binding, Ser71 rotates towards the ribose and forms a hydrogen bond to the ring 

oxygen, while Thr72 and Arg77 stabilize the 3’OH-group. In sugar dehydrogenases, loop β5/α5 
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contains the functional, conserved C95EKP (B. subtilis numbering) motif (Kingston et al., 

1996; van Straaten et al., 2010). In CgIolW this motif mediates binding of NAD(P)H via 

hydrogen bonds between the 2’OH- and 3’OH-group of the ribose and the main-chain amide of 

Lys95. In contrast to other IDHs, CgIolW contains an Asp94 instead of the highly conserved 

Glu in the CEKP motif (Fig. 5.6C). The sequence alignment of all characterized IDHs (Fig. S5 

of chapter 2.2) showed that CgIolW is the only IDH of that group with an Asp at that position. 

In IDHs the side-chain carboxyl-group of Glu or Asp makes a hydrogen bond to the 

carboxamide group of the nicotinamide ring of NAD(P)H (Fig. 5.6C) (van Straaten et al., 2010). 

In CgIolW the carboxamide group is additionally hydrogen-bonded to the sidechain amide and 

the hydroxyl group of Asn123.  

Fig. 5.5. NADPH bound to the CgIolW Rossmann-fold domain. Amino acid residues and water molecules, 
which form hydrogen bonds (dashed lines) with NADPH are highlighted. The C4-atom of NADPH, which is 
important for electron transfer is highlighted in light blue.  

Another prominent difference between NADPH-dependent and NAD-dependent IDHs is the 

amino acid residue at position 17. In NAD-binding IDHs, a His residue seems to be conserved, 

while NADPH-binding enzymes contain a Phe residue (Fig. S5 in chapter 2.2). In CgIolW, the 

side-chain of Phe17 contained in helix α1 is located above reactive C4-atom of the nicotinamide 

group of NADPH. In comparison, helix α1 of BsIolG is positioned further away from NAD+. 

His17 is located further away and does not interact with NAD+. Instead, it forms a hydrogen 

bond with Glu96, which is hydrogen-bonded to the NAD+ carboxamide group (Fig. 5.6C). In 

protein 3D structures, the delocalized π -electron system of aromatic side-chains (Phe, Tyr, Trp) 
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can interact with other aromatic rings via π-stacking (Al Mughram et al., 2021; Pace and Gao, 

2013), which does not seem to be the case for Phe17 in CgIolW. We therefore speculate that 

Phe17 might play a role in correctly positioning NADPH in the active center or it contributes 

to binding of the substrate 2KMI. Therefore, further work will focus on site-saturation 

mutagenesis at this site to analyze its impact on NADPH binding and the overall activity. 

Fig. 5.6. NAD(P)H-binding in CgIolW and BsIolG. A monomeric structure of the NADPH (dark grey)-bound 
CgIolW (pink) superimposed to the NAD+ (white)-bound BsIolG (3NT5, green). B Comparison of residues at 
position 35-36 and their function in distinguishing NAD+/NADPH. C Comparison of cofactor positioning in 
relation to the catalytic triad. D Catalytic triad and active center of CgIolW in comparison to BsIolG bound 2-keto-
myo-inositol (2KMI) with hydrogen bonds (dashed lines) and binding residues. 

Unfortunately, we did not obtain crystals of CgIolW in complex with the substrate 2KMI, which 

would give more insight into the reaction mechanism. Comparison of the CgIolW active center 

with the one of BsIolG crystallized in complex with 2KMI (PB: 3NT5) shows a number of 
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differences (Fig. 5.6D). The residues of the catalytic triad, His176, Asp172, and Lys97 show a 

planar configuration, while the triad in CgIolW reaches more into the active center (Fig. 5.6D). 

Bound 2KMI in BsIolG forms hydrogen bonds with Lys97 and His176 of the catalytic triad and 

with His155, Asn157 and Tyr235 of the backbone. As described earlier, we identified Tyr235 

as binding site in CgIolW, which potentially plays a role in inositol stereoselectivity, between 

the all equatorial SI and axial MI/DCI (chapter 2.2). In CgIolW, the corresponding residues 

(Leu152, Glu154 and Glu229) are not in proximity to 2KMI and the active center shows a more 

open conformation. It can be assumed that 2KMI binds differently in CgIolW than in BsIolG 

and to residues at other positions in the binding pocket. 

Although we report the first crystal structure of an NADPH-dependent sIDH bound with 

NADPH, many characteristics of CgIolW are still uncertain. It remains unknown what the 

physiological function of NADPH-dependent synthesis of SI is or which structural features 

determine if an IDH prefers oxidation of inositols via reducing NAD+ or reduction of the 

corresponding keto-intermediates via oxidation of NADPH. Further studies should focus on 

obtaining crystal structures of IolW in complex with 2KMI/SI. As an alternative, molecular 

docking simulations, similar to the ones described in chapter 2.2, offer an alternative possibility 

to identify binding sites.  
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