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ABSTRACT. Aldolases are powerful C-C bond-forming enzymes in biocatalysis due to their 

unparalleled stereoselectivity, the ease with which reactions that do not require cofactor recycling 

can be set up, the large number of different types and families available, and reaction feasibility 

under mild operating conditions. Since 2016, major discoveries have been made that broaden the 

scope of both nucleophile and electrophile substrates. For instance, more hydrophobic, sterically 
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hindered nucleophile components have led to structures that are difficult to synthetize with purely 

chemical procedures. Likewise, the use of structurally diverse ketones as electrophiles has allowed 

the stereoselective synthesis of tertiary alcohols. These major advances will be presented and 

discussed in this review.

1 Introduction

Carbon–carbon bond formation is a cornerstone reaction and a challenging transformation in 

organic synthesis. The use of biocatalysts makes it possible to combine a more environmentally 

friendly chemistry with access to optically pure complex compounds. Aldolases are enzymes that 

have been widely described in the literature for many years1–6 as being able to synthesize molecules 

of interest with a high chemo-, regio- and stereo-selectivity. Indeed, the chiral hydroxyketone 

motif they create can be found in the structure of many natural products.7

Aldolases are a class of lyases (EC-4.1.2.) that are classified into five families based on the 

substrate that plays the role of nucleophile component in the metabolism: dihydroxyacetone 

phosphate (DHAP)-, acetaldehyde-, glycine-, pyruvate- and dihydroxyacetone (DHA)-aldolases 

(Scheme 1). Exceptions are the DHA and analogues utilizing aldolases. For this particular class, 
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the natural substrate remains unknown, so its name derives from the first active nucleophile 

discovered in this family.8 

HO OH
O

DHA

HO OPO3
2-

O

DHAP

H3C H

O

acetaldehyde
-O2C

NH2

glycine
-O2C

O

CH3

pyruvate

Scheme 1. Nucleophile substrates of the five aldolase families.

From a mechanistic point of view, aldolases operate according to two distinct types of 

mechanism. In the first (class I, Scheme 2A), the nucleophile substrate is activated as an enamine 

through a Schiff base between the carbonyl group of the substrate and the  -amino group of a 

conserved lysine residue in the active site to initiate the aldol or retroaldol reaction. In the second 

(class II, Scheme 2B), an essential transition metal ion acting as a Lewis acid cofactor promotes 

the deprotonation of the nucleophile with subsequent formation of an enediolate.
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Scheme 2. Summarized mechanisms of C-C bond formation for A: Class I, and B: Class II 

aldolases.

In 2019, J. P. Adams et al9 described the aldolase family as being underused in the 

pharmaceutical industry due to their strict requirement for a unique nucleophile. Challenging the 

dogma on their stringent nucleophilic substrate specificity, major advances have been made over 

the last five years to produce structurally diverse products using nucleophiles that are distinct from 

natural ones. Moreover, ketones were proved to be tolerated on the electrophile site, leading to 

optically pure tertiary alcohols, which is a highly sought-after motif. 
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This review will highlight recent work on the scope of nucleophile/electrophile substrates in four 

families of aldolases: DHAP, DHA and analogues, acetaldehyde (i.e., 2-deoxy-D-ribose-5-

phosphate aldolase: DERA) and pyruvate aldolases. The pyridoxal 5’-phosphate (PLP) dependent 

glycine aldolases will not be discussed here because of i) their significant mechanistic difference 

(neither class I, nor class II, but formation of an external aldimine (i.e., PLP+glycine) that 

facilitates deprotonation of the nucleophile) compared to the four other families, and ii) their 

nucleophile is neither an aldehyde nor a ketone but an alpha-amino acid which does not produce 

an aldol or ketol adduct. In addition, this review will not include promiscuous aldolase activities 

concerning other classes of enzymes or non-catalytic proteins (e.g., 4-oxalocrotonate tautomerase, 

transferases, lipases, antibodies and formolase). Furthermore, we do not intend to present a 

comprehensive survey of the literature, but rather to illustrate the advance in tolerance of both 

nucleophile and electrophile substrate scope of aldolases developed for the construction of 

complex molecules.

2 Overview of the different aldolases

In this section, general information will be given on DHAP, DHA, acetaldehyde and 

pyruvate aldolase families, for which significant discoveries have been made in the last five years.
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2.1 Dihydroxyacetone phosphate-dependent aldolases (DHAP-aldolases)

DHAP aldolases were the first to be studied for organic asymmetric aldol reactions. They allow 

the creation of two new asymmetric carbons with the concomitant functionalization and, most 

importantly, three out of the four possible stereoisomers can be accessed with an excellent enantio- 

and diastereoselectivity. D-Fructose-1,6-bisphosphate aldolases (FruA) give adducts having 

(3S,4R) configuration, L-fuculose-1-phosphate aldolases (FucA) produce (3R,4R) aldols while L-

rhamnulose-1-phosphate aldolases (RhuA) give (3R,4S) products.1,3,10 D-Tagatose-1,6-

bisphosphate aldolases (TagA) have limited applications in organic synthesis due to their lack of 

stereoselectivity. Only one example has been described using TagA for the stereoselective 

synthesis of D-tagatose from in situ generation of DHAP and D-glyceraldehyde-3-phosphate (D-

G3P).11 This limits the production of the four possible stereo-adducts from DHAP and an 

electrophile.12 Although both class I and II co-exist in the FruA aldolase family, class I is more 

highly studied, with class II only reported for FucA and RhuA. For the latter two families, the 

DHAP C3 pro-R proton is abstracted leading to a cis-enediolate whose re face is exposed to the 

electrophile, leading to a strict 3R stereochemistry. The nucleophilic cis-enediolate then attacks 

the si face of the aldehyde, resulting in a 4R configuration for FucA, whereas the electrophile re 
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face is only available within the RhuA active site, giving a 4S configuration (Scheme 3A). It should 

be noted that, for both enzymes, occasional inverse binding of the aldehyde can be observed 

depending on its structure, leading to a lack of stereoselectivity in C4.13 In terms of class I FruA 

(Scheme 3B), the DHAP proton removed is the C3 pro-S, giving a cis-enamine with an accessible 

si face for the electrophile, which leads to a strict 3S stereochemistry. After a si face attack of the 

aldehyde, a resulting 4R configuration is obtained.14

A: R1=CHOH-CH3
B: R1=CHOH-CH2OPO3

2-

Scheme 3. Aldolisation mechanisms for A: class II FucA and RhuA, and for B: class I FruA, 

explaining DHAP aldolase stereocomplementarity.
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DHAP-dependent aldolases can accept a great diversity of electrophilic aldehydes. This 

flexibility in terms of their active sites has led to the synthesis of complex polyhydroxylated 

monosaccharides being used as food additives, cosmetics, flavors and building blocks for drug 

synthesis.1,3,4,10,15,16 Over the past five years, research on DHAP-dependent aldolases has focused 

on two main areas that will be discussed below in more detail. The first concerns in vitro or in vivo 

generation of the nucleophilic substrate DHAP by multienzymatic cascades using simple and 

abundant compounds as starting materials. The second is based on the conversion of previously 

unused electrophiles, such as ketones, providing access into the challenging sector of tertiary 

alcohols.

2.2 Dihydroxyacetone-dependent aldolases (DHA aldolases)

Class I D-fructose-6-phosphate aldolase from Escherichia coli (FSAEcoli), discovered in 2001, 

brings about the reversible catalysis of aldol addition from DHA to D-G3P to produce D-fructose-

6-phosphate (D-F6P) ((3S,4R) stereospecificity).8 Its physiological role in E. coli as well as its 

natural substrate remains unknown.17 The crystal structure showed a decameric quaternary 

framework, built up of two pentamers packed face to face. This confers an extraordinary 

thermostability, resulting in persistently good activity after treatment at 70 °C for 40 min. The 
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subunit of FSAEcoli consists of a single domain that folds into an α/β barrel.18 The great advantage 

of FSAEcoli in organic synthesis is its ability to catalyze aldol additions of non-phosphorylated 

nucleophilic components to aldehydes, instead of needing DHAP as in the case of DHAP-

aldolases. The use of simple DHA analogues greatly simplifies and streamlines the synthetic 

process. Interestingly, wild type FSAEcoli, and variants thereof, were able to tolerate DHA 

nucleophile analogues such as hydroxyacetone (HA), hydroxybutanone (HB) and even the 

aldehyde hydroxyethanal (HE), catalyzing the reactions with high activity and uncompromised 

stereoselectivity.19–21 This makes FSAEcoli an unprecedented aldolase with tremendous synthetic 

potential.

Since the discovery of FSAEcoli in 2001, in contrast to most other aldolases, no other natural, 

efficient DHA aldolases were identified from other sources until 2015, where a sequence-driven 

approach was applied to explore a large microbial genome for the DHA aldolase families.22 Most 

of the newly discovered DHA aldolases had a conserved Tyr residue, which, like Tyr131 in 

FSAEcoli, contributes to the aldolase activity. Its involvement has given rise to some contradictory 

results. It has been suggested that Tyr131 acts as a general acid/base via a catalytic water molecule, 

which forms hydrogen bonds with Gln59 and Thr109 residues (Figure 1).23,24 
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Figure 1. PyMOL model (http://www.pymol.org) of the active site of the wild-type FSAEcoli (PDB 

ID:1l6w) in a complex with DHA in enamine form (unpublished results). Tyr131 acts as a general 

acid/base via a catalytic water molecule (W), which forms hydrogen bonds with Gln59 and Thr109 

residues.

Substitution of Phe for Tyr at position 131, however, while conserving partial activity in 

catalyzing the aldol addition of HA to cinnamaldehyde derivatives, prevented activity involving 

the reaction of DHA with D-G3P as well as the retro aldol cleavage of D-F6P.23,25 Further 

knowledge of the active site has made possible to design variants that considerably increase the 

activity spectrum of DHA-aldolases, as discussed later.

2.3 Acetaldehyde-dependent aldolases: deoxy-D-ribose-5-phosphate aldolase (DERA)

2-Deoxy-D-ribose-5-phosphate class I aldolase (DERA) catalyzes the reversible conversion of 

acetaldehyde and D-G3P to 2-deoxy-D-ribose-5-phosphate (D-R5P), with a strict 3S 
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stereoselectivity.26 This can be explained by the enamine nucleophilic attack of the si face of the 

natural D-G3P electrophile (Scheme 4).

O
+

Nucleophile Electrophile

(R)

O DERA
O

NH
si face

(R)

(R)
O

H

H

OH
OPO3

2-H

OH
OPO3

2-

OH
OPO3

2-

Lys

OH

(S)

Scheme 4: DERA mechanism exhibiting its stereoselectivity.

In vivo, DERA provides key intermediates that are essential for different metabolic pathways, 

e.g., glycolysis, the Krebs cycle, the pentose-phosphate pathway, and nucleotide catabolism27 in 

bacterial, archaeal, and mammalian cells.28 DERA from E. coli (DERAEcoli) was the most studied 

aldolase, existing as a dimer, with one active site per monomer.29 Recent advances in the 

elucidation of the mechanism have been published.30,31 In particular, a relatively high flexibility 

of the last eight C-terminal residues has been demonstrated by the absence of electron density in 

this region, indicating their possible participation in the activation of the nucleophile component 

via proton abstraction.30 This explains why Ni-NTA purification of C-terminal His-tagged DERA 

had limited success. The main phosphate binding residues directed to the native acceptor substrate 

(D-G3P) are: Lys172 via a water molecule as well as direct side-chain interactions with Ser238, 
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direct peptide backbone interactions with Ser238 and Gly205, and via a water bridge with the 

backbone of residues Gly171, Val206, Gly236 and Ser239.31 Amino acid positions responsible for 

DERA enantioselectivity have been identified to be Thr18 and Leu20 (both in β1-sheet) as well as 

Ala203 (β7-sheet). This was substantiated by comparison with enantio-complementary pyruvate-

dependent 2-keto-3-deoxy-6-phosphogluconate aldolase and 2-keto-3-deoxy-6-

phosphogalactonate aldolase using a homologous grafting approach, MD simulations, geometric, 

and phylogenetic analyses.32 Among the mutants generated, T18S led to a decreased enantiomeric 

excess (ee 20%), but none of them were able to lead to inversion of stereoselectivity, suggesting 

that the DERA mechanism was more complex than anticipated.

The most attractive feature of the DERA aldolase family is that both substrate and product are 

aldehydes. However, it also highlights a problem of substrate selectivity, i.e., the unspecific role 

of nucleophile and electrophile, potentially resulting in two self-aldol reactions and two cross-

aldol reactions. Part of the answer lies in the intrinsic behavior of the enzyme: it is an acetaldehyde-

dependent aldolase, hence it displays an excellent selectivity for the nucleophile, like other 

aldolases, even though few other nucleophiles such as propionaldehyde,33 acetone or fluoroacetone 

are also accepted, but at much lower rates.34 It is unique among aldolases in converting an aldehyde 
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rather than a ketone as the natural nucleophile, the only other exception being the promiscuous 

activity observed for DHA aldolases.20 On the contrary, it accepts a wide variety of aldehydes as 

electrophile substrates, with long chains of up to four carbon atoms.4 This enables the synthesis of 

pyranoid building blocks, as well as the preparation of different types of deoxysugars, such as 

deoxy-, dideoxy-, trideoxy-, aza- and thio-sugars,35 pyrimidine nucleosides,36,37 5-deoxy ketoses 

and nine carbon sialic acid-type sugar derivatives.38,39 It is noteworthy that when polar groups are 

present at the electrophile C2 carbon, the D isomers are preferred over the L isomers, whereas in 

the case of a hydrophobic group at the same position, a reverse enantiopreference is observed.40

Cascade reactions were also envisaged since the aldol adduct is an aldehyde that can be used as 

an electrophile in an ensuing aldol reaction. For instance, when the first aldol product is an (R)-

configured aldehyde, it can be accepted by DERA as an electrophile,41 and the sequential cross-

aldol reaction stops when a stable intra-molecular hemiketal is formed. This promising double 

aldolisation, involving three molecules of acetaldehyde or two plus one chloroacetaldehyde 

substrates, has been widely used to prepare statin side chains and epothilones, creating both 

stereocenters with excellent stereoselectivity (Figure 2).42–45
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OH

OH
R

R = H, Cl

Figure 2. Industrially relevant molecules containing fragments (in red) that can be obtained with 

DERA.

Epothilones prevent cancer cells from dividing by interfering with tubulin40, whereas statins are 

cholesterol-lowering drugs inhibiting the 3-hydroxy-3-methylglutarylCoA reductase; the latter in 

particular is in huge demand in the pharmaceutical market.46–48 As seen later, the attractiveness of 

such molecules of biological interest, which can be easily prepared by an eco-compatible method 

involving DERA, has led many researchers to focus on the optimization of this enzyme with a 

view to developing industrial processes.
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Since acetaldehyde is harmful to the cell, a natural protective mechanism might exist where 

acetaldehyde inhibits DERA at high concentrations by terminating the D-R5P cleavage. This 

feature has been a major hindrance to the development of laboratory and industrial processes, and 

is still relevant, as mentioned later. Other recent advances will be discussed, such as nucleophile 

substrate promiscuity and the amazing discovery that it is possible to carry out four successive 

aldolisations when using one particular electrophile.

2.4 Pyruvate-dependent aldolases (PyrAL)

Pyruvate-dependent aldolases (PyrAL) reversibly catalyze the aldol addition of pyruvate to 

different aldehydes or even, in a few cases, to other ketoacids, yielding γ‐hydroxy‐α‐oxoacids. 

PyrAL are involved in different biological functions and thus they exist in a great variety of 

families49. For example, they are involved in aromatic compound degradation pathways and in the 

metabolism of sugars through Entner-Doudoroff or modified Entner-Doudoroff pathways. Thus, 

given that they all share pyruvate as the nucleophile substrate, a large number of electrophiles can 

be involved, from aromatic to polyhydroxylated aldehydes.1–3 In mechanistic terms they exist in 

classes I and II, and in structural terms they are present in four Pfam (https://pfam.xfam.org)50. N-

Acetylneuraminic aldolase (NeuA or NAL), 2-dehydro-3-deoxy-6-phosphogalactonate aldolase 

Page 15 of 91

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://pfam.xfam.org


16

(KDPGalA), 2-dehydro-3-deoxy-6-phosphogluconate aldolase (KDPGlucA), trans-o-

hydroxybenzylidenepyruvate hydratase aldolase (HBPA) and 4-hydroxy-2-oxoglutarate aldolase 

(HOGlutA), all from class I, belong to the same PF00701/01801/07071 dihydrodipicolinate 

synthetase family (DHDPS) (Scheme 5). Until recently, these class I PyrALs were mostly involved 

in organic synthesis.5 To our knowledge, HOGlutA has never been used for synthetic applications.

+
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-
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-
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D-glyceraldehyde 3-phosphate

KDPGlucA

2-O3PO O
OH
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Scheme 5: Natural reactions catalyzed by class I PyrALs.
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The PF03328 hpcH/citrate lyase group comprises the class II 4-hydroxy-2-oxo-heptane-1,7-

dioate (HpcH), 5-keto-4-deoxy-D-glucarate (GarL) and 2-keto-3-deoxy-L-rhamnonate (RhmA or 

YfaU) aldolases. They will be described below, demonstrating their synthetic complementarity to 

the class I representatives. The PF07836 DmpG-like communication domain, containing 4-

hydroxy-2-oxovalerate aldolase (HOA or BphI), is less used in synthesis despite its high 

stereoselectivity.51 Finally, 4-hydroxy-4-methyl-2-oxoglutarate (HMG/CHA) aldolase, a member 

of the PF03737 regulators of ribonuclease E activity A family (RraA-like),52 is able to catalyze the 

self-addition of pyruvate, leading to a tertiary alcohol pattern. Their catalyzed natural reactions are 

illustrated in Scheme 6.
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Scheme 6: Natural reactions catalyzed by class II PyrALs.

In this aldolisation reaction, the pyruvate enzymes create stereocenter R or S, depending on the 

position of the aldehyde in their active site. Scheme 7 illustrates the two possibilities for classes I 

and II. S and R configurations are selected on the basis that R1 gives priority to the methylene. 
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O

H
A: PyrAL class II
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H
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or
R1 variable, see schemes 5 and 6

Scheme 7: PyrAL stereoselectivity depending on the re or si face of the aldehyde presented to the 

nucleophile. 

Pyruvate aldolases and enzymes displaying promiscuous aldolase activities using pyruvate and 

analogs as nucleophiles have been reviewed recently, and, as mentioned in the introduction, will 

not be covered in detail in this review.53 Nevertheless, we have devoted sections 3.5 and 4.5 to this 

family due to the innovative results found in the literature over the past five years.
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3 The breakthrough of nucleophile substrates

3.1 Introduction

It is often noted in the literature that aldolases of all families are very specific to their 

nucleophilic substrate. This remains true for DHAP aldolases, for which no nucleophiles other 

than DHAP (or DHAP mimics) have been discovered in recent years. The latest publications focus 

on the development of new pathways for DHAP production. In contrast, new enzymes with 

outstanding performance, and with a capacity to transform other nucleophiles, have been found 

for the other three aldolase families. These are all reviewed below.

3.2 DHAP aldolases

One of the main disadvantages of DHAP aldolases is that they are only able to use DHAP as the 

nucleophile. Remarkably, RhuA was discovered to accept DHA, as such for the variant N29D, or 

with high concentrations of borate buffer for the wild-type.54–56 It is well known that DHAP is a 

fragile substrate that is rather unstable under alkaline conditions, and this pH-sensitivity during 

synthesis results in its being commercially expensive.4,57 Recent ecocompatible reactions, 

bioinspired or artificial, in vivo or in vitro, involving DHAP aldolases in multi-enzymatic 

cascades, have demonstrated well-proven benefits: i) minimizing the degradation of fragile 
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intermediates such as DHAP, ii) avoidance of any potential enzyme substrate inhibition, and iii) 

improvement in production yields coupled with reduced costs.

3.2.1 In vitro methods for DHAP synthesis

Since glycerol is a byproduct of biodiesel production, its conversion into high added value 

molecules is relevant.58 In 2002, a two-step multienzymatic synthesis of DHAP from glycerol was 

developed.59 This synthesis was improved in 2017 by incorporating a multienzymatic one-pot 

cascade, combining five enzymes at once (Scheme 8, blue and black parts).60 Thereby, L-glycerol-

3-phosphate was first generated by glycerokinase, using ATP as phosphate donor, and 

subsequently oxidized with glycerol phosphate oxidase. ATP regeneration was provided by 

acetylphosphate as phosphate donor in the presence of acetate kinase, while the inactivation of the 

oxidase by hydrogen peroxide was prevented by the addition of catalase.61
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HO OH
OH

glycerol

glycerokinase
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acetate
kinase

acetyl
phosphate

acetate
HO OPO3

2-

OH
L-glycerol-3-phosphate

glycerol
phosphate
oxidase

catalase
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H2O2H2O

HO OPO3
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O
DHAP

PPi

Pi

DHAP
aldolases

electrophile

phosphorylated
aldoses

+ D-glycerol-3-phosphate

acid phosphatase

aldoses

acid phosphatase

Scheme 8. Multienzymatic cascade for DHAP production and consumption. Pi: inorganic 

phosphate, PPi: inorganic pyrophosphate.60,64

The original process was improved by searching for new sources of enzymes with enhanced 

activity, and by avoiding putative inhibitions. Thus, two new enzymes were implemented: an 

acetate kinase from Mycobacterium smegmatis and a flavin dependent glycerol phosphate oxidase 

from Mycoplasma gallisepicum. The catalase from Micrococcus lysodeikticus as well as the 

Thermococcus kodakarensis glycerokinase were already characterized.62 This combination of 

enzymes led to an 88% glycerol conversion. The coupling of this cascade with a class I FruA from 

Staphylococcus carnosus (FruAScarn),63 using acetaldehyde or D-G3P as electrophile, led to the 
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formation of ca 40% of aldol adducts at an analytical scale. According to the authors, this relatively 

low yield could be due to both product inhibition and equilibrium constraints. In 2020, Gao’s 

team64 proposed the synthesis of DHAP using a similar technique, but the phosphorylation step 

was catalyzed by an acidic phosphatase from Shigella flexneri, using the inexpensive 

pyrophosphate (PPi) as phosphate donor instead of ATP (Scheme 8, shown in red). This 

phosphatase was previously developed by Wever’s group65,66 for the direct phosphorylation of 

DHA and then hydrolysis of the ester phosphate group of the aldol adduct that was created. The 

reaction system generated a racemic mixture of glycerol-3-phosphate, but only the L-enantiomer 

was transformed into DHAP, as had already been noted in 2000 by Sheldon’s group.67 The 

multienzymatic cascade enabled rare sugars of interest15 to be generated through the use of D- and 

L-glyceraldehyde electrophiles, yielding D-psicose, D- and L-sorbose, L-tagatose and L-fructose at 

a hundred milligram scale with FucA from Thermus thermophilus (FucATtherm), FruAScarn or 

RhuAEcoli as summarized in Table 1. Yields were calculated with respect to the limiting reagent, 

i.e., glyceraldehyde, while glycerol was present in excess (8.3 eq).

Table 1. Performance of aldolase-mediated cascade reactions based on the rare sugar obtained.64

Aldolase Aldehyde Product Yield (%)
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RhuAEcoli D-glyceraldehyde D-sorbose 24

FucATtherm D-glyceraldehyde D-psicose 60

RhuAEcoli L-glyceraldehyde L-fructose 54

FucATtherm L-glyceraldehyde L-tagatose 36

FruAScarn L-glyceraldehyde L-sorbose 56

Artificial ATP-free in vitro enzymatic biosystems have been generated from maltodextrin, a 

derivative of starch.68 The process was inspired by a similar multienzymatic system, named 

“artificial metabolism” and developed by Fessner’s group,69 where DHAP was obtained from 

fructose-1,6-bisphosphate (FBP) starting from sucrose. In this new approach, four enzymes were 

involved to produce FBP starting from maltodextrin: alpha-glucan phosphorylase (GP), 

phosphoglucomutase (PGM), phosphoglucose isomerase (PGI) and pyrophosphate 

phosphofructokinase (PPi-PFK) (Scheme 9). This latter enzyme uses PPi as the phosphate donor, 

thus avoiding ATP and its regeneration system. FBP was then retroaldolized into DHAP and D-

G3P using FruA. Next, D-G3P and DHAP were interconverted by triose phosphate isomerase 

(TPI). Thanks to the thermostability of these enzymes, the process rate could be enhanced by 

increasing the temperature up to 70°C. Subsequently, FucAEcoli or RhuA from Bacteroides 
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thetaiotaomicron (RhuABthet) was used with different aldehydes but at room temperature due to the 

non-thermostability of these enzymes. Finally, dephosphorylation of the resulting aldol adduct was 

achieved by an acidic phosphatase. This last step could not be coupled in a one-pot fashion due to 

the lack of specificity of the phosphatase towards the aldose, and therefore it was performed as a 

one-pot three-step process. Aldol reactions with D-, L-glyceraldehyde, and HE were investigated 

on an analytical scale, but unfortunately none of them were scaled up.

Maltodextrin
GP

O

OPO3
2-HO

HO
HO

OH

Glucose-1-phosphate

PGM O

OHHO

HO
HO

OPO3
2-

Glucose-6-phosphate

PGI
O OH

OH

HO

OH

2-O3PO

Fructose-6-phosphate

GP: Alpha-glucan phosphorylase
PGM: Phosphoglucomutase
PGI: Phosphoglucose isomerase
PPi-PFK: Pyrophosphate phosphofructokinase
FruA: D-Fructose-1,6-bisphosphate aldolase
TPI: Triose phosphate isomerase

PPi-PFK

O OH

OPO3
2-

HO

OH

2-O3PO

Fructose-1,6-bisphosphate

PPi

Pi

FruA

2-O3PO OH
O

DHAP

+

2-O3PO O
OH

D-Glyceraldehyde-3-phosphate

TPI

DHAP
aldolases

Electrophile

Phosphorylated
aldoses

Acid
phosphatase

Aldoses

Scheme 9. Multi-enzymatic synthesis of aldoses from a bio-sourced substrate, by a one-pot three-

step procedure. Each step is indicated in a different color: black, blue and red.68

Another strategy involved a cascade using a transketolase (TK) as biocatalyst, with a ketose 

as starting material. This reaction furnished DHA, the precursor of DHAP, and the electrophile 
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component for the subsequent aldol reaction.70 As a proof of concept, L-sorbose and formaldehyde, 

an uncommon TK acceptor for the transfer reaction, were chosen as substrates, yielding DHA and 

L-threose (Scheme 10). Conversion of DHA into DHAP was then performed by a 

dihydroxyacetone kinase (DHAK) in the presence of ATP with the appropriate regeneration 

system. Under these conditions, the whole process was virtually irreversible, allowing only one 

equivalent of formaldehyde to be used. Finally, the addition of FruA from rabbit muscle enabled 

L-galacto-2-heptulose-1-phosphate to be obtained in a one-pot one-step process, providing 80% 

isolated yield, at a hundred milligram scale.

O
HO

OH

OH

OH

L-Sorbose

TK

CH2O

O
OH

OH

OH

OH

O
+

L-Threose

FruA

TK = Transketolase
DHAK = Dihydroxyacetone kinase
FruA= D-Fructose-1,6-bisphosphate aldolase

HO

HO

DHAK

ATP ADP

O
OPO3

2-

OH
O
OPO3

2-

OH

OH

OH

HO

L-galacto-2-Heptulose-1-phosphate

HO

recycling
system

Scheme 10. TK mediated generation of both nucleophile and electrophile components in the 

aldolase biocatalyzed reaction.70
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3.2.2 In vivo methods for DHAP synthesis

There are multiple benefits to whole cells overexpressing different enzymes: i) there is no 

need for external cofactor regeneration, ii) the enzyme of interest is produced within the cell, and 

iii) it is highly efficient, taking advantage of the cell machinery. Thus, DHAP could be generated 

from glycerol, based on the in vitro multienzymatic cascades described above. Sun’s team71 

showed that a modified strain of Corynebacterium glutamicum was able to grow three times faster 

if the organism first converts glycerol to DHA before being phosphorylated into DHAP, rather 

than through the glycerolphosphate intermediate. This was because the cell growth was inhibited 

by glycerol phosphate. Thereby, genes encoding a glycerol facilitator (GlpF from E. coli), glycerol 

dehydrogenase (DhaD from Klebsiella pneumoniae) and ATP-dependent dihydroxyacetone kinase 

(DhaK from Citrobacter freundii) were chosen for their high enzyme activity. At the same time, a 

second pathway was constructed within the same strain to produce the electrophile component, L-

glyceraldehyde, from glycerol, thanks to an alcohol dehydrogenase from horse liver. To avoid the 

glyceraldehyde reduction to glycerol, the gene of C. glutamicum, responsible for the expression of 

the corresponding oxidoreductase, was deleted (cgl0331). To produce the target aldoses, three 

strains were built containing three stereo-complementary DHAP aldolases: FruAEcoli, RhuAEcoli 
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and FucAEcoli, Finally, fructose-1-phosphatase was also introduced to allow the final 

dephosphorylation of the hexoses formed (i.e., YqaBEcoli). Using these whole-cell biocatalysts, L-

fructose, from RhuAEcoli, L-tagatose from FucAEcoli, and a mixture of L-sorbose and L-psicose from 

FruAEcoli were observed, though they were not isolated (Scheme 11).

Glycerol

glpF
Glycerol

HO OH
OH

HLADH HO O
OH

L-Glyceraldehydecgl0331
deletion

DhaD

HO OH
O

DHA
DhaK HO OPO3

2-

O

DHAP

+

yqaBL-Fructose-1-
phosphate

RhuA

FucA L-Tagatose
-1-phosphate

FruA
L-Sorbose
-1-phosphate

+
L-Psicose
-1-phosphate

yqaB

L-Fructose

L-Tagatose

yqaB L-Sorbose
+

L-Psicose

L-Fructose

L-Tagatose

L-Sorbose
+

L-Psicose

E coli

E coli

E coli

HLADH: alcohol dehydrogenase from horse liver

Scheme 11. In vivo methodology to produce various L-monosaccharides.71

The strategy to produce DHAP developed by Scott’s group60, described in Scheme 8, was also 

implemented by Gao’s team72 within a whole-cell strategy, involving an overexpression of a 

glycerol kinase from E. coli for glycerol phosphorylation and a glycerophosphate oxidase from 

Streptococcus pneumoniae for DHAP production. The proof of concept was demonstrated with 

RhuAEcoli and phosphatase YqaBEcoli. Two electrophiles, L- and D-glyceraldehyde, were introduced 

by portions producing L-fructose in ~50% yield and a mixture of D-sorbose and D-psicose (ratio 
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2.4/1) in 44% yield, both at a gram scale. Two equivalents of glycerol were used for one equivalent 

of aldehyde to create optimal conditions for glycerol (400 mM).

3.3 DHA aldolases

The nucleophile tolerance of FSAEcoli is not limited to the ones mentioned thus far, but also 

includes a series of higher DHA and HA homologues.73 This is possible with minimal protein 

engineering at the nucleophile binding site. Two main residues, L107 and L163, form a 

hydrophobic wall, blocking any extension of the new sterically demanding nucleophile substrates 

in this direction (Figure 3). Thus, substituting Ala for Leu in these positions created sufficient 

space to accommodate the enlargement of the DHA and HA homologues.
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Figure 3. PyMOL model (http://www.pymol.org) of the active site of the wild-type FSAEcoli (PDB 

ID:1l6w) in complex with D-F6P.74 Protein engineering at the nucleophile binding site. 

Substitution of Leu107 and Leu163 residues by Ala to accommodate larger nucleophile substrates.

DHA and HA homologues comprise those having long linear and branched aliphatic chains 

including some with functionalization (Scheme 12). The new nucleophiles were tested on the aldol 

addition to 3-hydroxypropanal. This reaction furnished unprecedented C1 substituted 

deoxyketopyranoses in 25−89% isolated yields from preparative reactions catalyzed by the most 

active FSAEcoli L107A/L163A variant. Furthermore, only a single stereoisomer (3S,4R) was 

formed in all cases, demonstrating that the stereochemistry was not compromised either by the 

nucleophile or by the structural changes in the active site. From the activity point of view, the 

reaction rates of DHA ether homologues were higher than the alkanones, whereas branched donor 

substrates had the lowest ones. A critical mutation was L163A, which created the additional space 

in which the substrate enlargement could be accommodated.73
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Scheme 12. FSAEcoli L107A/L163A variant catalyzed the synthesis of a series of C1 substituted 

deoxysugars. A: Alkanone homologues of HA; B: Ether homologues of DHA.73

This unique nucleophile tolerance of FSAEcoli became even more useful when it was found that 

the hydroxymethyl structural functionality was not essential for the activation of the nucleophile 

component by the enzyme machinery. Experiments proved than simple ketones and aldehydes 

were also suitable substrates of FSAEcoli in aldol addition reactions. This was first demonstrated in 

the FSAEcoli catalyzed addition of ethanal, propanone, and butanone, structural analogs of HE, HA, 

and HB, respectively, to D,L-G3P.75 D,L-G3P was selected because it has the lowest KM value for 

FSAEcoli (KM 0.8 mM), giving it a kinetic advantage over other aldehydes.21

Models of wild-type FSA in complexes with the Lys85 D-fructose6-phosphate (Fru6P) imine 

(Figure 4) and the Lys85-dihydroxyacetone (DHA) enamine plus D-G3P,76 indicated that residue 

Asp6 could interact via hydrogen-bonding with both the hydroxymethyl group of the DHA moiety 
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and the secondary hydroxyl group of D-G3P, presumably influencing the nucleophile and 

electrophile selectivity.23,77 

Figure 4. PyMOL model (http://www.pymol.org) of the active site of the wild-type FSAEcoli (PDB 

ID:1l6w) in a complex with D-F6P.74 Residue Asp6 involved in nucleophile selectivity.

Hence, FSAEcoli D6X variants, where X can be a hydrophobic (Ala and Leu), polar charged (Glu 

and His), or polar uncharged (Asn, Gln, Ser, and Thr) residue, were assayed. FSAEcoli D6H variant 

gave excellent results (>80% yield) in aldol additions of propanone, ethanal, butanone and 

cyclopentanone to L-G3P, with excellent stereoselectivity (>95% diastereomeric ratio, dr) and 

delivering a collection of rare deoxysugars with alkyl and cycloalkyl substituents (Scheme 13).75 
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It was also shown that Asp6 was the key residue for the recognition of non-hydroxylated 

nucleophiles.
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Scheme 13. FSAEcoli D6H variant catalyzed aldol addition reaction of propanone, ethanal, 

butanone and cyclopentanone to L-G3P.75

The scope of this FSAEcoli catalytic activity was probed in the aldol additions of ethanal, 

propanone, butanone, 3-pentanone, cyclobutanone and cyclopentanone to non-phosphorylated 

hydroxyaldehyde derivatives (Scheme 14)76 and a benzyloxycarbonyl protected amino aldehyde 

(Scheme 15).78 Interestingly, when using L-G3P, butanone reacted exclusively from the less 

substituted carbon atom (i.e., C1 attack). This is remarkable since organocatalytic aldol addition 

via enamine preferentially produced aldol adducts from the most substituted carbon atom (i.e., C3 

attack) or resulted in regioisomeric mixtures depending on the catalyst.79 However, when N-
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benzyloxycarbonyl-3-aminopropanal was used, the aldol adduct from the C3 attack was 

preferentially formed (Scheme 15). This could be due, among other things, to the different FSA 

variant at the D6X position used or the nature of the electrophile G3P or N-benzyloxycarbonyl-3-

aminopropanal. These reactions provide a strategy for the bottom-up synthesis of rare deoxysugars 

and chiral intermediates as well as of functionalized N-heterocycles.
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Scheme 14. FSAEcoli D6H and D6Q catalyzed aldol addition of ethanal, propanone, cyclobutanone 

and cyclopentanone to (S)-3-hydroxybutanal and benzyloxyacetaldehyde.76 
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Scheme 15. Different FSAEcoli D6X (where X=Asn, Glu, Leu) variants catalyzed aldol additions 

of ethanal, propanone, 3-pentanone, and cyclobutanone to N-Cbz-3-aminopropanal and 
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subsequent Cbz deprotection and intramolecular reductive amination, toward the N-heterocycle 

preparation.78

FSAEcoli also made it possible to address targets from homo aldol products of aldehydes, which 

are the basis for naturally occurring products like polyketides and terpenoids, as well as bulk 

chemicals (e.g., Guerbet-type compounds) (Scheme 16).80–82 By a structure-guided approach, a 

second important residue, Thr26, in the FSAEcoli active site, was identified and targeted along with 

Asp6 in a dual way (Figure 4). The Asp6 residue was mutated using the SHH (i.e., Ala, Asp, Gln, 

Glu, His, Leu, Pro, and Val), and Thr26 using the VYT (i.e., Ala, Ile, Leu, Pro, Thr, and Val) 

codon degeneracies requiring the screening of 200 clones for 95% coverage. SHH and VYT are 

degenerated codons (i.e. S: is 1:1 mixture of G and C; H: 1:1:1 of A, C and T; V:1:1:1 A, C, G and 

Y: 1:1 of C and T; T: is T). Library screening was performed using an aqueous medium containing 

a mixture of propanone and propanal (17:1, v:v) as competitive substrates (Scheme 16A). It was 

found that the D6X replacement showed a significant preference for propanone as nucleophile, 

while the introduction of T26X mutations strongly shifted toward propanal. FSAEcoli D6H and D6E 

variants gave the best results for the addition of propanone to propanal and to isobutanal, while 
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D6A/T26I and D6A/T26L gave the best rates for the homo aldol addition of propanal and butanal, 

respectively. Both reactions had a highly stereoselective outcome (Scheme 16).83

O
+

O OH O
D6X

1:17

OH O
D6X/T26X

O D6E
OH O

21% ee >99%

O
D6A/T26L

OH O

27%

O OH O
D6A/T26I

ee >99%
11%

O
+

O OH O
D6E

1:4 ee >95%34%

2

+
O

1:6
2

i)
O O

ee >99%

O O

Screening assayA

B

C

D

E

ii)

i)

ii)

Scheme 16. (A) Screening assay for the library FSAEcoli D6X/T26X. The screening led to variants 

with a preference for propanone as nucleophile (i.e., cross aldol addition of propanone to propanal) 

or toward propanal as nucleophile (i.e., homo aldol addition of propanal, since propanone could 

not act as electrophile). FSAEcoli D6E variant catalyzed the addition of propanone to propanal (B) 

and propanone to isopentanal (C) whereas FSAEcoli D6A/T26I catalyzed the homo aldol addition 

of propanal (D) and D6A/T26L the homo addition of butanal (E). i) NaBH4, MeOH; ii) 2,2-

dimethoxypropane, H+.83

3.4 DERA

Examination of the biodiversity in a sequence-driven approach has led to the discovery of two 

new DERAs from Arthrobacter chlorophenolicus (DERAAchloro) and Haemophilus influenzae 
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(DERAHinfl), with significant activity for singular nucleophiles such as cyclobutanone, 

cyclopentanone, HE and DHA, in addition to the already known nucleophiles ethanal and 

propanone. By using L-G3P, the corresponding rare L-monosaccharide-phosphates were prepared 

with DERAAchloro in 68 to 89% isolated yields (Scheme 17).84 After the discovery of FSAEcoli as a 

unique aldolase with broad nucleophile tolerance, native DERAAchloro could be highlighted 

showing similar plasticity. Considering DHA as a nucleophile, the sole stereocomplementary tool 

to FSA (3S,4R selective) was the RhuAEcoli variant N29D (3R,4S selective).56 Interestingly, in this 

study, DERAAchloro gave aldol adducts with a (3R,4R) configuration, a stereoselectivity that had 

not previously been identified in the DHA utilizing aldolases. This is in agreement with Wong’s 

preliminary work which showed the same (R) configuration alpha to the carbonyl of the aldol 

adduct when propanal was used as the nucleophile with DERAEcoli.85

2-O3PO

O

OH

DERAAchloro

2-O3PO

OH

OH
R2

O

R3

R3=CH3 : 88%
R3=H : 72%
R3=OH : 89%
R3=OH : 65%

2-O3PO

OH

OH

O

n=1: 74%
n=2: 68%

R1 R2

O

R1=C2H5 , R2=H
R1=CH3 , R2=CH3
R1=CH2OH, R2=H
R1=CH2OH, R2=CH2OH

n=1
n=2

O 2-O3PO

O

OH

DERAAchloro nn

Scheme 17. Synthesis of rare L-monosaccharides, involving unusual DERAAchloro nucleophiles.84
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3.5 Pyruvate aldolases

3.5.1 Fluoropyruvate

Since 2002, it has been shown that class I pyruvate aldolases can accept fluoropyruvate86–88 as 

the nucleophile allowing the synthesis of fluorosialic acid analogs. Recently, two class I pyruvate 

aldolases were used as catalysts for the synthesis of 3-fluoro-2-oxo acid derivatives using 

fluoropyruvate as the nucleophile,89 namely N-acetyl neuraminic acid lyase from E. coli90 

(NALEcoli), E192N and E192N/T167V/S208V variants, and trans-o-hydroxybenzylidenepyruvate 

hydratase aldolase from Pseudomonas putida (HBPAPput).91 NALEcoli E192N was previously 

generated to increase electrophile specificity and E192N/T167V/S208V for stereoselective 

complementarity.90 Thus, using NALEcoli, the aldol addition of fluoropyruvate to various α-S 

configured aldehydes (1-3, Scheme 18A) and an R configured aldehyde (7, Scheme 18B) were 

investigated, yielding four possible stereoisomers (Scheme 18A). Interestingly, the 

stereoselectivity outcome depended on the aldehyde structure and reaction time. Wild type 

NALEcoli and electrophile 1 gave stereoisomer 4 under kinetic control, while under thermodynamic 

control 5 was formed. In the presence of an α-hydroxyl in the aldehyde, e.g. 2, NALEcoli 

E192N/T167V/S208V variant was always 3R stereoselective allowing the formation of 6 and 7, 

while with the NHAc moiety only isomer 8, of the four possible, was obtained. Still with NALEcoli 
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E192N/T167V/S208V as catalyst, changing the α-configuration of the aldehyde for R (9, Scheme 

18B) also led to the formation of only one isomer (10, Scheme 18B).

HBPAPput was chosen as the catalyst to prepare aldol adducts from fluoropyruvate and various 

aromatic or heteroaromatic aldehydes (Scheme 19). This aldolase has been described to catalyze 

pyruvate additions to aromatic aldehydes followed by dehydration of the aldol, leading to 

conjugated ketoalkenes.92,93 However, probably due to the presence of the fluorine atom, 

dehydration was not observed using fluoropyruvate.90 Thus, the 2-oxoacids were not isolated and 

directly converted into their corresponding ethyl esters after oxidative decarboxylation. Fluoro 

compounds were achieved in 25 to 76% isolated yields in high ee (>98%) and a syn/anti ratio that 

varied from 83:17 to 98:2 in favor of the (2R,3S) diastereomer which exceeds the results achieved 

using NALEcoli variants.
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Scheme 18. NALEcoli catalyzed synthesis of fluoro ketoacids from fluoropyruvate and aldehydes. 

A: α-S configured aldehydes (1, 2 and 3), B: α-R configured aldehyde (9).89,90
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Scheme 19. HBPAPput catalyzed synthesis of fluoro esters from fluoropyruvate, aromatic and 

heteroaromatic aldehydes.91

In 2019, Chang’s group94 studied several class II pyruvate aldolases belonging to the PF03328 

family (Uniprot KB Id.: P23522, B1IS70, P76469, A5VH82; respectively GarL, HpcH and RhmA 

from E. coli, putative HpcH from Sphingomonas wittichii). They demonstrated that these aldolases 

also catalyzed the addition of fluoropyruvate to a variety of aldehydes. They were exclusively 

(3S)-selective, although non-stereoselective at C4 (4R or 4S). This configuration depended on the 
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enzyme and electrophile (Scheme 20). To improve the diastereoselectivity, HpcHEcoli was 

engineered and three variants, L212F, A174F and V118F, have shown higher stereoselectivities. 

Using these enzymes and variants thereof, the authors prepared carboxylic acid and ester 

derivatives after oxidative decarboxylation and esterification, respectively, starting from either 

chiral aldehydes (Scheme 20A, D- or L-glyceraldehyde and D- or L-lactaldehyde) or achiral ones 

(Scheme 20B, 2,2-dimethoxyethanal, HE and glyoxylate). It is noteworthy that only anti 

stereoisomers were isolated as major adducts when using L-aldehydes. In terms of the achiral 

aldehydes, only glyoxylate allowed the isolation of major syn or anti isomers, depending on the 

enzyme used, whereas 2,2-dimethoxyethanal and HE gave major anti isomers. 
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Scheme 20. PyrAL catalyzed synthesis of fluoro acids and esters from fluoropyruvate and various 

aldehydes. A: fluoro acids from D- or L-glyceraldehyde and D- or L-lactaldehyde (yields from 

HPLC analysis). B: fluoro esters from 2,2-dimethoxyethanal, hydroxyethanal and glyoxylate 

(isolated yields).94
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3.5.2 Hydroxypyruvate (HPA)

Hydroxypyruvate (HPA) was described as being converted by PyrAL at the analytical scale in 

the 90s, but it was only recently that a study provided the proof of concept for this nucleophile at 

the preparative scale.95–98 A collection of 571 enzymes, selected from various microorganisms and 

built through a sequence-driven approach, was screened using HPA as the nucleophile in the aldol 

reaction with D,L-glyceraldehyde as the electrophile.99 From this study, twenty-one wild type 

enzymes of the PF03328 family, including known YfaUEcoli (also named RhmA), GarLEcoli and 

HpcHEcoli aldolases, were found to tolerate HPA. Further, using D-glyceraldehyde as the model 

electrophile with these twenty-one aldolases, three stereoisomers of the four possible ketoacids 

(i.e., 3S,4R; 3R,4S and 3S,4S) were isolated, their relative proportion depending on the aldolase. 

PyrAL A5VH82 from S. wittichii, B2T1L6 from B. phytofirmans and A0A081HJP9 from P. 

aeruginosa (respectively putative HpcH, GarL and HpcH aldolases) proved to be excellent 

biocatalysts since they afforded good yields and high complementary stereoselectivities (Scheme 

21, numbers are Uniprot KB Id., to link to the original paper, and also due to their still unknown 

biological functions). Moreover, to complement the synthetic applications, A5VH82, i.e., 

hpcHSwitt, tolerated other electrophiles, such as D- and L-lactaldehyde as well as D-erythrose, 
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providing the corresponding aldols in good yields and dr >95% (~50% from D-lactaldehyde). This 

enzyme was selected for its remarkable capacity to provide adducts with a (3S,4S) configuration, 

forming a complementary tool to the existing known aldolases.

An explanation of A5VH82 (HpcHSwitt) high efficiency towards HPA was proposed by 

Hanefeld’s group.100 A phenylalanine residue in the active site (Phe210) establishes CH- 

interactions with the C-H bonds at the C3 of the HPA, thus improving the nucleophile binding to 

the active site. This Phe210 in A5VH82 (HpcHSwitt) occupies a generally conserved leucine residue 

found in other PyrAL. When this Phe residue was replaced by a tyrosine to further increase the 

electron density, a two-fold improvement of the catalytic rate constant was measured for the 

variant.
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Scheme 21. PyrAL A5VH82 from S. wittichii, B2T1L6 from B. phytofirmans and A0A081HJP9 

from P. aeruginosa catalyzed synthesis of polyhydroxylated ketoacids.99
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3.5.3 Alkyl-substituted pyruvate analogs

a) 2-Oxobutyrate 

Class II PyrAL have been described in the literature for many years as being able to use 2-

oxobutyrate as a nucleophile. However, no product characterizations, purifications, nor yields had 

been demonstrated. Recently, Clapés’ group published the isolation of ester derivatives prepared 

from the addition of 2-oxobutyrate to N-Cbz protected α-amino aldehydes catalyzed by 2-keto-3-

deoxy-L-rhamnonate aldolase (YfaUEcoli, also named RhmA, Uniprot KB Id.: P76469), fused with 

a maltose binding protein from E. coli (MBP-YfaUEcoli).101 YfaUEcoli is a class II 2-oxoacid aldolase 

(EC 4.1.2.53) that was found mainly in an active soluble form when fused with MPB, thus avoiding 

the formation of inclusion bodies. Moreover, as observed for other class II aldolases, some non-

physiological metal ion cofactors improved the new-to-nature reaction activity.102,103 In this case, 

Ni2+ exhibited ∼2-fold higher activity than that with the natural Mg2+ metal ion cofactor.104 

Selected synthetic examples illustrated the utility of MBP-YfaUEcoli in aldol additions of 2-

oxobutyrate to (R) and (S)-N-Cbz-alaninal (R1 = A and B) and (R) and (S)-N-Cbz-prolinal (R1 = 

C and D) electrophiles (Scheme 22). Two variants (W23V and/or W23V/L216A) helped to reach 
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more than 90/10 dr in favor of the (3S,4S)-syn diastereomer with (R)-N-Cbz aldehydes (R1 = A 

and C). (Figure 5). 

Figure 5. Models of A) wild-type YfaUEcoli and B) YfaUEcoli W23V/L216A complexed with 2-

oxobutyrate in its enolate form (yellow C atoms) and (R)-N-Cbz-alaninal (orange C atoms) 

coordinated to the metal cofactor (green sphere). 

The bulkier prolinal (R1 = C) derivative resulted in a lower conversion and gave rise to another 

minor diastereomer, while it was observed that L-aldehydes (R1 = B and D) tended to produce a 

lower dr. In parallel to this work, the authors also demonstrated that formaldehyde105 was accepted 

by the wild-type MBP-YfaUEcoli as electrophile at 1 M concentration.106 It was unprecedented for 

aldolases to maintain activity at such high concentrations of this strong electrophile. The 
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corresponding (3S)-oxoacid (R1 = E) was formed in good isolated yield and excellent 99% ee 

(Scheme 22, bottom). The ketoacids from R1 = A, C and E were then further transformed into their 

ester derivatives by oxidative decarboxylation.

HO
CO2R2

R1 = A
R2 = CH2C6H5, wt 60% yield, 99% eeR2 = Me, W23V 68% yield,

90/10 syn/anti

1) H2O2
2) R2Br, CsCl or
2) MeOH/SOCl2

R1

OH

OR2

O

R1

OH

CO2H

O

CO2H

O

R1 O + R1

OH

CO2H

O
MBP-YfaUEcoli (Ni2+)

R1

OH

OR2

O

R1 = CbzHN R CbzHN S N
Cbz

R N
Cbz

S H
A B C D E

R1 = C
R2 = Me, W23V 33% yield,
94/6 syn/anti

R1

OH

OR2

O

R1 = E

R1 = A
wt, 71% yield, dr: 87/11/2 (87/11:syn/anti)

R1

OH

CO2H

O
+

R1

OH

CO2H

O

R1 = B
wt, 67% yield, dr: 55/45 (syn/anti)

R1 = C

W23V, 79% yield, dr: 89/9/2 (89/9:syn/anti)
W23V/L216A, 59% yield, dr: 89/9/2 (89/9:syn/anti)

R1 = D

W23V, 68% yield, dr: 78/22 (syn/anti)
W23V/L216A, 41% yield, dr: 65/35 (syn/anti)

R1

OH

CO2H

O

W23V/L216A, 50% conv., dr: 95/5 (syn/anti)

R1

OH

CO2H

O

R1

OH

CO2H

O

+

W23V/L216A, 71% yield, dr: 18/76/6 (18/76: syn/anti)

Scheme 22. MBP- YfaUEcoli (Ni2+) catalyzed synthesis of α-Me substituted ketoacids and esters 

from 2-oxobutyrate, and N-Cbz protected α-amino aldehydes and formaldehyde.101,106
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The 21 wild type aldolases described above (§ 3.5.2) that accept HPA as a nucleophile were also 

screened with 2-oxobutyrate.107 A 1H NMR-based assay was developed to follow their activities 

towards this nucleophile and to predict their stereoselectivities at C3 of the corresponding adduct. 

Three of them, A9E0U5, I7DKY0 and A5VH82 (Uniprot KB Id.; respectively putative hpch 

aldolases from Sulfitobacter indolifex, Phaeobacter inhibens and Sphingomonas wittichii; the 

same as in scheme 21, using the Uniprot KB id.), gave a 90/10 syn/anti aldol ratio with various 

hydroxylated aldehydes as electrophiles (Scheme 23). A9E0U5 and I7DKY0 have furnished the 

diastereomer syn as the major one. Interestingly, A5VH82 was anti-selective except when D-ribose 

was the electrophile. 

CO2H

O
O +

OH

CO2H

O

R = -CH2OH

PyrAL, Mg2+

R = -CH3

R = (R)-CHOH-CH2OH

R

OH

R

OH

I7DKY0: 95 % yield, 90/10 syn/anti
A9E0U5: 99 % yield, 90/10 syn/anti

A5VH82: 95% yield, 10/90 syn/anti
I7DKY0: 91% yield, 90/10 syn/anti
A9E0U5: 82% yield, 90/10 syn/anti

I7DKY0: 97 % yield, 90/10 syn/anti

R = (R,R)-CHOH-CHOH-CH2OH A5VH82: 85% yield, 60/40 syn/anti
A9E0U5: 95% yield, 85/15 syn/anti

A5VH82: 96% yield, 15/85 syn/anti

A9E0U5: 93 % yield, 80/20 syn/anti

A5VH82: 98% yield, 25/75 syn/anti
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Scheme 23. PyrAL catalyzed synthesis of α-Me substituted ketoacids.107

b) Homologous 2-oxoacids as nucleophiles

Clapés’ group also studied the reaction of enzyme MBP-YfaUEcoli towards a series of 2-oxoacid 

nucleophiles such as the keto analogue of methionine, 2-oxopentanoate, 4-(methylthio)-2-

oxobutanoate, 2-oxooctanoate, and 4-methyl-2-oxopentanoate101,106. N-Cbz-alaninal, N-Cbz-

prolinal and formaldehyde were selected as electrophiles (Schemes 24 and 25). Several variants 

were designed with the objective of enlarging the steric space in the active site to accommodate 

long and branched alkyl chains of the 2-oxoacid homologues. A crucial mutation was found to be 

W23V, which generated enough space for branched substituents. In addition, by combining L216A 

mutation to W23V, a synergistic effect was achieved, and thus bulkier nucleophile components 

were tolerated with N-Cbz-alaninal and N-Cbz-prolinal electrophiles (see examples of reactions 

in Scheme 24). It is noteworthy that branched 4-methyl-2-oxopentanoate gave the anti stereomer 

as the major product when N-Cbz-alaninal was S configured (R1 = B, 5/95 dr) and a mixture of 

syn:anti 54:46 with the corresponding R enantiomer (R1 = A). A linear ethyl substituent in the 

nucleophile component furnished a better syn diastereomeric ratio when using (R)-prolinal (R1 = 

C, 92/8 dr) as compared with (R)-alaninal (R1 = A, 77/23 dr). However, prolinal gave lower 
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conversions than alaninal with this nucleophile, the ethyl derivative being the limiting factor in the 

enzyme’s tolerance for achieving practical preparative yields with this electrophile. These adducts 

were submitted to catalytic hydrogenation to provide proline and pyrrolizidine derivatives. The 

stereochemical and reactivity features were interpreted using computational models of wild-type 

YfaUEcoli and the W23V/L216A variant in complexes with the pyruvate homologues and 

electrophiles (Figure 6).

Figure 6. Example of models of A) wild-type YfaUEcoli and B) YfaUEcoli W23V/L216A complexed 

with the adduct formed between 4-(methylthio)-2-oxobutanoate (green C atoms) and (R)-N-Cbz-

alaninal (orange C atoms), coordinated to the metal cofactor (purple sphere).
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CO2H

O

R2

R1 O + R1

OH

CO2H

O

R2

MBP-YfaUEcoli (Ni2+)

R1 = CbzHN R CbzHN S N
Cbz

R N
Cbz

S

A B C D

R2 = -CH2CH3, -CH2SCH3, -(CH2)4CH3, -CH(CH3)2,

R1

OH

CO2H

O

R1 = A

R1 = B

95% conv., dr: 77/23 (syn/anti)

95% conv., dr: 46/54 (syn/anti)

R1

OH

CO2H

O

R1 = C

R1 = D

40% conv., dr: 92/8 (syn/anti)

45% conv., dr: 11/89 (syn/anti)

R1

OH

CO2H

O

R1 = A

R1 = B

91% conv., dr: >95/5 (syn/anti)

SMe

75% conv., dr: 70/30 (syn/anti)

R1

OH

CO2H

O

R1 = A

R1 = B

52% conv., dr: 54/46 (syn/anti)

50% conv., dr: 5/95 (syn/anti)

R1

OH

CO2H

O

R1 = A R1 = B
40% conv., dr: 95/5 (syn/anti) 30% conv., dr: 68/21/11 (68/21: syn/anti)

R1

OH

CO2H

O

R1

OH

CO2H

O

+

W23V/L216A

68/21 11%

Scheme 24. MBP-YfaUEcoli W23V/L216A variant catalyzed synthesis of β-alkyl substituted 2-

oxoacids. Conversions are given as these compounds were then further transformed into various 

proline and pyrrolizidine derivatives (data not shown).101
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In another paper, the single MBP-YfaUEcoli W23V variant was able to catalyze the aldol addition 

of various hydrophobic nucleophiles to formaldehyde, to produce 2-substituted-3-

hydroxycarboxylate esters in high isolated yields and enantiomeric excesses (Scheme 25).106  

CO2H

O

R1
H O

+
HO CO2H

O

R1

R1 = -CH(CH3)2

MBP-YfaUEcoli

conv 93%

CO2R2

R1

1) H2O2
2) R2Br, CsCl

75% yield, 99% ee

SS

R1 = cyclohexyl conv 85% 73% yield, 96% ee

R1 = -(CH2)3CH3 conv 95% 65% yield, 99% ee

H

HO
R2 = -CH2COC6H4Br

R1 = -CH2CH3 conv 95% 81% yield, 99% ee

R1 = -(CH2)2CH3 conv 95% 68% yield, 99% ee

R1 = -CH2CH=CH2 conv 95% 73% yield, 98% ee

R1 = -(CH2)2CH=CH2 conv 95% 69% yield, 95% ee

R1 = -(CH2)3CH=CH2 conv 90% 68% yield, 78% ee

R1 = cyclopropyl conv 97% 73% yield, 98% ee

R1 = cyclobutyl conv 95% 80% yield, 94% ee

W23V

Scheme 25. MBP-YfaUEcoli W23V variant catalyzed synthesis of α-alkyl substituted esters.106

3.6 Conclusion

The new nucleophiles that have been found, in the last 5 years, to act as substrates for each 

aldolase are summarized in figure 7. As can be seen in the sections above, aldolases and 

engineering variants are not as specific as they are often thought to be, exhibiting, to some degree, 

substrate promiscuity. This promiscuity is necessary, since the existing aldolases are actually 
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platforms for the evolution of new activities by natural evolution.108,109 DERA and DHA aldolases 

have similar catalytic mechanisms, both being class I aldolases and both having a degree of 

substrate promiscuity. In this sense it is not surprising to find some common structures that can act 

as substrates for both enzymes. But, due to their complementary stereoselectivities, DHA aldolases 

can produce (3S,4R) aldols while DERA produce (3R,4R) aldols. If a number of variants of DHA 

aldolases were built to accommodate the original nucleophiles, further work on the mutagenesis 

area with DERA could increase their common substrates. The case of pyruvate aldolases is 

somewhat different, since the presence of a carboxylic moiety with a net negative charge is 

incompatible with the hydrophobic environments that simple ketones and aldehydes need. 

However, they provide an efficient complement to the other two families by providing an access 

route to carboxylic acids. In addition, since their stereoselectivities are fairly diverse, they offer 

organic chemists a wide choice to work with.
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O
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O
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Figure 7: Nucleophiles successfully converted by aldolases in recent years.
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4 Amazing electrophile substrates

4.1 Introduction

Electrophiles for aldolases also merit discussion as, over the last five years, a significant number 

of unexpected molecules have been successfully converted by these enzymes. Since their 

inception, aldolases have been recognized as being versatile in terms of the electrophile used. This 

contributed to their initial success in organic synthesis. However, researchers have continued to 

extend their scope to other interesting electrophiles.

4.2  DHAP aldolases

Many diverse aldehyde electrophiles1,3 have been successfully used with DHAP aldolases, 

reflecting the good tolerance of the electrophile binding site. Recently, a new class II DHAP 

aldolase of unknown function in E. coli metabolism was uncovered.110 It allowed the formation of 

two asymmetrical carbons of (3S,4R) configurations, like FruA, but its natural electrophilic 

substrate remains unknown. The most promising substrate tested was L-arabinuronic acid, which 

demonstrated that this enzyme has a strong preference for higher order monosaccharides with a 

negatively charged terminus. It appears that carboxylates are better accepted than phosphates, and 

both are preferred over hydroxyls.
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Among the DHAP aldolases, no ketones have yet been reported as electrophiles for this family 

of enzymes. By searching for new activity using a genome mining approach, it was discovered 

that some RhuA homologs were able to accept ketones, leading to the formation of tertiary alcohols 

(Scheme 26).111 This was a remarkable discovery in the field of biocatalysis and in organic 

synthesis in general, because the preparation of enantiopure tertiary alcohols is a difficult and 

challenging task. In addition, tertiary alcohols are relevant compounds, being found in various 

molecules of interest, namely antibiotics, antitumor drugs and analgesics, and can be used as the 

precursors for biofuels.112

O
2-O3PO

OH

OH
R1

R2

branched-chain sugars
and analogs

O
2-O3PO OH + R1

O

R2
RhuABthet

ketone

tertiary alcohols

1 2
3 4

DHAP

R1: CH2OH
R2: CH2OH, CH3, CH2CH3, CO2

-, CHOH-CH2OH

Scheme 26. RhuABthet catalyzed formation of tertiary alcohols.111

This new activity was particularly strong with RhuA from Bacteroides thetaiotaomicron 

(RhuABthet) and took place when the reactions were carried out in an argon atmosphere. Hixon et 

al.102 found that RhuAEcoli was able to use O2 as the electrophile, resulting in the oxidation of 
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DHAP to give hydroxypyruvaldehyde phosphate (HPP) as a byproduct. It was shown that, under 

anaerobic conditions, the aldolization reaction occurs only with activated ketones, i.e., those 

bearing an electron withdrawing group (hydroxy or carboxylate) alpha to the carbonyl. Five 

syntheses, at a hundred milligram scale, were conducted involving DHA, HA, HB, HPA and L-

erythrulose as electrophile components, leading to the corresponding aldols in 76 to 95% yields 

with a uniformly 3R stereochemistry, along with a mainly 4R one (Table 2).

Table 2. RhuABthet catalyzed aldol addition of DHAP to diverse ketones as electrophiles. Reaction 

yield and stereoselectivity of the tertiary alcohols produced.111

ketone aldol[a] yield configuration de (%)[b]

O
HO OH

O
2-O3PO

OH

OH
HO

HO

1
90 3R -

O
OH

O
2-O3PO

OH

OH
HO

2
85

3R,4R (65%)

3R,4S (35%)
30

O
OH

O
2-O3PO

OH

OH
HO

3
76 3R,4R 95

O

-O2C
OH

O
2-O3PO

OH

OH
HO CO2

-

4
95 3R,4R 95

O
OH

HO
OHH

O
2-O3PO

OH

HO

5

OH

OH
OH

92 3R,4R 95

[a] The aldols are drawn in their linear forms for simplicity. [b] de = diastereomer excess determined by 1H NMR
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Later in the same year, it was shown that FucAEcoli accepted DHA too, also giving compound 1 

(table 2), but to a lesser degree (128 times less effective)113 resulting in a conversion of only 17% 

versus 73% for RhuAEcoli.111

4.3 DHA aldolases

The ability of FSAEcoli to catalyze the aldol addition of aldehydes prompted research into 

multiple successive C-C ligation reactions. Thus, the product from one aldol addition can be 

utilized as the electrophile in successive C-C bond-forming reactions.114 One interesting example 

is the combination of transketolase from E. coli with FSAEcoli. This is a similar concept to that 

described for DHAP-dependent aldolases (see text and Scheme 10) but using FSAEcoli instead. The 

catalytic activity of TKEcoli was used to generate a D-erythrose-4-phosphate (D-E4P) electrophile 

from D-F6P and formaldehyde. A one-pot two-step process was implemented using four FSAEcoli 

nucleophiles, i.e., DHA, HA, HB and HE, to produce several products of interest (Scheme 27).70 

After optimizing the amount of D-F6P, formaldehyde and FSAEcoli, the corresponding 

phosphorylated monosaccharides were produced in 70, 75, 65 and 61% isolated yields, 

respectively.
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O
HO

OH

OPO3
2-

OH

D-F6P

TKEcoli

HCHO O
R

OH

OH

OPO3
2-

O

TKEcoli = Transketolase from E. coli
FSAEcoli = D-Fructose-6-phosphate aldolase from E. coli

OH

OH

R = H : D-Altrose-6-phosphate
R = CH2OH : D-Sedoheptulose-7-phosphate
R = CH3 : 1-Deoxy-D-sedoheptulose-7-phosphate
R = CH2CH3 : 1-Deoxy-1-methyl-D-sedoheptulose-7-phosphate

OH

OPO3
2-

O

OH

OH

R

HO

FSAEcoli

O
OH

OH

Scheme 27. Tandem TKEcoli-FSAEcoli one-pot two-step synthesis of hexose, heptuloses and 

octulose phosphates.70

Along the same line of thought, the synthesis of ketoses has recently been carried out by a 

convergent generation of both nucleophile and electrophile substrates for a sequential one-pot 

three-step cascade.115 This strategy comprised a combination of three thermostable enzymes 

including FSAEcoli, transketolase from Geobacillus stearothermophilus (TKGst) and L-α-

transaminase from Thermosinus carboxydivorans (TATca). FSAEcoli generated the TKGst 

electrophile by cross-aldol addition of HE to formaldehyde or homoaldol addition of HE whereas 

TATca provided the HPA nucleophile from the transamination reaction of L-serine to HPA using 

pyruvate as the amine acceptor, yielding L-Ala (Scheme 28).
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OH

O O

OH
R

O
+

FSAEcoli

CO2

O

O
OHHOHO OH

NH2

O

HO
NH2

O

HO
O

O

TKGst

OH

OH
R OH

O

TATca

R

OH

R = H, CH2OH

OH

Scheme 28. Synthesis of ketoses by a cascade enzymatic transformation for the generation of 

nucleophile and electrophile components involving FSAEcoli, TKGst and L-α-transaminase TATca.115

4.4 DERA

Since acetaldehyde is harmful to cells, it is thought that a natural protective mechanism might 

exist by which acetaldehyde inhibits DERA at high concentrations by terminating the D-R5P 

cleavage. This consideration has been a major hindrance to the development of eco-compatible 

industrial processes where acetaldehyde was required with DERA, limiting easy access to valuable 

building blocks. The challenge of lifting this inhibition has been revived as its cause has recently 

been discovered: the aldol reaction is followed by a dehydration step leading to the formation of 

crotonaldehyde. The latter compound is able to form a Schiff base with the catalytic lysine side 

chain (Lys167) within the active site, followed by a Michael addition of a thiol group of the near 
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cysteine residue (Cys47) to the C atom of the activated crononaldehyde-Lys167 iminium 

complex.116 Neither rational design nor immobilization provided satisfactory results for 

upscaling,117 and only high-throughput directed evolution strategies highlighted M185V and F200I 

exchanges as well as a deletion of the terminal tyrosine Tyr259, leading to a 15-fold improved 

lactol product formation compared to wild-type DERA. DERAs from thermophilic species proved 

to be more stable than enzymes of mesophilic origin but were compromised by their lower intrinsic 

activity at the ambient reaction temperature as well as their lower level of heterologous 

expression.118 Therefore, efforts are currently focused on implementation of mathematical models 

to optimize the process,119 which have enabled a chlorolactol concentration of 78 g L−1 to be 

reached, with a productivity of 56 g L day−1 using DERA enzyme from Thermotoga maritima 

(DERATma) in a fed-batch reactor (Scheme 29-Aa),120 or a final concentration of 94 g L−1 along 

with a 229 g L day−1 productivity with phenylacetamide aminoprotected propanal as the 

electrophile (Scheme 29-Ab).121 In these examples, cascade reactions have been implemented 

involving lactol production followed by its oxidation with the NAD-dependent aldehyde 

dehydrogenase (ADH) or ketoreductase (KRED), NADH oxidase (NOX) being employed for 

coenzyme regeneration, yielding a lactonized precursor of statin side chain (Scheme 29-Aa-b).122 
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N-Cbz-Aminoaldehydes of various chain lengths were also successfully converted upon DERATma 

catalysis, producing functionalized N-heterocycles after treatment with dihydrogen in the presence 

of palladium over charcoal (Scheme 29-B).78 Machine learning methods were also implemented 

to aid protein engineering of DERAEcoli, leading to interesting variants that improved the 

conversion of formaldehyde as electrophile.123 DERA has also been selected as the preferential 

enzyme of choice for the ecofriendly preparation of another compound of interest, (R)-1,3-

butanediol (BDO), an essential component of pharmaceutical products and cosmetics. BDO is 

usually produced from petroleum-based feedstock using chemical processes, which requires harsh 

reaction conditions and releases toxic intermediates and by-products.124 It can also be used as a 

building block for the production of synthetic polymers, pheromones, fragrances, insecticides, and 

antibiotics.125–128 Structure-based site-directed mutagenesis of DERA BH1352 from Bacillus 

halodurans (DERABhalo) revealed a F160Y/M173I variant able to create a six-fold increase in 

production of BDO compared to the wild-type, from glucose, in E. coli cells expressing the 

DERABhalo variant and the aldoketo reductase (Scheme 29-C).129 This work follows a metabolic 

approach for engineering an aldolase-based pathway to improve BDO titer and yield.130 Another 

biotransformation concerned the formation of D-R5P from glucose by whole Erwinia carotovora 
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cells followed by the action of phosphopentomutase and thymidine phosphorylase, producing an 

85% conversion of thymidine (TD) relative to D-R5P131 (Scheme 29-D). In a similar approach, 

impressive work has been devoted to the synthesis of islatravir, an HIV reverse transcriptase 

inhibitor, involving an in vitro three-step cascade with five engineered enzymes, including DERA 

from Shewanella halifaxensis (DERAShali), coupled to four auxiliary biocatalysts (Scheme 29-E). 

This stereoselective pathway gave the desired product in 51% overall yield, with high atom 

economy (no need for protecting groups) and no intermediates isolation, resulting in less than half 

the steps needed compared to the previous synthesis. However, the last step of the process required 

an additional enzymatic phosphorylation to shift the equilibrium, producing fructose-1-phosphate 

from fructose as a byproduct that had to be discarded from the final compound.132
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Scheme 29. Representative examples of compounds of interest prepared by cascade reactions 

involving DERA and various electrophiles.78,120,121,129,131,132

Research is still ongoing to find new DERAs with an alternative substrate scope, as shown by 

the recent developments of screening assays using fluorophore-coupled substrates133 or “real 

substrates” with the help of an auxiliary enzyme.134 Interestingly, some compounds that were not 

thought to be enzyme substrates have turned out to be useable as such with known enzymes. For 
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example, hydroxypyruvaldehyde phosphate (HPP), the oxidized analogue of G3P, obtained by 

promiscuous oxidation of DHAP with RhuABthet, was proven to be an efficient DERA electrophile. 

When coupled in one-pot two-step cascade reactions with DERAEcoli or DERAAchloro, employing 

acetone or cyclopentanone as the respective donor, unusual access to a 1,4-dicarbonyl unit was 

revealed through the diuloses obtained (Scheme 30).135 Surprisingly, when performing the same 

reaction using acetaldehyde, an unexpected quadruple acetaldehyde addition took place rendering 

a 3,5,7,9-tetrahydroxy-2,11-dioxoundecyl dihydrogen phosphate (Scheme 30), which has not been 

described before. It was inferred that the product, observed as a thermodynamically stable doubly 

hemiketal form, could be the driving force for this one-pot one-step oligomerization reaction, by 

shifting the overall equilibrium.
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Scheme 30. Hydroxypyruvaldehyde phosphate as an acceptor platform for DERA catalyzed 

reactions.135

4.5 Pyruvate aldolases

4.5.1 Aldehydes

Recently, Clapés’ group described the stereoselective aldol addition of pyruvate to aliphatic 

aldehydes catalyzed by class I HBPAPput.136 As noted above (§ 3.5.1), despite its ability to catalyze 

a dehydration step (i.e., aldol condensation), the aldolase did not furnish any dehydration adducts 

when aliphatic, as opposed to aromatic substrates, were involved as electrophiles. The H205A 

variant was built to accommodate better bulkier aldehydes and to change the electrostatic 

environment of the active site. Good to excellent conversions were obtained using this variant, 

demonstrating a high substrate tolerance by the enzyme (Scheme 31). Three aldehydes (thioether, 
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chloride and NHAcPhe substituents) also showed increased conversion. These results bring 

interesting new insights into the use of this aldolase in organic synthesis.

CO2H

O

R1 O + R1

OH

CO2H

OHBPAPput

OH

CO2H

O
HO

HBPAPput: 90% conv, 94% ee

OH

CO2H

O
BnO

HBPAPput: 69% conv, 88% ee

OH

CO2H

O
BnS

HBPAPput H205A: 66% conv, ee nd

OH

CO2H

O
MeO

HBPAPput: 75% conv, 42% ee

OH

CO2H

O
PhO

HBPAPput: 80% conv, 84% ee

OH

CO2H

O
PhO

HBPAPput: 63% conv, 90% ee

OH

CO2H

O
MeO

HBPAPput: 87% conv, 92% ee

OMe

OH

CO2H

O
EtO2C

HBPAPput: 84% conv, 90% ee

OH

CO2H

O
iPrO2C

HBPAPput: 95% conv, 82% ee

OH

CO2H

O
tBuO2C

HBPAPput: 95% conv, 80% ee

OH

CO2H

O
Cl

HBPAPput H205A: 75% conv, ee nd

OH

CO2H

O
Ph

HBPAPput: 90% conv, rac

OH

CO2H

O

HBPAPput: 48% conv, 2% ee

BnO

HBPAPput: 80% conv, ee nd

OH

CO2H

OH
N

Ph
O

HBPAPput H205A: 75% conv, ee nd

OH

CO2H

OH
N

Ph
O

Scheme 31 Wild type HBPAPput and H205A variant catalyzed aldol addition of pyruvate to various 

aliphatic aldehydes (ee measured on ester derivatives after oxidative decarboxylation, nd: not 

determined).136
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In a one-pot two-step procedure, some of these ketoacids were then submitted to transamination 

catalyzed by transaminases to provide γ-hydroxy-α-amino acids and derivatives thereof.

On the contrary, Palmer’s group has taken advantage of the dehydration properties of HBPAPput 

to prepare quinoline derivatives.137 When aromatic aldehydes are used as electrophiles, a 

dehydration step, due to the formation of conjugated compounds, leads to cinnamic acid 

derivatives. By introducing an amine into the ortho position of the benzaldehyde by chemical 

reduction of a nitro group, a quinoline ring can thus be prepared in a two-step process (Scheme 

32). Freshly formed amine afforded better yields than starting directly from commercial amines. 

The authors demonstrated that the transimination (intramolecular cyclisation between the amine 

and the covalent imine formed via the Lys within the active site) took place prior to dehydration 

to provide the quinoline heterocycle. Following this method, substituted quinaldic acids were 

prepared from 11 to 93% yields, with the lowest yields obtained from the di-substituted 

benzaldehydes.
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Scheme 32: HBPAPput mediated chemoenzymatic synthesis of substituted quinaldic acids.137

4.5.2 Ketones

Since the discovery that some class II DHAP-dependent aldolases were able to accept ketones 

as electrophiles,111 the question was raised as to whether other class II aldolases could catalyze 

aldol reactions with ketones.138 Thus, the set of PyrALs from the PF003328 family described above 

(§ 3.5.2) was screened with acetone, HA and DHA. An aldol adduct was exclusively formed with 

DHA, the most activated ketone of the three. The best hits were kept, and preparative synthesis 

was run with fluorinated or hydroxylated ketones (Scheme 33, numbers cited are Uniprot KB Id.). 
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This study revealed that the substrate spectrum towards ketones is more restrictive for PyrAL than 

that for RhuA aldolases.111 Interestingly, when 2-oxobutanoate was the nucleophile, high 

stereoselectivity (Scheme 33, third reaction) was shown by two PyrALs, B4XH86 and A5VAX1 

(Uniprot KB Id.; respectively putative HpcH aldolases from Actinobacillus pleuropneumoniae and 

Sphingomonas wittichii), and the aldol adducts were isolated in good to high yields. These PyrALs 

have contributed to enlarging access to tertiary alcohols, whose moiety is often challenging in 

stereoselective synthesis.
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Scheme 33. PyrAL from PF003328 catalyzed synthesis of tertiary alcohol moieties from ketones 

as electrophiles (A3SLS0 putative HpcH aldolase from Roseovarius nubinhibens).138

4.6 Conclusion

Over the past five years, new outstandingly functionalized electrophiles have been identified as 

substrates for each aldolase family, as summarized in figure 8. Interestingly, some of them are 

common to several enzymes. For instance, hydroxypyruvaldehyde phosphate, the oxidized analog 

of G3P, can be converted by all the enzymes using G3P as natural substrate, i.e., DHAP aldolases 

(FruA), DERAs and DHA aldolases, giving the corresponding oxidized analogues of natural 

phosphorylated monosaccharides. In addition to the discovery of new aldehydic substrates, ketones 

have made a remarkable entry, especially with DHAP-aldolases and PyrAL, both in class II. In 

view of the large number of new substrates found in recent years (around thirty), PyrALs seem to 

be in fashion. 
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Figure 8. Electrophiles successfully converted by aldolases in recent years.
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5 Conclusion and prospective

Structure-guided aldolase optimization and high-throughput screening based on mining genomes 

and the selection of representative enzymes among the biodiversity are successful strategies used 

to increase aldolase activity and discover new aldolases with novel catalytic properties. These have 

provided new synthetic avenues for the asymmetric crossed aldol additions of structurally varied 

aldehydes and ketones. Side reactions such as polymerization, homo-, and cross-aldol additions 

with sensitive aldehyde substrates, as well as low stereoselectivity, which often occurs in these 

chemical transformations139,140, are largely overcome by the unparalleled chemo, regio and 

stereoselectivity, avoidance of extensive protective group chemistry, and the mild reaction 

conditions inherent to enzymatic reactions.

Although DHAP aldolases are the enzymes that have been the most studied over a long period of 

time, in recent years new advances have been made, notably with the discovery of the possible 

synthesis of tertiary alcohols, paving the way towards accessing new molecules of interest. The 

modification of these enzymes by random or directed mutagenesis techniques may allow their 
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potential to be expanded to less activated ketones. One family that is still under-exploited, the 

TagA, should reveal new insights if studied in more detail.

FSA was one of the most versatile enzymes for carbon-carbon bond formation at a preparative 

scale at both the nucleophile and electrophile sites. Hitherto unknown FSA activities have been 

revealed in recent years and, in the future, directed evolution combined with high-throughput 

screening strategies could also lead to the discovery of completely new activities for this highly 

malleable aldolase.

The strength of DERA remains in its ability to use aldehydes, in particular acetaldehyde, either as 

an electrophile or as a nucleophile. This has paved the way for ongoing major work into 

preparations to improve, for instance, statins side-chains. Obviously, acetaldehyde conversion 

rapidly became too restrictive to gain access to a larger panel of molecules of biological interest. 

Thus, it has been discovered that DERA can convert as nucleophiles other aldehydes than 

acetaldehyde and even ketones. On the electrophile side, other aldehydes have been discovered to 

be good substrates, boosting the industrial development of pathways for the synthesis of active 

ingredients or biofuels, where DERA operate in biocatalysed cascades. The next challenge could 

be to make them capable of accepting ketones as both nucleophiles and electrophiles.
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PyrALs have been shown to be excellent biocatalysts for stereoselective C-C bond formation. 

Nucleophile promiscuity has largely been explored on natural enzymes or their variants. 

Improvement to their stereoselectivity could be performed by mutagenesis. Access to tertiary 

alcohols was made possible by the discovery that ketones were also accepted as electrophiles, 

although with less efficacy than DHAP-dependent RhuA. Future research could explore underused 

4-hydroxy-2-oxovalerate aldolases (HOA or BphI) on both the nucleophile and electrophile sides 

as they have shown high stereoselectivities.51

The discovery of new biocatalysts, or the improvement of the catalytic properties by directed 

evolution and rational design will continue to supply new enzymes that might tolerate original 

substrates. The use of aldolases in synthetic applications is still in its infancy, but will probably 

take off in the near future.
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