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INTRODUCTION

Small molecule drug candidates in the Pharmaceutical pipeline today are becoming more complex.

The increasing complexity requires ever more sophisticated and selective processes, especially in the realm of asymmetric synthesis. The mild neutral conditions coupled with the high specificity and low relative cost inherent with the use of enzymes has led to an emergence of the use of biocatalysts in the synthesis of bulk chemicals and drug compounds.

Like chemocatalysts, biocatalysts are designed to perform highly selective and specific chemistry, but can be comprised of engineered enzymes. They have the advantage of being heavy-metal free, and thus do not require the removal of metal impurities after completion of a reaction. Consistent with the homochirality of biomolecules, the reactions catalyzed by enzymes generally exhibit high stereo-and regioselectivities, generating products highly enriched for single enantiomers.

Additionally, biocatalysts are highly efficient, allowing catalysis to be performed under mild reaction conditions, with reduced energy consumption and greenhouse gas emissions in comparison to chemical catalysis.
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In addition to being used to replace chemocatalysts in straightforward asymmetric reactions, biocatalysis can sometimes be used to complete chiral transformations with significantly fewer steps. One such example with molecules harboring more than one of the same type of functional group: while chemocatalysis is often not selective for one specific of those group (thus requiring protection/deprotection steps), enzymes have the capability to selectively react with a single functional groups in a molecule, reducing the overall process steps, time and cost. There are also cases where enzymes are able to achieve transformations that cannot be performed effectively or at all using classical chemical methods or chemocatalysis. In many cases, biocatalysis can mediate complex transformations that generate complex intermediates or APIs with multiple chiral centers.

Here, biocatalysis affords access to novel structures and can potentially have significant impacts on manufacturing time and cost.

Biocatalysts are extensively used in the industrial production of bulk chemicals and pharmaceuticals, and over 300 processes have already been implemented 1 . Moreover, in the past 10 years, the application of biocatalysis in API synthesis has become a method of choice in many industrial processes [START_REF] Patel | Biocatalysis in the Paharmaceutical and Biotechnology Industries[END_REF] . Initially the focus was on the application of hydrolytic enzymes (e.g., lipases, proteases, esterases) and biocatalysts for asymmetric reduction of ketones (e.g., alcohol dehydrogenases, ketoreductases). Recently the scope of biocatalysis has broadened significantly with new reaction platforms coming on stream 3 , including transaminases, oxidases, nitrilases, aldolases, and ammonia lyases. Increasingly biocatalysts are available commercially "off-theshelf" in forms that are readily adaptable to synthetic organic chemistry operations, which enable chemists to rapidly identify applications of enzymes using specific target intermediates of interest.

To aid synthetic chemists in identifying where biocatalysts might be usefully applied, a recent publication highlighted the need for rules and guidelines 4 for "biocatalytic retrosynthesis". The 4 main objective of "biocatalytic retrosynthesis" is to encourage synthetic organic chemists to include consideration of biocatalytic step(s) when planning a synthetic route to a target molecule.

This new approach will require a greater understanding by synthetic chemists regarding which possible transformations and suitable intermediates might be considered using biocatalysis, and importantly how they might impact the overall efficiency, sustainability, and safety of the final manufacturing process.

Approaches in synthetic route design, leading to some key building blocks within competitive process synthesis is essential for efficient use in mainly complex molecules synthesis. Moreover, enzymatic strategies have emerged as powerful approaches to the eco-friendly, highly selective synthesis of valuable chiral compounds. To compete with the productivity of traditional methods, the use of two or even more enzymes in cascade can considerably improve the efficiency of a multistage synthesis by obviating the isolation of intermediates, thus saving time, resources, reagents and energy, while reducing waste [6][7][8] . The best option is when cascade reactions can be performed using a one-pot strategy: to avoid limitations, such as substrate/product/reagent inhibition or incompatibility of reaction conditions (pH, temperature), a telescoped, sequential one-pot procedure can be used. 6 In the area of chiral polyols, particularly monosaccharides and analogs, largely used in API, enzymatic reactions are particularly useful to generate assymmetric centers with high stereoselectivity, avoiding protection and deprotection steps required by the chemical ways. Beside enzymatic aldose-ketose isomerization, 9 enzymes catalyzing a stereospecific C-C bond formation such as aldolases 19 and transketolases are also popular. 11 Transketolase, TK (EC 2.2.1.1), belonging to the thiamine diphosphate-dependent enzyme family, catalyzes a two-carbon chain elongation by transferring an α-hydroxy carbonyl (ketol) group from a donor to an aldehyde acceptor, thereby producing the C n+2 (3S)-ketose by the stereoselective formation of the C2-C3 bond. (Scheme 1) In nature, TK is involved in the pentose phosphate metabolic pathway where this enzyme transfers a ketol group to reversibly equilibrate ketoses and aldoses carrying a terminal phosphate ester group. Previous in vitro studies showed that non-phosphorylated substrates can also be used as TK substrates leading to the corresponding free ketoses in one step. Particularly, release of carbon dioxide from hydroxypyruvate (HPA) as donor confers a major advantage on the TK-catalyzed reaction by rendering the reaction irreversible, thus making TK a powerful tool for the asymmetric synthesis of ketoses and related acyloin compounds (Scheme 1). 11 The main problem of the TK-catalyzed reaction for synthetic purposes conducted at industrialscale, is the HPA synthesis, which is commonly obtained by hydrolysis of toxic bromopyruvic acid in the presence lithium hydroxide, leading to a moderate yield. 12 This compound is also commercially available but highly expensive. In addition, HPA is unstable in water at temperature > 25°C. 13 To circumvent all these limitations, enzymatic in situ generation of HPA has been previously described, in particular from L-serine using transaminases (TA) 14 and more recently, from D-serine using D-amino acid oxidase (Scheme 1). 15 This last way offers major advantages The reaction is carried out in water with glycine (300g.L -1 ) and formaldehyde (37% aq.) in presence of D-TA, produced by E. coli E3005 (10% w/w). The pH is continuously controlled during the synthetic reaction step by adding KOH. At the end of the reaction, the pH is decreased, the reaction mixture is then concentrated followed by the elimination of the whole cells. The crude D-serine product is treated with charcoal to remove the salts, filtered to remove any cell/protein residues followed by a recrystallization step in a water/alcohol mixture. The enzyme candidate We have evaluated the effect of pH in the 6-8 range on the enantioselective conversion (Chart 3).

The optimal activity was observed at pH 7 -7.5. The control of this pH range allows to ensure high conversion profile with limited impact on racemization, conducting to the formation of less than 1% formation of L-serine. 

Scale-up studies

At first, we developed the fermentation process of the D-TA enzyme overexpressed in Escherichia coli. To define the fermentation process, a Statistical Experimental Design has been carried out in order to determine the critical and important parameters, such as oxygen concentration, glucose feed and its optimal concentration, and other medium components impact. This approach allowed us to determine a robust domain of operations for producing the overexpressed enzyme. The Fermentation at different scales, from lab scale (2L) to several cubic meters volume fermenter size (up to 15 m 3 ), have been implemented successively before ensuring production in large fermenters (Figure 4). The obtained biocatalyst is represented by the E. coli E3005 wet biomass that is introduced into the biotransformation step. The corresponding heterogeneous mixture can lead to foaming issues.

Indeed, control of foaming in bioprocesses at larger scale remains a dilemna, since a highly surface active heterogeneous system has to be adequately aerated and agitated while the bioreaction is proceeding without interruption. Special emphasis has been made by testing chemical antifoaming agents and to the determination of their efficiencies. The foam suppression or collapse is a result of a fine balance between the effects of various surface active agents. We have therefore investigated the efficiency at industrial scale correlating agitation turbulence and speed for ensuring full control on the conversion rate while maintaining high enantioselectivity. Once the reaction is stopped, the mixture is directly filtrated onto a filter press combined with a filtration adjuvant, such as diatomaceous earth, in order to avoid clogging issues.

D-Serine isolation

The crude product is then recrystallized in a mixture of water and alcohol. Based on serine solubility profiles, 20 we were able to determine the most appropriate isolation process in respect with the zwitterionic specie, within high yield recovery (>70%). This process offers many advantages compared to the other microbial procedures [START_REF] Ikeda | Process for producing D-serine[END_REF] such as asymmetric synthesis for full conversion of achiral, cheap and affordable substrates, no requirement of enzyme purification, high stereoselectivity of the enzyme-catalyzed reaction.

Smart Application to ketose production within Cascade Enzymatic Concept

The production of D-serine catalyzed by D-TA-E3005 cell free extract (CFE)° was first studied in terms of substrate concentrations (Table 1). The best results were obtained with glycine and formaldehyde at 50 mM allowing an almost complete conversion of both substrates after 24h. The D-serine quantification determined by in situ 1 HNMR revealed a concentration of 50mM. The reaction mixture was treated with methanol to precipitate CFE proteins to avoid by-products formation from substrates and reagents used in steps 2 and 3. After filtration and methanol evaporation, D-serine was used in the second part of the process in which both DAAO Rg and TK gst enzymes were coupled for the synthesis of the ketoses.

DAAO Rg , overexpressed in E. coli and purified by Ni 2+ chelating affinity column chromatography as reported earlier (SI), 16 was used to convert D-serine into HPA. The choice of this enzyme can be explained by its broad amino acid spectrum including D-serine while the best substrates for L-AAOs are hydrophobic amino acids. 22 In addition, DAAO Rg showed much higher turnover number, better stability under a wide range of reaction conditions, and a larger active site to accommodate various substrates than the other source of DAAOs.24 23 DAAOs (EC 1.4.3.3) are flavin adenine dinucleotide (FAD)-containing flavoenzymes that catalyze the deamination of Damino acids to their imino acid counterparts with concomitant reduction of FAD which is subsequently re-oxidized by molecular oxygen with generation of hydrogen peroxide. The released imino acid spontaneously hydrolyses to the corresponding -keto acid and ammonia (Scheme 2).

The thermostable TK gst was selected for its properties compatible with industrial applications such as high stability and robustness against unusual conditions, reusability after immobilisation 24 and evolvability. 25 TK gst was overexpressed in E. coli and purified by Ni 2+ chelating affinity column chromatography as reported earlier (SI). 13 The two-step cascade reaction catalyzed by DAAO Rg and TK gst was performed using D-serine obtained with D-TA-3005 and an appropriated aldehyde as TK acceptor substrate. To validate the strategy, two aldehydes having an increased carbon chain length were chosen, such as glycolaldehyde C 2 (1), and D-erythrose C 4 (2) leading to the corresponding valuable C n+2 ketoses, L-erythrulose C 4 (3), and D-fructose C 6 ( 4) respectively (Table 2). For all reactions, the same concentration (50 mM) of both substrates D-serine and aldehyde 1 or 2 was used. The ratio DAAO Rg /TK gst was adjusted to obtain a total conversion of D-serine considering that a minimum amount of both enzymes was used and to avoid DAAO Rg inhibition by HPA. Hence, the bi-enzymatic cascade allowed an almost total (82% and 95% for 1 and 2 respectively) and rapid (8h) conversion of both substrates as observed by in situ 1 H NMR (Table 2). Both ketoses were purified and characterized as the only products, with high enantio-and diastereoselectivity (> 95%) and obtained with good isolated yields (57-60%). The entire process could be further optimized, especially by co-immobilization of all enzymes to ensure their reusability and by performing the conversion in a continuous reactor for higher scale production of ketoses. The procedure could also be extended to TK variants or to other HPAdependent enzymes in place of wild-type TK for obtaining a wide range of (3S)-ketoses and analogs. 

CONCLUSIONS

EXPERIMENTAL SECTION

Procedure of D-serine synthesis catalyzed by D-TA E3005 (CFE).

To the solution containing glycine and formaldehyde (50mM or 100mM) were added PLP (0.05 mM), MgCl 2 (10 mM) and cell free extract of D-TA E3005 (133µL of CFE containing 3.5 mg of proteins) in H 2 O. The pH was adjusted at 7.3 with 0.1M NaOH. After 24 h, methanol (twice the reaction mixture volume) was added. After 16 h at 4°C, the solution was filtrated and evaporated under reduced pressure. D-serine was characterized by HPLC and 1 H NMR (SI) and was obtained as a white solid with 97% yield.

Procedure of HPA synthesis catalyzed by purified DAAO Rg . To the solution containing Dserine (50 mM) previously produced using D-TA were added catalase (1 mg, i.e.1998U-4995 U/2h) and DAAO Rg (2 mg, 86 U) giving a final volume of 20 mL. Oxygen was bubbled into the reactor (10 mL . min -1 at atmospheric pressure). The reaction mixture was stirred (100 rpm) at 25°C, and the pH was automatically maintained at 7 by adding HCl (0.1 M) using a pH stat.

Oxygen was bubbled into the reactor (10 mL.min -1 at atmospheric pressure). The reaction was monitored by measuring HPA appearance using the LDH assay and D-serine consumption using the DAAO Rg/ LDH assay. The completion of the reaction was evidenced by in situ 1 H NMR. 

Scheme 1 :

 1 Scheme 1:In situ generation of HPA from TA or DAAO-catalyzed reaction coupled with TK-

Scheme 2 :Scheme 3 :

 23 Scheme 2: One pot three-steps enzymatic cascade catalyzed by a crude extract of E. coli strain

Chart 2 :

 2 Influence of temperature on conversion rate of glycine ▲35°C; • 30°C ; ■ 25°C.

Chart 3 :Chart 4 :

 34 Influence of pH on conversion rate of glycine. • 1B pH 6 ; ■ 2B pH 6.5 ; ▲ 3B pH 7 ;.X 4B pH 7.5 ; + 5B pH 8.Nature of the base for pH controlDuring the reaction, the medium tends to acidify due to HCHO addition. Among the different studied bases, NH 4 OH and KOH were the best compounds to achieve full conversion into D-serine and avoiding potential racemization (Chart 4). The conversion in the presence of KOH (test F16514-05B) is significantly better, while the use of NH 4 OH allows a simple distillation step at the end of reaction. Influence of the nature of the base used to control pH on conversion rate of glycine. • NH 4 OH-F16514-056 ■ KOH 35.7%-F16514-58 ;▲ KHCO 3 -F16514-072.

Figure 4 :

 4 Figure 4: Different steps of fermentation process for biocatalyst production (D-TA enzyme

  An efficient enzymatic way catalyzed by D-TA overexpressed in Escherichia coli strain E3005 was developed in whole cells for D-serine production at industrial scale. A Smart Application of this D-TA catalyzed process was applied to ketose production within cascade enzymatic concept involving both other enzymes, DAAO and TK. The three enzymatic steps were performed with cell free extracts for the synthesis of two valuable (3S)-ketoses, L-erythrulose 3 and D-Fructose 4 with good yields and excellent stereoselectivities. This process allowed to resolve the major drawback of TK-catalyzed reaction for potential industrial applications. Indeed, HPA the key TK donor substrate rendering the reaction irreversible was in situ generated by D-TA and then DAAO from achiral glycine and formaldehyde.. This environmentally friendly procedure from affordable and cheap precursors represents an interesting alternative to the conventional chemical synthesis of HPA from toxic bromopyruvate and to the in situ HPA generation by reversible enzymatic Transaminase-catalyzed reaction from L-serine, requiring an additional -ketoacid as amino acceptor and an excess of one substrate to shift the equilibrium. Since the three enzymes are active under similar conditions, the multistep cascade synthesis obviated the isolation of intermediates, thus allowing to save time, resources, reagents and energy, while reducing waste.

  Procedure of simultaneous cascade synthesis catalyzed by purified TK gst and DAAO Rg . ThDP (0.1 mM), MgCl 2 (1 mM), D-serine previously produced using D-TA (50 mM) and acceptor aldehyde (50 mM) were dissolved in H 2 O and the pH was adjusted to 7 with 0.1 M NaOH. To this stirred solution were added catalase (1 mg/2h, 1998-4995 U/2h), TK gst (2mg /2,7h , 4,7 U/2,7h) and DAAO Rg (2 mg, 86 U) giving a final volume of 20 mL. Oxygen was bubbled into the reactor (10 mL . min -1 at atmospheric pressure). The reaction mixture was stirred (100 rpm) at 25°C and the pH was automatically maintained at 7 by adding 0.1 M HCl using a pH stat. Simultaneous cascade reactions were monitored by measuring D-serine and aldehydes consumption by in situ 1 H NMR and TLC. After total conversion of D-serine and/or aldehydes(8-32 hours), silica was added to the supernatant and the suspension was concentrated to dryness under reduced pressure before dry loading onto a flash silica column. Products 3 and 4 were isolated by silica gel chromatography using eluent CH 3 -COO(C 2 H 5 )/CH 3 OH (9/1) and CH 2 Cl 2 /CH 3 OH (9:1) respectively.ACS Paragon Plus EnvironmentOrganic Process Research & Development

Table 1 :

 1 our off-the-shelf enzymes portfolio19 which provided the required level of enantioselectivity (>99% ee). In this work, we describe the biotransformation process reactions conditions that were developed in order to ensure high performance, high productivity and robustness for multi-ton manufacturing. Among the different studied parameters, we have determined the optimal amounts of PLP, temperature, pH and glycine concentrations. Conditions for glycine and formaldehyde biotransformation into D-serine by whole cells
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Chart 1. Influence of PLP concentration on conversion rate of glycine • 0.3% w/w; ■ 0.1% w/w; ▲0.05% w/w ; X 0.01% w/w Temperature At temperature above 40°C, the conversion rate is rapidly limited by the degradation of formaldehyde yielding inhibition of the enzymatic activity. Furthermore, significant amount of impurities was observed between 40 and 50°C (not shown). We therefore focused the operational temperature range between 25 and 35°C: the best conversion was observed at 30°C (Chart 2).

Table 1 .

 1 Influence of substrate concentrations on D-serine production.

	D-TA	Substrates(mM)		Reaction	lycine
	cell free extract	Glycine	Formaldehyde	time (h)°G conversion rate (%) a
	(mg of proteins)			

Table 2 .

 2 The influence of different concentrations of both enzymes and TK aldehyde substrates were first studied and the best conditions are indicated in table 2. Conditions and results of one-pot cascade reactions for ketoses 3 and 4 synthesis from aldehydes 1 and 2 and D-serine, obtained by coupling DAAO Rg and TK gst
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  All chemicals were purchased from Sigma-Aldrich, Alfa-Aesar and CarboSynth.

	Organic Process Research & Development	Page 16 of 23
	General. Bradford reagent was from Bio-Rad. Ni-NTA resine was obtained from QIAGEN. Proteins and	
	enzymes were acquired from Sigma-Aldrich. Lyophilisation was carried out with Triad	
	LABCONCO dryer. UV-visible absorbance was measured using a Spark control 10 microplate	
	reader from TECAN and an Agilent Technologies, Cary 300 UV-Vis spectrophotometer enabling	
	Peltier temperature control. MARCHEREY-NAGEL GmbH & Co KG 60/40-63 mesh silica gel	
	for Liquid Flash Chromatography and MARCHEREY-NAGEL GmbH & Co KG 60 F254 silica	
	gel TLC plates with anisaldehyde stain for detection were used. Reaction pH for preparative	
	synthesis was maintained using a TitroLine®7000 autotitrator. NMR spectra were recorded in D 2 O	
	In situ 1 H NMR measurements. Progress of preparative scale enzymatic synthesis were	
	monitored by using quantitative in situ 1 HNMR relative to 3-trimethylsilyl-2,2,3,3-	
	tetradeuteropropionate (TSP-d 4 ) as internal standard. Aliquots of the reaction mixture were	
	removed overtime (450 µL) and mixed with 50 µL of TSP-d 4 (50 mM in D 2 O).	
	ACS Paragon Plus Environment	

or DMSO on a 400MHz Bruker Avance III HD spectrometer. Chemical shifts are referenced to the residual solvent peak. The following multiplicity abbreviations are used: (s) singlet,

(d) 

doublet, (t) triplet, (m) multiplet.

ACS Paragon Plus Environment

Organic Process Research & Development 20 Production and activity determination of DAAO Rg and TK gst , 1 H NMR, 13 C NMR spectra of ketoses 3 and 4.
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