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The chemical industry is gradually shifting from fossil-derived resources to more sustainable bio-based
processes. Natural bio-molecules such as succinic, lactic, and itaconic acid are promising platform chemicals
for this green chemistry transition because they can be produced from biomass and converted into various
products that are currently produced through fossil-based processes, or they can replace these fossil-based
products. One specific bio-molecule, a-ketoglutaric acid (a-KGA), is particularly interesting because it can be
directly applied in certain nutrition and healthcare applications, and also serves as a precursor for other
commodity and fine chemicals. This review examines the unique chemical properties and application potential
of a-KGA and summarises the current state-of-the-art in chemical synthesis and microbial production of a-
KGA. Specifically, we discuss how recent advances in precision fermentation, microbial metabolic engineering,
Received 15th January 2025 and downstream purification are opening new avenues towards sustainable o-KGA production from renewable
DOI: 10.1039/d4cs01125b feedstocks such as sugars, glycerol, fatty acids, alkanes, and alcohols, with titres reaching up to 195 g L™ and
productivity up to 175 g L= h™L Finally, we critically assess the future potential and remaining challenges to
rsc.li/chem-soc-rev implement a cost-competitive industrial bio-based a-KGA chemistry.
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1. Introduction

During the 19th century Industrial Revolution, linear econo-
mies emerged that relied heavily on fossil resources to produce
energy, fuels, and key chemicals. These relatively cheap and
efficient fossil-based industries provided the goods and energy
to support a rapidly growing global population. However, the
finite reserves of fossil crude oil, coal, and natural gas - along
with their severe environmental and climate impacts - necessi-
tate a fundamental shift in industrial processes. The underlying
issue is the emission of carbon dioxide (CO,)" and other
harmful substances®® (e.g;, SO, NO,, and volatile organic
compounds) emitted by fossil-based industries, contributing
to environmental degradation and public health problems.
Therefore, replacing fossil-based feedstocks with renewable
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biomass that does not increase net atmospheric CO, levels is
generally considered a logical and crucial shift.

As a result, exploiting biomass to produce value-added pro-
ducts has gained significant attention over the past decade.*”®
One of the most promising routes is using microorganisms as cell
factories to produce chemical compounds or polymer precursors.
Bacteria, yeasts, or fungi can be cultivated on sustainable
resources, such as plant biomass or waste streams, while produ-
cing value-added metabolites that can be used directly or can
serve as building blocks for further processing. Developing such
processes is complex and interdisciplinary, involving synthetic-
catalytic chemistry, biochemistry, and molecular (micro)biology.

Microbes catabolise biomass-derived carbohydrates, fats,
and/or proteins, amino acids, and other nitrogen-containing
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compounds into cellular metabolites. Many of these meta-
bolites can be applied directly in food, feed, fuel, pharmaceu-
tical, or chemical sectors. This approach has been indispen-
sable for centuries in the fermentation of ethanol in alcoholic
beverages, acetic acid, and lactic acid. Recent advances in
biotechnology, including genetic and evolutionary engineer-
ing and fermentation process control, have enabled rewiring
of microbes’ metabolism. As a result, living cells were
reprogrammed as microbial cell factories, expediting the
production of precise and valuable molecules, including
drop-in biofuels (e.g., isoprene)'® and specific pharmaceuti-
cals (e.g., insulin, vitamins, and vaccines)."'™** This strategy
is called ‘“precision fermentation,” hinting that it allows
the production of specific, precise molecules with high yields
and purity.

Innovative green chemistry methods can further refine
fermentation-derived products into more advanced and diverse
derivatives.'*'® For instance, microbial intermediate com-
pounds like succinic or adipic acid have been explored as
novel chemical building blocks through specific catalytic
processes.®'®! Together, these dual biochemical and chemo-
catalytic approaches offer sustainable alternatives to traditional
fossil-based manufacturing.

Popular guidelines of priority bio-based chemicals include
the US Department of Energy’s (DOE) 2004 and 2010 Platform
Chemical Lists.”*** This list contains chemicals that can be
produced from biomass with strong commercial potential and
environmental benefits. Considering both bio-production and
catalytic valorisation, this list has been instrumental for guid-
ing research priorities to advance bio-industries.

a-Ketoglutaric acid (a-KGA) is one such promising molecule
that can be produced through precision fermentation for
applications in nutrition, pharmaceuticals, and particularly in
chemical manufacturing, where it can be catalytically converted
into higher-value derivatives. Currently, o-KGA is produced
de novo using chemical synthesis to meet an annual demand
of 100 tonnes in the European Economic Area.”* However, as
a-KGA is a key tricarboxylic acid cycle (TCAc) intermediate in
living organisms, many studies have proposed microbial fer-
mentation as a potential source of 0-KGA.>*™28

In this review, we provide a comprehensive overview of
sustainable o-KGA production and its potential in various
industrial applications. First, we discuss o-KGA’s chemical
structure and properties. Second, we outline the applications
of o-KGA across traditional and emerging fields, ranging from
medicine to chemistry. Third, we provide a complete overview
of the production strategies of a-KGA through chemical synth-
esis, biocatalysis, and microbial fermentation. This includes
a summary of the strategies for optimising fermentation con-
ditions and strain engineering, as well as the production
parameters, reported titres, and productivity. Lastly, we discuss
the recovery methods of o-KGA from fermentation broths.
In short, this review aims to highlight the immense potential
of o-KGA in bio-based industries, even though it has not yet
been included in DOE’s priority bio-based platform chemical
list.?>*?
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2. Structure, properties, and
applications of a-KGA

2.1. Structure and properties

The molecular structure of o-KGA, also known as 2-oxopen-
tanedioic acid or 2-oxoglutaric acid, consists of two carboxylic
acids and a ketone moiety at the a-position. This conformation is
linked to multiple favourable chemical properties and reactivity
profiles. First, the position and nature of the functional groups are
ideal for cross-linking with other molecules such as dialcohols or
diamines, which enables the formation of polymeric networks
that could lead to interesting novel materials. Second, the polar
groups of o-KGA make it highly soluble in water and non-volatile,
enabling high titres in bio-based processes (Table 1). Third, o«-KGA
exceeds water’s boiling point, allowing easy separation from
aqueous solutions. Finally, o-KGA does not show any toxic
properties.*®

In aqueous solution, a-KGA can adopt multiple conforma-
tions in equilibrium, depending on the environmental pH. This
concept was introduced in 1975 by Arthur Cooper and Alfred
Redfield with a "H-NMR study of o-ketoacids®® and has since
been supported by experimental evidence. The main structure
at neutral pH is the a-ketone over the a-geminal-diol that shifts
towards the diol structure when the pH drops below pK,;
(¢f Table 1). Additionally, the a-ketone may convert into the
cyclic lactol structure at an even lower pH due to the nucleo-
philic attack of the y-carboxylic acid on the carbonyl group.
Such intramolecular reaction is enhanced by the electron-
withdrawing effect of the o-carboxylic acid group which is
mostly present in acidic solutions. In basic solution, however,
deprotonation of f-methylene occurs and results in an enolate
conformation (Fig. 1). Besides the acidity, temperature and
o-KGA concentration can also influence the equilibrium structure
ratio. Eventually, the ratio lactol : keto : diol was typically found to
be 16:31:53 at pH 0.5 and 25 °C, although the values differ
among reported studies.**>™* At room temperature and pH 7,
0-KGA is mainly in the ketone form with neglectable lactol
concentrations (keto : diol 93:7).*®

Understanding the structure of o-KGA under different pH
conditions could also clarify its reactivity when exploring new
reaction schemes and products (¢f. Section 2.2).

2.2. Applications

Ketoacids or oxo-carboxylic acids are a broad class of organic
acids where the carbonyl group is positioned in the o, B, v, or &

Table 1 Properties of a-KGA3 =34

Property (unit) a-KGA

CAS 328-50-7
Molecular mass (g mol ™) 146.1

Melting point (°C) 115

Boiling point (°C) 345.6
Decomposition point (T, “C) 173

Solubility (25 °C, aqueous, unbuffered solution) 19M (278 gL
PKas 2.35

PKaz 4.85
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Fig. 1 The equilibrium molecular structures of a-KGA in accordance with
the pH of the aqueous solution 3235738

position relative to the carboxylic acid group. This wide range of
keto acids originate from various metabolic pathways, and have
applications in various industries, serving as food additives,
flavours, feed, medicines, cosmetics, precursors for synthesis,
and intermediates in fine chemistry.*® An extensive overview of
the bio-based production and applications of these ketoacids
(Fig. 2) has already been published in previous reviews.***>
The o- and y-ketoacids (and their esters or salts) are rela-
tively stable. The a-ketoacids, such as oxaloacetic acid, pyruvic
acid, and o-KGA, often serve as metabolic links between the
amino acid, carbohydrate, and fatty acid metabolic pathways in
living organisms. In contrast, B-ketoacids are not often found
in nature and are less chemically resistant when not esterified
(i.e., susceptible to thermal decarboxylation). a-Ketoacids are
relatively more stable to thermal decarboxylation (even at
100 °C in diluted HCI solution), although they can undergo
catalytic (oxidative) decarboxylation. An example is the enzy-
matic conversion of o-KGA into succinic acid in living
cells.’”?%*3* Recent research has also shown the use of o-
ketoacids in the synthesis of enolates, Strecker aldehydes,
unsaturated carbonyls, pyridoxamines, pyrroles, amides, and
furanones.**>* Furthermore, the superelectrophilic activation
of a-ketoacids upon condensation with weak (aromatic) nucleo-
philes has also been described for the synthesis of geminal-
diphenyl compounds (e.g., 1-tetralone derivatives).’* Lastly,
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Fig. 2 Overview of relevant ketoacids used in bio-based and chemical
industries.*°

8472 | Chem. Soc. Rev., 2025, 54, 8469-8523

View Article Online

Chem Soc Rev

a-ketoacids may also act as green acylating agents in organic
chemistry, in which only CO, is released as the sole by-
product.®® Because of their structure, o-ketoacids such as o-
KGA or a-ketoadipic acid (¢-KAA) offer the advantage of a more
controlled reactivity compared to oxaloacetic acid, which easily
decomposes into pyruvic acid and CO, at 25 °C and pH 7, or
mesoxalic acid, which readily forms its hydrate form. Thus,
working with o-KGA reduces the need for very strict control of
reaction conditions such as temperature and pH needed to
reduce the decomposition of o-KGA or o-KAA.>”>°

Numerous applications of o-KGA have been described,
including the production of building blocks for polymers and
the synthesis of more complex chemical compounds used as
pharmaceuticals, food supplements or cosmetics. Each of these
applications is discussed in more detail in the following sections.

2.2.1. o-KGA as a building block for polymers. o-KGA
consists of one carbonyl and two carboxylic acid groups, making
it particularly suited for condensation reactions with other
monomers to form polymeric materials with potentially novel
properties. As a result, a-KGA-based polymers have a wide range
of applications, including tissue engineering and drug delivery
systems in medicine and novel plastic materials. An overview is
provided in Table 2.

One such innovative biomaterial is poly(triol a-KGA) which
is synthesised from the thermal condensation of o-KGA with
triols like glycerol, 1,2,4-butanetriol, or 1,2,6-hexanetriol.’” The
abundance of ketone groups in the polymer backbone allows
for post-polymerisation modifications to expand the polymer’s
functionalities and to further modulate its mechanical properties
and degradation rates.”” Owing to these features, this polyketo-
ester holds potential for tissue engineering and drug delivery. It
can also serve as a cell scaffolding system, when oxime linkers are
integrated into the o-KGA-diethylene glycol copolymer structure.>®
Finally, researchers succeeded in developing a novel type of
thermoresponsive polyester that consists of hexa(ethylene glycol)
or ethylene glycol-bis(glycidyl ether), two modified di-alcohols.
The resulting material is especially suitable for medical applica-
tions as it spontaneously degrades over time through self-
hydrolysis.>

Besides polyesters, o-KGA can also be incorporated into
the backbone of polyurethane acrylate materials (PUAs).
For example, a bio-based polyurethane was synthesised from
hexamethylene diisocyanate and a novel polyol comprising
a-KGA and isosorbide. The PUA eventually functioned as a
thermally stable, UV-curable coating.®® Polyacrylic acids (PAAs)
are another class of polymers in which o-KGA plays a key role.
Di-tert-butyl acrylate (diTBA) was fabricated from o-KGA
and subsequently polymerised into PAA, which served as a
dispersing agent and adsorbent,’’ or as a polymer additive
for personal healthcare products and water treatments.®> More
recently, «-KGA was investigated as a commercial building
block together with glutaric acid in the melt polymerisation
for bio-based nylon 56 and nylon 66 analogue blends. The
resulting structures showed interesting thermal properties,
including melt temperatures in a range close to that of com-
mercial nylon 66 (250-300 °C).%

This journal is © The Royal Society of Chemistry 2025
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Table 2 Overview of a-KGA combined with secondary monomers as building blocks for novel polymers. Abbreviations: OEG-BGE, oligo(ethylene
glycol)-bis(glycidyl ether); PUAs, polyurethane acrylates; diTBA, di-tert-butyl-acrylate; PAA, polyacrylic acid; HMDA, hexamethylenediamine

Monomer Structure Material Applications Ref.
OH
Tri-alcohols HO/\gﬁ\)ZA , Polyketoesters Tissue engineering, drug delivery 57
Diethylene glycol HO O on Polyketoesters-oximes Cell scaffolds, adhesive elastomers 58
o 4o
OEG-BGE OVA 0/\},, \/L\ Polyesters Thermoresponsive, degradable materials 59
n=16
HO
o
Isosorbide 201) Polyol (for PUA synthesis) Thermally stable, UV-curable coatings 60
OH
o o
diTBA "B”O)z\)%"s“ PAA Dispersing agents, adsorbents, additives 61 and 62
o
|
HMDA AN A N, Nylon Nylon 66 substitution 63

The utility of the carboxylic acid groups on o-KGA to form
polyesters and polyamides has been well investigated. Future
research could focus on exploring the chemical versatility of the
ketone group, which could serve as an interesting moiety to
explore degradability of novel materials by means of micro-
organisms, enzymes, or catalytic hydrolysis.

2.2.2. o-KGA as a precursor or intermediate in the synth-
esis of chemical building blocks. o-KGA is a precursor molecule
for many valuable commodity and fine chemicals. The follow-
ing paragraphs highlight several synthesis routes currently
used for various applications.

Glutamic acid (Glu) is mainly produced from glucose via
microbial fermentation using the bacteria Corynebacterium.®*
Such fermentation processes, however, can have several draw-
backs such as high energy and time requirements, low effi-
ciency, and low purity of the product.”® Although Glu
fermentation has been commercially established,®® researchers
have investigated whether chemical transformations from the
readily available o-KGA are also feasible (Table 3).

Glu can be made via reductive amination from o-KGA,
catalyzed by the enzyme Glu dehydrogenase (GDH), with NADH
cofactor as the electron donor®” by using re-engineered cells or
their extracted enzymes®®’° in combination with various nitro-
gen sources (c¢f. Table 3). The reductive amination can also be
performed using inorganic compounds as catalysts, such as
TiO,, FeS, and ZnS.®>”"”? Glu-analogues can also be synthesized
from o-KGA using benzylamine as a reagent and a Rh-based
catalyst,”* or by means of a two-step alkylation-transaminase
approach.””> The transamination of 1-Glu can also occur using
semi-synthetic enzymes.”®”® The B-cyclopropane analog of Glu, in
turn, was synthesised from o-KGA and used in vitamin K-
dependent carboxylase studies.”® Furthermore, the reductive ami-
nation of o-KGA has been frequently related to light-induced
NADH-regeneration systems for enzymatic reactions.**™®’

a-KGA is frequently used to synthesize benzimidazole-type
compounds by reacting with o-phenylenediamines. These ben-
zimidazoles serve as core intermediates or final products in the
synthesis of potential anticancer agents.®*** A typical example

Table 3 Overview of various reaction types used for the synthesis of glutamic acid (analogs). Abbreviations: AA, amino acid; PXBr, 5-
monobromopyridoxamine dihydrobromide; ALBP, adipocyte lipid binding protein; LHMDS, lithium hexamethyldisilazide

Reaction Reagent Product Catalyst Ref.
Reductive amination (biocatalytic) PXBr Glu Semi-synthetic enzyme (papain-PX) 71
NH,"HCOO~ p-Glu E. coli (pFADA) 68
NADH/NAD"
Urea L-Glu Artificial cells 69
Dextran-NAD" Multienzyme system
NH,"HCOO™ p-Glu AA aminotransferase 70
NADH/NAD" Alanine racemase
t-Alanine dehydrogenase
Formate dehydrogenase
Catalytic NH,OH Glu TiO, 65
NH,CI Glu FeS 72
NH,CI Glu ZnS 73
Benzylamine N-Benzyl-Glu Rh complex 74
Alkylation transamination Cysteine sulfinic acid (4R)-4-Methyl-1-Glu LHMDS, lipases, transaminases 75
Transamination Pyridoxamine L-Glu ALBP pyridoxamine cofactor (ALBP-PX) 76-78
This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev., 2025, 54, 8469-8523 | 8473
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is bendamustine, a benzimidazole with a glutaric moiety, which
has been used to tackle leukemia, multiple myeloma, and non-
Hodgkin’s lymphoma.®® 2-alkylamino-1-aminobenzimidazoles in
turn react with o-KGA to produce benzimidazolones.® Similarly,
a-KGA can also react with o-phenylenediamines to form quinox-
alines, another class of heterocyclic components that have wide-
spread therapeutical applications, such as to treat Chagas
disease,’® HIV,””® cancer,”®* % and inflammation.'®® Benzoxazi-
nones constitute an alternative category of heterocycles that are
formed upon reaction of o-KGA with o-aminophenols and display
antibacterial'®*'%* or fluorescence activity.'*®

o-KGA also acts as a precursor for indoles, a group of
compounds with promising therapeutic potential. Members
of the indole class target diseases such as leukemia, %’
gastroenterological cancer,'® and bone malignancies,"*°
could serve as antitumour compounds.'*®''! Indoles are also
considered important intermediates for the synthesis of (-
carbolinium salts, which were tested as antifungal agents''**"*
and novel acetylcholinesterase inhibitors."** Similar indole-type
structures are involved in the synthesis of quinoline-6-
alkanamides, known as melatonin analog drugs for various
clinical applications.""® An overview of these compounds can
be found in Fig. 3.

a-KGA can also be used as a building block for novel peptide
structures. In this synthesis pathway, oximes are implemented
to protect the ketoacid moiety in the so-called annulation
reaction. The protected structure is subsequently used in
chemoselective peptide synthesis in which a final deprotection
step with Zn recovers the ketoacid moiety."'® These novel
peptides could serve as biologically active compounds™*”**°
or for drug release strategies."*® Their novelty lies in preserving
the ketoacid or ketoamide moiety along or at the end of the
polymer chain. Another strategy to form the amide bond is the
decarboxylative acylation of amines, for which ter¢-butyl hydro-
peroxide is typically used.’*® The structure of o-KGA has a
tendency to coordinate with metal centers. As such, it could
serve as an ideal bidentate ligand in transition metal complexes

and
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Ry ey
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Fig. 3 Synthesis routes from a-KGA. The a-KGA moiety is highlighted in
blue, and the reagent for each reaction is provided in a box. The dotted
lines represent biochemical reaction pathways, whereas the solid lines
indicate synthetic pathways.
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(TMCs), based on Ni and Rh,"?>'** that display antibacterial
and antitumour properties.'*> Moreover, o-KGA was also used
for the synthesis of novel ligands in various TMCs"?**?° with
antioxidant characteristics.">*

The carbonyl group of a-KGA readily reacts with hydrazine
(H,N-NH,) to produce hydrazone, which subsequently converts
into the versatile compound 1,4,5,6-tetrahydro-6-oxo-3-pyrida-
zinecarboxylic acid (THOPCA)."”’ For instance, THOPCA was
transformed into glutamine (Gln) as an alternative for the
natural r-isomer using catalytic hydrogenation. In this two-
step process, a 5% Pd/C catalyst in water was first used to
hydrogenate the imine bond followed by hydrogenolysis of the
N-N bond, or vice versa.**® Furthermore, THOPCA was applied
as an intermediate for pyridazine-3-carboxamide or pyridazi-
none synthesis, two promising pharmaceuticals for various
diseases.'**! Lastly, THOPCA plays a key role in the fabrica-
tion of 3,3’-dipyridazinyl disulfide, a molecule that enables the
elucidation of active site mechanisms in enzymes."'**

o-KGA has also been used in combination with various
hydrazines (R,N-NH,) to form novel hydrazones. For instance,
isonicotinyl hydrazide can be applied to produce a Schiff base-
type ligand, which can be used for organotin complexes
in homogeneous catalysis."**> Similarly, methyl carbazate was
employed to form (2-(methoxycarbonyl-hydrazono)-pentanedioic
acid), a ligand for Ag, Co, and Zn complexes with antimicrobial
and/or anticancer properties.**"** Other closely related hydrazine
structures are thiosemicarbazides that can react with o-KGA to
form thiosemicarbazones. These sulphur-containing compounds
are able to form a complex with metals, like Zn,**® Cu®*” or rare-
earth metals,"*® either in an open or in a closed form, to fight
leukemia or to develop contrasting compounds for MRI diagnosis.
Analogously, cyclic isothiosemicarbazones were prepared from
o-KGA as potential novel antibiotics."*”

Another broad class of antibacterial agents encompasses the
canthin-6-one analogs.***** These compounds are made in a
multi-step synthesis starting from tryptamine, where o-KGA is
employed in the so-called Pictet-Spengler condensation
step.'** B-Carbolines are derived from similar condensation
reactions of o-KGA with tryptamine-2-carboxylic acids and may
serve as valuable pharmaceutical building blocks."*>4

a-KGA as a di-acid precursor can be combined with hetero-
cyclic anilines to yield quinazoline derivatives. Such structures
have a broad range of applications in medicine and pharma-
ceutics as biologically active compounds. Therefore, numerous
synthesis procedures for a broad class of quinazolines have
been published over the years.**”**° An overview of some of the
earlier-mentioned compounds is given in Fig. 4.

When the decarboxylating enzymes MenD or SucA from
Escherichia coli or Kgd from Mycobacterium tuberculosis are
used, o-KGA is an ideal substrate for the biocatalytic two-step
decarboxylation-addition reaction with aldehydes to produce
vicinal-hydroxyketone adducts.’®* The resulting hydroxyketone
products, obtained in high enantiomeric excess, are important
structures for pharmaceutical compounds.>>**> When pyruvic
acid is used instead of aldehydes, the groups (i.e., ketone and
alcohol) switch on the vicinal positions.'>®

This journal is © The Royal Society of Chemistry 2025
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In the pursuit of a synthetic route to produce industrially
relevant a-hydroxy butyrolactones, the inclusion of a-KGA as a
potential substrate has been considered. These lactone build-
ing blocks are prepared by mixing the a-keto acid with an olefin
in the presence of a Lewis acid."® When the so-called super-
acids like trifluoromethanesulfonic acid are used, a-KGA reacts
with weak(er) nucleophiles such as benzene to form diphenyl
1-tetralone, owing to the superelectrophilic nature of protonated
o-KGA.* In addition, o-KGA plays a key role in the synthesis of
lactivicin, a lactone-derived antibiotic.'®® Furthermore, homocitric
acid lactone can be created from o-KGA in a multistep process,
yielding homologs for studying biological nitrogen fixation.">

"%

a-KGA is also a precursor to produce 2-allyl-5-oxo-tetrahydro-
furan-2-carboxylic acids, which can be further converted to form
nonanes, which are present in natural products."® Finally, chiral
5-oxo-tetrahydrofuran-2-carboxylic acids can be obtained from
the hydrogenation reaction of o-KGA using a Pt/alumina catalyst
with cinchona alkaloid modifiers. The resulting lactones are in
turn used as chiral building blocks or derivatisation agents."®"
An overview of the adducts and lactones is given in Fig. 5.
Lastly, o-KGA is also involved in the synthesis of various other
compounds, spanning a wide range of applications, including
162163 and enzyme activity probes,'®* blue pigments,'®

fluorescent
the dihydro-2H-pyran-3(4H)-one chemical precursor,'® the vitamin

e

Ph Ph
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R OH . 3H,0, CO O o
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OH (0] : ©
hydroxy ketone adduct homocitric acid lactone
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y-carboxyl butyrolactone

Fig. 5 Synthesis routes from a-KGA (part 3). Abbreviations: TfOH, triflic acid; Pt/Al,Os, platinum on y-alumina catalyst; and MenD, 2-succinyl-5-enol-

pyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase.
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menaquinone, the 2-hydroxy-3-oxoadipate metabolite,
thioacetal antidotes,'”® biologically active isoxazolylpyrrolones,'”*
enzyme-inhibiting sulfoxide analogs,”? thiadiazole B-peptides,'”
hydantoin-derivatized pharmaceuticals,’”* and finally, antitumour
agents, such as hadacidin analogs,'” isoxazoleacetic acid,'”® and
thiazolidinones."””

In this section, we provided extensive insights into the
potential of o-KGA as a substrate or intermediate in chemical
synthesis. The (m)ethyl esters of o-KGA have also been dis-
cussed in the same manner in a recent review paper.*?

2.2.3. 09-KGA in nutrition and healthcare. o-KGA is a non-
toxic key metabolite (LD50: 5000 mg kg™ " (ref. 178)) in living
cells that can be absorbed through the diet or administered to
humans as ornithine or calcium o-ketoglutarate salts,'”® or as
cell-permeable ester derivatives such as octyl- or di(m)ethyl-o-
KGA."®® While these well-established delivery methods support
the administration of the ketoacid to treat various pathologies or
to improve general health, the authors wish to highlight that the
illustrations presented below are based on pre-clinical studies in
model organisms or in a limited number of patients."3"%*

Treating patients with o-KGA has been demonstrated to
improve (muscle) recovery after invasive traumas, such as surgi-
cal interventions."®*™'** Studies have shown that administering
a-KGA during heart surgeries can prevent muscle degradation
and ensure proper blood and oxygen flow to vital organs such as
the heart and kidneys. This intervention decreases the likelihood
of heart or kidney dysfunction following surgery.'**'% Although
these reports suggest that supplementing o-KGA improves
patient recovery and surgical outcomes, this practice is not yet
applied in standard clinical procedures due to the lack of large-
scale supporting evidence. In addition, a recent study corrobo-
rated that (dietary) o-KGA suppresses blood clots, also called
thrombosis (Fig. 6, @f)."*° In this respect, administration of
a-KGA to type 2 diabetes (T2D) patients makes sense as they
often suffer from thromboinflammation (Fig. 6, @d and f) that
may cause organ damage, pneumonia, asthma, and fibrosis.**!
Besides ameliorating cardiovascular conditions associated with
diabetes, o-KGA directly prevents obesity in T2D by improving
glucose homeostasis through lowering blood glucose levels,
suppressing hepatic gluconeogenesis, and stimulating insulin
secretion.'” Next, o-KGA has been suggested to be effective in
treating bone, breast, and skin cancer.'®™'% ¢-KGA inhibits the
proliferation of malicious cancer cells by inducing cell death,"**
attenuating tumour-induced blood vessel growth - as a result of
reduced levels of erythropoietin and growth factors (e.g., HIF-1
and VEGF)'”® - and by suppressing tumour cell migration
(metastasis) (Fig. 6, @b).">* Consequently, combining o-KGA
with other cancer treatments significantly improves the efficacy
of anticancer drugs, such as 5-fluorouracil, and immuno-
therapy.'®>'%® Similarly, an anti-cancer mixture, composed of
B87 and dimethyl-a-KGA, has been proposed to kill tumour cells
by shutting down respiration and glycolysis simultaneously."®”
Moreover, o-KGA could alleviate osteopenia, a condition that
weakens skeletal bones, by concurrently inhibiting degradation
and stimulating mineralisation of bone tissue."*® Finally, 0-KGA
can act as an antidote for cyanides, a toxin with detrimental
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Fig. 6 The application of a-KGA in the healthcare context. a-KGA can
bind to chromaffin cells to stimulate the release of epinephrine (1), which,
in turn, promotes muscle growth (2a) and lipolysis of adipose tissue (2b). a-
KGA drives OGDD-mediated hydroxylation of cytosine base pairs (3a),
demethylation of lysine residues at histones (3b), and hydroxylation of key
transcription factors (such as Akt and HIF1a) (3c). Since these nucleotide or
protein targets of OGDDs are implied in multiple disease states, a-KGA has
an indirect, profound impact on stem cell development (4a), carcinogen-
esis and metastasis (4b), inflammation (4d), the outgrowth and morphol-
ogy of the vasculature (4e), and blood clot formation (i.e., thrombosis, 4f).
Lastly, -KGA may serve as an antioxidant (5) and, therefore, prolongs the
lifespan in (model) organisms (6a) and attenuates inflammation responses
(4b). Abbreviations: OGDD, 2-oxoglutarate dependent dioxygenase; OH,
hydroxyl; TF, transcription factor; and ROS, reactive oxygen species. The
figure is created based on ref. 182, 206, 208, 230, 233 and 240.

effects on the liver, kidneys, and nervous system, by rapidly forming
a complex with the cyanide moiety called cyanohydrin.***9°2%% Ag
such, 0-KGA has been shown to mitigate the toxic effects of sodium
nitroprusside in fruit flies.”®® Lastly, a-KGA also serves as a
biomarker for the diagnosis of hyperinsulinism-hyperammonemia
syndrome®** and Rey’s syndrome.”*®

One of the reasons why o-KGA can effectively treat pathol-
ogies is because it is strongly connected to the superfamily of
2-oxoglutarate-dependent dioxygenases (2-OGDDs, Fig. 6).
These universal enzymes consume o-KGA and oxygen to produce
carbon dioxide and succinate while catalysing hydroxylation-
initiated oxidation or demethylation of proteins, nucleic acids, or
lipids.?® Particularly, prolyl hydroxylases and histone demethy-
lases, both belonging to 2-OGDDs, are being studied intensively as
they are implicated in cancer and diabetes.”*”*°® Prolyl hydro-
xylases (PHDs) are known to hydroxylate proline residues in
several regulatory proteins, suppressing their activities. These
proteins include Akt, a regulator involved in blood clot formation
and inflammation, and HIF1a, a factor promoting blood vessel
growth (Fig. 6, @c).>*® The hydroxyl groups either mask the
phosphorylation sites in Akt and increase the affinity of phospha-
tases for Akt**>*' or promote proteasomal degradation of
HIF10.2°2™ Since o-KGA drives the hydroxylation reaction, it
can be applied as a “PHD booster” to inactivate Akt or HIFo.
o-KGA was shown to help prevent thrombosis and inflammation
due to reduced platelet aggregation and monocyte activation
in COVID-19-infected murine models (Fig. 6, @d and f)."*°
Alternatively, treatment of an oncogenic rat model with octyl-o-

This journal is © The Royal Society of Chemistry 2025
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KGA diminished the blood vessel density surrounding the tumour
due to decreased HIF1q levels (Fig. 6, @e).”'>*'* HIF1o-targeting
strategies have been prioritised in recent years since this regulator
is considered a “hallmark” in cancer biology and its activation is
linked to cell proliferation, metastasis, and tumour resistance to
chemo- and radiotherapy.***

Although this anti-angiogenesis strategy improves the effi-
cacy of cancer therapies,”™ patients should be administered
o-KGA with caution. Recent reports have indicated that tumour
cells, relying heavily on glutamine consumption (i.e., glutami-
nolysis), exploit the released o-KGA as a messenger that triggers
the central cascade pathways (NF-xB>'® and TOR>'). Subse-
quent pathway activation promotes cancer cell immortality,
medicinally known as anoikis resistance, during circulation
in the bloodstream (i.e., metastasis)*'® and accelerates tumour
development.>*®

Finally, apart from targeting central regulators, 2-OGDDs are
also involved in the demethylation of histones at lysine resi-
dues (Fig. 6, ®b)*°® or DNA at cytosine positions (Fig. 6, @a).>*°
Attaching covalent groups, such as methyl moieties, to histones
alters the spatial organisation of the chromosome and gene
expression patterns, whereas DNA (de)methylation often occurs
during cell differentiation and development.*”"*** These epi-
genetic modifications, at both the histone and DNA level, can
cause cancer and neurodevelopmental or autoimmune disor-
ders when they occur aberrantly.>*" Particularly, the nucleotide
derivatives methylcytosine (5-mC) and hydroxymethylcytosine
(5-hmC) are considered strong determinants of tumour fate
and are believed to be associated with heart-related complica-
tions in diabetes patients.”***** Indeed, the TET (Ten-Eleven
Translocation) 2-OGDD superfamily mediates hydroxylation of
5-mC and the resulting increase in 5-hmC inhibits tumour
progression (Fig. 6, @b) or restores cardiac function.***~>*’
At the histone level, supplementing o-KGA to mice, suffering
from colorectal cancer, drives lysine demethylation by stimulat-
ing the Jumonji C-domain containing histone demethylase
(JHDM), which belongs to the 2-OGDD superfamily. As a result,
this treatment arrested the tumours in a terminally differen-
tiated and non-proliferative state.’”® A similar instance of
epigenetic-induced cell reprogramming, linked to o-KGA, has
also been observed in pluripotent stem cells. However, in this
case, o-KGA seems to exert a divergent effect on stem cell fate
as, depending on their state, this ketoacid may either accelerate
differentiation or favour pluripotency in stem cells through the
activity of the TET and JHDM demethylating enzymes (Fig. 6,
@®a).2***%° Moreover, supplementation of o-KGA attenuates
differentiation of immunological T-cells through a complex
interplay of altering the epigenetic profile and promoting
triacylglyceride synthesis as well as oxidative phosphorylation
in mitochondria.?*" The latter provides an excellent illustration
showcasing the broad-range impact of the “epigenetic modi-
fier” o-KGA.

Besides being prescribed to treat diseases, a-KGA can also be
administered to healthy individuals for its anti-aging
benefits,>*? its capacity to induce metabolic effects similar to
those attained through intense physical training,>***** or its

This journal is © The Royal Society of Chemistry 2025
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role in procollagen production.”® The anti-aging benefits were
first demonstrated in a mouse model that had improved
survival and suppressed morbidity, shown as a reduction in
frailty, colour loss, dermatitis, etc. (Fig. 6, ®a).>*® Moreover, o-
KGA promotes longevity in C. elegans worms since this mole-
cule binds and inactivates the ATP synthase, resulting in
decreased oxygen consumption.>®” Restraining the activity of
the ATP synthase also increases autophagy, which prolongs
lifespan (Fig. 6, ®a and b).>*’

Related to the link between exercise and o-KGA, high
intensity and short duration (resistance) training induces o-
KGA synthesis in muscles, causing higher blood «-KGA
levels.*** Circulatory o-KGA molecules bind to the OXGR1*¢
receptor of chromaffin cells in the adrenal gland to induce the
release of epinephrine through the NF-kB signaling cascade
(Fig. 6, ©).>** Eventually, elevated epinephrine concentrations
enlarge skeletal muscles and promote the breakdown of fat
tissue (Fig. 6, @a and b).?**>*® Therefore, the authors hinted
towards the use of a-KGA as an anti-obesity therapeutic.>*?

Finally, o-KGA not only targets receptors and protein com-
plexes but is also involved in mitigating oxidative stress. The
antioxidising properties of a-KGA result from its direct scavenging
function towards toxic reactive oxygen species (ROS), such as
hydrogen peroxide (H,O,), its role in the cellular synthesis of
glutathione, a well-known antioxidant, or its ability to trigger and
modulate ROS-dedicated stress response pathways (Fig. 6, ®). The
H,0,-scavenging function of o-KGA is a result of a spontaneous
conversion of o-KGA into succinate in the presence of H,0,,
thereby releasing the harmless products H,O and CO,.2*%**
Moreover, o-KGA serves as an indirect precursor for glutathione
synthesis, as this tripeptide is produced from glutamic acid—the
transamination product of o-KGA—along with cysteine and
glycine.”*! Alternatively, o-KGA may also act as a signaling mole-
cule that engages the constitutive-androstane-receptor (CAR) path-
way and as a result, promotes the expression of ROS detoxifying
enzymes, including superoxide dismutases.>** In hospital set-
tings, administering o-KGA as an antioxidising agent to patients
showed improved recovery after lung surgery and reduced myo-
cardial injury in pressure-overloaded heart.>***** Furthermore, in
combination with 5-hydroxymethylfurfural (5-HMF), o-KGA has
also been patented as an antioxidant agent for humans and
animals.**

Next to its antioxidant activity, o-KGA supplementation
improves nitrogen metabolism and has a positive effect on
the intestinal microbiota of pigs. Therefore, o-KGA could be
potentially applied as a growth-promoting factor for enhancing
pork production in livestock farming.>*°

3. Chemical synthesis routes for the
production of a-KGA

a-KGA can be produced from a condensation reaction of diethyl
succinate (DES) with diethyl oxalate (DEO), followed by hydro-
lysis of the obtained triethyl oxalyl succinate (Fig. 7). The first
precursor, DES, is obtained by the oxidation of butane into
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maleic anhydride, then the ring-opening hydrogenation of
maleic anhydride to succinic acid using a Ni- or Pd-catalyst,
followed by an esterification of succinic acid into DES.>*”**8
Alternatively, succinic acid can also be obtained from fermen-
tation using glucose as a substrate.>*® The second o-KGA
precursor, DEO, is typically generated from the reaction of
glucose with nitric acid using V-Fe catalysts to yield oxalic
acid, which is then esterified into DEO. Other routes towards
oxalic acid include the propylene and ethylene glycol
oxidation.”®*>*> The two-step condensation process of DES
with DEO, despite its overall yield of 63-76%,***°**>* is far
from ideal as it involves dangerous chemicals, such as sodium
or potassium ethoxides, toluene, and diethyl ether. Other
compounds involved are considered as acute toxic according
to ECHA (including maleic anhydride and oxalic acid with
LDs, values of 1090 and 375 mg kg ' for oral uptake,
respectively).>*>?*® Moreover, the reaction chemistry leads to
environmental issues due to the partial use of fossil resources
and the emission of nitric oxides during synthesis.

Anther chemical route to synthesise o-KGA or its salts is via
the intermediate adduct dimethyl 2,2-dichloroglutarate
(DMDG). The reaction between methyl dichloroacetate (MDA)
and methyl acrylate (MA) yields DMDG, which is subsequently
transformed into an aqueous o-KGA solution using a hydroxide
medium.”®” The precursor MDA is derived from alcoholysis of
trichloroethylene-originated dichloroacetyl chloride.>*®2*° The
precursor MA is derived from the liquid-phase methyl esterifi-
cation of acrylic acid that arises from the vapor-phase catalytic
oxidation of propylene.”*® Again, these compounds are consid-
ered toxic.>*®2%° Under mild temperatures, a-KGA can be
produced through the transamination reaction between gluta-
mate and glyoxylate, with Cu, Ni, Co, or V metal salts as a
catalyst, and with glycine as a by-product.>®*

Another possible chemical pathway is the oxidation of
aqueous 5-hydroxymethyl furfural (5-HMF) to o-KGA on an

8478 | Chem. Soc. Rev., 2025, 54, 8469-8523

Amberlyst®-15 catalyst with H,0,. However, only a yield of
31% was achieved at 75 °C after 24 h, with formic acid and
succinic acid as primary by-products.>®>

More recently, a heterogeneously catalysed route towards
a-KGA has been developed via an aldol condensation between
pyruvic acid and glyoxylic acid. This reaction resulted in
2-hydroxy-4-oxoglutaric acid, which formed «-KGA upon dehy-
dration and hydrogenation using a Pd/TiO, catalyst. The overall
yield of this reaction was 85%, with a volumetric productivity of
50 ¢ L' h™', and could therefore offer a valuable green
alternative to the classic industrial production routes.”** Moreover,
pyruvic acid can be obtained from consecutive dehydration-
decarboxylation chemistry from tartaric acid, or can be sourced
from microbial fermentation.>*?** Similarly, glyoxylic acid can be
obtained from the oxidation of glyoxal, derived from the oxidation
of ethylene glycol,>® or can be produced through enzymatic
oxidation of bio-based glycolic acid.”***%”

4. Cell-free biocatalytic pathways
towards a-KGA

Apart from chemical synthesis, «-KGA can also be produced
through in vitro metabolic pathways comprising a few enzy-
matic steps that are applied in a cell-free system. This approach
is considered safe and sustainable since generally high
selectivity and yield of the desired end-product are achieved
without the burden of toxic catalysts or reagents. Additionally,
this strategy requires only mild reaction temperatures
(4-60 °C).2°® The enzyme’s reactivity and selectivity are also
tuneable through protein engineering.?®® However, producing
a-KGA using this strategy may require isolation of enzymes
from the microbial cells that produce them, therefore poten-
tially increasing production costs.>”°

This journal is © The Royal Society of Chemistry 2025
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Different enzymes can be applied to produce o-KGA in a cell-
free biocatalytic system. Glutamic acid (Glu) or its cyclic ver-
sion, 2-pyrrolidone-5-carboxylic acid, can be transformed into
a-KGA with the oxygen-dependent Streptomyces ghanaensis i-
glutamate oxidase (1-GOX) (Fig. 8, ®),”" an engineered variant
of the Proteus mirabilis 1-amino acid deaminase (1-AAD)>”
(Fig. 8, @) or the NAD'-dependent Clostridium symbiosum
glutamate dehydrogenase (1-GDH) (Fig. 8, ®).>”® Often, the
primary Glu-converting enzymes are combined with either a
NADH oxidase or a catalase to regenerate NAD" or to detoxify
the released hydrogen peroxide, respectively.””"*”* Applying
immobilised 1-GOX in combination with catalase in a 1 L
reactor yielded the highest o-KGA production metrics in a
cell-free system, reaching a titre of 71 g L™ and a spatiotem-
poral yield of 14.2 g L' h™*.>""

More elaborate enzyme cascades have been designed to use
other sugar(-derived) substrates for the production of a-KGA. For
example, p-glucuronic acid can be converted into o-KGA in a
four-step, redox-balanced pathway with a yield of 92% and with
H,O and CO, as primary side-products (Fig. 9A).>”* Recently, a
similar approach has been proposed using b-xylose or r-
arabinose as feedstocks while simultaneously co-producing
green hydrogen gas (Fig. 9B).””>*’® This setup enabled the
production of 41.6 g L™ " a-KGA, corresponding to a theoretical
yield of at least 99%, with a spatiotemporal yield of 4.6 g L™ h™".

Producing o-KGA using cell-free biocatalysis seems to be a
promising strategy, primarily due to the high yields and
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product purity. The substrate for biocatalytic production of
a-KGA, mainly glutamic acid, has been industrially produced
on a large scale (over 2 million tons per year) using the
bacterium Corynebacterium glutamicum.*’” Substrate availabil-
ity is thus not an issue.

Currently, cell-free biocatalysis for o-KGA production pri-
marily relies on purified enzymes, contributing to higher over-
all process costs. Although not yet applied to o-KGA synthesis,
the use of crude cell extracts could offer a more cost-effective
alternative. A second approach is whole-cell biocatalysis, where
intact living cells serve as catalysts, which do not require
enzyme purification as well. However, this may compromise
product purity due to metabolic side reactions within the host
organism. The specific advantages and limitations of whole-cell
biocatalysis for «-KGA production are discussed in Section 5.2.

5. Producing a-KGA using microbial
cell factories

5.1. The biochemistry of a-KGA in microorganisms

(Micro)organisms typically synthesise o-KGA as part of aerobic fatty
acid and carbohydrate catabolism. Specifically, hexose or pentose
sugars are first metabolised through the Emden Meyerhof pathway
(glycolysis) or pentose phosphate pathway to yield phosphoenolpyr-
uvate or pyruvate. These central C; intermediates are converted into
either oxaloacetate or acetyl-CoA through a carboxylation or

KatG

®
GOX

H.0,

O O

L-AAD

2-pyrrolidone L-glutamic acid + FADH, a-KGA
5-carboxylic acid (salt) (salt) FAD (salt)
H,O L-GDH
+ @ NADH
NAD NOX
1/2 O,
Hzo +
H+

Fig. 8

In vitro biocatalytic conversion of L-glutamic and 2-pyrrolidone 5-carboxylic acid (or their corresponding salts) into a-KGA (salt). Three enzyme-

based strategies can be distinguished using L-glutamate oxidase (L-GOX) @, L-amino acid deaminase (L.-AAD) @, and L-glutamate dehydrogenase (L-GDH)
@. Furthermore, the NADH oxidase (NOX) is responsible for NAD™ regeneration. M* represents either a proton, in the case of an acid, or an alkali metal
cation (e.g., Na%), in the case of a salt. The figure is based on ref. 273, 338 and 614.
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Fig. 9 In vitro enzyme cascades for the production of a-KGA from
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dratase. The figure is based on ref. 274-276.
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decarboxylation reaction, respectively. The resulting products serve
as key precursors for the tricarboxylic acid cycle (TCAc; also known
as the Krebs cycle) within the cytoplasm of bacteria or the
mitochondria of yeast (Fig. 10 and Table 4).>’*% Fatty acids are
first degraded through the B-oxidation pathway into acetyl-CoA,
which then enters the TCAc (Fig. 10 and Table 4).?*'>*> When the
TCA cycle operates in its oxidative mode (“clockwise” orientation in
Fig. 10), acetyl-CoA combines with oxaloacetate to form citrate.
Citrate then undergoes a series of (de)hydration, decarboxylation,
acetyltransferase, and oxidation reactions, sequentially generating
(iso)citrate (Cs), 2-KGA (Cs), and C, intermediates. This oxidative
TCAc (0TCAc) produces reducing equivalents (NADH, FADHS,),
which are crucial for multiple cellular reactions and also fuel the
respiratory chain to yield energy in the form of ATP.>’**%¢ Under
anaerobic conditions, the TCAc can also function in reductive
mode to convert oxaloacetate, originating from (phosphoenol)pyr-
uvate carboxylation, into succinic acid (Fig. 10).>*” 2% Combined
with the oTCAc, the reductive cycle prevents accumulation of
reduced coenzymes (NADH, FADH,) that cannot be readily re-
oxidised in the absence of oxygen or other electron acceptors, while
still ensuring the formation of intermediary TCA products that are
essential for the cell’s anabolism. In most model microorganisms,
including Escherichia coli and Saccharomyces cerevisiae, succinic
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acid is the end point of the reductive TCAc (rTCAc) because the
reaction catalysed by o-KGA dehydrogenase (KGDH, step 10 in
Fig. 10) is irreversible in the clockwise orientation. However, in
(thermophilic) green sulphur (proteo)bacteria, a fully functional
reverse TCA cycle ('TCAc) enables CO, fixation into TCA cycle
intermediates, catalysed by the alternative enzymes 2-oxoglutarate
synthase and aconitate hydratase.>**>**

Apart from being an indispensable intermediate of TCA
cycles, a-KGA serves as the main precursor for the de novo
synthesis of glutamate, which, in turn, plays a key role as a
nitrogen donor in transamination reactions.”>*”>% Further-
more, Pseudomonas fluorescens exploits o-KGA as an antioxidant
and possesses a dedicated pathway to “recycle” o-KGA from
succinate based on the spontaneous reaction between o-KGA
and reactive oxygen species.>?* >

While the TCAc is the most universal pathway leading to
a-KGA biosynthesis, several other pathways can also contribute
to o-KGA formation, including oxidative glutamate deamination,
the Weimberg pathway, and galacturonic acid degradation.
Firstly, oxidative deamination of glutamate may proceed in a
cofactor-dependent or -independent way. The former reaction is
performed by glutamate dehydrogenase, which also converts a-
KGA into glutamate in the opposite direction, and requires
NAD(P)".** As discussed previously, r-amino acid deaminase
(1-AAD)***°" or 1-glutamate oxidase (1-GOX)** solely requires
oxygen and releases hydrogen peroxide while deaminating glu-
tamate. Finally, the xylose oxidative (Weimberg) pathway is a
thermodynamically more favourable route that converts xylose
into o-KGA in only five consecutive steps (Fig. 14).>°® This
atypical sugar metabolism can be found in hyperthermophilic
Archaea from the Sulfolobus genus,*®* the bacterial Pseudomo-
nas*®7393% or Caulobacter crescentus®® species, and the fila-
mentous fungus Myceliophthora thermophila.**®

5.2. 1-Glutamic acid to a-KGA via whole-cell biocatalysis

Whole-cell biocatalysis (or biotransformation) leverages living
microbial cells as natural biocatalysts to convert precursor
molecules into a-KGA. In this approach, the entire microbial
cell is utilised rather than purified or extracted enzymes as
employed in the cell-free biocatalytic approach discussed in the
previous chapter (Fig. 8). These cells contain the desired
enzymes and biochemical pathways to catalyse a small number
of key reactions without the need to disrupt the cells or purify
individual enzymes, thereby reducing costs.**’

Specifically for o-KGA production, whole-cell biocatalysis
has been explored to deaminate the substrate r-glutamic acid
or its cyclic derivative, 2-pyrrolidone-5 carboxylic acid. In this
case, the r-amino acid oxidase (1-AAO) or 1-AAD from Proteus
species®”®**® and 1-GOX from Streptomyces®>"**°~*° are hetero-
logously expressed in a microbial host, such as B. subtilis or
E. coli (Table 5). Importantly, when using oxidases (either .-AAO
or .-GOX) as a catalyst, the reaction generates hydrogen per-
oxide, a toxic by-product for the microbial host cell. Hence, a
catalase is often co-expressed alongside 1.-GOX to convert the
released hydrogen peroxide into water and oxygen.*****” pro-
tein engineering can be applied to enhance the enzyme activity,

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 The microbial metabolism of sugars and fats towards o-KGA. Yellow shading refers to the glycolysis and pentose phosphate pathways, green to
the TCAc, blue to the fatty acid (B-oxidation) degradation pathway, and fuchsia to the Weimberg pathway. The purple arrows indicate heterologous
enzymes that cannot be natively found in E. coli, C. glutamicum, and Y. lipolytica. The solid lines highlight the oxidative reactions in the TCAc and
Weimberg pathway, whereas the dotted lines represent reductive reactions. The numbers and the associated reaction chemistry are explained in more
detail in Table 4. The figure is created based on ref. 296, 410, 615 and 616.

resulting in a higher conversion efficiency. For instance, .-GOX site-saturation mutagenesis, which increased the enzyme activ-
from Streptomyces mobaraensis was subjected to two rounds of ity 1.9-fold due to two combinatorial amino acid substitutions
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Table 4 Supplementary table to Fig. 10, describing the reactions and the genes involved in the microbial metabolism more extensively. Gene names are
provided in italics and species names are included in the gene accession IDs: ECK, Escherichia coli (Ec) K12-MG1655; cg, Corynebacterium glutamicum
(Cg) ATCC 13032; YALIO, Yarrowia lipolytica CLIB1222; PFLU, Pseudomonas fluorescens SBW25; CCNA, Caulobacter crescentus/vibrioides NA1000; and
Bxe, (Para)Burkholderia xenovorans LB400. Gene information and reactions retrieved from https://www.ecocyc.org®’® for E. coli, from https://www.
pseudomonas.com®'° for P. fluorescens, and from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database®'! for C. glutamicum, Y. lipolytica,
C. crescentus, P. fluorescens, and B. xenovorans. Additional information resources are provided in the Ref column. In the case of heterologous
expression, the host organism is indicated after =. Gene names that are found between square brackets encode for peptides that constitute a single
polypeptide enzyme complex. Colours of the outlines correspond to the shaded backgrounds behind the arrows in Fig. 10. Abbreviations: (M)Q,

(mena)quinone; (M)QH,, (mena)quinol; OPOs>~, orthophosphate; CoA, coenzyme A; and ¥, regulator (inhibitor). (*) C. glutamicum possesses a single

complex that acts as a hybrid pyruvate- and a-ketoglutarate dehydrogenase complex

312

Reaction Gene name )
Ref. Enzyme name ) Reaction
number Gene accession ID
1 triose phosphate tpiA (ECK3911) glyceraldehyde-3-phosphate < dihydroxyacetone phosphate
isomerase tpiA (cg1789)
YALIOF05214g
2 pyruvate kinase pykF (ECK1672) or pykA (ECK1855) phosphoenolpyruvate + H* + ADP — pyruvate + ATP
pyk (cg2291)
PYK1 (YALIOF09185g)
phosphoenolpyruvate  ppsA (ECK1700) phosphoenolpyruvate + 2H* + OPO;* + AMP ¢ pyruvate + ATP + H,0
synthetase
Enzyme | (El) of sugar  pts/ (ECK2411) phosphoenolpyruvate + 2H" + 0OPO;” + AMP pyruvate + ATP + H,0
33 phosphotransferase ptsl (cg2117)
system (PTS)
3 pyruvate [aceE, aceF, Ipd] (ECK0113, pyruvate + CoA-SH + NAD® — acetyl-CoA + CO, + NADH
dehydrogenase ECKO0114, ECK0115)
# [aceE, aceF, Ipd, odhA, odhls]
(cg2466, cg2421, cg0441, cg1280,
cg1630°) (*)
38 [PDA1, PDBI, LAT1, LPD1]
(YALIOF20702g, YALIOE27005g,
YALIOD23683g, YALIOD20768g)
4 phosphoenolpyruvate  ppc (ECK3947) phosphoenolpyruvate + HCO; — oxaloacetate + 0oPO;*
carboxylase ppc (cgl787)
phosphoenolpyruvate  pck (ECK3390) phosphoenolpyruvate + CO, + ADP < oxaloacetate + ATP
carboxykinase pck (cg3169)
28 YALI1C24367g
5 pyruvate carboxylase  pyc (cg0791) pyruvate + CO, + ATP — oxaloacetate + ADP + OPO;>
PYC1 (YALIOC24101g)
6 citrate synthase gltA (ECKO709) oxaloacetate + acetyl-CoA + H,0 — citrate + COA-SH + H*
gltA (cg0949)
CIT1 (YALIOE00638g), CIT2
(YALIOE02684g)
7 citrate lyase [citD, citE, citF] (ECK0610, citrate — oxaloacetate + acetate
ECK0609, ECK0608)
CitE (cg0985)
[ACL1, ACL2] (YALIOD24431g, citrate + ATP + CoA-SH — oxaloacetate + acetyl-CoA + ADP
YALIOE34793)
8 aconitase acnA (ECK1271) citrate + H,0 & isocitrate
acn (cgl737)
ACO1 (YALIOD09361g), ACO2
(YALIOE14949g)
9 isocitrate icd (ECK1122) isocitrate + NADP" & a-ketoglutarate + CO, + NADPH
dehydrogenase icd (cg0766)
IDP2 (YALIOF04095g) isocitrate + NAD" & a-ketoglutarate + CO, + NADH
IDH2 (YALIOD06303g), IDH1
(YALIOEO5137g)
10 a-ketoglutarate [sucA, sucB, Ipd] (ECK0714, a-ketoglutarate + CoA-SH + NAD" - succinyl-CoA + CO, + NADH
dehydrogenase ECK0715, ECK0115)
34 [[aceE, aceF, Ipd, odhA, odhf® ]
(cg2466, cg2421, cg0441, cg1280,
cg1630°) (*)
[KGD1, KGD2, LPD1]
(YALIOE33517g, YALIOE16929g,
YALIOD20768g)
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Table 4 (continued)

Reaction Gene name )
Enzyme name . Reaction

number Gene accession ID

11 succinyl-CoA [sucC, sucD] (ECKO716, ECKO717) succinyl-CoA + ADP + OPO33' © succinate + CoA-SH + ATP
synthetase [sucC, sucD], actA (cg2837, cg2836,

€g2840)
[SCS1, SCS2] (YALIOE24013g, succinyl-CoA + GDP + OPO;> & succinate + CoA-SH + GTP
YALIOD04741g)
12 succinate [sdhA, sdhB, sdhC, sdhD] (ECK0712, succinate + Q — fumarate + QH;
dehydrogenase ECKO0713, ECK0710, ECK0711)
St (succinate:quinone [sdhA, sdhB, sdhCD] (cg0446,
oxidoreductase) cg0447, cg0445)
8 [SDH1, SDH2, SDH3, SDH4, SDH5] succinate + FAD — fumarate + FADH,
(YALIOD11374g, YALIOD23397g,
YALIOE29667g, YALIOA14784g,
YALIOF11957g)
13 fumarate reductase [frdA, frdB, frdC, frdD] (ECK4150, succinate + MQ < fumarate + MQH,
ECK4149, ECK4148, ECK4147)
14 fumarase fumA (ECK1607), fumB (ECK4115), fumarate + H,0 < malate
fumC (ECK1606), fumD (ECK1671),
or fumE (ECK2925)
fum (cg1145)
FUM!1 (YALIOC06776g)
15 malate maeA (ECK1473) malate + NAD" < oxaloacetate + NADH
32 dehydrogenase mdh (cg2613)
mdh2 (cg0763)
maeB (ECK2458) malate + NADP* & oxaloacetate + NADPH
IDH1 (YALIOD16753g), IDH2 malate + NAD(P)" < oxaloacetate + NAD(P)H
(YALIOE14190g)
16 malate:quinone mqo (ECK2202) malate + Q < oxaloacetate + QH,
w oxidoreductase mgqo (cg2192)
17 isocitrate lyase aceA (ECK4007) isocitrate < glyoxylate + succinate
aceA (cg2560)
ICL1 (YALIOC168859)
18 malate synthase aceB (ECK4006) or glcB (ECK2970) acetyl-CoA + glyoxylate + H,0 — malate + CoA-SH + H"
aceB (cg2559)
MLS1 (YALIOE15708g),
YALIOD19140g

19 malate maeA (ECK1473) malate + NAD" — pyruvate + NADH

dehydrogenase
maeB (ECK2458) malate + NADP* — pyruvate + NADPH

20 glutamate gdhA (ECK1759) a-ketoglutarate + NADPH + H" + NH," <> glutamate + NADP" + H,0

dehydrogenase gdh (cg2280)
820 GDH1 (YALIOF17820g) a-ketoglutarate + NADH + H' + NH," & glutamate + NAD" + H,0
GDH2 (YALIOE09603g)
glutamate synthetase  [g/tB, g/tD] (ECK3202, ECK3203)
21 glutamine synthetase  g/nA (ECK3863) glutamate + ATP + NH," — glutamine + OPO;> + ADP + H'
glnA (cg2429)
glnA2 (cg2447)
GLN1 (YALIOF00506g)

22 glutamate synthase [gltB, gltD] (ECK3202, ECK3203) glutamine + a-ketoglutarate + NADPH + H® — 2 glutamate + NADP*
(glutamine 2- [gltB, gltD] (cg0229, cg0230) glutamine + a-ketoglutarate + NADH + H* — 2 glutamate + NAD"
oxoglutarate GLT1 (YALIOB19998g)
aminotransferase)

23 (—) L-glutamate oxidase Lgox (Streptomyces sp.) = Ec glutamate + O, + H,0 - a-ketoglutarate + NH, + H,0,

24 (=) succinate gabD (PFLU0180) = Ec succinate + NADPH + 2H" & succinate semialdehyde + NADP* + H,0
semialdehyde
dehydrogenase

25 (=) a-ketoglutarate alkB (PFLU2976) = Ec succinate semialdehyde + CO, & a-ketoglutarate + H"
decarboxylase

26 (=) a-ketoglutarate xylA (CCNA00865) = Ec 2,5-dioxopentanoate + H,0 + NAD" & a-ketoglutarate + 2H" + NADH

semialdehyde
dehydrogenase

Bxe_C1357 = Ec
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Table 5 Performance indicators of a.-KGA production via whole-cell biocatalysis. Symbols: =, introduction and heterologous expression; *, mutant; A,
gene deletion/knock-out; 1, increase; and &, inhibition. Strain designation: Ec, E. coli; Bs, Bacillus subtilis; Sg, Streptomyces ghanaensis; Sm,
Streptomyces mobaraensis; Sp, Streptomyces platensis; Sl, Streptomyces lividans; Sv, Streptomyces viridosporus; and Pm, Proteus mirabilis. Abbrevia-

tions: L-Glu, L-glutamic acid

Species Strain  Strate Substrate Production period Titre Yield Productivity R&F
i i gy A
[g/L] [h] [g/L] [g/g] [g/L/h]
= Lgox from Sm 321
) L-Glu [100] 12 77.40 0.98 6.5
Expression catalase (katE) 1
X Monosodium
= mutagenised Lgox* SgoT, Hs3sL from Sm 322
R glutamate 12 181.90 0.75 N/A
Expression catalase (katE)T
[270]
Ec BL21 9:1 double-strain cult!vat|on o
= Lgox from Sp (strain 1) L-Glu [100] 6 95.40 0.95 15.9
= Catalase (cat) from S/ (strain 2)
1:1 double-strain cultivation, immobilised
on zinc-imidazole framework 324
. L-Glu [40] 12 38.40 0.97 3.2
= Lgox from Sv (strain 1)
= Catalase katG from Ec (strain 2)
= aad from Pm 325
. A 24 4.65 0.31 0.2
Cell-immobilisation
Bs 168 = mutagenised aad* Fiygl AzssT E349D Ry2sC L-Glu [15]
Tu9S las2A from Pm 24 1221 081 N/A 326

AsucA: R a-KGA degradation

(S280T and Hsj3L). When the engineered 1-GOX mutant was
introduced together with the KatE catalase in E. coli, this whole-
cell biocatalysis system was able to reach an average spatio-
temporal yield of 15.2 g L™ h™" 0-KGA over a 12 h period and a
molar conversion efficiency of 86.3% from r-glutamic acid.**”

Due to the different enzyme activities of 1-GOX and catalase,
and to reduce the burden of expressing multiple heterologous
enzymes simultaneously, fine-tuning their expression ratio can be
crucial. One study adjusted the co-expression of 1-GOX from
Streptomyces ghanaensis and the native KatG catalase in E. coli
using promoter and ribosome binding site engineering to obtain
an LGOX:KatG activity ratio of 2:1185. This resulted in a
spatiotemporal yield of 13.25 g L' h™' with a conversion
efficiency of 96% over an 8 h period.**® Another solution exploited
a double-strain setup in which one of the E. coli strains expressed
the enzyme 1-GOX from Streptomyces platensis and the other the
enzyme catalase from Streptomyces lividans. Through fine-tuning
the inoculum ratios of the two E. coli strains, o-KGA productivity
was increased by 97% compared to the single-strain system.
Moreover, a scale-up strategy brought the spatiotemporal yield
to 15.9 g L™' h™, the highest reported value to date.**®

To further improve productivity and reduce operational costs
of whole-cell o-KGA synthesis, cell immobilisation has been
explored.??*22334% Here, microbial cells are attached to a solid
support (ie., alginate beads or metal-organic frameworks)
within the reaction vessels, allowing higher cell densities and
easier cell recycling and separation from the final product.
However, conversion efficiencies are often lower in immobilised
compared to planktonic cells, and enzymatic activity decreases
by 20-30% after each cycle.**>**° Hence, it is not entirely clear
whether cell immobilisation is truly a viable strategy.

Whole-cell o-KGA production has gained considerable interest,
achieving higher titres and productivity than cell-free systems

8484 | Chem. Soc. Rev., 2025, 54, 8469-8523

(see Section 4). Advances in metabolic engineering and process
scale-up have contributed to improved yields. In addition, whole-
cell biocatalysis can make costly enzyme purification redundant
and even allows reusing cells across multiple reaction cycles,
potentially further improving cost-efficiency.**”

5.3. Native a-KGA-producing microbial candidates for
industrial settings

Over the years, several candidate microbial producers have been
discovered that naturally produce high levels of o-KGA. In the
bacterial kingdom, Escherichia coli,**" Pseudomonas fluorescens,>**>**
Corynebacterium  glutamicum,**>**®  Micrococcus ~ paraffinolyticus,
Arthrobacter paraffineus or hydrocarboglutamicus®’**® have been
reported to natively secrete the ketoacid of interest. In the case of
yeasts, natural o-KGA production occurs in Candida glabrata,***>>
Yarrowia lipolytica,® and several Pichia species.”***> Although the
above-mentioned microbial species all show potential as microbial
o-KGA cell factories, most research thus far has focused on E. coli,
C. glutamicum, or Y. lipolytica for metabolic or process engineering to
enhance o-KGA biosynthesis.

5.3.1. Escherichia coli and Corynebacterium glutamicum.
The Gram-negative bacterium E. coli is arguably the most-studied
bacterial species.*>® The genome of this Y-proteobacterium has
been fully sequenced®” and the function of many genes (ca. 93%)
has been annotated.*** ! Moreover, the availability of an extensive
molecular toolbox, including high-throughput and precise gene- or
genome-editing methods,*******¢* has enabled researchers to rede-
sign E. coli into a versatile fuel (e.g:, alcohols, isoprenoid/terpenes,
and fatty acid ethyl esters) or chemical (e.g:, lactic, succinic, and
diols/triols) bio-factory for precision fermentation.>**¢”

Since its discovery in the mid-1950s in Japan, C. glutamicum
has also received considerable interest as a potential chassis
strain for producing various value-added compounds.?***37°

This journal is © The Royal Society of Chemistry 2025
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Originally, this non-spore-forming Gram-positive soil species was
appreciated as an excellent glutamate producer but later on it was
also exploited for industrial-scale lysine production.”°="* Today,
the list of C. glutamicum-derived products has gradually extended
towards other proteogenic (e.g;, .-methionine and r-isoleucine) and
non-proteogenic (e.g:, Y-aminobutyric acid (GABA) and ectoine)
amino acids, including their less common p-isoforms.*”**7*
Furthermore, C. glutamicum has been successfully applied for the
synthesis of TCAc-derived acids including itaconic,”” glutaric,*”®
ornithine,”” and 5-aminolevulinic acid®”® as well as for the produc-
tion of aromatic amino acid-derived compounds such as muconic
acid.*”>** Wwhile E. coli is well known for its broad carbon
utilisation spectrum, C. glutamicum has a narrow substrate range,
which is an important limitation. Specifically, C. glutamicum lacks
the key pathways and enzymes for xylose, arabinose, lactose,
galactose, and glycerol consumption.*** This limitation can, how-
ever, be overcome by introducing the corresponding carbon cata-
bolism pathways from E. coli to enable fermentation using less
expensive carbon substrates (see further).**!

5.3.2. Yarrowia lipolytica. Y. lipolytica is an oleaginous
yeast that is most studied for the production of lipids, biofuels,
and various chemicals derived from fatty acids. More recently,
Y. lipolytica cells have also been engineered to synthesise non-
oleochemical compounds such as organic acids, polyketides,
lactones, aromatic alcohols, polyalcohols, and terpenes.$%%3
This yeast is particularly suitable for the production of o-KGA
because of its ability to utilise a wide range of carbon substrates,
including glucose, glycerol, ethanol, alkanes, and lipids, and excrete
high amounts of organic acids.***** Moreover, its obligate aerobic
metabolism shuttles most carbons through the TCAc which, con-
sequently, limits substrate losses associated with the fermentative
pathway of ethanol, commonly-found in S. cerevisiae.**® Finally,
Y. lipolytica belongs to the GRAS (“generally recognised as safe”)
microorganisms and exhibits high tolerance to low pH conditions,
making it an interesting cell factory chassis for industrial precision
fermentation applications.**>*%

Although the microorganisms discussed above already pro-
duce a-KGA to some extent, achieving economically sustainable
production rates requires process optimisation, ie., creating
the ideal production environment, and strain improvement
through metabolic engineering. Hence, the next sections ela-
borate on these two aspects. Although the focus is primarily on
a-KGA (Table 6), publications on o-KGA-derivatives (including
glutamic, glutaric, mesaconic, Y-aminobutyric acid, arginine,
ornithine, and 1,4-butanediol) (Table 7) and succinic/malic acid
(Table 8) are also covered. These citations often mention
similar or overlapping optimisation approaches to those com-
monly pursued for o-KGA and can therefore serve as a valuable
source of inspiration.

5.4. Optimising fermentation conditions

This section discusses the efforts invested in identifying fer-
mentation conditions, such as nutrients, additives, tempera-
ture, aeration, and pH, that can be regulated and controlled
within bioproduction units and positively influence o-KGA
production titres. Profound knowledge of the optimal

This journal is © The Royal Society of Chemistry 2025
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conditions for a given bioproduction process is key to achieving
economic sustainability in fermentation activities.

5.4.1. Minimising KGDH activity by changing medium
composition. One way to enhance o-KGA production in
microbes is by decreasing o-KGA breakdown through inhibition
of the a-ketoglutarate dehydrogenase (KGDH) complex, which
converts o-KGA into succinyl-CoA. In both Y. lipolytica and
C. glutamicum, the activity of this key enzyme complex can be
modulated by adjusting the concentration of cofactors and
other compounds in the growth medium.

In the case of Y. lipolytica, this yeast species takes up
thiamine from the growth broth as it is an essential cofactor
for the KGDH complex.*®® Hence, limiting thiamine levels is the
key strategy to reduce the KGDH complex activity without
harming cell growth (Fig. 11, ©).***3°! Indeed, several studies
have demonstrated that thiamine concentrations between
0.15 and 4 pg L™ are optimal for o-KGA production.>**3°09
However, when thiamine is too low, a-KGA production drops
because the pyruvate dehydrogenase complex (PDH) is also
thiamine-dependent. As a result, low PDH activity causes accu-
mulation of pyruvate as a major by-product.®***?>2* Generally,
the optimal thiamine concentration depends on the strain,
carbon substrate, and culture conditions. However, the common
trend is that low thiamine enhances o-KGA but limits biomass
production, and vice versa. As such, the initial thiamine concen-
tration is typically set higher than the abovementioned optimal
concentrations to support biomass growth before transitioning
into o-KGA production under thiamine-limited conditions.

In C. glutamicum, biotin limitation, supplementation of
Tween 40 and 60 detergents and copper,®®® and sublethal
penicillin doses are known to trigger o-KGA and glutamate
production (Fig. 11, ©).*°® Regarding exposure to Tween and
penicillin, this observation can be partially attributed to an
increase in pyruvate carboxylase activity, an enzyme that is
involved in the synthesis of oxaloacetate, an o-KGA
precursor.*®” Moreover, Tween and penicillin might also affect
the flux from o-KGA to succinyl-CoA through KGDH, thereby
promoting o-KGA accumulation.

Alternatively, medium supplements can also modulate the
activity of other key enzymes. Indeed, exposure to surfactants
destabilises DtsR, a critical component of the Acyl-CoA carboxylase
complex. Instead, depriving cells of biotin also attenuates the
activity of the complex because this vitamin is essential for the
enzyme’s function. Both strategies compromise the flux of acetyl-
CoA towards fatty acids and consequently promote o-KGA accu-
mulation as inhibition of fatty acid synthesis indirectly reduces
KGDH activity.****%® Practically, adjusting the biotin concentration
in the medium to about 7 ug L~ ! proved most efficient in ensuring
normal growth of C. glutamicum while stimulating o-KGA produc-
tion (25% more o-KGA than with 9 pg L™" biotin).**® Penicillin’s
mode-of-action is more transcription-oriented since this antibiotic
decreases odhA expression, encoding the catalytic subunit of
KGDH, and increases the transcript levels of its corresponding
repressor, odhl *® Another strategy to disrupt KGDH activity is by
specifically targeting the complex using the dehydrogenase inhi-
bitor methotrexate (also called Rheumatrex), a medicine to cure
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Table 6 Overview of the fermentation condition optimisation (FCO) and metabolic engineering (ME) strategies to improve a-KGA production. The blue
numbers refer to the engineering strategies that are graphically explained in Fig. 11, in the case of FCO, or Fig. 12, for ME. Abbreviations: F, flask; B, batch
bioreactor; FB, fed-batch bioreactor; ALE, adaptive laboratory evolution; CSL, corn steep liquor; =, introduction of non-native genes; t, expression
optimisation; 1, increase; |, decrease; ®, disruption/deactivation. E following a numerical value indicates that the substrate concentration was
maintained around that value, once the initial substrate concentration i was consumed. Strain designation: Ec, E. coli; Cg, C. glutamicum; Cc,
C. crescentus; Tg, T. glabrata; Y1, Y. lipolytica; Pk, Pichia kudriavzevii; Km, Kluyveromyces marxianus; Sc, Saccharomyces cerevisiae, and Af, Aspergillus
flavus. Enzyme abbreviations: KGDH, a-ketoglutarate dehydrogenase (complex)

Shatigs  StEain — Substrate Fermentation Production Titre Yield  Productivity Rf
P & [g/L] setup period [h]  [g/l] [g/g] [e/L/h] :
ME:
@b: = pyruvate carboxylase (pyc)
from Af
@a: 1 expression of citrate synthase
(gltA), aconitase (acnA), and isocitrate
W3110A4- X glucose 410
Ec 5. cRi dehydrogenase (icd) (50 + 50] FB [5L] 60 32.2 0.32 0.54
IR (®b,d: A fumarate reductase (frdBC)
and fumarase (fumABC).
(5): AldhA, pflB, poxB, ackA-pta: R
byproduct formation of lactate
formate, and acetate
ME:
(@a: AsucA: ® KGDH glucose +
b: AgdhA, gitB: inati f a- |
g JH107 @  AgdhA, gltB: @ amination of - molasses F8 120 511 N/A  N/A L
KGA into glutamate [total Sugar:
FCO: 10-80E]
(3®: Ammonium
Eandom mutagenesis diicazafaoy . i i 15 o
CO: > 10€] . E 2
(©: Methotrexate treatment
@: Biotin supplementation
Cg GKG-047 optimisation Glucose 32
SDE: Ammonium §(NH,OH P NaOH) [100]+CSL  FB[6]10L] 472 N/A  N/A o
. 2
@b: Agdh1, 2: Q) amination of a-KGA (2]
into glutamate
= Weimb th IABCD) fi | 67.5- 6.7- 0.05-
g N/A eimberg pathway (xy/ABCD) from - xylose [ B 1L 65 0.005-0.008
Cc, combined with ALE. 132.1] 11.5 0.09
ceree Feo: lucose B[4Lin 7L
Ty @ [thiamine] } (0.04 mg/L) g 64 300 03 0.47 e
M202019 [100] reactor]
@ [glucose] §
ceree Feo: | B[4Lin 7L
ucose in
Tg @ [thiamine] } (0.02 mg/L) B 64 437 044 068 520
M202019 [100] reactor]
@ Buffered (CaCOs)
CCTCC FCO: | 30i
Tq glucose [301 ., 40 232 059 N/A 402
M202019 @ Methotrexate treatment » 100E]
FCO: Ik
n-alkanes
v AJ5004 @ [thiamine] ¥, [metals] { (Cu, zn, B [0.5L] 72 460 059 0.64 2
(C1a-Cy6) [80]
and Fe)
n-alkanes
v D 1805 UV-mutagenesis (Ci3-Cig) 2.5 FB 240 1850 N/A  0.77 7
ml/h E]
FCO: n-alkanes 43
Yl H355 L B 150 195.0 0.94 1.30
@ [thiamine] § (C1o-Cig)
FCO: constant low ethanol (2.5 g/L)
VKM Y- thiamine] ¥ thanol
vi Ot niamine] e F8 [6L] 144 490 042 057 328
2373 ®) [nitrogen] 1 [2.5i, 2.5E]
®o,!
VKM Y Feo: biodiesel
= I
vl thiamine] ¥ (0.15 pg/L B [5L 192 804 101 042 3%
54d5 @ [thiamine] § (0.15 pg/L) (50] 5L

(5) two regime aeration and pH control
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Table 6 (continued)
Species  Strain strategy Substrate Fermentation  Production Titre Yield Productivity Raf
[g/L] setup period[h] [g/L] [g/g]l [g/L/h] :
FCO:
@ [thiamine] (3 pg/L) glycerol [40i,
alternating glycerol-rapeseed oil 0-40E]
substrate feeding 504
Yl A-8 — FB [2L] 260 58.2 0.58 0.22
Increase of selectivity from 58% to 99%
towards a-KGA than pyruvate at the rapeseed oil
end of the cycles [0-40E]
@ two regime pH control
vi FCO: glycerol [20i,
CBS14677 @ [thiamine] ¥ and sorbitan 10-45E] 303
: ———— FB[2U] 144 824 059  0.57
vi 3 monolaurate supplementation rapeseed oil
@ pH and aeration control [unknown E]
ME:
Expression of glycerol kinase T
@a: expression methyl citrate glycerol [20i
synthase T unknown E]
vi (®): mitochondrial organic acid FB[2L] 168 53.1 053 035 404
transporter
FCO: "
. rapeseed oil
®): [nitrogen] T
[unknown E]
[phosphorus] 4
ME(2)a: = ACS1 of Sc: [acetyl-CoA] T,
Yl [pyruvate]d 526  0.53 037
FCO@: pH and aeration control | |
cero
WSH-206  ME(@)a: = expression of Acyl-ATP 51\(/)0] B[L5L] 144 4t
citrate lyase (ACL1) of Mus musculus:
Yl 56.5 0.57 0.39
[acetyl-CoA]T, [pyruvate]d
FCO(5): pH and aeration control
ME: | |
cero
vi WSH-206  (2)a: Expression of pyruvate fli)o] B[L.5L] 144 433 043 030 315
dehydrogenase Ela subunit (PDA1)
ME: lycerol
Yl WSH-Z06 @a: Expression mutant KGD2 Djy3E 1: [gl\(l)o] B [1.5L] 144 50.4 0.50 0.35 8
40% [o-KGA] T
ME: | | 53.6 0.54 0.37
i WSH-206  (Db: = ScPYCL fl‘(’;;ro B [1.5] 144 : : ' .
(2)b: = Rhizopus oryzae PYC2 62.5 0.63 043
ME:
@b: Expression of pyruvate glycerol
1% H355 carboxylase (PYC)T [150i FB [0.6L] 117 186 036 175 2
@a: Expression of NADP"-dependent unknown E]
isocitrate dehydrogenase (IDP1)
ME:
glycerol 416
Yl WSH-Z06 @: Extra copy of YALIOB19470g [100] B [0.05] 144 46.7 0.47 0.32
carboxylate transporter
lycerol
Yl WSH-Z06 Random mutagenesis [gl\;)o] B [1.5] 168 31.5 0.31 0.19 a7
) glycerin
High temperature: 45°C ] 385
Pk TFL108 o . [100i + 50 B [5] 48 83.0 0.55 1.73
Optimising MgS0O, concentration .

rheumatoid arthritis and an anticancer agent. Indeed, treatment
with this pharmaceutical improved o-KGA titres in both C. gluta-
micum®" and the yeast T. glabrata."”

Finally, besides their influence on enzyme activity and tran-
scription, biotin limitation and Tween 40 or penicillin treatment
may have an even higher impact on glutamate synthesis than on o-

This journal is © The Royal Society of Chemistry 2025

KGA production. It has been demonstrated that the induced fatty
acid synthesis defect elicits membrane tension, which in turn
triggers the mechanosensitive and major glutamate-exporting
MscCG channel in C. glutamicum.*®

5.4.2. Adjusting the concentration of nitrogen, phosphate,
and micronutrients. The nitrogen content within the fermentation

Chem. Soc. Rev., 2025, 54, 8469-8523 | 8487


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs01125b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 01 September 2025. Downloaded on 9/16/2025 10:29:36 PM.

(cc)

View Article Online

Review Article Chem Soc Rev

Table 7 Overview of the fermentation condition optimisation (FCO) and metabolic engineering (ME) strategies to improve the parameters of a-KGA-
derived products. Abbreviations and symbols are the same as in Table 6. Additional abbreviations: CSL, corn steep liquor; RBS, ribosome binding site; PTS,
phosphotransferase system; i, initial; E, at equilibrium. Strain designation: Ec, Escherichia coli; Cg, Corynebacterium glutamicum; Bs, Bacillus subtilis, Bm,
Bacillus methanolicus; Bst, Bacillus stearothermophilus; Cc, Caulobacter crescentus; Bmu, Burkholderia multivorans, Xc, Xanthomonas campestris, and
Bx, Burkholderia xenovorans. Product abbreviations: GABA, Y-aminobutyric acid; BDO, 1,4-butanediol. Enzyme or gene abbreviations: GAD, glutamic
acid decarboxylase; GDH; glutamate dehydrogenase; and KGDH, o-ketoglutarate dehydrogenase (complex). Metabolite abbreviations: PEP,
phosphoenolpyruvate. Note: gray fonts indicate engineering strategies that were pursued for the intended product but are not relevant for a-KGA
production

Species  Strain strategy prodiict Substrate  Fermentation Production Titre  Yield Productivity Ref
i i u; R .
[g/L] setup period[h]  [g/L] [g/gl [g/L/h]

ME

(Expressing GDH 1)

(@a: AodhA: R KGDH
AL10214/ FCO gutamate  8Y%€ g1y 12 ~0  ~0.57 N/A a3
pgdh @: Treating with [65]

penicillin

@): [biotin] ¥ and

treating with Tween40.

ME

= methanol

consumption pathway:

methanol

dehydrogenase from Bm

and 3-hexulose-6-

phosphate synthase
from Bst xylose [4]

Cg MX-14 X . glutamate methanol  F [N/A] 144 0.23 N/A N/A
Engineering xylose (15]

437,438

consumption pathway
(= xylA from Ec)
FCO
@ penicillin G
supplementation
Improving methanol
tolerance using ALE.
ME
(GAD (gadB) expression
. glucose 439
1 GABA F [200 mL] 168 31.16 0.72 0.26
(@a: ApknG: lock KGDH f200]
in an inactive state.
ME
(GAD expression
(gadB1,2)1)
(@)a: AodhA: R KGDH
ME
(Expression GAD 1:
gadB)
(ApuukE, gabP, and gabT
JWZ08/pW aminotransferases: &)
xylose 241
Ec 7t7-g3/ GABA-consumption) GABA 20] F [250 mL] 72 3.95 0.20 N/A
pWZt7-xyl = Weimberg pathway
(xylIABCDX) from Cc
AxylAB: Q) native xylose
catabolism
(@a: AsucA: R KGDH
ME
(= and expression ¥ of

Cg GADApknG

glucose
GABA [100i p> FB[3L] 72 29.50 0.21 N/A
>20E]

440

Cg SNW201

glycerol catabolism glucose

Cg G7-1 pathway) GABA [25-30i > FB[7.51] 72 45.60 0.40  N/A
(& GABA degradation 0-20E]
pathway)
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Species

Strain

Strategy

Substrate
[g/L]

Product

Fermentation
setup

Production
period [h]

Yield
[g/g]

Titre
[g/L]

Productivity
[g/L/h]

Ref.

(®a: Growth phase-
dependent T of citrate
synthase (gltA)

@a: Growth phase-
dependent ¥ of KGDH
(odhA)

Ec

w14

ME

(& Dahms pathway)
(Expression glutarate
biosynthesis pathwayT)
= Weimberg pathway
(xylABCDX) from Cc
AxylAB: Q) native xylose
catabolism

xylose

lutarate
& [10]

F [125 mL]

60

0.60 N/A

N/A

443

Ec

EM38

ME

@: AptsG: ® PTS
transport and expression
permease (galP) and PEP
synthase (ppsA) T to
[PEP]T

@b: Expression PEP
carboxylase (ppc) 1:
[oxaloacetate] T

(®a: Expression 0TCAC
genes (gltA, acnA, and
icd)t

@d: Afum: & oTCAc-
downstream pathway
(@a: AsucA: ® KGDH
complex

mesaconat  glucose
e [50]

F[125 mL]

23.10 0.46

0.36

444

Ec

17

ME

(= pentose importer
araE from Bx)
(Expression mesaconate
biosynthesis pathway 1)
= Weimberg operon
from Cc and Bx

@a: AsucA: K KGDH
complex

glucose
[20],
mesaconat xylose
e [10],
arabinose
[10]

F[125 mL]

1475 0.74

N/A

445

Cer

Ccb

ME

(Expression Arg
biosynthesis pathway )
(& Asp and Pro side
production)

@: Glucose transport
engineering

(@ b: pyc expression 1:
[oxaloacetic acid] 1.
@a: Expression oTCAc
genes (g/tA and icd)t.
@d: Flux through PPP
1: [NADPH] 1

(@a: Weaken RBS of
odhA: KGDH levell

Glucose/
Corn
steep
liquor
[80i B>
20-50E]

arginine

FB [1000 L]

78.40 0.38

0.98

446

Cg

AR6

(Tolerance to Argt)
ME

($Arg-specific
biosynthesis pathway
and A of its repressors
argR and farR)

@d: PGl activity § and

1:1
glucose:
sucrose
[~110i p>
15-70E]

arginine

FB [1500 L]

96

81.20 0.35

447

expression of PPP genes
(zwf, tal, tkt, pgl, and
opcA)1: Flux through
ppp 1: [NADPH] T

This journal is © The Royal Society of Chemistry 2025
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Species  Strain Strategy

Substrate

Product
[g/L]

setup

Fermentation

Yield
[e/g]

Titre
[g/L]

Production
period [h]

Productivity

lg/L/h] Ref.

ME
(AproB, AargF: & Pro
and Arg synthesis)
(AargR regulator:
YWO06 expression arg operon
(pSY223) 1
@d: start codon
engineering of PPP
genes pgi and zwf:
[NADPH] T

glucose
[80i B>
15-80E]

ornithine FB[6.6 L]

40 5150 024  1.29 “8

ME

(AargF: & ornithine-
citrulline conversion)
(AargR: & feedback
inhibition of the arg
biosynthesis cluster)
(& Pro and Glu
transport)

Cg Sorn1l

(lysE expression 1:
ornithine export 1)
(@a: Weaken RBS of
odhA: KGDH activityd

glucose

ornithine
[100]

F [250 mL]

72 1840 N/A  N/A 9

ME

(lysE expression 1:

ornithine export 1)

(Ancgl1221: R export of

glutamate)

(Expression arg, and gdh

1 and AargR repressor)

(AargF: @ ornithine

degradation)

(AproB: & proline
Cg S016 synthesis)
@d: Expression of G6P
isomerase pgi  and PPP
genes (zwf, tkt, tal pgl,
and opcA) T: [NADPH] T
@a: Weaken RBS of
odhA: KGDH activity ¢
(5): Expression of
acetate synthesis
pathway (ackA, pta, and
cat)d

glucose

ornithine
[100]

F [250 mL]

72 3230 040 N/A =0

ME

(Ancgl1221, mscCG2

exporters: glutamate

export §)

(gdh expression 1)
S026
(glucose)

Cg or

S029
(xylose)

(= utilisation pathway
xylAB of Xc)

@: AiolR, expression
iolT 1: ® PTS-mediated
sugar uptake

@a: Overexpression of
oTCAc enzymes: citrate
synthase (glt), aconitase
(acn), and isocitrate
dehydrogenase (icdh) T

glucose
[60i B>
30-60E]
or
xylose
[100]

FB[151L]
or
F [250 mL]

ornithine

60 43.60 0.34
or or or
72 18.90 0.40

N/A 451

ME
(= 2-ketoacid
decarboxylases and

BDO03
(xylose) or
BDOO5

Ec (arabinose)
or BDO07
(galacturon
icacid)

alcohol dehydrogenases
to convert 2,5-
dioxopentanoate into
BDO)

= Weimberg pathway
from Cc and Bmu

8490 | Chem. Soc. Rev,, 2025, 54, 8469-8523

xylose
[42.1]
arabinose
BDO [70.5]
galacturo
nic acid
[50.5]

FB[1.31]

36 9.21
72 15.60 N/A
90 16.50

N/A 452
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Table 8 Overview of the fermentation condition optimisation (FCO) and metabolic engineering (ME) strategies for improving the production of the
closely related succinic and malic acid products. Abbreviations and symbols are the same as in Tables 6 and 7; *, mutation. Strain designation: Ec,
Escherichia coli; Cg, Corynebacterium glutamicum; Bm, Bacillus methanolicus; Cc, Caulobacter crescentus; As, Actinobacillus succinogenes; LI,
Lactococcus lactis; Cb, Candida boidinii; and Xc, Xanthomonas campestris. Metabolite abbreviations: F6P, fructose-6-phosphate; G3P, glyceraldehyde-
3-phosphate; PYR, pyruvate; and PEP, phosphoenolpyruvate. Gray refers to engineering strategies that are not relevant for a-KGA

Species  Strain Strategy Product

Substrate
[g/L]

Fermentation
setup

Production

period [h]

Titre
[g/L]

Yield
[e/g]

Productivity
[g/L/h]

ME:

@b: AmaeA: & back

flux from oxaloacetate

to pyruvate:

[oxaloacete] T succinic
(5): AackA, IdhA, adhE,  acid
focA-pfIB, mgsA,

tcdDE, pta, and poxB:

[mixed organic acids]

and [ethanol] {.

Ec KJ134

glucose [100]

F [350 mL]

96

71.56

1.00

0.84

ME:

Q@): ptsi*: @ PTS

transport and

compensation with T
expression of galP

permease and glk

glucokinase succinic
@b: pck* promoter acid
mutation: expression

of PEP carboxykinaseT:
[oxaloacetate] T

(B): ApfiB, IdhA:

[ethanol], [lactate],

and [acetate] .

Ec KJo73

glucose [100]

F [350 mL]

N/A

78.88

0.79

0.90 473

@ Aptst: ® PTS

transport

@b: pck* promoter

mutation: expression succinic
of PEP carboxykinase®: acid
[oxaloacetate] T

@: ApfiB: [formate],

[ethanol] §

Ec Xz721

glycerol [50]

F [300 mL]

144

12.75

1.02

N/A 474

(Based on KJ073)

(AfumABC: ®

conversion of malate

to fumarate)

@b: AmaeA: Q) back malic
flux from oxaloacetate  acid
to pyruvate:

[oxaloacete] T

@: ApykF (pyruvate

kinase): [lactate]}

Ec XZ2658

glucose [50]

B[1.2 L]

144

33.92

1.06

0.47 435

ME

(Expression of C;-
dicarboxylate
exporters dcucB 1)
@: ®PTSand
compensation with T
expression of galP
permease and glk
glucokinase

@b: = PEP
carboxykinase from As

succinic
Ec WSA163 )
acid
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glucose [10]

F [50 mL]

60

Chem.

9.53

1.01
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Species  Strain

Strategy Product

Substrate
[g/L]

setup

Fermentation

Titre
[g/L]

Production
period [h]

Yield
[e/g]

Productivity

[g/L/h]

and PYR carboxylase
from Cg:
[oxaloacetate] T

(®d: Expression of
feedback-deregulated
zwfand gnd genes T +
expression of lactonase
(pgl), transaldolase
(talB), and
transketolase (tktA) 1:
carbon flux PPPT +
expression of
transhydrogenase
(sthA)T: [NADH]T

@: AackA-pta, IdhA,
and pfiB: [acetate],
[lactate], and
[formate]}

Ec Suc-P02

ME:

(®)d: ¥ Expression of
PPP genes through RBS
engineering +
expression of
transhydrogenase
(sthA)T: [NADH] T

succinic
acid

glucose [50] F [250 mL]

N/A 45.11

1.06

N/A

475

Ec Suc460

ME:

(3®)d: = methanol
dehydrogenase (mdh)
from Bm: [NADH]T +
RuMP = RuMP
pathway from Bm:
assimilation of
formaldehyde into F6P

succinic
acid

glucose [100]

F[1.5L
methanol [6.4] [ ]

N/A 26.72

0.89

N/A

476

Ec G5

ME:

@b: = pyruvate
carboxylase (pyc) from
LI: [oxaloacetate] T
(3®)d: = methanol and
formate
dehydrogenase from
Bm and Cb resp.:
oxidation of methanol
or formate into CO,:
[NADH] T +
assimilation of
formaldehyde into F6P

(biofilm-based cell-

succinic
acid

immobilised

fermentation)

glucose [50i P>
10-50€E],
methanol
[6.4], and
sodium
formate [2i P>
1.5E)

FB [2L]

60 65.44

0.98

N/A

Cg NC-3b-3

ME

@: AptsG: ® PTS
transport and
compensation with T
expression of iolT1, 2
transporters and glk,
ppgk kinases; AiolR
regulator.

succinic
acid

glucose [66.12i

» 0-50E] FBi3U

48 90.81

0.96

N/A

461

BOL-3/pAN6-
gap

Cg

8492 |

ME:

@: Expression G3P
dehydrogenase
(gapA)T: glucose
consumption T.

succinic
acid

Chem. Soc. Rev,, 2025, 54, 8469-8523

glucose [40]
sodium FB[1.41]
formate (Anaerobic)

[13.60-16.32]

134

1.09

2.48

478
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Substrate
[g/L]

Species  Strain Strategy Product

Yield
[e/g]

Titre
[g/L]

Production
period [h]

Fermentation
setup

Productivity

[g/L/h] Re

-

(@b: TExpressing pyc
P,ssS: [oxaloacetate] T
(®)d: = fumarate
dehydrogenase (fdh)
from Mv: [NADH] T
@: Acat, pqo, IdhA,
and pta-ack: [acetate]
and [lactate]d

ME:

@b: TExpressing pyc
P4ssS and native PEP
carboxylase (ppc):
[oxaloacetate] T
(®b: AsdhCAB: &
succinate
dehydrogenase
complex

@: Acat, pgo, and
pta-ack: [acetate]d
FCO:

@: nitrogen in
medium{

BL-1/pAN6-
Cg pycPassS
ppc

succinic
acid

glucose [40]

B [1.4L
[ ] 120 1063 029 N/A 70
(Aerobic)

ME

= xylA from Xc,
expression native xy/B,
transaldolase (tal), and
transketolase (tkt)T
= pentose
transporter (arak)
from Bs.

@b: Expression of
pyruvate carboxylase
(pyc)t

(3)a: Expression of
citrate synthase (g/tA)T
@: Acat, pgo, and
pta-ack: [acetate]d

. [81.3/40.3]
succinic
Cg CGS5 :
acid
from corn

stalk

hydrolysate

glucose/xylose

100.20
98.60

0.82
0.98

4.35 480

F[25mL] 24
4.29

ME

@: AldhA, pta-ackA,
poxB, and acetate
coenzyme A
transferase (actA):
[lactate] and
[acetate]d

S071/pGEX4- succinic

NCgl0275 acid 100]

glucose [70-

460

FB[1L] 160 152.20 1.10

medium affects o-KGA productivity in both Y. lipolytica and
C. glutamicum (Fig. 11, @). In Y. lipolytica, a carbon-to-nitrogen
ratio of 17.4:1 to 29:1 is shown to promote a-KGA production,
regardless of the carbon substrate used.****°>*** Below or above
this level, o-KGA production decreases, and this effect is even
more pronounced under extremely limiting nitrogen conditions.
These results contradict the consensus that nitrogen deficiency
would stop the amination of «-KGA to glutamate, allowing more
0-KGA accumulation. However, in Y. lipolytica, nitrogen limitation
triggers lipid production and the storage response, diverting

This journal is © The Royal Society of Chemistry 2025

carbon catabolites away from the TCAc, causing a reduction in
o-KGA.*?

Similarly, limiting the nitrogen supply to C. glutamicum
improves o-KGA productivity, because nitrogen starvation pre-
vents the o-KGA end-product from being transformed into
glutamate. In practice, a pH-neutralising, ammonium-rich base
such as ammonium hydroxide is added to the fermentation
broth during the growth stage and exchanged for an
ammonium-free base such as sodium hydroxide during the
stationary phase to switch the cells into production mode.??4°®

Chem. Soc. Rev,, 2025, 54, 8469-8523 | 8493
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Fig. 11 The impact of optimizing fermentation conditions on the a-KGA-
oriented metabolism in E. coli (Ec), C. glutamicum (Cg), and Y. lipolytica (Yl). ©
The activity of the a-ketoglutarate dehydrogenase (KGDH) complex can be
attenuated in C. glutamicum by treating with xenobiotics (such as penicillin and
methotrexate) or in Y. lipolytica by reducing the thiamine concentration in the
medium. @ Limiting biotin levels decreases the activity of the acyl-CoA
carboxylase complex in C. glutamicum, which indirectly represses the KGDH
complex as well. ® Constraining nitrogen levels prevents the glutamate dehy-
drogenase (GDH)-mediated amination reaction and therefore blocks the trans-
formation of a-KGA into glutamic acid. @ Supplementing metal ions (such as
calcium) stimulates pyruvate carboxylase in Y. lipolytica which promotes the
conversion of pyruvic acid into oxaloacetic acid. ® Improving oxygen supply (ie.,
aeration) shuts down anaerobic pathways and avoids accumulation of organic
acids and alcohols. In E. coli, oxygen interrupts ArcA phosphorylation which
diminishes the activity of the anaerobic pathways and relieves the repression of
the oTCAc. The figure is created based on ref. 396, 403, 431 and 615.

Adjusting the ammonium concentration results in a 24%
increase in o-KGA, while the glutamate titre drops by ca.
80%.%%° Apart from reducing the ammonium content, the
conversion of o-KGA into glutamate can be selectively blocked
by adding methionine sulfoximine, an inhibitor of the ammo-
nium assimilating glutamine synthetase (GS)-glutamine 2-
oxoglutarate amidotransferase (GOGAT) pathway.*®”*%® These
enzymes convert o-KGA biochemically into glutamate, and
consecutively into glutamine.*

Optimising the level of micronutrients such as calcium or
metal ions can also improve o-KGA production in Y. lipoly-
tica.****!* Elevated calcium ion concentrations (e.g., from using
calcium carbonate as a buffering agent in the fermentation
broth) lower pyruvate by-product levels, as calcium activates
pyruvate carboxylase which converts pyruvate into oxaloacetate
(Fig. 11, ®).**>*'* Higher concentrations of other metal ions,
including zinc, iron, copper, or manganese, were shown to be
favourable, but the mechanism remains to be elucidated in
Y. lipolytica.?®® In the baker’s yeast S. cerevisiae, the role of metal
ions in its metabolism has been extensively investigated,*'®*'?
providing a foundational framework for the research on metal
utilisation in Y. lipolytica.

5.4.3. Controlling pH and aeration conditions. Low med-
ium pH (ca. 3-4) is crucial for enhancing o-KGA production as
well as repressing pyruvate accumulation.'®>?°"*?° However, a
pH of 5-5.5 is most optimal for cell growth, highlighting the
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importance of strict pH control to balance growth and o-KGA
synthesis. Hence, the acidity is initially maintained around 5 to
support microbial growth and subsequently lowered as soon as
thiamine is depleted and growth stops.**'*>3

Similar to pH levels, oxygen levels in the broth also increase
o-KGA accumulation by influencing the cells’ metabolism.
Dissolved oxygen (DO) alters the activity of aerobic and anae-
robic pathways, which in turn affects growth kinetics and the
formation of metabolites (Fig. 11, @). Since Y. lipolytica is an
obligate aerobic yeast, sufficient aeration of the culture med-
ium is required to ensure cell growth.>® Additionally, o-KGA
production via the oTCAc necessitates oxygen as the electron
acceptor because the cycle is intertwined with the electron
transport chain, which recycles cofactors (i.e., NADH) and
generates ATP. Indeed, multiple studies showed that a 50-
60% DO saturation is necessary for o-KGA production regard-
less of the carbon substrate.??%*>%4**

In bacterial cells, low DO levels are less appropriate for a-KGA
production as oxygen limitation triggers the secretion of organic
acid by-products. Insufficient oxygen availability predominantly
promotes lactate accumulation followed by succinate and acetate
in C. glutamicum®**® due to expression induction of IdhA,
gapA, tpi, pgk, ppc, and mdh.**® Similarly, reduced DO concentra-
tions trigger the production of acetate, formate, succinate, and a
little ethanol in E. coli**° because the redox state sensor, ArcAB,
induces fermentative pathways and represses the expression of
oxidative TCAc enzymes simultaneously.**’ Hence, ensuring
appropriate oxygen availability throughout the entire fermenta-
tion vessel is essential to prevent accumulation of undesired acid
by-products (Fig. 11, @).**>**7

5.4.4. Fine-tuning bioreactor setups. Implementing a fed-
batch process for Y. lipolytica cultures increases o-KGA titres
1.2-1.6 fold compared to standard batch setups.*®?*%*** The
superior production parameter of fed-batch processes is attributed
to a constant feeding regime that improves cell growth and
stimulates switching towards o-KGA production. However, the o-
KGA-to-pyruvate ratio remains the same as in batch mode phase,
at around 2.5.*** To favour the production of ¢-KGA over pyruvate,
an alternating substrate feeding pattern has been suggested in
which glycerol or rapeseed oil is supplemented every 24 h, result-
ing in an o-KGA-to-pyruvate ratio of 20: 1 with a minimal pyruvate
concentration of 2.9 g L™ ".*** In the case of a nitrogen-feeding fed-
batch setup, a 20% increase in o-KGA production is obtained when
nitrogen levels are maintained above 1 g L™ "** The results,
however, contradict the nitrogen limitation (high C:N ratio)
rule-of-thumb for high o-KGA production that was previously
discussed. Apparently, restricting thiamine and maintaining a
constant feeding rate of ammonium sulphate can force cells to
convert the nitrogen source into amino acids to alleviate 'ammo-
nium stress’. In turn, the activation of enzymes like glutamate
dehydrogenase (GDH) impels an increased flow towards o-KGA,
which serves as the primary substrate of GDH.*®

5.5. Metabolic strain engineering

Apart from optimising production culture conditions, the
fluxes within microbial cells can also be re-routed through

This journal is © The Royal Society of Chemistry 2025
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genetic engineering to maximise o-KGA yields. Regardless of
the selected o-KGA-producing route (0TCA, rTCA, Glu-based
oxidation, and Weimberg pathway), most strain engineering
strategies pursued so far can be categorised into (i) replenish-
ing the key precursor pools for o-KGA, (ii) maximally directing
key precursors (such as acetyl-CoA and (phosphoenol)pyruvate)
into the o-KGA-biosynthesis cascade, and (iii) diminishing
accumulation of side-products (Fig. 12). These approaches are
expected to enhance a-KGA production, if they do not cause any
growth defects. Next to improving the efficiency of o-KGA
biosynthesis, the industrial potential of the cell factories can
be further enhanced by stimulating the o-KGA efflux (to aid
product recovery), and by expanding the microbe’s substrate
utilisation range.

5.5.1. Replenishing the (phosphoenol)pyruvate precursor
pool. Both pyruvate and phosphoenolpyruvate (PEP) serve as
key intermediates in microbial anaplerotic metabolisms. These
C;-metabolites typically originate from the glycolysis and the

Pathways
carbohydrate metabolism
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PEP, @
a-KGA —] (bacterial) PTS)ﬁ non-PTS
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G transporter — or — targeted or untargeted reaction
group

Symbols & Abbreviations

@ sugar
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Fig. 12 Metabolic engineering strategies to improve a-KGA production in
the bacteria E. coli and C. glutamicum and the yeast Y. lipolytica. Encircled
alphanumeric codes represent the different approaches that have been
pursued to enhance o-KGA titres in the aforementioned species: @
improved replenishment of the (phosphoenol)pyruvate pool and a-KGA
is also shown to inhibit the PTS system and reduce malate and acetate
formation. @ maximising conversion of (phosphoenol)pyruvate into
acetyl-CoA and oxaloacetate, @ improving the flux through the oxidative
and reductive TCAc branches, @ suppressing degradation of a-KGA, ®
preventing other by-product accumulation, and ® enhancing product
export. orTCAc refers to pathways that are shared among the oTCAc
and rTCAc. Each strategy is more elaborately discussed in the main text.
Abbreviation: a-KGA<, exported a-KGA towards the growth broth. The
figure is based on ref. 27, 309, 311, 410, 468, 477, 479 and 615.
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pentose phosphate pathway and can be further converted into
oxaloacetate by carboxylases or carboxykinases.****** Oxaloace-
tate may react with acetyl-CoA to form citrate to furnish the
OTCA branch.*** Alternatively, oxaloacetate can also be routed
towards malate as part of the anaerobic rTCA branch.”?*

Since PEP is also the direct precursor for pyruvate, high PEP
levels enhance the flux throughout the TCAc in bacteria and
therefore stimulate o-KGA production. Cellular processes that do
not contribute to -KGA synthesis and drain the PEP-pool should
thus be blocked. The sugar phosphotransferase system (PTS) is
the dominant PEP-consuming process in bacteria and constitu-
tes a mechanism in which sugars such as glucose or trehalose
are simultaneously imported and phosphorylated.*** *>> Hence,
inactivating this sugar transport system is a well-established
strategy in the case of rTCAc-based succinic acid production to
ensure that PEP is routed toward the desired product instead of
pyruvate (Fig. 12, @). Therefore, the glucose-specific permease,
encoded by ptsG, is often deleted in E. coli*******® and
C. glutamicum.***®* Similarly, disrupting the EI subunit
(encoded by ptsI)**>*®* and the histidine protein (encoded by
ptsH)*®* also abolishes PTS-mediated glucose import, but this
strategy is less frequently applied. In the specific case of a-KGA
production, the o-keto acid renders the native glucose PTS
inactive through inhibition of the PTS enzyme I (E1)
subunit.*®>*%® To compensate for the deliberate loss or o-KGA-
mediated inactivation of the glucose transport system, the
galactose permease (galP)-glucokinase (glk)*®***"**® or the
recently discovered ExuT transporter*® are often recruited in
E. coli to rescue glucose uptake. Combined with a mutant version
of phosphoenolpyruvate carboxykinase (pck*), disrupting the
PTS in E. coli can improve the succinic acid production titres
up to 4-fold.*®* In C. glutamicum, a similar approach has been
pursued in which the myo-inositol transporter (i0/T1), linked to
(polyphosphate) glucokinases (ppgk or glk), serves as the sub-
stitute for the inactivated PTS.*®* This strategy increases the
succinic acid titres in this species by ca. 12%.*!

5.5.2. Maximising conversion of (phosphoenol)pyruvate
into oxaloacetate and acetyl-CoA. Before being routed toward
the TCAc, PEP needs to be carboxylated into oxaloacetate. This
C, intermediate is sufficient to drive the rTCAc, but to fuel the
0TCAc, acetyl-CoA is also required. Acetyl-CoA is produced from
the PEP-derivative, pyruvate, through the pyruvate dehydrogen-
ase (PDH) complex. Because this enzyme plays a crucial role in
shuttling the intermediates from lower glycolysis towards the
0TCAc, optimising the corresponding enzymatic reaction is key
for improving the yield of a-KGA and other TCAc products. In Y.
lipolytica, the prime focus is to compensate for the diminished
pyruvate dehydrogenase activity when thiamine levels are delib-
erately kept low. As discussed before, thiamine-limitation stimu-
lates o-KGA production but also affects the PDH activity as it
requires thiamine as a cofactor. Therefore, overexpressing the
enzymes involved in acetyl-CoA synthesis is a common strategy
to replenish acetyl-CoA, even under suboptimal low thiamine
conditions (Fig. 12, @a). One strategy is to express the hetero-
logous ATP-citrate lyase (ACL1) from Mus musculus in Y. lipolytica
to release more acetyl-CoA from citrate in the cytosol.*'*
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Alternatively, the native PDA1 gene, encoding the E1 a-subunit of
the PDH complex,*"” and the acetyl-CoA synthetase (ACS1) from
S. cerevisiae can be induced to provide more acetyl-CoA for o-KGA
production.*’ When the three genes are separately overex-
pressed in Y. lipolytica, the improvements in o-KGA titres are
comparable, at around 20-30% increase (Table 6), indicating
that there might be a pathway bottleneck elsewhere.

As is the case in yeast, enhancing the activity of the PDH
complex in E. coli promotes the conversion of pyruvate to acetyl-
CoA (Fig. 12, @a). Hereto, the aceE and aceF genes, encoding the
E1 and E2 subunits of PDH, respectively, can be overexpressed.*'’
Furthermore, introducing the E;54K substitution into the NAD'-
interacting lipoamide dehydrogenase, LpdA, renders the PDH less
sensitive to NADH feedback inhibition. This increases PDH
activity by 80%, contributing to an increment of ca. 12% in
succinic acid titres.”’® Alternatively, induction of the entire
aceEF-Ipd operon, encoding all subunits of the PDH complex,
can be achieved by eliminating the dual transcription regulator
PdhR.*"!

Apart from acetyl-CoA, oxaloacetate, which originates from
the carboxylation of pyruvate, is the other prime precursor for
initiating the TCAc (Fig. 12, @b). In Y. lipolytica, this reaction can
be accelerated by expressing heterologous pyruvate carboxylases
from either S. cerevisiae or Rhizopus oryzae.>**>*8"*%* Surprisingly,
overexpressing the native pyruvate carboxylase (PYCI1) in Y.
lipolytica does not improve o-KGA levels but instead improves
the levels of other TCAc intermediates. This may be due to the
imbalance of pyruvate carboxylase activity and the unchanged
activities of downstream enzymes.*®* However, when PYC1 is
overexpressed together with the NADP'-dependent isocitrate
dehydrogenase (IDP1), a-KGA titres increase by 19% and pyr-
uvate accumulation is neglectable. This approach, combined
with limited thiamine and fed-batch cultivation, yielded the
highest reported o-KGA titre (186 g L") in Y. lipolytica when
glycerol was used as the feedstock (Table 6).*"

In bacteria, oxaloacetate is uniquely derived from PEP, as in
E. coli, or also from pyruvate, as in C. glutamicum. The key
enzymes involved in these reaction pathways are called (phos-
phoenol)pyruvate carboxylases and phosphoenolpyruvate carbox-
ykinases (Fig. 12, @b).****** Natively, PEP acts as the direct
precursor for oxaloacetate in E. coli and therefore overexpressing
the endogenous phosphoenolpyruvate carboxylase gene (ppc) or a
heterologous copy from the cyanobacterium Anabaena sp. 7120
increases the production of «-KGA or its derived products such as
mesaconate and succinic acid.*****” Additionally, base substitu-
tions in the upstream region of phosphoenolpyruvate carboxyki-
nase (pck) enhance gene expression levels and, consequently,
stimulate succinic acid productivity in E. coli by 30-600% (in terms
of spatiotemporal yield).**>*** In C. glutamicum, oxaloacetate can
originate from either pyruvate or PEP. Therefore, enhancing the
expression of the native phosphoenolpyruvate or pyruvate carbox-
ylase genes, called ppc or pyc respectively, results in higher titres of
succinic acid*®®*®*%° and the o-KGA-mediated hydroxylation
product hydroxy-isoleucine.*®* Regarding pyc, the P,5¢S mutant is
often exploited to further improve the conversion into oxaloacetate
as this substitution renders the pyruvate carboxylase insensitive for
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feedback inhibition.*”® Combined with overexpressing ppc, the pyc
mutant improved the succinate production titres in C. glutamicum
by 24% under aerobic conditions.*””

5.5.3. Improving the carbon flux through the oxidative and
reductive TCAc branches. Oxaloacetate can be directed towards
a-KGA through either the oxidative or reductive TCAc. Following
the oxidative mode, oxaloacetate sequentially undergoes condensa-
tion, hydration, and oxidative decarboxylation, leading to o-KGA.?*°
In E. coli, each of these conversions can be stimulated by optimis-
ing the expression of the corresponding enzymes: citrate synthase
(gltA), aconitase (acnA or acnB), and isocitrate dehydrogenase (icd),
respectively (Fig. 12, ®a). At the same time, the fumarases (fumABC)
and fumarate reductases (ffdBC) are often knocked-out to improve
the o-KGA titre even further, ie., by ca. 47% (Fig. 12, ®b).*'® This
strategy directs the carbon flux through isocitrate, o-KGA’s direct
precursor, towards o-KGA*'® or, with more extensive engineering,
towards its derivatives mesaconate,*** trans-4-hydroxyproline,*”*
and hydroxyleucine.*®* Additionally, the isocitrate lyase (aced) in
E. coli and C. glutamicum can be disrupted to prevent isocitrate
from bypassing the oTCAc through the glyoxylate shunt, thus
skipping the o-KGA node (Fig. 12, ®c)."°*"®® Deleting aced in
C. glutamicum improves the o-KGA production titre by 67%.%

In P. putida, o-KGA may also arise from succinic acid
through the unique enzyme tandem, comprising succinate
semialdehyde dehydrogenase (SSADH) and o-KGA decarboxy-
lase (KGDC) (Fig. 12, ®d).>°>°® Although the potential of these
enzymes has not yet been extensively explored for o-KGA
production, their implementation could unlock the possibility
of producing o-KGA through the carbon-assimilating rTCAc. As
such, CO, (in the form of bicarbonate) can be consumed, in
contrast to the oTCAc?*®® where CO, is released. This succinic
acid-producing rTCAc requires pathway optimisation, which
mainly focuses on replenishing NADH levels to drive the
reduction reactions, implementing non-PTS systems, increasing
the oxaloacetate precursor concentration, and eliminating by-
product formation (i.e., mixed organic acids).*”>**® NADH regen-
eration is accomplished by diverting the carbon flux towards the
pentose phosphate pathway (PPP), which is more efficient in
generating NADPH,*”>**® or by introducing one-carbon (Cy)-
consuming modules from methanotrophs, such as Bacillus
methanolicus*’®""” or Mycobacterium vaccae”® (Fig. 12, @d). To
favour the PPP over glycolysis, the expression of glucose-6-
phosphate dehydrogenase (zwf) and 6-phosphogluconate dehy-
drogenase (gnd) can be enhanced through ribosomal binding
site engineering,*’® or their enzyme activities can be stimulated
by relieving feedback regulation, resulting from amino acid
substitutions in key residues.*®*® The PPP-derived NADPH is
converted into NADH using the soluble transhydrogenase (sthA)
to support the rTCAc activity.”>*®® As a result, the succinate titre
can be improved by about 27%.%%® Alternatively, heterologous
methanol and formate dehydrogenases can be exploited to
completely reduce C; substrates like methanol or formic
acid into carbon dioxide, releasing NADH.'’®*”® Moreover,
the released CO, may be fixed into oxaloacetate or o-KGA in
reactions catalysed by pyruvate carboxylase or KGDC from
P. putida,*”**”” respectively.

This journal is © The Royal Society of Chemistry 2025
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Modeling metabolic fluxes can accelerate the identification
of less obvious gene targets for optimising o-KGA production.
For example, a flux balance using a genome-scale model of
Y. lipolytica metabolism identified metabolic levers associated
with citrate production. This computational approach revealed
a correlation between high citrate production and the inactivity
of the mitochondrial respiratory chain via the alternative
oxidase, or AOX (Fig. 12, ®a). The AOX enzyme is involved in
the cyanide resistance pathway in plants and fungi. Based on
this insight, targeted inhibition of the endogenous AOX enzyme
led to a two-fold increase in citric acid production in
Y. lipolytica.®® Given that o-KGA is only two enzymatic steps
downstream of citrate, leveraging similar strategies could be
promising for enhanced o-KGA yields.

5.5.4. Suppressing degradation of a-KGA towards succinic
acid and glutamic acid. As discussed earlier, a-KGA is the direct
precursor for (i) succinate/succinyl-CoA within the oTCAc and
(if) glutamate/glutamine within the ammonium assimilation
pathway. Suppressing the activity of the o-ketoglutarate dehy-
drogenase (KGDH) complex and glutamate dehydrogenase
through genetic engineering reduces the conversion of o-KGA
into succinyl-CoA and glutamate, respectively. Inhibiting
succinyl-CoA and glutamate synthesis can thus contribute
to increased titres of o-KGA and o-KGA-derived products (such
as putrescine, ornithine, arginine, (hydroxy)proline, and
GABA)*#%% (Table 7).
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Conversion of o-KGA into succinyl-CoA throughout the
oTCAc can be blocked by knocking-out the decarboxylating
moiety of the KGDH complex (Fig. 13), encoded by odhA in
C. glutamicum®® or sucA in E. coli (Fig. 12, ®a).*** These KGDH-
inactivated mutants accumulate higher o-KGA levels,*?%9%19>
which can also be exploited to overproduce o-KGA-derived
compounds, such as glutamate,”*® GABA,*****" and
mesaconate.*** However, shutting down the KGDH complex
perturbs the TCAc and therefore slows down microbial growth
in the yeast Y. lipolytica®® and in bacteria E. coli*** and
C. glutamicum.*®® An alternative approach involves attenuating
or temporarily suppressing KGDH activity rather than out-
rightly disrupting its function. This strategy reduces excessive
o-KGA degradation while concurrently mitigating adverse
growth effects. In Y. lipolytica, the amino acid substitution of
two active site residues (His419 and Asp423) in the dihydroli-
poamide succinyltransferase subunit (KGD2) decreases the
catalytic activity of the KGDH complex, conferring a 40%
increase in a-KGA production (Fig. 12, @a).*** However, growth
defects were not mitigated because the growth rate of the
Kgd2**?*>3 mutant was reduced by half compared to the wild-
type growth rate. In bacterial producers, several other options
have been explored, especially in the natural glutamate produ-
cer C. glutamicum. Like all actinomycetes, this microbe
has a single, hybrid PDH-KGDH supercomplex (Fig. 13) that
predominantly localises at the cell poles and performs the

QAsp, Glu

GInX =
Cell envelope
)WLO @

Inactive
Odhl

N Active
0

6x OdhA

OH

Inactive Active

Fig. 13 The biochemistry behind the KGDH complex, its regulation, and its preferred engineering targets. (Left) The KGDH complex in the context of the
oTCAc. The KGDH complex in Y. lipolytica and E. coli consists of three domains: E1, a-KGA decarboxylase, E2, lipoylated succinyl transferase, and E3,
dihydrolipoyl dehydrogenase (right).®Y In contrast, C. glutamicum has a PDH-KGDH supercomplex, which, besides the pyruvate dehydrogenase domains
(AceEF), also includes E3 and OdhA. OdhA acts as both E2 and E1 domains and assembles in vivo into a hexameric, three-blade propeller shape.®*® When
Odhl is unphosphorylated, the inhibitor can bind to one of the OdhA domains to keep it inactive. The potential of Odhl to act as an inhibitor depends on
its phosphorylation state, which, in turn, is influenced by the GInH-GInX—PknG signaling cascade as explained in the main text.?'® Symbols refer to the
KGDH-related engineering strategies, ® refers to the gene knock-out strategy. The colors of the symbols refer to the microorganism, with dark red
representing Y. lipolytica, orange E. coli, and dark blue C. glutamicum. The figure is based on ref. 617-619.
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dehydrogenase reaction on both pyruvate and o-KGA.*'* In
addition, this hybrid complex is tightly regulated by a serine/
threonine protein kinase G (PknG) that phosphorylates the
PDH-KGDH inhibitor, OdhI (Fig. 12, @a).**> When PknG is
active, it phosphorylates Odhl which causes the inhibitor to be
released from the OdhA subunit.**® Presumably, the activation
state of PknG is regulated through the GInH- and GInX-
mediated signaling cascade. Extracellular aspartate and gluta-
mate bind onto the GInH receptor which causes PknG to
dissociate from GInX and, in turn, the unleashed PknG pre-
vents OdhI from binding to OdhA through phosphorylation
(Fig. 13).*” Interfering with this regulatory pathway provides
an alternative strategy to increase o-KGA production in
C. glutamicum. Indeed, deleting pknG keeps OdhI in an unpho-
sphorylated state, allowing the inhibitor to suppress KGDH
activity and thereby leading to higher o-KGA accumulation.
Together with overexpressing glutamate decarboxylase (gadB),
the pknG-engineered strain produces more than twice the
amount of GABA than its parent, in which pknG was still
intact.”*® Replacing the native ribosomal binding site of odhA
with a weaker variant, or exchanging the consensus start codon
for a less efficient one are other successful approaches that
favour o-KGA accumulation and enhance the titres of o-KGA-
derived products, such as ornithine (+16.7%),"*° arginine
(+12%),**® and putrescine (+15%)"*%, in corynebacterial produ-
cers. Finally, redesigning regulatory circuits with promoters
that are induced during the exponential phase or by quorum
allows for the dynamic expression of the KGDH complex.****”*
This strategy ensures proper functioning of the TCAc during
the growth phase, but bypasses the o-KGA dehydrogenase
reaction during the stationary phase to maximally produce o-
KGA as a precursor for the production of GABA (+77% in titre)
in C. glutamicum** or trans-4-hydroxyproline (+14.7% in titre)
in E. coli*”" As an alternative, a metabolite (e.g., isoleucine)-
responsive feedback loop can also be implemented to dynami-
cally repress odhA in order to favour the o-KGA-dependent
production route of 4-hydroxy isoleucine in C. glutamicum.*®*

Aside from being converted into succinyl-CoA, o-KGA can
also be transformed into glutamate by the GS-GOGAT pathway.
Disrupting glutamate dehydrogenase (gdh)**® and the B-subunit
of glutamate synthase (gltB)>*° prevents the transamination in
C. glutamicum, resulting in a 9-fold increase of o-KGA titres
(Fig. 12, @b).>***°° This approach has never been attempted in
Y. lipolytica. However, the function and cofactor utilisation of
the Y. lipolytica glutamate dehydrogenase genes (GDH1 and
GDH2) has been characterised recently. GDH2 was found to be
the primary dehydrogenase for glutamate assimilation. Delet-
ing this gene did not alter growth rates in glucose media with
ammonia or glutamate as nitrogen sources.*?® If Y. lipolytica’s
GDH2 also performs the reversible glutamate dehydrogenation
(0-KGA < glutamate) as in the model yeast S. cerevisiae, GDH2
deletion could be an interesting gene target to promote a-KGA
accumulation (Fig. 12, @b).

5.5.5. Preventing by-product accumulation. PEP and pyru-
vate are central nodes within the carbohydrate metabolism,
serving as key precursors for o-KGA synthesis as well as
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multiple by-products. The formation of these by-products dif-
fers between species and also depends on oxygen availability.
Under anaerobic conditions, some bacteria excrete succinic
acid, which may serve as a precursor for o-KGA upon introduc-
tion of SSADH and KGDC, as well as ethanol and lactic, acetic,
and formic acid.’**% C. glutamicum predominantly accumu-
lates lactic acid,’®"*°> whereas oxygen deprivation triggers
E. coli to produce formic and acetic acid, primarily, and to a
lesser extent ethanol and succinic acid.****** Under aerobic
conditions, acetate excretion is commonly detected in both
C. glutamicum and E. coli cultures.*”*”%*

Since excessive by-product formation drains the pyruvate,
PEP, and acetyl-CoA pools and therefore competes with o-KGA
production, the mixed organic acid pathways are often eliminated
in re-engineered bacterial producers to enhance the yields of o-
KGA (Fig. 12, ®) (Table 6), succinic acid (Table 8), and o-KGA- or
glutamate-derived chemicals (Table 7),*'0*>7,403:470:472,478,505-509

In addition to the fatty acid biosynthesis pathway, other
competing acetyl-CoA-consuming pathways can be inhibited to
leave more acetyl-CoA for the TCAc. For example, deleting the
Y. lipolytica CoA-transferase gene ACH1 eliminated acetic acid
by-product formation from acetyl-CoA and, therefore, improved
succinic acid production by 27% (Fig. 12, ®).>'° While these
strategies have thus far been mainly explored for other TCA-
derived carboxylic acids in Y. lipolytica, they may also help
boost a-KGA production.

5.5.6. Improving o-KGA export. In addition to boosting its
production rate, improved o-KGA yields can also be achieved by
increasing product export from cell to media (also commonly
called product efflux).>'" In Y. lipolytica, six endogenous keto-
acid transporters were recently identified. The expression of
additional copies of the transporter YALIOB19470g led to 30%
less pyruvate and 28% higher extracellular o-KGA (Table 6 and
Fig. 12, ®).*'® In addition to cell-membrane transporters, five
mitochondrial carboxylic acid transporters were identified.
Overexpression of all transporter genes led to improvements
in extracellular succinic acid production, except for gene
YALIOE34672¢.>"* The YALIOE34672¢ mitochondrial transporter
was then tested for o-KGA, where overexpression led to a 20%
increase in a-KGA production in Y. lipolytica (Fig. 12, ®).**

5.5.7. Other untargeted strategies. Aside from rational
strain engineering, untargeted methods relying on DNA muta-
genesis and/or evolutionary engineering have also been used for
a-KGA production. Using plasma-based random mutagenesis and
pH-based bromocresol green screening methods, the selected
mutant of Y. lipolytica strain WSH-Z06 showed an improvement
of 45% o-KGA production from glycerol, reaching a final titre of
31 ¢ L L% An early patent also described a UV-mutagenised
mutant that produced high titres of o-KGA, generating 185 g L™
o-KGA from n-alkanes.*®” These untargeted methods have been
widely used in the industry, especially since these mutants are not
considered genetically modified organisms (GMOs).

5.5.8. Exploring different carbon substrates and expanding
the microbial sugar utilisation range towards alternative feed-
stocks. Mono- or disaccharide hexoses, such as glucose, fructose,
and sucrose, can be metabolised by most yeasts and bacteria.

This journal is © The Royal Society of Chemistry 2025
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These sugars are commonly sourced from hydrolysis and sac-
charification of plant-based starch (e.g., wheat, sorghum, and
potato), or sugar cane and sugar beet.”**>'® Unfortunately, using
human-edible crops to produce chemicals is not a sustainable
production pathway.>'” Therefore, attempts are undertaken to
implement food and agro-industrial waste streams as alternative
feedstocks.>'®>'° Today, multiple strategies have been developed
to process and extract metabolisable carbohydrates from these
inexpensive resources, including glucose, xylose, arabinose, and
(crude) glycerol. This review will not further describe these
technologies, but more information can be found in previous
reviews.’**>*> Importantly, processing waste streams often
results in mixtures of carbohydrates, and the success of imple-
menting a given agro-industrial waste stream, therefore,
depends on the range of carbohydrates that the microbial
species can consume. Some microorganisms can catabolise a
broad range of organic carbon sources, whereas others are more
selective (Fig. 14 and Table 9). However, genetic engineering
efforts have unlocked the expansion of substrate utilisation
ranges in E. coli, C. glutamicum, and Y. lipolytica, while also
allowing the development of tailor-made strains adapted to
specific waste stream compositions.>**™** In this section, we
summarise the inherent capabilities of the selected microbial
producers for each carbohydrate category along with the engi-
neering approaches pursued to broaden their ability to metabo-
lise diverse carbon sources.

5.5.8.1. Alkanes. Alkanes are abundantly present in petro-
leum, generally reaching up to 45 (v/v)%.>*® Their biodegradation
is often restricted to free-living off-shore microorganisms, which
remain largely unexplored as microbial cell factories.”””**® One
exception is the yeast Y. lipolytica, which can degrade and thrive
on n-alkanes as the sole carbon source owing to the secretion of
emulsifiers and the activity of a cytochrome P450-based hydroxyla-
tion cascade (Fig. 14 and Table 9, reactions (25)-(28)).>*>>*' Uptake
and alkane catabolism in Y. lipolytica ultimately results in acetyl-
CoA, bypassing the thiamine-dependent pyruvate dehydrogenase
(PDH) that would normally replenish acetyl-CoA from glucose or
glycerol.”** Hence, even at low thiamine concentrations, a high o-
KGA output can be achieved without the issue of pyruvate accumu-
lation. The highest a-KGA production level yet (196 g L™ *,0.94 g g ")
was reached on a mixture of C;,-Cy5 alkanes by Y. lipolytica.*"?

While n-alkanes are an efficient substrate for o-KGA production,
sustainability concerns are often raised when using petroleum-
derived hydrocarbons as a substrate for fermentation.>® However,
n-alkanes can be sourced in a more sustainable way, such as
through chemical recycling of plastic waste. Upon thermal pyrolysis
of polyolefin plastics, one of the primary products obtained is high
molecular weight hydrocarbons (>C,5).>** Not only are these
hydrocarbons suitable substrates for o-KGA production by Y.
lipolytica, but they also hold promise in the transition towards a
circular economy. Still, the feasibility of -KGA production from the
products of plastic pyrolysis is yet to be evaluated.

5.5.8.2. Glycerol. The use of alternative renewable carbon
feedstocks that originate from the main by-product of the

This journal is © The Royal Society of Chemistry 2025
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biodiesel industry, raw glycerol, has been explored.”® In biodiesel
production, the triglycerides in vegetable or animal fats are
saponified or transesterified, releasing fatty acids (biodiesel)
and glycerol as by-products. Glycerol is an attractive carbon
substrate for a-KGA production in Y. lipolytica because this yeast
grows faster on this triol (and lipid-rich substrates) than on
glucose.*®*>333* This preference for glycerol may be linked to
Y. lipolytica’s six glycerol transporters (STL2, STL3, STL6, STLS,
FPS1, and FPS2)’* in combination with a weak catabolite
repression system.***”3¢ Accordingly, glycerol serves as the pri-
mary carbon substrate in most strain engineering and process
optimisation studies on Y. lipolytica discussed in this review.

Apart from Y. lipolytica, E. coli is also a suitable microbial
producer for glycerol-based bioproduction processes owing to its
native glycerol metabolism. This bacterium possesses the aerobic
GIpK-GIldD and anaerobic GlpK-GIpABC respiratory pathways
that employ ubiquinol as an electron acceptor. Alternatively, it
can also use the microaerobic NAD-mediated GldA-DhaKLM
fermentative route to transform the triol into dihydroxyacetone-
phosphate (Fig. 14 and Table 9, reactions (5) and (6))."”*3">3%
Although E. coli is well equipped for dissimilating glycerol, growth
rates on glycerol do not match those obtained with glucose-rich
media.>*® However, this limitation can be overcome through ALE
by evolving cells in a minimal medium supplemented with
glycerol as the sole carbon source.”*® The fittest clone, isolated
from the evolution experiment, consumed glycerol 46% faster
than its parental strain, which improved the growth rate by nearly
40% in a glycerol-rich minimal medium. The authors identified a
missense mutation in the fructose-1,6-bisphosphate allosteric
inhibitor binding site of GIpK as the prime driver for enhanced
glycerol uptake in the adapted clone. Furthermore, this study also
demonstrated that the superior glycerol consumption phenotype
can be exploited for GABA production from the o-KGA/glutamate
precursor, when gabT, ackA, and mgsA, encoding GABA amino-
transferase, acetate kinase, and methylglyoxal synthase, respec-
tively, are also inactivated. C. glutamicum lacks a functional
glycerol metabolism, but this limitation can be solved by introdu-
cing glycerol kinase (glpK) and dehydrogenase (glpD) from
E. coli.®*" Interestingly, although these engineered strains showed
lower substrate uptake rates on a glucose-glycerol mixture com-
pared to growth on the corresponding single carbon sources, no
diauxic growth behaviour was observed. This improved glycerol
utilisation phenotype has been successfully exploited to enhance
the production of the o-KGA derivatives, such as glutamate,>*'
GABA,*** and putrescine,*** in C. glutamicum.

5.5.8.3. Fatty acids. In addition to its ability to accumulate
lipids in the cell, Y. lipolytica can also consume lipids or
aliphatic fatty acids as a carbon source (Fig. 14). Similar to
alkane degradation, fatty acid catabolism in Y. lipolytica also
connects with the TCAc via acetyl-CoA, bypassing the thiamine-
dependent PDH. Several studies have tested growth substrates
with renewable fatty acid sources, such as rapeseed oil,
sunflower oil, and olive 0il,*®**?** and as a mixture with
glycerol.>**3°44%* At low thiamine concentrations, Y. lipolytica
grows better on oil than on glycerol, and it produces more
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Fig. 14 Different substrate utilisation routes contribute to a-KGA production. The numbers refer to the reaction chemistry as explained in Table 9.
Abbreviations: G, glucose; G6P, glucose-6-phosphate; FEP, fructose-6-phosphate; DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde-3-
phosphate; PEP, phosphoenol pyruvate; PYR, pyruvate; Gly, glycerol; Gly3P, glycerol-3-phosphate; EtOH, ethanol; MeOH, methanol; FHO, formalde-
hyde; AcHO, acetaldehyde; AcOOH, acetic acid; X, xylose; A, arabinose; GA, galacturonate; 6PGL, 6-phosphogluconolactone; 6PG, 6-
phosphogluconate; Ru, ribulose; Xu, xylulose; Ru5P, ribulose-5-phosphate; Xu5P, xylulose-5-phosphate; R5P, ribose-5-phosphate; S7P,
sedoheptulose-7-phosphate; E4P, erythrose-4-phosphate; Hu6P, hexulose-6-phosphate; ALK, n-alkane; ALKOH, alkanol; ALKHO, alkanal; ALKOOH,
alkanoic acid; AcCoA, acyl-coenzyme A; ActCoA, acetyl-coenzyme A; XL, xylonolactone; AL, arabinolactone; GL, galactarolactone; XA, xylonic acid; AA,
arabonic acid; GAA, galactaric acid; KDX, 2-keto-3-deoxy-xylonic acid; KDA, 2-keto-3-deoxy-arabonic acid; KDG, 5-keto-4-deoxy-glucaric acid; DPA,
2,5-dioxopentanoic acid; and B, fatty acid degradation (B-oxidation) pathway. Structures in blue boxes represent the primary carbon sources that
originate from conventional (e.g., starch-based) and alternative feedstocks (e.g., vegetable oils, lignocellulose, and alcohols). The colors of the arrows
correspond to the ones used in Fig. 10. The figure is based on ref. 438, 452, 530, 531, 552 and 616.
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a-KGA with trace amounts of pyruvate as a by-product.
However, while fatty acids are generally a better substrate for
a-KGA production in Y. lipolytica, glycerol is less expensive than
vegetable oil. Additionally, mixing oil with a water-soluble
substrate like glycerol can facilitate industrial processes due
to easier mixing and reduced need for emulsifiers.>®?

5.5.8.4. Alcohols. Mono-alcohols, such as ethanol or metha-
nol, can also be applied as feedstock for microbial production

8500 | Chem. Soc. Rev,, 2025, 54, 8469-8523

processes. For example, Y. lipolytica can be cultured on ethanol for
the production of o-KGA.***>** Similarly to fatty acids and alkanes,
ethanol also enters the TCAc via acetyl-CoA which bypasses the
pyruvate intermediate (Fig. 14 and Table 9, reactions (7)~(9)). How-
ever, ethanol is partly oxidised into acetic acid when pH drops to 3 or
lower, a condition that occurs commonly during carboxylic acid
production which may limit the applicability of ethanol as feed.*®®
Overall, o-KGA production titres in Y. lipolytica are higher when
glycerol or oil is used as a substrate instead of ethanol (Table 7).

This journal is © The Royal Society of Chemistry 2025
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Table9 Supplementary table to Fig. 14, describing the reactions involved in carbon utilisation. Gene names are provided in italics and species names are
included in the gene accession IDs: ECK, Escherichia coli (Ec) K12-MG1655; Corynebacterium glutamicum (Cg) ATCC 13032; YALIO, Yarrowia lipolytica
CLIB1222; BSU, Bacillus subtilis subsp. subtilis 168; BMMGA, Bacillus methanolicus MGA3; Bst, (Geo)Bacillus stearothermophilus; CC, Caulobacter
crescentus/vibrioides NA10OO; PP, Pseudomonas putida KT2440; and BMU, Burkholderia multivorans ATCC 17616. Gene names and related reactions
are retrieved from https://www.ecocyc.org®®° using strain K-12 MG1655 and ref. 552 for E. coli or from the KEGG®! database for all other species.
Intermediates are abbreviated similar to those in Fig. 14. In addition, the subscripts out/in represent extracellular and intracellular; P04, pyrophosphate.
In the case of heterologous expression, the host organism is indicated after =. Gene names that are found between square brackets encode for peptides
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that constitute a single polypeptide enzyme complex. Coloured boxes correspond to the shading of the background behind the arrows in Fig. 14

Reaction Ref. Enzyme name Gene name Reaction
number Gene accession ID
1 phosphotransferase system ptsl (ECK2411), ptsG (ECK1087), Gout+ PEP & G6P;, + PYR
ptsH (ECK2410), crr (ECK2412)
ptsl (cg2117), ptsG (cg1537), ptsH
(cg2121)
3w galactose permease, galP (ECK2938), glk (ECK2384) Gout + Hiout © Gin + H';y + ATP & G6P + ADP
glucokinase iolT1,2 (cg0223, cg3387), glk
inositol transporters, (cg2399) or ppgK (cg2091)
(polyphosphate/ATP-
dependent) glucokinase
2 phosphoglucose isomerase pgi (ECK4017) G6P < F6P
pgi (cg0973)
YALIOF07711g
3 fructose-bisphosphate aldolase fbaA (ECK2921) F1,6P, & DHAP + G3P
fbaB (ECK2090)
fda (cg3068)
YALIOE26004g
4 triose phosphate isomerase tpiA (ECK3911) DHAP & G3P
tpi (cg1789)
YALIOF05214g
5 glycerol kinase glpK (ECK3918) Gly + ATP — Gly3P + ADP
YALIOFO0484g
6 (anaerobic) glycerol-3- glpD (ECK3412) Gly3P + Q = DHAP + QH,
phosphate dehydrogenase
(aerobic) glycerol-3-phosphate [glpA, glpB, glpC] (ECK2233, Gly3P + MQ — DHAP + MQH,
dehydrogenase ECK2234, ECK2235)
NAD'-dependent glycerol-3- YALIOB02948g Gly3P + NAD" & DHAP + NADH + H"
phosphate dehydrogenase
Q-dependent glycerol-3- YALIOB13970g Gly3P + Q = DHAP + QH,
phosphate dehydrogenase
7 alcohol dehydrogenase adhE (ECK1235) EtOH + NAD' <> AcHO + NADH + H"
adhP (ECK1472)
ADH1 (YALIOD25630g)
ADH3 (YALIOA16379g)
ADH7 (YALIOEO7766g)
8 aldehyde dehydrogenase aldB (ECK3577) AcHO + NADP" + H,0 — AcOOH + NADPH + 2H"
ALDH (YALIOD07942g, ACHO + NAD" + H,0 <> AcOOH + NADH + H*
YALIOE00264g, YALIOF04444g,
YALIOF23793g, YALIOA17875g,
YALIOB01298g, YALIOC03025g)
9 386 acetyl-CoA synthetase ACS1 (YALIOF05962g) AcOOH + ATP + CoA-SH — ActCoA + AMP + P,0,"
10 glucose-6-phosphate zwf (ECK1853) G6P + NADP* — 6PGL + NADPH + H*
dehydrogenase zwf (cg1778)
YALIOE22649g
11 6-phosphogluconolactonase pgl (ECKO756) 6PGL + H,0 — 6PG + H"

This journal is © The Royal Society of Chemistry 2025

devB (cg1780)
YALIOC19085g, YALIOE11671g
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Table 9 (continued)
Reaction Ref. Enzyme name Gene name Reaction
number Gene accession ID
12 6-phosphogluconate gnd (ECK2024) 6PG + NADP" — Ru5P + CO, + NADPH
dehydrogenase gnd (cgl643)
YALIOB15598g
13 ribulose-5-phosphate 4- araD (ECK0062), ulaF (ECK4194), RU5P < Xu5P
epimerase or sgbE (ECK3572)
ribulose-phosphate 3-epimerase  rpe (ECK3373)
rpe (cg1801)
YALIOC11880g
14 ribose-5-phosphate isomerase rpiA (ECK2910) Ru5P & R5P
rpi (cg2658)
YALIOB06941g (A),
YALIOF01628g (B)
allose-6-phosphate isomerase rpiB (ECK4083)
15 xylose isomerase xylA (ECK3554) X & Xu
16 arabinose isomerase araA (ECK0063) A & Ru
17 ribulokinase araB (ECK0064) Ru + ATP — Ru5P + ADP + H"
18 xylulokinase xylB (ECK3553) Xu + ATP = Xu5P + ADP + H'
xyIB (cg0147)
YALIOF10923g
19 transketolase tktA (ECK2930), tktB (ECK2460) Xu5P + R5P < S7P + G3P
tkt (cgl774)
20 transketolase tktA (ECK2930), tktB (ECK2460) XuSP + E4P & F6P + G3P
tkt (cgl774)
YALIOD02277g, YALIOEO6479g
21 transaldolase talA (ECK2459), talB (ECKO008) S7P + G3P & E4P + F6P
tal (cg1776)
YALIOF15587g
22 (=) LA methanol dehydrogenase mdh (aka adh) (Bst) = Cg MeOH + NAD" <> FHO + NADH + H*
23 (=) 437,438 3-hexulose-6-phosphate hps (BMMGA3_06845) = Cg RU5P + FHO < Hu6P
synthase
24 (=) e 6-phospho-3-hexuloisomerase  phi (BMMGA3_06840) = Cg HU6P © F6P
25 330531 fatty acid hydroxylase FAH ALK + NADPH + H" — ALKOH + H,0
alkane monooxygenase system ALK, NCP (YI) ALK + O, = ALKOH + H,0
26 22023k fatty alcohol dehydrogenase ADH (Y1) ALKOH + NAD(P)" — ALKHO + NAD(P)H + H"
fatty alcohol oxidase FAO ALKOH + O, = ALKHO + H,0,
27 330331 fatty aldehyde dehydrogenase ALDH (Y1) ALKHO + NAD(P)" — ALKOOH + NAD(P)H + H*
28 B acetyl-CoA synthetase ACS1 (YALIOF05962g, YI) ALKOOH + ATP + CoA-SH — AcCoA + AMP + P,0,"
acyl-CoA synthetase ACS2 (YALIOD17864g, YI)
29 1452351 D-xylose dehydrogenase xylB (CCNA_00864)=> Ec or Cg X +NAD" — XL + NADH
568 myo-inositol 2-dehydrogenase iolG (cg0204)
30 42 L-arabinose dehydrogenase araA (BMULJ_05320) )= Ec A+ NAD" - AL + NADH
31 452 D-galacturonate dehydrogenase  udh (PP_1171) = Ec or Cg GA + NAD" - GL + NADH
32 452361368 p_yylonolactonase xylC (CCNA_00863)=> Ec or Cg XL+ H,0 = XA + H"
Spontaneous
33 e L-arabinolactonase araB (BMULJ_05316) = Ec AL+H,0 > AA +H'
34 Spontaneous GL+H,0 > GAA+H"
35 452561388 p_yylonate dehydratase xylD (CCNA_00862) = Ec or Cg XA — KDX + H,0
36 2 L-arabonate dehydratase araC (aka ilvD) (BMULJ_05323) = AA — KDA + H,0
Ec
37 452 D-galactarate dehydratase garD (PP_3601) = Ec GAA — KDG + H,0
38 452361368 9 _keto-3-deoxy-D-xylonate xylX (CCNA_00866) = Ec or Cg KDX — DPA + H,0
dehydratase
39 52 2-keto-3-deoxy-L-arabonate araD (aka dapA) (BMULJ_05321) KDA — DPA + H,0
dehydratase = Ec
40 42 5-keto-4-deoxy-D-glucarate yebC (BSU02460) = Ec KDG + H" < DPA + H,0 + CO,
dehydratase
a1 ALA52361 ) ketoglutarate semialdehyde xylA (CCNA_00865) = Ec or Cg DPA + NAD' > a-KGA + NADH
dehydrogenase cg0535
452,568 araE (BMUL_05314) = Ec
8502 | Chem. Soc. Rev, 2025, 54, 8469-8523 This journal is © The Royal Society of Chemistry 2025
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Methanol has also drawn the attention of the scientific and
industrial community as this alcohol can be obtained sustainably
from carbon dioxide hydrogenation and biogas-based steam
reforming.>** From a biological perspective, methanol consump-
tion is far from a universal trait and is mostly restricted to
methylotrophic bacteria such as Bacillus, Burkholderia, Methylo-
monas, Methylobacter, and Methylosarcina species, and the Can-
dida and Pichia yeasts.>*>**® Recent research efforts have focused
on integrating these natural methanol assimilation pathways into
industrial microbial chassis strains like E. coli and C. glutamicum.
As discussed earlier, introducing methanol and formate dehydro-
genases in E. coli considerably enhances succinate production in
glucose-methanol co-feeding regimes because metabolising
methanol provides both reducing equivalents and extra carbon
that can be assimilated in the final product.”’®*’” Furthermore,
the co-consumption of xylose and methanol can be stimulated in
C. glutamicum by introducing a methanol dehydrogenase and a
synthetic ribulose monophosphate pathway.**®* This phenotype
was artificially engineered by disrupting the pentose metabolism
at the ribose phosphate isomerase (rpiB) node and transferring
the 3-hexulose-6-phosphate synthase (Aps) and 6-phospho-3-
hexuloisomerase (phi) from Bacillus methanolicus to complement
the anticipated defect in the ribose metabolism (Fig. 14 and
Table 9, reactions (22)-(24)). Methanol utilisation was further
optimised in the methanol-consuming C. glutamicum strain
through fourteen ALE passages in methanol- and xylose-based
defined medium, resulting in a 20-fold growth rate increase and a

final glutamate titre of 90 mg L™'.**’

5.5.8.5. The Cs (hemi)cellulose sugars: xylose and arabinose.
In the EU, ca. 53 million tons of cellulose and ca. 36 million
tons of hemicellulose are harvested annually from agricultural
and forestry activities.”*” Although these biomass fractions are
unsuitable for human consumption, they can serve as a carbo-
hydrate source to support microbial growth. Alongside glucose,
pretreatment of (hemi)cellulose also releases xylose and arabi-
nose monomers that cannot be efficiently catabolised by
C. glutamicum®*®>*° and Y. lipolytica.>** While C. glutamicum
only expresses the xylulokinase (xyIB) gene at low levels,>*®
Y. lipolytica harbors a complete but dormant PPP, resulting in
poor xylose consumption rates.’>>*** Many other microorgan-
isms, however, are capable of converting xylose and arabinose
into p-xylulose-5-phosphate through a series of oxo-reductive or
isomerisation reactions that are found in fungi or (eu)bacteria
such as E. coli, respectively (Fig. 14 and Table 9, reactions
highlighted in orange). The resulting p-xylulose-5-phosphate is
further metabolised throughout the non-oxidative PPP before
entering the TCA at the citrate synthase node.>**>** To enable
C. glutamicum to consume pentose sugars, the missing enzymes
from closely related species have been sourced for integration
in the producer’s genome. Co-overexpressing the xylose iso-
merase (xylA) from Xanthomonas campestris in combination
with either the xylulokinase from the same foreign species
or the native xy[B facilitates pentose consumption and produc-
tion of o-KGA-derived metabolites (lysine, glutamate, and
diamines).*®">*> Furthermore, most C. glutamicum strains,

This journal is © The Royal Society of Chemistry 2025
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except for ATCC 31831, lack the araBAD operon that is crucial
for arabinose utilisation and encodes ribulokinase, arabinose
isomerase and ribulose 5-phosphate 4-epimerase.>*® In these
bacterial cells, the arabinose consumption deficiency can be
resolved by introducing the E. coli-originated araBAD operon,
which enables the production of o-KGA-derived amino acids,
such as glutamate, ornithine, and arginine, from mixtures of
glucose and arabinose.>*”**® Apart from the general phosphor-
ylating pathway (discussed above), two other alternative
pentose-metabolising and PPP-independent pathways exist in
which either xylose or arabinose is converted into 2-keto-3-p-
deoxy-xylonate or -arabonate, respectively.>***>*3>° These last
intermediates are finally transformed into ethylene glycol or
glycolic acid through the Dahms pathway®®° or, alternatively,
converted via 2,5-dioxopentanoate into o-KGA through the
Weimberg route (Fig. 14 and Table 9, reactions highlighted in
purple).>*>>** Evidently, the Weimberg pathway is most rele-
vant for this review and is often encountered in Archaebacteria
as well as in certain bacterial species, including C. crescentus
and Burkholderia multivorans.*®* Compared to the combination
of glycolysis or PPP with TCAc, the Weimberg pathway requires
fewer reaction steps to reach o-KGA and is inherently carbon-
conservative (i.e. no emission of CO,).”*" Besides these intrinsic
biochemical advantages, introducing the foreign Weimberg
pathway in E. coli and C. glutamicum circumvents carbon
catabolite repression,’®>** paving the path for the simulta-
neous consumption of pentose and hexose sugars when feeding
lignocellulose-derived substrates.>®” Integrating the Weimberg
enzyme cascade from C. crescentus or B. multivorans enables
E. coli to efficiently produce o-KGA-derived chemicals like
mesaconate”*®> and butanediol®*® from xylose and/or arabinose.
In addition, the Weimberg pathway can be implemented to
relieve the glutamate auxotrophy that may arise during pathway
optimisation of another TCAc-derived target chemical, such as
itaconic acid®®” or even o-KGA. In other bacterial species,
including C. glutamicum and Bacillus subtilis, the Weimberg
metabolic route has been employed to produce succinic
acid®>®®”%® or the biopolymer poly-y-glutamic acid,>”® respec-
tively, in a carbon-neutral way from xylose. In yeast, the
Weimberg pathway has only been tested in S. cerevisiae,
but its introduction resulted in poor xylose utilisation
efficiency.>”*

6. Recovery and purification of a-KGA
from the fermentation broth

During fermentation, o-KGA accumulates in the fermentation
broth alongside microbial by-products, with the residual sub-
strate and nutrients potentially still present. These impurities
need to be removed in the downstream processing step, to
obtain -KGA in high yield and purity. The required purifica-
tion process is far from trivial and can account for up to 40% of
the total production expenses.””>>”3

Generally, (di)carboxylic acids are recovered from the fermen-
tation broth in several steps. In the first pretreatment stage,

Chem. Soc. Rev., 2025, 54, 8469-8523 | 8503


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs01125b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 01 September 2025. Downloaded on 9/16/2025 10:29:36 PM.

(cc)

View Article Online

Review Article Chem Soc Rev

M,SO, or M*resin ‘\

/_\

Vacuum
evaporation
+
Crystallization

]

Kr "N’ Extraction Destillation
o =% ry . \
= "$( Centrifugation H,S0, or ion exchange resin
SOY” (A) *
=== fry -
S PLE I Discard
biomass
c™m ‘ Vacuum
l‘—J- — evaporation
o (o]
(Y ¥ Xloaall -
Fermentation Filtration . Crystallization
©) I Electrodialysis
BPM\ CEM
H,0
© ®
H,
‘HOM®
H
g
Symbols (D)
° A

o] o]

a-ketoglutarate salt (M*a-KG')
M OJ\/\(')HLOM’” M*= cation (e.g. Na', K*...) [salt}t

I i a-ketoglutarate acid M*a-KG ]}
H OWO H* (a-KGA)
FOM Draw
(@) organic acid x Forward
o osmosis 3 [Salt]ttt
[ ) organic acid y ‘
(]
. carbon source M* a-KG ]t .
i | +&—Draw solution
microbial producer [Salt]}

=

(cell debris, proteins)

Fig. 15 Recovery strategies for purification of a-KGA from microbial fermentation. Inside the fermentation broth, a-ketoglutarate usually exists in its salt
form, bound to sodium, potassium, or calcium cations. (A) Pre-treatment of the fermentation broth by centrifugation and ultra- or nanofiltration using
ceramic membranes (CM) to separate the biomass (microbial cells, cell debris, and proteins) from the supernatant. Acidification is often implemented to
convert the a-KG salt into a-KGA. (B) Traditionally, a-KGA is isolated and enriched from the complex fermentation broth using an ethyl acetate (EtAc)-
based extraction protocol, followed by distillation. The distillate is vacuum evaporated, facilitating crystallisation to yield solid a-KGA (salt) crystals.
Alternatively, a-KGA (salts) can be recovered using membrane-based setups. One approach is called bipolar membrane electrodialysis which uses a
combination of an electric field and multiple membranes, both bipolar and cation exchange membranes that are organised in a stack (C). Another
approach, called forward osmosis, exploits a high salt draw solution to create an osmotic gradient that withdraws water from the pre-treated
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membrane. The figure is created based on ref. 574, 578 and 581.

biomass (cells and proteins) is eliminated by centrifugation and  product is obtained by crystallisation (Fig. 15B).””* Recuperating

filtration. Next, the supernatant is decoloured and purified by o-KGA from concentrated fermentation solutions typically
active carbon treatment, and salts (and water) are withdrawn involves ethyl acetate as the extraction solvent and sulphuric acid
using ion exchange resins (Fig. 15A). Finally, the pure end- as an acidification agent to convert potassium or sodium salts of
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o-KGA to organic acids (besides the use of ion exchange
resins).*****»*7* Apart from acidification, a liquid-liquid extrac-
tion system can also be used to recover a-KGA, such as an acetone/
(NH,),SO,-solvent system, followed by crystallisation.’”>”® These
methods have been industrially implemented to purify other
microbially produced carboxylic acids, such as succinic acid, lactic
acid, and itaconic acid,””> whereas they have only been tested at
the laboratory scale for a-KGA recovery.

Although high purity (99%) can be achieved through both
methods described above, using concentrated mineral acids
(e.g., sulphuric acid) and organic solvents may generate con-
siderable waste and harm the environment.””* To provide
a more sustainable alternative, solvent-free setups such as
bipolar membrane electrodialysis or forward osmosis can be
used.””” %! The advantage of electrodialysis is that multiple
bipolar membranes can be stacked in combination with anion
and/or cation exchange membranes to concentrate o-KGA
progressively. The application of electric power is necessary to
generate an electric field that drives the purification process
(Fig. 15C).”®° In the case of forward osmosis, water is with-
drawn from the feed (i.e., preprocessed fermentation broth)
using an osmotic gradient imposed by a draw solution, rich in
salts. Since establishing an osmotic gradient in this recovery
method requires no energy input other than the circulation of
feed and draw solutions, it may be more cost-effective
(Fig. 15D). However, although high o-KGA recovery was
observed (94%), the efficiency of forward osmosis depends
greatly on the composition of the fermentation broth. Indeed,
excessive concentrations of impurities like proteins and inor-
ganic cations (Ca** and Mg”*) are notorious for causing
membrane fouling.>®" Therefore, extracting o-KGA from these
complex media requires an extra pretreatment step before the
fermentation broth can be fed over the membranes. This
operation substantially increases the overall purification
Cost'580,581

In summary, the recovery efficiency of o-KGA and organic
acids in general from fermentation broths can vary signifi-
cantly, depending on the purification strategy applied, the
choice of producer strain, and the type of feedstock.’®*~>%*
Although the methods discussed above show potential, a-KGA
recovery is relatively new and hence underexplored. As such,
established or even recently emerged methods, such as
electrodeionisation,®® for purifying other carboxylic acids
(e.g., succinic acid and lactic acid) can serve as a stepping stone
for developing improved purification processes for o-KGA.
Overall, improved downstream processes should aim for
industrial-scale recovery yield and product purity (i.e., >90%
and >98%, respectively).>”>

7. Concluding remarks and future
perspectives

a-KGA is a key platform chemical that enables a more bio-based
and sustainable production of a diverse range of products that
are traditionally derived from (petro)chemical processes. The

This journal is © The Royal Society of Chemistry 2025
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combination of an a-keto and di-acidic moiety makes o-KGA an
interesting building block, either in its original form or as a
precursor for chemocatalytic conversion into novel intermedi-
ates and polymers. For example, implementing o-KGA directly
in copolymer synthesis opens new avenues toward fabrication
of innovative polyamides and poly(keto)esters with applications
in tissue engineering, drug delivery, and surface coating.
Alternatively, o-KGA can be converted into highly reactive,
ring-shaped building blocks (e.g., lactones, carbazones, hydra-
zones, carbolines, and quinazolines) that serve as precursors
for bioactive and pharmaceutical compounds. In medicine,
a-KGA is an important intermediate of the central metabolism
in living cells and plays a pivotal role in multiple cellular
processes, including energy and fat metabolism, aging, and
inflammation. Consequently, o-KGA has been evaluated in
several studies as a nutraceutical or pharmaceutical to attenu-
ate inflammation, accelerate muscle recovery, promote long-
evity, and for treating obesity, cancer, and cardiovascular
pathologies. Despite the vast range of potential applications,
industrial exploitation of o-KGA is still in its infancy. Specifi-
cally, the industrial use of o-KGA as a precursor for poly-
merisation or catalytic conversion to other derivatives and
secondary chemicals remains underexplored.

Today’s traditional fossil-based chemical industry will
eventually need to be replaced by a circular bio-based economy.
This transition will likely put o-KGA in the spotlight as one of
the most promising platform chemicals because it can be
produced through precision fermentation starting from sus-
tainable plant-based biomass rich in sugars and/or fatty acids,
and even from waste streams such as alcohols, alkanes, and
glycerol. Moreover, recent advances in molecular biology, meta-
bolic engineering, and process optimisation in organisms like
Y. lipolytica, E. coli, and C. glutamicum have already enabled
o-KGA production with yields up to 0.94 g g~ ', titres as high as
195 g L%, and spatiotemporal yields up to 1.75 g L~ * h™*. These
values are especially promising since these numbers surpass the
commonly considered rule-of-thumb references of 100 g L™ and
1 gL~ " h™". The structure of o-KGA bears resemblance to some of
the highly researched organic acids included in the DOE’s bio-
based chemical list, such as lactic acid (Cs), succinic acid (C,),
fumaric acid (C,), malic acid, levulinic acid (C,), itaconic acid (Cs),
and the aspartic (C,) and glutamic (Cs) (amino)acids.>*>%¢7%8
However, compared to these organic acids, o-KGA is perhaps
more interesting owing to its unique and versatile chemical
properties, broad application potential, and the progress that
has been made towards its sustainable production via precision
fermentation. In the following paragraphs, we elaborate further
on these advantages, as well as the main challenges that have to
be addressed to establish a-KGA as a commonly adopted platform
chemical.

7.1. o-KGA as a versatile building block for the bioeconomy
model

Like most other DOE-listed chemicals, «-KGA is not considered
acutely toxic which limits hazards during production, storage,
and transport. Owing to its safety profile and pharmacological
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benefits, o-KGA, either as acid or salt, is currently tested for
treating severe human diseases (e.g., cardiovascular diseases,"*
cancer,"* "’ and obesity'®**?), even in clinical trial
settings.>®® To the best of our knowledge, none of the other
DOE-listed chemicals has a comparable broad-range medical
use to a-KGA. Only for succinic and itaconic acid, evidence

View Article Online
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suggests that both DOE molecules may be applied as potential
pharmaceuticals or cosmetics in some limited cases. Succinic
acid is linked to skincare®®® applications or to relieve meno-
pausal symptoms in women,**'*°> whereas itaconic acid
reduces inflammatory responses.>**”%* Because o-KGA has
been demonstrated to improve the physiological state of
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healthy individuals and patients suffering from human pathol-
ogies, we expect that this biochemical might trickle down into
pharma- or nutriceutical applications.

In addition, o-KGA can serve as a precursor or additive in
various chemical synthesis pathways, making it particularly suita-
ble as a platform chemical to produce other valuable chemicals.
This versatility also opens a wealth of opportunities for novel
chemical derivatives and intermediates for polymer synthesis that
could be derived from o-KGA (Fig. 16). While o-KGA exhibits the
same di-acidic structure as most other DOE-prioritised chemicals,
such as succinic, fumaric, and malic acid, it also carries a unique
carbonyl group on its backbone that can be targeted for further
chemical modification.>® Moreover, the a-carboxylic acid group can
positively affect the adjacent carbonyl group (through electronic
effects and proton shuttle), which results in an intramolecular
activation of the carbonyl group when producing novel derivatives
from the o-KGA substrate (i.e., electrophilic ketones; ¢f Section 2
and Fig. 16).>*** The electrophilic nature of the a-carbonyl group
can be completely reversed (i e., umpolung) when a-carboxylate salts
are used instead. Subsequent decarboxylation results in a nucleo-
philic acyl anion which is very suitable for acylation or, in general,
cross-coupling reactions, while the a-carbonyl and y-carboxyl(ate)
groups are retained.>*® Similarly, incorporating «-KGA as a co-
monomer into the backbone of novel materials can expand its
application potential in material engineering even more owing to
the unique chemical properties of the carbonyl group. Additionally,
the immediate use of the non-toxic, polar o-KGA turns the resulting
polymers also more safe and environmentally friendly.>”

The examples of novel, valuable chemicals derived from o-
KGA (Fig. 16), along with the in-depth overview provided in
Section 2.2, can inspire chemists and polymer scientists to
explore new applications of a-KGA in the synthesis of specialised
derivatives and polymers. Its potential as a polymer building
block opens opportunities for entry into the plastics industry
beyond its current and modest market, which is primarily
focused on lactones, pharmaceuticals, and other fine chemicals.

When exploring new valorisation routes, it is of utmost
importance to prioritise the use of inexpensive resources (such
as hydrogen, oxygen, (di)Jamines, and (di)alcohols) and catalysts,
while hazardous reagents for humans and the environment
should be avoided. In the case of novel polymer materials, the
biodegradability or recyclability aspect should also be consid-
ered. Several review papers have discussed this topic in more
detail, from the different formulations for biodegradable
plastics®®® to the end-of-life treatments to recycle plastics.>*
Concerning the end-of-life considerations, we have briefly dis-
cussed in this review about using pyrolysis to degrade less-
recyclable plastics and implementing this mixture as feedstocks
for Y. lipolytica. Although this field is still in its infancy, it could
in time offer a sustainable upcycling opportunity in which o-
KGA-based polymers are manufactured from old plastic waste.

7.2. Microbial a-KGA production guarantees sustainable
production with satisfactory yields

a-KGA can be produced through microbial cell factories fed
with biomass, renewable carbon substrates, or hydrocarbons

This journal is © The Royal Society of Chemistry 2025
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from the chemical recycling of plastic, offering a sustainable
alternative to the current catalytic process that relies on crude
oil and toxic (chlorinated) reagents (cf. Fig. 7). One exception is
the heterogeneously catalysed, but experimental, aldol conden-
sation route starting from pyruvic acid and glyoxylic acid,*®
two building blocks derived from glucose metabolism, which
might offer an alternative for current industrial practices.
a-KGA is an intrinsic intermediate of the oTCAc respiratory
pathway, a central metabolic route that is present throughout
the tree of life. This implies that most microbes possess all key
enzymes for a-KGA production. However, because o-KGA is an
intermediate of an essential metabolic pathway, attenuating the
0TCAc to accumulate o-KGA became one of the key challenges.
In this review, we have summarised all strategies for high o-KGA
accumulation in bacteria and yeast, from fermentation condi-
tion optimisation to metabolic pathway engineering. Many
targets to manipulate the cells’ metabolism towards higher
a-KGA production have been tested, including engineering of
genes directly linked to the TCAc. In addition, different para-
meters in fermentation, from pH and aeration to substrate-
feeding strategies, have also been explored. We found several
strategies that are most effective for -KGA production.

The bacterium C. glutamicum and the yeast Y. lipolytica are
some of the most promising microbial hosts for «-KGA produc-
tion. In the case of C. glutamicum, disrupting the KGDH
complex and the o-KGA amination systems while keeping
ammonium concentrations low provides a product concen-
tration of ca. 50 g L' with a yield of 0.42 g g~ " substrate.**®
In Y. lipolytica, limiting thiamine in a fed-batch cultivation
system generally results in high titres (up to 195 g L") and
yields (up to 0.94 g g ' substrate), regardless of the strain’s
genotype.>***13415 These values are comparable to those
reported for other DOE bio-produced chemicals (Table 10),
suggesting that it could become technically and economically
realistic to implement o-KGA production in commercial indus-
trial processes. Additionally, implementing a fed-batch setup
for substrate feeding generally increased o-KGA production, as
observed in many other industrial bioprocesses.

Based on the literature, there are three aspects that caught
our attention. First, the research for microbial o-KGA produc-
tion is still mostly limited to the laboratory scale. Scaling up to
larger volumes often changes fermentation performance, so
estimating economic viability using current parameters is
difficult. Consequently, process optimisation and scale-up
across the entire production chain, including the pretreatment
process, bioreactor processing, and product recovery (cf next
subsection) at industrial biorefinery scales, should be inten-
sively revisited.

Second, the use of inexpensive and non-edible biomass
(such as lignocellulosic agricultural residues) and waste
streams (e.g., plastic pyrolysis or wasted vegetable oil, and crude
glycerol fractions from biodiesel industries) for o-KGA produc-
tion is still underexplored. The utilisation of these feedstocks
can be applied in synergy in both C. glutamicum, which prefers
hexose sugars present in plant biomass, and Y. lipolytica, which
prefers fatty acids, alkanes, and glycerol as substrates
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Table 10 Production metrics of the key biobased DOE chemicals currently on the market. LAB refers to lactic acid bacteria, including Lactobacillus
delbrueckii, Lactobacillus rhamnosus, Lactobacillus (para)casei, Lactobacillus amylovorus, Sporolactobacillus laevolacticus, Pediococcus acidilactici and
Enterococcus faecalis. Production and manufacturer data are derived from ref. 603 unless stated otherwise

Titre Productivity Global production
Compound/structure Microbial producer [gL ] [gL'h™"] [tonnes per year] Manufacturers
Lactic acid LAB 207%%* 3-9°0 750000 NatureWorks (US)
0 Bacillus sp. 225%* Corbion (NL)
Rhizopus sp. 231%%* Galactic (BE)
OH Futerro (BE)
OH
Succinic acid Actinobacillus 96°%° 1.99°0 64 000° GC Innovation America (US)
(0] succinogenes Reverdia (NL)
HO Y. lipolytica 160°%° 0.40%°° Succinity (NL, GE)
OH
0]
Malic acid Aspergillus niger 201°%7 0.93%”7 80-100 000°%® Bartek (CAN)
Trichoderma resei 220°7 1.15°7 Mitsubishi Corporation Life Sciences (JP)
0 Anhui Sealong Biotechnology (CN)
HO
YOy o
O OH
Itaconic acid E. coli 47°%° 0.39°%° 40-70 000 Qingdao Kehai Biochemistry (CN)
0 Aspergillus terreus 78509 1.07°%° Cargill (US)
Ustilago maydis 220°%1° 0.74°1° Citrique Belge (BE)
HO
OH
o
Glutamic acid C. glutamicum 120" ~4,6°" ~4000000%" Ajinomoto (JP)

o} (0]

HO OH

!

NH,

Hefei TNJ Chemical Industry (CN)
Evonik (GE)

“ The current production volume of bio-based succinic acid is not available and is expected to be lower than the one provided in the table
(corresponding to 2015). This decrease is due to the suspension of activities by BioAmber in 2018 and its successor, LCY Biosciences, in 2023.

(see Table 6). However, feeding non-edible lignocellulosic bio-
mass remains particularly challenging since the high producers
are incapable of utilising pentose sugars (ie., arabinose and
xylose) natively. Therefore, one can transition to E. coli, a
bacterium that naturally consumes pentose and hexose sugars,
yet produces lower o-KGA yields. Alternatively, expanding the
carbon utilisation range of C. glutamicum towards xylose and
arabinose, which are abundantly present in hemicellulose,
becomes feasible through engineering. Indeed, recently a Cs-
consuming C. glutamicum strain was constructed that produced
0.40 g g~ ' glutamic acid (up to 62 g L ™" final titre) from straw
hydrolysate, approaching the metrics when glucose is used alone
(0.42 g g71).°°° Although a similar example for o-KGA has not yet
been reported, the authors’ approach is expected to be applicable
to o-KGA production.

The ability of the microbial host to metabolise lignocellulose-
derived carbohydrates, however, is not the only factor that needs
consideration. Lignocellulosic feedstocks are more recalcitrant
and composition-wise more complex, therefore complicating the
pretreatment schemes that convert hemicellulose into microbe-
consumable monomers. This increases production cost and may
thus threaten the profitability of the end product. Applying
reductive catalytic fractionation (RCF) on lignocellulose, however,
effectively separates this complex biomass into lignin oil and
pure carbohydrate-rich pulps, which can be more readily

8508 | Chem. Soc. Rev., 2025, 54, 8469-8523

converted into Cs and Cg sugar monomers through enzymatic
hydrolysis.®®"**> This integrated chemoenzymatic strategy could
enhance economic and environmental sustainability of existing
(0-KGA) fermentation protocols.

The last point of attention is the carbon conservation during
the microbial conversion processes. Although the oTCAc is the
route with the highest a-KGA yield, one carbon dioxide mole-
cule is intrinsically lost per molecule of o-KGA due to the
activity of isocitrate dehydrogenase. To avoid this carbon loss,
two alternative pathways have been described in the literature.

The first one encompasses the anaerobic conversion of sugars
and, optionally, C; substrates (including methanol or formic acid)
into succinic acid, following the rTCAc, and subsequent transforma-
tion of succinic acid into o-KGA using a dedicated dehydrogenase—-
decarboxylase cascade from P. putida. Whereas the first segment of
the pathway, leading to succinic acid, has been intensively investi-
gated, the ‘bridging’ reaction from succinic acid into o-KGA has
never been demonstrated in a production setting. Yet, this strategy
is particularly interesting in valorising CO,, alongside the principal
carbohydrate-rich substrates, into biomolecules since two moles of
carbon dioxide will be sequestered for every mole of o-KGA pro-
duced. A second alternative is the carbon-neutral Weimberg path-
way, which has been recently explored for o-KGA (Fig. 14 and
Table 9). With a yield of ca. 10 g L™, this metabolism is inferior
to the traditional 0TCAc in terms of total yields, but carbon dioxide

This journal is © The Royal Society of Chemistry 2025
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Aspect Criteria For o-KGA

Feedstock Scope Broad (waste and lignocellulosic biomass)
Cost Cheap (n-alkanes, glycerol, pulps)
Processing Feasible (direct feed into bio-process)

Bio-process Performance Good production parameters
Estimated costs No TEA has been performed yet
Downstream Optimisation required at industrial levels

Economics

Market potential

Others

Table 12 Comparative overview of a-KGA production strategies

Technical complexity
Integration with bio-refinery
Scale-up

Price
Market volume
Market potential

Chemical functionality
Drop-in

Building block as such
Intermediate to derivatives
Platform

C,-C¢ monomer
No aromatic structure
No super commodity

Straightforward and covered in extensive literature
Yes (downstream of lignin processing, saccharification, or pyrolysis)

Not initiated yet

Estimated in 2019: $12-15 per kg®"
Low (<kt scale, $100 million market value)
Chemical, pharmaceutical, and nutritional

Three: 2 acids, 1 carbonyl

Petrochemical o-KGA, intermediate for fine chemicals
Possible, several novel materials reported

Broad product portfolio, but underexplored

New valorisation schemes — could increase market volume

Yes: Cs

Yes: linear monomer

Indeed

Cell-free and whole-cell

Parameter Chemical synthesis® biocatalysis Microbial-based production
Feedstock® e Range: limited e Range: limited o Range: broad
e Cost: cheap-moderate o Cost: variable Cost: cheap, but processing required
+/—, chemical building blocks such as DEO, —, glutamate, pyrrolidone  ++, broad: waste streams and lignocellulose
DES, glyoxylic acid, and pyruvic acid from well- carboxylic acid
established processes
——, glucuronic acid +, 1G biomass
Energy —, high temperatures required for synthesis of +, minimal product pur- +, 1G biomass (hydrolysis of sugars or no pre-
building blocks (DEO, DES) or during reaction ification required compared treatment required for ethanol and fatty acids)
(110 °C for glyoxylic acid and pyruvic acid) to microbial-based
production
+, energy control possible during reaction —, waste and lignocellulose (requires
pretreatment)
Environmental —, emission of NO,, use of strong bases, non- +/—, containment needed for ++, 1G biomass with limited pretreatment/hydro-
impact green solvents and toxic reagents genetically modified whole- lysis and non-engineered microorganisms (solely
cells optimising fermentation conditions)
+, waste streams and lignocellulose with extensive
pretreatment/hydrolysis and non-engineered
microorganisms (solely optimising fermentation
conditions)
+/—, containment needed for genetically modified
microorganisms
Scalability” +, established industrial processes (for DEO and —, tests limited to max 3 L ++, tests up to 1500 L
DES)
—, lab scale tested up to 50 mL
Production ++, aldol condensation up 50 g L™* h™* +,upto14-16 gL ' h' +,up to 1.75 g L™ ' h™', with a portion of the
metrics (spatio- substrate lost for cell metabolism
temporal yield)

“ Feedstock parameter considers both the range of substrates, compatible for a given approach, and the cost of the substrates. ? Scalability refers
to the maximum working volume of tests that have been conducted, which could indicate how attractive or how easily the technology could be
scaled-up for commercial use. ¢ For chemical synthesis, both the classic condensation step between DEO and DES and the novel aldol
condensation step between glyoxylic acid and pyruvic acid are considered. Legend: ++, + (advantage), +/— (neutral), —, —— (disadvantage);
DEO, diethyl oxalate; DES, diethyl succinate, 1G, first generation.
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emission can be considerably reduced, leading to higher efficien-
cies. Moreover, the reaction pathway is shorter than the oTCAc
pathway and is less connected to the central carbohydrate metabo-
lism of the production host since the entire cascade is sourced from
C. crescentus or Burkholderia species. In the short term, we argue that
even a suboptimal Weimberg pathway is suited for converting the
Cs-fraction of lignocellulose substrates into o-KGA in a carbon-
neutral way, whereas the glycolysis and 0TCAc deal with the hexose
sugars.

7.3. Prospects and challenges related to recovering o-KGA
from complex fermentation broths

We have summarised various options for purifying o-KGA from the
fermentation broth. The approaches range from conventional meth-
ods involving inorganic acids and solvents to more innovative
membrane-based systems. These methods have their own advan-
tages and disadvantages, depending on the fermentation feedstock
used, the microbial species and its metabolic by-products. The
purification processes discussed are relatively simple, typically invol-
ving five main steps (filtration, ion-exchange, decolouring, dehydra-
tion, and crystallisation), and are adapted from protocols used for
other bio-based carboxylic acids, such as succinic acid, whose
feasibility at the industrial scale has already been demonstrated.

Despite the promising production titres, current studies on
a-KGA purification were conducted on a small scale, mostly
benchmarked using a simplified feed composition (glucose with o-
KGA and other metabolites in MQ water, with NaOH as the pH
regulator, and cations) instead of a post-fermentation broth.
Hence, further research is required to investigate
purification from other, more realistic fermented matrices, con-
taining by-products and impurities. Of course, the choice of the
purification method may depend on the intended application
domain of a-KGA: more expensive methods yielding higher purity
may be suitable for nutraceutical or pharmaceutical uses, while the
opposite may be true for bulk production of o-KGA for plastic
polymer manufacturing or further catalytic derivatisation into
novel building blocks—particularly when water is used as the
solvent, allowing the dewatering step to be omitted.

Furthermore, research and development efforts in fermenta-
tion process optimisation should be conducted with downstream
processing in mind as fine-tuning fermentation parameters could
reduce microbial by-product levels and potentially simplify or
eliminate complex purification steps. Finally, a holistic techno-
economic analysis could be performed to assess economic viabi-
lity and identify steps that require further optimisation.

7.4. The future of a-KGA as a potential platform chemical

Our review shows that o-KGA has received increasing attention
as a compound for pharmaceutical and chemical applications,
and that advances in both fermentation and downstream
recovery support the emergence of an o-KGA-based bioprocess
industry (see also Table 11). We therefore believe that o-KGA is
a particularly promising platform chemical, with some key
advantages over more known compounds like succinic acid, due
to its versatile chemical reactivity and the potential for a microbial-
based sustainable production route. Unfortunately, because
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microbial o-KGA production is not fully matured yet, it is difficult
to estimate the production costs at the industrial scale for evaluat-
ing economic viability. Moreover, volatile fossil fuel prices and
possible governmental (tax) incentives also greatly influence the
economic perspective of a bio-based a-KGA industry. Nonetheless,
we have presented an indicative overview of how the metrics of the
microbial-based production route compare to those of the (bio)-
catalytic production schemes (Table 12).

This review covered the state-of-the-art in o-KGA from a
combined chemical-biological perspective and emphasised
the application potential and the progress in terms of fermen-
tation, downstream processing, and chemical valorisation. We
hope that this review may serve as a reference and convince
chemists, microbiologists, and engineers to build further on
the building blocks, polymer, and therapeutic applications
provided here and translate the learnings into a demo o-KGA
plant as a step towards full-scale commercialisation.
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