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synthesis of a-hydroxyketones catalyzed by
thermostable transketolase from Geobacillus
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Abstract. Enzymatic carbon-carbon (C-C) bond formation represents an efficient asymmetric alter-
native for the preparation of multifunctional products. This paper presents an overview of the ad-
vances made by engineering a thermostable thiamine-dependent carboligase, transketolase from
Geobacillus stearothermophilus (TKgst), for the synthesis of various a-hydroxyketones (aliphatic, hy-
droxylated, and aromatic). While TKs in cells exclusively transfer a ketol unit from a ketose phos-
phate to an aldose phosphate Cn leading to a Cn+2 ketose phosphate yielding a reversible reaction,
the results reported in this paper showed the wide range of non-phosphorylated substrates accepted
by the selected TKgs; variants, particularly towards o-ketoacids used as nucleophiles, render the reac-
tion irreversible due to the release of carbon dioxide. To enhance TKgs activity towards the targeted
nucleophiles, analogues of pyruvate, and electrophiles such as aliphatic, polyhydroxylated, and aro-
matic aldehydes, the best variants were selected from libraries created by rational design. As the main
hurdle for biocatalytic application is the instability/cost of x-ketoacids, one-pot strategies were per-
formed for in situ generation of x-ketoacids from corresponding amino acids with transaminase or
amino acid oxidase. A novel promising promiscuous TKgst reaction based on selective cross-acyloin
condensation of two aldehydes, one playing the role of the nucleophile in place of the x-ketoacid and
the other aldehyde acting as an electrophile, was also investigated. This original TKgs catalyzed re-
action provides atom economy while avoiding carbon dioxide release and achieving similar efficiency
compared to the usual pathway.

Keywords. Biocatalysis, Thiamine-dependent enzyme, C-C bond formation, Transketolase, Mutage-
nesis, «-hydroxyketones.
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1. Introduction is the key reaction to construct the carbon frame-
work of organic molecules [1,2]. Consequently, so-
The creation of carbon-carbon (C-C) bonds with  phisticated methods for asymmetric synthesis as
tight control of chemo-, regio-, and stereoselectivity ~ well as protection/deprotection strategies have to
be considered together with eco-friendly conditions.

In this context, enzymatic biocatalytic C-C coupling
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represents an efficient (asymmetric) alternative for
the preparation of multifunctional products [3-5].
In the last few decades, several carboligases have
been reported, each of them leading to a specific
functional group or motif such as aldolases, Pictet—
Spenglerases, oxidases, prenyltransferases, squa-
lene/hopene cyclases, engineered hemoproteins,
and thiamine diphosphate (ThDP) dependent en-
zymes. The last group is recognized as a powerful
tool for the preparation by C-C bond formation of
enantiopure «-hydroxyketones [6-9], a structural
motif present in a wide range of highly valuable
compounds such as pharmaceuticals [10-15], fla-
vors [16], sweetners [17,18], surfactants [19], and im-
portant synthetic intermediates for the preparation
of diols or aminoalcohols.

ThDP-dependent enzymes display the formation
of a C-C bond between two carbonylated com-
pounds (aldehyde or ketone) according to a common
mechanism involving activated ThDP I (Figure 1) to
produce a highly reactive intermediate (III) via po-
larity reversal (umpolung reaction) characterized by
two mesomeric forms (carbanion-enamine). The
carbanion subsequently attacks the carbonyl group
of amore electrophile (acceptor) substrate, leading to
the formation of a C-C bond (IV) and to the release of
the product (Figure 2). The stereocontrol of the new
asymmetric carbon depends on the type of ThDP en-
zyme and the structure of substrates.

Among ThDP enzymes, transketolase (TK, EC
2.2.1.1) has been largely studied and used for the
synthesis of various enantiopure «-hydroxyketones
considering its large scope of substrates. TKs are
ubiquitous enzymes found in the cytoplasm of an-
imal, plant, and microbial cells and in vivo cat-
alyze the reversible transfer of a two-carbon ketol
unit from p-xylulose 5-phosphate to D-ribose 5-
phosphate or p-erythrose-4-phosphate to generate
Dp-sedoheptulose-7-phosphate or p-fructose-6-phos-
phate and p-glyceraldehyde-3-phosphate (Figure 3).

With TK providing a link between the glycolysis
and pentose phosphate pathway, this enzyme plays a
key role in metabolic regulation in all living cells [20].
Particularly in humans, TK has been reported to be
involved in neurodegenerative diseases Wernicke—
Korsakoff syndrome and Alzheimer’s disease, and di-
abetes and cancers [21-23].

The first in vitro biocatalytic applications of
this enzyme were described by Whitesides et al.

in 1992 [24]. The reaction becomes more generally
useful for synthetic purposes by using hydroxypyru-
vic acid (HPA) as a C2-ketol group donor, render-
ing the reaction almost irreversible due to the con-
comitant release of carbon dioxide as a by-product
(Figure 4). The lithium salt of HPA is preferred as it
is the commercially available cheaper form of this
compound, and its synthesis is also described [25].

Wild-type transketolases from spinach, S. cere-
visiae, and E. coli were first used for the synthesis
of «-hydroxyketones mostly polyhydroxylated such
as natural and unnatural ketoses and analogues ob-
tained from Li-HPA as donors and preferentially (R)-
hydroxylated aldehydes as acceptors [26-32]. To ex-
tend the substrate spectra, the engineering of TKs
by mutagenesis was developed together with appro-
priate screening assays providing efficient variants
towards new «-ketoacids as donors (analogues of
pyruvate) and aldehydes as acceptors (polyhydrox-
ylated or not, arylated), leading to enantiopure «-
hydroxyketones [33-35].

Another criterion to make biocatalytic applica-
tions more competitive is related to the thermosta-
bility of enzymes. Indeed, from the industrial point
of view, enzymatic processes at elevated temperature
offer many advantages such as higher reaction rate,
improved solubility of organic substrates, and higher
tolerance towards non-conventional media. In addi-
tion, for improvement by mutagenesis, thermostable
enzymes also display better resistance against pro-
tein destabilizing factors [36]. For these reasons, this
paper presents an overview of the advances obtained
with a thermostable transketolase from Geobacillus
stearothermophilus (TKgst) for the synthesis of vari-
ous «-hydroxyketones in the context of other ther-
mostable TKs having been isolated and used in bio-
catalysis but at a faster rate [37,38].

2. Results and discussion
2.1. Production of TKgs;

We have chosen Geobacillus stearothermophilus (for-
merly Bacillus stearothermophilus) as a potential
source of a thermally stable TK enzyme [39]. This
Gram-positive thermophilic bacterium is widely dis-
tributed in soil, hot springs, and ocean sediments,
and grows in the temperature range of 30-758 °C.
Many heat-stable enzymes, such as xylanase [40],
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Figure 4. Irreversible reaction catalyzed by TKs in the presence of HPA.

L-arabinose isomerase [41], glycosidases [42], and
«-amylases [43], have been isolated from this ther-
mophilic bacterium. Before our discovery in 2013
in collaboration with de Berardinis et al. [39], no
complete genome sequence was available in pub-

lic databases for any G. stearothermophilus strain
and no transketolase enzyme had hitherto been de-
scribed. TKgs was expressed with a His6-tag at the
N-terminus in E. coli BL21(DE3) and was purified
using immobilized metal affinity chromatography.
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The expressed fusion proteins were applied to a Ni**
chelating affinity column for purification. By this
procedure, 160 mg each of the purified enzymes
TKgst (0.6 U-mg~1) were effectively obtained from the
cells grown in 1 L culture (56 g-L‘1 of wet cells). We
note that the enzyme can be lyophilized, produc-
ing a powder easy to use for chemists and enabling
preservation over several months without loss of ac-
tivity. TKgs¢ also showed higher tolerance over time
compared to other mesophilic TKs towards high-
percentage cosolvents (up to 50%) such as DMF and
ionic liquids such as BMIMCI, which is a useful prop-
erty when substrates are not water soluble [44].

2.2. Thermostability of TKgs

As is characteristic of a microorganism, TKg has an
optimum temperature range of 60-70 °C, leading to
an improvement of up to 10-fold when compared to
the activity measured at 20 °C. TKg retained 100%
activity for 1 week at 50 °C and 3 days at 70 °C, and its
activity decreased rapidly at 75 °C (half-life was about
15 min) [39]. The thermostability of TKgst was much
higher than that of other characterized TKs from mi-
crobial sources commonly used in biocatalysis such
as TKgce having an half-life of 35 min at 50 °C with
immediate activity loss at 70 °C or TKec, more re-
sistant (100% activity recovery at 50 °C for 90 min)
but completely vanishing during 5 min exposure
at70°C.

Given the TKg thermostability, an alternative pu-
rification procedure by heat shock treatment at 65 °C
for 45 min enabled an easy and rapid purification
method, yielding 132 mg of purified enzyme from the
cells grown in 1 L of culture [39].

2.3. Immobilization of transketolase from
Geobacillus stearothermophilus

From an industrial point of view, the reusability of
an enzyme is also a crucial point. For that rea-
son, we investigated different supports for TKgs; im-
mobilization. First in collaboration with Forano
et al.,, we showed that layered double hydroxides
gave efficient adsorption/entrapment of TKgs with
almost total immobilization, recovery of initial activ-
ity, and reusability over six cycles without loss of ac-
tivity [44,45]. The strategy is cheap, rapid, and eco-
friendly. More recently in collaboration with Szy-
manska et al., TKgs was covalently immobilized on

silica monolithic pellets. This strategy allowed per-
forming the reaction in a basket-type reactor [46].

2.4. Substrate scope of wild-type TKgs

2.4.1. Substrate scope of wild-type TKgs towards
donor and acceptor substrates

As indicated before, the major advance for bio-
catalytic applications of TKs including TKgs was the
use of HPA, rendering the reaction almost irreversible
due to the release of carbon dioxide (Figure 5). We
showed later that pyruvate can be accepted as a
donor substrate by TKgst but with lower activity com-
pared to HPA.

As expected, knowing the high homology of the
TK active sites, we observed that the TKg: acceptor
substrate spectrum in the presence of HPA as the
donor was very similar to those of TKgce and TKeco
already described (Figure 6).

TKgst showed high activity towards short-chain
(2R) x-hydroxylated aldehydes (C2—C4). A significant
decrease in TKgg activity was observed with aldehy-
des displaying a long carbon chain length (C5-C6) or
without a hydroxyl group at the o or 3 position or hy-
drophobic and aromatic aldehydes.

In contrast with other described microbial TKs,
TKgst showed significant activities towards (25)-
hydroxylated aldehydes with three and four carbon
atoms [47] such as L-glyceraldehyde, L-lactaldehyde,
L-erythrose, and D-threose. This is particularly in-
teresting because these aldehydes can lead to the
production of rare, high-value ketoses. However,
the TKgs activities were much lower than those de-
termined with their (2R) epimers (approximately
20 and 30 times lower in the case of lactaldehyde
and glyceraldehyde, respectively). TKgs¢ being ther-
mostable, studies conducted at 60 °C showed an
improvement in activities by a factor 4 to 5 towards
C3 (v-glyceraldehyde and r-lactaldehyde) and C4
aldoses (L-erythrose and bp-threose) compared to
results obtained at 25 °C (Figure 7). These analytical
results were significant because the activities mea-
sured at high temperatures were comparable to those
obtained in the presence of their (2R) analogues at
25°C.

Considering all these results, the improve-
ment and broadening of the TKg substrate scope
particularly towards other «-ketoacids as donors
and long carbon chain aldoses and hydrophobic and
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Figure 5. Irreversible reaction catalyzed by TKgs: in the presence of a-ketoacid.
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2.5. Improvement and modification of TKgs

25 properties
2 . . . . .
2.5.1. Strategies for generating TKg variant libraries
1,5
The strategies were based on the analysis of the ac-
1 tive site to determine the key positions that should
05 be mutated to improve TKg activity towards the tar-
' ' geted substrates. The 3D structure of TKge with its
0 cofactors was recently determined showing as for the

Specific activity (U.mg?)

L-glyceraldehyde L-lactaldehyde D-threose L-erythrose o ther TKS a dimeric enzyme Wlth each monomer
Figure 7. Specific activity of TKgs with containing an identical active site [48]. However,
(2S)-hydroxylated aldehydes and C3 (- as this structure was not yet available for the stud-
glyceraldehyde, L-lactaldehyde) and C4 al- ies presented here, a model of active TKgs [49]
doses (L-erythrose, D-threose) in the presence was constructed by homology with TK from Bacil-
of Li-HPA at ® 25 °C and ® 60 °C. lus anthracis (TKpy,) using a template already crys-

tallized (PDB entry 3M49) belonging to the same

microorganism species and having 74% identity. This
aromatic aldehydes as acceptors was investigated by model was validated by comparison with the 3D
mutagenesis strategies. structure of TKgg;.
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Figure 8. Comparison of ThDP binding motifs of TK,c. (green 1TRK.pdb), TKeco (cyan 2R80.pdb), and

TKpan (violet 3HYL.pdb).

It can be noted a high homology with the active
sites of the other TK sources used in biocatalysis such
as TKeco and TKyeast and also with the active sites
of all other microbial TKs. The superimposition of
TKeco, TKgee, and TKp,, active sites shows the same
residues with a similar position to ThDP and divalent
cation Mg®* (Figure 8).

After the identification of the targeted residues,
each targeted amino acid of the wild-type sequence
was replaced by the other 19 amino acids by site sat-
uration mutagenesis (SSM) [50]. Different types of
degenerate codons can be used such as NNS and
NDT. In NNS, “N” stands for any nucleotide (A, T,
G, or C) and “S” stands for G or C. NNS can en-
code 32 possible codons (4 x 4 x 2 = 32) includ-
ing 20 codons for all amino acids plus 12 addi-
tional codons that encode some amino acids multi-
ple times or encode stop codons. Alternative codons
“NDT” [51] were designed to completely avoid stop
codons while encoding several representative amino
acids in each category: anionic, cationic, aliphatic,
hydrophobic, hydrophilic, and aromatic. ~These
“NDT” codons provide functional diversity without
redundancy while reducing the number of enzyme

variants compared to NNS and consequently the
screening efforts. When more than two positions
were investigated, NDT strategy was preferred in the
studies presented here to reduce the size of the li-
braries.

2.5.2. Screening assays

The principle of the generic assay developed in
liquid or solid phase was based on the TK-catalyzed
decarboxylation of «-ketoacid and the release of car-
bon dioxide, inducing the variation in pH of the re-
action medium monitored by a pH indicator. Indeed,
during the reaction catalyzed by TK in the presence
of oc-ketoacid as the donor, a proton is consumed in
each cycle, which releases an equivalent of HCO3 bi-
carbonate ions, leading to a pH increase in the reac-
tion medium (Figure 9).

The bicarbonate ion is the dissociated form of car-
bonic acid (H,CO3) and is involved in a dynamic
equilibrium of dissociation in water. This leads
to a basification of the solution due to the partial
formation of hydroxide ion raising the pH of the
medium, which is approximately 7.5. Based on this
pH variation in reaction medium, we first developed
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in collaboration with Fessner et al. a colorimetric
screening assay in the liquid phase with purified vari-
ants [52]. More recently, the same principle was ap-
plied to a semi-solid phase, allowing the direct detec-
tion of clones expressing active TKgg variants [53].

For the qualitative liquid screening assay [52],
upon release of carbon dioxide from o-ketoacid, the
pH increase in the reaction mixture can be deter-
mined photometrically by the color change of phe-
nol red. This pH indicator was selected for its pK,
of 7.4 and its turning zone (6.8 < pH < 8.2) being
compatible with the optimal pH of the reaction cat-
alyzed by TK, which is approximately 7.5 [54]. Phe-
nol red changes from bright yellow at acidic pH to
bright pink at basic pH, allowing easy visualization
of the progress of the reaction (Figure 10). In addi-
tion, phenol red in its deprotonated form has a high
molar absorption coefficient: ¢ = 56,000 M~!-cm™! at
Amax = 557 nm, detected by spectrophotometry with
high sensitivity. At low buffer concentration (2 mM of
triethanolamine, pH 7.5), this generic, cheap, rapid
method allowed continuous monitoring for quanti-
tative determination of kinetic parameters [52].

The qualitative solid phase assay procedure [53]
was based on the strategies already developed with
other enzymes by Turner et al. [55] and Bornscheuer
et al. [56], allowing one to detect the color variation
directly in clones expressing the targeted variant. In
our case, the pH indicator used to detect the variation
in the reaction medium was bromothymol blue offer-
ing higher contrast than phenol red described pre-

viously in the liquid phase. The libraries of clones
expressing TKgg variants were first cultured on Petri
dishes and then transferred on a nitrocellulose mem-
brane, which was placed on a semi-solid medium
containing the substrates, cofactors, and a pH in-
dicator bromothymol blue. The colonies became
blue if TK variants were active towards the substrates
(Figure 11).

2.5.3. Extension of TKgs substrate spectra

Enhancement of TK: activity towards (25 or 2R)
«-hydroxyaldehydes (C3-C6) as acceptors with Li-
HPA as donor. Due to their scarcity in nature and
complex synthesis, natural and unnatural ketoses
particularly with long carbon chains have not been
widely assayed for their potential properties on dif-
ferent biological targets, but recent studies have
started considering these forgotten compounds. For
these reasons, the improvement of TKgs towards
the appropriate substrates for obtaining such ketoses
and analogues with different types of stereochem-
istry is of great interest.

Our strategy was based on the analysis of the wild-
type TKg active site with the physiological acceptor
substrate D-erythrose-4-phosphate (Figure 12). We
applied SSM to key positions in direct interaction of
this substrate depending on the structure of the novel
targeted aldehyde as the substrate.

Some examples of ketoses obtained with specific
variants selected from TKg libraries are presented in
Table 1.
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Table 1. Synthesis of ketoses (C5-C8) from aldoses (C3-C6) in the presence of the most efficient TKg;

variants
C, aldose Cj+2 ketose TKgst Reaction Reaction Isolated de (%)
acceptors product variant progress (%) time yield (%)
OH O OH
WS'J\/OH HO\)%OH
o] OH
. L382D/D470S 98 24h 63 >95
L-glyceraldehyde L-ribulose
C3 C5
OH O OH
HO ©)
(19 Yo
o} OH
) L382D/D470S 98 24h 55 >95
L-lactaldehyde 5-deoxy-L-ribulose
C3 C5
OH O OH
@ R~ o HO &5 &oH
O OH OH OH
L382F/F435Y >95 48 h 62 >95
D-threose D-tagatose
Cy Cé
OH O OH
ﬂl)\(?)/\OH o Ao,
O OH OH OH
) L382F/F435Y >95 72h 84 >95
L-erythrose L-psicose
C4 Cé
OH OH O OH OH
~(RLA_OH HO S)A(RLA_OH
M ; (R (R)
O OH OH OH
. H462N/R521Y >95 32h 67 >95
D-ribose D-altro-heptulose
Cs C7
OH OH O OQH OH
~(S)~,_-OH HO SAELA_OH
(R R TR (R)
O OH OH OH
. H462N/R521Y >95 96 h 59 >95
D-xylose D-ido-heptulose
Cs Cc7
OH OH O OH OH
A (f) 5& Non  HO (f) SEHB
O OH O OH OH O
H H S385D/H462S/ 93 7 days 70 ~95
D-allose D-glycero-n- R521V
Cé altro-octulose
C8
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As we reported that wild-type TKgg tolerates at
60 °C (25)-hydroxylated aldehyde as an acceptor sub-
strate contrary to the other TKs [48], we first investi-
gated extending these activities towards short carbon
chain aldehydes (C3) such as (2S)-lactaldehyde and
(25)-glyceraldehyde through SSM at two key posi-
tions: D470, which interacts with the C2(R) hydroxyl
group of the physiological erythrose-4-phosphate
(DE4P) in the wild-type enzyme, and L382, located
at the opposite side of the C2 aldehyde (Figure 12).
The best variant, 1L382D/D470S, increased activ-
ity by factors 4 and 5 towards (2S)-lactaldehyde
and (2S)-glyceraldehyde, respectively, forming the
corresponding products 5-deoxy-L-ribulose and L-
ribulose with 63% and 55% isolated yields, respec-
tively.

Based on these first results, a second generation
of TKgs variants was investigated to extend TKgg
activity towards longer carbon chain aldoses (C3-
C6) by targeting four other positions S385, F435,
H462, and R521 near, or by direct interaction with,
the phosphate group of the physiological acceptor
substrate p-E4P (Figure 12) [57,58]. Three efficient
TKgs¢ variants were identified following the screen-
ing of TKgs variant libraries. The L382F/F435Y vari-
ant showed an improvement by factors 3.7 and 4
compared to the wild-type TKgs; towards the (25)-
tetroses D-threose and L-erythrose, respectively, pro-
ducing the corresponding Cn+2 ketoses D-tagatose
and vr-psicose, respectively. The double variant
H462N/R521Y demonstrated an increase in conver-
sion by factors 3.5 and 4 towards the pentoses D-
ribose and D-xylose compared to the wild-type en-
zyme, forming D-altro- and p-ido-heptulose, respec-
tively, with 67% and 59% yields. The triple vari-
ant S385D/H462S/R521V allowed the synthesis of p-
glycero-p-altro-octulose from p-allose while this was
impossible with wild-type TKgst.

In conclusion, the aldoses (C3-C6) were almost
totally converted into the expected ketose products
with good to excellent isolated yields (62%—-80%) and
in reasonable reaction time (24 h-72 h) except the
hexose D-allose requiring 7 days of reaction time
with the double variant H462S/R521V. Globally, the
mutations of variants on targeted positions near
the phosphate group of the physiological substrate
gave higher or de novo conversions compared to
the wild-type enzyme. In addition, all compounds
were obtained with excellent diastereoselectivities,

one stereoisomer being obtained by in situ nuclear
magnetic resonance (NMR) analysis of the reaction
mixture. In all cases, the (S)-configuration of the
C3 ketose product was confirmed by NMR spectrum
comparison with the already described product.

Among the ketoses listed in Table 1, some of
them have been already described for their valu-
able biological properties.  Hexoses include b-
tagatose, which is a sweetener and antidiabetic
compound [17,18], and r-psicose, which is used
for the synthesis of rL-fructose, a precursor of an
inhibitor of glucosidases [59,60]. The heptulose
D-altro-heptulose is a marker of sugar metabo-
lism disorders such as cystinosis [61,62]. The b-
ido-heptulose has been reported to be a precur-
sor of valiolamine and N-substituted derivatives,
glucosidase inhibitors useful for the treatment of
hyperglycemic symptoms [63]. Among octuloses,
D-glycero-p-altro-octulose has been identified in
the plant Spinacia oleracea, and its (5S)-epimer D-
glycero-p-ido-octulose, which is very abundant in
Craterostigma plantagineum, has been described
as a plant antioxidant involved in desiccation tol-
erance and could be a potential reactive oxygen
species scavenger with applications in nutrition and
healthcare [64-66]. Recent studies have also shown
the essential role of octuloses in the metabolism of
parasites such as Trypanosoma and various Leish-
mania species, opening the way for potential octu-
lose analogue-based inhibitors to treat the diseases
caused by these parasites [67].

Enhancement of TK activity towards aromatic
aldehydes with Li-HPA as donor. In collaboration
with the Fessner group, we investigated novel elec-
trophiles ortho-, meta-, and para-substituted ni-
trosoarenes, which had not been previously inves-
tigated with TKs [68,69]. These substrates led to
the formation of corresponding aromatic hydrox-
amic acids, which have a wide range of medical
applications (antifungal, antibacterial, antioxidant,
anti-inflammatory) due to their chelating properties
(Table 2) [70,71].

A key aspect of these reactions was the forma-
tion of a carbon-nitrogen bond instead of the
typical carbon-carbon bond formed by TKs with
other aldehydes as electrophiles. The TKgs; variant
L382N/D470S (positions previously identified for
improved activity towards hydrophobic aldehydes)



Franck Charmantray and Laurence Hecquet 371

Table 2. Panel of nitroarenes (ortho-, meta-,
and para-substituted) used as acceptor sub-
strates for TKgs variant in the presence of Li-
HPA to obtain the corresponding hydroxamic
acids

Aromatic group (X)*P  Acyl group (R)  Yield (%)

H CH,OH 41/50
4-Br CH,O0H 28/54
4-Cl CH,O0H 41
3-Cl CH,OH 20

3,4-Clp CH,O0H 10
4-CHj CH,O0H 49
3-CHj CH,OH 29

4-Cl, 3-CHj CH,O0H 37

3-Cl, 4-CHj CH,O0H 32

4-CF3 CH,OH 9
3-CFs CH,OH 17
4-N(Me), CH,OH 0
H CHj 5

4 Substituent position relative to the nitroso group.

b DMSO as cosolvent for X=H and 4-Br and ace-
tone as cosolvent for the other aromatic group.

exhibited the highest activity towards these sub-
strates, with a sevenfold increase in activity com-
pared to wild-type TKgs¢. The replacement of aspar-
tate at position 470 with serine, a non-charged but
polar amino acid, seems to enhance interaction dur-
ing the carboligation step. This mutation had been
described in a previous study with non-hydroxylated
acceptor substrates [72]. Additionally, this variant
has a melting temperature (7;,) of 73.9 °C (com-
pared to 75.5 °C for wild-type TKgs) and remains
highly stable in the presence of cosolvents, retaining
80% to 100% residual activity in DME acetone, and
acetonitrile.

Enhancement of TKg activity towards novel hy-
drophobic «-ketoacids as donors and different
aldehydes as acceptors. In 2017, a challenging work
developed jointly with Fessner et al. was conducted
to expand the donor substrate spectrum of TKgg: to
«-ketoacids with hydrophobic side chains, which
had not previously been considered for TKs [72].
The selection of key positions in the active site was

guided by a structural study based on the model of
TKgs¢ with HPA as the donor substrate, constructed
from the crystal structure of TKpay, (Figure 13).

The active site residues interacting with the hy-
droxyl group of HPA, namely H68, H102, G116,
and H474, were targeted. After screening libraries
created by the SSM technique at positions H102
and H474, the variant H102L/H474S showed rela-
tive rate increases by factors of 4.4-32 with pyru-
vate, 2-oxobutyrate, and 3-methyl-2-oxobutyrate
(Figure 14).

In position His474, it seems to be essential to
preserve a hydrogen bond with the carbonyl group,
which was attained by the replacement by serine,
providing a slightly reduced size. The replacement
of His102 by a non-polar leucine residue not only
provided extra space but also improved the bind-
ing of the hydrophobic alkyl chain of the substrate
in the otherwise initially highly polar active site
of wild-type TKgst. The best variants using glyco-
laldehyde as the acceptor were H102L with pyru-
vate giving a 6-fold increase, H102L/474S with 2-
oxobutyrate giving a 30-fold increase, and H102T
with 3-methyl-2-oxobutyrate giving a 11.4-fold in-
crease while wild-type TKgs¢ produced any activity
with 2-oxobutyrate and 3-methyl-2-oxobutyrate and
slight activity with pyruvate (Figure 16). We note
that the H102T activity towards pyruvate reached
80% of that obtained with 1-deoxy-p-xylulose-5-
phosphate-synthase (DXS¢.,) when using pyruvate
as the physiological substrate.

These results offered interesting prospects for the
combination of these new donors with hydroxylated
or non-hydroxylated aldehydes as acceptors.

Enhancement of TK; activity towards hydropho-
bic «-ketoacid as donors and hydrophobic alde-
hyde as acceptors. The hydrophobic donors par-
ticularly 2-oxobutyrate were investigated with hy-
drophobic aldehyde as acceptors to produce the cor-
responding unsymmetrical -hydroxyketones (acy-
loins), which are valuable as flavors or non-ionic
surfactants when compounds display long carbon
chains (Figure 15) [16,19].

New TKg variants were created by combin-
ing the most beneficial mutations identified previ-
ously with hydrophobic donors (H102L/H474S) with
those identified earlier for hydrophobic aldehydes
(F4351) [73]. The triple variant H102L/H474S/F4351
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Figure 13. Model of wild-type TKgs: based on the X-ray crystal structure of TKp,, (PDB entry 3M49) with
hydroxypyruvate (HPA) as donor. The model was built using Modeller 9.14 and Chimera.
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Figure 14. Activity of TKgs variants (kcar) with glycolaldehyde as acceptor against non-natural nucle-
ophile substrates relative to wt-1-deoxy-p-xylulose-5-phosphate-synthase (DXSeco), Wt-TKgst, and wt-
TKeco (1 pyruvate M 2-oxobutanoate M 3-methyl-2-oxobutanoate).

was able to transfer the acyl group from 2-
oxobutyrate to aliphatic aldehydes, enabling the syn-
thesis of the corresponding monohydroxylated o-
hydroxyketones (C3-C7) while except with propanal,
any activity of the wild-type TKg: was observed
with the longer carbon chain aldehydes. Even if the

yields and enantiomeric excess (ee) were globally
lower than those obtained with HPA, the products
obtained with oxobutyrate as the donor are not easy
to obtain with other enzymatic or chemical routes
and were isolated and purified with accepted yields
except for C8 (Table 3) [74].
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Figure 15. Synthesis of monohydroxylated «-hydroxyketones from hydrophobic «-ketoacid as donors

and hydrophobic aldehyde as acceptors.
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Figure 16. Synthesis of 1- and 1,2-deoxy-ketoses from aliphatic «-ketoacids combined with aldoses

(C4-C5).

Table 3. Combination of hydrophobic donor ketoacids and aldehydes for the synthesis of monohydrox-
ylated «-hydroxyketones in the presence of the triple variant H102L/H474S/F4351

Ketoacid Aldehyde TKgst Fold increase Reaction Isolated yield ee
donor acceptor variant for TKgs; wt time (h) (%) (%)

R, =Me L382F 4 24 56 94

R, =Et L382F 6 24 43 99

HPA R, = Pr L382F 0.5 24 44 99
Ri=-CHOH  p _But L382F 2 24 41 98
R, = Pent L382F (o) 24 21 87

R, = Hex L382F 6 24 7 91

R, =Me H102L/H474S/F4351 20 24 25 12

Oxobutyrate Ry=Et  H102L/H474S/F435] 0o 24 47 6
R, = —Et R, =But H102L/H474S/F435] 00 24 20 31
Ry, =Pent HI102L/H474S/F4351 o) 24 25 33

R, =Hex H102L/H474S/F4351 (o) 24 <5 nd

nd = not determined.

Enhancement of TKg activity towards hydropho-
bic «-ketoacid as donors and hydroxylated alde-
hyde as acceptors. The objective was to produce
1- or 1,2-deoxy-ketoses when using pyruvate or 2-
oxobutyrate, respectively, as donors appropriately
polyhydroxylated with increased carbon chain length
aldoses such as two tetroses (p-erythrose (C4) and L-

threose (C4)) and two pentoses (D-ribose (C5) and D-
xylose (C5)) (Figure 16, Table 4) [75,76].

Among the previous TKg variants, we combined
the best mutations identified earlier, H102L and
H474S, for hydrophobic «-ketoacids (pyruvate and
oxobutyrate) with a new mutation on L1181, which is
involved in the stabilization of the thiazolium cycle
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Table 4. Synthesis of 1- and 1,2-deoxy-ketoses at 50 °C using TKgs variants in the presence of 2-
oxobutyrate and pyruvate as donors and aldoses as acceptors (p-erythrose, L-threose, D-ribose, D-xylose)

Donor Acceptor Product Time  TKgs TKgst Insitu Isolated
(h)  variant (mg/mlL) yield® yield
%) (%)*P
OH O OH
G SA(R)
WOH G OH
o on on on 24 H102L/L118 0.5 85 71
D-erythrose 1,2-deoxy-Dp-arabino-
hept-3-ulose
R; =Et
Oxobutyrate o o o
(S) () (S)
‘ (R) H OH H (R) H OH
0 OH OH OH H102L/L118/ 89 86
L-threose 1,2-deoxy-D-ido-hept- H474S
3-ulose
OH OH O OH OH
(R ~_ _OH (SLA(RLA__OH
ﬂ?)\‘/(w G
° o onon 72 H102L/L118I 3 68 68
D-ribose 1,2-deoxy-p-altro-
oct-3-ulose
OH OH O OH OH
(S ~_ _OH (.S, _OH
(R R TR R
° on onon 48 HI102L/L118I 3 82 61
D-xylose 1,2-deoxy-D-ido-oct-
3-ulose
oH o oH
W\OH ST on
o OH OH OH 24 H102L/L118/ 1 74 68
Ry =Me p-erythrose 1-deoxy-D-fructose H474S
Pyruvate
OH O OH
() (SIS
R oH R 0H
O OH OH  OH H102L/1.118/ 81 60
L-threose 1-deoxy-L-sorbose H474S

& Reactions were carried out with TKgg (0.5-3 mg), ThDP (0.1 mM), MgCl, (1 mM), donors (50-60 mM),
and x-hydroxyaldehydes (50 mM) at pH 7 and 50 °C.

b Determined by in situ 'H NMR analysis.

of ThDP and which could also stabilize the aliphatic
donor substrates when histidine replaced isoleucine
by interacting with an appropriate longer carbon
chain residue.

Even if the use of higher enzyme quantities was
required when using pentoses as acceptors, both

donors 2-oxobutyrate and pyruvate formed the ex-
pected 1,2-deoxy-hexoses or 1,2-heptuloses and
1-deoxyhexoses, respectively, in pure form (one
stereoisomer was identified in the reaction mixture
by NMR) with good to excellent isolated yields.
Some of them have been already described as
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displaying interesting properties; for example, 1-
deoxy-p-fructose is a potential metabolic inhibitor
and antimetabolite.

2.6. Multienzymatic synthesis strategies involv-
ing TKs

We applied the strategy of cascade reaction for in situ
generation of TKgs; donor and acceptor substrates,
which were unstable or costly or not commercially
available. To compete with the productivity of tra-
ditional methods, the use of two or even more en-
zymes in cascade can considerably improve the effi-
ciency of a multistage synthesis by obviating the iso-
lation of intermediates, thus saving time, resources,
reagents, and energy while reducing waste [77,78].
Cascade reactions can be performed along a simulta-
neous one-pot strategy when all the enzyme require-
ments are compatible. To meet limitations, such
as substrate/product/reagent inhibition or incom-
patibility of reaction conditions (pH, temperature),
a telescoped, sequential one-pot procedure can be
used.

Knowing that Li-HPA was obtained from toxic bro-
mopyruvate with modest yields [20] and its instability
at higher temperatures than 25 °C [25,47], a different
strategy for HPA in situ generation was investigated.
We first reported a procedure with L-x-transaminase
from Thermosinus carboxydivorans (TAy,) able to
produce HPA from r-serine, developed in collabora-
tion with de Berardinis et al. (Figure 17) [54].

This is the first example of TA-TK coupling at high
temperature cited in the literature. The TA(, being
thermostable, it could be coupled in a “one-pot” at
60 °C with the thermostable TKgs:. This approach
was applied to the synthesis of rare L-erythro-ketoses
(3S, 495) in the presence of (25)-aldehydes for which
TKgst has low activity at 20 °C. The reaction products
were obtained in good to excellent yields (51%—-98%)
with no accumulation of HPA in the medium and
complete conversion of L-serine.

Ward et al. has since discovered more efficient
thermostable TAs within metagenomic libraries [37]
from Thermobifida fusca (TAg,) and Geobacillus
stearothermophilus (TAgst), which showed opposite
stereoselectivities. The two thermostable TAs retain
approximately 70% of their activity after 24 h of incu-
bation at 60 °C. They were selected to generate HPA
from a racemic mixture of serine.

Based on our bi-enzymatic cascade reaction, an
additional third enzymatic step was investigated to
generate (25)-aldehydes such as L-glyceraldehyde, n-
threose, and r-erythrose in collaboration with Clapes
et al. [79] The precursors of «-hydroxylated alde-
hydes (2S) are glycolaldehyde and formaldehyde,
which are inexpensive and achiral in the presence p-
fructose-6-phosphate aldolase from E. coli (FSAgco)
(Figure 18).

The simultaneous coupling of FSAec, and TKgg in
a one-pot was not possible since glycolaldehyde and
formaldehyde would react directly with HPA in the
presence of TKg to form L-erythrulose and DHA, re-
spectively. Therefore, a sequential process was de-
veloped in which the «-hydroxylated (2S) aldehyde
is produced in the first step catalyzed by FSA¢c, and
then used in solution without intermediate purifica-
tion as the acceptor substrate of TKgs. The synthe-
sis of the corresponding L-erythro-ketoses (3S, 4S5)
was carried out from HPA also in situ generated from
L-serine in the presence of the thermostable TA,
described previously. The simultaneous coupling of
TA¢ca and TKgs makes it possible to carry out the syn-
thesis at 60 °C and thus to increase the low affinity of
TKgs for (25)-hydroxylated aldehydes.

This process made possible the synthesis of
three rare ketoses (3S, 4S)—L-ribulose from L-
glyceraldehyde, D-tagatose from D-threose, and L-
psicose from r-erythrose—which are compounds
with high added value, with diastereomeric excess
(de) greater than 95% and product isolated yields of
53, 55, and 49%, respectively.

The main disadvantage of these TA strategies
for HPA generation is the release of alanine as the
by-product, which is not in favor of atom econ-
omy. Another enzymatic strategy avoiding the use
of cosubstrate has been considered via serine, al-
lowing the oxidation of the amine function by a mi-
crobial amino acid oxidase (AAO, EC 1.4.3.3) in the
presence of O, and catalase (EC 1.11.1.6) to dismu-
tate the hydrogen peroxide formed during the oxi-
dation stage. We turned to DAAO, [80], already re-
ported by Pollegioni et al. [81,82], to accept the po-
lar amino acid p-serine with higher specific activity
compared to DAAO from pig kidney. But DAAO,; has
never been investigated for producing «-ketoacid
HPA from bp-serine, especially at the preparative
scale. In a sequential reaction, we also investigated
producing p-serine in collaboration with Protéus by
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Figure 17. In situ generation of HPA catalyzed by TA(, coupled with TKg for the synthesis of (35, 45)

ketoses.
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Figure 18. In situ generation of aldehydes (2S) with FSAec, and HPA with TA¢c, coupled with TKg in a

one-pot sequential cascade.

Seqgens from achiral glycine and formaldehyde as
precursors with E. coli cells expressing threonine al-
dolase [83]. After total conversion of the substrate,
the crude extract containing D-serine was used as the
precursor of HPA (Figure 19).

In parallel, we discovered in collaboration with
Prozomix a thermostable pAAO4536 from metage-
nomic library screening not applicable for producing
HPA but pyruvate and oxobutyrate from p-alanine
and p-homoalanine, respectively (Figure 21) [74].

Finally, DAAO,g (or DAAO4536) was coupled with
the TKg variant in a one-pot, two-step simulta-
neous or sequential cascade sequence with differ-
ent aldehydes (hydrophobic or polyhydroxylated
with increased carbon chain length) as TKgs ac-
ceptor substrates introduced into the reaction mix-
ture at the same concentration as p-amino acids.
A complete conversion of all substrates was ob-
served, and targeted compounds were recovered
with high enantio- and diastereoselectivities. These
approaches appeared particularly appropriate for
expensive, unstable, and commercially unavailable
a-ketoacid synthesis.

2.7. Promiscuous cross-acyloin condensation re-
action catalyzed by TKgs

Previous studies conducted with propanal showed
that the variant H102L/L1181/H474S was capable of
catalyzing the self-acyloin condensation of propanal
to yield propioin (Figure 20) [84].

According to these results, a possible mech-
anism for the acyloin condensation reaction
was investigated in the presence of two aldehy-
des as TKgs substrates by in silico studies using
H102L/L1181/H474G(S) TKgs variant active site
models [85]. The presence of leucine in place of his-
tidine in the 102 position (H102L) may contribute
to the stabilization of the first aldehyde molecule
in the active site. Then, an attack of ThDP carban-
ion I on the carbonyl of the first molecule of alde-
hyde acting as a nucleophile followed by a proton
transfer of I-B via a water molecule to His263 led
to acylThDP carbanion II (Figure 21). In the last
step, acylThDP carbanion II attacked the carbonyl
group of the second aldehyde molecule acting as
the electrophile to form the acyloin product. In this
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Figure 19. In situ generation of x-ketoacids from DAAO (DAAO,g for HPA and DAAO4536 for pyruvate and
oxobutyrate) coupled with TKg; for the synthesis of ketoses and analogues.
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Figure 20. Self-condensation of two propanal molecules giving (+)-4-hydroxyhexan-3-one (propioin)
catalyzed by TKgs variant H102L/L1181/H474S.
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Figure 21. Proposed mechanism for acyloin condensation according to pathway B compared to pathway
A giving the common «-hydroxy-3-(polyhydroxy)alkylthiamine diphosphate (acylThDP) carbanion II
generated from aliphatic «-ketoacids (pathway A) or from corresponding aliphatic aldehydes

(pathway B).
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Figure 22. Synthesis of «-hydroxyketones catalyzed by TKgs variants from two possible nucleophiles,
aliphatic «-ketoacids (pyruvate, 2-oxobutyrate, 3-methyl-2-oxobutyrate; pathway A) and the correspond-
ing aliphatic aldehydes (propanal, butanal, iso-butanal; pathway B) in the presence of hydroxylated alde-

hydes as electrophiles.

mechanism, the aldehyde acting as the nucleophile
can replace the corresponding acyl group of corre-
sponding o-ketoacids but avoids decarboxylation
and the release of carbon dioxide. We proved that
both pathways led to the same acylThDP carbanion
II and products [85].

To extend this reaction to the more challeng-
ing cross-acyloin condensation, we used three alde-
hydes’ (ethanal, propanal, and iso-butanal) ana-
logues of «-ketoacids (pyruvate, 2-oxobutyrate, and
3-methylbutyrate used previously) combined with
hydroxylated aldehydes (C2-C4; glycolaldehyde, b-
glyceraldehyde, and p-erythrose) in the presence of
TKgs¢ variants H102L/L1181/H474S(G) identified ear-
lier (Figure 22) [85].

For each synthesis with stoichiometric amounts of
both different aldehydes (Table 5), the in situ analy-
sis of the reaction medium by NMR showed the for-
mation of only one x-hydroxyketone, highlighting
the selectivity of the variants. Indeed, the uncon-
trolled cross-acyloin condensation can lead to four
products. All x-hydroxyketones were obtained with
good isolated yields comparable to those obtained
by pathway A from the carboxylation of x-ketoacids
(Table 5) [85].

The formation of the targeted x-hydroxyketones
by cross-acyloin condensation offers the great ad-
vantage of ensuring atom economy by avoiding the

release of carbon dioxide generated by the decar-
boxylation of x-ketoacids. This novel enzymatic acy-
loin condensation reaction catalyzed by TK should
broaden the synthetic toolkit for creating unsymmet-
rical «-hydroxyketones and enhance the efficiency
of previous enzymatic and chemical approaches in
terms of mass metrics.

3. Conclusion

Wild-type TKs in cells exclusively transfer a ketol unit
from a ketose phosphate to an aldose phosphate Cn
leading to a Cn+2 ketose phosphate by a reversible
reaction. The results reported in this paper showed
that TKgs engineering allowed the synthesis of a wide
range of non-phosphorylated «-hydroxyketones
(aliphatic, hydroxylated, or aromatic) in one step
with excellent yields and stereoselectivities. The
noteworthy evolvability of thermostable TKgs was
mostly based on its robust 3D structure against
destabilizing mutagenesis factors. The best variants
selected from libraries created by rational design
based on active site analysis enhanced the wild-
type TKgs; towards targeted nucleophiles, analogues
of pyruvate, coupled with electrophiles such as
aliphatic, increased carbon chain length polyhydrox-
ylated, and aromatic aldehydes. An essential tool
to select the best variants was the development of a
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Table 5. Synthesis of «-hydroxyketones using TKgst variants in the presence of ethanal, propanal, and
iso-butanal as nucleophiles (50 mM) and hydroxylated aldehydes (glycolaldehyde, p-glyceraldehyde, p-
erythrose) as electrophiles (50 mM). Reactions were performed at 37 °C in phosphate buffer (50 mM) at

pH7.0

Donor Acceptor Product Time  TKgg variant In situ Isolated deb
(h) yield (%)? yield (%) (%)
O
(\ ©
| OH E OH
0 OH 7 H102L/L1181/ 80 50 69 (S)
”/\ glycolaldehyde H474G
% C=)H O QH
propanal A_OH (SIA_-OH
W T R
0 OH 79 H102L/L1181/ 48 31 >95
D-glyceraldehyde H474S
(:DH O QH
A (R) SIAR)
I (R) OH Y (R) OH
OH OH  OH 48 H102L/L1181/ 75 50 >95
p-erythrose H474S
(0]
(S
(\OH Y oH
o OH 79 H102L/L118I/ 82 60 34 (S)
| glycolaldehyde H474G
o}
Iso- C:)H (0] (:DH
butanal ﬁfa)\/OH MCH
o OH 48 H102L/L118I/ 39 31 >95
D-glyceraldehyde HA474S

 Determined by in situ 'H NMR using TSP-d, as an internal standard and calculated based on in situ

product formation.

b Determined by chiral GC-MS analysis after derivatization.

generic rapid and cheap pH-shift-based screening
assay applied in the liquid or solid phase. The latter
enabled visual detection of clones expressing active
TKgs: by their specific coloration.

The best efficient TKgs variants were first used to
catalyze the usual TK reaction from the «-ketoacid
and aldehyde as the nucleophile and electrophile,
respectively. As the main hurdle for biocatalytic ap-
plication is the instability/cost of «-ketoacids, one-
pot strategies were investigated for in situ gener-
ation of «-ketoacids from corresponding 1- or D-
amino acids with L-transaminase or p-amino acid ox-
idase. The novel promising approach was based on a

promiscuous TKgg: reaction, allowing selective cross-
acyloin condensation of two aldehydes, one playing
the role of the nucleophile in place of x-ketoacid
and the other aldehyde acting as the electrophile.
This original TKgs catalyzed reaction provides atom
economy while avoiding carbon dioxide release and
achieving similar efficiency compared to the com-
monly used pathway.
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