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“Science is more than a body of knowledge. It is a way of thinking; a way of
skeptically interrogating the universe with a fine understanding of human
fallibility. If we are not able to ask skeptical questions, to interrogate those
who tell us that something is true, to be skeptical of those in authority, then
we're up for grabs for the next charlatan, political or religious, who comes

ambling along.”

- Carl Sagan
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SUMMARY

Hydroxy acids (HAs) are organic carboxylic acids found throughout the living
world and serve as essential building blocks for various industries, including
food, cosmetics, and pharmaceuticals. Recently, a superfamily of nickel-
dependent HA racemases and epimerases using the nickel-pincer nucleotide
(NPN) cofactor was discovered: the LarA superfamily. This enzyme
superfamily is present in all domains of life and holds potential for use in the
stereoselective conversion of chiral HAs. However, the study of the LarA
superfamily is still in its infancy, and much remains to be understood about
the full range of reactions catalyzed by these enzymes, the LarA homologs
(LarAHs).

In this thesis, we delve into the exploration and biotechnological potential of
the LarA superfamily through a comprehensive approach involving
biochemical characterization, taxonomic analysis, and structural modeling.
For the biochemical approach, we developed a robust and versatile capillary
electrophoresis (CE) method enabling highly efficient chiral analysis of a wide
range of underivatized a-hydroxy acids (AHAs), B-hydroxy acids (BHAs) and
polyhydroxy acids (PHAs) of biological and industrial importance. Using this
novel CE method, we further explored and expanded five different families
within the LarA superfamily: the lactate racemase (LAR) family, the short-
chain aliphatic HA racemase (SAR) family, the malate racemase (MAR) family,
the a-hydroxyglutarate racemase (HGR) family, and the D-gluconate 2-
epimerase (GntE) family. We also identified two novel families of LarAHs: the
hydrophobic HA racemase (HHR) family, and the broad-spectrum HA
isomerase (BSHI) family. In total, we overexpressed, purified, and
characterized 13 LarAHs for their biochemical properties and substrate
specificities, uncovering 11 novel AHA racemization reactions and 23 novel
PHA/sugar acid C2-epimerization reactions.

Altogether, these findings widely expand the scope of substrates isomerized
by NPN-dependent enzymes from the LarA superfamily. The broad-spectrum
activity of many LarAHs offers new possibilities for the production of valuable
stereoisomers of HAs, paving the way for future biotechnological
applications of LarAHs.
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. INTRODUCTION






1.1 a-Hydroxy acids and polyhydroxy acids

Hydroxy acids (HAs), which are carboxylic acids containing at least one
hydroxyl group, are widespread compounds in nature and serve as essential
biological building blocks in industry [1]. The HAs are subdivided into three
main categories: (i) a-hydroxy acids (AHAs) with the hydroxyl group attached
to the second carbon; (ii) B-hydroxy acids (BHAs), with the hydroxyl group
attached to the third carbon; (iii) polyhydroxy acids (PHAs) with multiple
hydroxyl groups in their structure [2]. The substrates of interest in this thesis
are AHAs and PHAs, the two categories of HAs the most prevalent in nature
and in industry.

1.1.1 Classification

AHAs can be further subdivided into three main categories according to their
chemical structure: (i) aliphatic AHAs, with straight or branched non-
aromatic side chain; (ii) aromatic AHAs, with an aromatic ring-bearing side
chain; (iii) polycarboxylic AHAs, with more than one carboxyl group (Fig. 1)
[1,2]. Among PHAs, sugar acids are derived from saccharides through
oxidation. The oxidation can occur at different positions on the sugar
molecule, leading to 3 main categories of sugar acids with distinct properties
and functions: (i) Aldonic acids, formed by oxidizing the aldehyde group of an
aldose to a carboxylic acid; (ii) Uronic acids, formed by oxidizing the terminal
hydroxyl group of an aldose or ketose to a carboxylic acid; (iii) Aldaric acids,
formed by oxidizing both the aldehyde and the terminal hydroxyl groups of
an aldose, generating a dicarboxylic acid [3,4]. For example, oxidation of D-
glucose at C1 yields D-gluconic acid, at C6 yields D-glucuronic acid, both at
C1 and C6 yields D-glucaric acid (Fig. 1).

1.1.2 Metabolic roles

Hydroxy acids play crucial roles in a diverse range of metabolic processes
across plants, animals, and microorganisms. They function as both metabolic
intermediates and signaling molecules, essential for primary metabolism,
energy production, and regulatory functions [1].



In mammals, specific AHAs, such as 2-hydroxyisocaproate, 2-hydroxy-3-
methylvalerate, and 2-hydroxyisovalerate, serve as biomarkers for metabolic
and liver health, with lower levels associated with obesity [5]. During physical
exertion, L-lactate accumulates in muscles, contributing to fatigue in humans
[6]. In contrast, D-lactic acid, which the body less efficiently clears, can lead
to D-lactic acidosis, characterized by severe symptoms [7,8]. Moreover, both
L- and D-2-hydroxyglutarate, often produced due to enzyme irregularities,
are oncometabolites associated with cancer and neurological disorders
known as 2-hydroxyglutaric aciduria [9-14]. In eukaryotes, AHAs such as
malate, lactate, and 2-hydroxyglutarate are indispensable for various
metabolic pathways, including photorespiration, the tricarboxylic acid (TCA)
cycle, the glyoxylate cycle, the methylglyoxal pathway, and lysine catabolism
[15]. In prokaryotes, these AHAs play significant roles in similar metabolic
processes. For instance, lactate play a crucial role in the growth and
metabolism of many archaea [16—18] and bacteria [19], serving as a source
of carbon and energy. Like certain bacteria, some archaea also produce
lactate [18,20,21]. Malate is essential in archaeal metabolism, particularly in
the glyoxylate cycle and the TCA cycle [22-25], and many bacterial species
use malate as a carbon source [26-29]. Finally, D-2-hydroxyglutarate is
involved in L-serine biosynthesis, while L-2-hydroxyglutarate is an
intermediate in the lysine degradation pathway of many bacteria [30-32].
Overall, AHAs and PHAs are key metabolites involved in numerous metabolic
pathways, such as amino acid degradation [30,33], cellular component
biosynthesis [34], and sugar metabolism [15,35].

The examples mentioned above represent only a partial list of the metabolic
roles of AHAs and PHAs in nature. The racemization and C2-epimerization of
these compounds, catalyzed by AHA racemases and PHA C2-epimerases,
respectively, are vital for maintaining stereoisomeric equilibrium within cells.
Besides their roles in cellular homeostasis, AHARs and AHAEs may also have
implications for the synthesis of a broad range of biologically active
compounds, including pharmaceuticals and agrochemicals [1,2].



1.1.3 Industrial applications

In addition to being key metabolites of most metabolic pathways, AHAs and
PHAs have considerable market potential and find extensive applications in
a wide range of industries. (i) In cosmetics and skincare, these compounds
are valued for their cleansing, conditioning, humectant and moisturing
properties. For instance, lactic acid and gluconic acid are known to exfoliate
the skin and offer anti-aging benefits [2,36,37]. (ii) In medicine, they can
serve as drug precursors for synthesizing various significant chiral
compounds, including antimicrobial agents [38,39], antibiotics [40,41], and
angiotensin-converting inhibitors [42,43]. Notably, compounds like 2-
hydroxyisocaproic acid and 3-phenyllactic acid exhibit antibacterial and
antifungal activity [44,45]. (iii) In the food industry, they can function as food
components and additives [46—48]. Lactic acid, for instance, is commonly
used in processed foods as a pH regulator, preservative, and flavoring agent
[49]. (iv) In chemical synthesis, they can serve as versatile building blocks. For
example, 2,4-hydroxybutyrate can be used as a versatile chemical synthon
[50]. (v) In polymer synthesis, they can act as monomers for producing
diverse biopolymers [39,51,52]. Polylactic acid, derived from lactic acid, is
notable for its application as a biodegradable plastic [53]. The significant
growth in both quantity and variety of AHAs has driven the global market size
to exceed USDS 1.2 billion in 2021, projected to reach USDS$ 2.3 billion by
2028 [54]. Similarly, the market for gluconic acid, a prominent PHA, is
expected to grow from USDS 0.18 billion in 2023 to USDS 0.24 billion by 2032
[55]. Consequently, research focusing on the production, analysis, and
enzymatic interconversion of AHAs and PHAs has garnered considerable
attention from researchers [1,56-59].
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Figure 1 | Main categories of AHAs and PHAs. Each category is illustrated by an example
compound. AHAs are subdivided into aliphatic, aromatic and polycarboxy AHAs. Sugar acids
are subdivided into aldonic, uronic and aldaric acids. Oxidation of D-glucose at C1 yields D-
gluconic acid, at C6 yields D-glucuronic acid, both at C1 and C6 yields D-glucaric acid. Asterisks
indicate chiral centers.



.2 LarAl and LarAHs among the diversity of enzymes

This section serves as a foundational introduction to the complex roles and
classifications of the lactate racemase (LarA) and its homologs (LarAHs). By
situating LarA and LarAHs within the diversity of enzymes, this section lays
the groundwork for comprehending their unique roles in catalyzing
isomerization reactions—a process crucial in numerous biological and
industrial contexts. This understanding is essential for grasping intricate
details discussed in the subsequent sections.

.2.1 Enzymes

Enzymes are essential proteins present in every living organism and play a
crucial role in catalyzing biochemical reactions necessary for life [60]. These
proteins not only accelerate the majority of biochemical processes but do so
more efficiently than synthetic catalysts. This high efficiency is due to their
ability to operate under mild conditions, exhibit high reaction rates, and
maintain excellent specificity towards substrates and products, minimizing
unwanted by-products. This specificity includes both geometric and
stereospecific interactions, allowing precise interactions with the chemical
groups of substrates and products [61,62]. Despite this high degree of
specificity, enzymes can exhibit promiscuity, where they catalyze reactions
with substrates other than their primary ones [63].

The realization of the pivotal role of enzymes in biology emerged
prominently in the 20th century, marking a significant advancement in both
medicine and technology. This led to the development of enzymology as a
distinct scientific field focused on understanding the molecular functions of
these proteins [64]. The unique properties of enzymes make them invaluable
in various industries, including pharmaceuticals, food and beverage,
detergents, and biofuels, for numerous reasons due to their lower toxicity
and environmental impact [65-68]. However, some enzymes require the
presence of cofactors to activate and function effectively. An enzyme
without its cofactor, known as an apoenzyme, becomes a holoenzyme upon
cofactor association. This activation is essential for the enzyme to catalyze
specific types of chemical reactions, such as oxidation-reduction and group
transfers [61]. Overall, the study of enzymes not only deepens our



understanding of biological processes but also drives significant
technological and industrial advancements, making it a cornerstone of
modern biochemical research.

Enzymes are categorized into seven major classes by the Enzyme
Commission (EC) of the Nomenclature Committee of the International Union
of Biochemistry and Molecular Biology (NC-IUBMB). These classes include
oxidoreductases (EC 1), transferases (EC 2), hydrolases (EC 3), lyases (EC 4),
isomerases (EC 5), ligases (EC 6), and translocases (EC 7) each defined by the
nature of the chemical reaction they catalyze (Fig. 2A) [69,70]. This thesis
focuses on a superfamily of isomerases.

1.2.2 Isomerases (EC 5)

Isomerases, categorized under the enzyme class EC 5, catalyze the
interconversion between isomers. Isomers have identical chemical formulas
but differ in their three-dimensional structures [71,72]. Chemical isomers
exhibit subtle changes in their structures, yet can show different
pharmacological, toxicological, pharmacokinetic, pharmacodynamic or
metabolic effects [73,74]. Therefore, interconversions of isomers by
isomerases are crucial in the metabolism of living organisms and have many
applications in biocatalysis, biotechnology, and drug discovery [75]. The
classification of isomerases encompasses three hierarchical levels: 6
subclasses (EC 5.b), 17 sub-subclasses (EC 5.b.c), and a total of 254 EC
numbers (5.b.c.d). The primary subclasses include racemases and
epimerases (EC 5.1), cis-trans isomerases (EC 5.2), intramolecular
oxidoreductases (EC 5.3), intramolecular transferases (EC 5.4),
intramolecular lyases (EC 5.5), isomerases altering macromolecular
conformation (EC 5.6) and a diverse group referred to as other isomerases
(EC 5.99) (Fig. 2A). These subclasses reflect differences based on the type of
isomerism between substrate and product, distinguishing two primary
groups of reactions: stereoisomerism and structural isomerism.
Stereoisomerism involves the interconversion between stereoisomers
differing by the orientation of bonds between atoms (EC 5.1 and EC 5.2). On
the other hand, structural isomerism entails the interconversion between
structural isomers differing by the nature of bonds between atoms (EC 5.3,
EC 5.4, EC 5.5, and EC 5.6). The other isomerases (EC 5.99) comprise both
stereoisomers and structural isomers (Fig. 2A) [75,76].



Isomers typically differ in their biological role, and nature has a general
tendency to use only one isomer of a molecule in essential biochemical
pathways (e.g. L-amino acids and D-sugars). However, organisms also use
amino acids and sugars with unusual stereochemistry as biosynthetic
building blocks or metabolic precursors. Isomerases facilitate the production
of these compounds, making them central to the metabolism of most living
organisms. For instance, genes coding for isomerase activity comprise
approximately 2.6% of all enzyme-encoding genes in humans and 6.2% in
Escherichia coli [76)].

In synthetic organic chemistry, isomerases are pivotal for catalyzing
“chemically impossible" isomerization reactions, such as stereochemical
inversions that involve breaking and reforming bonds in a non-specific
manner. Most isomerases operate at a chiral center adjacent to a carboxyl
group, where they reversibly cleave a C-H bond [77]. Therefore, the discovery
and application of new isomerases are rapidly expanding in organic
synthesis, biotechnology, and drug discovery, driven by the unique
properties of the isomers they produce [78,79]. The most striking example is
the use of glucose isomerase for the production of 14 million tons per annum
of high fructose corn syrup from glucose [80].

1.2.3 Racemases and epimerases (EC 5.1)

LarAHs explored in this thesis exhibit both racemase and epimerase activities
and are categorized within the EC 5.1 subclass of enzymes known as
racemases and epimerases. A racemase catalyzes the inversion of a
stereocenter in a molecule with only one stereocenter leading to the
formation of two enantiomers, which are molecules having non-
superimposable mirror images of each other [61]. An epimerase catalyzes
the same reaction in a molecule with multiple stereocenters, thereby
resulting in more than 2 possible diastereomers. Unlike enantiomeric pairs,
diastereomers of a molecule have distinguishable physico-chemical
properties (melting points, spectra, chemical reactivity) [61,81].

Racemization and epimerization reactions require the non-stereospecific
breakage and reformation of a bond which can be between a carbon and a
hydrogen, a heteroatom (oxygen or nitrogen), or another carbon. For C-H
bonds, the mechanism is a deprotonation followed by a reprotonation in the



case of an activated hydrogen (pKa < 30). In the case of a non-activated
hydrogen (pKa > 30), the hydrogen transfer is done under the form of a
hydride [77]. Due to the fact that biochemical processes are predominantly
stereospecific, Nature has faced little need for racemization and
epimerization and, as a consequence, racemases and epimerases are a small
group of enzymes. This small and largely overlooked group of enzymes is
increasingly being used for dynamic kinetic resolution or in auxiliary
biocatalytic recycling processes, allowing the production of a single
stereoisomeric product from racemic starting materials [82]. Racemases and
epimerases are classified according to their substrate type, which can be
amino acids and their derivatives (EC 5.1.1), hydroxy acids and their
derivatives (EC 5.1.2), carbohydrates and their derivatives (EC 5.1.3) or other
substrates (5.1.99) (Fig. 2A) [75].

1.2.4 Racemases and epimerases acting on hydroxy acids and
derivatives (EC 5.1.2)

LarAHs are racemases and epimerases acting on hydroxy acids and their
derivatives (EC 5.1.2) (Fig. 2B). Specifically, LarAHs act on a-hydroxy acids
(AHAs) and polyhydroxyacids (PHAs). The EC 5.1.2 sub-subclass currently
comprises seven enzymes [83,84], yet only three have been purified and
characterized: lactate racemase (LarAl, EC 5.1.2.1), mandelate racemase
(MR, EC5.1.2.2) [85,86] and tagaturonate epimerase (UxaE, EC 5.1.2.7) [87].
The remaining four enzymes, including 3-hydroxybutyryl-CoA epimerase (EC
5.1.2.3) [88], acetoin racemase (EC 5.1.2.4) [89], tartrate epimerase (EC
5.1.2.5) [90], and isocitrate epimerase (EC 5.1.2.6) [91], have solely been
detected in organisms and have not been purified due to the lack of
knowledge regarding their respective genes (Fig. 2A).

Among the characterized enzymes, LarA, MR, and UxaE exhibit a reliance on
divalent metal ions for their catalytic activities, classifying them as
metalloenzymes. Specifically, the catalytic mechanism of MR involves the
deprotonation of the a-carbon of mandelic acid to form a carbanion
intermediate, which is then reprotonated, leading to the racemization of
mandelate [92,93]. This mechanism requires divalent metal ions, with
magnesium (Mg*) being the preferred ion, although cobalt (Co?*), nickel
(Ni?*), manganese (Mn?*), and iron (Fe?) can also function in this capacity
[94]. In the case of UxaE, the enzyme catalyzes the epimerization of D-
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tagaturonate and D-fructuronate via carbon—carbon bond cleavage with zinc
(Zn*) serving as the necessary divalent metal ion. LarA, however, employs a
distinctive mechanism among racemases and epimerases. Instead of relying
on proton transfer, LarA uses a hydride transfer, facilitated by a Ni*-
containing organometallic cofactor. The details of this unique cofactor and
its catalytic mechanism will be developed later in this thesis (see Section
1.2.4).
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A
Classes Subclasses Sub-subclasses Substrate specificit
,,,,,,,,, Stereoisomerism__________ Characterized
n . Racemases and Acting on amino acids : Lactate racemase :
— Oxidoreductases (EC 1 T A u P !
N ‘ A‘-{ epimerases (EC 5.1) |> and derivatives (EC 5.1.1) ﬂ (EC5.1.2.1) !
| . . Acting on hydroxy acids Mandelate racemase
= Hydrolases (EC 3 T 3 . P —
| ¥ (EC3) ‘ ﬁ b (52 and derivatives (EC5.1.2) | | ¢ (EC5.1.2.2)
3 Intramolecular Acting on carbohydrates : Tagat: te epi :
= Transferases (EC 2, . | (- EEOERICNAIEEDIIEES] |
(E=2) ‘ ﬁ“ oxidoreductases (EC 5.3) and derivatives (EC 5.1.3) | | (EC 5.12.7)
- : EE—— 1
w : ! - H i
E Lyases (EC 4) ‘ Intramolecular | Acting on other substrates + 3-hydroxybutyryl-CoA ,
N 1 transferases (EC 5.4) (EC5.1.3) ' epimerase (EC5.1.2.3) |
w . 1
= Isomerases (EC 5) ; ‘ Intramolecular 75 Acetoin racemase :

| . 1 Isomerases altering macromolecular Tartrate epimerase
Liga=esECh] ﬁ conformation (EC 5.6) [ (EC5.1.25)

L i ) | lsocitrate epimerase |

Translocases (EC 7) «‘ Otherisomerases (EC 5.99) i (EC 5.1.2.6) :

Structural isomerism Detected in organisms
B
0 (0]
R \k).l\ EC5.1.2 R«
OH —_— OH
oH OH
(25)-hydroxy acid {2R)-hydroxy acid

Figure 2 | Enzymes and reactions of interest in this thesis. (A) Enzyme classification by
the enzyme commission. Enzymes are classified according to the type of reaction that they
catalyze. Isomerases are classified according to the type of isomerization that they catalyze.
Racemases and epimerases are divided according to their substrate type. Racemases and
epimerases acting on hydroxy acids consist of 7 EC numbers to this day. (B) Racemization and
C2-epimerization of 2-hydroxy acids. If the R group has no chiral center, the enzyme is a
racemase. If the R group has one or more than one chiral center, the enzyme is an epimerase.
Chiral centers are indicated by an asterisk.
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.3 LarAl1 and the NPN cofactor

Cofactors, derived from vitamins, are essential tools enabling enzymes to
catalyze reactions in living organisms. In the context of this thesis, the focus
will be on lactate racemase of Lactiplantibacillus plantarum (EC 5.1.2.1,
LarAl), which catalyze the interconversion between L- and D-isomers of
lactic acid, aided by its nickel-containing cofactor, termed the Nickel-Pincer
Nucleotide (NPN) cofactor, making it the ninth nickel-dependent enzyme
discovered [95][96]. This section aims to present a state-of-the-art overview
encompassing the research developments on LarAl and the NPN cofactor.

1.3.1 Lactic acid bacteria (LAB) and the lactate racemase activity

LAB constitute a group of Gram-positive, non-motile, non-spore forming and
rod- and coccus-shaped bacteria. Metabolically, LAB share the ability to
produce lactate as primary fermentation product of hexoses [21,97]. This
metabolic trait and the rapid growth of LABs have led to a wide variety of
applications in food fermentation, probiotics, biopreservation, healthcare,
agriculture and biotechnology, and L. plantarum is no exception [49,98-101].

The enzymatic racemization of D- and L-lactate, known as lactate racemase
(Lar) activity, was initially observed in 1936 in Clostridium acetobutylicum
and Clostridium beijerinckii (formerly C. butylicum) [102]. Subsequently, this
activity was identified in Staphylococcus aureus (formerly S. ureae) and
Lactobacillus sakei (formerly L. sake) in 1937 [103]. In 1938, LAR activity was
detected for the first time in L. plantarum [104]. Studies suggested that LAR
activity in L. plantarum was not a single enzyme but a system composed of 2
enzymes: L- and D-lactate dehydrogenases, namely LdhL and LdhD, which
will be described further (Fig. 3) [105—-108]. In 1961, a “racemiase” from C.
acetobutylicum was purified and its characterization suggested a cofactor
requirement, though pyruvate was excluded as an intermediate for its
activity [109]. In 1965, the mechanism of lactic acid racemisation in
Clostridium butylicum was proposed to involve a direct internal hydride shift
[110]. The lactate racemase of L. sakei was characterised in 1968, suggesting
no additional cofactor required for its activity [111]. Numerous other studies
attempted to elucidate the lactate racemase mechanism, mainly in LAB
belonging to the genus Lactobacillus [112,113]. However, since its discovery
in 1936, most studies on LAR activity in various microorganisms provide
contradictory evidence that depends to some extent on the source of the
enzyme. It wasn’t until 2014, with a detailed investigation of LarAl, that a
clearer understanding began to emerge [95].

12



In LAB such as L. plantarum, both L-lactate and D-lactate are produced
through the reduction of pyruvate by two stereospecific NAD-dependent
enzymes: LdhL and LdhD, respectively (Fig. 3) [113,114]. The production of
D-lactate is particularly important as L. plantarum incorporates it as the final
residue of the peptidoglycan precursor during cell wall biosynthesis [34]. This
mechanism provides vancomycin resistance to L. plantarum and other LABs
[113]. Typically, in most bacteria, the peptidoglycan precursor ends with a D-
alanyl residue: UDP—N-acetylmuramyl-L-Ala—y-D-Glu—L-Lys—D-Ala—-D-Ala. In
contrast, in L. plantarum and related LABs, this precursor ends with a D-
lactate residue instead of D-alanine [115]. Vancomycin, a glycopeptide
antibiotic, disrupts cell wall synthesis by bonding with the D-Ala-D-Ala end of
peptidoglycan precursors, thus hindering polymerization and subsequent
cross-linking reactions [116]. Substituting the terminal D-alanine residue
with D-lactate consequently reduces the affinity of the antibiotic for its target
[115].

1.3.2 In vivo role of LarA1l

However, the reduction of pyruvate by LdhD is not the only pathway for D-
lactate production in L. plantarum. Indeed, a IdhD knockout mutant in L.
plantarum still resulted in the production of a racemic mixture of lactate,
indicating a lactate racemase activity [95,115]. LarAl could therefore act as
a rescue pathway for D-lactate production for cell wall biosynthesis in the
absence or inhibition of the LdhD enzyme [34]. Consequently, L. plantarum
has two main pathways for D-lactate production from pyruvate: (1) the LdhD
enzyme and (2) the LdhL enzyme coupled with lactate racemase.
Additionally, a third pathway exists where lactate production is independent
of both LdhD and LdhL. This pathway is malolactic fermentation, where the
malolactic enzyme directly converts L-malate to L-lactate, which can then be
converted to D-lactate [117,118]. D-Lactate is likely necessary for cell wall
biosynthesis in many other LABs as well; thus, LarAl can serve as an
alternative pathway for D-lactate synthesis in LAB lacking LdhD activity or
performing malolactic fermentation [113]. In L. plantarum, the pathway for
D-lactate production is induced by L-lactate. The activity was attributed to an
operon, known as the lar operon, which consists of five genes: larA, larB,
larC, larD, larE. Its involvement in lactate racemization was supported by
observing a complete absence of D-lactate productionin a IdhD mutant when
the lar operon was also deleted [34].
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Figure 3 | The lactate racemase activity. L- and D-lactate dehydrogenases (LdhL and LdhD
respectively) produce L- and D-lactate from pyruvate during the EMP glycolysis pathway.
Lactate racemase (Lar) can serve as a rescue pathway for D-lactate production in case of LdhD
inactivity. Taken from [113].

1.3.3 The Lar system in L. plantarum

Genetic and biochemical studies of the Lar system in L. plantarum have
revealed its intricate complexity. Transcriptomic analyses have
demonstrated the involvement of another operon, adjacent to the previously
identified one and transcribed in opposite directions, in lactate racemization.
Both operons, namely larR(MN)QO and larABCDE, are induced by L-lactate
(Fig. 4) [95,113].

Within the larABCDE operon, larA encodes the LarA apoenzyme [95]. LarB,
LarC and LarE, encoded by their 3 respective genes, are essential for the
biosynthesis of the NPN cofactor (see next Section) [95,96,119]. LarC is
formed by the fusion of proteins encoded by the larC1 and larC2 ORFs, likely
due to a programmed ribosomal frameshift [95,120]. Furthermore, larD gene
encodes for the LarD aquaglyceroporin, also known as glpF1l, which
transports both lactic acid enantiomers and is not required for lactate
racemization activity [95,121].

The larR(MN)QO operon encodes LarR, a key transcriptional regulator, and
a three-component ATP binding cassette (ABC) high affinity nickel
transporter [122]. Lar(MN), with fused M and N components, functions as
the substrate binding protein. LarQ acts as a permease, while LarO serves as
the ATP binding protein [95].
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In the regulation of the lar genes, LarR plays a crucial role as a positive
transcriptional regulator. It functions by binding to the Lar box, a 16-bp
palindromic sequence located in the larR-larA intergenic region. LarR not
only multimerizes on the Lar box but also on adjacent half-Lar boxes, thereby
promoting gene activation. The presence of L-lactate enhances LarR binding
to the Lar box and multimerization on the half-boxes, whereas D-lactate
antagonizes this effect. Consequently, the expression of both /ar operons is
transcriptionally controlled by the L-lactate/D-lactate ratio [122,123].

Lactobacillus plantarum

LarR .

| L-lactate

—laro- Q - MNili 5
¢ %22 ¢
larB LlarE  LlarC =

LarA apo LarA

Ni L-lactate <:> D-lactate

ADP+Pi e
ATP Lar(MN)QO

° DL-lactic acid

Figure 4 | The Lar system in L. plantarum. larMNQO encode an ATP-binding cassette
nickel importer; larR codes for a transcriptional regulator that is induced by L-lactate; /arA
encodes the LarAl apoprotein; larB, larC, and larE code for the NPN cofactor biosynthetic
enzymes; and larD encodes an aquaglyceroporin. Adapted from [123].

1.3.4 Structure of LarAl and the NPN cofactor

The crystal structure of LarAl revealed a homodimeric structure comprising
two monomers, each with a molecular weight of 46.2 kDa [113]. Lactic acid
likely binds at a position occupied by sulfate in the crystal structure (above
the pyridinium ring, Fig. 5). Through site-directed mutagenesis experiments,
crucial residues within LarA1l were identified, revealing their significance in
enzyme activity. Substituting His108, His174, His200, and Lys298 with alanine
resulted in complete loss of LAR activity in vivo, while substitutions at Asp72,
Arg75, Lys184, and GIn295 led to enzymes with residual activity. Notably, the
K184A variant exhibited no in vitro activity and lacked nickel, suggesting its
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role in NPN cofactor binding. Furthermore, the H200A mutant also displayed
decreased nickel content. This comprehensive analysis, complemented by
structural analyses and subsequent investigations, allowed the attribution of
specific functions to essential residues within the LarAl catalytic site, as
summarized in Table 1 [96,124].

It is the structure of LarA1l, solved in 2015, that revealed the presence of the
NPN cofactor (Fig. 5) [96]. The pincer part of the name derives from planar
tri-coordinating ligands of metal ions that are well known in the field of
organometallic chemistry [125-127]. In biology, however, pincer-like
compounds are limited to the NPN cofactor and pyrroloquinoline quinone
metal complexes [128]. The NPN cofactor consists of a nicotinic acid
mononucleotide derivative wherein a nickel ion is coordinated by two
sulphur atoms and the C4 carbon of the pyridinium ring, forming a pincer
complex. A bond between a nickel atom and a carbon is particularly unusual.
Additionally, His200 of LarAl completes the coordination geometry of the
nickel ion, resulting in a four-coordinate square planar arrangement. In
LarAl, the cofactor is covalently bound by a thioamide linkage between one
thiocarboxylate and Lys184, thus forming the LarAl holoenzyme [96,129].
Overall, the NPN cofactor provides a stable coordination environment for the
nickel ion within the enzyme's active site. Furthermore, it plays a crucial role
in the catalytic function of LarA1, which will be detailed in Section 1.2.6.

Table 1 | Essential residues of LarAl and their functions.

LarA1l residue Function

H108 and H174 Acid/base catalysis (see Section 1.2.7)

K174 Covalent bond with the NPN cofactor

H200 Fourth ligand for Ni#* coordination of the NPN
R75 Hydrogen bonding with the NPN cofactor

F175, F176, Y294, Q295, V297, T353, P355,
D356, W358, T359, 1362

Substrate recognition and binding
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Phe170

¥ Lys184

Figure 5 | Structure of LarAl, highlighting its NPN cofactor. The protein (PDB: 5HUQ)
is shown as a cartoon ribbon with sticks representing both selected side chains (gray) and the
cofactor (C atoms in green, O in red, N in blue, S in dark yellow, and P in orange), with nickel
shown as a blue sphere, and with mesh depicting the surface of the cofactor (except nickel).
The expanded view of the catalytic site also shows, as sticks, sulphite and residues within 4 A
of the cofactor (pink C atoms). Adapted from [130].
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1.3.5 The NPN cofactor biosynthetic pathway

The NPN cofactor is synthesized from the precursor nicotinic acid adenine
dinucleotide (NaAD) through the action of three NPN biosynthetic enzymes:
LarB, LarC and LarE (Fig. 6) [95,96,130]. The first step in NPN biosynthesis
involves LarB, which functions as a NaAD carboxylase/hydrolase. LarB
catalyzes the carboxylation of the pyridinium ring of NaAD in the presence of
CO, and Mg?, and the hydrolysis of the phosphoanhydride bond. This
reaction generates adenosine monophosphate (AMP) and pyridinium 3,5-
biscarboxylic acid mononucleotide (P2CMN) [119,131].

Following this, the conversion of P2CMN into pyridinium-3,5-
bisthiocarboxylic acid mononucleotide (P2TMN) is catalyzed by LarE, an ATP-
dependent sacrificial sulfur insertase. Two LarE enzymes are catalyzing two
single-turnover sacrificial sulphurization reactions for the synthesis of one
NPN. Specifically, Cys176 residues in both LarE enzymes are converted to
dehydroalanine (Dha), and the carboxylates of P2CMN are sulphurized into
thiocarboxylates by incorporating the two sulphur atoms [119,132].

The last enzyme of the NPN biosynthesis pathway, LarC, inserts nickel into
P2TMN to yield the mature cofactor. This reaction introduces nickel-carbon
and nickel-sulphur sigma bonds, forming a ring structure, a process termed
cyclometalation in organometallic chemistry [133]. Notably, LarC is the first
biological example of a cyclometallase. This protein also is unusual in that it
is a single-turnover CTP-dependent enzyme in vitro [120].

NPN can subsequently react with Lys184 of LarAl, forming a covalent bond
that activates LarAl. In NPNylated LarAl, the nickel coordinates with the
sulfur atoms from thioamide and thioacid groups of NPN, the C4 of the
pyridinium, and His200 of LarA1l. The overall process of NPN biosynthesis is
depicted in Fig. 6.
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Figure 6 | The NPN cofactor and its biosynthesis. Starting from nicotinic acid adenine
dinucleotide (NaAD), LarB produces pyridinium 3,5-biscarboxylic acid mononucleotide
(P2CMN). From this, two LarE molecules produce pyridinium-3,5-bisthiocarboxylic acid
mononucleotide (P2TMN), into which LarC inserts nickel to produce NPN. Adapted from [123].

1.3.6 Mechanism of LarA1l

Biochemical studies, along with the analysis of the LarAl structure,
suggested that the NPN cofactor racemize lactate via a proton-coupled
hydride transfer (PCHT) mechanism (Fig. 7A). One study synthesized NPN-like
complexes and used alcohol dehydrogenation reactions as a model for
hydride transfer [134]. Consistent with this, three other computational
studies also proposed hydride transfer to C4 of the NPN pyridinium ring
[135-138]. In 2018, Rankin et al. presented direct evidence supporting the
PCHT mechanism through various methods such as electron paramagnetic
resonance spectroscopy, detection of pyruvate as a reaction intermediate,
kinetic isotope effect (KIE) studies, UV-visible spectroscopy, crystallography,
and computational analysis [124].

The PCHT mechanism of LarA1l start by either His108 or His174 (depending
on the isomer of lactate) abstracting the proton from the C2-hydroxyl group
of lactate. Concomitantly, the C2-hydrogen atom transfers as a hydride onto
C4 of the pyridinium ring of the NPN cofactor, forming the intermediate
pyruvate and a reduced NPN cofactor. The hydride then rapidly attacks the
intermediate held at the active site, and either His108 or His174 (depending
on the isomer of lactate) reprotonates the intermediate, resulting in lactate
racemization (Fig. 7A). As a result, NPN is only transiently reduced with a
probably very short lifetime [124,139].
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An alternative PCHT mechanism have been proposed where the hydride
transfer occurs either onto C4 of the pyridinium ring or onto the Ni atom if
dissociated from His200. The hydride then reduces the intermediate by
attacking on either face (Fig. 7B). The proposed capacity for NPN to accept a
hydride at 2 different positions may explain the loss of stereospecificity when
the hydride returns onto the pyruvate intermediate. A different enantiomer
is formed when the hydride is transferred from the C4 of the pyridinium ring
to the Niatom, resulting in its placement on the opposite side of the pyruvate
intermediate. This hypothesis could explain the presence of both a highly
modified pyridinium ring and Ni in the cofactor and would imply a more
essential catalytic role for Ni [140]. However, a recent study consistently
supported hydride transfer to C4 of the NPN cofactor through biochemical,
spectroscopic, and MS analysis of LarAl inactivation by NaBH, [139].
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Figure 7 | Mechanism of LarA1l and the NPN cofactor. (A) Racemization of D-/L-lactate
by LarAl via a proton-coupled hydride-transfer (PCHT) mechanism. (B) Alternative PCHT
reaction mechanism for LarAl with two sites for hydride binding to NPN. LarA1 residues are
indicated in blue, nickel is indicated in green. Adapted from [139,141].
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.4 The LarA superfamily

The study of LarAl and the NPN cofactor led to the discovery of LarAHs,
collectively forming the LarA superfamily, which includes mostly 2-hydroxy
acid racemases and epimerases. This section outlines the path leading to
these discoveries and offers insights into the initial understanding of the LarA
superfamily at the start of this thesis, presenting preliminary data collected
before this thesis. Here, we gain a preliminary understanding of the
functional diversity of the LarAHs, highlighting their significance and
widespread occurrence in the microbial world. Overall, this section provides
a comprehensive context for fully appreciating the outcomes of this thesis,
laying the groundwork for a deeper exploration of the enzymatic landscape
and biotechnological prospects offered by the LarA superfamily.

1.4.1 Occurrence of Lar genes in microorganisms

To gain insight into the role of Lar proteins in the microbial world, the
distribution of lar genes from the larABCDE operon in prokaryotic genomes
was estimated. Homologous sequences of the lar genes of L. plantarum
WCFS1 were searched using BlastP on a collection of complete prokaryotic
genomes (1,087 bacterial and archaeal genomes) from the NCBI database. At
least one homolog of larA, larB, larC, larD and larE was found in 111, 260,
263, 9 and 259 genomes, respectively (Fig. 8A), showing a wide distribution
of lar-like genes and their potential importance in prokaryotes [95].
Specifically, 1% of the genomes analyzed contain larABCE, as well as the larR
and larD genes, suggesting that the larAH genes present in 1% of these
genomes probably code for a lactate racemase. Furthermore, 11% of the
organisms whose genomes were analyzed possess the larABCE genes but not
the larR and larD genes, which are generally linked to the lactate
racemization system. These species may therefore be able to synthesize NPN
and produce LarAHs which are probably not lactate racemases. Finally, 15%
of the genomes analyzed possess larBCE genes but no larA homologous gene
(Fig. 8B), suggesting the existence of one or more superfamilies of NPN-
dependent enzymes that are not LarAHs, not necessarily involving an
epimerization or racemization reaction and not necessarily involving a
hydride transfer mechanism [95,123,142].
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Figure 8 | Occurrence of Lar genes in 1,087 sequenced bacterial and archaeal
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prokaryotic genomes. In blue, genomes containing the entire lactate racemase system
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genomes possessing larBCE. Panel A adapted from [95].
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1.4.2 Beyond lactate racemization: LarA homologs (LarAHs)

The LarA superfamily, also referred to as the DUF2088 superfamily (PF09861)
due to its previously unknown function, represents a highly diverse group of
enzymes. In addition to being widespread in bacteria and archaea, the genes
encoding for the NPN-biosynthetic enzymes and LarAHs are even found in
unicellular eukaryotes [123]. Among bacteria, LarAHs are predominantly
found in Clostridia and &6-Proteobacteria, which utilize lactate as a carbon and
electron source, unlike lactate-producing lactic acid bacteria such as L.
plantarum. This shows that LarAHs are not restricted to lactate-producing
bacteria but are also present in various species with different metabolic
profiles [95,113]. In L. plantarum, the genes encoding LarAl and NPN
biosynthetic enzymes are present in a single copy and organized within an
operon. However, other microorganisms may possess a distinct /ar gene
order, only cluster a subset or none of the genes, duplicate one or more of
these genes, or possess an incomplete gene set [95,142]. Notably, certain
species, e.g. Enterocloster asparagiformis and Thermosinus carboxydivorans,
have multiple larA paralogs, with up to eight copies [95], suggesting potential
for these LarAHs to catalyze distinct isomerization reactions. The high
sequence diversity and genomic contexts of LarAHs within the LarA
superfamily also indicated their potential to catalyze a broad range of
isomerization reactions. These collective data suggested that LarAHs not only
catalyze lactate racemization but may also catalyze the racemization or
epimerization of various a-hydroxy acids [113,123].
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1.4.3 LarAHs characterized so far

To hypothesize the potential reactions catalyzed by LarAHs, it is useful to
examine their genomic context. Bacterial and archaeal genes are often
clustered into functional units as part of operons [143] or transcription units
[144], enabling the inference of the function of an unknown gene within a
cluster [145]. This inference can be facilitated by bioinformatic tools such as
GeConT 2 [146]. However, this method is not always informative [147].

In 2020, through biochemical studies guided by genomic context analysis, we
identified six new NPN-dependent racemase and epimerase activities shared
among seven LarAHs: two malate racemases (LarAH5/MAR1 and
LarAH6/MAR2), one phenyllactate racemase (LarAH10/PLR), one 2-
hydroxyglutarate racemase (LarAH7/HGR), two D-gluconate 2-epimerases
(LarAH19/GntE1 and LarAH20/GntE2), and one short-chain aliphatic 2-
hydroxy acid racemase (LarAH2/SAR) (Fig. 9, Fig. 10 & Table 2). These
enzymes catalyze previously unidentified 2-hydroxyacid racemization or C2-
epimerization reactions. Thus, LarAl and the LarAHs constitute a superfamily
of 2-hydroxy acid racemases and epimerases [147]. A summary of these
enzymes is provided below, with detailed characterization results outlined in
Table 2.

LarAH2 from Isosphaera pallida: SAR

LarAH2 is found in Isosphaera pallida, an aerobic, mesophilic, Gram-negative
bacterium isolated from freshwater hot springs. I. pallida belongs to the
Planctomycetota phylum and grows at temperatures up to 55°C, utilizing
lactate as a carbon source [148,149]. LarAH2 exhibits short-chain aliphatic 2-
hydroxy acid racemase activity (SAR) towards lactate, 2-hydroxyisovalerate,
2-hydroxyisocaproate, and likely similar substrates (Fig. 9, Fig. 10 & Table 2).

LarAH5 from Desulfitobacterium hafniense: MAR1

LarAH5 is found in Desulfitobacterium hafniense, an anaerobic, mesophilic,
spore-forming, Gram-positive bacterium capable of reductive dichlorination
[150]. D. hafniense belongs to the Bacillota phylum [151]. LarAH5 exhibits
malate racemase (MAR) activity, hence designated as MAR1 (Fig. 9, Fig. 10 &
Table 2). Interestingly, malate may not be its native substrate, indicated by
the high Ky for L-malate. Instead, tartrate or 2-hydroxysuccinamate might be
preferred substrates [147].
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LarAH6 from Thermoanaerobacterium thermosaccharolyticum: MAR2
LarAH6 is found in Thermoanaerobacterium thermosaccharolyticum, an
anaerobic, thermophilic, Gram-positive bacterium hosting another LarA
paralog, the lactate racemase LarA2. T. thermosaccharolyticum belongs to
the Bacillota phylum [95,152]. Similarly to LarAH5/MAR1, LarAH6 exhibits
MAR activity, hence named MAR2 [147]. We recently expanded its substrate
scope to include tartrate [153] (Fig. 9, Fig. 10 & Table 2). Moreover, a higher
resolution crystal structure than that shown previously was obtained (2.25
A, PDB: 7591). Site-directed mutagenesis allowed for better characterization
of MAR2's active site and confirmed that the racemization mechanism of
MAR?2 is similar to that of LarAl. Additionally, mutagenesis was performed
on two residues of MAR2, changing the substrate recognition residues to
match the corresponding residues in LarAl. This allowed for modulation of
MAR2’s activity as it acquired low levels of LAR activity [153].

LarAH7 from Deferribacter desulfuricans: HGR

LarAH7 is found in Deferribacter desulfuricans, an anaerobic, mesophilic,
sulphur-reducing, Gram-negative bacterium isolated from deep-sea
hydrothermal vents. D. desulfuricans belongs to the Deferribacteres phylum
[154]. LarAH7 displays 2-hydroxyglutarate racemization (HGR) activity, thus
named HGR. Its instability made k..t measurements imprecise (Fig. 9, Fig. 10
& Table 2) [147].

LarAH10 from Megasphaera elsdenii: PLR

LarAH10 is found in Megasphaera elsdenii, an anaerobic, mesophilic, Gram-
negative bacterium found in the rumen of sheep and cattle [155], as well as
the human gut [156]. M. elsdenii belongs to the Bacillota phylum. LarAH10
catalyzes phenyllactate racemization (PLR) and was named PLR (Fig. 9, Fig.
10 & Table 2) [147].

LarAH19 from Corynebacterium glutamicum: GntE1

LarAH19 is found in Corynebacterium glutamicum, a facultative anaerobic,
mesophilic, Gram-positive bacterium commonly used in industrial
biotechnology for amino acid synthesis, among other applications [157]. C.
glutamicum belongs to the Actinomycetota phylum. LarAH19 catalyzes D-
gluconate C2-epimerization, and was named GntE1l. When assayed with D-
mannonate, the enzyme exhibited a high Ky, suggesting that this might not
be its native substrate (Fig. 9, Fig. 10 & Table 2) [147].
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LarAH20 from Thermotoga maritima: GntE2

LarAH20 is present in T. maritima, an anaerobic, hyperthermophilic, Gram-
negative bacterium growing between 55 and 90°C. It was isolated from
geothermal areas on the sea floor and it produces L-lactate as a product of
carbohydrate fermentation. T. maritima belongs to the Thermotogae phylum
[158,159]. Similarly to LarAH19/GntE1, LarAH20 catalyzes D-gluconate C2-
epimerization and was therefore named GntE2 [147]. Prior to its
characterization, the activity of GntE2 was inferred based on the analysis of
its genomic context, which showed its association with genes of the
hexuronate catabolic pathway [87,160]. Consistent with the extremely
thermophilic nature of its source organism, LarAH20 exhibited the highest
optimal temperature, around 80-90°C (Fig. 9, Fig. 10 & Table 2) [147].
Analysis of its structure, which had been solved prior to our 2020 study,
suggests that LarAH20 uses the same mechanism as LarA1l [124,147].
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Figure 9 | Phylogenetic tree of the LarAH groups. For each group whose activity is
suspected the sequence logo is shown, with residues equivalent to D72, R75, H108, H174,
F175, F176, K184, H200, 1220, Y294, Q295, V297, K298, T353, P355, D356, W358, T359, A360,
1362 of LarAl. Inside each logo, residues involved in catalytic activity are green, those involved
in NPN binding are blue, those probably involved in substrate recognition are yellow,
conserved residues differing from LarAl are red, and those not conserved within the group
are black. The logos were generated using Weblogo [161]. The groups for which at least one
member have shown enzymatic activity are colored plain, the groups whose activity is
suspected are striped black. The groups for which no activity was shown or suspected are
colored black.
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Table 2 | Kinetic parameters of LarA superfamily members characterized so far.
Adapted from [147,153].

pH Temp Km Keat kcat/KM
Substrate o
opt? opt? (°C) (mM)b (s-1)° (mM1s?)
D-lactate 11+4 1,300 + 130 103 +50
LarAl 6 35-40
L-lactate 46 £ 20 4,750 + 500 121 +56
D-lactate 3+2 551 + 102 184 + 127
LarA2 NI NI
L-lactate 8+3 986 + 76 123 +47
D-lactate 0.15+0.04 4.7+0.3 31+10
LarAH2/SAR 7.5 45-50
L-lactate 0.56 £0.10 8.1+0.5 14+ 4
LarAH5/MAR1 L-malate 9 45-50 55+6 140+9 0.39+£0.07
L-malate 0.4+0.04 66 + 10 185+49
LarAH6/MAR2 L-tartrate 6 35-45 19.9+0.3 14.7 £ 0.0 0.74 £0.02
D-tartrate 47.8+0.8 20+0.1 0.42 +0.01
LarAH7/HGR L-2-hydroxyglutarate 7-8 NI 0.32+0.06 >1.5 >47+1
LarAH10/PLR L-3-phenyllactate NI NI 0.4+0.3 0.16 £0.03 0.28+0.21
LarAH19/GntE1 D-mannonate 5.5-8 30-55 120+ 23 59+12 0.48 £0.15
LarAH20/GntE2 D-mannonate 6 80-90 17+6 197 £ 20 11+5

2: optimal pH range or temperature (temp), where activity was > 90% of the maximum activity.
b: + 95% confidence interval based on non-linear regression using the Michaelis—Menten equation.

NI: not investigated.
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Figure 10 | Reactions catalyzed by the LarAHs characterized so far. The colors of the LarAHs
correspond to the groups in the LarA superfamily phylogenetic tree (Fig. 9). The alpha chiral
carbons of substrates are depicted achiral for simplification. Black asterisks indicate
stereoinversion sites, grey asterisks indicate other stereocenters in the molecule.
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HAs have been shown to play crucial roles in a diverse range of metabolic
processes across all domains of life. Additionally, these carboxylic acids
possess considerable market potential and are extensively used in numerous
industries. Consequently, research on developing analysis methods and
stereoselective production of HAs has garnered substantial attention.
However, the class of HA racemases and epimerases (EC 5.1.2) remains
poorly understood and studied as only a few of these enzymes have been
characterized.

The study of the LarA superfamily is therefore of great interest, as it can
expand our scientific knowledge of hydroxy acid metabolism while
potentially leading to novel biotechnological applications. However, research
on the LarA superfamily is still in its early stages, and much remains to be
discovered about the full range of NPN-dependent racemization and C2-
epimerization reactions catalyzed by LarAHs. Moreover, investigating
racemization and epimerization reactions still represent a significant
challenge in today’s biochemistry due to the subtle structural changes
between substrates and products. Therefore, the 2 main questions that led
to this research project were “What is the best tool to develop in order to
deepen the exploration of the LarA superfamily ?” and “What is the full scope
of reactions catalyzed by members of the LarA superfamily ?”. The broad aim
of this thesis was therefore the discovery and in vitro characterization of
novel HA racemases and C2-epimerases in the LarA superfamily.

The first objective of this thesis was to develop an efficient method for the
chiral analysis and quantification of HA stereoisomers, particularly AHA
enantiomers and PHA stereoisomers, which are the substrates of interest of
LarAHs. Existing analytical methods for the chiral analysis of HAs are either
labor-intensive or costly, and none provide a universal procedure for various
types of HAs. Additionally, robust analytical methods for chiral analysis of
PHA stereoisomers are nearly nonexistent. The objective of this section was
to fill this major gap in the field of chiral analysis while providing an efficient
tool for investigating the LarA superfamily.

The second objective of this thesis was to explore the diversity of reactions
catalyzed by LarA superfamily members. Our recent discoveries (see Section
1.3.3) likely represent just a fraction of the scope of racemization and C2-
epimerization reactions catalyzed by LarAHs. The specific enzymatic
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functions within most phylogenetic families in the LarA superfamily remain
largely unexplored and require further investigation. The objective of this
section was to purify LarAHs primarily from unexplored phylogenetic clusters
of the LarA superfamily and to determine their range of activity combining
phylogenetic, structural, enzymatic, and capillary electrophoresis analysis.

The final objective of this thesis was to biochemically characterize each
purified LarAH to identify candidates for the production of valuable AHAs or
PHAs, potentially leading to industrial or biotechnological applications in the
long term. This involved a comprehensive biochemical characterization of
the purified LarAHs by experimentally determining their optimal pH and
temperature conditions, as well as their kinetic parameters for one
representative substrate (kct, Km and ket/Km). Additionally, we aimed to
identify the preferred substrates of the purified LarAHs by determining the
keat/Km values for all their active substrates using the developed CE method.
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In this chapter, we aimed to establish a robust methodology for a
comprehensive exploration and characterization of the LarA superfamily.
However, elucidating the reactions catalyzed by LarA superfamily members
presents significant challenges, primarily due to the need for the separation
of AHA enantiomers and PHA C2-epimers. Moreover, the majority of existing
analytical approaches for AHA chiral analysis are often labor-intensive,
expensive, and lack the versatility required for simultaneous chiral analysis
of both AHAs and PHAs.

To address this gap, we opted for chiral separation by CE as existing literature
indicates it as a rapid and efficient technique for resolving AHA enantiomers.
CE is an analytical technique that separates ionic species based on their
electrophoretic mobility in an electric field applied across a capillary
containing a buffer solution. The main components of a CE system include a
capillary tube, a high-voltage power supply, an injection system to introduce
the sample, and a detection system to monitor separated ions. The
application of high voltage across the electrodes initiates an electric field,
facilitating the migration of analytes from the anode to the cathode within
the capillary. Each end of the capillary is immersed in a vial containing an
electrode and an electrolyte solution, into which a chiral selector (e.g.
vancomycin) can be added for chiral analysis. During the process, a small
amount of sample is injected into the capillary, and the electric field causes
ions to migrate at different speeds depending on their charge and size,
resulting in their separation. In the case of chiral analysis, given that the
stereoisomers of the same molecule have the same charge and the same
size, the chiral selector is used to separate them depending to their
stereochemistry. Detection occurs as ions reach the detector, producing an
electropherogram (EPG) that represents signal intensity (commonly
absorbance or fluorescence) over time (Fig. 15).

To develop a protocol tailored to our objectives, we combined elements from
previously published methodologies for the chiral separation of amino and
hydroxy acids. The optimized protocol employed a partial filling-counter
current method with indirect UV detection, utilizing vancomycin as the chiral
selector in a background electrolyte comprising 10 mM benzoic acid/L-
histidine at pH 5, and a polyacrylamide-coated capillary.
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This protocol proved to be a versatile and highly efficient CE method,
enabling the direct chiral analysis and quantification of a wide range of HA
stereoisomers, including both aliphatic and aromatic AHA enantiomers,
aliphatic BHA enantiomers, and aliphatic PHA stereoisomers. This versatility
represents a substantial improvement over prior methods, which were often
limited to narrower analyte ranges or necessitated different separation
conditions for distinct compound classes. Consequently, this protocol
simplifies analytical workflows and obviates the requirement for multiple
chiral separation strategies. Additionally, the ability to perform direct chiral
separation without derivatization streamlines sample preparation, reduces
analysis time, and preserves the native structures and properties the
analytes.

In order to optimize the utilization of the developed method, we also
determined the variation of chiral resolution, analysis time, signal intensity
and limit of detection as a function of vancomycin concentration and
capillary length. Collectively, this chapter addresses a critical gap in the field
of chiral analysis while providing a highly efficient and adaptable tool for the
investigation of the LarA superfamily.
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detect/ b Odata
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anode @ @ cathode

buffer sample buffer
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Figure 15. Capillary electrophoresis system. Adapter from [162]

38



l11.1.1 Manuscript

Versatile capillary electrophoresis method for the direct
chiral separation of aliphatic and aromatic a-hydroxy acids,
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Abstract

Hydroxy acids (HAs) are ubiquitous in nature and play significant roles in
various industrial and biological processes. Most HAs harbor at least one
chiral center, therefore the development of efficient chiral analysis
techniques for HA stereoisomers is of crucial importance across a wide range
of fields. A capillary electrophoresis (CE) method was developed for the chiral
analysis and quantification of aliphatic and aromatic a-hydroxy acid (AHA)
enantiomers, aliphatic B-hydroxy acid (BHA) enantiomers and aliphatic
polyhydroxy acid (PHA) stereocisomers. Using a modified partial filling-
counter current method with indirect UV detection, high resolution (Rs) was
achieved with vancomycin as a chiral selector added to the background
electrolyte composed of 10 mM of benzoic acid/L-histidine at pH 5 using a
polyacrylamide-coated capillary. This method could be readily applied to the
determination of the enantiomers of 12 aliphatic AHAs, 4 aromatic AHAs, 3
aliphatic BHAs, as well as to the determination of the stereoisomers of
tartaric acid, 2,3-dihydroxybutanoic acid, 2,3,4,5-tetrahydroxypentanoic
acid, and 2,3,4,5,6-pentahydroxyhexanoic acid without the need for sample
derivatization. Finally, our study provides a robust and versatile strategy for
the chiral and stereoselective analysis of a broad range of hydroxy acid
compounds.

Keywords

Capillary electrophoresis, enantiomer separation, hydroxy acids,
enantioselective analysis, chiral analysis, vancomycin
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INTRODUCTION

Hydroxy acids (HAs), which are carboxylic acids containing at least one
hydroxyl group, are widespread chiral compounds in nature and serve as
essential biological building blocks [163]. Among HAs, a-hydroxy acids (AHAs)
have their hydroxyl group attached to the second carbon, B-hydroxy acids
(BHAs) have their hydroxyl group attached to the third carbon, and
polyhydroxy acids (PHAs) possess multiple hydroxyl groups in their structure
[2]. In addition to being key metabolites of most metabolic pathways, these
acids have considerable market potential and find extensive applications as
cosmetics [36,37], drug precursors [164], food components and additives
[46,47], building blocks in chemical synthesis [164], monomers for diverse
biopolymers [51], and in the production of various basic chemicals [1].

Over the last decades, the chiral analysis of HA stereoisomers, which include
enantiomers and diastereomers, has become of major interest. Different
stereoisomers exhibit distinct chemical and biochemical properties,
emphasizing the need to accurately determine and utilize the appropriate
stereoisomer for specific applications. Consequently, efficient chiral analysis
methods of HA stereoisomers play a crucial role in a wide range of fields. (i)
In pharmacology and cosmetics: HAs have significant clinical and
pharmacological activity on the skin [2,36]. However, the stereochemistry of
compounds is crucial for their therapeutic efficacy and safety [165].
Enantiomeric analysis is essential to ensure the production of
stereochemically pure chiral compounds, particularly in pharmaceutical drug
research, production, and monitoring processes. (ii) In microbiology: Some
HAs are produced by microorganisms and are involved in biodegradation
processes. In some cases, the degradation or synthesis rate of a compound
may depend on its stereochemistry [166]. Analysis of enantiomers can help
researchers investigate the degradation pathways involved. (iii) In food
industry: HAs can be important components of food and flavor additives
[46,47]. Quality control based on enantioselective analysis of specific
enantiomers of HAs can help improve the quality and safety of food products
by ensuring that only the desired enantiomer is present. (iv) In industrial
chemistry: HA diastereomers may have different physical or chemical
properties that affect their performance in industrial processes. Analysis of
diastereomers can help optimize industrial production and improve the yield
and quality of the final product. (v) In clinical analysis: Alterations in the
expected levels of many AHAs have been associated to specific diseases or
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health benefits [5]. Their enantioselective analysis is consequently a major
concern in biomarker studies and clinical analysis [167,168]. Overall, the
chiral analysis of HA stereoisomers is important to ensure the safety, efficacy,
and environmental impact of drugs, food additives, and industrial products.

Direct chiral analysis of HAs involves the formation of transient
diastereomeric complexes and does not require derivatization. In contrast,
indirect chiral analysis of HAs involves the formation of stable diastereomers
and requires derivatization [169]. A variety of different analytical methods
have been employed to separate underivatized HAs. Aliphatic AHA
enantiomers have been separated by CE [170,171], HPLC [167,172,173],
HPLC-MS [174], LC-MS/MS [175], and ligand exchange CE (LE-CE) [176]. The
separation of aromatic AHA enantiomers has been accomplished using
techniques such as CE [177,178], LE-CE [179], ligand-exchange capillary
electrochromatography (LE-CEC) ([180], ligand exchange high-speed
countercurrent chromatography (LE-HSCCC) [181], and HPLC [182,183].
Similarly, aliphatic BHA enantiomers have been separated by HPLC [167,184],
HPLC-ESI-MS/MS [185], and UHPLC-MS/MS [186]. To date, no CE method has
been described for the chiral analysis of underivatized BHAs or PHAs, except
for DL-tartaric acid using CE [187,188] or HPLC [167], to the best of our
knowledge.

Among these methods, CE has proven to be a cheap, simple and highly
effective technique for the analysis of enantiomers without the need for
derivatization or polar solvents, and it offers versatile capabilities due to the
availability of numerous chiral selectors [189,190]. In particular, CE excels in
the analysis of charged solutes and constitutes a powerful tool for the
analysis of carboxylic acids in general [191]. Moreover, of all the analytical
methods available, none yet offers a general procedure for the chiral analysis
of different types of HAs. The lack of a chiral analysis method for PHAs and
of a versatile procedure for chiral analysis of different types of HAs leaves a
major gap in the field of chiral analysis of these valuable compounds.

This study addresses this gap in the field of chiral analysis of HA
stereoisomers. We have developed a versatile and highly efficient CE method
that allows the direct chiral analysis and quantification of a broad spectrum
of HA stereoisomers, including aliphatic and aromatic AHA enantiomers,
aliphatic BHA enantiomers, and aliphatic PHA stereoisomers. The chemical
structures of the chiral HAs investigated are shown in Fig. 1.1.
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RESULTS & DISCUSSION

Method development and robustness

For our method, we used a background electrolyte (BGE) consisting of an
aqueous buffer of 10 mM benzoic acid/L-histidine at pH 5. Vancomycin was
chosen as a chiral selector because it is a macrocyclic glycopeptide antibiotic
(MA) commonly used in capillary electrophoresis for the enantioseparation
of chiral compounds with carboxylic groups [192-194]. We opted for a
hydrodynamic partial-filling countercurrent separation method with indirect
UV detection in a polyacrylamide-coated capillary, as this method provides
several advantages. First, indirect UV detection enables the analysis of non-
UV-absorbing compounds such as aliphatic HAs, thus broadening the range
of detectable analytes. Second, the polyacrylamide coating reduces the
adsorption of analytes and chiral selectors on the capillary wall, resulting in
improved separation efficiency and reduced EOF [195]. Third, the partial
filling technique allows for improved analyte detectability by eliminating
vancomycin from the detection cell, thereby minimizing its interference. This
is particularly important since vancomycin absorbs strongly in the UV region
[196,197]. Lastly, the countercurrent separation method enhances the
separation of enantiomers due to the opposite migration directions of the
HAs and the vancomycin cations [195,198].

Fig. 1.2 shows an electropherogram (EPG) obtained with our method
displaying the simultaneous enantioseparation of the enantiomers of an AHA
(DL-2-hydroxybutyric acid), a BHA (DL-3-hydroxybutyric acid), and a PHA (DL-
gluconic acid). A large absorbing zone was observed at the beginning of each
run. This was previously shown by Bednar P. et al. that it is due to the
presence of chloride anions associated with the vancomycin cations [199]. By
using a partial-filling countercurrent separation method, the vancomycin
cations migrate away from the detection window, while the chloride anions
and hydroxy acid anions migrate towards the detection window. The chloride
anions are detected first due to their higher mobility within the system. The
area of the peak corresponding to chloride anions is directly proportional to
both the concentration of vancomycin and the effective length of the
capillary used for chiral separation. In general, when using 25 mM
vancomycin, the chloride anion peak ends at 31 minutes using a capillary
with an effective length of 112 cm, and at 8 minutes using a capillary with an
effective length of 46 cm.
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Figure 1.2 | EPG of the simultaneous enantioseparation of the enantiomers of an
AHA, a BHA and a PHA. All enantiomers are at a concentration of 8 mM. Electrophoretic
conditions: polyacrylamide-coated capillary, 122 (112) cm x 50 um; BGE, 10 mM benzoic
acid/L-histidine, pH 5, and 25 mM vancomycin; partial filling, 145 s at 1000 mbar; injection, 5
s at 30 mbar; voltage, —25 kV; temperature, 20°C; indirect detection at 230 nm.
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For the separation of DL-2-hydroxybutyric acid, DL-3-hydroxybutyric acid and
DL-gluconic acid, we calculated the intra-day and inter-day relative standard
deviation (R.S.D.) for various parameters. Inter-day R.S.D. values are
between 0.5% and 3.9% for peak areas, 0.1% and 1.1% for migration times,
2.8% and 4.9% for resolutions and 0.2% and 0.7% for separation factors.
Intra-day R.S.D. values are between 1.1% and 4.9% for peak areas, 1.8% and
3.5% for migration times, 3.5% and 6.9% for resolutions and 0.3% and 1.3%
for separation factors. These low inter- and intra-day variabilities
demonstrate the robustness of our method for the chiral separation of AHAs,
BHAs and PHAs (Table 1.51).

Chiral separation of AHA enantiomers
Chiral separation of aliphatic AHA enantiomers

Our method allowed the highly efficient chiral analysis of 12 different
aliphatic AHAs which are non-UV-absorbing: DL-lactic acid, DL-glyceric acid,
DL-2-hydroxybutyric acid, DL-2-hydroxycaproic acid, DL-2-hydroxyisocaproic
acid, DL-malic acid, DL-2-hydroxyvaleric acid, DL-2-hydroxyisovaleric acid,
DL-2-hydroxyoctanoic  acid, DL-2,3-dihydroxyisovaleric acid, DL-2-
hydroxyglutaric acid, and DL-isocitric acid (Figs. 1.3A and 1.3B). Baseline
resolution (Rs 2 1.5) was obtained for all aliphatic AHA enantiomers (Table
1.1). This demonstrates that our protocol allows the chiral separation of
monocarboxylic (e.g. lactic acid), dicarboxylic (e.g. 2-hydroxyglutaric acid)
and tricarboxylic (e.g. isocitric acid) AHA enantiomers. The migration times
of the AHA anions positively correlate with their molecular weight and
negatively correlate with the number of negative charges (Table 1.1 and Fig.
1.3). Lactic acid is one of the AHAs whose chiral separation has been most
widely reported in the literature, with Rs values ranging from 1.25 to 3.8
[170,171,173,174,200-203]. In comparison, our method allows the chiral
separation of DL-lactic acid with a Rs of 28.3 (Table 1.1).

Chiral separation of aromatic AHA enantiomers

Aromatic AHAs have wide-ranging applications for the production of
biocompatible and biodegradable polymers, as antimicrobial compounds,
for biomarker usage, and as versatile chiral building blocks for the large-
scale production of active pharmaceutical compounds including antibiotics,
antitumor, and antiobesity agents [164,182]. Fig. 1.4 shows an efficient
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chiral separation of four different aromatic AHAs which are UV-absorbing
due to their aromatic ring acting as a chromophore: DL-mandelic acid, DL-3-
phenyllactic acid, DL-3-(4-hydroxyphenyl)lactic acid, and DL-2-hydroxy-4-
phenylbutyric acid. Baseline resolution was obtained for all aromatic AHA
enantiomers (Table 1.1).

Chiral separation of aliphatic BHA enantiomers

Aliphatic BHAs have multifaceted applications, serving as starting materials
for chemical synthesis and biochemical transformations for the production
of optically active bioactive compounds such as vitamins, antibiotics,
antifungals, pheromones and flavors [204,205]. For example, 3-
hydroxybutyrate has gained significant interest in medicine, dietetics, and for
the biodegradable plastics industry [206]. In addition, many aliphatic BHAs
are important chiral building blocks for lipopeptide synthesis and as disease-
related biomarkers [207,208]. As such, enantioselective analysis of aliphatic
BHAs is crucial for an unbiased biological or clinical interpretation.

However, in spite of the advanced state of enantiomer separation methods,
the direct or indirect chiral separation of aliphatic BHAs remains a challenge
in comparison to the chiral separation of AHAs. Currently, no CE method has
been published for the enantioseparation of BHAs. Using our method, both
D- and L- enantiomers of 3-hydroxybutyric acid and of 3-hydroxyoctanoic
acid were separated (Fig. 1.5). Baseline resolution was obtained for all
aliphatic BHA enantiomers (Table 1.1). Enantioselectivity may also be
expected for aliphatic BHA with carbon chain lengths between four and eight
carbons, as resolution improved with carbon chain length from four to eight.

When comparing the chiral separation of AHA and BHA enantiomers, we
observed that the resolution was 8 to 12 times lower for BHA enantiomers,
thus requiring a higher concentration of vancomycin for their efficient
separation (Fig. 1.6). Vancomycin probably interacts less specifically with the
molecules when the hydroxyl group is located on C3 rather than on C2, as
the distance and flexibility between the carboxyl group and both the hydroxyl
and carbon side chain increase.
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Table 1.1 | Separation data of AHA and BHA enantiomers. All separations were
performed with 0.5 mM of each enantiomer. Rs = resolution; a = separation factor; MW =
molecular weight (g/mol); MO = migration order. Vancomycin concentrations as indicated,

other electrophoretic conditions as in Fig. 1.2.

DL-enantiomers MW Vancomycin Mo a Rs
DL-isocitric acid 192.1 12 D<L 1.06 4.3
DL-malic acid 134.1 1.03 1.5
DL-lactic acid 90.1 1.43 28.3
DL-glyceric acid 106.1 15 1.11 6.3
DL-2-hydroxyglutaric acid 148.1 1.07 4.8
Aliphatic  DL-2-hydroxybutyric acid 104.1 1.29 20.4
AHAs DL-2-hydroxyvaleric acid 118.1 1.32 26.1
DL-2-hydroxyisovaleric acid 118.1 1.16 11.3
DL-2-hydroxycaproic acid 132.2 1.26 21.8
DL-2-hydroxyisocaproic acid 132.2 L<D 1.28 23.2
DL-2,3-dihydroxyisovaleric acid 134.1 1.11 8.3
DL-2-hydroxyoctanoic acid 160.2 25 1.22 18.3
DL-mandelic acid 152.2 1.02 1.7
Aromatic  DL-3-phenyllactic acid 166.2 1.38 29.4
AHAs DL-3-(4-hydroxyphenyl)lactic acid 182.2 1.47 43.2
DL-2-hydroxy-4-phenylbutyric acid 180.2 1.16 15.3
Aliphatic  DL-3-hydroxybutyric acid 104.1 1.02 1.8
BHAs DL-3-hydroxyoctanoic acid 160.2 1.03 2.7
A
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J i . .
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E
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DL-2-hydroxybutyric acid

® DL-2-hydroxyvaleric acid
DL-2-hydroxyisocaproic acid

DL-2-hydroxyisovaleric acid ® DL-2-hydroxyoctanoic acid

Time (min)

50 60

Figure 1.3 | Simultaneous enantioseparation of aliphatic AHA enantiomers. All
enantiomers are at a concentration of 1 mM. (A) Vancomycin concentration 10 mM, other
electrophoretic conditions as in Fig. 1.2. (B) Vancomycin concentration 15 mM, other
electrophoretic conditions as in Fig. 1.2.
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Figure 1.4 | Simultaneous enantioseparation of aromatic AHA enantiomers. All
enantiomers are at a concentration of 2 mM. Vancomycin concentration 10 mM, other
electrophoretic conditions as in Fig. 1.2.
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Figure 1.5 | Simultaneous enantioseparation of BHA enantiomers. All enantiomers
are at a concentration of 2 mM. Electrophoretic conditions as in Fig. 1.2.
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Figure 1.6 | Chiral separation of AHA enantiomers compared to the chiral

separation of BHA enantiomers. Vancomycin concentrations as indicated, other
electrophoretic conditions as in Fig. 1.2.
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Figure 1.7 | Chiral separation of PHAs stereoisomers. All enantiomers are at a
concentration of 0.5 mM. (A) Chiral separations of tartaric acid stereocisomers. Electrophoretic
conditions: vancomycin 5 mM. (B) Chiral separations of 2,3-dihydroxybutanoic acid
stereoisomers. Electrophoretic conditions: vancomycin 20 mM. (C) Chiral separations of
2,3,4,5-tetrahydroxypentanoic acid stereoisomers. (D) Chiral separations of 2,3,4,5,6-
pentahydroxyhexanoic acid stereoisomers. Other electrophoretic conditions as in Fig. 1.2 for
A, B, CandD.
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Chiral separation of aliphatic PHA stereoisomers

While underivatized AHAs and BHAs have been previously enantioseparated
using various chiral methods, analogous applications for underivatized PHAs
are absent in the scientific literature, except for tartaric acid. In this study,
we analyzed the enantiomers and diastereomers of tartaric acid (DL- and
meso-tartaric acid) (Fig. 1.7A), 2,3-dihydroxybutanoic acid (4-deoxy-DL-
erythronic acid and 4-deoxy-DL-threonic acid) (Fig. 1.7B), 2,3,4,5-
tetrahydroxypentanoic acid (DL-ribonic acid, DL-arabinonic acid, DL-xylonic
acid, and DL-lyxonic acid) (Fig; 1.7C) and 2,3,4,5,6-pentahydroxyhexanoic
acid (DL-gluconic acid, DL-allonic acid, DL-gulonic acid, DL-altronic acid, DL-
talonic acid, DL-galactonic acid, DL-idonic acid, and DL-mannonic acid) (Fig.
1.7D). All of these compounds are aldonic sugar acids, except tartaric acid
which is an aldaric sugar acid. The chiral separation of sugar acids could
become of utmost interest since these acids are widely distributed in nature
and are used for numerous applications, such as detergent components, pH
regulators, corrosion inhibitors, additives in the food industry, monomers for
polymeric materials, and biodegradable chelators for pharmaceuticals [59].

Most reports on the chiral separation of tartaric acid only mention the
separation of its enantiomers, D- and L-tartaric acid. In our case, the
separation of tartaric acid enantiomers was not successful, but we could
achieve the separation of its diastereomers, D- from meso- and L- from meso
(Table 1.2). Additionally, with our method, we were able to differentiate all
six possible stereoisomer combinations of 2,3-dihydroxybutanoic acid (Table
1.3), 24 out of the 28 possible stereoisomer combinations of 2,3,4,5-
tetrahydroxypentanoic acid (Table 1.4), and 101 out of the 120 possible
stereoisomer combinations of 2,3,4,5,6-pentahydroxyhexanoic acid (Table
1.5). When a Rs cut-off of 1.5 is applied, which corresponds to the baseline
separation of two different peaks, we were still able to differentiate five out
of six possible stereoisomer combinations of 2,3-dihydroxybutanoic acid, 15
out of 28 possible sterecisomer combinations of 2,3,4,5-
tetrahydroxypentanoic acid, and 89 out of 120 possible stereoisomer
combinations of 2,3,4,5,6-pentahydroxyhexanoic acid (Table 1.6). This
demonstrates that our method is capable of differentiating the vast majority
of PHA stereoisomers.
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Table 1.2 | Chiral separation of tartaric acid stereoisomers. Enantiomers (yellow
boxes), C-2 and C-3 epimers (red boxes). NS = not separated. The resolution is underlined and
the separation factor is italicized. Vancomycin concentration 5 mM, other electrophoretic
conditions as in Fig. 1.2.

Resolution (Rs) and separation factor (a)
D-tartaric acid (2S,3S) L-tartaric acid (2R,3R)
L-tartaric acid (2R,3R) NS
Meso-tartaric acid (2R,3S) or (2S,3R) 5.7 1.12 5.7 1.12

Table 1.3 | Chiral separation of 2,3-dihydroxybutanoic acid stereoisomers.
Enantiomers (yellow boxes), C-2 epimers (purple boxes), C-3 epimers (blue boxes). D-4DE = 4-
deoxy-D-erythronic acid (2R,3R), L-4DE = 4-deoxy-L-erythronic acid (2S,3S), D-4DT = 4-deoxy-
D-threonic acid (2S,3R), L-4DT = 4-deoxy-L-threonic acid (2R,3S), NS = not separated. The
resolution is underlined and the separation factor is italicized. Vancomycin concentration 20
mM, other electrophoretic conditions as in Fig. 1.2.

Resolution (Rs) and separation factor (a)
D-4DE (2R,3R) L-4DE (2S,3S) D-4DT (2S,3R)
L-4DE (2S,3S) 2.8 1.04
D-4DT (25,3R) 43 1.07 1.9 1.03
L-4DT (2R,3S) 1.5 1.02 13 1.02 3.1 1.05

Table 1.4 | Chiral separation of 2,3,4,5-tetrahydroxypentanoic acid stereoisomers.
Enantiomers (yellow boxes), C-2 epimers (purple boxes), C-3 epimers (blue boxes), C-4
epimers (grey boxes). D-xylo = D-xylonic acid (2R,3S,4R), L-xylo = L-xylonic acid (2S,3R,4S), D-
lyxo = D-lyxonic acid (2S,3S,4R), L-lyxo = L-lyxonic acid (2R,3R,4S), D-ribo = D-ribonic acid
(2R,3R,4R), L-ribo = L-ribonic acid (2S,3S,4S), D-ara = D-arabinonic acid (2S,3R,4R), L-ara = L-
arabinonic acid (2R,3S,4S), NS = not separated. The resolution is underlined and the separation
factor is italicized. Electrophoretic conditions as in Fig. 1.2.

Resolution (Rs) and separation factor (a)

D-xylo L-xylo ‘ D-lyxo ‘ L-lyxo ‘ D-ribo ‘ L-ribo ‘ D-ara
Lxylo | 11 z02 5 | | | i
D-lyxo 16 102 | 0e 01|
L-lyxo NS 11 102 | 16
D-ribo 34 105 | 22 1.03| 18
L-ribo 49 107 | 3.5 1.05| 3.1
D-ara 24 103 | 14 1202| 11 1.02| 24 103 | 12 102 | 26 103
L-ara 11 102 NS 06 101 | 11 102 | 22 103 | 35 105 14 102
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Resolution (Rs) and separation factor (a)
D-glu | L-glu D—gaIJ L-gal { D—aInJ L-aln l D—maJ L—maJ D-ido L—idoJ D—aItJ L-alt D—taIJ L-tal [D—gul
N : : : : : : O i : Lo oo !
| 1o : . L : : N R R :
_____ S
i7 0.5 : | : : | | : : : : : : |
D-gal |-~ : ) : : ) ) : : : : : : )
102 | 1.01 1 | 1 1 | | | 1 1 | 1 | |
_____ R
28 11 i . . i i . . . . . . i
L-gal ) : : ) ) : : : : : : )
Loz 1| 101 | : : | | : : : : : : |
2.8 - 11 . . | | . . . . . . |
D-aln [ e NS i i | | : : : : : ; |
L03 | 1.01 -01 . 1 | i . . 1 : . . |
395 | 22 | 28 | 12 | 12 | [
L-aln | I I | | | | | | |
105 | 1.02 | .03 | 1.01 | 1.01 ' ! ! ' ' ' ' ' ' !
13 |07 | 08 | 17 | 17 | 25 T .
D-ma I I ' ' ' ' ' ' I
102 | 1.01 | 101 | 1.02 | 1.02 | 1.03 ! ! ' ' ' ' ' ' !
fffff R s e e R SR
22 | 38 | 35 | 47 | 47 | 55 | 29 ! ! ! ! ! ! ! !
L-ma I ' ' ' ' ' ' I
1.03 | 1.05 7] 7] 1.03 ' ! ! ! ! ! ! '
B 2 2 """ 1T i D TTTTTT (i i r==--=-" 1
D-ido| NS i) W — — e — . . . . . . |
02 | 101 | 1.03| 102 | 1.05 | 1.01 0 ' ' ' ' ' ' ;
v s R R EEE Yo - q----- b i
T e e e et e e : : : : : |
101 | 1.03 | .02 | .05 | 1.05 | 1.06 | 1.02 | 1.01 | 1.01 ! : : : : 1
16 04 | 23 33 | 44 : ; ! ; !
D-alt : : : : |
102 | 202 | 101 | 1201 | 1.01 | 1.03 07 | 104 | 1.05 ' : : : :
18 07 18 16 : P !
L-alt NS ! : : !
102 01 | 1.01 1 | 102 | 1.01 05| 102 | 103 | 1.02 : : : ;
5.4 36 | 6.2 9. 7.7 a1 | 5.4 i i i
D-tal ' ' !
0 7 | 206 | 106 | 1.05 | 108 | 1.12 | 1.1 | 1.11 | 1.05 | 1.07 : ; !
| 108 | 82 | B4 64 | 91 | 124 | 108 | 116 | 69 | 82 | 27 i |
L-ta S ' !
113 | 111 | 211 | 21 | 121 | 108 | 111 | 116 | 113 | 114 | 1.09 | 1.11 i :
(.22 47 | 44 | 53 | 53 | 65 | 3.8 | 08 | 26 | 19 | 6 | 47| 104|131 !
D-gu |
B 103 106 | 105 | 107 | 107 | 108 | 105 | 1ot | 103 | 102 | 108 | 106 | 112 | 117 |
(.28 13 | 11 | 23| 23 | 33 | 05 | 24 | 06 | 15 | 28 | 13 | 68 | 101 | 3.2
L-gu
g 101 | 1.02 | 101 | 1.03 | 1.03 | 1.04 | 1.01 | 1.03 | 1.01 | 1.02 | 1.03 | .02 | 1.05 | 1.13 | 1.04

Table 1.5 | Chiral separation of 2,3,4,56-pentahydroxyhexanoic acid
stereoisomers. Enantiomers (yellow boxes), C-2 epimers (purple boxes), C-3 epimers (blue
boxes), C-4 epimers (grey boxes), C-5 epimers (green boxes). D-glu = D-gluconic acid
(2R,3S,4R,5R), L-glu = L-gluconic acid (2S,3R,4S,5S), D-gal = D-galactonic acid (2R,3S,4S,5R), L-
gal = L-galactonic acid (2S,3R,4R,5S), D-aln = D-allonic acid (2R,3R,4R,5R) , L-aln = L-allonic acid
(2S,3S,4S,5S), D-ma = D-mannonic acid (2S,3S,4R,5R), L-ma = L-mannonic acid (2R,3R,4S,5S),
D-ido = D-idonic acid (2S,3R,4S,5R) , L-ido = L-idonic acid (2R,3S,4R,5S), D-alt = D-altronic acid
(2S,3R,4R,5R), L-alt = L-altronic acid (2R,3S,4S,5S), D-tal = D-talonic acid (2S,3S,4S,5R), L-tal =
L-talonic acid (2R,3R,4R,5S), D-gul = D-gulonic acid (2R,3R,4S,5R); L-gul = L-gulonic acid
(2S,3S,4R,5S); NS = not separated. The resolution is underlined and the separation factor is
italicized. Electrophoretic conditions as in Fig. 1.2.
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Table 1.6 | Efficiency of the chiral separation of PHA stereoisomers. Electrophoretic
conditions as in Fig. 1.7.

Stereoisomers of MW (g/mol) #ofRs21 #ofRs21.5
Tartaric acid 150.1 2/3 2/3
2,3-dihydroxybutanoic acid 120.1 6/6 5/6
2,3,4,5-tetrahydroxypentanoic acid 166.1 24/28 15/28
2,3,4,5,6-pentahydroxyhexanoic acid 196.2 101/120 89/120

Migration order and electrophoretic mobilities

When analyzing a mixture of unknown enantiomeric ratio, the knowledge of
the migration order allows direct identification of the L- and D-enantiomers.
For all AHAs and BHAs, except for isocitric acid, the L-enantiomer with 2S
stereochemistry migrated faster than the D-enantiomer with 2R
stereochemistry (Fig. 1.3, Fig. 1.4, Fig. 1.5 and Table 1.1). For tartaric acids,
L- and D-tartaric acid migrated faster than meso-tartaric acid (Fig. 1.8A). For
enantiomeric pairs or C2 epimeric pairs of 2,3-dihydroxybutanoic acids, the
enantiomer or C2 epimers with a 2S stereochemistry migrated faster than
the enantiomer or C2 epimers with a 2R stereochemistry. Conversely, for
enantiomeric pairs or C2 epimeric pairs of 2,3,4,5-tetrahydroxypentanoic
acids and 2,3,4,5,6-pentahydroxyhexanoic acids, the enantiomer or C2
epimers with a 2R stereochemistry migrated faster than the enantiomer or
C2 epimers with a 2S stereochemistry, except for the D-arabinonic acid/D-
ribonic acid C2 epimeric pair and the D-talonic acid/L-talonic acid
enantiomeric pair (Fig. 1.8A and 1.8B). For C3, C4 and C5 epimeric pairs of
PHAs, the epimers with different stereochemistry between the last two
carbons migrated faster than the epimers with the same stereochemistry
between the last two carbons. In other words, the epimers with different
stereochemistry between CX and CX-1 migrated faster than the epimers with
the same stereochemistry between CX and CX-1, where X is the total number
of carbons of the PHA (Fig. 1.8A and 1.8B). The effective electrophoretic
mobilities (Uer) of the HAs and the chiral selector (et vancomycin = 12.26 x
10°.m2.V1s?) were determined based on their respective migration times
and the electroosmotic mobility of the EOF (peor = -2.94 x 10°. m2.v1s?)
(Table 1.52).
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Figure 1.8 | Schematic representation of the chiral separation and migration times

of PHAs stereoisomers. (A) Schematic representation of the chiral separations and

migration times of the stereoisomers of tartaric acid (green), 2,3-dihydroxybutanoic acid
(purple) and 2,3,4,5-tetrahydroxypentanoic acid (orange). (B) Schematic representation of the

acid

(2,3,4,5,6)-pentahydroxyhexanoic

of
stereoisomers (blue). Electrophoretic conditions as in Fig. 1.7 for A and B.
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Variation of resolution, analysis time, signal intensity and limit of
detection

Effect of vancomycin concentration

We determined the variation of chiral resolution as a function of vancomycin
concentration for a representative AHA (DL-2-hydroxybutyric acid), BHA (DL-
3-hydroxyoctanoic acid) and PHA (DL-gluconic acid). Increasing the
concentration of vancomycin resulted in enhanced chiral separation for all
HAs investigated by increasing the resolution and migration time for AHAs,
BHAs, and PHAs (Fig. 1.9A and 1.9B). This means that a high concentration of
vancomycin would always be recommended for the initial chiral analysis of
an unknown HA, the vancomycin concentration may later be decreased for
faster migration time, if the resolution allows it.

However, increasing the vancomycin concentration also results in a lower
signal intensity and higher limit of detection (LOD; signal-to-noise ratio = 3).
Fig. 1.9C shows that the signals corresponding to 1 mM of DL-2-
hydroxybutyric acid, DL-3-hydroxyoctanoic acid and DL-gluconic acid
decrease with an increase in vancomycin concentration. And Fig. 1.9D shows
that the LOD of D-2-hydroxybutyric acid, D-3-hydroxybutyric acid and DL-
gluconic acid increases with higher vancomycin concentrations. Therefore, if
large resolution is not required, a low concentration of vancomycin is
recommended. At a fixed concentration of vancomycin, we observed that
the signal of aliphatic HAs is directly proportional to their molecular weight.
However, this correlation does not hold for aromatic AHAs, which are UV-
absorbing, as their signal varies depending on their chromophore (Fig 1.10)

Effect of capillary length

We also determined the influence of capillary length on the resolution,
analysis time, signal intensity and LOD for a representative AHA (DL-2-
hydroxybutyric acid), BHA (DL-3-hydroxyoctanoic acid) and PHA (DL-gluconic
acid) (Fig. 1.11). We observed an enhancement of chiral resolution and a
prolonged analysis time as capillary length increased (Fig. 1.11A and 1.11B),
highlighting a trade-off between enhanced resolution and analysis time. The
signal intensity remained constant but the LOD increased with the length of
the capillary (Fig. 1.11C and 1.11D), due to the widening of the peak. Using
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electrophoretic conditions for optimal resolution, LOD values were in the
range of 39-152 uM for aliphatic HAs and 194-447 uM for aromatic HAs
(Table 1.S2). However, it is possible to significantly reduce the LOD at the
expense of resolution by lowering the vancomycin concentration as shown
in Fig. 1.9D or by using a shorter capillary as shown in Fig. 1.11D. Overall,
these results underscore the importance of capillary length optimization in
electrophoretic separations, considering the trade-offs between resolution,
analysis time, and LOD, for achieving specific analytical goals.
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Figure 1.9 | Resolution, analysis time, signal intensity and limit of detection as a
function of vancomycin concentration. (A) Chiral resolution as a function of vancomycin
concentration. Separations were conducted with 0.5 mM of each enantiomer. (B) Analysis
time as a function of vancomycin concentration. The indicated analysis time for each
enantiomeric pair corresponds to the migration time of the slowest enantiomer. (C) Signal
intensity as a function of vancomycin concentration. (D) LOD as a function of vancomycin
concentration. The indicated LOD for each enantiomeric pair refers to the D-enantiomer.
Vancomycin concentrations as indicated, other electrophoretic conditions as in Fig. 1.2 for A,
B, Cand D.
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Figure 1.10 | Signal intensity variation as a function of HAs molecular weight. For
AHAs and BHAs, we used the area corresponding to 1 mM of the enantiomeric mixture. For
PHAs, we used the mean of the areas corresponding to 1 mM of each stereoisomers. Aliphatic
HAs are encircled by a dashed grey line, while aromatic HAs are encircled by a solid grey line.
Pearson correlation: r(18) =0.96, p <0.001 and r(4) =-0.48, p >0.5. Vancomycin concentration
10 mM, other electrophoretic conditions as in Fig. 1.2.
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Figure 1.11 | Resolution, analysis time, signal intensity and LOD as a function of
capillary length. (A) Chiral resolution as a function of capillary length. Separations were
conducted with 0.5 mM of each enantiomer. (B) Analysis time as a function of capillary length.
The indicated analysis time for each enantiomeric pair corresponds to the migration time of
the slowest enantiomer. (C) Signal intensity as a function of capillary length. (D) LOD as a
function of capillary length. The indicated LOD for each enantiomeric pair refers to the D-
enantiomer. Electrophoretic conditions as in Fig. 1.2 for A, B, C, and D.
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Analysis of complex matrices

In this section, we demonstrate the versatility of our method for analyzing
complex matrices, such as in vitro enzymatic reactions and real-world
samples. Utilizing GntEl, a D-gluconate C-2 epimerase from the LarA
superfamily [59], we showcased the analysis of the epimerization of D-
gluconate into D-mannonate over time (Fig. 1.51). This shows the
applicability of the method in studying isomerization reactions such as
racemization or epimerization of HAs, and its possible use for the
determination of the stereochemical specificity and kinetic parameters of HA
isomerases. Previously, we successfully applied this method to determine
the kinetic parameters of tartrate epimerization by MAR2, a malate
racemase and tartrate epimerase from the LarA superfamily [209]. In
addition, we utilized isocitrate dehydrogenase (IDH) to monitor the
decarboxylation of D-isocitrate into 2-ketoglutarate and CO, over time (Fig.
1.52). This demonstrates the efficacy of the method in studying
dehydrogenation reactions involving HAs and its potential for determining
the stereochemical specificity and kinetic parameters of HA dehydrogenases.

We also analyzed a zinc gluconate dietary supplement containing 353 mg of
gluconate per 530 mg tablet. Employing our method, we estimated the
concentration of D-gluconate, which corresponded to 95 + 4 % of its
theoretical concentration. No traces of L-gluconate were detected (Fig. 1.53).
This validation confirms the ability of our method to identify and quantify a
HA within a complex matrix.
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CONCLUSION

This work presents for the first time a robust and versatile method allowing
a highly efficient chiral analysis of a wide range of underivatized HAs of
biological and industrial importance by CE. The significance of this method
lies in its broad applicability across various fields, e.g. in pharmaceutical,
biomarkers, and biochemistry research. Notably, it plays a pivotal role in the
study of the LarA superfamily, a recently discovered superfamily of AHA
racemases and epimerases [209,210]. Similarly, chiral analysis of BHAs is
indispensable in chemical synthesis and medicinal chemistry, as BHAs serve
as essential building blocks for bioactive compounds. Furthermore, the chiral
analysis of underivatized PHAs, an area previously undocumented in the
literature, opens new avenues for the study of aldonic sugar acids with
implications across various research areas and in industry. Overall, the
effectiveness of the protocol in the stereoisomeric separation of AHAs, BHAs,
and PHAs underscores its suitability for the analysis of a wide range of
samples containing carboxyl and hydroxyl groups. This versatility not only
supports stereochemical investigations but also offers the potential to
improve our understanding of complex biological and chemical systems. In
conclusion, the interest of the developed method extends to diverse
applications, from exploring enzymatic mechanisms and metabolic pathways
to practical uses in pharmaceutical and industrial chemistry. It provides a
means to understand intricate stereochemical relationships and offers an
effective tool for chiral analysis of HAs.
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MATERIAL & METHODS

Chemicals and reagents

All chemicals were either of analytical grade or reagent grade. D-lactic acid
(sodium salt), L-lactic acid (sodium salt), D-glyceric acid (sodium salt), L-
glyceric acid (sodium salt), D-malic acid, L-malic acid, D-2-hydroxybutyric
acid, L-2-hydroxybutyric acid, DL-2-hydroxycaproic acid, DL-2-
hydroxyisocaproic acid, L-2-hydroxyisocaproic acid, D-2-hydroxyisovaleric
acid, L-2-hydroxyisovaleric acid, DL-2-hydroxyoctanoic acid, D-2,3-
dihydroxyisovaleric acid (sodium salt), L-2,3-dihydroxyisovaleric acid (sodium
salt), D-2-hydroxyglutaric acid (disodium salt), L-2-hydroxyglutaric acid
(disodium salt), D-3-phenyllactic acid, L-3-phenyllactic acid, D-2-hydroxy-4-
phenylbutyric acid, DL-mandelic acid, D-mandelic acid, D-ribonic acid (lithium
salt), L-ribonic acid (lithium salt), D-arabinonic acid (sodium salt), D-lyxonic
acid (potassium salt), L-lyxonic acid (potassium salt), D-gluconic acid (sodium
salt), D-altronic acid (lithium salt), L-gulonic acid (lactone), D-gulonic acid
(lithium salt), benzoic acid and L-histidine were purchased from Sigma-
Aldrich. L-2-hydroxyvaleric acid, L-2-hydroxycaproic acid, L-2-hydroxy-4-
phenylbutyric acid, DL-3-hydroxyoctanoic acid, L-arabinonic acid (lithium
salt), D-xylonic acid (lithium salt), L-xylonic acid (lithium salt), L-gluconic acid
(lactone), D-galactonic acid (lactone), L-galactonic acid (lactone), D-allonic
acid (lactone), L-allonic acid (lactone), D-mannonic acid (lactone), L-
mannonic acid (lactone), D-idonic acid (lactone), L-idonic acid (lactone), D-
talonic acid (lactone) were purchased from Biosynth. L-talonic acid
(potassium salt) was purchased from Omicro Biochemicals Inc. L-altronic acid
was produced in our lab by the C2-epimerization of L-allonic acid (data not
published). DL-2-hydroxyvaleric acid was purchased from Acros Organics. D-
2-hydroxyoctanoic acid was purchased from BLDpharm. 4-Deoxy-D-
erythronic acid (sodium salt hydrate), 4-Deoxy-L-erythronic acid (sodium salt
hydrate), 4-Deoxy-D-threonic acid (sodium salt hydrate), 4-Deoxy-L-threonic
acid (sodium salt hydrate), DL-3-hydroxybutyric acid, L-3-hydroxybutyric acid
were purchased from Supelco. Vancomycin was purchased from Thermo
Fisher Scientific.
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Apparatus and separation procedure

All electrophoretic runs were performed on the CE system Capel 105 M from
Lumex Instrument in a polyacrylamide-coated capillary with 50 um i.d. x
122/112.5 cm total/effective length. Prior to the first experiment of the day,
the coated capillary was rinsed daily for 10 minutes with the BGE consisting
of 10 mM benzoic acid/L-histidine at pH 5.0. To control the partial filling
process and to prevent the presence of vancomycin in the detector window,
the BGE supplemented with vancomycin was introduced into the capillary at
a pressure of 1000 mbar for 145 seconds. The positioning of vancomycin just
before the detection window was fine-tuned based on absorbance
measurements during capillary filling. Samples were injected at a pressure of
30 mbar for 5 s. A counter current method was employed throughout the
analysis with an applied voltage of -25 kV. Detection was performed in the
indirect UV photometric detection mode at 230 nm. The capillary
temperature was maintained at 20°C during all steps. Between runs, the
capillary was rinsed with BGE at 1000 mbar for 5 minutes. At the end of the
day, the capillary was rinsed with distilled water for 10 minutes and both
ends of the capillary were kept in water.

Capillary-coating procedure

The coating process of the capillary inner surface by polyacryamide was
based on previously published procedures [211,212]. The fused-silica
capillary was rinsed with 0.5 M HCl for 30 min and then with deionized water
for 30 min. After rinsing, the capillary was silylated by flushing with a 3% v/v
solution of 3-(trimethoxysilyl)propylmethacrylate in 50% aqueous acetone
for 1 h. After the silylation process, the capillary was rinsed with deionized
water for 25 min. The final polymerization step was performed by flushing of
3% w/v solution of acrylamide in deionized water with additions of 0.05%
w/v ammonium persulfate and 0.04% v/V tetramethylethylenediamine for
45 min for the capillary with 50 um i.d. x 122/112 cm total/effective length
and 1h for the capillary with 50 um i.d. x 54/46 cm total/effective length.
After the coating procedure, the capillary was rinsed with deionized water at
2000 mbar for 2 hours.

60



Effective electrophoretic mobility calculation

The effective electrophoretic mobilities were calculated using Eq. (1), with
water as neutral marker to determine the electroosmotic flow (EOF) [213]:

Lele (1 1
Meff = Happ — HEOF = —; : (a - _) (1)

tgor

where . is the effective electrophoretic mobility of the analyte (m2.V1s?),
Happ is the apparent electrophoretic mobility of the analyte (m2.V1.s), peor is
the electroosmotic mobility (m2.V1s?), t, is the migration time of the
analyte (s), teor is the migration time of the neutral marker (s), L is the total
length of the capillary (m), Le is the effective length of the capillary (m), and
U is the applied voltage (V).

Complex matrices preparation

GntEl-catalyzed epimerization reactions of D-gluconate to D-mannonate
were made in a 200 pl final volume containing 10 mM of D-gluconate, 5 uM
of in vitro synthesized NPN, 1 uM of purified GntE1 and 0.1 M Tris-HCL buffer,
pH 8, incubated for 0, 1, 2 or 3 hours. IDH-catalyzed dehydrogenation
reactions of D-isocitrate to 2-ketoglutarate and CO, were made using the D-
isocitric Acid Assay Kit from Megazyme in a 200 pl final volume containing 2
mM of D-isocitrate, 5 mM of NADP*, 50 nM of IDH and the kit buffer, pH 7.8,
incubated for 0, 5, 10 or 15 minutes. Reactions were stopped by heat
inactivation at 90 °C for 10 minutes.

A 530 mg zinc-gluconate dietary supplement tablet (Now Foods) contained
50 mg of Zinc, 353 mf of D-gluconate, microcrystalline cellulose, vegetarian
coating, magnesium stearate and silicon dioxide. Matrices of 0.5 mg/ml zinc-
gluconate dietary supplement were prepared by grinding tablets and
resolubilizing them in boiling water (n=3).
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111.1.2 Supplementary data
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Figure 1.S1 | Analysis of the GntEl-catalyzed epimerization of D-gluconate to D-
mannonate over time. Electrophoretic conditions as in Fig. 1.2.
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Figure 1.S2 | Analysis of the IDH-catalyzed decarboxylation of D-isocitrate to 2-

ketoglutarate and CO: over time. Vancomycin concentration 7 mM, other electrophoretic
conditions as in Fig. 1.2.
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Figure 1.S3 | Analysis of a dietary supplement containing gluconate. Electrophoretic
conditions as in Fig. 1.2.

Table 1.S1 | Intra- and inter-day variabilities of peak areas, migration times,
resolutions and separation factors for a representative AHA, BHA and PHA.
Separations were performed with a standard mixture containing 0.5 mM of each enantiomer.
Electrophoretic conditions as in Fig. 1.2.

Intra-day R.S.D. (%, n=3) Inter-day R.S.D. (%, n=3)
Peak Mlgratlon Rs o Peak M|gratlon Rs o
area time area time
D- L D L- D- L D L-
DL-2-hydroxybutyric acid 19 13 07 11 39 07 13 12 18 14 69 12
(AHA)
DL-3-hydroxybutyricacid o4 o5 o1 49 02 49 44 27 2 66 03
(BHA)
DL-2-gluconic acid 38 12 02 03 28 02 34 11 35 28 35 03

(PHA)
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Table 1.2 | LOD and electrophoretic mobilities of the investigated HAs. Effective
electrophoretic mobility was calculated according to the Eq. 1. Lt =1.22 m; Le = 1.12 m; teor =
18615 s; Heor =-2.94x10°.m2.V-1.s'1, For AHA and BHA enantiomers: electrophoretic conditions
as in Table 1.1, and the indicated LOD for each enantiomeric pair refers to the D-enantiomer.
For PHA stereoisomers, electrophoretic conditions as in Fig. 1.7, and the indicated LOD refers
to the D-enantiomer of the enantiomeric pair indicated with an asterisk

D- L-
HA LOD
s
tm peff tm peff (M)
(s) (10°.m2.v-1s?) (s) (10°.m2.v-1.s?)
DL-isocitric acid 1590 -31.41 1674 -29.68 39
DL-malic acid 1524 -32.90 1470 -34.21 59
DL-lactic acid 2532 -18.62 1776 -27.81 81
DL-glyceric acid 1830 -26.90 1662 -29.92 75
DL-2-hydroxyglutaric acid 1902 -25.77 1782 -27.70 63
DL-2-hydroxybutyric acid 2574 -18.27 1986 -24.55 116
DL-2-hydroxyvaleric acid 3222 -14.00 2436 -19.47 114
AHAS DL-2-hydroxyisovaleric acid 2694 -17.32 2328 -20.51 117
DL-2-hydroxycaproic acid 3438 -12.93 2712 -17.19 106
DL-2-hydroxyisocaproic acid 3588 -12.27 2790 -16.62 109
DL-2,3-dihydroxyisovaleric acid 2538 -18.57 2274 -21.07 129
DL-2-hydroxyoctanoic acid 4122 -10.29 3408 -13.07 147
DL-mandelic acid 2772 -16.75 2688 -17.37 194
DL-3-phenyllactic acid 4272 -9.83 3090 -14.72 238
DL-3-(4-hydroxyphenyl)lactic acid 5103 -7.74 3546 -12.45 293
DL-2-hydroxy-4-phenylbutyric acid 4068 -10.47 3498 -12.66 447
BHAS DL-3-hydroxybutyric acid 2988 -15.32 2916 -15.78 116
DL-3-hydroxyoctanoic acid 4998 -7.97 4866 -8.27 152
DL-tartaric acid* 1218 -41.91 1218 -41.91 28
Meso-tartaric acid 1392 -36.30 1392 -36.30
4-deoxy-DL-erythronic acid* 2064 -23.51 1986 -24.55 135
4-deoxy-DL-threonic acid 1938 -25.24 2022 -24.06
DL-ribonic acid* 2472 -19.14 2520 -18.72
DL-lyxonic acid 2406 -19.75 2346 -20.33 122
DL-xylonic acid 2346 -20.33 2388 -19.92
PHAs DL-arabinonic acid 2430 -19.52 2388 -19.92
DL-gluconic acid* 2646 -17.69 2736 -17.01
DL-allonic acid 2760 -16.84 2793 -16.60
DL-gulonic acid 2571 -18.29 2676 -17.46
DL-altronic acid 2775 -16.73 2736 -17.01
DL-talonic acid 2880 -16.01 2970 -15.44 131
DL-galactonic acid 2718 -17.14 2760 -16.84
DL-idonic acid 2646 -17.69 2616 -17.93
DL-mannonic acid 2700 -17.28 2589 -18.14
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As outlined in the introduction, the LarA superfamily remains largely
unexplored, with the enzymatic functions of the majority of phylogenetic
families still requiring further investigation. To address this gap, we sought
to investigate the scope of AHA racemization and PHA C2-epimerization
reactions catalyzed by members of the LarA superfamily using the CE method
developed in Chapter 1.

We began by analyzing the genetic diversity of the LarA superfamily, filtering
over 14,000 LarAH sequences from the InterPro database and selecting
around 1,000 representative sequences to construct a phylogenetic tree of
the LarA superfamily. Furthermore, a taxonomic analysis conducted using
the InterPro and Clusters of Orthologous Genes (COGs) databases revealed
the distribution and prevalence of LarAH sequences across bacteria, archaea,
and eukaryotes.

Subsequently, we purified and biochemically characterized nine novel
LarAHs predominantly belonging to unexplored phylogenetic clusters. These
enzymes were analyzed for substrate specificity, kinetic parameters, optimal
temperature, and optimal pH. As a result, we were able to expand the
characterization of four families within the LarA superfamily: the lactate
racemase (LAR) family, the malate racemase (MAR) family, the 2-
hydroxyglutarate racemase (HGR) family, and the D-gluconate 2-epimerase
(GntE) family. It is noteworthy that the first eukaryotic enzyme with GntE
activity was discovered, which suggests a pivotal role in eukaryotic
metabolism. Additionally, we identified a novel family of LarAHs: the
hydrophobic HA racemase (HHR) family. HHRs were found to act on a wide
range of hydrophobic HAs, with some HHRs able to isomerize up to 16
different substrates. In total, we identified 14 previously unreported 2-HA
racemization and C2-epimerization reactions.

Lastly, comparative analysis of AlphaFold structural predictions
allowed us to identify key residues involved in substrate specificity,
enabling the functional prediction of half of the LarAHs within the LarA
superfamily. Our comprehensive study, integrating phylogenetic,
structural, enzymatic, and CE analyses, significantly expanded the
known substrate scope of NPN-dependent enzymes and highlighted
the evolutionary diversity and metabolic significance of LarAHs across
all domains of life.
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Abstract

2-Hydroxy acids are organic carboxylic acids ubiquitous in the living world
and are important building blocks in organic synthesis. Recently, the lactate
racemase (LarA) superfamily, a diverse superfamily of 2-hydroxy acid
racemases and epimerases using the nickel-pincer nucleotide (NPN) cofactor,
has been uncovered. In this study, we performed a taxonomic analysis of the
LarA superfamily, showing the distribution of LarAHs sequences across the
three domains of life. Subsequently, we overexpressed and purified 9 lactate
racemase homologs (LarAHs) and investigated their biochemical properties
and substrate specificities. We show that LarAHs from the lactate racemases
group are more promiscuous than previously thought, with some members
showing high specificity towards glycerate or 2-hydroxybutyrate. In other
phylogenetic groups, we identified a new malate racemase and 2-
hydroxyglutarate racemase, as well as a new 2-gluconate epimerase from an
eukaryotic organism. We show that some LarAHs are able to isomerize up to
16 different substrates, mostly 2-hydroxy acids with hydrophobic side chains,
thereby identifying 14 novel 2-hydroxy acid racemization and C2-
epimerization reactions catalyzed by LarAHs. These include the racemization
of glycerate, 2-hydroxybutyrate, 2,4-dihydroxybutyrate, 2-hydroxyvalerate,
2-hydroxycaproate, 2,3-dihydroxyisovalérate, 2-hydroxy-3,3-
dimethylbutyrate, 3-(4-hydroxyphenyl)lactate, 2-hydroxy-4-phenylbutyrate,
and 2-hydroxy-4-oxo-4-phenylbutyrate. Additionally, we observed the C2-
epimerization of all 2,3-dihydroxybutyrate stereoisomers (4-deoxy-DL-
threonate and 4-deoxy-DL-erythronate) and the C2-epimerization of D-
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arabinarate epimers. Finally, through comparative analysis of Alphafold
structural predictions, we identified key residues likely involved in substrate
specificity and predicted the function of half of the LarAHs from the LarA
superfamily. In conclusion, this study widely expands the scope of substrates
isomerized by NPN-dependent enzymes.

Keywords

NPN cofactor, hydroxy acids, racemase, epimerase, capillary
electrophoresis

INTRODUCTION

2-Hydroxy acid racemases (2-HARs) and epimerases (2-HAEs) are enzymes
that play a crucial role in biochemical systems across a multitude of
organisms by catalyzing the stereochemical inversion of the a-carbon of 2-
hydroxy acids (2-HAs), a type of organic carboxylic acid ubiquitous in the
living world.

2-HARs converts the two enantiomeric forms of 2-HAs with one chiral center
(e.g. lactate racemase) whereas 2-HAEs act on 2-HAs with more than one
chiral center by converting a stereoisomer into its epimer, which differs in
the configuration of only one chiral center (e.g. D-gluconate epimerase). In
both cases, the product of the reaction retains the same functional groups
and connectivity than the substrate but shows different biological properties.

Moreover, 2-HAs are key metabolites and involved in most metabolic
pathways, including, but not limited to, the degradation of amino acids
[30,33,214], the biosynthesis of cellular components [34], and the
metabolism of sugars [15,35]. The racemization and C2-epimerization of
these compounds, catalyzed by 2-HARs and 2-HAEs, respectively, are critical
for maintaining the equilibrium between different stereoisomers within the
cell. 2-HARs and 2-HAEs are not only fundamental to cellular homeostasis but
may also have implications for the synthesis of a broad range of biologically
active molecules, including pharmaceuticals and agrochemicals [1,2].

Recent discoveries have shed light on a superfamily of nickel-dependent 2-
HARs and 2-HAEs, the LarA superfamily [210]. The founding member of the
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LarA superfamily is Lactiplantibacillus plantarum lactate racemase (LarAl)
which catalyzes the racemization of D- and L-lactate by using the Nickel-
Pincer Nucleotide (NPN) cofactor [95,96]. LarA and the NPN cofactor operate
by a proton-coupled hydride-transfer (PCHT) mechanism during which the
NPN transiently accepts the substrate-derived hydride (Fig. 2.1) [124,210].
The NPN cofactor, a substituted pyridinium mononucleotide that
tricoordinates nickel, is sequentially synthesized by the LarB, LarE, and LarC
biosynthetic enzymes from the precursor nicotinic acid adenine dinucleotide
through consecutive carboxylation/hydrolysis, sulfur insertion, and nickel
insertion reactions, respectively [113,119,120,132,160,215].

2S-stereoisomer 2-keto intermediate 2R-stereoisomer
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Figure 2.1 | NPN cofactor and proton-coupled hydride transfer reaction of LarAHs.
The residues numbers correspond to the residues of L. plantarum LarAl (PDB code 5HUQ or
6C1W).

Interestingly, the genes encoding for the NPN-biosynthetic enzymes and LarA
homologs (LarAHs) are widespread within eubacteria and archaea, and some
are even found in unicellular eukaryotes [95]. The high sequence diversity
and genomic contexts of LarAHs within the LarA superfamily suggested that
they may catalyze a wide range of enzymatic reactions. To date, several
LarAHs have been shown to use the NPN cofactor and catalyze racemization
or C2-epimerization activities of the a-carbon of 2-HAs other than lactate.
Two malate racemases (LarAH5/MAR1 and LarAH6/MAR2), a 2-
hydroxyglutarate racemase (LarAH7/HGR), two D-gluconate 2-epimerases
(LarAH19/GntE1 and LarAH20/GntE2), a short-chain aliphatic 2-hydroxyacid
racemase (LarAH2/SAR), and a phenyllactate racemase (LarAH10/PLR) were
identified among these LarAHs [210]. LarA and the LarAHs likely share the
same reaction mechanism in which the a chiral carbon of a 2-HA is transiently
oxidized generating an a-keto acid intermediate (Fig. 2.1), while the active
site residues unique to each family in the LarA superfamily allow the
determination of the substrate specificity [209,210]. These latest discoveries
likely represent just a fraction of the scope of racemization or C2-
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epimerization reactions catalyzed by LarAHs. The specific enzymatic
functions within the majority of phylogenetic families in the LarA superfamily
remain largely unexplored and require further investigation.

In this study, we undertook a phylogenetic analysis and exploration of the
LarA superfamily in order to uncover the scope of reactions catalyzed by
different LarAHs. We have thoroughly characterized 9 new LarAHs,
predominantly from unexplored phylogenetic clusters. Among these
enzymes, we have identified 14 previously unreported 2-HA racemization
and C2-epimerization reactions. Remarkably, certain LarAHs exhibit catalytic
activity on over 16 distinct 2-HAs. These findings demonstrate the potential
of the LarA superfamily for biotechnological and pharmaceutical applications
in the synthesis of valuable 2-HA stereoisomers.

RESULTS

Taxonomic analysis of the LarA superfamily

The LarA superfamily, also referred to as the DUF2088 superfamily due to its
previously unknown enzyme functions, represents a highly diverse group of
enzymes [216]. This superfamily includes LarA-like domains, corresponding
to the Interpro entry IPR048068 [217], which encompasses currently a total
of 12,441 LarAHs found across 3,804 species, mostly bacteria (Fig. 2.51A).
Among bacteria, the majority of LarAHs are currently observed in taxa such
as Bacillota (Firmicutes), Actinomycetota, Pseudomonadota (Proteobacteria)
and Planctomycetota (Fig. 2.51B). The phylogenetic tree built from the
alignment of 1212 representative LarAHs sequences shows the diversity of
sequences in the LarA superfamily (Fig. 2.2), suggesting that many
racemization or C2-epimerization reactions of 2-HAs are still to be
discovered.

Using the Clusters of Orthologous Genes (COGs) entry COG3875, the
prevalence of the larAH sequence across archaea and bacteria was analyzed,
revealing distinct distribution patterns. In archaea, 29.5% of species contain
at least one larAH sequence, with the highest prevalence observed in
Asgardarchaeota (87.5%, Table 2.51). In bacteria, 16.4% of species harbor at
least one larAH sequence, with Deferribacterota, Myxococcota,
Planctomycetota, and Negativicutes showing the highest abundance (80% to
100%, Fig. 2.3A & Table 2.51). Most species possess a single larAH sequence,
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although species from several bacterial taxa, such as Negativicutes,
Synergistota, Clostridia, Planctomycetota and Spirochaetota, possess an
average of two or more larAHs per genome (Fig. 2.3B & Table 2.51). Notably,
taxa with the highest prevalence of LarAHs are predominantly anaerobic,
although a few, including Actinomycetota (e.g., Corynebacterium
glutamicum), Planctomycetota (e.g., Planctomyces limnophilus), and
Acidobacteriota (e.g., Luteitalea pratensis), contain aerobic species with
LarAHs (Fig. 2.3). These findings highlight the diverse distribution of larAH
sequences among bacterial and archaeal taxa, suggesting a high ecological
significance.
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Figure 2.2 | Representative phylogenetic tree of the LarA superfamily. The tree
includes 1212 representative LarAHs sequences from DUF2088 and 10 sequences from
DUF362 used as an outgroup. All LarAHs mentioned in this report are indicated as “LarAHX”
at their respective phylogenetic position. LarAHs characterized in this work are shown in black,
previously characterized LarAHs are shown in gray. The colors of the phylogenetic groups
correspond to the different reactions identified in these groups. The taxonomic group each
sequence belongs to is labeled by a color strip at the circumference and the color code can be
cross-referenced with Fig. 2.51. LarAl is from Lactiplantibacillus plantarum; LarAH2/SAR is
from Isosphaera pallida; LarAH5/MAR1 is from Desulfitobacterium hafniense; LarAH6/MAR2
is from Thermoanaerobacterium thermosaccharolyticum; LarAH7/HGR is from Deferribacter
desulfuricans; LarAH19/GntE1 is from Corynebacterium glutamicum; LarAH20/GntE2 is from
Thermotoga maritima; LarAH10 is from Megasphaera Elsdenii; LarAH15 is from Phytophthora
nicotianae; LarAH32 is from Geobacter metallireducens; LarAH42 and LarAH43 are from
Enterocloster asparagiformis; LarAH51 and LarAH52 are from Clostridium pasteurianum;
LarAH62 and LarAH66 are from Sporomusa termitida.
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Figure 2.3 | Bacterial taxa with the highest prevalence of LarAHs. (A) Bacterial taxa
with the highest percentage of bacteria with LarAHs. (B) Bacterial taxa with the highest mean
of larAHs per genome. All bacterial taxa represented are phyla, except for the Clostridia and
Negativicutes which are a class of bacteria within the phylum Bacillota (Firmicutes) and for
Deltaproteobacteria which are a class of bacteria within the phylum Pseudomonadota
(Proteobacteria). Data assembled from the database of Clusters of Orthologous Genes (COGs)
entry COG3875 on the National Center for Biotechnology Information (NCBI) obtained on
February 22, 2024.

Biochemical characterization of 9 selected LarAHs.

To gain further insight into the LarA superfamily, we selected nine larAH
genes from five distinct bacteria and one eukaryote (Fig. 2.2). Subsequently,
we engineered vectors to generate the respective C-terminal Strep-Tag
fusion proteins for overexpression and purification in Escherichia coli cells.
After purification, the nine LarAHs were obtained in soluble form and their
identity was confirmed by electrospray ionization quadrupole time-of-flight
mass spectrometry (ESI-Q-TOF-MS) analysis (Fig. 2.52, Tables 2.52 & 2.S3).
Each purified LarAH was then supplemented with in vitro synthesized NPN
and subjected to activity assays in the presence of all substrates showed in
Fig. 2.4. These assays were conducted through either coupling to another
enzymatic reaction for spectrophotometric measurement or via chiral
capillary electrophoresis (CE) [218].

For a comprehensive biochemical characterization of each LarAH, we
experimentally determined their optimal pH and temperature conditions, as
well as their kinetic parameters for one representative substrate (kcat, Km and
keat/Km). Kinetic parameters of the NPN-supplemented enzymes were
determined by assuming 100% loading, given that an excess of NPN was
added to the apoprotein; however, the extent of NPN loading could not be
established. As a result, the values of ket and ke/Km are probably
underestimated. Temperature and pH profiles of the nine investigated
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LarAHs showed that the majority of LarAHs exhibited a pH optimum around
pH 7 and a temperature optimum around 40°C, which is expected for
enzymes from mesophilic organisms (Table 2.1 & Figs. 2.53 and 2.54). Kinetic
studies showed that their affinity for their substrate was generally higher
than the affinity of LarAl for lactate, yet their k.. was generally lower,
resulting in similar catalytic efficiencies for most LarAHs. However, some
LarAHs showed significantly lower catalytic efficiencies (Table 2.1 & Fig.
2.55). Overall, the ket and ke/Km values obtained for most of the LarAHs
investigated are close to the kinetic parameters of the ‘average enzyme’
corresponding to a keat of ~10 st and kear/Km of ~10° s2.M1 [219]. We then
determined the relative catalytic efficiencies for all substrates identified for
each LarAH (Fig. 2.5). This analysis allowed us to identify the preferred
substrates of each LarAH and evaluate their specificity for each other
substrate. The ki/Km values of all substrates of each LarAH were calculated
using the experimentally determined k.t/Km for one substrate and the
relative catalytic efficiencies for all substrates (Table 2.2).

This study revealed that lactate racemases (LARs) exhibit a greater degree of
promiscuity than previously assumed. All LARs were found to be capable of
catalyzing the racemization of several other small 2-HAs, including glycerate
and hydroxybutyrate. In some instances, their catalytic efficiency was even
higher than that of lactate, which is traditionally regarded as the major
substrate of LARs (Fig. 2.5 & Table 2.2). We also identified an additional MAR,
an additional HGR and an additional GntE, which all showed a very narrow
substrate spectrum (Fig. 2.5 & Table 2.2). Finally, we discovered a new family
of LarAHs, comprising LarAH10, LarAH52 and LarAH66 which were found to
act on up to 16 different substrates, predominantly 2-HAs with hydrophobic
side chains (Fig. 2.5 & Table 2.2). One member of this group had already been
identified previously, but only one substrate had been identified at the time:
phenyllactate [210]. Given that these LarAHs are capable of racemizing a
diverse range of 2-HAs, we have chosen to refer to these new LarAHs as
hydrophobic 2-HA racemases (HHRs) rather than phenyllactate racemases.
Most of the discovered reactions have not been previously reported,
resulting in the identification of 14 new 2-HA racemization and C2-
epimerization reactions (Fig. 2.5 & Table 2.2).
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Table 2.1 | Kinetic parameters of LarA1l and of the 9 investigated LarAHs.

Substrate pHopt® Temp opt® (°C) Km (MM)®  keat (s2)°  keat/Km (M2 s72)
D-lactate 11+4 1,300£150 (12+6)x 104
LarAl L-lactate 6 35-40 46420 4,750+500 (10+5)x 10
D-lactate 44+05 11402 (22+5)x10!
LarAH42 L-lactate / 35-40 69+12 14403 (20+5)x10!
D-lactate 0.45+0.04 303 (66 +7)x 103
LarAH43 L-lactate 775 40-50 0514008 42+5  (83+9)x103
D-lactate 033:002 4046 (118+18)x 10
LarAH51 L-lactate 6 40-45 0494002 48+4  (98+9)x10°
LarAH32 L-2-hydroxyglutarate 7-8 40-45 0.27+0.05 4.1+0.8 (15+4)x103
LarAH10 D-mannonate 7.58 3035 38:08 07:05 (17+4)x10!
LarAHS52 D;h';‘:i:gﬁ‘t’y‘:a‘z:o 5.5-6.5 30-35 44+8  510+60 (12+2)x10°
LarAH15 D-mannonate 6.5-7 40-50 9.4+15 11112 (12+3)x103
LarAH62 D-malate 665 40 021£0.02 138+8  (63+7)x10%
LarAH66 D-2-hydroxybutyrate 8 40 25+4 092%0.11 36+5

3 opt: optimal pH range or temperature (temp), where activity was > 90% of the maximum activity.
b: + 95% confidence interval based on non-linear regression using the Michaelis—Menten equation.
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Figure 2.5 | Relative catalytic efficiencies of LarA1l and of the 9 investigated LarAHs.
The catalytic efficiency for the preferred substrate was set to 100%. The error bars represent

the standard error (n=3).
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Table 2.2 | Catalytic efficiencies of LarAl and of the 9 investigated LarAHs. For each
LarAH, the ke/Km value of the substrate for which the kinetic parameters were obtained experimentally
is italicized (Fig. 2.55 & Table 2.1). Additional kcat/Km values were calculated using the experimentally

determined kc.t/Km and the relative kct/Km values. “-”: no activity.
Reactions Keat/Km (M 572)
LarAl LarAH51 LarAH43 LarAH42

1 L- &> D-lactate (10+5)x10°  (98+9)x 10° (83+9)x10° (20+5)x 10
2 L- ¢ D-glycerate (6+3)x10° (102%12)x10* (114 +20)x 10° 12+3
3 L- ¢ D-2-hydroxybutyrate (2+1)x10° (80 % 8) x 102 (21+5)x10*> (61 +15)x 10!
4 L- &> D-2,4-dihydroxybutyrate (14 +7)x 10! (9+3)x10! (4+1)x10? 5+2
20a  4-deoxy-D-threonate <> 4-deoxy-D-erythronate (8 +4)x 10! (5+2)x10! (17 £8) x 10! 3+1
20b  4-deoxy-L-threonate <> 4-deoxy-L-erythronate (10 £ 5) x 10! (7+2)x 10! (8+3)x10! 3+1

LarAH10 LarAH52 LarAH66 LarAH15
1 L- ¢> D-lactate - (34 +7)x 10" 28+6
2 L- <> D-glycerate 0.12+0.03 18+9 0.25+0.06
3 L- ¢> D-2-hydroxybutyrate 1.7+0.5 (12 +3)x10? 37+7
4 L- ¢ D-2,4-dihydroxybutyrate 53+16 - 1.40+0.32
5 L- ¢> D-2-hydroxyvalérate 51+1.2 (34+12)x 10? 33.0+6.5
6 L- ¢> D-2-hydroxyisovalérate 1.4+03 (62 +14) x 10* 40+1.1
7 L- ¢> D-2-hydroxycaproate 6.1+1.4 (49 £17) x 10° 12.0+2.9
8 L- ¢ D-2-hydroxyisocaproate 1+0.3 (14 £ 4)x 10? 48+1.2
11 L- ¢> D-2,3-dihydroxyisovalérate 0.10+0.04 - -
12 L- ¢ D-2-hydroxy-3,3-dimethylbutyrate 0.13+0.05 -
13 L- ¢<> D-3-phenyllactate 1.3+03 (55 +13) x 10°
14 L- ¢ D-2-hydroxy-4-phenylbutyric acid 39+1.1 (17 £+ 4) x 10°
15 L- <> D-4-hydroxyphenyllactate 1.0+0.3 -
16 L- ¢<> D-2-hydroxy-4-oxo-4-phenylbutyrate 7.5+£1.9 (92 +18) x 10° -
17 D-gluconate <> D-mannonate (17 +4) x 10° - - (12+3)x 10°
20a 4-deoxy-D-threonate <> 4-deoxy-D-erythronate 1.2+03 (10 + 4) x 10* 0.69+0.19 -
20b 4-deoxy-L-threonate <> 4-deoxy-L-erythronate 1.1+03 (27 £ 8) x 10* 0.25+0.06

LarAH27 LarAH62 LarAH32

[210]

9 L- <> D-malate (39+7)x 10 (63 +7)x10°
18b  L- <> Meso-tartrate 2+1 (35 +8) x 10°
18a D- ¢> Meso-tartrate 14+4 (11+2)x10° -
10 L- ¢ D-2-hydroxyglutarate - - (15+4)x 10°
19a-b Meso-ribarate <> D-arabinarate ¢> Meso-xylarate - - 13+6

Structural model analysis of 9 selected LarAHs and exploration of the
phylogenetic tree

The structural models of the nine LarAHs were retrieved from the AlphaFold
database [220,221]. These models were aligned with the LarAl structure
using Pymol in order to deduce the position of the NPN cofactor (Fig. 2.6 &
2.56).

With regard to the group comprising LARs, very few differences are observed

in the catalytic site (Fig. 2.56). The most significant difference, which may
account for the observed differences in substrate specificities, is the residue
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corresponding to T359 in LarAl, which is equivalent to E357 in LarAH51,
Q359 in LarAH43, and C357 in LarAH42. As the glutamine residue is more
hydrophilic than threonine residues and is a good hydrogen bond acceptor,
this could explain the high specificity of LarAH43 for glycerate (Fig. 2.56). The
catalytic pocket of LarAH15 and of LarAH62 is similar to that of previously
identified GntEs and MARs, respectively (Fig. 2.6) [210].

The HGR LarAH32 showed a catalytic site comprising several hydrophilic
residues, including a glutamine at position 352 and a threonine at position
353 (Fig. 2.6), which were also present in the sequence of the previously
identified HGR [210]. The newly identified group of HHRs, comprising
LarAH10, LarAH52 and LarAH66, exhibit a high prevalence of hydrophobic
residues within their catalytic site. LarAH10 exhibits three methionine
residues in its catalytic site (Fig. 2.6), which are flexible and can likely adopt
different conformations depending on the substrate. This explains the wide
range of possible substrates on which LarAH10 can act (Fig. 2.5 & Table 2.2).
In contrast, LarAH52, is more specific for 2-HAs with bulky side chains,
whereas LarAH66 acts preferentially on 2-HAs with small side chains (Fig. 2.5
& Table 2.2). Nevertheless, this difference in specificity is not readily
apparent from the structural models of the catalytic sites of LarAH52 and
LarAH66 (Fig. 2.6).

Based on the results obtained for the new LarAHs (Fig. 2.5 & Table 2.2) and
on their structural models (Fig. 2.6), we assigned probable functions to as
many unknown LarAHs as possible on the phylogenetic tree of the LarA
superfamily (Fig. 2.2). The residues equivalent to F175, F176, W358, and T359
in LarAl were previously identified as important for substrate selectivity
[209,210], so we focused on these four residues. LARs usually exhibit F, F, W,
and E/Q at these positions. GntEs usually exhibit E, V, A, and H at these
positions. HGRs usually exhibit Y, F, H/Q and T at these positions. MARs
usually exhibit H/Q and K at the positions corresponding to W358 and T359
in LarAl, with the first two positions being more variable. In contrast, HHRs
appear to exhibit a markedly lower degree of residue conservation at these
positions. However, a general observation can be made regarding HHRs: the
presence of a F/Y at the position corresponding to W358 in LarA1l (Fig. 2.6
and 2.56). Based on these observations, we have predicted the function of
more than half the LarAHs of the LarA superfamily (Fig. 2.3).
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Figure 2.6 | Structural model of LarAl
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residues important for NPN binding are
shown with their carbon in blue, other resides
probably important for substrate specificity
are shown with their carbons in white. NPN
carbons are in black. Oxygen atoms are in red,
nitrogen atoms are in blue, sulfur atoms are
in yellow, phosphate atoms are in orange,
and nickel ion is shown as a green ball. The
residues corresponding to F175, F176, W358,
and T359 of LarAl are labelled in red.

80



DISCUSSION
Lactate racemases (LARs)

Our exploration of the LarA superfamily started with an investigation of the
phylogenetic subgroups surrounding LarAl, aiming to deepen our
understanding of this phylogenetic branch and explore the potential catalytic
versatility beyond lactate racemization. We characterized the substrate
specificity of three novel LARs belonging to distinct subgroups of the branch:
LarAH42 and LarAH43 from Enterocloster asparagiformis, and LarAH51 from
Clostridium pasteurianum (Fig. 2.5 & Table 2.2). Our findings highlight the
broader catalytic potential of LARs, demonstrating their ability to
accommodate a diverse range of very short-chain 2-HAs, in addition to
lactate. Notably, despite originating from the same organism, LarAH42 and
LarAH43 exhibit distinct catalytic efficiencies, suggesting specialized in vivo
roles: LarAH42 appears to be more specialized in the racemization of 2-
hydroxybutyrate, while LarAH43 is more active on lactate and glycerate (Fig.
2.5 & Table 2.2). The physiological significance of these activities remains to
be determined through in vivo investigations.

Hydrophobic 2-hydroxyacid racemases (HHRs)

Our findings also revealed that LarAHs from various phylogenetic groups
within the LarA superfamily phylogenetic tree catalyze the racemization of a
wide range of 2-HAs with hydrophobic side chains. For instance, LarAH52
from C. pasteurianum catalyzes the isomerization of 12 compounds, with a
preference for 2-HAs with a side chain containing an aromatic ring, notably
2-hydroxy-4-oxo-4-phenylbutyrate and 3-phenyllactate (Fig. 2.5 & Table 2.2).
However, its low affinity for these substrates suggests that the preferred
substrate we identified may not be the native substrate of the enzyme (Table
2.1). One hypothesis is that this enzyme may racemize indole-3-lactic acid, a
product of tryptophan metabolism that regulates intestinal homeostasis
through epithelium—macrophage interactions [222], which unfortunately is
not readily available in its pure enantiomeric form. Similarly, LarAH10 from
Megasphaera Elsdenii exhibits isomerization activity on 16 different HAs,
mostly 2-HAs with hydrophobic side chains. To our surprise, LarAH10 also
showed the ability to catalyze the C2-epimerization of D-gluconate/D-
mannonate, which had not been detected previously [210], probably due to
the low kot of this enzyme (Table 2.1). Like LarAH52, LarAH10 displays a
higher kcat/Km for bulky 2-HAs. LarAH66, on the other hand, shows specific
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activity towards small 2-HAs, such as 2-hydroxybutyrate and 2-
hydroxyvalerate, indicating a smaller catalytic site (Fig. 2.5 & Table 2.2).
These differences cannot be inferred form the observation of the structural
models, which shows the limits of these models (Fig. 2.6). Furthermore,
LarAH10, LarAH52 and LarAH66 prefer substrates with linear side chains,
compared to branched side chains. For example, these three LarAHs display
a higher ke.t/Ku for 2-hydroxyvalerate compared to 2-hydroxyisovalerate,
and for 2-hydroxycaproate compared to 2-hydroxyisocaproate (Fig. 2.5 &
Table 2.2).

Malate racemases (MARs)

In addition to the two enzymes which have been previously identified as
MARs [210], we identified LarAH62 from Sporomusa termitida, which
exhibits a main racemization activity on malate enantiomers and
promiscuous C2-epimerization activities on tartrate stereoisomers, similar to
what was observed for LarAH6/MAR2 [209] and for LarAH5/MAR1 (Fig. 2.5 &
Table 2.2). Both malate and tartrate share a similar 4-carbon backbone with
2 carboxylates, explaining the entry of tartrate in the catalytic site. MARs
form the largest group of LarAHs within the LarA superfamily, and are
observed in different phylogenetic groups (Fig. 2.2), emphasizing the
importance of MAR activity in bacteria and archaea.

D-gluconate 2-epimerases (GntEs)

In addition to the two previously identified GntEs [210], we identified
LarAH15 as a GntE. Notably, LarAH15 is from Phytophthora nicotianae, a
model soilborne oomycete pathogen known to infect a broad spectrum of
host plants [223], making it the first eukaryotic LarAH enzyme with confirmed
activity. Interestingly, all LarAHs from eukaryotic organisms are part of the
GntE phylogenetic branch, indicating a likely significant role for D-gluconate
C2-epimerization in some unicellular eukaryotes.

2-hydroxyglutarate racemases (HGRs)

In addition to the previously identified HGR [210], we identified LarAH32
from Geobacter metallireducens, which exhibits a main racemization activity
on 2-hydroxyglutarate and a promiscuous C2-epimerization activity on D-
arabinarate. Both substrates share a similar 5-carbon backbone with 2
carboxylates.
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CONCLUSION

In conclusion, we significantly expanded the scope of NPN-dependent
reactions catalyzed by members of the LarA superfamily. Through a
comprehensive approach involving taxonomic analysis, biochemical
characterization, and structural modeling, we have identified and
characterized the substrate specificities of 8 novel LarAHs. We identified
three additional LARs, one additional MAR, one additional HGR, one
additional GntE, and two additional HHRs. We showed that HHRs exhibit
broad activity on a wide range of 2-HAs, with some capable of catalyzing up
to 16 distinct isomerization reactions. Furthermore, the prevalence of LARs,
MARs, GntEs, HHRs and HGRs within the LarA superfamily suggests the
metabolic importance of these enzymes across diverse organisms. Taken
together, our findings demonstrate the remarkable adaptability and
importance of NPN-dependent enzymes for the catalysis of isomerization
reactions in bacteria and archaea. The study of LarAHs is a completely new
field of research that could have many implications in bacterial and archaeal
physiology and lead to potential medical or industrial applications, e.g. for
the optimization of probiotics, for the production of rare isomers of 2-HAs,
or as fungicide targets in oomycete pathogens. Looking ahead, further
exploration of LarAHs promises to uncover additional enzymatic functions
and metabolic pathways, facilitating the development of novel biocatalysts
and potential biotechnological applications.
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MATERIAL & METHODS

Biological materials and growth conditions

Bacterial strains and plasmids used in the present study are listed in Table
2.54. All plasmid constructions were performed in E. coli DH10B. E. coli
DH10B cells were grown with agitation at 37 °C in lysogeny broth with
ampicillin (200 mg:-L-1) or erythromycin (200 mg-L-1), when required. When
expressing pBADHisA derivatives, induction was initiated by addition of L-
arabinose (0.1%) and cells were grown at 30 °C for 4 h with agitation.

DNA techniques

DNA was introduced into E. coli cells by electrotransformation [224]. PCR
amplifications used Q5 high-fidelity DNA polymerase (New England Biolabs).
The primers used in this study were purchased from Eurogentec (Seraing,
Belgium) and are listed in Table 2.S5. Synthetic genes for LarAH15, LarAH10
and LarAH32 sequences were purchased from Biomatik, digested with Ncol
and Nhel, and cloned into a similarly digested pGIR076 [132]. Genes encoding
LarAH42 and LarAH43 were amplified from the genomic DNA of E.
asparagiformis, digested (Pcil and Nhel), and cloned into digested (Ncol and
Nhel) pGIR076. Genes encoding LarAH51 and LarAH52 were amplified from
the genomic DNA of C. pasteurianum, digested (Pcil and Nhel), and cloned
into digested (Ncol and Nhel) pGIR076. Genes encoding LarAH62 and
LarAH66 were amplified from the genomic DNA of S. termitida, digested (Pcil
and Nhel for LaraH62, Ncol and Nhel for LarAH66) and cloned into digested
(Ncol and Nhel) pGIR076. E. asparagiformis (DSM 15981), C. pasteurianum
(DSM 525) and S. termitida (DSM 4440) genomes were purchased from
DSMZ-German Collection of Microorganisms and Cell Cultures. In all cases,
the sequence of the expression cassettes was verified by sequencing. Strains
and primers used are listed in Tables 2.54 & 2.S5, respectively.

Protein purification and in vitro NPN biosynthesis

In vitro biosynthesis of NPN was performed with purified LarB, LarE, and LarC
as previously described [120,141]. E. coli cells were induced to express
LarAHs when the OD600 reached 0.4 with 0.1% L-arabinose. After 4 h, the
culture was cooled to 4 °C and the cells were harvested by centrifugation at
6000xg for 10 min. The pellet was stored at —80 °C until further use. The cell
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pellet was thawed and resuspended in 20 ml of lysis buffer containing 100
mM Tris-HCI (pH 7.5), 300 mM NaCl and 1 mg/ml lysozyme. The cell
suspension was incubated at 4°C for 30 min and sonicated 4 times for 1 min
with one 2-minute rest on ice between each sonication. The supernatant was
separated by centrifuging the lysate at 20000xg for 30 min at 4°C. Clarified
supernatant was loaded onto 2 ml of Strep-Tactin XT Superflow (IBA) resin
equilibrated with 10 ml of wash buffer (W) composed of 100 mM Tris-HCI (pH
7.5), 300 mM NaCl. After loading, the resin was washed with 20 ml of W
followed by elution with 15 ml of W containing 50 mM D-biotin (Sigma-
Aldrich). The eluted proteins were ultracentrifuged using Amicon Ultra—15
mL MWCO 10 kDa filter units to increase purified protein concentration. The
identities of each purified LarAH protein were confirmed by electrospray
ionization—time-of-flight mass spectrometry analysis. The protein
concentrations were estimated with the Bradford assay.

Chemicals and reagents

All chemicals were either of analytical grade or reagent grade. D-lactic acid
(sodium salt), L-lactic acid (sodium salt), D-glyceric acid (sodium salt), L-
glyceric acid (sodium salt), D-malic acid, L-malic acid, D-2-hydroxybutyric
acid, L-2-hydroxybutyric acid, DL-2-hydroxycaproic acid, DL-2-
hydroxyisocaproic acid, L-2-hydroxyisocaproic acid, D-2-hydroxyisovaleric
acid, L-2-hydroxyisovaleric acid, D-2,3-dihydroxyisovaleric acid (sodium salt),
L-2,3-dihydroxyisovaleric acid (sodium salt), D-2-hydroxyglutaric acid
(disodium salt), L-2-hydroxyglutaric acid (disodium salt), D-3-phenyllactic
acid, L-3-phenyllactic acid, D-2-hydroxy-4-phenylbutyric acid, DL-mandelic
acid, D-mandelic acid, D-gluconic acid (sodium salt), benzoic acid and L-
histidine were purchased from Sigma-Aldrich. L-2-hydroxyvaleric acid, L-2-
hydroxycaproic acid, L-2-hydroxy-4-phenylbutyric acid, were purchased from
Biosynth. DL-2-hydroxyvaleric acid was purchased from Acros Organics. 4-
Deoxy-D-erythronic acid (sodium salt hydrate), 4-Deoxy-L-erythronic acid
(sodium salt hydrate), 4-Deoxy-D-threonic acid (sodium salt hydrate), 4-
Deoxy-L-threonic acid (sodium salt hydrate) were purchased from Supelco.
Vancomycin was purchased from Thermo Fisher Scientific.
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Enzymatic assays

The general protocol for assaying LarAHs was as follows if not stated
otherwise: 1 uM of in vitro synthesized NPN, 30 mM substrate, 0.2 uM of
purified LarAH, 100 mM Tris—HCI buffer pH 8, in 50 pl final volume for 20 min
at 30°C.

For the discovery of LarAH activities, reactions were performed with 5 uM of
in vitro synthesized NPN and 2 uM of purified LarAH for 12 h.

For the determination of temperature profiles, LarAHs were incubated at the
indicated temperatures.

For the determination of pH profiles, LarAHs were incubated with acetic acid
buffer (pH 4 to pH 5), potassium phosphate buffer (pH 6 to pH 8) or borate
buffer (pH 9 to pH 10).

For Kwm measurements, reactions were performed with variable
concentrations of substrate, 1 pM of in vitro synthesized NPN, 0.1 uM of
purified LarAH, 100 mM Tris—HCl buffer pH 8, in 50 pl final volume for 20 min
at 30°C.

For ket measurements, reactions were performed with the substrate
concentration corresponding to the Vmax of LarAHs for 5 min at the optimal
pH and temperature of LarAHs.

All reactions were then stopped by incubation at 90 °C for 10 min and the
products were assayed spectrophotometrically or by capillary
electrophoresis. D-lactate, L-lactate, D-malate, D-2-hydroxyglutarate
racemization reactions and D-mannonate C2-epimerization reactions were
assayed spectrophotometrically at 340 nm with an Infinite 200 PRO plate
reader (Tecan) using Megazyme kits. D-Lactate and L-lactate racemization
reactions were assayed using the D-/L-Lactic Acid Assay Kit from Megazyme.
D-malate racemization reactions were assayed using the L-Malic Acid Assay
Kit from Megazyme. D-gluconate/D-mannonate C2-epimerization reactions
were assayed using the D-Gluconic Acid Assay Kit from Megazyme. L-2-
hydroxyglutarate = racemization reactions were assayed using
Acidaminococcus fermentans D-hydroxyglutarate dehydrogenase (HGDH)
[225], as previously described [210]. All other racemization and C2-
epimerization reactions shown in Fig. 2.4 were assayed by capillary
electrophoresis [218].
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Capillary electrophoresis

Enantiomers and epimers of HAs have been separated and detected using a
versatile capillary electrophoresis method allowing the direct chiral
separation of aliphatic and aromatic 2-HAs and polyHAs [218]. Reaction
mixtures were loaded onto a polyacrylamide-coated capillary of 54/46 cm
total/effective length with an internal diameter of 50 um from Agilent, and
run on a Capel 105 M from Lumex Instrument at 20 °C using -25 kV. Using a
modified partial filling-counter current method with indirect UV detection,
high resolution was achieved with vancomycin as a chiral selector added to
the background electrolyte composed of 10 mM of benzoic acid/L-histidine
at pH 5. Products were detected at 230 nm.

Peptide separation using nanoUPLC

Proteolysis was performed with 1 pg of sequencing grade trypsin (Promega,
USA) and allowed to continue overnight at 37°C. Each sample was dried
under vacuum with Savant Speed Vac Concentrator. Digested proteins were
dissolved in 20 ul of 0.1 % (v/v) formic acid and 2% (v/v) acetonitrile (ACN).
Peptide mixture was separated by reverse phase chromatography on a
NanoACQUITY UPLC MClass system (Waters) working with MassLynx V4.1
(Waters) software. 200ng of digested proteins were injected on a trap C18,
100A 5 pm, 180 pm x 20 mm column (Waters) and desalted using isocratic
conditions with at a flow rate of 15 uL/min using a 99% formic acid and 1%
(v/v) ACN buffer for 3 min. Peptide mixture was subjected to reverse phase
chromatography on a C18, 100A 1.8 um, 75 um x 150 mm column (Waters)
PepMap for 130 min at 35°C at a flow rate of 300 nL/min using a two part
linear gradient from 1% (v/v) ACN, 0.1 % formic acid to 35 % (v/v) ) ACN, 0.1
% formic acid for 90 min and from 35% (v/v) ACN, 0.1 % formic acid to 85 %
(v/v) ) ACN, 0.1 % formic acid for 10 min. The column was re-equilibrated at
initial conditions after washing 30 min at 85% (v/v) ) ACN, 0.1 % formic acid
at a flow rate of 300 nL/min. For online LC-MS analysis, the nanoUPLC was
coupled to the mass spectrometer through a nano-electrospray ionization
(nanoESl) source emitter.
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LC-QTOF-MS/MS Analysis (DDA)

DDA (Data Dependent Analysis) analysis were performed on an SYNAPT G2-
Si  high definition mass spectrometer (Waters) equipped with a
NanolLockSpray dual electrospray ion source (Waters).Precut fused silica
PicoTipR Emitters for nanoelectrospray, outer diameters : 360 um; inner
diameter: 20 um; 10 um tip; 2.5” length (Waters) were used for samples and
Precut fused silica TicoTipR Emitters for nanoelectrospray, outer diameters :
360 nm; inner diameter: 20 um; 2.5” length (Waters) were used for the lock
mass.solution. The eluent was sprayed at a spray voltage of 2.8 kV with a
sampling cone voltage of 25 V and a source offset of 30 V. The source
temperature was set to 80°C. The cone gas flow was 20 liters/h with a nano
flow gas pressure of 0.4 bar and the purge gas was turned off. The SYNAPT
G2Siinstrument was operated in DDA (data-dependent mode), automatically
switching between MS and MS2. Full scan MS and MS2 spectra (m/z 400 -
2000) were acquired from 2 min after injection to 130 min in resolution mode
(20,000 resolution FWHM at m/z 400) with a scan time of 0.1 sec. Tandem
mass spectra of up to 10 precursors were generated in the trapping region
of the ion mobility cell by using a collision energy ramp from 17/19 V (low
mass, start/end) to up to 65/75 V (high mass, start/end). Charged ions (+2,
+3, +4) are selected to be submitted to the MSMS fragmentation over the
m/z range from 50 to 2000 with a scan time of 0.25 sec. For the post-
acquisition lock mass correction of the data in the MS method, the doubly
charged monoisotopic ion of [Glul]-fibrinopeptide B was used at 100 fmol/ul
using the reference sprayer of the nanoESI source with a frequency of 30 s at
0.5pl/min into the mass spectrometer. ESI-QTOF were processed with
MASCOT search engine (Matrix Sciences) using the protein sequences
introduced in the Bacteria_Uniprot database.
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Relative catalytic efficiencies calculation

The relative catalytic efficiencies of a LarAH acting simultaneously on two
substrates, Sx and Sy, at rates v« and vy, were calculated using Eq. (1),

v _ (ki/K3y) (54
vy (kL /K3y (S M

where if [Sx] = [Sv] the [S] terms cancel, and the ratio of the kct/Kw values for
each substrate is equal to the relative rates at which the LarAH catalyzes the
transformation of each substrate when both are present at equal
concentrations with the enzyme in the same mixture [226]. v« and v, were
determined by quantifying the products Px and Py either
spectrophotometrically or by capillary electrophoresis. For a LarAH active on
more than two substrates, we determined its catalytic efficiency for each of
its substrates by testing combinations of substrate pairs with the LarAH.

Phylogenetic analysis

The sequences of 12441 LarAHs from the LarA superfamily (DUF2088) were
retrieved from the Interpro entry IPR0O48068 on EMBL-EBI (accessed
February 26, 2024) [217]. This dataset of sequences was reduced by filtering
all sequences by length with USEARCH v11.0.667 (command -sortbylength -
minseglength 300 -maxseqlength 600) and then by clustering all sequences
using the UCLUST method implemented in the USEARCH package (command
—cluster_fast —id 0.5 -centroids) [227], resulting in a list of 1212
representative LarAHs sequences. The 1212 LarAHs sequences were aligned
with MAFFT v7.271 using FFT-NS-2 parameters [228,229]. The LarA
superfamily phylogenetic tree was constructed from the alignment in
maximum likelihood framework using IQ-TREE v2.0.6 [230]. 10 archaeal
sequences from the DUF362 (Pfam entry PF04015) were used as outgroup
since DUF362 and DUF2088 are part of the same clan (Pfam clan CLO471).
The sequence evolution model, Q.pfam+R10 replacement matrix [231], was
determined by ModelFinder as implemented in IQ-TREE2.0 [232]. Branch
supports were measured by ultrafast bootstrap approximation 2.0 with 1000
replicates (option —bb 1000) [233] . The tree was rooted with the outgroup
and visualized using iTOL v5 [234].
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111.2.2 Supplementary data

Domains # of species % of all organisms with at least one LarAH
mm Bacteria 3279 85.2
mm Archaea 493 12.8
Bl Eukaryota 75 19
Bacterial phylums # of species % of all bacteria with at least one LarAH
=1 Bacillota 1091 333
1 Actinomycetota 609 18.6
1 Pseudomonadota 232 7.1
1 Planctomycetota 176 5.4
mm Thermodesulfobacteriota 174 5.3
mm Chloroflexota 136 a1
W Bacteroidota 91 238
mm Acidobacteriota 79 24
mm Myxococcota 74 23
mm Cyanobacteriota 61 1.9
mm Spirochaetota 56 1.7
= Thermotogota 42 13
3 Other 458 13.8

Figure 2.S1 | Taxonomic distribution of LarAHs sequences. (A) Taxonomic distribution
of LarAHs sequences across domains. (B) Taxonomic distribution of LarAHs sequences within
bacteria. The number of species represent the number of microorganisms in each
domain/phylum that contain at least one LarAH. Data assembled from the Interpro entry
IPR048068 on the European Molecular Biology Laboratory - European Bioinformatics Institute
(EMBL-EBI) obtained on February 26, 2024.
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Figure 2.52 | Analysis of purified LarAHs from E. coli by SDS-PAGE. The protein co-
purified with LarAH15 was identified as the 60 kDa chaperonin protein Cpn60 (GroEL) by mass
spectrometry analysis. LarAl and LarAH5/MAR1 are not included, as their purification has
been previously shown [95,210]. Sequences of the proteins are provided in Table 2.52.
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Figure 2.S3 | Relative activity of the 9 investigated LarAHs as a function of pH. The

error bars represent the standard error (n=3)
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Figure 2.S4 | Relative activity of the 9 investigated LarAHs as a function of
temperature. The error bars represent the standard error (n=3).

93



94

Ko (57)

k,,, (s

D

k. (5%

LarAH10 from M. Elsdenii

50 100
[D-mannonate] (mM)

LarAH32 from G. metallireducens

12

T 1
5 10
[D-2-hydroxyglutarate] (mM)

LarAH42 from E. asparagiformis

D

/: * D-lactate

] @ L-lactate

T T T T T T T 1
5 10 15 20 5

[Lactate] (mM)

Ky (5

LarAH15 from P. nicotianae

120
L ]
—
&
60 e
.'..
.
07 1

0 50 100

[D-mannonate] (mM)

LarAHA43 from E. asparagiformis

40 .
1 .
30 - i -
J el
0 477
1 =" : # D-lactate
10+
_: - L-lactate
o I — T T
o 1 2 3 4 5

[Lactate] (mM)



F LarAH51 from C. pasteurianum G LarAH52 from C. pasteurianum

20 . 500
— . ; —%
—~ 30 - =
) r e ¢ K% f —
2 20 P g 250
~° 5 ~° IS
10 .' ®  D-lactate e
/ & |-lactate .“
0 e — (O . —_— |
0 1 2 0 100 200
[Lactate] (mM) [D-2-hydroxy-4-oxo-phenylbutyrate] (mM)
H LarAH62 from S. termitida | LarAH66 from S. termitida
150 1.0
. — " - ——*
% 100 o v : —4
2 - 3 0s -
~° 50 .«"'./ ~° Qs/
of 00— ]
0 1 2 0 100 200
[D-malate] (mM) [D-2-hydroxybutyrate] (mM)

Figure 2.S5 | Kinetic analysis of the 9 investigated LarAHs. (A) D-gluconate/D-
mannonate C2-epimerization by LarAH10 from M. Elsdenii, (B) D-gluconate/D-mannonate C2-
epimerization by LarAH15 from P. nicotianae, (C) L-2-hydroxyglutarate racemization by
LarAH32 from G. metallireducens, (D) D- and L-lactate racemization by LarAH42 from E.
asparagiformis, (E) D- and L-lactate racemization by LarAH43 from E. asparagiformis, (F) D-
and L-lactate racemization by LarAH51 from C. pasteurianum, (G) D-2-hydroxy-4-oxo-
phenylbutyrate racemization by LarAH21 from C. pasteurianum, (H) D-malate racemization by
LarAH62 from S. termitida, (1) D-2-hydroxybutyrate racemization by LarAH66 from S.
termitida. The activities of the enzymes at the indicated substrate concentrations are shown
as kobs = Vo/(E)o. The curves are the fitted curves using non-linear regression.
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Figure 2.S6 | Structural model of 4 lactate racemases. The catalytic residues are shown
with their carbons in green, the residues important for NPN binding are shown with their
carbon in blue, other residues probably important for substrate specificity are shown with
their carbons in white. NPN carbons are in black. Oxygen atoms are in red, nitrogen atoms are
in blue, sulfur atoms are in yellow, phosphate atoms are in orange, and nickel ion is shown as
a green ball. The residues corresponding to T359 of LarA1l are labelled in red.
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Table 2.51 | Prevalence of LarAHs sequences among archaea and bacteria taxa. Data
assembled from the database of Clusters of Orthologous Genes (COGs) entry COG3875 on the
National Center for Biotechnology Information (NCBI) obtained on September 22, 2024.

% of organisms  Mean of LarAHs

Taxa COG3875 data . .
with LarAHs per organisms
Archaea [57/193 organisms 73 genes] 29.5 1.3
Asgardarchaeota [7/8 organisms 20 genes] 87.5 2.8
Crenarchaeota [0/29 organisms 0 genes] 0 0
Euryarchaeota [36/103 organisms 38 genes] 34.9 1.1
Nitrososphaerota [3/13 organisms 3 genes] 23.1 1
Thermoplasmatota [7/17 organisms 7 genes] 41.2 1
Other Archaea [4/23 organisms 5 genes] 17.4 1.2
Bacteria [344/2103 organisms 550 genes] 16.4 1.6
Acidobacteriota [11/16 organisms 14 genes] 68.7 1.3
Actinomycetota [54/253 organisms 69 genes] 21.3 1.3
Aquificota [0/9 organisms 0 genes] 0 0
Bacillota [102/355 organisms 208 genes] 28.7 2
Bacilli [11/152 organisms 11 genes] 7.2 1
Clostridia [76/159 organisms 161 genes] 47.8 2.1
Erysipelotrichia [1/14 organisms 1 genes] 7.1 1
Negativicutes [10/12 organisms 29 genes] 83.3 2.9
Tissierella [3/16 organisms 5 genes] 18.7 1.7
Other Bacillota [1/2 organisms 1 genes] 50 1
Bacteroidota [9/192 organisms 9 genes] 4.7 1
Bdellovibrionota [0/7 organisms 0 genes] 0 0
Campylobacterota [2/20 organisms 2 genes] 10 1
Chlamydiota [0/12 organisms 0 genes] 0 0
Chlorobiota [0/5 organisms O genes] 0 0
Chloroflexota [8/19 organisms 14 genes] 42.1 1.7
Cyanobacteriota [5/75 organisms 5 genes] 6.6 1
Defferibacterota [7/7 organisms 7 genes] 100 1
Deinococcota [1/7 organisms 1 genes] 14.3 1
Fusobacteriota [1/9 organisms 1 genes] 11.1 1
Mycoplasmota [2/24 organisms 2 genes] 8.3 1
Myxococcota [15/17 organisms 21 genes] 88.2 1.4
Planctomycetota [38/44 organisms 76 genes] 86.4 2
Pseudomonadota [20/808 organisms 22 genes] 2.5 1.1
Alphaproteobacteria [10/300 organisms 11 genes] 3.3 1.1
Betaproteobacteria [3/166 organisms 3 genes] 1.8 1
Gammaproteobacteria [6/338 organisms 7 genes] 1.8 1.2
Other Proteobacteria [1/4 organisms 1 genes] 25 1
Spirochaetes [7/22 organisms 14 genes] 31.8 2
Synergistetes [6/10 organisms 13 genes] 60 2.2
Thermodesulfobacteriota [27/56 organisms 45 genes] 48.2 17
Thermotogota [6/12 organisms 6 genes] 50 1
Verrucomicrobiota [3/24 organisms 7 genes] 12.5 2.3
Other bacteria [17/100 organisms 20 genes] 17 1.2
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Table 2.52 | LC-ESI-QTOF-MS analysis of the 9 investigated LarAHs.

Match to* Score Sequence coverage (%)
LarAH10 658 96
LarAH15 326 77
LarAH32 588 67
LarAH42 251 48
LarAH43 3723 74
LarAH51 3084 56
LarAH52 4951 56
LarAH62 15319 58
LarAH66 3034 62
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Table 2.53 | Sequences of LarA and the 9 investigated LarAHs.

Name

Sequence

LarA

LarAH10

LarAH15

LarAH32

LarAH42

LarAH43

LarAH51

LarAH52

LarAH62

LarAH66

MVAIDLPYDKRTITAQIDDENYAGKLVSQAATYHNKLSEQETVEKSLDNPIGSDKLEELARGKHNIVIISSDHTRPVPSHIITPIL
LRRLRSVAPDARIRILVATGFHRPSTHEELVNKYGEDIVNNEEIVMHVSTDDSSMVKIGQLPSGGDCIINKVAAEADLLISEGFI
ESHFFAGFSGGRKSVLPGIASYKTIMANHSGEFINSPKARTGNLMHNSIHKDMVYAARTAKLAFIINVVLDEDKKIIGSFAGD
MEAAHKVGCDFVKELSSVPAIDCDIAISTNGGYPLDQNIYOQAVKGMTAAEATNKEGGTIIMVAGARDGHGGEGFYHNLAD
VDDPKEFLDQAINTPRLKTIPDQWTAQIFARILVHHHVIFVSDLVDPDLITNMHMELAKTLDEAMEKAYAREGQAAKVTVIP
DGLGVIVK

MMKTFSLPFGKSTQTVSLDEAHVLYDLHGNHVDAVADEQAAIRQALRHPIGSAPLKDVVQAGDTVAIVVSDITRLVHTAQ
MLPIIVDELNQAGVKDDQITVVTAQGTHRAHTPEEDAIVCGADMVKRVKIVSHDCRDASQLTKIGTTTYGNDVYLNSHVV
QADKVILTGAVSFHPMAGFGGGRKAVLPGVASYETIMRNHAMALTETFGGGCNPKCETSLLEDNPLHDDMKQAAALLNP
CFLVNTVFSADGDLYEVVGGHWYEAWKKGCDDLLHIASVPIQDLADITIASAGGYPKDMNLYQSMKAPMNAVFATKPGG
TMILTLDCPDIKEPAIFTDWFFRSDMDAFEKDLRADFSIPAFVAFKSHCIFRSLKEAYVVTRPENFDIIRHSGLIPAATLEEAWE
KAQKNLPENYKVTIMGHAAATFPVRK

MTLLFAEGSKTTELSDERLREIVRETLQKLETQRGTKFEKAVIVPPDFTRFHSKSGVLSQYAYEYLQDKVTDVLPALGTHDAM
TDEEISKMFGDIPKNLFRVHDWRNDVVTIGQVPAELIQKASDGKVNEPWPAQINRLLWEGGHDLVLSIGQVVPHEVMGM
ANFNKNIFVGTGGSEGINFSHFIGAVYGMERMMGRADNPLRRILNYASTNFLQKLPLIYIQTVIGRGESGNLVTRGVFIGDD
EECFMKAAELSLEVNFELLAAPIDKVVVYLDPEEFKSTWLGNKSIYRTRMAIADDGELIVLAPGVARFGEDKRIDELIRKYGYR
TTPEVLAHLNANRDLMKNLSAAAHLIHGSSEGRFRITYCPGHLTKEEVEGVGFGYGNLQEMSAKYPVDKLQDGWNVDAD
GERFFYISNPALGLWAYRGRFEGTPTDATSTSASATSTHLSAAADTTEACLDAGVGGGPFKHS

MDLHYGDTSFTLTLPPERLLGVIRPEIGVPVDRPETIIAAALDRCAETIGTFRPGERVVIVTSDITRYTGSELYLPLLVERLVATGI
RERDMEILVALGIHRKQTEHEHQKIAGPLHGRIRIVDHDCDDPGQLAFIGRTSNGIEVTVNRRVVEADRVILTGTIGFHYFAG
FGGGRKSILPGVASRATCMASHFAVLNPGEGTGKNPLAVTGNLEGNPVHGAMVEACAMVEPDFILNTVLSPDKRIMAAF
AGPWREAHEEGCRFYAERFAWPLREKADLVVVSCGGFPKDINVIQSHKAMEYGSQALKEGGVMVLLAQCRDGYGNATFF
DWFRFRDLGAFETRLRSHYEINGQTAYSLLQKAQKFRVILVSELPPEEVRTMGMTPARSLDEAMAQAAEFLPADYTAYVIPE
GGTVLPVIKP

MRIDLPYDTKTVPLTIGEQNLEKIVISHISEASGEGTQEEMVRRALEQPVGTPRLRELARGKKRVVLVTSDHTRAVPSKITLPIL
LGEIRAGNPGAEITILIATGLHRETTREEQICMFGAEIVERERIVVNRAFEKDEFVSMGELPSGAGFYVNRLAVDCDLLVTEGFI
EPHFFAGFSGGRKSILPGICSAETVNENHSYKAIASPFAAAGVLEGNPIHEDMICAARRVNVQFILNVALNARKEIIAAFAGDV
EAAHLEGCRYIRSISEEPAVTGDIVVTSNGGYPLDQNLYQSPKAVATAEACAGEDGVIIMVCACREGIGGSHFEELIMGGNP
QEIDRKLSAVPPRETIPEQWCAQIYARILQAHPVILVTTYLDPEVVRRANMIPASTPDEALAMAFEMRGKDARVVVIPDGVS
VMITKPVS

MKRFDLPYGRGTISLSLPERRVKAVLESHLHTYRPDLGEEELVNAALESPEGSPRLSQLAKGKHNVVMIASDHTRPVPSRHIIP
AMLREIREGNPEADITILIATGCHRAPTREELIQKFGEEIAGREKIVIHSCEDSEDFVSLGTLPSGGELILNRMAVEADLLCAEGF
IEPHFFAGFSGGRKSVLPGVAARKTVLANHCSAFIDSPYARTGIIEGNPIHRDMIYAAKKAGLAFIVNVVINQKKEIIHAVAGD

CDLAHKKGVSFLNDWCRTPAVPADIVVSTNGGYPLDQNIYQAVKGMTAAEATVNEGGVIIMAAKSEDGHGGQVFYETFR

DEPDVDRMMERFLATPAEGTIPDQWQSQIFARVLKRARVIYVSSAPPEMVRALHMIPADSMEEALRMADRLLGRPDGSV

TVIPDGVSVMVTAPENGNAEI

MIKIPYSTKTLKINIDNKNLKGILISKAHNYKVNESQEYIVNRALDNPIGSERLEDLVKNKNNMVIITSDHTRPVPSNITMPILLN
RIRKVNPSIDITILIATGFHRPTTREEMINKFGREIVEKEKIINHVSTDKNDLTNVGVLPSGGQLILNKLAINTELLISEGFIEPHFF

AGFSGGRKSILPGIASAETIMANHCSEFINSNQARTGIIEDNPIHRDMLYAAEKAKLAFILNVVIDADKKIINAFAGDRRLAHEE
GCKFVMELSSVKKIEADIAITSNGGYPLDQNIYQAVKGMTAAETTCRKGGVIIMIAACNDGHGGKSFYDNVSNAKNPRELLE
RILNVPRNKTIPDQWEIQILARILNDYTVIMVTDLCDPSMIENMHMKHAKTFEEALKMAYNIKGEKAEVVVIPDGVSVVVSD

MKSIHMKYGNEKIEVSVDEDNLIQIIESNPFNLGKNENEVILDSLANPIGTPRLKDIVAKGEKICIVISDITRAWQRPYKFLPLIV

EELNKSGISDKDITFLCAAGTHRNQTEKEHGLLLGPELSKRFKVIDHDCLDKNNLVYLGDTSYGTPVWINKIAMECDHIIITGAI
VYHLLAGWAGGKKSILPGISGYESIMANHALSLGENIGDGSNPLVRSGYIENNPVHKDMLEAASFVKPSFMFNVIMGSDGN
IAAAVSGNYIEAHKEGRELVNKIDGVKIHEKADLVIASAGGYPKDINLYQSSKTMINMNEAAKEGATLILISQCREGLGGDSDI
KDIILNYDNILDREKSLRERYSISKFIGYYVCEMAEKYDFIMVSDIDQSLVKNANIKVVSTIDEALNIVYKKRGENLKTILMPKGA

NTLPILQD

MQKKYTYKYGKGTVNFTVDESLVTDELYIRQCPVLSDPAESVREAIRNPIGCKPLRDIVKTGETVVFLVNDTTRIANSHIFMPI
LLDELNSAGIPDQDMWIVFALGTHRLMTEEEMVGEVGSSVSQRVRLYNSDCRDAGQFRYFGTTSYGTPVYFNNKVVEAD
HIICTGSVVHHFFAGFGGGRKAMLPGVAHYETVRKNHSLMLDANAVIGKLDGNPIYHDQVEGTEMCRPSFLLNVVLNEKK
EFLKVFAGDYIQAHRECCEFVNGVYGVPVEKEADLVIASCGGYPKDINVYQLQKTMDNAWCAVREGGVVIILGECAEGSGS
AIYEKTMQKYTTPEQVEAAVKADFQIGAHKAYAVTRLMKKAHFILVSSMLPELARLLLFTPARDMEEAMELAVNKFNLIQPR
IILMPMGSITVPLINKSKCGNTGD

MAETVFEFGYGNSKLQVSLPAEKIINNVLGKPCPAIVDVPAAVRAALRNPIGTPPLKEVVKPGDKVAVVVSDITRAWVNFD
QFLPVLLDELNDAGVPDQNIFIIIAPGAHRLNTQAEFVVLCGEKVCHRVAVYNHDCHKQEELVYTGKTKGGVDCYINKRVAG
ADKMILTGGIVHHLMAGFGGGRKAILPGISGFKTIQGNHLFCMNKEVGKGLNPNCIAGKLEENEMNEDMIEQAALARPDF
LLNAVFTPENKFARFVAGHWYEAWLAGTKMVDEIYGIPITAQADLVVSSAGGFPKDINLYQGVKTIDNAYMAAKPGGVVIC
CLELPDITEPAEFSDWFKYPTMLEHEMALRANFTIPGFLAYRLLDIARQLSLIIVTRQENAGFISKAGMIPATTVAEALALAKEK
LGRDDYTITVMAAAANTVPVLK
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Table 2.S5 | List of primers used in this study.

Name Sequence (5’-3’) Reference/source
LarAH15_A TTTCCATGGCAACCTTATTATTTGCGGAGG This study
LarAH15_B AAAGCTAGCTGAGTGTTTGAAAGGTC This study
LarAH32_A TTTCCATGGACCTGCACTACGGTG This study
LarAH32_B TTTGCTAGCCGGCTTAATAACCGGCAGCAC This study
LarAH42_A TTTACATGTCCAGAATTGACCTTCCCTACGACAC This study
LarAH42_B TTTGCTAGCGGATACCGGTTTTGTGATCATC This study
LarAH43_A CCCACATGTCTAAACGATTTGATTTACCCTACGG This study
LarAH43_B TTTGCTAGCTATTTCCGCGTTCCCGTTC This study
LarAH51_A TTTTACATGTCCATTAAAATTCCCTATTCAACAAAAACCC This study
LarAH51_B TTTGCTAGCATCACTGACAACCACTGATAC This study
LarAH52_A TTTTACATGTCCAAAAGTATTCATATGAAATATGG This study
LarAH52_B TTTGCTAGCATCTTGTAAAATGGGAAGTG This study
LarAH62_A TTTTACATGTCCCAAAAAAAATATACCTACAAGTATG This study
LarAH62_B TTTGCTAGCATCGCCGGTGTTG This study
LarAH66_A AAAACCATGGCGGAAACAGTATTTGAGTTTG This study
LarAH66_B TTTGCTAGCTTTCAATACCGGCACAGTAT This study
pBAD_up GCAACTCTCTACTGTTTCTCCATAC This study
pBAD_rev CCGCCAGGCAAATTCTG This study

t Pcil, Ncol, Nhel restriction sites introduced in the primers are underlined in primer sequences.
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The previous chapter explored various phylogenetic clusters in the LarA
superfamily. Here, we investigated a previously unexplored and
uncharacterized phylogenetic cluster of LarAHs within this superfamily.
Initially, our focus was on a single LarAH from this group, which exhibited
significant AHA racemization and PHA C2-epimerization activities, indicating
promising biotechnological applications. To gain deeper insights, we purified
a total four LarAHs from this cluster for further study.

Through substrate profiling of these LarAHs, we identified 15 racemization
reactions across the 3 main classes of AHAs: aliphatic, aromatic, and
polycarboxylic AHAs. In addition, we discovered 24 C2-epimerization
reactions of PHAs spanning the 3 main classes of sugar acids: aldonic acids,
uronic acids, and aldaric acids. Many of these LarAHs also catalyzed the C2-
epimerization of aldonic acid derivatives, such as deoxy and keto aldonic
acids. Given their wide range of activities, we classified these LarAHs as a
family of broad-spectrum hydroxy acid isomerases (BSHIs). Notably, most of
these C2-epimerization reactions were previously unreported, with no
known enzymatic routes for synthesizing the corresponding sugar acid
stereoisomers.

To facilitate a comprehensive understanding of each BSHI's potential for
chemoenzymatic synthesis, we determined their temperature and pH-
dependent activity profiles, kinetic parameters, and substrate specificities.
We also demonstrated that BSHIs display distinct stereochemical
preferences and hierarchical importance for different carbon positions,
affecting their catalytic efficiencies. Finally, we analyzed the structural
models of BSHIs and found that the structure of their C-terminal domain,
which is responsible for the substrate binding, is completely different than
the one of LarAl. This unique structure is particularly well-suited for
accommodating bulky substrates and shows considerable flexibility,
explaining the wide substrate range and adaptability of BSHIs.

Overall, we highlighted the remarkable biotechnological potential of BSHIs,

a newly identified LarAH family within the LarA superfamily, for the
stereoselective conversion of AHAs and PHAs.
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Abstract

2-Hydroxy Acids (AHAs) and Polyhydroxy Acids (PHAs) find extensive
applications across various industries including food, cosmetics, and organic
synthesis. However, the synthesis of sterecisomers of these compounds,
whether enzymatically or chemically, remains a significant challenge. In this
work, we unveil a previously unexplored group of lactate racemase homologs
(LarAHs) within the LarA superfamily. We investigated the biochemical
properties, substrate specificities, stereoselective preferences and structural
models of four LarAHs from this family. Our findings revealed that these
LarAHs are broad-spectrum hydroxy acid isomerases (BSHIs), acting as
racemases or C2-epimerases of a wide range of AHAs and PHAs. Specifically,
we identified 15 racemization reactions spanning the 3 primary classes of
AHAs: aliphatic, aromatic, and polycarboxylic AHAs. More importantly, we
uncovered C2-epimerization reactions of PHAs encompassing the 3 main
classes of sugar acids: aldonic acids, uronic acids, and aldaric acids.
Moreover, most of these BSHIs also catalyze the C2-epimerization of
derivatives of aldonic acid, such as deoxy aldonic acids and keto aldonic acids.
In total, 24 C2-epimerization reactions of PHAs were identified, among which
20 were previously unreported. Structural models of these BSHIs revealed
that the structure of their C-terminal domain, which is responsible for the
substrate binding, is completely different than the one of LarAl, and can
explain their broad substrate spectrum. In conclusion, BSHIs present
promising avenues for the conversion of valuable stereoisomers of AHAs and
PHAs, offering new possibilities for biotechnological applications.

Keywords

hydroxy acid, racemase, epimerase, aldonic acids, uronic acids,
biotechnology, nickel-pincer nucleotide
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INTRODUCTION

Hydroxy acids (HAs) are organic carboxylic acids ubiquitous in living
organisms and serve as essential biological building blocks in industry [1]. The
two main categories of HAs most prevalent in nature and in industry are
a-hydroxy acids (AHAs), with one hydroxyl group on the second carbon, and
polyhydroxy acids (PHAs), with multiple hydroxyl groups [235]. AHAs can be
further subdivided into three main categories according to their chemical
structure: (i) aliphatic AHAs, with straight or branched non-aromatic side
chain; (ii) aromatic AHAs, with an aromatic ring-bearing side chain; (iii)
polycarboxylic AHAs, with more than one carboxyl group [1,235]. Among
PHAs, sugar acids are derived from saccharides through oxidation. The
oxidation can occur at different positions on the sugar molecule, leading to
3 main categories of sugar acids with distinct properties and functions: (i)
Aldonic acids, formed by oxidizing the aldehyde group of an aldose to a
carboxylic acid; (ii) Uronic acids, formed by oxidizing the terminal hydroxyl
group of an aldose or ketose to a carboxylic acid; (iii) Aldaric acids, formed
by oxidizing both the aldehyde and the terminal hydroxyl groups of an
aldose, generating a dicarboxylic acid [3,4].

In addition to being key metabolites of most metabolic pathways, the
stereochemical diversity and variety of chemical structures that AHAs and
PHAs offer opens a wide spectrum of potential biotechnological applications
and therefore have considerable market potential [1,59]. (i) In cosmetics and
skincare, these compounds are valued for their cleansing, conditioning,
humectant and moisturing properties [36,37,235]. (ii) In medicine, they can
serve as drug precursors for synthesizing various significant chiral
compounds, including antimicrobial agents [39,44,45] antibiotics [40,41],
and angiotensin-converting inhibitors [42,43]. (iii) In the food industry, they
can function as food components and additives, e.g. as pH regulator,
preservative, and flavoring agent [46—49]. (iv) In organic synthesis, they can
serve as versatile platform chemicals to generate primary building blocks of
industrially relevant products [50,164]. (v) In polymer synthesis, they can act
as monomers for producing diverse biopolymers [51-53]. The significant
growth in both quantity and variety of AHAs has driven the global market size
to exceed USDS 1.2 billion in 2021, projected to reach USDS$ 2.3 billion by
2028 [54]. Similarly, the market for D-gluconic acid, a PHA among the most
desirable biologically produced platform chemicals [236], is expected to grow
from USDS 0.18 billion in 2023 to USDS 0.24 billion by 2032 [55].
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Consequently, research focusing on the production of AHAs and PHAs has
gained considerable attention from researchers [56-59]. However, few
enzymatic production routes exist for AHAs and PHAs stereoisomers,
especially for sugar acids, due to the high complexity of stereoselective
synthesis [1,59].

A recently discovered superfamily of nickel-dependent hydroxy acid
racemases and epimerases, the LarA superfamily, was shown to be able to
racemize or C2-epimerize a wide range of AHAs and PHAs stereoisomers,
with some LarAHs able to isomerize up to 16 different substrates [147,153].
The first identified enzyme of this superfamily was the lactate racemase of
Lactobacillus plantarum (LarA1l) [95], which was shown to use the (Nickel-
Pincer Nucleotide) NPN cofactor through a proton-coupled hydride-transfer
(PCHT) mechanism during which the NPN transiently accepts the substrate-
derived hydride (Figure 1) [95,96,124,147,237]. The NPN cofactor, a
substituted pyridinium mononucleotide that tricoordinates nickel, is
sequentially synthesized by the LarB, LarE, and LarC biosynthetic enzymes
from the precursor nicotinic acid adenine dinucleotide through consecutive
carboxylation/hydrolysis, sulfur insertion, and nickel insertion reactions,
respectively [120,131,132,215]. Interestingly, the genes encoding for the
NPN-biosynthetic enzymes and LarA homologs (LarAHs) are widespread
within eubacteria and archaea, and some are even found in unicellular
eukaryotes [95,237]. Currently, the different families identified in the LarA
superfamily are the lactate racemase (LAR) family, the short-chain aliphatic
AHA racemases (SAR) family, the malate racemase (MAR) family, the
hydroxyglutarate racemase (HGR) family, the hydrophobic AHA racemases
(HHR) family, and the D-gluconate 2-epimerase (GntE) family. All these
racemases and epimerases use the NPN cofactor for their activity, similarly
to LarAl [210] . However, half of the LarA superfamily remains unexplored
and much remains to be discovered about the full range of reactions
catalyzed by LarAHs.

In this study, we fill a significant part of this gap by identifying a previously
unexplored large new family of broad-spectrum hydroxy acid isomerases
(BSHIs) in the LarA superfamily. These LarAHs are able to isomerize up to 39
different AHAs and PHAs, of which many are sugar acids. These findings
demonstrate the potential of the LarA superfamily for biotechnological and
pharmaceutical applications in the conversion of HAs, especially for sugar
acids.
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RESULTS

Discovery of a family of broad-spectrum hydroxy acid isomerases
(BSHIs)

To gain further insight into this novel family of LarAHs we selected four larAH
genes from two distinct bacteria: larAH26 from Priesta megaterium and
larAH41, larAH44 and larAH49 from Enterocloster asparagiformis.
Subsequently, we engineered vectors to generate the respective C-terminal
Strep-Tag fusion proteins for overexpression and purification in Escherichia
coli cells. After purification, the four LarAHs were obtained in soluble form
and their identity was confirmed by electrospray ionization quadrupole time-
of-flight mass spectrometry (ESI-Q-TOF-MS) analysis (Figure 3.51, Tables 3.51
& 3.52). The purified LarAHs were then supplemented with in vitro
synthesized NPN and subjected to activity assays in the presence of all
substrates showed in Fig. 3.1 & 3.2. These assays were conducted through
either coupling to another enzymatic reaction for spectrophotometric
measurement or via chiral capillary electrophoresis (CE) [218].

In this family of LarAHs, we identified 9 racemization reactions on aliphatic
AHAs, 4 racemization reactions on aromatic AHAs, and 2 racemization
reactions on polycarboxy AHAs. Among aliphatic AHAs, we identified
racemization reactions on DL-lactate, DL-glycerate, DL-2-hydroxybutyrate,
DL-2,4-dihydroxybutyrate, DL-2-hydroxycaproate, DL-2-hydroxyisocaproate,
DL-2-hydroxyvalerate, DL-2-hydroxyisovalerate, DL-2,3-
dihydroxyisovalerate, DL-2-hydroxy-3,3-dimethylbutyrate. Among aromatic
AHAs, we identified reactions on DL-3-phenyllactate, DL-3-(4-
hydroxyphenyl)lactate, DL-2-hydroxy-4-phenylbutyrate and DL-2-hydroxy-4-
oxo-4-phenylbutyrate. Among polycarboxy AHAs we identified reactions on
malate and 2-hydroxyglutarate. Strikingly, most LarAHs investigated could
catalyze the majority of these racemization reactions (Fig. 3.1, Fig 3.3 & Table
3.2).

Since these LarAHs have a catalytic pocket capable of accommodating and
catalyzing the racemization of a wide array of AHAs, we explored whether
they could catalyze C2-epimerization of stereoisomers of sugar acids, too.
We detected novel C-2 epimerization reactions of stereoisomers in the three
main classes of sugar acids: aldonic acids, uronic acids and aldaric acids.
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Among aldonic acids, we detected novel C2-epimerization reactions of 2,3-
dihydroxybutanoic  acids, 2,3-trihydroxybutanoic  acids, 2,3,4,5-
tetrahydroxypentanoic acids, 2,3,4,6-tetrahydroxyhexanoic acids and
2,3,4,5,6-pentahydroxyhexanoic acids. We detected C2-epimerization
reactions between the following C2-epimers: (i) For 2,3-dihydroxybutanoic
acids: 4-deoxy-D-threonate and 4-deoxy-D-erythronate, 4-deoxy-L-
threonate and 4-deoxy-L-erythronate; (ii) For 2,3,4-trihydroxybutanoic acids:
D-threonate and D-erythronate, D-threonate and D-erythronate; (iii) For
2,3,4,5-tetrahydroxypentanoic acids: D-ribonate and D-arabinonate, L-
ribonate and L-arabinonate, D-xylonate and D-lyxonate, L-xylonate and L-
lyxonate; (iv) For 2,3,4,5-tetrahydroxyhexanoic acids: 6-deoxy-L-gluconate
and 6-deoxy-L-mannonate, 6-deoxy-D-galactonate and 6-deoxy-D-talonate,
6-deoxy-L-galactonate and 6-deoxy-L-talonate; (v) For 2,3,4,5,6-
pentahydroxyhexanoic acids: D-gluconate and D-mannonate, L-gluconate
and L-mannonate, D-galactonate and D-talonate, L-galactonate and L-
talonate, D-altronate and D-allonate, L-altronate and L-allonate, D-gulonate
and D-idonate, L-gulonate and L-idonate. Among uronic acids, we detected
novel C2-epimerization reactions of 2,3,4,5-tetrahydroxy-6-oxohexanoic acid
stereoisomers such as the interconversion between D-glucuronate and L-
iduronate as well as D-galacturonate and L-alturonate. Among aldaric acids,
we detected novel C-2 epimerization reactions of 2,3-dihydroxybutanedioic
acid stereoisomers such as the interconversion between L-tartrate and
meso-tartrate (Fig. 3.2, Fig 3.3 & Table 3.2).

These LarAHs thus constitute a family of broad-spectrum hydroxy acid
isomerases (BSHIs) capable of catalyzing racemization reactions spanning the
three primary classes of AHAs and C2-epimerization reactions spanning the
three primary classes of sugar acids.
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ALIPHATIC 2-HYDROXY ACIDS

N N N Ve,

CH OH OH OH CH
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Figure 3.1 | Chemical structure of 2-hydroxy acids and polyhydroxy acids racemized
by BSHIs. Each racemization reaction is labeled with a number and a color. The chiral carbons
are depicted achiral for simplification. Black asterisks indicate stereoinversion sites, grey
asterisks indicate other stereocenters in the molecule.

Table 3.1 | Kinetic parameters of the investigated BSHIs.

Substrate pHopt® Tempopt?(°C) Km(mM)® ket (s7)°  Keat/Km (M2 s2)
LarAH26 D-mannonate 7-8 25-35 1.9+0.2 37+4 19+4
LarAH41 D-mannonate 7 40 7616 1.110.2 0.15+0.03
LarAH44 L-lactate 8.5 35 2.2+0.3 0.61+0.05 0.27+0.6
LarAH49  L-2-hydroxycaproate 7-7.5 30-35 32+05 5607 1.8+04

2 : optimal pH range or temperature (temp), where activity was > 90% of the maximum activity.
b:+95% confidence interval based on non-linear regression using the Michaelis—Menten equation.
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(2R,3R,4S,5R) 0 (25,3R,45,5R) o o
L-gulonate 19h L-idonate
(25,35,4R,55) = (2R,35,4R,55)
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<} OH (25,35,45,5R) — (2R,35,4S,5R)
L-Tartrate Meso-tartrate D-galacturonate L-alturonate
(2R,3R) — (25,3R) and (2R,3S) (2S,3R,4S,5R) =2 (2R,3R,4S,5R)

Figure 3.2 | Chemical structure and stereochemistry of the sugar acids C2-
epimerized by BSHIs. Each C2-epimerization reaction is labelled with a number and a
colour. The different C2-epimerization reactions of the same PHA are labeled with the same
color and number, but a letter has been added to each number to differentiate the reactions.
Labels of previously unreported reactions are underlined. The chiral carbons are depicted
achiral for simplification. Black asterisks indicate stereoinversion sites, grey asterisks indicate
other stereocenters in the molecule.
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Figure 3.3 | Relative catalytic efficiencies of the investigated BSHIs. The catalytic
efficiency for the preferred substrate was set to 100%. The color and label assigned to each
reaction correspond to those used in Figs. 3.1 and 3.2. C2-epimerization reactions of the
stereoisomers of the same PHA are indicated in the same color. The error bars represent the
standard error (n=3).

Table 3.2 | Catalytic efficiencies of the investigated BSHIs. For each BSHI, the kcat/Km
value of the substrate for which the kinetic parameters were obtained experimentally is in
bold (Figure 3.54 & Table 3.1). Additional kct/Km values were calculated using the
experimentally determined kct/Km and the relative kcati/Km values. “-”: no activity. Labels of
previously unreported reactions are underlined.
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Reactions Kcat/Km (M2 s72)

Racemization of AHAs LarAH26 LarAH41 LarAH44 LarAH49

1 L ¢ D-lactate (14 + 4) x 10" 93 +35 (27 +5)x 10* -

2 L- & D-glycerate 90 + 20 (13+5)x 10t (21+7)x 10! -

3 L- & D-2-hydroxybutyrate (80+16) x 10 (12+4)x 10> (19+6)x 102 -

4 L- & D-2,4-dihydroxybutyrate (27+9)x 102 (13+5)x 10> (63 +23)x10! -

5 L- &> D-2-hydroxyvalérate (22+4)x 102 (12+4)x10>° (29+7)x10® (23+7)x10!

6 L- &> D-2-hydroxyisovalérate (12+3)x 10> (17+6)x102 (11+3)x10° 7022

7 L- & D-2-hydroxycaproate (59+18)x 10 (90+29)x10° (16+4)x10* (18+4)x10?

8 L- <> D-2-hydroxyisocaproate (29+6)x 102 (19+7)x10> (12+3)x10* (10+3)x10?

9 L- ¢ D-2,3-dihydroxyisovalérate 50+ 10 46+ 17 (34 +10) x 10* -

10 L- <> D-3-phenyllactate 8+2 (37+13) x 10! (47 +16) x 102 -

11 L- ¢ D-2-hydroxy-4-phenylbutyrate (17+4)x 102 (61+20)x10° (63+16)x10® (16%5)x10?

12 L- > D-3-(4-hydroxyphenyl)lactate (20+8)x 101 (11+6)x10' (18+6)x 10?2 -

13 L- <> D-2-hydroxy-4-oxo-4-phenylbutyrate 9+3 93+41 (76 + 28) x 102 -

14 L- ¢> D-malate 87+16 (30+12) x10* (28 +8) x 10* -

15  L- ¢> D-2-hydroxyglutarate - (22 + 8) x 10* - -
C2-epimerization of sugar acids

16a 4-deoxy-D-threonate <> (19+8)x10* (24+9)x10' (13+4)x10°> -
4-deoxy-D-erythronate

16b  4-deoxy-L-threonate <> (68+20)x 10! (67 +22)x10! (39+11)x10% -
4-deoxy-L-erythronate

17a D-threonate <> D-erythronate (17+£8)x10' (56%25)x10' (56+17)x102 -

17b L-threonate <> L-erythronate (47 £15)x 10! (17+7)x 102 (23+7)x10%2 -

18a D-xylonate <> D-lyxonate (11+2)x102 (22+8)x10> (29+8)x10' -

18b L-xylonate ¢ L-lyxonate (22+6)x 10" (41%15)x10% (91+31)x10' -

18c  D-ribonate <> D-arabinonate (38+7)x10' (15+6)x 10> (59+19)x10' -

18d L-ribonate ¢ L-arabinonate (79+17)x 10! (72+24)x 10> (38+10)x 10! -

19a D-gluconate ¢> D-mannonate (19+4)x10® (15%+3)x10* (29+11)x10' -

19b L-gluconate ¢> L-mannonate 78+ 26 (21+8)x 102 (61+22)x10% -

19c D-galactonate <> D-talonate (85+14) x 10* (35+13)x 10! (47+12)x 10 -

19d L-galactonate <> L-talonate (25+4)x 10t (51+17)x10' (15+4)x10> -

19e D-allonate ¢ D-altronate (32+8)x 10" (11+4)x10' (13+4)x10% -

19f L-allonate <> L-altronate (62 +15) x 10* (47 £16)x10? (94 +41)x 10 -

19g D-idonate <> D-gulonate (11+3)x10* (21+7)x10" (28+8)x10% -

19h L-idonate <> L-gulonate (12+3)x10* (78+27)x10' (40+9)x10' -

20a 6-deoxy-L-gluconate <> 21+5 (11+4)x10® (40%11)x10% -
6-deoxy-L-mannonate

20b 6-deoxy-D-galactonate <> (19+3)x10* (17+6)x10%2 (14%5)x10> -
6-deoxy-D-talonate

20c  6-deoxy-L-galactonate <> (13+2)x10* (30+11)x10%> (30+8)x10%> -
6-deoxy-L-talonate

21  5-deoxy-L-ribonate <> (22+8)x10* (47+22)x10' (25+8)x10' -
5-deoxy-L-arabinonate

22 5-keto-D-gluconate <> 52+10 (67 £25) x 10 (11+4)x10%> -
5-keto-D-mannonate

23a D-galacturonate <> L-alturonate 4+2 34+18 61+27 -

23b  L-iduronate ¢> D-glucuronate 48+ 13 22+9 40+ 12 -

24 L- ¢€> Meso-tartrate 20+ 60 + 27 - -
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Biochemical and substrate specificities of BSHIs

For a comprehensive biochemical characterization of each BSHI, we
experimentally determined their temperature and pH-dependent activity
profiles (Table 3.1 & Figs. 3.52, 3.53). LarAH26 shows an optimal pH range
between pH 7 and pH 8, and an optimal temperature around 35°C. Notably,
LarAH26 exhibit a relative activity above 85% between 20°C and 45°C, which
correlates with the fact that P. megaterium is mesophilic and found in various
environments, ranging from soil to plant roots. The optimal temperature of
LarAH41, LarAH44 and LarAH49 is around 35°C, which correlates with the
fact that E. asparagiformis comes from the human gut microbiota.

Further investigations aimed to identify the preferred substrates of the
BSHIs. Elucidating the substrate specificities of these enzymes is crucial for
future potential biotechnological applications. To achieve this, we
determined the relative catalytic efficiencies of LarAH26, LarAH41, LarAH44
and LarAH49 for each of their substrates (Fig. 3.3). LarAH26 from P.
megaterium exhibited the highest relative catalytic efficiency for D-
gluconate whereas LarAH41, LarAH44 and LarAH49 from E. asparagiformis
showed the highest relative catalytic efficiency for 2-hydroxycaproate (Fig.
3.2 & Table 3.2). Then, the kc.t/Km values of each BSHI for all substrates were
calculated (Table 3.2) using the kinetic parameters (ket, Km and keat/Km)
experimentally determined for one substrate (Table 3.1 & Fig. 3.54) and the
relative catalytic efficiencies for all substrates (Fig. 3.3). We initially intended
to experimentally determine the kinetic parameters of investigated BSHIs for
their substrate with the highest relative catalytic efficiency. However, we
were unable to experimentally determine the kinetic parameters of LarAH41
and LarAH44 for 2-hydroxycaproate due to their Ky values appearing to be
in the uM range, which could not be precisely measured due to the limit of
detection of the capillary electrophoresis (CE) method used [218]. Instead,
we determined the kinetic parameters of LarAH41 for the conversion of D-
mannonate to D-gluconate and LarAH44 for the conversion of L-lactate to D-
lactate, using enzyme kits and spectrophotometry for precise measurements
(Table 3.1 & Fig. 3.54). Kinetic parameters of the NPN-supplemented LarAHs
were determined by assuming 100% loading, given that an excess of NPN was
added to the apoprotein; however, the extent of NPN loading could not be
established. As a result, the values of ket and ket/Km are probably
underestimated.
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BSHIs exhibit low activities on uronic acids. Uronic acids, like their aldose
precursors, predominantly exist as cyclic hemiacetals (furanose or pyranose)
and less than 1% of the molecules exist in the linear form ((carboxo-
)aldohexose). Since the linear form is most probably the form used by BSHIs,
as no proton abstraction of the hydroxyl is possible with the cyclic form, this
could explain the very low k./Km observed, which is due to the very low
availability of the linear form. BSHIs also show low catalytic efficiencies on
substrates with 2 carboxylates such as polycarboxy AHAs (malate and 2-
hydroxyglutarate) and aldaric acids (tartrate). Given that their preferred
substrates seem to be hydrophobic AHA, this is not unexpected.

Stereoselective specificities of BSHIs

We elucidated the stereoselective preferences of LarAH26, LarAH41 and
LarAH44 for C2-epimerization reactions across diverse PHAs for which we
possessed all the stereoisomers, specifically 2,3-dihydroxybutanoic acids,
2,3,4-trihydroxybutanoic acids, 2,3,4,5-tetrahydroxypentanoic acids, and
2,3,4,5,6-pentahydroxyhexanoic acids (Figs. 3.4 & 3.S5). For each type of
PHA, the focus was on comparing the k../Ku values of all the possible C2-
epimerization reactions to understand the stereoselective preferences of
BSHIs for specific chiral configurations.

In the C2-epimerization of PHAs, LarAH26, LarAH41, and LarAH44 display
distinct stereochemical preferences and hierarchical importance for
different carbon positions affecting their catalytic efficiencies. LarAH26
prefers S configuration at C3, R configuration at C4, and R configuration at
C5, with the importance order being C3 > C4 > C5. LarAH41 prefers S
configuration at C3, C4, and C5, with the importance order being C5 > C4 >
C3. LarAH44 prefers R configuration at C3 and S configuration at C4 and C5,
with the importance order being C3 > C4 > C5 (Figs. 3.4 & 3.S5). These
detailed findings demonstrate specific stereochemical requirements for
optimal catalytic function for each BSHI investigated. Understanding these
preferences is critical for potential strategic designs of chemoenzymatic
synthesis processes.
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Figure 3.4 | Stereochemical preferences for poly-hydroxy acid C2-epimerization
reactions of the investigated BSHIs. Summary of data from figures 3.3 and 3.S5. “>” shows
the hierarchy of importance of the carbons and stereochemistry of the chiral centers of a PHA
with regard to the catalytic efficiency of the enzyme.

118



Structural analysis of BSHIs

The structural models of the investigated BSHIs were retrieved from the
AlphaFold 2 database [220,221]. The structural models were then aligned
with the LarA1l structure using Pymol in order to deduce the position of the
NPN cofactor. To compare the fold of BSHIs with the LarAl fold, we first
compared the structural model of LarAH41 with LarA1l structure (Figure 3.5).
This comparison shows that the fold of the C-terminal domain of BSHIs is
completely different from the fold of the C-terminal domain of LarAl. The C-
terminal domain of LarAl is composed of a central B-sheet composed of 6
parallel B-strands with two B-strands and one a-helix above, and two B-
strands and five a-helices under this B-sheet. The C-terminal domain of
LarAH41, on the other hand, is composed of a central B-sheet composed of
8 B-strands (6 parallel and 2 antiparallel) with three a-helices above and
three a-helices under this B-sheet (Figure 3.5). The substrate binding pocket,
which lies at the interface between both N-terminal and C-terminal domains,
is mostly defined by the a-helices a1l and al14 in LarAl, whereas these two
a-helices are absent from the substrate binding pocket of LarAH41 structural
model. The substrate binding pocket of the LarAH41 structural model is
defined by two long loops and by the a-helix a13, which is much closer to the
N-terminal domain than in LarA1 structure (Figure 3.5 & 3.6).

A closer look of the catalytic sites of BSHIs shows that the residues involved
in NPN binding and catalysis, which are part of their N-terminal domain, are
conserved (Fig. 3.6, residues in blue and green) whereas the residues
involved in substrate recognition are not (Fig. 3.6, residues in white). The
catalytic site of BSHIs is much larger than the LarAl catalytic site, and most
of the residues are located on loops, rather than on a-helices (Fig. 3.6), which
gives them more flexibility, probably allowing the binding pocket to adapt to
many different substrates. The comparison between the different BSHIs
shows that many residues are conserved between the different enzymes, e.g.
the residues corresponding to T159, F191, K269, and N336 in LarAH26. Other
residues vary from one BSHI to the other, explaining the small differences in
substrate specificity observed (Fig. 3.3). The catalytic site of LarAH49 was not
shown, as the residues forming the catalytic site are exactly the same as the
residues of LarAH41.
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LarAH41

Figure 3.5 | Structural comparison between LarA1l and LarAH41. The LarA1 structure
(PDB code: 5HUQ) is coloured with its loops in green, a-helices in red and B-sheets in yellow.
The LarAH41 structural model retrieved from the Alphafold 2 database is coloured with its
loops in pink, a-helices in cyan and B-sheets in magenta. The NPN is indicated in stick model
with the nickel as a green ball.
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Figure 3.6 | Catalytic site comparison between LarAl, LarAH26, LarAH41, and
LarAH44. The LarA1l structure was retrieved form the PDB database (PDB code: 5HUQ), and
the LarAH26, LarAH41, and LarAH44 structure was retrieved from the Alphafold 2 database.
The catalytic residues are shown with their carbons in green, the residues important for NPN
binding are shown with their carbon in blue, other residues probably important for substrate
specificity are shown with their carbons in white. NPN carbons are in black. Oxygen atoms are
in red, nitrogen atoms are in blue, sulphur atoms are in yellow, phosphate atoms are in
orange, and nickel ion is shown as a green ball.
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DISCUSSION

AHAs and PHAs are ubiquitous in the living world and find extensive
applications across various industries due to their stereochemical diversity
and their variety of chemical structures. However, few enzymatic production
routes exist for AHAs and PHAs stereoisomers, especially for sugar acids, due
to the high complexity of stereoselective synthesis [1,59].

In this study, we discovered a novel family of LarAHs in the LarA superfamily,
the BSHI family. Our findings demonstrated the ability of BSHIs to catalyze 15
distinct AHA racemization reactions and 24 distinct PHA (sugar acid) C2-
epimerization reactions, 20 of which were previously unreported (Table 3.2).
For aldonic acids, we observed C2-epimerization reactions of all
stereoisomers of D-gluconate, D-xylonate, D-threonate and 4-deoxy-D-
threonate. Additionally, we showed C2-epimerization reactions of aldonic
acid derivatives such as keto and deoxy aldonic acids. For uronic acids, we
showed C2-epimerization reactions of D-glucuronate/L-iduronate and D-
galacturonate/L-alturonate. For aldaric acids, we showed C2-epimerization
reactions of L-tartrate/Meso-tartrate. To date, no other enzymatic routes
exist for synthesizing most of these acid sugar stereoisomers. Moreover, the
structural model of these BSHIs suggests that their substrate binding site is
particularly adapted for bulky substrates and shows considerable flexibility,
allowing for such a broad substrate scope.

Overall, BSHIs exhibit high potential as biotechnological tools for the
stereoselective conversion of a wide range of AHA and PHA stereoisomers.
To fully realize this potential, three key aspects should be considered: (1)
scaling up the production of HAs, (2) overcoming the average 50% yield limit
of isomerases, and (3) enhancing the low ke values observed in some
reactions. To address aspect (1), Lactococcus lactis could serve as a valuable
microbial platform to scale up reaction volumes and increase the production
of the desired stereoisomer. Indeed, the in vivo coexpression of larAHs and
NPN biosynthetic genes (larBCE) allows for the production of active LarAH
holoenzymes in L. lactis cultures, avoiding the need for in vitro NPN
biosynthesis [141,210]. For instance, scaling up the conversion of D-
glucuronate into L-iduronate and D-galacturonate into L-alturonate could be
feasible. D-glucuronate and D-galacturonate are inexpensive and common
compounds, whereas L-iduronate is a highly expensive compound used in the
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production of heparinoid anticoagulants [238], and L-alturonate is not yet
commercially available. To address aspect (2), coupling the reactions
catalyzed by BSHIs with deracemization methods such as dynamic kinetic
resolution (DKR) or multistep chiral separation with isomerizaton could
potentially achieve theoretical yields of 100% of the desired stereoisomers
[239-243]. Using BSHIs upstream and during these deracemization methods
could theoretically convert a stereopure solution of the unwanted
stereoisomer into a stereopure solution of the desired stereoisomer. To
address aspect (3), one approach is directed evolution to increase the kcat of
BSHIs for specific reactions of interest [244]. Alternatively, purifying other
LarAHs from the BSHI family may yield enzymes with higher k..t values for the
targeted reactions.

An important remaining question is the potential in vivo roles of the
investigated BSHIs. The genomic context of genes encoding BSHIs may be
indicative of their functions (Table 3.S3). LarAH26 likely acts as a D-
gluconate/D-mannonate C2-epimerase in P. megaterium, as it shows a
strong preference for the C2-epimerization of D-gluconate and D-mannonate
over other reactions. This hypothesis is supported by the adjacent gene
encoding a gluconate 5-dehydrogenase in the P. megaterium genome (Table
3.53). Additionally, P. megaterium can utilize D-gluconic acid as a carbon
source [245]. LarAH26 may enable D-mannonate to also serve as a carbon
source by converting it into D-gluconate, allowing it to enter the gluconate
pathway and the pentose phosphate pathway, thereby participating in
carbohydrate metabolism in P. megaterium [246].

LarAH41, LarAH44 and LarAH49 from E. asparagiformis exhibited the highest
relative catalytic efficiency for four substrates: 2-hydroxyvalerate, 2-
hydroxycaproate, 2-hydroxyisocaproate, and 2-hydroxy-4-phenylbutyrate,
with 2-hydroxycaproate being the preferred substrate for each enzyme (Fig.
3.2 & Table 3.2). LarAH49 appears to have the same substrate specificity as
LarAH41, which is expected given their 57% identity and identical catalytic
site residues. However, given the broad spectrum of reactions catalyzed by
LarAH41, LarAH44, and LarAHA49, it is possible that the native substrate has
not been identified because it was not tested. For instance, the genetic
context of LarAH41 and LarAH44 suggests that these enzymes play a role as
C2-epimerases of sugar acids, rather than for the racemization of
hydrophobic AHAs. The genomic neighborhood of larAH41 and larAH49
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includes several genes annotated as sugar transporters. Additionally,
larAH41 is in the same operon as several sugar epimerases. More
importantly, larAH41 and larAH49 are near a 2-deoxy-D-gluconate 3-
dehydrogenase and other genes annotated as related to 2-dehydro-3-deoxy-
phosphogluconate metabolism and the Entner-Doudoroff pathway (Table
3.53). This suggests that substrates such as 3-deoxy-D-mannonate could be
C2-epimerized into 3-deoxy-D-gluconate by LarAH41 or LarAH49, for
example. It is also possible that these enzymes isomerize multiple substrates
and play multiple roles in vivo. In vivo deletion experiments will be necessary
to evaluate these hypotheses.

CONCLUSION

The findings of this study reveal the remarkable potential of broad-spectrum
hydroxy acid isomerases (BSHIs) within the LarA superfamily for the
biotechnological conversion of stereoisomers of 2-hydroxy acids (AHAs) and
polyhydroxy acids (PHAs). By investigating the biochemical properties,
substrate specificities, and stereoselective preferences of four novel LarAHs,
we identified extensive racemization and C2-epimerization capabilities
spanning various AHAs and PHAs. Specifically, these enzymes demonstrated
the ability to catalyze 15 racemization reactions across aliphatic, aromatic,
and polycarboxylic AHAs, as well as 24 C2-epimerization reactions across
aldonic, uronic, and aldaric acids, with 17 of these reactions being previously
unreported. Structural analyses indicated that the broad substrate spectrum
of these BSHIs is attributable to a unique C-terminal domain structure
distinct from LarA1, providing flexibility in substrate binding and catalysis.

The ability of these BSHIs to catalyze a wide array of reactions, including
previously unreported C2-epimerization of sugar acids, opens new avenues
for the production of valuable HA stereoisomers. This can significantly impact
various industries, including cosmetics, medicine, food, organic synthesis,
and polymer production, by providing novel enzymatic routes for the
conversion of important chiral compounds. Future research focusing on the
characterization and optimization of novel BSHIs could further enhance their
applicability, paving the way for innovative biotechnological processes.
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MATERIAL & METHODS

Biological materials and growth conditions

Bacterial strains and plasmids used in the present study are listed in Table
S3. All plasmid constructions were performed in E. coli DH10B. E. coli DH10B
cells were grown with agitation at 37 °Cin lysogeny broth supplemented with
ampicillin (200 mg:-L-1) or erythromycin (200 mg-L-1), when required. When
expressing pBADHisA derivatives, induction was initiated by addition of L-
arabinose (0.1%) and cells were grown at 30 °C for 4 h with agitation.

DNA techniques

DNA was introduced into E. coli cells by electrotransformation [224]. PCR
amplifications used Q5 high-fidelity DNA polymerase (New England Biolabs).
The primers used in this study were purchased from Eurogentec (Seraing,
Belgium) and are listed in Table S4. Synthetic gene for LarAH26 sequence was
purchased from Biomatik, digested with Ncol and Nhel, and cloned into a
similarly digested pGIR076 [16]. Genes encoding LarAH41 and LarAH44 and
LarAH49 were amplified from the genomic DNA of E. asparagiformis,
digested (Pcil and Nhel), and cloned into digested (Ncol and Nhel) pGIR076.
E. asparagiformis (DSM 15981) genome was purchased from DSMZ-German
Collection of Microorganisms and Cell Cultures. In all cases, the sequence of
the expression cassettes was verified by sequencing. Strains and primers
used are listed in Tables S3 & S4, respectively.

Protein purification and in vitro NPN biosynthesis

In vitro biosynthesis of NPN was performed with purified LarB [119], LarE
[132,215], and LarC [120] as previously described [141]. E. coli cells were
induced to express LarAHs when the OD600 reached 0.4 with 0.1% L-
arabinose. After 4 h, the culture was cooled to 4 °C and the cells were
harvested by centrifugation at 6000xg for 10 min. The pellet was stored at
-80 °C until further use. The cell pellet was thawed and resuspended in 20
ml of lysis buffer containing 100 mM Tris (pH 7.5), 300 mM NaCl and 1 mg/ml
lysozyme. The cell suspension was incubated at 4°C for 30 min and sonicated
4 times for 1 min with one 1-minute rest on ice between each sonication. The
supernatant was separated by centrifuging the lysate at 20000xg for 30 min
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at 4°C. Clarified supernatant was loaded onto 2 ml of Strep-Tactin XT
Superflow (IBA) resin equilibrated with 10 ml of wash buffer (W) composed
of 100 mM Tris (pH 7.5), 300 mM NaCl. After loading, the resin was washed
with 20 ml of W followed by elution with 15 ml of W containing 50 mM D-
biotin (Sigma-Aldrich). The eluted proteins were ultracentrifuged using
Amicon Ultra—15 mL MWCO 10 kDa centrifugal filter units to increase
purified protein concentration. The identities of each purified LarAH protein
were confirmed by electrospray ionization—time-of-flight mass spectrometry
analysis. The protein concentrations were estimated with the Bradford assay
[247].

Chemicals and reagents

All chemicals were either of analytical grade or reagent grade. D-lactic acid
(sodium salt), L-lactic acid (sodium salt), D-glyceric acid (sodium salt), L-
glyceric acid (sodium salt), D-malic acid, L-malic acid, D-2-hydroxybutyric
acid, L-2-hydroxybutyric acid, DL-2-hydroxycaproic acid, DL-2-
hydroxyisocaproic acid, L-2-hydroxyisocaproic acid, D-2-hydroxyisovaleric
acid, L-2-hydroxyisovaleric acid, DL-2-hydroxyoctanoic acid, D-2,3-
dihydroxyisovaleric acid (sodium salt), L-2,3-dihydroxyisovaleric acid (sodium
salt), D-2-hydroxyglutaric acid (disodium salt), L-2-hydroxyglutaric acid
(disodium salt), D-3-phenyllactic acid, L-3-phenyllactic acid, D-2-hydroxy-4-
phenylbutyric acid, DL-mandelic acid, D-mandelic acid, D-Threonic acid
(lithium salt), L-Threonic acid (hemicalcium salt), D-Erythronic acid
(potassium salt), L-Erythronic acid (lithium salt), D-ribonic acid (lithium salt),
L-ribonic acid (lithium salt), D-arabinonic acid (sodium salt), D-lyxonic acid
(potassium salt), L-lyxonic acid (potassium salt), D-gluconic acid (sodium
salt), D-altronic acid (lithium salt), L-gulonic acid (lactone), D-gulonic acid
(lithium salt), 6-deoxy-L-galactonic acid (L-fuconic acid sodium salt), 6-deoxy-
D-galactonic acid (D-fuconic acid lithium salt), 6-deoxy-L-mannonic acid (L-
rhamnonic acid lithium salt), D-Glucuronic acid (sodium salt), D-Galacturonic
acid (sodium salt), benzoic acid and L-histidine were purchased from Sigma-
Aldrich. L-2-hydroxyvaleric acid, L-2-hydroxycaproic acid, L-2-hydroxy-4-
phenylbutyric acid, DL-3-hydroxyoctanoic acid, L-arabinonic acid (lithium
salt), D-xylonic acid (lithium salt), L-xylonic acid (lithium salt), L-gluconic acid
(lactone), D-galactonic acid (lactone), L-galactonic acid (lactone), D-allonic
acid (lactone), L-allonic acid (lactone), D-mannonic acid (lactone), L-
mannonic acid (lactone), D-idonic acid (lactone), L-idonic acid (lactone), D-

126



talonic acid (lactone), 5-Deoxy-L-arabonic acid (lactone), 5-Keto-D-gluconic
acid (potassium salt) and L-Iduronic acid (sodium salt) were purchased from
Biosynth. L-talonic acid (potassium salt) was purchased from Omicro
Biochemicals Inc. DL-2-hydroxyvaleric acid was purchased from Acros
Organics. 4-Deoxy-D-erythronic acid (sodium salt hydrate), 4-Deoxy-L-
erythronic acid (sodium salt hydrate), 4-Deoxy-D-threonic acid (sodium salt
hydrate), 4-Deoxy-L-threonic acid (sodium salt hydrate), DL-3-hydroxybutyric
acid, L-3-hydroxybutyric acid were purchased from Supelco. Vancomycin was
purchased from Thermo Fisher Scientific.

Enzymatic assays

The following protocols were used for the biochemical characterization of
each BSHI, unless otherwise specified. For LarAH26, reactions were
performed with 0.1 pM of purified LarAH26, 0.5 uM NPN, 50 mM D-
mannonate, and 100 mM Tris-HCI buffer (pH 8) in a final volume of 50 ul for
20 minutes at 30°C. For LarAH41, reactions were performed with 0.5 uM of
purified LarAH41, 2.5 uM NPN, 100 mM D-mannonate, and 100 mM
potassium phosphate buffer (pH 7) in a final volume of 50 pl for 45 minutes
at 30°C. For LarAH44, reactions were performed with 1 uM of purified
LarAH44, 5 uM NPN, 20 mM L-lactate, and 100 mM Tris-HCI buffer (pH 8) in
a final volume of 50 ul for 45 minutes at 30°C. For LarAH49, reactions were
performed with 0.2 uM of purified LarAH49, 1 uM NPN, 20 mM L-2-
hydroxycaproate, and 100 mM potassium phosphate buffer (pH 7) in a final
volume of 50 pl for 30 minutes at 30°C. To discover the activities of BSHIs,
reactions were carried out with 5 uM of in vitro synthesized NPN and 2 uM
of purified LarAH for 12 hours. The pH profiles of BSHIs were determined by
incubating the enzymes with different buffers: acetic acid buffer (pH 4 to pH
5), potassium phosphate buffer (pH 6 to pH 8), and borate buffer (pH 9 to pH
10) (Fig. S2). The temperature profiles of BSHIs were determined by
incubating the enzymes at temperatures ranging from 10°C to 60°C (Fig. S3).
For Kum measurements, reactions were performed with varying
concentrations of substrate (Fig. S4). For k.t measurements, reactions were
performed with substrate concentrations corresponding to the Vmax of BSHIs
for 5 min at the optimal pH and temperature of the respective BSHIs. All
reactions were then stopped by incubation at 90 °C for 10 min and the
products were assayed spectrophotometrically or by capillary
electrophoresis. D-lactate, L-lactate, D-malate, D-2-hydroxyglutarate
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racemization reactions and D-mannonate, L-iduronate C2-epimerization
reactions were assayed spectrophotometrically at 340 nm with an Infinite
200 PRO plate reader (Tecan) using Megazyme kits. D-Lactate and L-lactate
racemization reactions were assayed using the D-/L-Lactic Acid Assay Kit
from Megazyme. D-malate racemization reactions were assayed using the L-
Malic Acid Assay Kit from Megazyme. D-gluconate/D-mannonate C2-
epimerization reactions were assayed using the D-Gluconic Acid Assay Kit
from Megazyme. D-glucuronate/L-iduronate C2-epimerization reactions
were assayed using the D-glucuronic Acid Assay Kit from Megazyme. L-2-
hydroxyglutarate = racemization reactions were assayed using
Acidaminococcus fermentans D-hydroxyglutarate dehydrogenase (HGDH)
[225], as previously described [210]. All other racemization and C2-
epimerization reactions shown in Figure 3.1 and 3.2 were assayed by
capillary electrophoresis [218].

Capillary electrophoresis

Enantiomers of AHAs and epimers of PHAs have been separated and
detected using a versatile capillary electrophoresis method allowing the
direct chiral separation of aliphatic and aromatic AHAs and PHAs [218]. All
electrophoretic runs were run on a Capel 105 M from Lumex Instrument at
20 °C using -25 kV. Using a modified partial filling-counter current method
with indirect UV detection, high resolution was achieved with vancomycin as
a chiral selector added to the background electrolyte composed of 10 mM of
benzoic acid/L-histidine at pH 5. Products were detected at 230 nm. For the
separation and analysis of enantiomers, reaction mixtures were loaded onto
a polyacrylamide-coated capillary of 54/46 cm total/effective length with an
internal diameter of 50 um from Agilent. For the separation and analysis of
epimers, reaction mixtures were loaded onto a polyacrylamide-coated
capillary of 122/112.5 cm total/effective length with an internal diameter of
50 um from Agilent. The coating process of the fused-silica capillary inner
surface by polyacrylamide starts by rinsing the capillary with 0.5 M HCl for 30
min and then with deionized water for 30 min. After rinsing, the capillary was
silylated by flushing with a 3 % v/v solution of 3-
(trimethoxysilyl)propylmethacrylate in 50 % aqueous acetone for 1 h. After
the silylation process, the capillary was rinsed with deionized water for 25
min. The final polymerization step was performed by flushing of 3% w/v
solution of acrylamide in deionized water with additions of 0.05% w/v
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ammonium persulfate and 0.04 % v/V tetramethylethylenediamine for 45
min for the capillary with 50 um i.d. x 122/112 cm total/effective length and
1 h for the capillary with 50 um i.d. x 54/46 cm total/effective length. After
the coating procedure, the capillary was rinsed with deionized water at 2000
mbar for 2 h.

Peptide separation using nanoUPLC

Proteolysis was performed with 1 pg of sequencing grade trypsin (Promega,
USA) and allowed to continue overnight at 37°C. Each sample was dried
under vacuum with Savant Speed Vac Concentrator. Digested proteins were
dissolved in 20 ul of 0.1 % (v/v) formic acid and 2% (v/v) acetonitrile (ACN).
Peptide mixture was separated by reverse phase chromatography on a
NanoACQUITY UPLC MClass system (Waters) working with MassLynx V4.1
(Waters) software. 200ng of digested proteins were injected on a trap C18,
100A 5 pm, 180 pm x 20 mm column (Waters) and desalted using isocratic
conditions with at a flow rate of 15 puL/min using a 99% formic acid and 1%
(v/v) ACN buffer for 3 min. Peptide mixture was subjected to reverse phase
chromatography on a C18, 100A 1.8 um, 75 um x 150 mm column (Waters)
PepMap for 130 min at 35°C at a flow rate of 300 nL/min using a two part
linear gradient from 1% (v/v) ACN, 0.1 % formic acid to 35 % (v/v) ) ACN, 0.1
% formic acid for 90 min and from 35% (v/v) ACN, 0.1 % formic acid to 85 %
(v/v) ) ACN, 0.1 % formic acid for 10 min. The column was re-equilibrated at
initial conditions after washing 30 min at 85% (v/v) ) ACN, 0.1 % formic acid
at a flow rate of 300 nL/min. For online LC-MS analysis, the nanoUPLC was
coupled to the mass spectrometer through a nano-electrospray ionization
(nanokESl) source emitter.

LC-QTOF-MS/MS Analysis (DDA)

DDA (Data Dependent Analysis) analysis were performed on an SYNAPT G2-
Si  high definition mass spectrometer (Waters) equipped with a
NanoLockSpray dual electrospray ion source (Waters).Precut fused silica
PicoTipR Emitters for nanoelectrospray, outer diameters : 360 um; inner
diameter: 20 um; 10 pum tip; 2.5” length (Waters) were used for samples and
Precut fused silica TicoTipR Emitters for nanoelectrospray, outer diameters :
360 m; inner diameter: 20 um; 2.5” length (Waters) were used for the lock
mass.solution. The eluent was sprayed at a spray voltage of 2.8 kV with a
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sampling cone voltage of 25 V and a source offset of 30 V. The source
temperature was set to 80°C. The cone gas flow was 20 liters/h with a nano
flow gas pressure of 0.4 bar and the purge gas was turned off. The SYNAPT
G2Siinstrument was operated in DDA (data-dependent mode), automatically
switching between MS and MS2. Full scan MS and MS2 spectra (m/z 400 -
2000) were acquired from 2 min after injection to 130 min in resolution mode
(20,000 resolution FWHM at m/z 400) with a scan time of 0.1 sec. Tandem
mass spectra of up to 10 precursors were generated in the trapping region
of the ion mobility cell by using a collision energy ramp from 17/19 V (low
mass, start/end) to up to 65/75 V (high mass,start/end). Charged ions (+2,
+3, +4) are selected to be submitted to the MSMS fragmentation over the
m/z range from 50 to 2000 with a scan time of 0.25 sec. For the post-
acquisition lock mass correction of the data in the MS method, the doubly
charged monoisotopic ion of [Glul]-fibrinopeptide B was used at 100 fmol/ul
using the reference sprayer of the nanoESI source with a frequency of 30 s at
0.5ul/min into the mass spectrometer. ESI-QTOF were processed with
MASCOT search engine (Matrix Sciences) using the protein sequences
introduced in the Bacteria_Uniprot database.

Relative catalytic efficiencies calculation

The relative catalytic efficiencies of a LarAH acting simultaneously on two
substrates, SX and SY, at rates vx and vy, were calculated using Eq. (1),

ve _ (Rx/K3) 1S4
vy (Rgae/Kyp) [Sy] (1)
where if [Sx] = [Sv] the [S] terms cancel, and the ratio of the kcat/Kw values for
each substrate is equal to the relative rates at which the LarAH catalyzes the
transformation of each substrate when both are present at equal
concentrations with the enzyme in the same mixture [226]. vx and vy were
determined by quantifying the products PX and PY either
spectrophotometrically or by capillary electrophoresis. For a LarAH active on
more than two substrates, we determined its catalytic efficiency for each of
its substrates by testing combinations of substrate pairs with the LarAH.
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Figure 3.51 | Analysis of the purified BSHIs from E. coli by SDS-PAGE. Sequences of
the proteins are provided in Table S2.
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Figure 3.S2 | pH-dependent activity of the investigated BSHIs. (A) Relative activity of
LarAH26 from P. megaterium as a function of pH, assessed for the C2-epimerization of D-
mannonate. (B) Relative activity of LarAH41 from E. asparagiformis as a function of pH,
assessed for the C2-epimerization of D-mannonate. (C) Relative activity of LarAH41 from E.
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of L-2-hydroxycaproate. Error bars indicate standard error (n=3).
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Figure 3.S3 | Temperature-dependent activity of the investigated BSHIs. (A) Relative
activity of LarAH26 from P. megaterium as a function of temperature, assessed for the C2-
epimerization of D-mannonate. (B) Relative activity of LarAH41 from E. asparagiformis as a
function of temperature, assessed for the C2-epimerization of D-mannonate. (C) Relative
activity of LarAH41 from E. asparagiformis as a function of temperature, assessed for the
racemization of L-lactate. (D) Relative activity of LarAH41 from E. asparagiformis as a function
of temperature, assessed for the racemization of L-2-hydroxycaproate. Error bars indicate
standard error (n=3).
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Figure 3.54 | Kinetic analysis of the investigated BSHIs. (A) Kinetics of D-mannonate C2-
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Table 3.51 | LC-ESI-QTOF-MS analysis of the investigated BSHIs.

Match to* Score Sequence coverage (%)
LarAH26 417 87
LarAH41 2207 53
LarAH44 220 40
LarAH49 214 42

Table 3.52 | Sequences of the investigated BSHIs.

Name

Sequence

LarAH26

LarAH41

LarAH44

LarAH49

MGILQDLLKDVPIPKMAKVQVAFDDTKIHDVQHVLTEKLNQENIKRRITPGMEIAIAVGSRG
LDQIVEMTATTVQFLKELGANPFIVPSMGSHGGATAEGQQEVLRHLGITEESVQCEIRSSME
VVEIGQLSNGLPVFVDKHASKADGIIVVNRIKPHTAFRGPVESGLMKMISIGLGKQKGAEAC
HQLGFKYMAENVPAMAKVIMQELPVLFGIASIENSFDKVAVIEVLPSEQIEDKETNLQIIAKQL
LPKLYFDELDVLVIDEIGKNISGDGMDPNVTGRYPTPYAHGGPAVNKMVVLDLTPQTEGNA
NGVGTADFTTQRLVDKANLEFMYANGLTSTVVAPTKIPTTLPNDRQAIQAAIKTSNILDFTQ
VKMVRIKNTLELSEIEVSEALLNHIHSHPHMQQSSELYSISFNKEGNFLRVEDRNETII

MSAVSDILKQVTIPKMVRVKQSFPRPRIEDVKAAVLAELKRPEIAERLKPGKRIAVGVGSRGIT
NYQLIVRTIVDELKRIGAKPFIVASMGSHGGATVEGQTEILAGYGITEEAMGCPLCIGTGTQVI
GTTQDGLPVQIDAFAAQADGIIVVNRIKAHTAFMGDYESGLMKMLAIGLAKQAGADYCHA
KGFGHMAETVPKFGRAIIQYSKLLFGLAIVENAYDDTYIVRAVPAESIAQEEPKLLLEAKANMS
RILIPEADVLIVHEIGKNISGDGMDPNVSGTFATPYAHGGIKTQRVAVLNITQESHGNTVGW
GMADVSTRKAFDSFDMDKTYPNSLTCRVTQVSKVPMIFKNDEECIKAAIKTCADVDVEHMR
IVYIKNTLHMKEILVSEALADIARSIPQAEVCGECEPLSFDEQGNISGTYF

MFINFPEINDLMIQDREVTIPKMVTIRQHFDTYQIADIPLHIREQMEANAGAPERFKGKRIAI
TAGSRGIPNIVVILRAICDILKEWGAKPFVVPAMGSHGGATAKGQEEVLASYGITEAGIGAPIR
SSMDVVQYGTLPNGIPLFCDKLAFESDGIVICHKIKPHTDFRNEHESGLCKMIAIGLGKHKGA
AAIHSQGFCGFGSFITEAARQFLQAAPVAFGVGMIQNAYDEIHTLEVIPGAQIMEADARLLK
AAKQQLAGFKFDDIDVLIIDRIGKNISGYGFDPNVVGRSNSRCYGFEDPVRIKRLFIRGLTPES
HHNGSGINEADITTRRCLNDIDWSETWTNLITATEIQGSKIPMYVNNDKEALTIALRCCNGA
PRPHRVARIKDTLSMKELQVSEALYEAIRDQPDIEYVRGPEEILFDGEGFMS

MSVVNDIIKDIPLPNMVKVRQEFDRTRLENVAAEVRKCLERREILGNLRPGMTVAVAVGSR
GISNHALIVRETVRFLRDHGARPFIVSSMGSHGGTTAEGQRAILEGYGIREEYCGCPVKAGTD
CALIGYTGDGSPVYIDRYAAEAGGIVLVNRIKPHTAFRGPYESGLMKMMAIGLGKQKGAETC
HAAGFENMAENIPRFAAAVLKNCNILAGIAILENAYDETREVIALAADEIPAKEPELLERAKRY
MPRILVDHVDLLVVGQIGKNFSGDGMDPNIAGTFATKCASGGLNTKRVAVLDISDESHGNG
VGFGMADVSTRRAYEKFDFEMSYPNALTCLVSQVVKVPMIFDSDQLCLKAGIKLCAGIEHRN
ARVVYIHNTLKLGEIYISANLVPQAEAVEGVTVAGAERPMEFDGNGNLISI
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Table 3.53 | Genomic context of the investigated BSHIs. Operons of each LarAH are
indicated in light grey. Genes neighboring operons are shown when informative. Genes of
LarAHs are in bold.

Gene

Function

>bmd-BMD_3418
>bmd-BMD_3419

Sugar transporter (Glycoside-Pentoside-Hexuronide)
LarC

A >bmd-BMD_3420 LarC
Genomic >bmd-BMD_3421 LarB
context of >bmd-BMD_3422 LarE
LarAH26 >bmd-BMD_3423 Gluconate 5-dehydrogenase
>bmd-BMD_3424 LarAH26
>bmd-BMD_3425 Glucuronate isomerase
>bmd-BMD_3426 Sugar kinase of the NBD/HSP70 family (xylose repressor)
CLOSTASPAR_01113 HTH-type transcriptional regulator CueR, MerR family
CLOSTASPAR_01114 LarAH41
CLOSTASPAR_01115 2-deoxy-D-gluconate 3-dehydrogenase
CLOSTASPAR_01116
Genomic CLOSTASPAR_01117 Ribulose-phosphate s—epimerase
context of CLOSTASPAR_01118 Ribose §-phosphate isomerase '
CLOSTASPAR_01119 Transcriptional regulator, GntR family (Carbohydrates transport)
LarAH41 4-phosphoerythronate dehydrogenase; D-3-phosphoglycerate
CLOSTASPAR_01120 dehydrogenase
CLOSTASPAR_01121 2-dehydro-3-deoxygalactonokinase
CLOSTASPAR_01122 Ribose ABC transporter membrane protein
CLOSTASPAR_01123 Ribose ABC transporter permease protein
CLOSTASPAR_02317 ROK family protein (CLLA : Glucokinase)
CLOSTASPAR_02318
CLOSTASPAR_02319 Hydrolase, UxaA family, altronate hydratase
CLOSTASPAR_02320 D-galactarate dehydratase/altronate hydrolase domain protein
3-ketoacyl-(acyl-carrier-protein) reductase, short chain
CLOSTASPAR_02321 dehydrogenase
Genomic CLOSTASPAR_02322 demethylmenaquinone methyltransferase
context of CLOSTASPAR_02323 mandelate racemase/muconate lactonizing enzyme
LarAH44 CLOSTASPAR_02324 C4-dicarboxylate ABC transporter substrate-binding protein
CLOSTASPAR_02325 TRAP transporter, DctQ-like membrane protein (small permease)
CLOSTASPAR_02326 TRAP transporter, DctM subunit (large permease)
CLOSTASPAR_02327 LarAH_CLAS4
CLOSTASPAR_02328 Transcriptional regulator, Lacl family
Putative chlorophyll synthesis pathway protein BchC, sorbitol
CLOSTASPAR_02329 dehydrogenase
CLOSTASPAR_06359 Sugar ABC transporter ATP-binding protein
CLOSTASPAR_06358 sugar ABC transporter ATP-binding protein
CLOSTASPAR_06357 Ribose transport system permease protein RbsC
CLOSTASPAR_06356 Ribose transport system permease protein RbsC
CLOSTASPAR_06355 D-ribose-binding periplasmic protein
Genomic CLOSTASPAR_06354 Creatinine amidohydrolase
context of CLOSTASPAR_06353 2-deoxy-D-gluconate 3-dehydrogenase (SDR family)
LarAH49 CLOSTASPAR_06352 2-dehydro-3-deoxyphosphogluconate aldolase

CLOSTASPAR_06351
CLOSTASPAR_06350

CLOSTASPAR_06349
CLOSTASPAR_06348

LarAH_CLAS9

2-dehydro-3-deoxygalactonokinase

D-isomer specific 2-hydroxyacid/4-phosphoerythronate
dehydrogenase

Uncharacterized membrane protein YczE
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Table 3.S5 | List of primers used in this study.

Name Sequence (5’-3’) Source

LarAH26_A TTTCCATGGGTATTTTGCAAGATTTATTAAAAGATGTTC This study
LarAH26_B AAAGCTAGCAATAATTGTTTCATTTCTGTCCTCCACTC This study
LarAH41_A TTTACATGTCAAGCGCAGTGAGCGACATTTTAAAG This study
LarAH41_B TTTGCTAGCGAAGTACGTTCCGGAAATATTTC This study
LarAH44_A TTTACATGTTTATCAATTTTCCGG This study
LarAH44_B TTTGCTAGCACTCATAAAACCTTCCCCG This study
LarAH49_A CCCACATGTCCAGTGTTGTAAATGACATTATAAAAGAC This study
LarAH49_B CCCGCTAGCGATTGAAATCAGATTTCCGTTTC This study
pBAD_up GCAACTCTCTACTGTTTCTCCATAC This study
pBAD_rev CCGCCAGGCAAATTCTG This study

+ Pcil, Ncol, Nhel restriction sites introduced in the primers are underlined in primer

sequences.
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IV. GENERAL DISCUSSION &
PERSPECTIVES
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IV.1 Potential biotechnological applications of LarAHs

IV.1.1 LarAHs as tools for the production of valuable HAs

AHAs and PHAs have significant market potential and are widely used across
various industries. However, the chemical or enzymatic synthesis of many
stereoisomers of these compounds is highly complex [1,59]. Consequently,
many HA stereocisomers are either rare or expensive. Some LarAHs show
promise for biotechnological production of rare HA stereoisomers (see
Chapter Il & Ill). LarAHs have the potential to convert low-value HA
stereoisomers into high-value ones, with a theoretical yield of 50% for
racemases and depending of the equilibrium constant (Keq) for epimerases.
For racemization reactions, the theoretical yield is 50% since the equilibrium
constant is around 1 [248,249]. For epimerization reactions, the theoretical
yield depends on the Keq, which may differ from 1 [250-252]. Notably, LarAHs
could attract substantial interest for their ability to C2-epimerize sugar acids
(see Chapter Ill), given the utility of these compounds as detergent
components, pH regulators, corrosion inhibitors, additives in the food
industry, monomers for polymeric materials, and biodegradable chelators
for pharmaceuticals [59,253-255]. Table 3 shows a non-exhaustive list of
valuable HAs with significant biotechnological applications for which LarAHs
may offer a novel biosynthetic pathway.

One promising applications of LarAHs is the production of D-24-
dihydroxybutyric acid (D-DHB) from L-2,4-dihydroxybutyric acid (L-DHB). DL-
DHB is a molecule with considerable potential as a versatile chemical
synthon, serving as a precursor for synthesis of the DL-methionine analogue
DL-2-hydroxy-4-(methylthio)butyrate, which targets a substantial market in
animal nutrition (Table 3). However, there is no natural pathway for the
biosynthesis of D-DHB. DHB is a racemic molecule, chemically produced as
DL-DHB but biologically produced only as L-DHB [50,256,257]. To address
this, we are collaborating with Prof. Jean Marie Frangois's team at the
Toulouse Biotechnology Institute (TBI), who are interested in using D-DHB to
produce a biopolymer. Indeed, the D-form is preferred for its ability to react
with polyhydroxyalkanoate synthase [258,259]. We explored whether
LarAHs could effectively convert L-DHB to D-DHB and identified nine
different LarAHs capable of this conversion: LarA, LarAH24, LarAH26,
LarAH2/SAR, LarAH41, LarAH42, LarAH43, LarAH44 and LarAH51 (see
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Chapter I, Chapter lll & Appendix Table Al ). Among these enzymes, LarAH26
and LarAH2/SAR exhibited the highest activity and stability, continuing to
produce D-DHB after six hours of incubation at 37°C (Appendix - Fig. Al).
Based on these findings, the Toulouse team plans to develop an in vivo D-
DHB production system in E. coli using either LarAH26 or LarAH2/SAR.

Table 3 | Valuable HAs isomerized by LarAHs and their applications.

HAs Applications Ref.

Broad-spectrum antimicrobial agents extensively
D- and L-3-phenyllactate used in food, feed, pharmaceutical, and cosmetic [39,260,261]
industries.

Essential precursor for angiotensin-converting
D-2-hydroxy-4-phenylbutyrate enzyme inhibitors (ACEIl), vital in hypertension [43,262,263]
treatment.

Key building block for biodegradable poly(2-
D-2-hydroxybutyrate hydroxybutyric acid) and azinothricin family [40,264]
antitumour antibiotics.

Critical precursor used in the production of

L-iduronate - .
heparinoid anticoagulants.

[238]

Precursor for synthesis of the methionine analogue
DL-2,4-dihydroxybutyrate 2-hydroxy-4-(methylthio)butyrate, targeting a [50,256,257]
substantial market in animal nutrition.

However, all reactions catalyzed by LarAHs result in stereoisomeric mixture,
which limits the yield depending the equilibrium constant of the reaction. To
obtain a pure sample of the desired stereoisomer, the unwanted
stereoisomer must be removed or separated from the racemic mixture.
Several chiral separation methods are available for this purpose [265,266].
Alternatively, an enzyme can be used to convert the unwanted stereoisomer
into a removable compound. For example, in the production of L-iduronate
from D-glucuronate by BSHIs, the residual D-glucuronate in the
stereoisomeric mixture could be catabolized by microorganisms [267—-269].

Overall, LarAHs show promise as biotechnological tools. To realize this
potential, three key aspects require optimization: (1) scaling up the
production of HAs, (2) overcoming the 50% yield limit, and (3) enhancing the
low ket values observed in certain biotechnologically relevant reactions (e.g.
the production of L-iduronate from D-glucuronate). To address the aspect
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(3), one approach is directed evolution to increase the ket of LarAHs for
specific reactions of interest [244]. Alternatively, purifying other LarAHs from
the same phylogenetic group may vyield LarAHs with higher ke values for
these reactions. The strategies for addressing aspects (1) and (2) will be
discussed in detail in the following sections.

IV.1.2 Large scale production of HA racemates with LarAHs

LarAHs and NPN offer a promising biosynthesis system for various valuable
HA racemates. However, NPN remains the most challenging compound to
synthesize within this system and limits the amount of HA that can be
produced. To increase production, scaling up the biosynthesis of LarAHs
bound to NPN is essential. Four strategies are possible for producing LarAH
bound to NPN:

1. LarAH supplemented with in vitro biosynthesized NPN cofactor. This
approach involves separately purifying LarB, LarE and the LarAH from E. coli
cells, and LarC from Lactococcus lactis cells, followed by in vitro cofactor
biosynthesis [141]. This approach yields highly concentrated NPN but is time-
consuming and labor-intensive. Indeed, since single turnover enzymes are
used [119,120], two molar equivalents of LarE and one molar equivalent of
LarC are required, necessitating the overexpression and purification of large
amounts of proteins (more than 250 times the mass of NPN obtained), which
must be subsequently removed to obtain pure NPN. While ideal for in vitro
LarAH characterization, this strategy is impractical for scaling up reactions
and HA production.

2. LarAH supplemented with cell extract from a L. lactis strain expressing
larBCE. In this strategy, the cell extract of a L. lactis strain with a plasmid
expressing larBCE can be wused to activate the purified LarAH
apoprotein. Alternatively, if a cleaner reaction is desired, LarE loaded with
NPN can be purified and then used to activate the LarAH apoprotein.

3. L. lactis strain with a plasmid coexpressing a larAH and larBCE. The in vivo
coexpression of LarAH and larBCE in L. lactis allows for the production of the
active LarAH holoenzyme in a single purification step. Currently, this is the
most efficient strategy for obtaining large quantities of LarAH holoprotein.
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4. E. coli strain with a plasmid coexpressing a larAH and larBCE. The in vivo
coexpression of the larAH and larBCE in E. coli promises the best scalability
for reaction volumes and HA production. However, the effectiveness of this
strategy is significantly reduced in E. coli due to limited NPN synthesis. The
exact reason for this inefficiency is unclear but could be related to issues with
the solubility or toxicity of LarB, LarC, or LarE, or nickel availability in the E.
coli cytoplasm. Despite this, optimizing NPN biosynthesis in E. coli should be
possible, as closely related bacteria possess the larBCE genes [95,113], for
example a strain of Escherichia fergusonii.

As mentioned, the in vivo coexpression of a larAH and larBCE in Lactococcus
lactis is currently the most effective strategy for scaling up HA production.
Thus, L. lactis could serve as a valuable microbial platform for producing HAs
isomerized by LarAHs, such as the compounds listed in Table 3. To this end,
a plasmid, pGIR210_LarAH26, which expresses both larAH26 and larBCE, has
been engineered and introduced into the L. lactis NZ3900 strain. LarAH26
belongs to the family of BSHIs, which is the group of LarAHs showing the
greatest biotechnological potential. Specifically, LarAH26 was selected for its
catalytic efficiency—its k.t values are approximately tenfold higher than
those of other members in this group, such as LarAH41, LarAH44, and
LarAH49. This engineered strain has demonstrated increased production
levels of most tested HAs, including D-DHB. Furthermore, it shows potential
in scaling up the production of L-iduronate from D-glucuronate and L-
alturonate from D-galacturonate. This is despite LarAH26's low catalytic
efficiency for these reactions, which is attributed to the limited availability (<
1%) of the linear forms of these molecules in solution (see Section 111.3.1).
However, D-glucuronate and D-galacturonate may not enter L. lactis cells
due to their bulky and highly polar nature, attributed to their four hydroxyl
groups. Moreover, these substrates predominantly exist as negatively
charged carboxylates at neutral pH, further hindering their entry into the cell.
To facilitate their entry, the L. lactis strain could be engineered to co-express
a specific transporter or permease that can actively transport D-
galacturonate and D-galacturonate across the cell membrane [270-272].
Alternatively, lysate of the L. lactis strain could be used for the reaction to
bypass the entry issue. Overall, future studies focused on the optimization
and integration of the mentioned strategies could lead to breakthroughs in
HA conversion, paving the way for more sustainable and cost-effective
biotechnological processes.
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IV.1.3 Production of optically pure HAs with LarAHs

The production of optically pure HAs represents a key objective in organic
chemistry, given their significant importance in a number of industrial
sectors, including pharmaceuticals, food, and cosmetics. One common
methodology for producing optically pure compounds on a large scale
involves the classical and kinetic resolution of racemic mixtures. However,
these methods have a maximum theoretical yield of only 50%, with the
remaining 50% of the starting material being discarded [241,273]. To address
this limitation, deracemization strategies such as dynamic kinetic resolution
(DKR) [242,243] and multistep chiral separation with racemization [241] have
been developed (Fig. 11) These strategies have the potential to transform a
racemic mixture into a single enantiomer with a 100% theoretical yield [239].
Our findings suggest that newly discovered C2-epimerization and
racemization reactions catalyzed by LarAHs could have significant
biotechnological applications in these methods for producing optically pure
HAs. DKR involves treating a racemic mixture with a stereoselective catalyst
that predominantly produces the desired stereoisomer, represented by the
2R-product in Figure 11A. Concurrently, an isomerase converts the remaining
stereoisomer (the 2S-substrate) into the 2R-substrate, which can then be
converted into the 2R-product by the stereoselective catalyst (Fig. 11A).
Multistep chiral separation with racemization involves separating the
stereoisomers by chiral chromatography or stereospecific crystallization,
followed by progressive biocatalytic isomerization of the unwanted
stereoisomer (Fig. 11B) [241]. Thus, these methods have the potential to
achieve a 100% theoretical yield of the desired stereoisomer, provided an
efficient isomerization enzyme is available [240]. LarAHs could fulfill this role
and have important biotechnological uses in the stereospecific conversion of
HA racemates for the production of optically pure HAs. Moreover, LarAHs
could be utilized upstream to produce the racemate required for these
methods. In this scenario, LarAHs could theoretically convert a stereopure
solution of the unwanted stereoisomer into a stereopure solution of the
desired stereoisomer. Therefore, the use of LarAHs for the chemo-selective
interconversion of stereoisomers without side reactions holds great
potential for the preparative-scale biotransformation of HAs.
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A third and novel approach involves coupling LarAH-catalyzed racemization
or C2-epimerization of HAs with a chiral resolution method based on
preferential co-crystallization. Preferential co-crystallization separates
stereoisomers by exploiting their ability to form different crystal structures
with a chiral resolving agent [265,274]. To this end, we are collaborating with
Prof. Tom Leyssens' laboratory at UCLouvain, which has recently developed
a complete chiral resolution process for mandelic acid based on preferential
co-crystallization, reaching 98-99% of enantiopurity [275]. The objective is to
achieve an enzymatic reaction where induced co-crystallization with a chiral
amine reduces the stereoisomer concentration in solution, shifting the
reaction equilibrium towards product formation, theoretically achieving a
100% vyield. We selected lactate and malate racemization as the initial test
case for this approach for two reasons. First, numerous LarAHs are known to
be active on lactate or malate. Second, numerous multicomponent crystals
with lactate and malate exist in the Cambridge Crystallographic Data Centre
(CCDC) [276], suggesting promising screening results with chiral amines.
Given that ethanol promotes the co-crystallization of AHAs [275,277,278],
we assessed the activity of a lactate racemase (LarAH2/SAR) and two malate
racemases (LarAH9 and LarAH27) in varying ethanol concentrations. All
selected LarAHs showed increased or maintained optimal activity at 5% and
10% ethanol, with reduced activity observed at higher concentrations
(Appendix - Fig. A2). Further screening will be necessary to identify the crystal
structures of co-crystals formed in 10% ethanol between chiral amines and
lactate or malate using X-ray diffraction (XRD). Preliminary data indicated
that (R)-(+)-1-phenylethylamine and (R)-(+)-1-(1-naphthyl)ethylamine are
promising candidates for the formation of co-crystals with malate.
Subsequently, solubility tests with the selected chiral amines will determine
which has the lowest solubility, thereby ensuring the optimal final yield.
Additionally, the activity of LarAHs in the presence of the selected chiral
amines needs to be verified. Ongoing research and development may fully
exploit the potential of LarAH-based systems for producing optically pure
hydroxy acids, opening new avenues for biotechnological innovation.
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Figure 11 | Methods for producing optically pure HAs involving LarAHs. (A) Dynamic
kinetic resolution using LarAHs. (B) Multistep chiral separation coupled with LarAH-catalyzed
isomerization. Rac, racemate; Sys, (2S)-substrate; S;r, 2R-substrate; P,s, (2S)-product; Pag, 2R-
product. (C) LarAH-catalyzed AHA isomerization coupled with a chiral resolution method
based on preferential co-crystallization.

IV.2 LarAHs activation and inactivation kinetics

IV.2.1 Stability of LarAHs with NPN cofactor

The initial report of LarA purification revealed that purified LarA exhibits low
stability, due to the rapid oxidation of its NPN cofactor and subsequent nickel
loss [95]. Addition of L-ascorbic acid and nickel provides slight stabilization,
while sulfite, a potent LarA inhibitor, stabilizes LarA activity for several days
by protecting NPNylated LarA from oxidation and delaying nickel loss [95,96].
Further investigation into the properties of LarAHs with the NPN cofactor,
especially their stability, would enhance our understanding of the complex
interactions between NPN and NPN-dependent enzymes. This knowledge
could prove invaluable for the prospective utilization of LarAHs in
biotechnological applications. Moreover, knowledge of the respective
stability of different LarAHs may facilitate the identification of optimal
candidates for crystallographic studies with the substrate and NPN inside the
enzyme. Previous attempts to crystallize LarA with lactate were unsuccessful
due to its instability [95]. In contrast, LarAH2/SAR has demonstrated stability
for up to five days in the presence of lactate (Appendix - Fig. A3).
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Collaborators in the team of Prof. Hausinger at the Michigan State University
(MSU) are currently attempting to obtain a three-dimensional structure of
LarAH2/SAR with lactate and NPN through the co-expression of larAH2/sar
and larBCE in L. Lactis.

The stability of several additional LarAHs has been evaluated during this
thesis (Appendix - Fig. A3 & Table A2). Data showed that most LarAH
stabilities assays have three common characteristics: (i) assays typically start
with an increase in activity, which is due to the in vitro activation of the
apoenzyme with NPN; (ii) the activity decreases over time; (iii) the presence
of a substrate increases the stability of most LarAHs, likely because the
reaction intermediate protects C4 of the NPN against solvent and thus
prevents C4 from unwanted reactivity involving Ni loss [139]. Major
differences are observed in activation-inactivation kinetics among LarAHs.
While some remain stable for a few tens of minutes, akin to LarAl [95],
others remain stable for hours or days (Appendix - Fig. A3 & Table A2).
Additionally, substrate presence strongly influences enzyme activation in
some LarAHs but not in others.

IV.2.2 Binding of LarAHs to the NPN cofactor

To complete the stability analysis, it would be interesting to determine
whether the binding of each LarAH to the NPN is covalent or non-covalent
during enzyme activation. While LarAl is known to be covalently attached to
NPN through its Lys184, this interaction might not be universal among all
LarA(H) proteins, even though they all possess a Lys residue analogous to
Lys184 of LarAl. For example, LarA2 (the lactate racemase from T.
thermosaccharolyticum) and the NPN cofactor dissociate during LarA2
purification, whereas an active holoenzyme was present prior to purification
[95]. To determine the nature of LarAH binding to NPN, two types of mass
spectrometry (MS) analysis may be employed following incubation of the
LarAH with and without the NPN: intact protein analysis or post-trypsin
digestion analysis. In both cases, the analysis will reveal a shift in mass
ranging from 393 daltons (NPN without Ni?*) to 449 daltons (NPN containing
Ni?*), depending on the modification of Lys184 [96]. Intact Protein Mass
Spectrometry could distinguish covalent from non-covalent bonds by
analyzing the mass of the enzyme-cofactor complex under denaturing
conditions; a covalent bond is present if the cofactor remains attached after
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denaturation. Post-trypsin digestion analysis is straightforward and involves
comparing peptides from the LarAH apoprotein incubated with or without
NPN. For LarAH without NPN, trypsin digestion will produce two peptides:
peptide A (containing Lys184) and peptide B (formed just after Lys184).
These can be determined by simulating trypsin digestion with the LarAH
sequence. When LarAH is incubated with NPN, the NPN-binding modifies
Lys184, preventing its cleavage and resulting in peptide C. Peptide C will have
a cumulative weight equal to peptide A, peptide B, and NPN, indicating a
covalent bond between LarAH and NPN. The analysis of LarAl bound to the
NPN cofactor can be employed as a positive control for both types of MS
analysis to ascertain the efficacy of the experimental procedure, given LarAl
forms a covalent bond with NPN [96].

Additionally, to better understand these activation and inactivation
processes, studying the interaction of the NPN cofactor with NPN-dependent
enzymes, both with and without substrate, via isothermal titration
calorimetry (ITC) and surface plasmon resonance (SPR) would be informative.
Indeed, ITC could be used to measure the thermodynamics of the interaction
between LarAHs and NPN [279], and SPR could be used to measure the
binding kinetics and affinity between LarAHs and NPN [280]. Capillary
electrophoresis-mass spectrometry (CE-MS) could also be utilized for the
analysis of LarAHs under native conditions to observe alterations in the
migration time of the enzyme upon activation by NPN [281,282].

IV.3 Invivo roles of LarAHs

IV.3.1 A few hypotheses

An important remaining question concerns the potential roles of the LarAHs
in vivo. Given the metabolic significance of HAs in nature and the widespread
distribution of LarAHs in microorganismes, it is expected that these enzymes
play crucial metabolic roles. This is particularly relevant for MARs, LARs,
GntEs, HHRs, HGRs, and BSHIs, given their prevalence within the LarA
superfamily (Fig. 2.2). MARs are the most prevalent enzymes in the LarA
superfamily and are found in both bacteria and archaea (Fig. 2.2). MARs may
enable various bacterial and archaeal species to utilize both enantiomers of
malate as carbon and electron sources. This is significant since malate is
essential in the metabolism of several bacterial and archaea species,
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especially in the glyoxylate cycle and the TCA cycle as an energy source [22—
24,26-29]. Additionally, a malate racemase activity was previously observed
in Rhodobacter capsulatus, allowing growth on D- and L-malate as carbon
sources without the need for both D- and L-malate dehydrogenases
[283,284]. However, this bacterium does not possess any LarAH in its
genome. GntEs are primarily found in bacteria and some unicellular
eukaryotes (Fig. 2.2), such as Phytophthora species. The C2-epimerization of
D-gluconate and D-mannonate likely enables these metabolites to enter the
pentose phosphate pathway [87], the Entner-Doudoroff pathway [285,286],
glucose metabolism [287], or uronic acid metabolism [288,289]. These
interconnected biochemical pathways are crucial for carbohydrate
processing. HGRs are found exclusively in bacteria (Fig. 2.2) and may have
multifaceted roles, as both enantiomers of 2-hydroxyglutarate are involved
in numerous physiological metabolic processes. For instance, D-2-HG is
involved in L-serine biosynthesis, while L-2-HG is an intermediate in the lysine
degradation pathway of many bacteria [30—32]. However, the accumulation
of each of the two enantiomers can be toxic to bacterial cells [290-292]. By
allowing the interconversion of D- and L-2-HG, HGRs could help maintain
metabolic balance, enabling flexibility in energy and carbon utilization for the
TCA cycle, managing toxic metabolites, or facilitating amino acid metabolism.
For SARs, HHRs, and BSHIs, hypothesizing their specific roles is more complex
due to their wide range of catalytic activities. SARs and HHRs are found
exclusively in bacteria (Fig 2.2) and may enable the use of various isomers of
HAs as carbon and/or electron sources. These LarAHs could also enable the
use of hydroxy acids as precursors for their corresponding amino acids. For
instance, Clostridium sporogenes, which possess one LarAH from the HHR
family and one LarAH from the LAR family, can grow in a medium where most
of the amino acids necessary for its growth have been replaced by L-AHAs
analogues [293].

Of particular interest is the presence of LarAHs in various species found in
both animal and human microbiomes (e.g. Enterorcloster asparagiformis,
Coprococcus catus, Megasphaera elsdenii, Staphylococcus epidermidis). This
association might be linked to the fact that several racemic mixtures of AHAs,
such as 2-hydroxyisocaproate and 2-hydroxyisovalerate, which are
substrates racemized by many LarAHs, have been associated with healthier
metabolic parameters in mice [5]. Additionally, a widespread expression of
LarAHs in the healthy human gut microbiota has been observed [294],
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suggesting a significant role in this environment. One hypothesis is that
LarAHs play a crucial role in anaerobic environments, particularly within the
human microbiome, by participating in the metabolism of AHAs. It is possible
that some metabolites, such as D-AHAs, require LarAH activity for
detoxification. For example, two D-AHAs—D-lactate [8] and D-2-
hydroxyglutarate [13,291]—have been shown to have adverse effects in
humans, and other D-AHAs likely exhibit toxicity since they are not typical
metabolites in eukaryotic cells. Given the prevalence of LARs and HGRs in the
LarA superfamily, it is plausible that some of these LarAHs play a role in
detoxifying these metabolites.

IV.3.2 Methodology for the determination of the in vivo role of
LarAHs

We have imagined a methodology to study the in vivo role of LarAHs. A useful
starting point would be to induce and identify a phenotype through
phenotypic and metabolomic screening by disrupting NPN synthesis, thereby
reducing the activity of all LarAHs in the organism. One effective approach
involves deleting one of the NPN biosynthesis genes (larB, larC, or larE).
Alternatively, the organism could be grown in a chemically defined medium
(CDM) lacking nicotinic acid, a precursor of NaAD, which is itself a precursor
of NPN. Another potential method is to use an inhibitor of the NaAD
synthesis pathway [295]; however, this approach may affect NAD
production, which is crucial for the survival of all living cells [296]. It is
important to note that disrupting NPN biosynthesis in an organism
possessing multiple NPN-dependent enzymes could induce a phenotype that
is difficult to analyze, particularly if one of these enzymes is essential for host
survival.

Therefore, when multiple LarAHs are present in the same organism it is
necessary to study the impact of individually disrupting or deleting each gene
on the organism's phenotype to determine the specific in vivo role of each
LarAH in the organism. This can be done by assessing growth on various
carbon sources and analyzing metabolite production using capillary
electrophoresis (CE). Studying individual gene deletions will confirm the
involvement of each LarAH to the phenotype observed with the disruption
of NPN biosynthesis. In addition, in vitro biochemical characterization of the
LarAHs will guide the design of specific assays to be performed. Therefore,
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combining in vitro and in vivo studies of LarAHs from the same organism will
provide complementary insights. To investigate less obvious phenotypes,
Biolog phenotype microarrays [297] and untargeted metabolomics analyses
using capillary electrophoresis-mass spectrometry (CE-MS) could be
performed [298]. Overall, in vivo studies can be completed by in vitro studies
of the purified LarAHs performed during this thesis, in order to determine
the role of these enzymes.

IV.3.3 Species of interest

Following the outlined methodology, we initially aimed to investigate the in
vivo role of LarAHs in E. asparagiformis, an obligate anaerobic, Gram-
positive, rod-shaped bacterium found in the human gut microbiota. The
advantage of studying E. asparagiformis in vivo lies in the fact that this
bacterium was isolated from the faeces of a healthy human donor, and nine
distinct larAHs (larAH41-49) were identified in its genome [299]. Our original
plan involved using the Clostron gene deletion system to study these nine
LarAHs [300,301]. However, E. asparagiformis had never been shown to be
genetically tractable, presenting a challenge for genetic studies. Therefore,
one of our objectives was to develop a method to genetically modify this
strain. To facilitate genetic manipulation, we aimed to establish an
electrotransformation protocol for E. asparagiformis. A review article
indicated that E. asparagiformis does not have genes encoding a restriction-
modification (RM) system [302], which would otherwise hinder
electrotransformation. We then purified a series of E. coli-Clostridium shuttle
vectors and attempted to transform them into E. asparagiformis. Using
protocols based on common electrotransformation parameters for Clostridia
and an optimized protocol for Clostridium pasteurianum transformation
[302,303], we conducted several transformation attempts. Despite our
efforts, none of these attempts resulted in successful transformation. After
multiple unsuccessful transformation attempts, we analyzed the genome of
E. asparagiformis to confirm the absence of a RM system gene. Surprisingly,
eight potential RM systems were identified (Appendix — Table A3), explaining
the repeated transformation failures. To successfully transform or conjugate
E. asparagiformis, it will be necessary to bypass the active restriction
enzymes, either by inactivation or by prior methylation of the transformed
DNA. However, this is highly challenging due to the number of RM systems
present.
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As an alternative, we selected C. pasteurianum, which possesses three
LarAHs (LarAH51-53), for our study. C. pasteurianum is an anaerobic,
nitrogen-fixing bacterium known for its ability to produce butanol and other
solvents in industrial fermentation processes [304,305]. This bacterium has
an RM system that can be bypassed by DNA methylation and for which a
transformation protocol has already been established [303]. Specifically, C.
pasteurianum can be transformed with DNA that has been methylated in vivo
in E. coli by the methyltransferase M.FnuDIl, which protects the restriction
site (5'-CGCG-3'). We obtained the plasmid pFnuDIIMKn, which expresses the
M.FnuDIl methyltransferase gene, allowing us to prepare methylated DNA
for transformation in C. pasteurianum. To investigate the in vivo role of the
three LarAHs in C. pasteurianum, the plan is to disrupt each corresponding
gene using the CRISPR Cas9D10A nickase-assisted system [306]. This will
involve constructing pCBE plasmids designed to specifically inactivate the
LarAHs by mutating a catalytic histidine essential to their activity.
Alternatively, the ClosTron system could be used, as initially intended for E.
asparagiformis [300]. In E. coli, the pCBE plasmids can be co-transformed
with the pFnuDIIMKn plasmid to obtain methylated pCBE plasmids.
Subsequently, these methylated plasmids can be used for transformation
into C. pasteurianum to generate mutants which will allows us to study the
in vivo functions of the LarAHs of C. pasteurianum. The biochemical
characterization of LarAH51 and LarAH52 of C. pasteurianum, conducted as
part of this thesis (see Section 111.2.1), will help target the tests to be
performed. To investigate the roles of LarAH51 and LarAH52 in C
pasteurianum, we can monitor the growth of the wild-type (WT) strain using
lactate and 2-hydroxy-4-oxo-4-phenylbutyrate as the sole carbon sources.
Substrate consumption and metabolite production will be measured using
the capillary electrophoresis (CE) method developed in this thesis.
Comparative growth analysis of larAH51 and larAH52 knockout strains with
the WT strain will be conducted using each enantiomer of lactate for
AlarAH51 and 2-hydroxy-4-oxo-4-phenylbutyrate for AlarAH52. Additionally,
RNA sequencing could identify differentially expressed genes in the Astrains
relative to the WT, providing insights into compensatory pathways or stress
responses due to the loss of these LarAHs.

Several other species within the human microbiome, such as Blautia

hydrogenotrophica and Coprococcus catus [307,308], possess LarAHs that
differ from those in E. asparagiformis and C. pasteurianum. These species
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could also be investigated. Understanding the role of these LarAHs in various
species will enhance our comprehension of the human microbiome and the
potential positive impact of LarAHs, as indicated by a proteomic study [294].

Exploring the roles of LarAHs in different contexts, e.g. in archaea and in
eukaryotes, could also provide interesting insights. For instance, biochemical
characterization performed during this thesis demonstrated that LarAH15 of
Phytophthora nicotianae is a D-gluconate C2-epimerase (see Section 111.2.1).
Phytophtora species are devastating oomycete plant pathogen [309,310].
Moreover, all the LarAHs detected in eukaryotes belong the GntE family and
most belong to Phytophtora species (see Section 111.2.1). D-gluconate C2-
epimerase activity catalyzed by LarAH15 could be crucial for Phytophthora
species metabolism (see Section 1V.3.1) and could be targeted by fungicides.
Hence, P. nicotianae will be utilized to study the role of LarAHs in eukaryotes,
specifically the C2-epimerization of D-gluconate, as an efficient CRISPR/Cas9
genome editing tool has been developed for this species [311]. For the study
of LarAHs in archaeal species, Methanosarcina mazei is a suitable candidate
because it possesses a LarAH and can be genetically modified [312].

IV.4 LarAHs could catalyze other types or reaction?

The question naturally arises whether all LarAHs catalyze the racemization of
AHAs or the C2-epimerization of PHAs. As previously mentioned, two
histidine residues in LarAl (His108 and His174) function as bases for the
racemization of lactate [96]. These two histidine residues are conserved
throughout most of the LarA superfamily. However, several phylogenetic
groups of the LarA superfamily contain LarAHs with only a single catalytic
histidine [210], suggesting that these enzymes might catalyze other types of
reaction. These particular LarAHs possess a residue corresponding to His108
of LarA1l but lack a residue equivalent to His174 of LarAl. This observation
provides insight into the potential reactions catalyzed by these enzymes,
given that His108 of LarAl interacts with D-lactate, while His174 of LarAl
interacts with L-lactate [136]. If these LarAHs are also active on HAs, it is likely
that they will primarily act on D-AHAs since only His108 is conserved in their
catalytic site. Conversely, if only His174 were conserved, these LarAHs would
be expected to act on L-AHAs. Furthermore, the presence of a single catalytic
histidine implies that the chirality of the substrate and product will be
preserved during the reaction. Considering the wide array of reactions
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mediated by pincer complexes, such as the NPN [125,128], these LarAHs
could potentially catalyze various other NPN-catalyzed reactions playing
significant roles in some bacteria and archaea species. To date, four LarAHs
from phylogenetic groups lacking His174 have been purified: LarAH13 from
Blautia wexlerea, LarAH17 from Frankia sp., LarAH33 from Myxococcus
fulvus, and LarAH36 from Escherichia fergusonii. We tested the activity of
these LarAHs with a panel of HAs and detected no activity, supporting our
hypothesis that they are neither racemases nor epimerases of AHAs.

IV.4.1 Deamination of D-amino acids to D-AHAs

The LarAH group lacking His174 may catalyze the conversion of amino acids
into AHAs. In the proposed mechanism, a LarAH bound to NPN would remove
a hydride from a D-amino acid, leading to the formation of an imine
intermediate. A water molecule subsequently reacts with the imine
intermediate, which releases ammonia (NHs) and transforms the imine into
a ketone intermediate. By reintroducing the hydride, the LarAH reduces the
ketone to a hydroxyl group, producing the corresponding D-AHA from the D-
amino acid. For example, these LarAHs could catalyze the deamination of D-
alanine to D-lactate (Fig. 12A).

The significance of these potential reactions stems from the fact that D-
Amino acids are associated with beneficial effects on bacterial metabolism
and growth, but also with adverse effects [313,314]. For instance, high levels
of D-serine are toxic in bacteria by inhibiting protein synthesis [315] and D-
arginine is highly toxic to a wide variety of bacterial species [316]. Amino acid
racemases would be an efficient way of detoxifying D-amino acids into L-
amino acids [314]. However, these LarAHs could provide an alternative
pathway for degrading D-amino acids into a nitrogen source (NHs) and a
carbon source (D-AHA), allowing detoxification and catabolic function at the
same time [317]. Such a reaction catalyzed by a single enzyme has never
been demonstrated. However, such a reaction is possible through the
consecutive action of an L-amino acid deaminase (LAAD) and a AHA
dehydrogenase [318-320].
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IV.4.2 Racemization or C2-epimerization of phosphorylated AHAs

LarAHs with a single catalytic histidine could catalyze the racemization or C2-
epimerization of phosphorylated AHAs. This could occur through substrate-
assisted catalysis, where the substrate provides a catalytic element
necessary for the reaction [320]. Given that the phosphate group of a
phosphorylated AHA has a pKa; of around 7.2, the substrate can act as both
an acid and a base, ideally placed to substitute for His174, which has a pKa
of 6. Thus, His174 encumbering the active site may have disappeared to
make room for the phosphate group. In this proposed mechanism, His108
would abstract the proton from the hydroxyl group of the phosphorylated R-
AHA, while the phosphate group of the substrate would remove the proton
from the hydroxyl group of the phosphorylated S-AHA (Fig. 12B). For
example, these LarAHs could catalyze the racemization of molecules such as
3-phosphoglycerate or 6-phosphogluconate. Metabolically, this is relevant
because phosphorylated AHAs such as D-3-phophoglycerate and D-6-
phosphogluconate are crucial intermediates in the metabolism of bacteria
and archaea [321-323]. However, L-3-phosphoglycerate and D-6-
phosphomannonate have never been observed in nature [324], and no
racemases or epimerases of phosphorylated AHAs have been identified to
date. Furthermore, L-3-phosphoglycerate and D-6-phosphomannonate are
not commercially available, making it difficult to assess a potential
isomerization reaction.

IV.4.3 Intramolecular oxidoreduction of AHAs

Other types of isomerization reactions could be catalyzed by hydride transfer
and should be considered. Instead of racemization or C2-epimerization, a
LarAH lacking a residue corresponding to His174 of LarAl may use a single
isomer and transfer the hydride between two different carbons within the
same AHA, achieving intramolecular oxidoreduction. For example, these
LarAHs could catalyze the intramolecular oxidoreduction of 2-keto-D-
gluconate to 3-keto-D-gluconate (Fig. 12C). Alternatively, these LarAH might
actually possess a residue corresponding to His174 of LarA1l but positioned
differently within the catalytic site. In this scenario, the residue must be
situated near a carbon adjacent to the one from which the hydride is
removed, rather than on the opposite side. This positioning would explain
why the residue does not align with His174 of LarA1l.
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IV.4.4 Trans-hydroxylation of AHAs and a-keto acids (AKAs)

LarAHs with His108 as the sole catalytic histidine could potentially catalyze
trans-hydroxylation reactions. The reactions involve the interconversion
between two substrates, a D-AHA with side chain R; (D-AHAR:) and a 2-keto
acid with side chain R; (AKAg;), and two products, a L-AHA with side chain R;
(L-AHAR;) and a 2-keto acid with side chain R; (AKAg1) (Fig. 12D). For this
reaction to occur, either both substrates must fit into the catalytic pocket
simultaneously, which is highly unlikely as both substrates would have to be
very close to the NPN, or one substrate must enter and exit the active site
before the second substrate enters. This latter process is characteristic of a
ping-pong (double-displacement) mechanism, commonly observed in
enzymes [325], particularly in transaminases (aminotransferases) [326,327].
If these LarAHs operate via a ping-pong mechanism, the NPN would be in its
reduced form when the D-AHA exits the catalytic site to let the 2-KA in.
However, this type of reaction is also unlikely, given the instability of reduced
NPN. Such a reaction would be completely new, as in the LarA1 mechanism,
the pyruvate intermediate does not leave the catalytic site nor accumulate
[124]. In this hypothetical reaction, His108 would abstract the proton from
the hydroxyl of the D-AHA and transfer it to the ketone of the AKA.
Concurrently, NPN would accept the hydride from the C2 of the D-AHA and
transfer it to the C2 of the 2-KA. For instance, these LarAHs could catalyze
the trans-hydroxylation of D-lactate and oxaloacetate to D-malate and
pyruvate, and vice versa, through the following steps: (1) D-lactate enters the
catalytic site and is oxidized to pyruvate; (2) pyruvate exits the catalytic site;
(3) oxaloacetate enters the catalytic site and is reduced to D-malate.
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IV.5 Prevalence and distribution of the NPN in Nature

The genes coding for the NPN-biosynthesis enzymes were identified without
a larA gene in 15% of bacterial and archaeal genomes, suggesting that
enzymes that are not homologous to LarA use NPN as well (see Section 1.3.1)
[95]. In microbial genomes, the NPN biosynthetic genes are found twice as
frequently as those for larAHs [130]. This over-representation of larBCE
relative to larAHs may indicate that NPN is used by enzymes catalyzing
reactions other than HA racemization or C2-epimerization, not necessarily
involving hydride transfer. Considering the diverse reactions mediated by
pincer complexes [125], the range of their possible catalytic activities is vast,
although nature has selected only a few [128]. It is likely that entire
undiscovered enzyme superfamilies are catalyzing these reactions, offering
significant potential for further biochemical research. Therefore, one of the
main perspectives is to identify NPN-dependent enzymes that perform other
chemical reactions.

IV.5.1 Insilico identification of NPN-dependent non-LarAH enzymes

A bioinformatics analysis, based on genome-scale gene associations among
COGs, identified several superfamilies of unknown proteins as probable NPN-
dependent enzymes. By examining the COGs database [328,329], all COGs
typically associated with /arB genes (COG1691) in prokaryotic genomes were
identified (data of Prof. Benoit Desguin). This analysis revealed that, in
addition to the LarA superfamily (COG3875), several other enzyme
superfamilies have a co-occurrence of more than 80% with larB genes. These
include COG1453 (Predicted oxidoreductase of the aldo/keto reductase
family), COG1625 (Fe-S oxidoreductase, related to NifB/MoaA family),
COG1915 (Uncharacterized conserved protein), COG2006 (Uncharacterized
conserved protein). All identified COGs are prevalent in prokaryotes,
especially among cyanobacteria and archaea, coding for protein
superfamilies of unknown function (Table 4).
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Table 4 | The LarA superfamily (COG3875) and other potential NPN-dependent
superfamilies. The occurrence represents the percentage of organisms possessing at least
one enzyme from the indicated COGs. Data assembled from the COGs database on the NCBI
obtained on June, 2024.

COG3875 COG1453 COG1915 COG1625 COG2006

Occurence in bacteria (%) 14 16 7 11 15
Occurrence in cyanobacteria (%) 5 95 76 98 85
Occurence in archaea (%) 22 29 44 25 21

IV.5.2 In vitro identification of NPN-dependent non-LarAH enzymes

In organisms containing the larBCE genes but lacking larAH genes, a novel
approach using affinity chromatography could identify new NPN-dependent
enzymes without knowing their encoding genes. This strategy utilizes the
covalent binding of the NPN to LarAl at Lys184. It involves synthesizing an
NPN-Strep-tag hybrid peptide, with the Strep-tag situated at one end and the
NPN cofactor at the other, by generating a larA1 construct with the Strep-tag
near Lys184 (Fig. 13A). The construct is used to overexpress and purify LarA
with the internal Strep-tag. The entire proteome is then digested with
trypsin, producing the hybrid NPN-Strep-tag peptide. By passing the trypsin-
digested proteome through a Strep-tactin column, the NPN-Strep-tag hybrid
peptide can bind to it. Then, the cell lysate from an organism with NPN-
dependent enzymes is passed through this column, capturing all NPN-
dependent enzymes. The absence of competing NPN in the cell lysate can be
ensured by genetic disruption of the NPN biosynthesis pathway. Captured
NPN-dependent proteins are then eluted and identified using trypsin
digestion followed by LC-MS analysis (Fig. 13A).

Alternatively, organisms could be grown in CDM with tetradeuterated or
non-labelled nicotinic acid, followed by trypsin digestion and LC-MS analysis
of the peptides (Fig. 13B). Comparing results could reveal NPNylated
peptides with a two Dalton mass difference since the NPN cofactor is derived
from nicotinic acid and retains two of its hydrogen atoms after biosynthesis
[96]. This strategy requires cells that are auxotrophic for niacin or
downregulate their de novo biosynthesis in the presence of exogenous
niacin, as seen in many bacterial species [330]. Additionally, another
approach involves using radiolabeled nickel (®3Ni) in the CDM, detecting
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labeled NPN-dependent enzymes via 2D gel electrophoresis (Fig. 13C)
[331,332]. This must be done in an anoxic environment to prevent NPN
oxidation and nickel loss. However, this approach may also label other nickel
enzymes.

IV.5.3 Prokaryotes with /JarBCE and without JlarAH worth
investigating

NPN-dependent enzymes unrelated to LarA could be identified and studied
in many bacteria and archaea. To investigate the reactions catalyzed by NPN-
dependent enzymes identified through in silico or in vitro analysis, the same
methodology as for the in vitro and in vivo study of LarAHs can be employed.
This includes phylogenetic clustering, genome context examination, Biolog
phenotype microarrays, and in vitro studies on the purified enzymes to test
hypotheses regarding their catalytic activities (see. section 1V.3.2).

Among bacteria, these enzymes could play significant role, particularly in
cyanobacteria, where the identified COGs and /larBCE genes are nearly
universally present (Table 4), although not in a conserved cluster [95].
Unpublished results involving recombinantly expressed JarC from
Synechocystis sp. PCC 6803 demonstrated its ability to convert P2TMN into
the NPN cofactor. This conversion was evidenced by the capacity of the
product to activate LarA2 and racemize lactate [130]. Additionally, COG1625,
COG1453, COG2006, and COG1915 are present in most cyanobacterial
genomes from the COG database (Table 4). These findings suggest that
cyanobacteria synthesize the NPN cofactor, which functions in several non-
LarA-like proteins. Further supporting this hypothesis, the deletion of the
LarB homolog-encoding gene, comA, in Synechococcus elongatus PCC 7942
resulted in a severe growth defect and an altered circadian phasing
phenotype [333]. The methods described in IV.5.2 could be applied to
cyanobacterial species such as Synechocystis sp. PCC 6803, Synechococcus
PCC7942, as CDMs and DNA manipulation techniques have been developed
for these species [334—-336]. Another bacterium of particular interest is
Akkermansia muciniphila, which possesses LarBCE and an enzyme from the
COG2006. This interest stems from the fact that A. muciniphila is one of the
most abundant single species in the human intestinal microbiota and is
negatively correlated with obesity, diabetes, cardiometabolic diseases, and
low-grade inflammation [337-339].
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Among archaea, NPN-dependent enzymes unrelated to LarA are also
prevalent, especially the COG1915, present in 44% of archaea in the COG
database (Table 4). These enzymes may contribute to methanogenesis, as
suggested by the omnipresence of larBCE genes, generally without the /arA
gene, in methanogenic archaea [95]. Methanococcus maripaludis, which is
genetically modifiable [312], may serve as an excellent model organism for
studying the role of NPN-dependent enzymes in methanogenesis. Other
notable archaea to investigate include Haloferax volcanii, a halophilic
archaeon for which a CDM and genetic tools have also been developed
[340,341].
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IV.6 Conclusion

HAs are organic carboxylic acids that are ubiquitous in nature and play
significant roles in various industrial and biological processes. The present
work focused on the exploration, characterization and potential
biotechnological applications of the LarA superfamily, a superfamily of
hydroxy acid racemases and epimerases using the NPN cofactor.

More specifically, we first developed a versatile and efficient CE method for
the chiral analysis of HA stereoisomers, providing a robust tool for studying
the LarA superfamily. This method allows high-resolution separation and
quantification of a wide range of underivatized stereoisomers in the three
main HA categories: AHAs, BHAs and PHAs. Furthermore, the chiral analysis
of underivatized PHAs, an area previously undocumented in the literature,
opens new avenues for the study of sugar acids.

Using the developed CE method and a combination of biochemical,
taxonomic and structural analysis, we showed the prevalence of seven LarAH
families within the LarA superfamily, suggesting their metabolic importance
across diverse organisms: LARs, SARs, MARs, HGRs, HHRs, GntEs and BSHIs.
Among these LarAHs families, we identified and characterized the substrate
specificities of three additional LARs, one additional MAR, one additional
HGR, one additional GntE, three HHRs, and four BSHIs. Our results revealed
that LarAHs are much more promiscuous than previously thought, with LARs
also catalyzing the racemization of glycerate and hydroxybutyrate, HHRs
catalyzing up to 16 distinct isomerization reactions, and BSHIs catalyzing up
to 39 distinct isomerization reactions. These include 11 novel racemization
reactions spanning the three major classes of AHAs (aliphatic, aromatic, and
polycarboxylic AHAs) and 22 novel C2-epimerization reactions of PHAs
spanning the three major classes of sugar acids (aldonic, uronic, and aldaric
acids). Overall, our findings have significantly expanded the scope of NPN-
dependent reactions catalyzed by members of the LarA superfamily.

More broadly, these investigations show the remarkable adaptability and
importance of NPN-dependent enzymes for catalyzing isomerization
reactions in bacteria and archaea. The wide range of reactions catalyzed by
LarAHs present promising avenues for the biosynthesis of valuable
stereoisomers of AHAs and PHAs, offering new possibilities for
biotechnological applications.
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Figure Al | Determination of the best LarAH candidate for D-DHB production from
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Figure A2 | Relative activity of LarAH9, LarAH27 and LarAH31 with various
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Figure A3 | Stability studies of (A) LarAH41 from E. asparagiformis, (B) LarAH42
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pasteurianum, (E) LarAH2/SAR from |I. pallida. The curves for the short time (less than
100 min) stability studies are the data points (every min) of one representative experiment.
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deviation (n=2). h : hour, d : day.
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Table Al | Catalytic efficiencies of LarAH2/SAR. The ke/Km value of L-lactate was
obtained experimentally [92]. Additional k.t/Km values were calculated using the
experimentally determined kc.t/Kv and relative ke.t/Km values.

Reactions Relative Kcat/Km (%) Keat/Km (M s72)

Racemization of AHAs

L- <> D-lactate 1000 (31+9)x 103
L- <> D-2-hydroxybutyrate 95+3 (30£8)x 103
L- <> D-glycerate 26+5 (82 +27) x10?
L- <> D-2,4-dihydroxybutyrate 16+3 (51+16) x 10?
L- <> D-2-hydroxyvalerate 9.1+0.9 (28 £ 8) x 10?
L- «<> D-2-hydroxyisovalerate 6.2+1.5 (19 + 7) x 10?
L- ¢&> D-2-hydroxyisocaproate 34+0.4 (11 £3) x 10?
L- ¢<> D-3-phenyllactate 0.85+0.09 (27 £8) x 10*
L- ¢&> D-2-hydroxy-4-phenylbutyrate 0.39+0.08 (13 £4)x 10*
L- «> D-2-hydroxy-3,3-dimethylbutyrate 0.17 £0.02 53116

L- <> D-2,3-dihydroxyisovalerate 0.13+0.03 15+15

C2-epimerization of sugar acids

4-deoxy-L-threonate <> 4-deoxy-L-erythronate 48+1.2 (15 £5) x 10?
4-deoxy-D-threonate <> 4-deoxy-D-erythronate 2.8+0.5 (89 +28) x 10*
L-threonate ¢ L-erythronate 1.8+0.4 (56 £ 20) x 10!
D-threonate <> D-erythronate 1.3+0.3 (42 £ 14) x 10!
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Table A2 | Half life of LarAH41, LarAH42, LarAH43 from E. asparagiformis and
LarAH51 from C. pasteurianum.

t12 at [S]?

Enzyme Substrate
0mM 0,5 mM 5mM 20 mM

LarAH41 L-malate + 15h NI NI NI
LarAH42 L-lactate NI 30 min 31 min 34 min

D-lactate NI 6 min 9 min 10
LarAH43 . .

L-lactate NI 6 min 8 min NI

D-lactate NI 11 min 15 min NI
LarAH51 L-lactate NI 4 min 6 min 11 min

aty,: time after which the activity was around 50% of the maximum activity observed at room
temperature and pH 8; analyzed for sample with the indicated concentration of substrate ([S])
NI: not investigated.

Table A3 | Methyltransferases belonging to RM systems identified in E.
asparagiformis.

Function Accession N°
DNA adenine methylase MBS5606717.1
DNA adenine methylase EEG53573.1
Site-specific DNA-methyltransferase WP_083790338.1
Site-specific DNA-methyltransferase MBS6952417.1
Site-specific DNA-methyltransferase RGX29093.1

DNA adenine methylase MBS6955375.1
DNA adenine methylase EEG52923.1
Cytosine methyltransferase MBS6956682.1
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